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Executive Summary 

Coatings are in use with various forms mainly for aesthetic reasons. Recently specialized coatings can 
be found in order to address problems of the building envelope. These problems are related to mold, 
water penetration and lately solar reflection, thermal and sound insulation. A whole new series of 
commercial products can be found, named as “cool” or “smart” paints / coatings, due to the enhanced 
property of IR reflection, and anti-molding properties as they claim.  

Even so, no coating or paint exists to address multiple or combined properties and to reduce application 
time, as well as short or long term building operative costs by its sole application. Nowadays, it is known 
that surface properties can be adjusted or enhanced by a specialized coating. With the term specialized 
coating, a surface treatment is mentioned focusing on a specific property. The properties that can be 
affected are: 

1. optical properties, such as color, UV/Visible light/NIR radiation, transparency1-2 

2. physical properties, such as porosity, water penetration, water repellency, roughness, durability3 

3. special properties, such as thermal conductivity, algae growth, photocatalysis, acoustic2-3 

It is also known, that various combinations of additives, in order to achieve a multi-functional coating, 
are not feasible, unless careful design and extensive use of nanotechnology is taking place2. There is a 
high possibility that the possible used additives, not only will not collaborate each other but will be 
neutralized, or will create undesirable side-effects to the coating. As an example the UV reflection is 
opposite to photocatalysis or anti-bacterial properties.  

Furthermore, the extensive use of nanotechnology is applicable only from the last decade, since 
nanomaterials are very expensive and they were used so far only for high performance applications, 
medicine, defense, aircraft industry 1-4.  

Still the production of high purity nanomaterial is very timely and resources consuming process, 
resulting to small quantities. Therefore, the integration of nanomaterials would seem not cost-effecetive 
as one of the solution fro building retrofitting4-5-6-7 

Various publications by manufacturing, characterizing and measuring the performance of a special 
coating already exist5-7, which make feasible the exploitation of logical combinations of different 
nanomaterials and their outcome, which is comparable to the reference performance. 

An initial approach was performed in the past by the use of the three different structures of titanium 
oxide in order to achieve solar reflection, which led to a new generation of products named as “cool 
paints”. Rutile and anatase were extensively used in micro scale due to experimental evidence of 
reflection and absorption in sub-micron scale. As a result, the vast majority of “cool paints” based on 

                                                        
1 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports 66 (2011)  
2 Mehdi Baneshi, Hiroki Gonome, Atsuki Komiya, The effect of particles size distribution on aesthetic and thermal 

performances of polydisperse TiO2 pigmented coatings Comparison between numerical and experimental results, Journal 
of quantitative spectroscopy and radiative transfer 113 (2012) 

3 Moezzi A., MacDonald A., Cortie M., zinc oxide particles Synthesis, properties and applications, Chemical engineering 
journal 185-186 (2012)  

4 Li S., Qiao X., Chen J., Wang H., Jia F., Qiu X., effects of temperature on indium tin oxide particles synthesized by co-
precipitation, Journal of crystal growth 289 (2006)  

5 M. Reidinger, M. Rydzek, C. Scherdel, M. Schuster, J. Manara, low-emitting transparent coatings based on tin doped 
indium oxide applied via a sol–gel routine, Thin solid films 517 (2009) 

6 Zhu X., Jiang T., Qiu G., Huang B., Semiconductivities of Sn-doped In2O3 powder prepared by co-precipitation through ion 

exchange method, Materials chemistry and physics 112 (2008)  
7 Pan R., Pan S., Zhou J., Wu Y., surface-modification of indium tin oxide nanoparticles with titanium dioxide by a 

nonaqueous process and its photocatalytic properties, Applied surface science 255 (2009) 
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this formula are not performing as claimed by the manufacturers2.. 

The current research is taking advantage of nanotechnology, the experience and the know-how gained 
from research results of other EU-FP7 Funded Projects, in addition with efforts done in the past for the 
private sector, in order to create solutions to different problems referred to construction in general, and 
refurbishment. Results, which were used as precursors for further research on the properties of 
nanoparticles were described in EU-FP7 funded projects EFFESUS (deliverable 4.1, deliverable leader 
ACCIONA, classified as confidential) and  RETROKIT (deliverable 2.4, deliverable leader 
FRAUNHOFER, classified as confidential). 

Commercial ordinary and specialized paints and additives were investigated, in order to cross check 
their performances according to manufacturer’s specifications and then a fabrication in vitro of a novel 
series of multi-functional formulations is in a continuous process and progress.  

In order to accommodate the best possible way the research and eventually the results obtained by it, 
has been divided in two (2) main parts:  

Part A: Evaluation and testing of existing commercial products such as nanoparticles, paint 
additives, “cool paints” and possibly use of industrial wastes where available, has been performed the:  

 evaluation and classification according to their surface properties of twelve commercial 
nanoparticles from various manufacturers globally; 

 thermal and reflective properties testing and evaluation of six commercial fillers (paint additives)  
and four commercial “cool” paints from various manufacturers; 

 thermal behavior testing and evaluation of five industrial wastes that according to the literature 
might produce useful effects on various substrate’s surface.       

The motivation to proceed to such an extensive research was: 

i. to identify possible already existing on market solutions, which might be useful to the 
development of the new multi-functional formulation; 

ii. to establish the capabilities and performance of the commercial products in correlation with their 
manufacturer’s claims; 

iii. to identify possible combinations among them that might be useful for the development of a 
multi-functional formulation and possibly simplify its production process; 

iv. to understand market’s trends as exploitation step for the new multi-functional formulation as 
well as to establish the advantages and disadvantages of potentially competitive products; 

v. to possibly reduce the “in house” nanoparticles production cost, affecting the multi-functional 
formulation competiveness to the market.      

 

In Part B: Multifunctional formulation development and testing focusing on: 

 development, testing and evaluation of fortytwo (42) combinations of seven (7) main 
“nanoparticle’s families”, in various granularities and quantities within a generic matrix - solution, 
in order to determine the best anti-bacterial / anti-molding formulation; 

 testing and evaluation of self-cleaning performance of twenty four (24) combinations of seven (7) 
main “nanoparticle’s families”; 

 development, testing and evaluation of seven (7) ITO – Indium Tin Oxide nanoparticles batches, 
in various granularities in order to determine the best IR-reflective behavior within a generic 
carrier matrix; 

 synthesis and testing of twenty one (21) multifunctional formulation’s recipes (anti-bacterial / 
anti-molding, IR-reflective, hydrophilic and self-cleaning – VOC elimination) within a generic 
aqueous carrier matrix;  
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 determination of the most suitable commercial resin / binder / filler which is commonly used to 
the coating’s industry as a matrix for formulation’s development, in order to incorporate the 
multifunctional synthesis within it; 

 comparative performance testing of CommONEnergy multifunctional paints with one of the most 
common commercial paints; 

 testing and evaluation of the new multifunctional formulation on to seven different substrates 
such as cement, plaster, mortar, metal, etc. commonly used in the building industry.              

At the last part of this report and in the following the research results are summarized. 

 New generation of multi-functional formulation with advanced surface properties suitable to be 
integrated to any aqueous based paint  

(for almost every substrate, excluding glass and laminated surfaces such as wood, plastics, etc. 
which have been excluded from this research due to the synthesis of the resins used for their 
production, as proved to be incompatible with the multi-functional formulation synthesis).   

 Combined surface properties of the new multi-functional formulation, in any combination among 
them, such as: 

i. Thermal behavior enhancement 

ii. Anti-bacterial / anti-molding  

iii. Self-cleaning / VOC elimination 

iv. Hydrophilicity     

 The basic idea of using inert matrixes for the development of the formulation such as micro 
crystalline cellulose in order to control its mechanical properties with simple and cost effective 
ways, be safe and non-hazardous for human health, is a completely new approach for the 
coating’s industry and an innovation which time will probably prove it.   

Though, further attempts in the future have been already planned in order to develop carrier 
matrixes from the cellulose family of products that will be compatible with other commonly used 
products, such as plastics, inks, 3D materials etc.  

 One of the main targets of the current research, such as the integration of the multi-functional 
formulation within a common carrier resin – binder which is commonly used in the coatings 
industry, has been achieved. 

Additionally, has been proved that the new formulation has the flexibility to be used in various 
materials and substrates in more than the 56% of the paints market sales according EU-
PROMOD Database. 

 Due to its production procedure simplicity, is strongly believed that the coatings industry can 
adopt it, without major modifications to their production processes is considered to be another 
innovate process.  

Though, it is obvious that different formulations, mainly in the quantity and granularity of the 
used nanoparticles, should be further investigated in order to be accommodated in coatings for 
different materials as substrate’s porosity and surface geometry are heavily influencing the 
surface effects.  

Also, further investigation is required in order to determine the mechanisms to create compatible 
carrier matrixes of the nanoparticles with other types of coatings using different binders and 
resins to their composition.  

 The idea of customization the needs of each local market depending either on climate conditions 
or individual client needs and demands which was one of the key factors of this research has 
been in its most extent fulfilled.  
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Being able to produce coatings formulation “on client’s demands” by choosing various 
combinations among the surface properties, is only a matter of carrier matrix adjustment 
requiring a limited time research case by case.   

 While the cost for the development of a formulation with the mentioned on the above combined 
surface properties is relatively low even and on lab-scale production, the use of ITO 
nanoparticles as a thermal behavior enhancement, at this stage might be considered as a cost 
barrier for its future exploitation. 

Mainly, due to the extensively timely and precise methodology required to fabricate it in certain 
granularities plus the capital investment required to manufacture a fully and accurate industrial 
scale production line.  

It is believed, and this would be the next step of an individual research.  Cost barrier could be 
overpassed if a semi-automated process for the production of large ITO nanoparticles quantity 
could be applied and possibly adopted by the industry. 

 Even on lab-scale production the multifunctional coating can be extremely competitive to the 
market as there is not existing for the time being another product with similar capabilities. 

 Cost estimation and modeling are proving the energy savings might occur by its use and in 
general terms by using it the return of investment is below three years with an average life cycle 
of the coating of 10 years, without taking in the account savings will occur from its other 
properties and are related to maintenance.      

 Having obtained knowledge and experience through this research, the basis of a completely 
new approach to the coatings has been set up for future research and exploitation.  

New generation of “smart” coatings such as photo-chromatic coatings having the ability to 
change color according temperature resulting to energy savings, FIR reflective coatings 
reflecting heat from internally the building heat sources, electric conductive coatings etc. might 
be the future of the coating’s  industry and an additional meaningful contribution to energy 
savings.          
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Initial approach to research 

For the needs of the specific project it was very important to understand the needs and demands of the 
end users and to prioritize them in terms of necessity, installation costs and energy savings, without 
leaving apart the aesthetics.  

The integration of the multifunctional coating is prone to restrictions similar to those of the commercial 
paint. The substrate, the curing time and the environmental conditions are among the most important 
restrictions. 

Discussions among technology development and end users partners, with the aid and contribution of 
the institutes in partnership, provided the guidelines for this research which are briefly summarized to 
the following: 

 Determination and evaluation of the possible areas of improvement at the demo malls, where 
energy savings or maintenance costs might occur with the use of coatings in conjunction with 
their physical properties, architectural guidelines and owner’s needs and demands, which can 
be summarized as following:.  

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrates of project’s shopping malls: 

 Reinforced concrete 

 Stone plate 

 Bricks 

 Mortar cement 

 Limestone 

 Concrete 

 Bitumen 

Project’s demo site envelope data 
 

Wien

Coating

Reinforced concrete with brick infill

Coating

Antwerp

Plasterboard

Ferro-concrete

Insulation (mineral wool)

Rear ventilation

Stone plate

Studlendas

Coating

Solid brick

Coating
Silute

Coating

Solid brick

Coating
Valladolid

Airbrick

Airchamber

Airbrick

Mortar cement

Solid brick

Mortar cement

Polystyrene

Airchamber

Airbrick

Mortar cement

Walls C Limestone
Modena

Concrete
Sint-Niklaas

Plaster

Insulation

Stone plate
Catania

Walls Bittumen
Genoa

Roof Green Roof

Walls A

Walls B

Walls

Walls

Shopping Malls Envelope 

Walls

Walls

Walls

Walls
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 Implement to the research approach  the meteorological conditions individually for each demo 
site as they are widely spread all around Europe   

 
Climate Conditions across Europe 
 
Total Horizontal Irradiation in Europe 8 
 

 

 
Mean yearly high temperatures in Europe 9 
 

 

                                                        
8 http://solargis.info/doc/free-solar-radiation-maps-GHI 
9 http://www.city-data.com/forum/weather/1842556-mean-yearly-highs-temperatures-europe.html 

 Total solar Irradiation is 
reduced from south to north 

 Eastern and western parts 
have more radiation than 
central parts of Europe due to 
the sphericity of earth 

 The north and the west of the 
continent have higher 
temperatures because of 
irradiation and gulf stream 

 In areas with high solar 
irradiation and higher 
temperatures, IR-Reflective 
coatings are more efficient 

 In areas with low solar 
irradiation and lower 
temperatures, IR-Absorbing 
coatings are more efficient 

 Insulating coatings are more 
efficient in regions tend to 
have the most extreme 
temperatures  
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Annual Precipitation in Europe 10 
 

 

 
 
Average Annual Relative Humidity in Europe 11 
 

 

                                                        
10 http://printable-maps.blogspot.gr/2008/09/map-of-climate-zones-in-europe.html 
11 http://nelson.wisc.edu/sage/data-and-models/atlas/maps.php?datasetid=53&includerelatedlinks=1&dataset=53 

 Central Europe, West 
Norway and the UK have the 
highest Precipitation. 

 Northern Europe has higher 
average annual relative 
humidity than southern 

 In areas with high 
precipitation or high humidity 
anti-mold coatings are more 
effective 

 Regions with less 
precipitation need coatings 
with self-cleaning properties, 
because of dirt and soil. 
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Climate Zones in Europe 12 
 

 

 

Taking into account the different types of substrates in the shopping malls selected for the project 
(concrete, stone, limestone, mortar, bricks and elastomer membranes), but also the different climate 
conditions across them, an initial approach of the different properties that could be useful in terms of 
energy and cost efficiency was made. For each shopping mall: 

 

Region Climate conditions  Coating properties 

Catania Dry, warm, high irradiation IR-Reflective, Self-cleaning, Insulating 

Valladolid 
Medium precipitation, low humid, warm, 
high irradiation 

IR-Reflective, Anti-mold, Insulating, Self-
cleaning 

Genoa & 
Modena 

Rainy, medium humidity, warm   Anti-mold, Insulating, Self-cleaning 

Vienna 
Rainy, medium humidity, mid-
temperatures 

Anti-mold, Insulating, Self-cleaning 

                                                        
12 https://sites.google.com/a/masdstudent.org/europe-s-world-geography/climate 
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Antwerp &  
Sint-Nikklas 

High precipitation, high humidity, medium 
irradiation 

Anti-mold, Insulating, Self-cleaning 

London 
Very high precipitation, high humidity, 
medium irradiation, medium 
temperatures 

Anti-mold, Insulating, Self-cleaning 

Silute & 
klalpeda 

Medium precipitation, high humidity, low 
irradiation, low temperatures 

IR-Absorbing, insulating, Anti-mold 

Trondheim 
Very high precipitation, medium humidity, 
very low irradiation, very low temperature 

IR-Absorbing, insulating, Anti-mold 
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3.6.1 Evaluation of commercial nanoparticles  

During the experimental champagne a wide range of commercial nanoparticles have been tested and 
evaluated in order to determine their suitability to be implemented in a smart coating. The aim of it was: 

 to use them as reference properties, which might indicate the best performances that a 
specialized coating can achieve.  

 to determine if properties stated in literature can be achieved with the commercially provided 
nanoparticle’s granularities, sizes and morphologies 

 to examine possible combinations among them, establishing the best formulation for a 
multifunctional coating 

 reduce expenditure in both cost and resources in terms of in house vitro production.      

The following commercial nanoparticles were evaluated:  

 

3.6.1.1  α-Al2O3 13  

Properties 
Purity: 99+% 
APS (Average Particle Size): 80 nm 
SSA (Specific Surface Area): >15m2/g 
Grain Size: 27nm 
Color: white 
Morphology:  nearly spherical  
Crystallographic Structure: rhombohedral 
 

 
 
 

Aluminum Oxide Nanopowder - ALSA-Batch 211/B14 

Al2O3 Ca V Cl Na Mn Co 

≥99% ≤20ppm ≤5ppm ≤280ppm ≤30ppm ≤5ppm ≤5ppm 

  
 
 

3.6.1.2  α-Al2O3 

Properties 

Purity: 99% 
APS: 30 nm 
SSA: 80m2/g 
Color: white 
Morphology:  nearly spherical 
Crystallographic Structure: rhombohedral 
 

                                                        
13 Optical & physical properties provided by the supplier for the specific batch  

100nm 

100nm 
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Aluminum Oxide in water - SSnano inc. – Ssnano - Product id:1319NH 

Appearance 
PH 

value 
Assay 
Al2O3 

Solvent Fe Ar Pb 
Al2O3  
Purity 

White Liquid 6.08 ≥20% 
80% 

Water 
≤3ppm ≤2ppm ≤10ppm 99.99% 

 

α-Al2O3 Features 

 Phase stability,  

 High hardness,  

 Material with high dimensional stability,  

 Thermal fatigue resistance,  

 Fracture toughness,  

 Creep resistance and  

 Wear resistance.  

As the α-phase ultrafine Al2O3 is a high performance material of far infrared emission, it is widely used in 
fiber fabric products and high pressure sodium lamp as far-infrared emission and thermal insulation 
materials. In addition, α-phase nano-Al2O3 with high resistivity and good insulation property, it is widely 
used as the main components for YGA laser crystal and integrated circuit substrates14. 

 

3.6.1.3  γ-Al2O3 

Properties 

Purity: 99+% 
APS: 80 nm  
SSA: >58m2/g 
Grain Size: 20-160nm 
Color: white 
Morphology:  amorphous  
Crystallographic Structure: rhombohedral 
 

 

Aluminum Oxide Nanoparticles (Al2O3, Gamma) - Ssnano - Product id:1331DL 

Al2O3 Ca Fe Cr Na Mn Co 

≥99% ≤25ppm ≤80ppm ≤4ppm ≤70ppm ≤3ppm ≤2ppm 

 

γ-Al2O3 Features14  

 High hardness,  

 Material with high dimensional stability,  

 Thermal fatigue resistance,  

 Fracture toughness 

 Wear resistance.  

                                                        
14 K. Wefers, “Alumina Chemicals: Science and Technology Handbook,” The American Ceramic Society, Westerville, Ohio, 

(1990)   

100nm 
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It is commonly used to prevent adhesions, increase hardness, improve wear resistance increase the 
toughness and whiteness, density, and reduce porosity. Additionally, the g-phase nano-Al2O3 with 
large surface area and high catalytic activity, it can be made into microporous spherical structure or 
honeycomb structure of catalytic materials 8. 

 

3.6.1.4  TiO2 Rutile 15  

Properties 

Purity: 99.9+% 
APS: 30 nm 
SSA: 35-60m2/g 
Color: white 
Morphology: near spherical 
Bulk Density: 0.25 g/cm3 
True Density: 4.23 g/cm3  
PH:6-6.5 
 
 

Titanium Oxide Nanopowder – Rutile – SSnano Product id:7920DL 

TiO2 Al Ca Co Cr Fe K+Na Mo Mg P S Si W 

≥99.9 ≤0.003 ≤0.005 ≤0.01 ≤0.005 ≤0.005 ≤0.005 ≤0.005 ≤0.01 ≤0.01 ≤0.005 ≤0.003 ≤0.01 

 

 

TiO2 Rutile Features 16 17 

 UV-resistant material,  

 chemical fiber,  

 Photocatalyst,  

 self-cleaning glass,  

 self-cleaning ceramics,  

 antibacterial material,  

 air purification  

Its commonly used in coatings, printing ink, plastics, foods packing material, cosmetics, chemistry, in 
paper-making industry and for producing titanium, ferrotitanium alloy, carbide alloy etc., in the 
metallurgical industry. 

There is a wide range of product application in different fields with a large different amount of dosage, 
from 0.5 to 8%. In general, the quantity to be added is: 

 1-3% for sunscreen agent,  

 3-5% for whitening and moisture preservation,  

 3-8% for ultraviolet ray resistance  

 2.5% for printing ink and coating. 

                                                        
15 Optical & physical properties provided by the supplier for the specific batch 
16 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports 
17 Mehdi Baneshi, Hiroki Gonome, Atsuki Komiya, The effect of particles size distribution on aesthetic and thermal 
performances of polydisperse TiO2 pigmented coatings Comparison between numerical and experimental results, Journal of 
quantitative spectroscopy and radiative transfer (2012) 
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3.6.1.5  TiO2 – P25 Anatase and Rutile mixture (Contents: Rutile 30-40%, Anatase 60-70%) 

 

 

Properties 

Purity: 99% 
APS: 10-30 nm 
SSA:  50-100 m2/g 
Color: white 
Bulk Density: 0.24 g/cm3  
True Density: 3.91 g/cm3  
PH:6-6.5 
 
 

 

Titanium Oxide Nanoparticles – P25 Rutile -  Anatase –Ssnano  Product id:7918DL 

TiO2 Al Mg Si Ca S Nb 

≥99.5 ≤0.002 ≤0.007 ≤0.002 ≤0.007 ≤0.003 ≤0.001 

 

 

TiO2 Anatase-Rutile Features 18 19 

 UV-resistant material,  

 chemical fiber,  

 Photocatalyst,  

 self-cleaning glass,  

 self-cleaning ceramics,  

 antibacterial material,  

 air purification  

Its commonly used in coatings, printing ink, plastics, foods packing material, cosmetics, chemistry, in 
paper-making industry and for producing titanium, ferrotitanium alloy, carbide alloy etc., in the 
metallurgical industry. 

There is a wide range of product application in different fields with a large different amount of dosage, 
from 0.5 to 8%. In general, the quantity to be added is: 

 1-3% for sunscreen agent,  

 3-5% for whitening and moisture preservation,  

 3-8% for ultraviolet ray resistance  

 2.5% for printing ink and coating. 

 

 

                                                        
18 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports 
19 Mehdi Baneshi, Hiroki Gonome, Atsuki Komiya, The effect of particles size distribution on aesthetic and thermal 
performances of polydisperse TiO2 pigmented coatings Comparison between numerical and experimental results, Journal of 
quantitative spectroscopy and radiative transfer (2012) 
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3.6.1.6  TiO2 – Anatase  

 

 

Properties 

Purity: >99.5% 
APS: 10-30 nm 
SSA: 50-150 m2/g 
Color: white 
Bulk Density: 0.24 g/cm3  
True Density: 3.8 g/cm3  
PH:6-6.5 
 
 
 

 

Titanium Oxide Nanoparticles – Anatase - SSnano Product id:7910DL 

TiO2 Al Mg Si Ca S Nb 

≥99.5 ≤0.003 ≤0.007 ≤0.003 ≤0.006 ≤0.003 ≤0.001 

 

 

TiO2 Anatase Features 20 21 

 UV-resistant material,  

 chemical fiber,  

 Photocatalyst,  

 self-cleaning glass,  

 self-cleaning ceramics,  

 antibacterial material,  

 air purification  

Its commonly used in coatings, printing ink, plastics, foods packing material, cosmetics, chemistry, in 
paper-making industry and for producing titanium, ferrotitanium alloy, carbide alloy etc., in the 
metallurgical industry. 

There is a wide range of product application in different fields with a large different amount of dosage, 
from 0.5 to 8%. In general, the quantity to be added is: 

 1-3% for sunscreen agent,  

 3-5% for whitening and moisture preservation,  

 3-8% for ultraviolet ray resistance  

 2.5% for printing ink and coating. 

 

 

                                                        
20 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports 
21 Mehdi Baneshi, Hiroki Gonome, Atsuki Komiya, The effect of particles size distribution on aesthetic and thermal 
performances of polydisperse TiO2 pigmented coatings Comparison between numerical and experimental results, Journal of 
quantitative spectroscopy and radiative transfer (2012) 
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3.6.1.7  Fe2O3 22 

Properties  

Purity: 98+% 
APS: 20-40 nm 
SSA: 40-60 m2/g 
Color: red brown 
Morphology: spherical 
pH-value: 5-7  
Bulk Density: 1.20 g/cm3 
True Density: 5.24 g/cm3 
 

 

Iron Oxide Nanopowder - SSnano Product id:3315DX 

Ca Cr P SiO2 S Al Na Mn 

0.024 0.037 0.016 0.134 0.12 0.0002 0.0005 0.095 

 

 

Fe2O3 Features 

αFe2O3 has been studied as a photoanode for the water-splitting reaction for over 25 years 23 

Coatings, plastics, rubber, silicone, alloy, wear-resistant materials, sealing materials, drugs, lithium iron 
phosphate batteries, lithium batteries, etc.24 

 

 

3.6.1.8  AgO 

Properties 

Purity: >99% 
True Density: 10.5 g/cm3  
APS: 50-80 nm 
Appearance: black 
Morphology: spherical 
 

 

 

 

Silver Nanopowder - SSnano Product id:1118XH 

Ag Cu Bi Fe Pb Sb 

99.99% 10 2 3 2 2 

                                                        
22 Optical & physical properties provided by the supplier for the specific batch 
23 Kay, A., Cesar, I. and Gratzel, M, Journal of the American Chemical Society (2006) 
24 Lide, David R., CRC Handbook of Chemistry and Physics (90th ed.). Boca Raton, Florida: CRC Press. ed. (2009).  

http://en.wikipedia.org/wiki/Photoanode
http://en.wikipedia.org/wiki/CRC_Handbook_of_Chemistry_and_Physics
http://en.wikipedia.org/wiki/Boca_Raton,_Florida
http://en.wikipedia.org/wiki/CRC_Press
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AgO Features 

Ag Nanoparticles can be used as pharmaceutical antibacterial, disinfectant;  chemical catalyst.  

Ag Nanoparticles used as Antivirus antibacterial material25:  

 Adding 0.1% silver nanoparticles, the inorganic antibacterial powder, can play an important role 
in the suppression and killing of dozens of pathogenic micro-organisms such as Escherichia coli, 
Staphylococcus aurous.  

 Addition of 0.1-0.3% of silver nanoparticles might act as a new anti-infective product which has 
broad-spectrum, non-resistance, free from the pH effects, antibacterial, durable, non-oxidized 
black and many other properties,   

 Adding 0.3-05% might act as an anti-corrosion agent in coating paint materials can also be used 
successfully in the construction and the preservation of relics. 

 

 

3.6.1.9  ZnO 26 

Properties 

Purity: 99+% 
APS: 35-45 nm 
SSA: ~65m2/g 
Color: milky white 
Crystal Phase: single crystal 
Morphology: nearly spherical 
True Density: 5.606 g/cm3  
 
 
  
 

Zinc Oxide Nanopowder - SSnano Product id: 8410DL 

ZnO Cu Mn Cd Pb 

≥99% ≤3ppm ≤5ppm ≤9ppm ≤9ppm 

 

 

ZnO Features 

There is a wide range of product application in different fields with a large different amount of dosage, 
from 0.8 to 5.2%. Paints containing zinc oxide powder have long been utilized as anticorrosive coatings 
for metals. They are especially effective for galvanized iron. Iron is difficult to protect because its 
reactivity with organic coatings leads to brittleness and lack of adhesion. Zinc oxide paints retain their 
flexibility and adherence on such surfaces for many years 27. 

ZnO highly n-type doped with Al, Ga, or In is transparent and conductive (transparency ~90%, 
lowest resistivity ~10−4 Ω·cm. ZnO:Al coatings are used for energy-saving or heat-protecting windows. 

                                                        
25 Maillard, Jean-Yves; Hartemann, Philippe. "Silver as an antimicrobial: Facts and gaps in knowledge". Critical Reviews in 
Microbiology: 1. (2012) 
26 Optical & physical properties provided by the supplier for the specific batch 
27 Nav Bharat Metallic Oxide Industries Pvt. Limited. Applications of ZnO. Access date January 25, (2009) 

http://en.wikipedia.org/wiki/Transparency_(optics)
http://en.wikipedia.org/wiki/Resistivity
http://www.navbharat.co.in/Clients.htm
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The coating lets the visible part of the spectrum in but either reflects the infrared (IR) radiation back into 
the room (energy saving) or does not let the IR radiation into the room (heat protection), depending on 
which side of the window has the coating. 28  

Plastics, such as polyethylene naphthalate (PEN), can be protected by applying zinc oxide coating. The 
coating reduces the diffusion of oxygen with PEN. 29  Zinc oxide layers can also be used 
on polycarbonate (PC) in outdoor applications. The coating protects PC from solar radiation and 
decreases the oxidation rate and photo-yellowing of PC 30. 

 

3.6.1.10  Indium Tin Oxide (ITO) 31 

Properties 

Indium Tin Oxide Nanopowder (In2O3:SnO2=90wt%:10wt%) 
Purity: >99.99%--Tested by ICP—AES method 
APS: 20-70 nm 
Tested by Nitrogen adsorption (BET); TEM observation (TEM) 
SSA: 35 m2/g 
Color: yellowish-green color 
Morphology: irregular 
Bulk Density: ~0.83 g/cm3 
Density: 7.14 g/cm3 
Making Method: Chemical precipitation 
  

 

 

 

 

ITO Features 

ITO is often used to make transparent conductive coatings for displays such as liquid crystal 
displays, flat panel displays, plasma displays, touch panels, and electronic ink applications. Thin films of 
ITO are also used in organic light-emitting diodes, solar cells, antistatic coatings and EMI shieldings.  

ITO is also used for various optical coatings, most notably infrared-reflecting coatings (hot mirrors) for 
automotive, and sodium vapor lamp glasses.  

Other uses include  antireflection coatings, electrowetting on dielectrics, Bragg  reflectors for VCSEL 
lasers. ITO is also used as the IR reflector for low-e window panes. ITO was also used as a sensor 

                                                        
28 D.C.; Hemsky, J.W.; Sizelove, J.R.). "Residual Native Shallow Donor in ZnO". Physical Review Letters 82 (12): 
2552. Bibcode:1999 PhRvL..82.2552L 
29 Guedri-Knani, L.. "Photoprotection of poly(ethylene-naphthalate) by zinc oxide coating".   Surface and Coatings 
Technology. et al. (2004) 
30 Moustaghfir, A.. "Sputtered zinc oxide coatings: structural study and application to the photoprotection of the 
polycarbonate". Surface and Coatings Technology. et al. (2004) 
31 Optical & physical properties provided by the supplier for the specific batch 

Indium Tin Oxide Nanopowder - SSnano Product id: 4411CB 

Al As Ca Cd Cu Fe In Ni Si Sn Ti Zn 

3.40 3.60 13.50 4.13 1.68 0.76 745652 1.75 5.37 76868 0.36 1.33 

http://en.wikipedia.org/wiki/Polyethylene_naphthalate
http://en.wikipedia.org/wiki/Polycarbonate
http://en.wikipedia.org/wiki/Liquid_crystal_display
http://en.wikipedia.org/wiki/Liquid_crystal_display
http://en.wikipedia.org/wiki/Flat_panel_display
http://en.wikipedia.org/wiki/Plasma_display
http://en.wikipedia.org/wiki/Touchscreen
http://en.wikipedia.org/wiki/Electronic_paper
http://en.wikipedia.org/wiki/Organic_light-emitting_diode
http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Antistatic_coating
http://en.wikipedia.org/wiki/Electromagnetic_interference
http://en.wikipedia.org/wiki/Optical_coating
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Hot_mirror
http://en.wikipedia.org/wiki/Sodium_vapor_lamp
http://en.wikipedia.org/wiki/Antireflection_coating
http://en.wikipedia.org/wiki/Electrowetting
http://en.wikipedia.org/wiki/Bragg_reflector
http://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1999PhRvL..82.2552L
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coating in the later Kodak DCS cameras, starting with the Kodak DCS 520, as a means of increasing 
blue channel response 32. 

ITO thin film strain gauges can operate at temperatures up to 1400 °C and can be used in harsh 
environments, such as gas turbines, jet engines, and rocket engines 33 .  

 

3.6.1.11  Antimony Tin Oxide (ATO) 34 

Properties 

Purity: 99.95+% 
Color: Light Blue 
APS:  30 nm 
Loss on drying (%) : <=0.5 
Heat Resistance (oC) : <=1100 
Powder Resistivity (Ω.cm) : <=50 
SSA: >95 m2/g 
Conductivity: 106~109 ohm 
PH: 4.0~7.0 
Bulk Density: ≤0.95 g/cm3 
 
 
 
 

Antimony Tin Oxide Nanopowder – Sigma Aldrich - Product id: 549541-5G 

As Cd Pb Ni Bi Zn K Al Cu Ag Fe In 

<2 <2 <32 <5 <9 <5 <7 <2 <28 <2 <19 <8 

 
 

ATO Features 

ATO can be used in LCD, LED and ECD,  for transparent electrode and solar battery and  can shield 
heat when it is used in hot mirror, building or glass curtain wall. Also ATO can be used in the glass of 
car, train and plane to protection against fog and frost 35. 
 
The product of Antimony Tin Oxide Nanopowder ATO has the excellent quality of electricity and optics. 
Due to its good conductivity, Antimony Tin Oxide Nanopowder can be widely used in the industry of 
coating, chemical fiber and polymeric membrane as anti-static material. Antimony Tin Oxide 
Nanopowder has more advantaged properties in dispersion, weather-ability, thermoplastic, wear 
resistance, and security than some other conductive materials such as graphite, surfactant, and metallic 
powder etc36.  

                                                        
32 http://www.kodak.com/global/en/service/professional/tib/tib4131.jhtml?pq-path=14567#SEC3 
33 http://digitalcommons.uri.edu/dissertations/AAI3025561/ 
34 Optical & physical properties provided by the supplier for the specific batch 
35 Wang, Chung Wu. "The Chemistry of Antimony".Antimony: Its History, Chemistry, Mineralogy, Geology, Metallurgy, Uses, 
Preparation, Analysis, Production and Valuation with Complete Bibliographies. London, United Kingdom: Charles Geiffin and 
Co. Ltd (1999) 
36 Grund, Sabina C.; Hanusch, Kunibert; Breunig, Hans J.; Wolf, Hans Uwe "Antimony and Antimony Compounds" 
inUllmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, Weinheim. (2006) 

http://en.wikipedia.org/wiki/Kodak_DCS
http://en.wikipedia.org/wiki/Strain_gauge
http://en.wikipedia.org/wiki/Gas_turbine
http://en.wikipedia.org/wiki/Jet_engine
http://en.wikipedia.org/wiki/Rocket_engine
http://library.sciencemadness.org/library/books/antimony.pdf
http://library.sciencemadness.org/library/books/antimony.pdf
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3.6.1.12  Aluminium Zinc Oxide (AZO)  37 

 

Properties 

Purity: 99,5% 
APS: 15nm 
High purity: 99.99+% 
Color: White 
SSA: 65 m2/g 
Crystal Phase: single crystal 
Morphology: nearly spherical 
PH: 5-9 
Resistivity: 1.2×106Ω.cm 

 

 

Zinc Oxide Nanoparticles Doped with 2wt% Aluminum Oxide (AZO) – 
Usnano SA - Product id: US3805 

ZnO : Al2O3 Cu Mn Al Fe 

98:02:00 <2ppm <3ppm <1.5ppm <3ppm 

 

 

AZO Features   

 Maximum tolerable temperature can reach 1975 °C.  

 For transparent conductive anti-static coating its resistivity could reach the limit 6 × 104Ω.cm; 38 

 High temperature stability is  very strong;  

 Transparent conductive film and IT industries 

 Energy conservation and the protection of privacy with the switch-mode transmittance glass 
(Switch Glazing) 

 Buildings & automotive windows 

 Anti-reflective film. 39  
 

 
 
 
 
 
 
 
 
 

                                                        
37 Optical & physical properties provided by the supplier for the specific batch 
38 R. Ayouchi, D. Leinen, F. Martín,M. Gabás, E. Dalchiele, J.R. Ramos-Barrado, Thin Solid Films (1999) 
39 S. Hayamizu, H. Tabata, H. Tanaka, T. Kawai, J. Appl. Phys. 80 (1996) 
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3.6.2 Classification usage of nanoparticles 

The correlation between nano-oxides and properties are well depicted on the following table 1 

 

 Material 

Properties 
α -

Al2O3 
γ - 

Al2O3 
TiO2 

routile 
TiO2 

anatase 
Fe2O3 ZnO AgO ITO ATO AZO 

UV reflection   +  +   + + + 

IR reflection   +  +   + + + 

IR absorption    +    + + + 

transparency        + + + 

thermal 
conductivity 

+ +         

anti-bacterial   + +  + +    

self cleaning   + +       

photocatalysis   + +       

toxicity        + + + 

Table 1. Correlation between properties and nanomaterials. Cross checked are the verified properties. 

 

 

Transparent conductive oxides (TCO) have high optical transmission at visible wavelengths. They also 
reflect near infrared and infrared (i.e., heat) wavelengths, and are used in products ranging from energy 
efficient low-e windows to photovoltaics.  One of their most important uses is for transparent electrical 
contacts. Virtually all applications involve thin films.   

TCO’s range from simple binary compounds to exotic ternary and quaternary compounds. Examples of 
TCO’s are indium tin oxide (ITO), tin oxide, aluminum doped zinc oxide (AZO), indium oxide, antimony 
tin oxide (ATO), Zinc oxide and cadmium oxide. Cost savings using TCO’s seems to be enormous 
because material usage is low, they are used in a wide range of energy efficiency products and they 
increase the efficiency of these products.  TCO’s are generally n-type wide bandgap semiconductors 
(although p-type materials are now being developed) with a relatively high concentration of free 
electrons in the conduction band 40.   

Due to their energy band structure (bandgap ~ 1 – 2 eV), these materials are transparent in near 
infrared (NIR) and infrared (IR) wavelength ranges and can be reasonably conductive (but not close to 
the conductivity of metals).  Doping also improves their conductivity while optical transmittance is not 
significantly degraded.  The wide bandgap is responsible for high optical transmittance and free 
electrons increase electrical conductivity. The optical constants (refractive index and extinction 
coefficient) of TCOs depend to a large degree on the deposition process, base compound content, and 
oxygen vacancies, and no one set of n and k can represent all films.  In general, the refractive index is 
in the range 1.8 – 1.9 for most compounds and the extinction coefficient for transmissivity is < 0.01 at 
visible wavelengths 41. 

                                                        
40 New Materials: Transparent Conducting and Semiconducting Oxides, Solid State Lighting, Novel Superconductors and 
Electromagnetic Metamaterials (Advances in Science and Technology), Pietro Vincenzini, David S. Ginley, Giovanni Bruno, 
Attilio Rigamonti, Nikolay Zheludev (2005)  
41 Joseph J. Berry Elvira Fortunato, Julia E. Medvedeva, Yuzo Shigesato, Ed,  Cambridge Transparent Conducting Oxides and 
Applications: Volume 1315 (MRS Proceedings),  (2010). 
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As with all materials that depend on electron conduction, defects and grain boundaries also affect the 
resistivity. The goal of many deposition processes is to obtain films with the largest possible grain size, 
which also increases the Hall mobility.  This is accomplished by heating the substrate during deposition.  
If possible, films are often heat treated after deposition.  Post deposition heat treatment is generally not 
an option for films on plastic substrates 42.   

The interaction between oxides in nanoscale is a key aspect 43.  Nano-TCOs have the tent to exchange 
either the doped material (Tin) or the base compound (Indium) with some other nanooxides, such as 
Al2O3, Fe2O3 and with some combinations among the TCO’s family, resulting to the loss of their 
properties. 

From the above is clear that it is possible to acquire IR absorption or IR reflection with the use of the 
same material44, but in different granularity, morphology and crystallinity. Also, it seems that 
transparency is achievable only with the use of Transparent Conductive Oxides (TCO), whereas 
thermal conductivity requires a silicate or aluminosilicate material (which have high melting point) 45.  

Though the knowledge gained from other EU-FP7 European Funded Projects such as EFESUS and 
RETROKIT proved us in the past that thermal behavior properties of a coating can be significantly 
increased with the use of TCOs as a result of their capability to reflect NIR - IR spectrum. This 
mechanism is commonly used by the coatings industry to  overpass the use of aluminosilicate oxides, 
which in order to behave well within a coating matrix needs to be used in a “sub-micron scale” (>100nm 
- 500nm) from  instead of nano-scale (10nm -100nm) providing most of the times rough and uneven 
surfaces to the finishing layer resulting to aesthetics performance.     

Though, prior this research the question under investigation was to determine the: 

 most suitable TCO will be used for the coating development 

 optimum granularity, morphology, crystallinity and quantity %vol  

 agglomeration treatment 

 possible compatibility effects that might be developed to the coating matrix     

The great versatility of TiO2 is owing to its various forms and sizes. Titanium dioxides may be used in 
the form of microscale pigments or as nano-particles. Their crystal structures may vary, mainly 
depending on the arrangement of TiO2 atoms, one differentiates between rutile and anatase 
modifications. 

Due to its high diffraction index and strong light scattering and incident-light reflection capability, TiO2 is 
mostly used as white pigment. It is these properties and a high UV resistance that make TiO2 the 
standard pigment found in white dispersion paints with high hiding power. Since light scattering does 
not occur anymore in nanoscale particles, the white titanium dioxide pigments used are almost 
exclusively rutile modification particles with grain sizes in the micrometer range.  

These white pigments are not only found in paints and dyes but also in varnishes, plastics, paper, and 
textiles. Having E number E171, they are used as food additives and occur in toothpastes, several other 
cosmetics, and drugs. TiO2 pigments for use in plastics constitute the fastest growing market. It is in 
particular due to the packaging industry’s strong demand that the consumption of titanium dioxide 
pigments is on the increase. 

                                                        
42 H Hosano et al., Vacuum, 66 (2002) 
43 a) Brune, D. Hellborg, R. Whitlow, H. J. Hunderi, O. Surface Characterization: a User’s Sourcebook Wiley-VCH Weinheim, 
(1999), b) Hubbard, A. T. the Handbook of Surface Imaging and Visualization CRC Press Boca Raton, (1995). 
44  a) Tang, C. W. Van Slyke, S. A. Appl. Phys. Lett. (1987),  b) Kim, H. Pique, A. Horwitz, J. S. Mattoussi, H.  et al. Appl. Phys. 
Lett. (1999), c) Kim, J. S. Granstrőm, M. Friend, R. H. et al. J. Appl. Phys. (1998), d) Kim, H. Gilmore, C. M. Pique, A. et al. J. 
Appl. Phys.( 1999),  
45 M. & I. Ash , Handbook of Fillers, Extenders, and Diluents 2nd Edition, (2013) 

http://www.nanopartikel.info/en/glossary/148-crystal-structure
http://www.nanopartikel.info/en/glossary/154-dispersion
http://www.nanopartikel.info/en/glossary/196-nanoscale
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The use of TiO2 either in the form of rutile or anatase as a self-cleaning agent is well known and 
documented 46. Mainly self-cleaning properties can be obtained either through: 

 the surface tension as result of the TiO2 nanoparticles size, morphology, crystallinity and 
geometry) is developed by the coated substrate (creating an hydrophilic effect) as humidity and / 
or water acting as a cleaning agent encapsulating dirt and various volatiles, or  

 by the photo catalysis effect to the VOC (which consequently effects to anti-bacterial properties), 
and / or  

 a combination of both of them       

The cohesive forces among liquid molecules are responsible for the phenomenon of surface tension. In 
the bulk of the liquid, each molecule is pulled equally in every direction by neighboring liquid molecules, 
resulting in a net force of zero. The molecules at the surface do not have the same molecules on all 
sides of them and therefore are pulled inwards. This creates some internal pressure and forces liquid 
surfaces to contract to the minimal area. 

Surface tension is responsible for the shape of liquid droplets. Although easily deformed, droplets of 
water tend to be pulled into a spherical shape by the imbalance in cohesive forces of the surface layer. 
In the absence of other forces, including gravity, drops of virtually all liquids would be approximately 
spherical. The spherical shape minimizes the necessary "wall tension" of the surface layer according 
to Laplace's law. 

TiO2 is found to possess high photocatalytic efficiency among all inorganic photocatalytic materials, and 
is biocompatible. TiO2 can highly absorb UV light, and it has a better response to UV light thus its 
conductivity dramatically enhances, and this feature significantly activates the interaction of TiO2 with 
organic elements. Its photoconductivity persists long after turning off the UV light, and it has been 
attributed to surface electron depletion region strongly associated to negative oxygen species (O2

−, 
O2

2−), adsorbed on the surface. UV illumination rapidly causes desorption of this loosely bound oxygen 
from the surface. This results in reducing the surface electron depletion region and causing improved 
photoconductivity.  

The photocatalysis is described as a photo–induced oxidation process that can damage and inactivate 
organisms. TiO2 in aqueous solution under UV radiation have phototoxic effect that can produce ROS 
such as hydrogen peroxide (H2O2) and superoxide ions (O2

−). Such species are extremely essential for 
bio-applications The generated active species are capable to penetrate into the cells thus inhibit or kill 
microorganisms and eliminate organic volatiles 47.  

TiO2 is widely used and thoroughly investigated during the past decades and despite some practical 
problems during coating development, such as agglomeration, difficulties to mix hydrophobic 
nanoparticles with aquatic suspensions, de-colorization due its whiteness etc. are very commonly used 
by the painting industry, mainly as pigments and / or fillers in “sub-micron” or micron scale.     

Aiming to investigate TiO2 interactions with TCOs within a coating matrix in order to both maintain their 
surface properties was the main challenge of this research. Mainly because: 

 coating industry R&D is always under strict confidential status regarding the results obtained 

 in literature is not clearly documented, (at least at our extend of knowledge), any possible 
incompatible effects among these nanoparticles families within a coating matrix, but only some 

                                                        
46 a) Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports, b) Mehdi Baneshi, 
Hiroki Gonome, Atsuki Komiya, The effect of particles size distribution on aesthetic and thermal performances of 
polydisperse TiO2 pigmented coatings Comparison between numerical and experimental results, Journal of quantitative 
spectroscopy and radiative transfer (2012) 
47 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports (2011) 

https://en.wikipedia.org/wiki/Internal_pressure
https://en.wikipedia.org/wiki/Gravity
https://en.wikipedia.org/wiki/Young%E2%80%93Laplace_equation
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references to solar cells research48,49, therefore the only valid reference point for this task was 
the experience and knowledge obtained from our previous research and  

 previous market research contacted by the lead beneficiary of the deliverable, investigating 
market options to promote novel products did not expose any commercial product combining 
both families of nanoparticles           

AgO was a well known product since the ancient years for its anti-bacterial properties. The anti-bacterial 
mechanism is well known and documented nowadays. It interrupts the bacteria cell’s ability to form the 
chemical bonds essential to its survival 50. These bonds produce the cell’s physical structure so when 
bacteria meets silver it literally falls apart. It is thought that silver atoms bind to thiol groups (-SH) in 
enzymes and subsequently cause the deactivation of enzymes. Silver forms stable S-Ag bonds with 
thiol-containing compounds in the cell membrane that are involved in transmembrane energy 
generation and ion transport.  

It is also believed that silver can take part in catalytic oxidation reactions that result in the formation of 
disulfide bonds (R-S-S-R). Silver does this by catalyzing the reaction between oxygen molecules in the 
cell and hydrogen atoms of thiol groups: water is released as a product and two thiol groups become 
covalently bonded to one another through a disulfide bond . The silver-catalyzed formation of disulfide 
bonds could possibly change the shape of cellular enzymes and subsequently affect their function 51 . 

The importance in medical applications of silver and antibacterial activity of TiO2 together led 
researchers to think about the manufacture of silver doped titania coated sanitary wares, medical 
devices, food preparation surfaces, air conditioning filters, etc.. and nowadays some coatings based on 
TiO2 doped with Ag+ ions and less often with AgO nanoparticles..  

Silver can trap the excited electrons from TiO2 and leave the holes for the degradation reaction of 
organic species52. It also results in the extension of their wavelength response towards the visible 
region. Moreover, silver particles can facilitate the electron excitation by creating a local electric field, 
and plasmon resonance effect in metallic silver particles shows a reasonable enhancement in this 
electric field 53.  

Similarly to TiO2 mechanisms and behavior, nano-sized ZnO exhibits varying morphologies and shows 
significant antibacterial activity over a wide spectrum of bacterial species explored by a large body of 
researchers.  ZnO is currently being investigated as an antibacterial agent in both microscale and 
nanoscale formulations. ZnO exhibits significant antimicrobial activities when particle size is reduced to 
the nanometer  range, i.e. in nan-sized scale. Then nano-sized ZnO can interact with bacterial surface 
and/or with the bacterial core where it inter inside the cell, and subsequently exhibits distinct 
bactericidal mechanisms similar to TiO2. The interactions between these unique materials and bacteria 
are mostly toxic, which have been exploited for antimicrobial applications such as in food industry 54. 

Interestingly, ZnO is reported by several studies as non-toxic to human cells, this aspect necessitated 
their usage as antibacterial agents, noxious to microorganisms, and hold good biocompatibility to 
human cells. The various antibacterial mechanisms of nanomaterials are mostly attributed to their high 
specific surface area-to-volume ratios, and their distinctive physico-chemical properties. However, the 

                                                        
48 Jae Won Shima, Hyeunseok Cheuna, Amir Dindara, Yunsang Kima, Yinhua Zhoua, Canek Fuentes-Hernandeza, Do-Kyung 
Hwanga, Joseph W. Perrya and Bernard Kippelena , Indium tin oxide modified by titanium dioxide nanoparticles dispersed in 
poly(N-vinylpyrrolidone) for use as an electron-collecting layer in organic solar cells with an inverted structure, (2005)  
49 , Ednan Joannia, Raluca Savua, Márcio de Sousa Góesa, Paulo Roberto Buenoa, Jilian Nei de Freitasb, Ana Flávia 
Nogueirab, Elson Longoa, José Arana Varelaa  Dye-sensitized solar cell architecture based on indium–tin oxide nanowires 

coated with titanium dioxide, Scripta Materialia Volume 57, Issue 3,  (2007),  
50 W. K. Jung, H. Ch. Koo, K. W. Kim, S. Shin, S. H. Kim, and Y. Ho Park , Appl. Env. Microbiol., (2008) 
51 https://microbewiki.kenyon.edu/index.php/Silver_as_an_Antimicrobial_Agent  
52 a) I. Ilisz, A. Dombi, Appl. Catal. A 180 (1999), b) E. Stathatos, T. Petrova, P. Lianos, Langmuir 17 (2001) 
53 G. Zhao, H. Kozuka, T. Yoko, Thin Solid Films 277 (1996) 
54 Amna Sirelkhatim, Shahrom Mahmud, Azman Seeni, N.H.M. Kaus, Ling Chuo Ann, Siti Khadijah Mohd Bakhori, Habsah 
Hasan, Dasmawati Mohamad Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism,  (2015) 

http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff1
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff1
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff1
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff2
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff3
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff3
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff3
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff4
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8828585#aff5
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527#aff2
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/article/pii/S1359646207002527
http://www.sciencedirect.com/science/journal/13596462
http://www.sciencedirect.com/science/journal/13596462/57/3
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20WK%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Koo%20HC%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20KW%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shin%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20SH%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20YH%5Bauth%5D
https://microbewiki.kenyon.edu/index.php/Silver_as_an_Antimicrobial_Agent
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precise mechanisms are yet under debate, although several proposed ones are suggested and 
adopted. Investigations on antibacterial nanomaterials, mostly ZnOs, would enhance the research area 
of nanomaterials and the mechanisms and phenomenon behind nanostructured materials 55. 

Even though there are many studies showing the photocatalytic activity of doped titania exact 
mechanism and despite the fact that the role of silver is under debate 56 57 58, the aim of this research is 
to investigate the possibility to combine TiO2 – AgO or ZnO – TCOs within a common matrix maintaining 
each nanoparticle its functionalities, overcome practical problems such agglomeration, reactions among 
them, de-colorization, etc. and enhance if possible the photocatalytic activity on daylight.         . 

The formulation of a coating with outstanding properties in various fields is the goal in the 
CommONEnergy project. This innovative coating will replace any conversional or specialized coating, 
due to the ability to improve multiple properties with the same application.  

                                                        
55 J. Pasquet, Y. Chevalier, J. Pelletier, E. Couval, D. Bourier, M.A. Bolzinger, Col. Sur. A., (2004) 
56 H.E. Chao, Y.U. Yun, H.U. Xiangfang, A. Larbot, J. Eur. Ceram. Soc.(2003) 
57 H.M. Sung-suh, J.R. Choi, H.J. Hah, S.M. Koo, Y.C. Bae, J. Photochem. Photobiol. A 163 (2004) 
58 L. Zhang, J.C. Yu, H.Y. Yip, Q. Li, K.W. Kwong, A. Xu, P.K. Wong, Langmuir 19 (2003) 
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3.6.3 Evaluation of commercial products  

The basic approach for the evaluation of commercial products was focused only to measure their 
thermal properties and reflectivity in UV-VIS-NIR spectrum as all other properties were assumed to be 
“as stated” by the manufactures. 
The main reasons leading the research focus on the above mentioned properties were: 

 Thermal resistance (or thermal conductivity). Thermal behavior values are extremely   
difficult to be measured on coatings and / or fillers for coatings, in contrary with the most building 
materials, due to the thin layers of paint applied on the surface of the substrate and the 
limitations applied by the measuring instruments in terms of low values sensitivity measurement.  

More specifically due to the total thickness of the insulating material (which in this case is the 
coating or paint) the thermic values obtained are too low to be measured alone by most of the 
measuring instruments as R-value depends on the thickness of the material, resulting in some 
cases to inaccurate results. Also, most of the measuring instruments are set up by the 
manufactures to measure R-values in certain ranges e.g. 0.1 – 0.5 (Km2/W)R-value or above 0.5 
(Km2/W) R-value 59 which limits the high accuracy measuring capabilities. 

The most common way that the industry follows to obtain the most accurate results is the 
measurement of “coating systems” e.g. using as reference a standards piece of white poplar (k 
0.13 (W/mK)) untreated and on a same substrate painted directly with two coating layers. The 
value’s variations among the two pieces are considered to be the thermic values of the coating.    

Past experience indicates some significant variations among the manufacturer’s measurements 
and measurements obtained following this methodology, mainly due to the practical difficulty to 
obtain such low values as described on the above and secondly due the use of alternative 
methods of measuring these values, e.g. heat flow meter, thermic plate meter etc., therefore 
creating a common database with measurements obtained with the same methodology, 
considers to be a crucial aspect for the success of this research. 

 Light transmittance. Even by assuming that all measurements provided by the products’ 
manufactures have been executed with the same methodology e.g. application on white hiding 
charts according to ASTM E903 – 96 standards, after each measurement calibration device etc., 
variations have been noticed to the UV-VIS-NIR results in the past. The most noticeable 
variations appears to be when the incident angle of the light varying from 0° up to 10° during 
measurement cycles, depended on the programming that will be selected by the operator.  

As a result of this incident angle change, most of the software suites analyzing the light 
transmittance with the use of band pass filters, tend to correct measurements by shifting them to 
shorter wavelengths up to 8nm 60, therefore again the use of a common database considers to 
be an important aspect for this research. 

 Carrying media. In order to determine “pure” product’s’” thermal values the media was used for 
fillers  / wastes to be dispersed within, was 15%w/vol, microcrystalline cellulose deionized water 
solution, with the addition 40%vol/vol pure ethanol. Ultrasonic sonication at 20Khz - 400W at 300 
cycles of 10 seconds each, with intermediate interruption of 3 seconds among them was 
executed to homogenize 100ml of each suspension.    

 For the scope of this research it has been accepted that all other specifications provided by the 
manufacturers, such as water permeability, VOC content, adhesion, porosity etc., are accurate, 
as their values do not influence the thermal or reflectance properties of the coatings / fillers. 

                                                        
59 Note 2:  https://www.netzsch-thermal-analysis.com/en/products-solutions/thermal-diffusivity-conductivity/hfm-436-
lambda/ 
60 http://www.jascoint.co.jp/asia/products/spectroscopy/uv/arm.html 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

32 

 For each experimental campaign methodologies explained thoroughly to the relevant section of 
this report.       

NOTE: As during the current research it has not been obtained any license from the manufactures to 
analyze and publish their product’s synthesis, limited data will be provided in this field.                

3.6.3.1 Commercial “cool additives” 

Six commercial additives have been tested and characterized.  

The commercial names of  additives are:  

 Hy-teck,  

 Insulat - MT,  

 SThermizol,  

 Thrakon NHP 260-2 

 Therm-a-shield 

 Hi index Type 3 -  SiO2 glass spheres 
 

As reference sample microcrystalline cellulose deionized water solution was used. The same 
formulation was used as carrier matrix for the “cool additives”. 

3.6.3.1.1  Hy-teck  

“Hy-Tech the combining of Insulating Ceramics into paint coatings is our specialty... Ceramic Insulating 
paints and paint additives is our business AND Our Only Business. Many companies are venturing into 
the insulating coatings industry with no knowledge of paints and coatings and are prompting the buying 
public into dumping all kinds of inferior fillers into their paint with no regard as to the chemical imbalance 
they are creating. "Ceramic filled paint" with lightweight glass beads and ceramic waste products that 
have no insulating properties to them at all.”61. 

 

   

 

 

3.6.3.1.2  INSULAT-MT 

“The additive is made up of tiny hollow ceramic microspheres, developed in association with the NASA 
Technology Exchange Programme. It is safe and non-toxic, and has been tested in extremes of hot and 
cold, from the Arctic to the Middle East 

                                                        
61 http://www.hytechsales.com/products.html 
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Insulat-MT's unique blend of ceramic microspheres are designed to be mixed into any interior or 
exterior house paint, to help keep heat in and cold out. 

Add Insulat-MT to the interior walls of your home to help stop heat loss to the outside and keep you 
comfortable. 

On interior walls, Insulat-MT's unique microspheres work by keeping radiant heat in the room..”62 

 

   

 

 

3.6.3.1.3  SThermizol 

“Thermal insulation compound STHERMIZOL represents a completely new method of thermal 
insulation of buildings. Its main component is special thermal-ceramic filler that minimizes, with 
minimum thickness of STHERMIZOL layer 0,5- 1 mm, heat leakage from rooms. 

It creates a partial vacuum layer on the applied surface, increases thermal resistance, and 
simultaneously is capable of reflecting as much as 70 % of radiant heat back to the interior. 
STHERMIZOL is also an excellent solution to problems with mould on walls. 

The application process is simple, and can be coped with by almost everyone. The filler shall be applied 
interior walls in a very simple way by a trowel, a roller, or a brush in a 0,5-1 mm thick layer. It can also 
be applied by spraying. The compound can be tinted or decorated with water-based paints after 
application.”63 

 

 

                                                        
62 http://www.nigelsecostore.com/acatalog/paint-insultation-additive.html 
63 Extract from Product Description http://romba.cz/home-en.aspx 
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3.6.3.1.4  Thrakon NHP 260-2 

“NHP 260-2 THERMO IN-OUT is a ready-to-use lightweight plaster coat, cement base and natural 
mineral building materials. Characteristic properties are the heat & sound insulation and fire protection.” 

 

 

 

 

 
 
 
 
 
 
3.6.3.1.5  Therm-a-shield  

“Thanks to improved research technology, we are able to introduce a much-improved elastomeric 
acrylic filler to the market place. It can be incorporated to our superior acrylic polymers to produce the 
best coating, enhanced with ceramic hollow pressured spheres, results in the ultimate insulation 
believed to be far superior to any other conventional coating now available”64. 

 

  

 

 

3.6.3.1.6  Glass spheres 

“High Index "Powder"–Type 3 beads manufactured using virgin glass. High Index beads offer 
superior performance and durability due to their extremely smooth surfaces, greater than > 98 % 

                                                        
64 Extract from Product Description http://www.thermashield.com/products  
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roundness and less than 1% air inclusions which results in a very high refractive index of >1.93. Size 
35-45 microns, confectioners sugar like consistency”65  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.3.1.7  Thermal behavior 

The thermal conductivity was measured by means of the heat flow meter method. The instrument used 
was NETZSCH HFM 436/3 Lambda, which complies with EN12667 and ASTM C518. The instrument’s 
accuracy is ±1-3%.  

The thermal conductivity of the white poplar sheet sample 50mm (w) x 50mm (l) 25mm (t) painted with 
a double layer of coating which has been produced by the fillers dispersion in 15%w/vol, microcrystalline 
cellulose deionized water solution, with the addition 40%vol/vol pure ethanol and were applied with a 
common soft roll, while their drying time was 24 hours. The coating produced was measured with the 
paint coating facing up.  

The NETZSCH HFM 436/3 heat flow meter determined the thermal conductivity (k) of the sample in 
W/mK, the R-value in m2K/W and the coating thickness in mm. The mean temperature and ΔΤ was set 
to 10 °C for all samples. As reference sample was used a steel sample without any treatment. 

Results of testing are analytically presented in Table2 and Fig. 1a & 1b. 

 

Sample 
Mean 

temperature 
(°C) 

ΔΤ(°C) 
Thickness 

(cm) 

Thermal 
conductivity 

k (W/mK) 

R-value 
(Km2/W) 

Hy-teck additive 10,11 10,04 0,308 0,183 0,01683 

Insulat - MT 10,01 9,72 0,313 0,195 0,01605 

SThermizol 10,69 9,33 0,317 0,179 0,01771 

Thrakon NHP260-2 10,08 9,09 0,309 0,191 0,01618 

Therm-a-shield 10,22 9,27 0,306 0,168 0,01821 

Hi index powder – 
glass spheres 

10,31 9,86 0,318 0,163 0,01951 

Reference 10,48 9,37 0,256 0,181 0,01414 

                                                        
65 Extract from http://colesafety.com/Large-Paint-Kit-Hi-Index-Reflective-Beads-HighIndex-PaintKits.htm 
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Table 2. Commercial additives thermal conductivity measurements 

 

 

 

Fig. 1a -1b. Commercial additives thermal conductivity comparison chart 

 

 

For additional testing of the “cool” additives thermal behavior an alternative evaluation method has been 
performed utilising the coating’s industry standard tests, which recently adopted and used as an 
evaluation method by the FP7- EU Funded Project  CoolCoverings – Grant Agreement 260132  

More specifically: 

Methodology 

 Use of steel plates S 275 grade (300mm*300mm*5mm) covered with Kraft metal primer (grey 
RAL 7004).  
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 Fillers were dispersed in the reference paint (Kraft base paint – white)  as per manufacturer 
specifications. 

 

 Two layers of the developed coating with the fillers were applied on steel samples with soft roll. 
Each coating had a drying time period of 24 hours.  

 The specimens were exposed to a source of radiation emitted by a 250 W infrared lamp (Philips 
Siccatherm), placed at 20 cm distance from the samples and heated for an hour (till the 
temperature of the plates reaches its maximum value) 

 

 Their backside temperature was measured with K type thermocouples (Greisinger Electronics 
Gmbh) placed in the center of the sample and connected to a data logger AHLBORN AL340 – 
log every 30 seconds. 
 

 Additionally values to cross check the data-logger values were obtained on the back side of the 
steel plate with a thermal camera type FLIR E-40 with the emittance value set at 0.80.  

 

 Test should always be performed with by measuring at every different coating the reference 
coating each time in order to verify measurements.  

 

 Reference sample was used a steel sample primed and two layers of Kraft base paint – white 
has been applied to it.   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Commercial additives thermal behavior (IR lamps test) 

 

 

Results 
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The following diagram (Fig. 3) indicates thermal behavior of the additives tested as described on the 
mentioned on the above test. Except the temperature rise at the time that steel plates were radiated by 
the lamps, It also records their cooling performance within a period of 30 minutes.   

 

 
 

Fig. 3. Commercial additives thermal behavior comparison (IR lamps test) 

 

From Figure 3 it is observed that in most cases the performance under IR lamp irradiation was 
improved, as expected. Although, in some cases (for example Thermashield) the inclusion of “cool 
additives” doesn’t improve the coatings performance. The maximum temperature after the irradiation 
seems to be higher than the maximum temperature of the reference coating, which may be a result of 
absorption’s increase. In such cases the measured temperatures are very close to the reference and 
safe conclusions cannot be extracted. 

 

3.6.3.1.8  Reflectance behavior 

Spectral Reflectance Measurements (UV-Visible-NIR Spectrophotometer) 

Spectral reflectance was measured with UV-Visible-NIR Spectrophotometer, V-670 from JASCO Co, 
equipped with an integrating sphere with 150mm diameter, according to ASTM E903 - 96: Standard 
Test Method for Solar Absorptance, Reflectance, and Transmittance of Materials Using Integrating 
Spheres.  

The samples were painted with a double layer of coating which has been produced by the additives 
dispersion in 15%w/vol, microcrystalline cellulose deionized water solution, with the addition 40%vol/vol 
pure ethanol. and were applied on LENETA DX2 standard white charts with the use of filmograph, while 
their drying time for each layer was 24 hours. 

The spectral reflectance was measured, over a standard white hiding chart, between 280 and 2500 nm. 
The absolute reflectance was integrated and weighed to the Global Horizontal spectral irradiance in 
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order to calculate the total solar reflectance (TSR), as well as the reflectance in the UV, Visible and NIR 
range, according to ASTM G173.  

The following diagram (Fig. 4) and Table 3 indicating the values in UV-VIS-NIR of all samples tested. 
The spectrophotometer is also the standard instrument used for the calculation of CIELab color 
coordinates (L*, a*, b*).  

 

Fig.4. IR-Reflectance diagram of commercial “cool” additives  

 

 

 Reflectance (ASTM G173) 
Colour coordinates 

L*a*b* system. 
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Hy-teck additive 54.11% 54.91% 8.29% 51.49% 67.84 0.79 1.39 

Insulat - MT 52.82% 53.96% 8.57% 51.57% 70.58 0.42 1.43 

 SThermizol 54.96% 55.53% 9.24% 53.22% 69.25 0.67 1.47 

Thrakon NHP260-

2 
54.98% 55.99% 8.71% 52.77% 68.57 0.71 1.63 

Therm-a-shield 56.42% 57.93% 10.89% 53.63% 67.23 0.59 1.45 

Hi index powder – 

glass spheres 
57.11% 58.33% 9.42% 53.31% 70.02 0.48 1.62 
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Reference 55.61% 57.44% 8.61% 52.84% 69.47 0.61 1.59 

 

Table3  Diagram of total solar reflectance of commercial additives examined samples. 

 

 

3.6.3.1.9  Classification usage of commercial “cool additives” 

Trying to summarize the obtained results for the commercial “cool additives” the most important aspects 
are the following: 
 

 Finishing surface is rough, uneven and in some cases “flaky” (e.g. glass spheres). This is likely 
to occur due to the size of insulating compound uses each filler. 

 The application method (rolling) even it is suggested by the manufacturers is not easy to be 
applied by a non expert (professional painter) mainly due to the high viscosity of the mixture.  

 Minor improvement of thermal conductivity was observed. The pick temperature measured was 
on Reference Sample after 55 minutes of exposure at IR lamps indicating 80,3oC, while the 
lowest value was observed at the same time at Thermalmix Sample at 73,4oC.    

 IR lamps tests concluded only small variations of thermal behavior of all samples, during test 
duration, proving similar behave among them. 

 There wasn’t noticeable improvement of solar reflectance, compared with the reference sample 
as expected (manufacturers do not claim reflectance on their specifications and is in good 
argument with color co-ordinates of the samples as they all appear to be in gray shades)    

 The maximum measured solar reflectance was ~57%, for Hi index powder glass spheres. 

 The maximum measured improvement of solar reflectance did not get ahead 1.5%. 

 In some cases the solar reflectance did not overcome the solar reflectance of the reference 
sample, as a possible result of finishing surface roughness. 

 

3.6.3.2  Commercial “cool” paints   

The next research step was the evaluation of bestselling commercial aqueous (water based paints) 
”cool” paints, after a small scale research conducted in the region of Attica – Greece (questioner 
method at 20 paint wholesalers)     .  

NOTE: As this research did not obtain license by the manufactures to analyze and publish their 
product’s synthesis, limited data will be provided in this field.                
The coatings chosen to be tested were all on acrylic water base and white. More specifically, were 
chosen the following: 

 (CVw) Vechro Smaltoplast 66,                              

 (CKw) Kraft Save Roof 67,   

 (ACw) Abolin Cool Barrier 68 and 

 (CPw) Macon Cool paint 69 
 

                                                        
66 http://www.vechro.gr/el/product/details/smaltoplast-thermoshield 
67 http://www.kraftpaints.gr/product.aspx?id=91&cat=11 
68 http://www.abolincoolpaints.com/node/22  
69 http://www.macon.gr/en/products.html 
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Acrylic surface coatings have been selected since they are the leading finishes used in the paint and 
coatings industry nowadays, having surpassed alkyd finishes over the past few years due to their 
versatility.  

Based on acrylic and / or methacrylic polymers or copolymers, acrylic surface coatings are noted for 
their inertness and excellent color retention when exposed to outdoor conditions and are one of the 
fastest-growing sectors in the coatings industry. 

Though, none of the coating’s manufacturers is claiming additional properties such as antibacterial / 
anti- molding, VOC, or self-cleaning etc., properties for its product on test; therefore our research was 
focused only to the thermal  and reflectance properties of these products.  

Additionally, as a bottleneck in current research, could be considered the fact that there not existing 
available for commercial use other colors in coatings fulfilling or claiming to be “cool paints” than white 
color e.g. grey, brown, blue etc..    

 

3.6.3.2.1  Thermal behavior 

The thermal conductivity was measured by means of the heat flow meter method. The instrument used 
was NETZSCH HFM 436/3 Lambda, which complies with EN12667 and ASTM C518. The instrument’s 
accuracy is ±1-3%.  

The thermal conductivity of the white poplar sheet sample 50mm (w) x 50mm (l) 25mm (t) painted with 
a double layer of coating as per manufacturer specifications and were applied with a common soft roll, 
while their drying time was 24 hours. The coating was measured with the paint coating facing up.  

The NETZSCH HFM 436/3 heat flow meter determined the thermal conductivity (k) of the sample in 
W/mK, the R-value in m2K/W and the coating thickness in mm. The mean temperature and ΔΤ was set 
to 10 °C for all samples. As reference sample was used a steel sample without any treatment 

The following results were obtained as presented in Table 4 and fig.5a & Fb: 

 

Sample 
Mean 

Temperature 
(oC) 

ΔΤ (oC) 
Thickness 

(cm) 

Thermal 
conductivity 

k (W/mK) 

R-value 
(Km2/W) 

CVw 10,22 10,7 0,311 0,117 0,02658 

CKw 10,26 11,2 0,319 0,108 0,02954 

CPw 9,99 10,5 0,308 0,113 0,02726 

ACw 10,17 10,9 0,313 0,121 0,02587 

 

Table4  Commercial cool paints thermal conductivity measurements 
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Fig. 5a – 5b. Commercial cool paints thermal conductivity comparison chart 

 
 
 
For the additional evaluation of the “cool” paints thermal behavior the same as described in par 
3.6.3.1.7Thermal behavior testing method has been followed with the results presented in fig. 6.   

 
 

 

Fig. 6. Commercial cool paints thermal behavior comparison (IR lamps test) 

 
 
3.6.3.2.2  Reflectance behavior 

Spectral Reflectance Measurements (UV-Visible-NIR Spectrophotometer) 

Spectral reflectance was measured with UV-Visible-NIR Spectrophotometer, V-670 from JASCO Co, 
equipped with an integrating sphere with 150mm diameter, according to ASTM E903 - 96: Standard 
Test Method for Solar Absorptance, Reflectance, and Transmittance of Materials Using Integrating 
Spheres.  

The paint samples were applied on LENETA DX2 standard white charts using a filmograph, and the 
spectral reflectance was measured, over a standard white hiding chart, between 280 and 2500 nm.  

The absolute reflectance was integrated and weighed to the Global Horizontal spectral irradiance in 
order to calculate the total solar reflectance (TSR), as well as the reflectance in the UV, Visible and NIR 
range, according to ASTM G173.  
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The spectrophotometer is also the standard instrument used for the calculation of CIELab color 
coordinates (L*, a*, b*).  

Fig. 7 represents the diagram of total solar reflectance of the five examined samples while on table 6 
are the estimated values for reflectance and color coordinates. 

 

 

Figure 7. Total solar reflectance for four  samples.  

Where: CVw = Vechro, CKw = Kraft, ACw = Abolin , CPw = Macon paint 

 

 

 

 Reflectance (ASTM G173) 
Colour coordinates 

L*a*b* system. 
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L* a* b* 

CVw 
86.10% 85.79% 14.14% 91.37% 

98.07 -0.20 1.08 

CKw 
87.11% 86.91% 14.27% 91.27% 

97.38 -0.09 0.03 

CPw 
86.06% 85.83% 14.04% 91.34% 

98.04 -0.16 1.22 

ACw 
85.01% 86.01% 13.71% 90.61% 

96.86 -0.38 2.11 
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Table 6. Summarized results or reflectance data and color coordinates 

 

 

 

3.6.3.2.3   Classification usage of “cool paints” 

 Workability on all coating’s application was reasonably easy and smooth. Can be applied by a 

nonprofessional with reasonably good results, as far as the manufacturer instructions will be 

followed. 

 Coatings performance in terms of cover-ability of the substrate was as per manufacturer’s 

specifications. 

 Total solar reflectance of commercial cool paints reaches 87,11% which is more or less 

expected due to the whiteness of the coating surface.  

 NIR reflectance overcomes 86.91% to all samples as result of the previous comment too. 

 Especially NIR reflectance of CKw sample (Kraft Save Roof) is almost 87% which appears to be 

the best on tested samples, confirmed by the IR lamp test results where was transmitting on the 

back of the steel plate the less temperature.  

 CKw sample (Kraft Save Roof) seems to have the best overall thermal behavior. 

 Commercial cool paints have a significant effect on total solar reflectance (with the restriction of 

white color in appearance) 

 

 

3.6.3.3  Industrial wastes and ores  

As cost reduction for the development of the new multifunctional coating was always one of the main 
targets of this research, a decision to investigate the thermal capabilities of some industrial wastes and 
ores has been taken as supplementary action to this research.  

Exploiting the literature and scientific reports as described in par. 3.6.2 Classification usage of tested 
nanoparticles and some limited experience obtained by the execution in the past for the private sector 
of some limited tests of ores and wastes containing particles known for their thermal capabilities, was a 
challenge could not be ignored. 

Aim for this testing was to test the same materials untreated, but from different batches and sites, in 
order to in determine possible result’s variations among them and investigate the possibilities if could be 
proven useful to future research steps. 

As initial research, step wastes and ores were used “as is”, without any mechanical treatment, such as 
milling, crashing, centrifugation, etc., except sieving in order to determine the most suitable sizes to be 
incorporated within a coating matrix. Also, it has not being applied any kind of chemical treatment e.g. 
chemical cleaning, components separation etc. 

            

Samples analysis  

Regarding the thermal insulation properties, various ores and wastes have been evaluated. Figures 8,9, 
10 & 11 indicating the basic optical configurations of four common used ores and wastes via SEM – 
EDS.. 
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Fig. 8. Alumina powder (ALSA batch 1118/2014)  

 

 

 

 

 

 

 

 

 

Fig. 9  Fly ash powder (Kozani Depo - 22/04/2014) 

 

 

  

 

 

 

 

 

 

 

Fig. 10. Magnesia powder (TSI SA – 18/8/2014)  
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Fig. 11. Perlite tailings (Perlite Hellas L-500)  

3.6.3.3.1  Samples preparation 

Exploiting the results of previous experiments (very few and limited though) executed at the past,  it was 
already known that wastes and untreated ores best performance in terms of thermal properties in a sub-
micron scale within the range of 50nm – 400nm depending the waste.  

In a previous experimental campaign executed, it has been have noticed the best behavior in terms of 
thermal insulation at the following granularities: 

 Alumina powder (Bauxite Hellas 24/05/2011)  between 60 – 150μm 

 Fly ash between (Megalopolis Depo 11/07/2011) 120μm – 200μm 

 Magnesia powder (TSI SA – 09/07/2013) between 90μm – 200μm  

 Perlite (Perlite Hellas - A3) between 150μm – 300μm 

 Perlite (Perlite Hellas - A1-H) between 180μm – 400μm 

Therefore were created 3 different samples of each material in different granularities and %w/vol  for each 
one. Same procedure as in previous testing has been applied in all stages to ensure result’s 
comparability. 

 

Carrier matrix 

The carrier matrix was pure 80%vol ethanol (Aldrich), Altnana DISPERBYK-2061@ 3%vol, and 17%vol 
methyl-ethyl cellulose dissolved in TERRAADD G 12/111  @ 15%w/vol solution as per manufacturer’s 
specifications.  

 

Sieving:      

A stainless steel sieve type W.S. TYLER® RO-TAP® E Sieve Shaker 200mm diameter containing up to 
8 stainless sieves of diameter: 

 1st sieve: (#8 - 2000 μm, #14 - 1400 μm, #18 - 1000 μm, #20 - 800 μm, #30 - 600 μm - #40 - 400 
μm, #50 - 300 μm)   

 2st sieve:, (#60 - 250 μm, #70 - 200 μm, #80 - 150 μm, #120 - 112 μm - #140 - 100 μm, #170 - 
90 μm, #200 - 71 μm, #230 - 63 μm),   

 

Mixing: 

By an overhead Scilogex® OS20-Pro Overhead Digital Stirrer, 2L, at variable speeds, since the solution 
will be fully homogenized. Waiting time at one hour and then the process is repeated to ensure fully 
homogenization prior application.  

Samples prepared 

  Alumina powder 
1. Al1 60μm – 90μm @ 10%w/vol 

2. Al2 71μm – 112μm @ 10% w/vol 
3. Al3 71μm  – 150μm  @ 8% w/vol 

 Fly ash  
4. Fl1 100μm – 150μm @ 10% w/vol 
5. Fl2 112μm – 200μm @ 10% w/vol 
6. Fl3 71μm – 200μm @ 8% w/vol 

 Magnesia powder   
7. Mg1 60μm – 90μm @ 10% w/vol 
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8. Mg2 71μm – 112μm @ 10% w/vol 
9. Mg3 71μm  – 150μm  @ 8% w/vol 

 Perlite (μ- silica)  
10. Pm1 112μm – 200μm @ 10% w/vol 

11. Pm2 200μm – 300μm @ 10% w/vol 
12. Pm3 112μm  – 300μm  @ 8% w/vol 

 Perlite (cyclones)  
13. Pc1 112μm – 200μm @ 10% w/vol 
14. Pc2 200μm – 300μm @ 10% w/vol 
15. Pc3 112μm  – 300μm  @ 8% w/vol 

 Reference (untreated steel plate S275 grade 300mmx300x5mm)  

 

 
3.6.3.3.2 Thermal behavior 

The thermal behavior has been tested with the IR-lamp test as presented in previous par. 3.6.3.1.7 
Thermal behavior (Fig. 12 and Table 7).  

It is noticeable the very similar values have been obtained in both three samples of each material 
leading us to the conclusion that granularity is important factor to the thermal behavior of the material as 
in all samples was noticed that higher granularity was presenting better values in most cases despite 
the fact that some samples  were containing 2% less than the others.    

Another aspect needs to be noticed is that during sample preparation and their dispersion to the carrier 
matrix, quantities over 10%w/vol of the materials, except Alumina created workability and aesthetic 
issues, regardless their granularity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measured Temperature oC (max) 

 Sample 1 Sample 2 Sample 3 

Reference 91.33 - - 

Magnesia 86.54 86.71 88.01 

Alumina 82.56 83.61 84.12 

Fly ash 87.86 88.58 89.44 

Perlite (μ-Silica) 72.32 74.56 73.11 

Perlite (cyclones) 77.84 76.32 78.56 
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Fig. 12  and Table 7 Samples thermal behavior in IR-lamp test 

 

Thermal conductivity was then measured as per description in par. 3.6.3.1.7 for the best performed 
sample in IR-lamp test (samples #3 for all materials tested). (Fig. 13a, 13b and Table 8) 

 

 

Fig. 13a – 13b & Table 8. Thermal conductivity values  

 

 

 

 

 

 

 

 

 
 

 

 

Table 8 Thermal conductivity values  

 
3.6.3.3.3  Reflectance behavior 

Reflectance behavior have not been tested as it was previously known that none of the selected 
materials have significant reflectance properties.  

 

 

3.6.3.3.4  Classification usage of industrial wastes and ores  

 Thermal variations on testing were noticeable between the wastes and ores as additives with 
the untreated reference sample in IR lamp test. 

Sample 
Mean 

temperature 
(°C) 

ΔΤ(°C) 
Thickness 

(cm) 

Thermal 
conductivity 

k(W/mK) 

R-value 
(Km2/W) 

Reference 10,36 9,94 0,332 0,184 0,018043 

Magnesia 10,49 9,16 0,338 0,168 0,020119 

Alumina 10,25 10,01 0,336 0,186 0,018065 

Fly ash 10,61 9,62 0,344 0,201 0,017114 

Perlite  (μ-
Silica) 

9,89 9,42 0,339 0,144 0,023542 

Perlite 
(cyclones) 

10,21 9,32 0,341 0,151 0,022583 
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 Fly ash results in the lower improvement (Reference Δt= 1.89oC)  while perlite (μ-silica) results 
in the higher improvement (Reference Δt= 18.22oC)   

 Better results were obtained for samples with higher granularity despite the fact that they contain 
2%w/vol less quantity within the carrier matrix. 

 The measured values of thermal conductivity concluded same results as the thermal behavior 
from IR lamps tests. 

 Surface aesthetics and workability are heavenly depended on the quantity of material will be 
used in the carrier matrix. In general terms rough, uneven surface is developed after the 
application on the substrate with only exception the use of alumina.   

 As confirmed in previous testing granularity, size and quantity within the carrier matrix of wastes 
and ores are important factors to their thermal behavior.  

 Though their incorporation to a carrier matrix or their use as additives in coatings, is a subject of 
further investigation. The big particle’s sizes need to be incorporated in the coating is definitely a 
bottleneck, mainly for aesthetic reasons, but it worth’s further scientific investigation to examine 
the possibility to improve aesthetics and market research to examine the possibility to be  
accepted by the consumers “as is” used as an exterior coating.   

 There is a vast field for future research in the general field of industrial wastes and low cost 
ores.  
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PART B: Multifunctional formulation development and testing 
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3.6.4  Research Plan  

 
In Part B: Multifunctional formulation development and testing the efforts of the research have 
been escalating by tackling one by one and step by step all the upcoming challenges. The basic 
strategy and plan of the current research can be summarized as following:    

STAGE A: Development of individual properties formulations  

1. Development and testing of an anti-bacterial / anti-molding formulation within an inert aqueous 

carrier matrix. In order to determine the best behavior of the commercial nanoparticles evaluated 

in the previous section of research, were selected these families of nanoparticles which 

according literature are providing the on demand anti-molding / anti-bacterial properties. 

The chosen nanoparticles were dispersed in an inert aquatic solution capable to develop solid 
thin films when is drying and then initially tested to Algae Growth-Biocide Effect (BS 
39001G:6)Test.  

Then the samples had recorded the best performance to Algae Growth-Biocide Effect Test, were 
tested at the EN ISO 22196 Antimicrobial Test, exposing their surface to four different microbes / 
candidas growth to determine their antimicrobial classification according their ability to reduce / 
kill microbial activity on the surface of the samples.  

2. The development of an individual self-cleaning / VOC elimination formulation was the next step 
of the research. By exploiting the results obtained by the EU-FP7 Funded Projects EFESUS and 
RETROKIT, was well known that the modification of the TiO2 nanoparticle, size and granularity 
as well as the dispersing agents and solution stabilizers was the key aspect in order to produce 
a new stable self-cleaning / VOC elimination formulation.   

The main challenge of TiO2 agglomeration and flocculation has been successfully dealt with the 
use of high molecular weight dispersing agents and a constant procedure based in ultrasonic 
sonication to the inert matrix  has been developed. 

The aim to use commercial nanoparticles was one of the main targets and the new formulation 
has been finally tested at the Methylene blue dye (MB) Test under visual light with remarkable 
results.              

3. The challenge to develop a IR-reflective formulation was the most demanding in both terms of 

time,   resources and knowledge. Initially all commercial nanoparticles were tested for their IR – 

reflectance, as described at PART A: Evaluation and testing of commercial products, where 

it was confirmed the literature reporting,  that TCO group of nanoparticles do have the ability to 

reflect the highest amount of light among the other nanoparticles families.    

For safety reasons, due to their toxicity, have been excluded from the current research the AZOs 
and ATOs, and consequently the research has been focused to ITO nanoparticles. In order to 
determine the best granularity and size should be used in order to provide the best possible IR – 
reflection, new ITOs “in house” produced including the commercial products were tested for their 
IR reflective properties. 

As ITO are relatively heavy nanoparticles due their molecule weight, the selection and adoption 
of the most suitable dispersing and stabilizing agents, as well as the synthesis of the aqueous 
matrix had to be dispersed within, was very challenging task.  
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STAGE B: Development of multifunctional formulation    

1. The first step in this process was to try to incorporate both three individual formulations in a 
common carrier matrix. Having used for all individual formulations similar carrier matrixes with 
minor modifications among them, the main task was to resolve possibly agglomeration 
problems. 

Agglomeration is a very wide, common and difficult problem to be dealt in the nanoparticles field, 
especially when one of the main targets is to maintain cost at reasonable levels trying to avoid 
“exotic” and expensive chemical and mechanical processes. For this reason have been tested a 
variety of stabilizers, binders and dispersion agents following various technics and 
methodologies in order to be fully incorporated within the final aqueous carrier matrix.  

Additionally to the investigation of the best performing binder / stabilizer, the carrier’s matrix 
production process methodology was a very important aspect, as cost and simplicity were main 
targets of the current research.         

The new multifunctional formulation has been successfully tested to: 

 Spectral Reflectance Measurements (ASTM G173) 

 Thermal behavior tests (EN12667 & ASTM C518) 

 IR lamp Test (standard coating industry test) 

 Algae Growth-Biocide Effect (BS 39001G:6)Test. 

 Antimicrobial Test (EN ISO 22196) 

 Methylene Blue Test (MBT) 

2. The final goal was that the new multi-functional formulation had to be able not only to prevent 
agglomeration of nanoparticles but also be fully compatible and dispersible within the common 
binders and resins that coating industry uses in the production of acrylic paints, in order to extent 
its use in as many possible paints recipes.  

Therefore, the multi-functional formulation has been integrated to a common commercial paint 
and was compared with the best performed “cool paint” as described at PART A: Evaluation 
and testing of commercial products with remarkable results to the following tests: 

  Spectral Reflectance Measurements (ASTM G173) 

 Thermal behavior tests (EN12667 & ASTM C518) 

 IR lamp Test (standard coating industry test) 

 Algae Growth-Biocide Effect (BS 39001G:6)Test. 

 Antimicrobial Test (EN ISO 22196) 

 Water angle test – (ISO 27448-1)  

 Organic pollutants self-cleaning test 

3. The compatibility of the new multi-functional formulation with other than acrylic emulsion paints 
is an ongoing research as the amount of resins, binders, solvents and dispersing agents existing 
and used by the coating’s industry is enormous.  

Excellent compatibility has been established for two of the most selling categories of paints / 
resins / binders, which according the EU-PRODCOM Database they cover approximately the 
56% of the EU market on paints sales, while for a range of other resins families modifications to 
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the carrier matrix of the multi-functional formulation are required in order to avoid undesirable 
side effects with their combined use and they are subject of future research.   

4. Nanoparticles and eventually their carrier matrix consider to be additives to the paints, therefore 
none of the basic mechanical properties of the paint used is significantly modified due to the 
total amount added to the paint.  

But, for the scope of this research was necessary to confirm that at least the basic properties of 
the paint such as water behavior, adhesion, coverability etc., will not be influenced and at the 
same time surface properties will be maintained. Therefore, several substrates have been tested 
and evaluated to the following: 

 Visual properties 

 Porosity 

 Water absorption 

 Water vapor permeability 

 Hardness 

 Adhesion 

 Thermal behavior 

 Reflectance behavior 

 Anti-mold / antibacterial 

 Drop shaper analysis 

 Self-cleaning 

5. At the end of this research a simple theoretical model, which can be used by everyone, has 
been created in such a manner to easily and accurately understand the thermal behavior of the 
substrates, either coated with a common paint or with the multi-functional formulation.  

In such way, comparison of energy savings can be measured and quantified while the Catania 
reference building case is analyzed in both energy and cost savings through a more 
sophisticated model produced by EURAC partner.   .   
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3.6.5  Brief description of background research  

3.6.5.1  Nanoparticles synthesis 

During the experimental campaign of the EU-FP7 Founded Projects EFESUS and RETROKIT, among 
the other obligations had to be fulfilled; it was the development of a range of formulations containing 
various metal oxides nanoparticles on different sizes and granularities. In general terms two methods 
which are briefly presented below were used to obtain single elements oxides, while more complex 
methods were involved to obtain nanomaterials blends 70 :   

a) TiO2 nanoparticles development by sol-gel method  

All the reagents used were of analytical grade and no further purification was done before use. The sol-
gel synthesized TiO2 was obtained from Titanium isopropoxide (TTIP) was dissolved in absolute ethanol 
and distilled water was added to the solution in terms of a molar ratio of Ti: H2O = 1:4. Nitric acid was 
used to adjust the pH and for restrain the hydrolysis process of the solution.  

The solution was vigorously stirred for 60 minutes in order to form sols. After aging for 24 hours, the 
sols were transformed into gels. In order to obtain nanoparticles, the gels were dried under 120oC for 4 
hours to evaporate water and organic material to the maximum extent. 

 Then the dry gel was sintered at 450oC for 3 hours and subsequently carried out to obtain desired TiO2 

nanocrystalline. 

 

 
 

 

 

 

 

 

 

 

Fig. 14 TEM – XRD analysis of TIO2 in sol-gel method   

 

b) TiO2 nanoparticles development by Hydrothermal method  

Analytical grade titanium tetrachloride was adopted as the source material and sodium hydroxide as 
mineralizer. An aqueous solution of titanium was obtained by mixing one molar stoichiometric ratio of 
TTIP in 100 ml of distilled water.  

The solution 5-6 mol of NaOH with stirring at several minutes, resulting in a white colloidal sol. The final 
volume was adjusted to 180 ml using distilled water. Therefore, 180ml sol was transferred to a 200 ml 
Teflon lined auto clave vessel.  

The sealed vessel was heated to 240oC for 12 hours and the resultant precipitate was dried at 450oC 
for 3,5 hours to obtain TiO2 nanoparticles. 

                                                        
70 Par.3.6.8.4 ITO fabrication  
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Fig. 15 TEM – XRD analysis of TIO2 in hydrothermal  method   

 

TiO2 nanoparticles characterization  

Clear spherical and non-homogeneous structures can be seen, having diameter ~ 10 nm. Selected 
area diffraction is shown which clearly indicates that the TiO2 nanoparticles are highly crystalline in 
nature (Fig. 15). 

Diffraction pattern of the nanoparticles indicates that the TiO2 nanoparticles prepared via hydrothermal 
method are crystalline in nature. However, in this case no diffraction rings are aligned as in the case of 
sol-gel derived nanoparticles. No clear spherical structures can be seen in the TEM image. 
Nanoparticles obtained in this case are adhering to one another.  

Agglomeration of nanoparticles is more in this case than the former one. As can be seen from the TEM 
image that the average particle size is ~ 24 nm, which is in agreement with the crystallite, size obtained 
from XRD. 

The nanoparticles synthesized by both methods showed crystalline nature with 2θ peaks lying at 
2θ=25.18o (101), 2θ=37.61o (004), 2θ=47.79o (200), 2θ=53.48o (105) and 2θ=62.44o (204). The 
preferred orientation corresponding to the plane (101) is observed in both the samples. All the peaks in 
the XRD patterns can be indexed as anatase phases of TiO2 and the diffraction data were in good 
agreement with JCPDS files # 21-1272. 

The absorption spectra of TiO2 nanoparticles are shown in Fig.16. The absorption band edges were 
estimated around 351 and 362 nm (about 3.54 and 3.43eV). Photoluminescence (PL) spectra of the 
nanoparticles obtained by both the processes The first peak in PL spectra between 320-400 nm 
corresponds to the direct recombination between electrons in the conduction band and holes in the 
valence band.  

TiO2 nanoparticles prepared via sol-gel method show high luminescence than hydrothermal derived 
nanoparticles. This could be due to the chemical instability caused during the fabrication process. As 
can be seen from the PL spectrum of sol-gel derived nanoparticles (a curve), the intensity peak is 
observed at 354 nm. If we calculate the band gap value from this wavelength, it comes out to be 3.5 eV.  

The PL intensity peak in case of hydrothermal derived nanoparticles (b curve) is observed at 357 nm. 
From this value, band gap comes out to be 3.45 eV.  
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Fig.16  Photoluminance & absorption spectra of TIO2    

 

As conclusion, the TiO2 nanoparticles prepared via sol-gel route were highly crystalline and had smaller 
crystallite size (~ 10 nm) as compared to the one prepared by hydrothermal method (~ 22 nm). The 
band gap of the synthesized nanoparticles was found to be size dependent. Photoluminescence (PL) 
study confirms the results obtained by XRD and TEM. 

 

Explanatory notes  

A very wide range of nanoparticles in different granularities, sizes, morphology and properties have 
been developed by the lead beneficiary of this deliverable during the past years, either for the scope of 
EU-FP 7 Funded Projects or for private use. In this report is presented only the development of TiO2 
nanoparticles as they are the basic component for the development of a self-cleaning formulation.  

Though, for the production of a multifunctional formulation using nanoparticles there are considerations 
for the following:     

 Up to now were used only “in house” produced nanoparticles for the scope of its previous 
researches. In global market though, are existing companies able to sell almost any kind of 
nanoparticles in very competitive prices (in many cases cheaper than “in house” production) and 
“as manufacturer’s documentation stated” quality, e.g. Sigma Aldrich, USnano, Plasmachem 
etc.  

 For widely used nanoparticles such as TiO2, ZrO, Fe2O3, Al2O3, etc., “in house” production cost  
proved to be multiple to market’s selling price, mainly due to the offer-demand rule,  the 
automation processes used for their production and the large quantities are globally  produced. 

 Though there is a good reason to produce “in house” nanoparticles only if specific granularities 
and therefore surface properties need to be obtained and cannot be supplied by the market. 
Also, for research reasons is always preferable to produce “in house” nanoparticles in order to 
control their purity, granularities and morphology.  

 “Exotic” nanoparticles, such as ITO, ATO, AZO are more difficult to be found in the market, 
especially in granularities are not considered commercial and in general terms are relatively 
more expensive to be bought by the supplier instead of developing them in vitro.   

 Precious metals nanoparticles such as AuO, PdO, RhO etc., are considered extremely 
expensive to be used for a paint / coating development, despite the fact that they possess better 
conditional properties than other nanoparticles families.          
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3.6.5.2  Nanoparticle’s “carrier matrix” synthesis 

By referring to the definition “carrier matrix of nanoparticles” is necessary to understand the basic 
composition of paints or coatings, which very briefly contains the following71: 

 “binder” which is the film-forming component of any kind of paint or coating, 

 “solvents” to be applied if the binder is to thick and must be thinned to ensure workability.  The 
solvent is also called the vehicle, because it makes it possible to transfer the binder to the 
surface with a brush, roller or sprayer,  

 “pigments or fillers” which are  the granular solids incorporated in the paint to contribute color or 
impact impart toughness, texture, give the paint special properties, or to reduce the cost of the 
paint . 

 “additives”,  a very wide variety of miscellaneous additives, which are usually added in small 
amounts, yet provide a significant effect on the product, 

Binders include synthetic or natural resins such as alkyds, acrylics, vinyl-acrylics, vinyl acetate/ethylene 
(VAE), polyurethanes, polyesters, melamine resins, epoxy, or oils. Binders can be categorized 
according to the mechanisms for drying or curing.  

Although drying may refer to evaporation of the solvent or thinner, it usually refers to oxidative cross-
linking of the binders and is indistinguishable from curing. Some paints form by solvent evaporation 
only, but most rely on cross-linking processes72. On paints or coatings the binder imparts properties 
such as gloss, durability, flexibility, and toughness. 

The main purposes of the solvents are to dissolve the volatiles and adjust the viscosity of the paint. It is 
volatile and does not become part of the paint film. It also controls flow and application properties, and 
in some cases can affect the stability of the paint while in liquid state. Its main function is as the carrier 
for the non-volatile components. These volatile substances impart their properties temporarily—once 
the solvent has evaporated, the remaining paint is fixed to the surface. This component is optional: 
some coatings have no solvents 73. . 

Pigments can be classified as either natural or synthetic. Natural pigments include 
various clays, calcium carbonate, mica, silica, and talc. Synthetics would include engineered 
molecules, calcined clays, precipitated calcium carbonate, and synthetic pyrogenic silica. Hiding 
pigments, in making paint opaque, also protect the substrate from the harmful effects of ultraviolet light 
such as TiO2, Fe2O3, Al2O3, etc. 

Fillers are a special type of pigment that serve to thicken the film, support its structure and increase the 
volume of the paint. Fillers are usually cheap and inert materials, such as diatomaceous 
earth, talc, lime, clay, etc. Not all paints include fillers.  

Paints or coatings can have a wide variety of miscellaneous additives, which are usually added in very 
small amounts, yet provide a significant effect on the product, such as  to modify surface tension, 
improve flow properties, improve the finished appearance, increase wet edge, improve pigment stability, 
impart antifreeze properties, control foaming, control skinning, etc. Additives normally do not 
significantly alter the percentages of individual components in a formulation. 74 

Nanoparticles providing functionalities to the surface of an applied paint consider to be “additives” to the 
paint and as “additives” there is  little or no impact to the main characteristics and properties of the 
paint, as the fractionally to the overall volume of the paint percentages used, do not alter the 
components of the formulation 74.    

                                                        
71 Bently, J. , Turner, G.P.A. . Introduction to Paint Chemistry and Principles of Paint Technology (1997). 
72 Berendsen, A. M., & Berendsen, A. M. (1989). Marine painting manual. London: Graham & Trotman.  
73 Talbert, Rodger . Paint Technology Handbook. Grand Rapids, Michigan, USA (2007) 
74 Woodbridge, Paul R.. Principles of Paint Formulation (1991) 
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Though, as nanoparticles as is in both theoretical and practical terms is an  “additive” to the paint and 
need to perform within it, there are only two ways to integrate them within the paint as: 

1. solids if they are produced on a solid state e.g. powder, or 

2. within a sol or gel which will contain the nanoparticles with similar structure as the paint ; will 
have to contain a kind of “binder” which in nanotechnology practice is called “matrix”, if 
necessary “solvents” (‘dispersion agents”), and “additives”, (“stabilizers”), when the in the role of 
the “pigments” will be the nanoparticles.  

This sol or gel or sol-gel considers being the “carrier matrix of the nanoparticles”       

Matrix main role is to ensure that nanoparticles will be incorporated to the coating or paint in a proper 
manner, maintaining their properties and will not alter the basic characteristics and mechanical 
properties of the paint, even the quantities used are very little. 

Dispersing agents are used in order to prevent agglomeration and flocculation of the nanoparticles 
ensuring the homogenous distribution of nanoparticles within the matrix, while stabilizers play a 
significant role to the stability of matrix by reducing any kinetic forces applying to or by the nanoparticles 

By developing the carrier matrix a very wide range of considerations must be evaluated and calculated: 

 All three key elements of the carrier matrix must be compatible with the basic paint components, 
otherwise dilution, contamination, peeling, blistering, chalking, cracking, erosion and degradation 
might occur mainly due to incompatibility among paint and carrier matrix components. E.g. 
carrier matrixes developed for oil base paints having as a matrix isobutyl resins are not be able 
to dilute within the binder of acrylic paint, resulting to peeling and cracking while the surface 
properties produced by the nanoparticles will not be functional.           

 Not all matrixes, dispersion agents and stabilizers are compatible among them. Compatibility 
depends on the chemical composition, molecular weight, amine and acid value, density etc. 
Only the right selection of them to the most appropriate quantities will ensure proper 
functionalities of the nanoparticles. 

 Nanoparticles agglomeration is a very common problem, usually leading to flocculation and 
settlement. This results to functionalities lost, as combinations of different sizes and shapes 
alters their properties. E.g. a hydrophobic coating based in TiO2 nanoparticles when they will be 
agglomerated they will gradually lose their surface-area-to-volume ratio and eventually their 
surface energy resulting to reduced or no hydrophobicity. 

 By dealing with nanoparticles blends interactions among them might be a considerable problem 
which needs to be carefully examined,  e.g. silicon dioxide reacts with basic metal oxides such 
as sodium oxide, potassium oxide, lead oxide, zinc oxide, etc. as the Si-O-Si bonds in silica are 
broken 75.     

Major goal of an ongoing research, is to develop a “generic carrier matrix” able to accommodate most of 
the nanoparticle types and suitable to be incorporated within the binder of the commercial water based 
paints without altering paint’s characteristics and properties.    

To achieve this target the matrix should be: 

 “inert” which means fully compatible with their basic components of the paint 

 being able to accommodate the required dispersing agents and additives with no side-effects to 
the paint by their use 

 being able to be dyed when is diluted to the paint without altering color co-ordinates of the paint 

 safe to be used,  especially non-toxic and have VOC value  < 1500ppm    

                                                        
75 Holleman, A. F.; Wiberg, E., Inorganic Chemistry, San Diego: Academic Press (2001) 
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As a result of a previous research lead by the beneficiary, the already developed in the past matrixes 
which were suitable for acrylic water based paints based on polyvinyl acetate (PVA) and methyl 
methacrylate (MMA) binders and resins, proved to be: 

 not only costly and time – resources consuming, but 

 also were containing VOC’s just below (but close) to the threshold of 1500ppm.  

 Additionally, a major limitation was the fact that these carrier matrixes were compatible only with 
PVA and MMA water base paints leaving aside any other category of paints.     

At the scope of EU- FP7 Funded Project - RETROKIT the initial attempt to create an inert carrier matrix, 
was to dissolve “in house” produced TiO2 nanoparticles, in pure ethanol with the aid of ultrasonic 
sonication and use of 2,0%vol/vol, of DISPEX AA-4140 NS (BASF) dispersing agent and 3,5%vol/vol 
TEXIPOL 63-202 (Scott Bader) thickener, but the results obtained were disappointing. After a period of 
8 hours visual settlement and flocculation was occurring from nanoparticles agglomeration. 

Several combinations were tested, with various dispersing agents and stabilizers based on alcohol 
(ethanol, methanol, propanol, etc.) suspensions, with limited or no results, since it became obvious that 
the problem was lying in alcohols use, mainly from the fact that viscosity could not been controlled due 
to their low molecular weight and high volatility values.  

A wide range of other compounds suitable for dilution in aqueous solutions, absolutely safe and non-
hazardous for humans, having the ability to easily control their viscosity were tested as matrix to 
accommodate nanoparticles. Most of them are widely used in the food industry such as, hypromellose 
(HPMC), ethyl methyl cellulose (EMC), methyl cellulose (MC),  hydroxyethyl cellulose (HDEC), etc., but 
also water (tap, distilled, de-ionized, doped with glycerol) were tested. 

Surprisingly, the compound that the best results in both viscosity control and simplicity procedures were 
recorded, was the microcrystalline cellulose, followed by the methyl cellulose.  

As microcrystalline cellulose is a term for refined wood pulp, is used as a texturizer, an anti-caking 
agent, a fat substitute, an emulsifier, an extender, and a bulking agent in food production. Is also 
approved within the European Union as a thickener, stabilizer or emulsifiers microcrystalline cellulose 
was granted the E number E460(ii).  

 

Methodology  

As a general principle, the methodology to develop a matrix with nanoparticles is similar for all types of 
nanoparticles, either if they are in solid form or in sol or gel or a sol-gel form. Though, depending on the 
nanoparticles type, quantity and granularity should be differently used: 

 dispersion agents and stabilizers (among different brands, types and functionalities)  

 ultrasonic sonication  frequencies, duration , power and intermediate periods among ultrasonic 
sonication periods 

 heating temperatures 

 quantities of microcrystalline cellulose 

 quantities of ethanol (if required for drying purposes) 

For the purposes of this report it will described the method to create a matrix of TiO2 nanoparticles for 
the scope of FP7- EU Funded Project RETROKIT (fig 17). 

A solution of pure water (99,999 grade to eliminate the occurrence of any salts or compounds might 
react with the nanoparticles)  is heated on a magnetic stirrer - heating plate till reaches 45oC. Disperbyk 
199 @ 6% v/v is gradually added and let it stirred for 5 minutes.  

6%w/vol of TiO2 nanoparticles in powder form are gradually injected to the solution, while temperature 
control and magnetic stirring are continuously. Ultrasonic sonication on 20Khz @ 400W in 300 cycles of 
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5 seconds with 2 seconds intermediate time each, is starting while nanoparticles are injected to the 
solution. Once this sonication cycle is completed the solution rests for 5 minutes and the 2nd ultrasonic 
sonication cycle starts @ 20Khz @ 450W for a total duration of 15 minutes with 5 intermediates of 30 
seconds each.  

Once 2nd stage sonication will be completed the solution is left for 2 hours. At the end of 2 hours is 
inspected for visible signs of flocculation or settlement. If any, the same procedure as per 2nd sonication 
cycle is repeated as many times as required that no visible signs of flocculation will appear after a 2 
hours resting period. 

Microcrystalline cellulose has been centrifuged @ 500 up to 2.500 rpm/min (gradually rising), for a total 
duration of 10 minutes tin order to be separated from any possible foreign elements (this procedure is 
not necessary if high purity microcrystalline is used).  Then is placed in a planetary ball mill which is 
being milled in a ZrO2 jar with the aid of different sizes ZrO2 spheres @200rpm/min for a total duration 
of 20 minutes and when completed is sieved. Any excess from sieve #140 – 100 μm is sieved again to 
reach the required diameter. Then is been heated to 50oC until its relative humidity reaches below 5% 
and is kept stored at 35oC until the time will be injected to the solution.  

3,5 %vol/vol of DISPEX AA-4140 NS is added in distilled water, stirred and heated again at 35oC for 10 
minutes and then is removed from the heating plate. Microcrystalline cellulose is gradually injected to 
the sol. Ultrasonic sonication at 22,5Khz @ 300W in 100 cycles of 3 seconds with 3 seconds 
intermediate time each cycle starts, immediately when microcrystalline cellulose starts to be injected to 
the solution and is repeated at 400W and 500W at same frequency, duration and intermediate time 
having a resting period of 10 minutes for each cycle allow the solution to physically cool.  Prior starting 
each of the final two sonication stages Disperbyk 199 @ 1% v/v and 3,5 %vol/vol of DISPEX AA-4140 NS 
is added to the solution.  

 

    

       

 

 

 

 

 

 

 

 
 

Fig.17  Heated ultrasonic sonication during matrix development     

 

 

Is extremely important to maintain ultrasonic sonication within this programming range as due to 
vibrations occurring by the sonication, sol temperature is gradually rising up to 50oC. (55oC in sol 
consider being the threshold and should not be exceeded, because then microcrystalline cellulose 
tends to dry very quickly due to the water evaporation, therefore sol’s viscosity is rapidly increasing).      

During the sonication period the viscosity of the sol is carefully monitored, despite that is calculated in 
it’s the completion of this procedure that sol’s viscosity to be between 2.000 - 2.500 cP @ 45oC, or 
3.000-4.000 cP @ 25oC, which is found to be best performing viscosity in terms of workability and 
nanoparticles dispersion within the sol. If necessary during final stages of sonication procedure 
microcrystalline cellulose or pure water could be added in order to reach the desired viscosity (Fig.18). 
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Once the overall procedure is complete, the sol is sealed and kept stored for 7 days at 25oC. Then 
again is visually tested for any signs of settlement and its viscosity and optical properties are evaluated 
again to establish if maintains its characteristics (Fig. 18). If any of these conditions is confirmed, then 
the sol is not suitable to be integrated in any paint binder. 

   

 

 

 

 

 

 

 

 

 
 

Fig.18  Matrix’s final form on the left picture and  containing TiO2 nanoparticles for the purposes of EU- FP 7 
RETROKIT Project on the right picture     

 

If complies with the above requirements and in order to be used in the paint, ethanol should be added 
into. Ethanol is acting as a dispersing agent and drier too, accelerates the dispersion process within the 
paint and contributes to the equal distribution of the matrix within the paint as it rapidly lowers the 
viscosity of the matrix without altering its nanoparticles distribution and characteristics. 

Note: Despite its white “milky” color as it appears in Fig. 18, when it’s applied to a surface and creates a 
film, its final appearance is clear and transparent. Also, when is dissolved within another liquid such as 
paint’s binder is not altering its color properties and could be dyed at the desired color.    

The explanation is simple and is relies on matrix’s optical properties and the use of TiO2 nanoparticles 
which are white in color. The transparency of a thin film is a result of the micro(nano)particles’ 
arrangement in a few layers only, which allow light transmission through them, while the milky color, in 
liquid phase, is a result of the almost infinite layers of micro(nano)particles in the bulk of the liquid, 
which do not allow light transmission.  

   
.  

 

 

 

 

      

 

 

Fig.19  SEM image and XRD pattern of the matrix used for TiO2 nanoparticles for the scope of EU – FP7 
RETROKIT Project      
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Explanatory notes  

In addition to the comments about the matrix main compound, in order to maintain the good dispersion 
of the nanoparticles within the matrix, a wide range of resins, stabilizers, dispersing agents were tested 
in several combinations and quantities.  

In general terms, dispersing agents should improve the wetting process and result in shorter grinding 
times. The conventional dispersing agents types are categorized according to their chemical structure 
as anionic, cationic, electroneutral and nonionic. Their effectiveness though is determined by the 
adsorption of the polar group onto the pigment surface and the behavior of the non-polar chain in the 
medium surrounding the particle.  

The molecular weight of these agents is low – usually between 1,000 and 2,000 g/mol. Molecules with 
only one polar group attach themselves to the pigment surface while their non-polar chains extend into 
the matrix. If the molecules have more than one polar group, they arrange themselves in such a way 
that the free polar groups form hydrogen bonds and build a physical structure with the nanoparticles. 
Shear forces are often responsible for breaking down this structure. This principle is called controlled 
flocculation. 

The polar groups, which contain positively and negatively charged ions such as metallic oxides, have 
the strongest affinity for inorganic pigment surfaces. Unfortunately this type of attachment is not 
effective with organic pigments, which consist of uncharged, covalently bonded carbon, hydrogen, 
oxygen and nitrogen atoms.  

This led the research to use high-molecular-weight dispersing agents. These additives are linear or 
branched molecules with a polyurethane or polyacrylate structure and molecular weights between 5,000 
and 30,000 g/mol. They have pendant anchoring groups, which adsorb onto the surface of the organic 
pigment particle. Adsorption is achieved through: 

 Hydrogen bonding 

 Dipole – dipole interactions 

 Van der Waals forces 

which is relatedly strong and permenant because the dispersant is bound to numerous sites on the 
surface at the same time. This makes these agents effective for inorganic pigments such these used for 
this research.  

A very wide range has been tested in order to determine the best possible solutions case by case, such 
as::  

1. Dispersogen SW (Clariant) 

2. DISPEX (BASF) 

3. SOLSPERSE 43000 (Avecia) 

4.  LUCRAMUL NAP (LEVACO CHEMICALS) 

5. DISPERBYK (Altana) 

6. Borchi Gen 1253 (Borchers OM Group) 

7. Add-Eco 4509-CS (HARMONY Additives PVT. LTD.) 

8. eChem DS 1392 (eChem-group) 

9. Tego Dispers 628 (TEGO) 

10. DELTA-DC 4242 (DELTA specialties) 

Following an extensive range of experiments for the use of various chemical stabilizers and dispersing 
agents, briefly the conclusions occurring are the following: 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

63 

 Not all of the dispersing agents are suitable for the carrier matrix when microcrystalline cellulose 
is used. Shrinkage, decomposition, yellowness, hardening due to quick drying of the matrix 
formulation were the most common side effects of the agents proved to be non-compatible with 
the matrix.  

Additionally, as during the ultrasonic sonication the sol is heated sometimes more than the 
permissible limit of 55oC, controlling the drying effect of the matrix with the use of the 
appropriate dispensing agent by reducing the power used for the ultrasonic sonication, was one 
issue under consideration.   

The most compatible were:  

1. DISPEX (BASF) 

2. DISPERBYK (Altana) 

3. Add-Eco 4509-CS (HARMONY Additives PVT. LTD.) 

4. DELTA-DC 4242 (DELTA specialties) 

 Usage combinations by trying to homogenize different dispersing agents in a common matrix 
had limited success, especially when they don’t have the same or similar chemical root. E.g. 
DISPERS by Tego and DISPERBYK products are difficult to be integrated to the matrix.  

As an assumption under further investigation, might be the fact that these products have a 
completely different molecular weight and co-polymers synthesis, and these might result to the 
creation of completely different type of polymeric chains, leading to a heterogeneous matrix 
development.  

Therefore is obvious that the use of commercial dispersing agents and additives,  with similar properties 
was a clear necessity. The decision to use products from the DISPERBYK and DISPEX ranges was 
also based to the variety of products by the suppliers, their cost and their availability on market.  

The use of polymers and copolymer solutions (or combinations of them) of: 

 Pigment - affinic groups 

 acidic groups 

 pigment affinic groups - VOC-free (<1500ppm) 

 pigment - affinic groups - VOC-free (<1500ppm) containing no alkylophenol ethoxylates. 

depending on the: 

 nature of the compound will be added in the matrix (metallic, inorganic, organic, carbon, etc.) 

 its molecular weight 

 its surface energy 

 volume of the matrix 

 quantity of the binder (microcrystalline cellulose in this case, others in different cases) 

are always under consideration prior matrix development.  

Having create a database with the use of algorithms which is constantly updated is now able to produce 
the most efficient recipe for the carrier matrix. 

3.6.5.3  Colloid suspensions synthesis 

Colloid systems, solutions and suspensions are the three types of mixtures. A colloid is a solution 
including particles with size between 1 and 1000 nanometers in diameter, which are able to remain 
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distributed in the solution. They are also known as colloidal dispersions because the substances remain 
dispersed and do not settle to the bottom of the container. The substance being dispersed is referred to 
as being in the dispersed phase, while the substance in which it is dispersed is in the continuous phase 
(dispersant)76 

The ability of the particles remaining suspended in the solution at equilibrium defines the stability of the 
system. The tendency of the system to reduce its surface energy leads to aggregation of particles and 
precipitation of sediment, a phenomenon called flocculation. Reduction of the surface tension will 
stabilize the colloidal system by reducing this driving force 77. Aggregation (or agglomeration) is a result  
of the interaction forces between particles. If attractive forces (such as van der Waals forces) prevail 
over the repulsive ones (such as the electrostatic ones) particles aggregate in clusters. 

For protecting the system against aggregation, two main mechanisms are used, electrostatic 
stabilization and steric stabilization. 

 Electrostatic stabilization is based on the repulsive forces between same electrical charges. In 
general, different phases have different charge affinities, so that an electrical double layer forms 
at any interface. Small particle sizes lead to enormous surface areas, an effect which is greatly 
amplified in colloids. In a stable colloid, mass of a dispersed phase is so low that its buoyancy or 
kinetic energy is too weak to overcome the electrostatic repulsion between charged layers of the 
dispersing phase. 

 Steric stabilization consists in covering the particles surface area in polymers layer which 
prevents the particle to get close in the range of attractive forces. 

The two mechanisms can also be combined in a third mechanism (electrosteric stabilization). The 
above-mentioned mechanisms for protecting colloidal system against aggregation rely on the 
minimizing of the repulsive interaction forces. 

Particle sedimentation arises from a difference in the density of the dispersed and of the continuous 
phase. The higher the difference in densities, the faster the particle settling [3]. The gel network 
stabilization represents the most principal way to produce colloids stable to both aggregation and 
sedimentation  

The method consists in adding to the colloidal suspension a polymer able to form a gel network and 
characterized by shear thinning properties. The stiffness of the polymeric matrix where the particles are 
trapped prevent particles settling. Furthermore long polymeric chains provide a steric stabilization to 
dispersed particles. 

Because pure water is an insulator, it actually opposes the flow of current. In fact, the higher the 
current, the more difficult this flow becomes. Unknown to most, for some time little or no current will flow 
between the two electrodes. Current will only flow when ions are formed and become charge carriers. 
This delay in current flow will often prompt experimenters to add some kind of salts but, this will 
interfere with the formation of colloids and produce silver chloride instead  

At the past within the scopes of EU- FP7 Funded Projects RETROKIT and EFESUS, colloidal 
suspensions had been developed with main components, silver, zinc, copper, gold and some 
combinations of them. Trying to improve the effectiveness and reduce time of production of the 
traditional method of electrolysis, modifications with proven good results have been applied to it. In 
summary: 

 

                                                        
76 Levine, Ira N., . Physical Chemistry (5th ed.). Boston: McGraw-Hill (2001) 
77 Menachem Elimelech, John Gregory, Xiadong Jia, Richard Williams .Particle deposition and aggregation: measurement, 
modelling and simulation. Butterworth-Heinemann. (1998) 
[3] Cantrell, K.J.; Kaplan, D.I.; Gilmore, T.J. . "Injection of colloidal Fe-0 particles in sand with shear-thinning fluids". Journal of 
Environmental Engineering-Asce (1997) 
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Methodology  

NOTE: This methodology applies only for the development of high concentration ≤ 3.000 ppm Ag+ 

colloidal suspension.  Similar methodologies varying in current application, electrolysis time, sonication 
duration, power, and frequencies, as well dispersing agents and stabilizers are used for the production 
of other types of colloidal suspensions.  

Distilled water is produced by a process of distillation of water already produced by reverse osmosis 
process (five filters) with the aid of a water distiller apparatus and should comply with Grade 3 ISO 3696 
1978 standards. (Resistivity @ 25oC [MΩcm] < 0.2,  conductivity @ 25 °C [μS·cm−1] < 5.0, total solids 
(TDS) < 2, pH 5.0 – 7.5, with total absence of bacteria, organics and colloids).  

At a solution of 500 ml Grade 3 distilled water,  Disperbyk 2055 @ 2,5% v/v is gradually added and 
stirred with the aid of an overhead stirrer at low speed (800-1200rpm) for 5 minutes while is heated at 
45oC to ensure good dispersion of the stabilizing agent within it. Then the solution is let to cool down to 
room temperature.  

A DC electric charger-generator is connected to two electrodes (anode and cathode) of pure silver 
99.998 grade, which are submerged by the ¾ of their length at the suspension and having a  distance 
between them approximately 40 mm. (For the specific experiment with resistivity measured at 0.14 
MΩcm and conductivity equal to 3.71 μS·cm−1, the generator was programmed to operate constantly at 
500 μΑ for an overall duration of 8 hours). 

Ultrasonic sonication78 was applied with the following characteristics (fig.20): 

 

 

 

 

 

 

 

 

 

 
 

Fig.20  Ag+ colloidal suspension production for the scope of EU-FP 7 RETROKIT Project 

 

 Stage 1: start at 0 min: No sonication was applied 

 Stage 2: start @ 45 minutes @: 20 kHz @ 400W with intervals of 10 seconds 

 Stage 3: start @ 120 minutes @  20 kHz @ 450 W with intervals of 5 seconds 

 Stage 4: start @ 300 minutes @ 22,5 kHz @ 450W with intervals of 3 seconds  

 

                                                        
78 Note : ultrasonic sonication generation has been modified to “unearthed” apparatus to permit electrolysis of the solution 
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while, at the end of 1 and 2 stages,  Disperbyk 2055 @ 0.5% v/v was added. At the end of the stage 3 
was added 1,5%  of the same stabilizer in order to fully stabilize the solution.  

At the end of the procedure the solution has been filtered with the use of a manual pump and a 
Novamem fatsheet PEEK membrane, at pore size 20 nm in order to retain any agglomerated inclusions 
which have been kept and stored to be sintered to an electrode form making them usable at the future.   

IMPORTANT NOTICE:  

The whole process has been executed in a dark room lighted with a low energy UV filtered @ 
3.500 K light bulbs. Room temperature was set at 15oC and humidity between 30 – 40%  

(see Explanatory notes paragraph on the below)  

An easy way to determine whether a mixture is colloidal or not, is with the use of a simple form of 
the Tyndall Effect. When light is shined through a true solution, the light passes cleanly through the 
solution, however when light is passed through a colloidal solution, the substance in the dispersed 
phases scatters the light in all directions, making it readily seen. An example of this is shining a 
flashlight into fog. The beam of light can be easily seen because the fog is a colloid. (Fig. 21) 

 

 

 

 

 

 

 

 

 

 

Fig.21   The light is not reflected when passing through the water because it is not a colloid. It is however reflected 
in all directions when it passes through the Ag+ suspension. 

 

The ions released into the suspension were reordered with the aid of UV –VIS spectrophotometer 
during time span of the procedure as following: 

 < 2 ppm @ 15 minutes  

 8 ppm @ 60  minutes  

 46 ppm @ 120 minutes 

 478 ppm @ 240  minutes 

 961 ppm @ 360 minutes 

 2872 ppm  @ 480 minutes  

 

The presence of free silver molecules Ag0 within the suspension was less than 4,3% which is 
significantly lower than the average value of 10% has been recorded in previous testing executed when 
UV lighting conditions were not applied during the electrolysis duration.  

http://chemwiki.ucdavis.edu/Physical_Chemistry/Physical_Properties_of_Matter/Solutions_and_Mixtures/Colloid/Tyndall_Effect
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Fig. 22 shows a UV–Vis spectrum of the colloidal solution of silver ions at a concentration of 10ppm. As 
observed, an optical absorption band with a maximum at 420nm was found, which is a typical feature of 
the absorption of silver due to the surface plasmon resonance (SPR), indicating the presence of silver 
inclusions in the solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The composition of the silver ions was characterized by energy-dispersive x-ray indivation values with 
2θ peaks lying at 111, 200, 220 and 111 which are in good argument with results indicating silver UV-
visible absorption spectrum (Fig. 23).   

 

 

Explanatory notes  

Previous experimentation executed for the private sector,  has shown us that only a token of current will 
flow in distilled water. Under favorable circumstances Grade 3 water can allow several hundred micro 
amperes/h of current to flow. Another problem that causes inconsistencies is the use of alternating 
voltage potentials (AC), and / or incorrect electrical loading (impedance mismatch).  

Therefore we opted for a method where voltage potential and current are set to an exact level, e.g. a 
production method that would precisely continue from start to finish. By reducing the current to a level 
that would flow in pure water (500 micro amperes), and simultaneously elevating the DC voltage 
potential to 300 VDC, we found this to be an ideal production method. Since our controls are very 
stable, we can even run the process for a week, at currents as low as 20 micro amperes and still 
maintain regulation within a few percent. 

Why most previous attempts at producing silver ions had not the anticipated performance, is due to the 
ignorance about the effect of short wavelengths of light in reducing ionic silver to neutral silver and final 
the creation of clusters (nanoparticles). For a start, the color blue at around 420 nm is absorbed by 
silver, and this causes silver at around 420 nm to present a yellowish hue. There is a reason for this. 
Blue is missing from the visible spectrum.  

Darker blues, such as indigo, violet and ultra-violet from 420 nm to around 320 nm (penetration limit of 
UV to glass) have an ever increasing energy component expressed in electron volts. Electron volt levels 
(eV), ranging from 2.64 eV in the blue (470 nm) to 6.2 eV in the Far UV (200 nm) have the ability to 

Fig.22  UV-visible absorption 
spectrum of the colloidal solution  

 

Fig.23  XRD Ag + nanoparticles in the colloid 
suspension  
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effect this transfer. These frequencies are of a sufficient strength to collide with hydrated electrons 
(captive in the water), to whom they impart most of their energy during such collisions.  

As silver ions transition to silver neutral is observed under UV irradiation, during the synthesis 
procedure must be avoided the UV irradiation of the solution. For protecting the mixture from UV 
wavelengths special care is given in the laboratories lighting, although the total exclusion of UV light is 
impossible.  

From the above it seems that for the production of colloidal silver, any electrochemical operation is 
executed in ambient light conditions subject to the full extent of the visible spectrum from violet 400 nm 
(3.0eV) to infrared 1000 nm (1.24 eV), perhaps with some artificial lights thrown in, will never produce 
predictable outcomes. The result of using broadband light is a motley of varying size clusters (poly-
suspended) and as ight and temperatures change from moment to moment, being never the same, they  
also needs to be controlled79 80 81 82 

Another very important necessity of the dispersing agent (co-polymer), which is used, is to protect the 
Ag ions from the UV exposure and avoid the transition to Ag neutral. The co-polymer covers the ions 
surface and protects them from the irradiation as it absorbed the energy from the UV wavelengths (see 
Explenatory notes in par. 3.6.5.2. Nanoparticle’s :carrier matrix synthesis) . 

One of the most important features to develop colloidal silver is the stirring mechanism. Most 
commercial silver developers do not include a stirring mechanism, while some of them are using 
magnetic stirrers. Experiments have been executed in the past with the use of a bubbling system which 
continually forces (unfiltered) outside air (containing dust and debris) into the solution where it will 
become trapped in the final suspension have been abandoned to this research because, this procedure 
increases the risk of contamination in the final solution which can eventually lead to instability of the 
solution - decreasing its shelf-life.  

More importantly, bubbling a solution continually saturates the water with oxygen which forces the 
valuable silver ions to combine with the over-saturation of oxygen to form silver oxide (AgO). When 
silver ions are ionically bound to any other component (such as oxygen in this case), the positive silver 
charge of the ions are lost and thus will no longer conduct electricity in water demonstrating no ionic 
content (only silver oxide particles.) Only ions can conduct electricity in water and in turn be detected 
with a water test meter. Having to wait several days for the process of decomposition from silver oxide 
back into ionic silver is quite impractical.  
 

                                                        
79 Das R, Nath SS, Chakdar D, Gope G, Bhattacharjee.  Preparation of silver nanoparticles and their characterization. AZoM, 
UK.  (2009) 
80 Frank AJ, Cathcart N, Maly KE, Kitaev V.  Synthesis of silver nanoprisms with variable size and investigation of their optical 
properties: A first-year undergraduate experiment exploring plasmonic nanoparticles. J Chem Edu (2010) 
81 Lkhagvajava N, Yaşa I, Çelik I, Koizhaiganova M, Sari O.  Antimicrobial activity of colloidal silver nanoparticles prepared by 
sol-gel method. Dig J Nanomate Biost  (2011) 
82 Linnert T, Mulvaney P, Henglein A, Weller H. Long-lived nonmetallic silver clusters in aqueous solution: preparation and 
photolysis. J Am Chem Soc (1990) 
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3.6.6  Anti-molding / anti-bacterial formulation 

3.6.6.1  Synthesis  

Next step of the research was focused in the anti-molding / anti-bacterial formulation development. 
Using the results obtained by the development within the framework of EU-FP7 – RETROKIT Project an 
anti-molding (not antibacterial or with combined properties) formulation by using “in house” produced 
nanoparticles, the consecutive to the previous research  actions were: 

1. to investigate the (as mentioned by the nanoparticles manufacturers) functionalities of their 
products, as per par. 3.6.3 Classification usage of commercial nanoparticles 

2. by using commercial nanoparticles to minimize the in house production cost, therefore reduce 
the overall coating’s development cost.  

3. to possibly develop combinations among commercial and/or “in house” produced nanoparticles 
able to provide multiple surface functionalities.  

For the development of the specific properties, and as the commercial nanoparticles have already been 
evaluated as described in par. 3.6.1 Evaluation of commercial nanoparticles (TiO2 rytile, anatase, P25, 
AgO, ZnO), various sample combinations have been created, within a carrier matrix of 25%w/vol, of 
microcrystalline cellulose deionized water solution with the addition 40%vol/vol pure ethanol, using 
various dispersing agents as per samples description in the below. 

The dispersing procedure of the nanoparticles within the matrix formulation was as per description in 
par. 3.6.5.2 Carrier matrix synthesis.  

Additionally, 200 ml of Ag+ ionic liquid has been produced as per description in par. 3.6.5.3 Colloid 
suspensions synthesis, in order to be tested for its anti- molding / anti-bacterial properties too and “in 
house” produced in the past SiO2, was added to be tested.      

 

1st stage experimentation  

The following formulations have been developed: 

1. TiO2 anatese - SSnano Product id:7910DL 

 S1 5nm – 10nm @ 2%w/vol 
Dispersing agent: Disperbyk 199 3% v/v 

 S2 5nm – 10nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 3% v/v 

 S3 5nm – 10nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S4 10nm – 30nm @ 2% w/vol 
Dispersing agent: Disperbyk 199 3% v/v 

 S5 10nm – 30nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S6 10nm – 30nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 5% v/v 

2. TiO2 rutile - SSnano Product id:7920DL 

 S7 5nm – 10nm @ 2%w/vol 
Dispersing agent: Disperbyk 199 3% v/v 

 S8 5nm – 10nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S9 5nm – 10nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 
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 S10 20nm – 30nm @ 2% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S11 20nm – 30nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 5% v/v 

 S12 20nm – 30nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 6% v/v 

3. TiO2 - P25 - SSnano Product id:7918DL 

 S13 5nm – 10nm @ 2%w/vol 
Dispersing agent: Disperbyk 199 3% v/v 

 S14 5nm – 10nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S15 5nm – 10nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S16 20nm – 30nm @ 2% w/vol 
Dispersing agent: Disperbyk 199 4% v/v 

 S17 20nm – 30nm @ 4% w/vol 
Dispersing agent: Disperbyk 199 5% v/v 

 S18 20nm – 30nm @ 6% w/vol 
Dispersing agent: Disperbyk 199 6% v/v 

4. SiO2  - AMS batch 451/14 

 S19 5nm – 10nm @ 2%w/vol 
Dispersing agent: Disperbyk 102 5% v/v 

 S20 5nm – 10nm @ 4% w/vol 
Dispersing agent: Disperbyk 102 5% v/v 

 S21 5nm – 10nm @ 6% w/vol 
Dispersing agent: Disperbyk 102 6% v/v 

 S22 20nm – 30nm @ 2% w/vol 
Dispersing agent: Disperbyk 102 5% v/v 

 S23 20nm – 30nm @ 4% w/vol 
Dispersing agent: Disperbyk 102 6% v/v 

 S24 20nm – 30nm @ 6% w/vol 
Dispersing agent: Disperbyk 102 6% v/v 

5. AgO - SSnano Product id:1118XH 

 S25 5nm – 10nm @ 10 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S26 5nm – 10nm @ 150 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S27 5nm – 10nm @ 300 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S28 20nm – 30nm @ 10 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 S29 20nm – 30nm @ 150 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 S30 20nm – 30nm @ 300ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

6. Ag+ - AMS batch 13/2114 

 S31 @ 5 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S32 @ 10 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S33 @ 100 ppm 
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Dispersing agent: Disperbyk 2055 8% v/v 

 S34 @ 150 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S35 @ 200 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 S36 @ 300 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

7. ZnO - SSnano Product id: 8410DL  

 S37 5nm – 10nm @ 10 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S38 5nm – 10nm @ 150 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S39 5nm – 10nm @ 300 ppm 
Dispersing agent: Disperbyk 2055 8% v/v 

 S40 20nm – 30nm @ 10 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 S41 20nm – 30nm @ 150 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 S42 20nm – 30nm @ 300 ppm 
Dispersing agent: Disperbyk 2055 9% v/v 

 
 

1st Stage Testing – to determine optimum performances of commercial nanoparticles   

Algae Growth-Biocide Effect (BS 39001G:6) Test 

Aim: 

To identify the optimum anti-mold formulation on the samples developed 

Evaluation media:  

Optical / colonies counter apparatus – algae area growth measurement in % of total area   

Total number of samples developed: 84 

Total number of samples evaluated: 42 (one of each formulation – one retained as spare) 

Sample’s substrate: 

White ceramic tile Johnson type 25mm (l) x 25 mm (w) x 8 mm (t)   

Methodology:  

The samples were immersed in algae solution and left for a period of four weeks. Prior their immerge in 
Algae solution, they were put on an Agar medium and then sprayed with algae solution. The samples 

were left in specific conditions (15⁰C under daylight lamps) for four weeks, subsequently scoring the 
growth of the algae on the coating. 

During the test period, the growth on the materials is followed by visual assessments twice a week. The 
visual assessment is based on the time dependent surface coverage. The rating scale makes use on 
the nonlinear criteria as presented in the following table 9: 
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Score Percentage of vegetation/ surface area G[%] 
as per BS 39001G:6 

1 G=0 

2 G≤1 

3 1<G≤10 

4 10<G≤30 

5 30<G≤70 

6 G>70 
 

Table 9 Rating scale for algae growth 

 

After the experiments completion, the databases with the results of the visual assessment will be used 
for analyzing the growth and growth pattern on the specimens. 

The algae growth will be analyzed by the growth pattern fitting a prescribed curve, so called the logistic 
model by using  an exponential type of the following equation: 

 

Where: 

 y is he score of the surface coverage [-] and t is the time. 
The following variables are drawn from this model: 
α: asymptotic maximum score [-] 
ε: slope at the inflexion point [day-1] 
δ: time of inflexion point [days] 
Corresponding: 
a: is the maximum coverage achieved,  
ε is a measure of the maximum growth rate and  
δ indicates the time at which the maximum growth rate occurred).  
 
 
Results  
 
In the following diagrams (Fig. 24 ) individual behavior for each sample per week (Fig. 25)and are 
presented:    
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Fig.24  Individual behavior of each sample per week 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 25. Summarized behavior of each sample during the duration of the test 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

75 

From all the above results as presented in summary in Fig.25, is obvious that none of the tested 
formulations achieved to reach the CAT 2 classification according the Algae Growth-Biocide Effect (BS 
39001G:6) Test, which is the ultimate standard for a coating.  

Twelve (12) samples were categorized as CAT 4 while all the other samples proved some anti-molding 
properties and they were categorized as CAT 3 which considers being the common standard for the 
coating industry. 

The best performance from 1st experimentation stage results for each nanoparticle “family” was 
recorder to the following samples: 

 Anatase (10nm-30nm @ 6%w/vol) 

 Rutile (5nm-10nm @ 4%w/vol) 

 P25 (20nm-30nm @ 6%w/vol) 

 Silica (20nm-30nm @ 6%w/vol) 

 AgO (20nm-30nm @ 150 ppm) 

 Ag+ (@ 150 ppm) 

 ZnO (20nm-30nm @ 150 ppm) 

 

The best results were obtained by the samples containing Ag either as oxide or as ions, where 
surprisingly ZnO samples did not confirm their anti-molding properties as per literature, probably (by 
assumption) because they have not been transformed to ions or because of their granularity (this issue 
is left open for future research). 

SiO2 samples recorded as the worst performance, as expected, while TiO2 in all its forms proved some 
anti-molding properties, assuming due to its photocatalytic activity.   

 

2nd stage experimentation 

Based on 1st stage results obtained, 24 new combinations of nano-particles formulations have been 
developed in order to examine the possibilities to enhance their anti-molding properties. Using the same 
commercial nanoparticles, several blends among them have been developed but only from these 
families of nanoparticles which recorded the best performed in 1st stage experimentation.  

The basic motivation for mixing nanoparticles’ families, was the proven by the previous experiments 
and literature anti-molding capabilities of Ag to be combined with the photocatalytic activity of 
TiO2.without the use of complex chemical procedures. 

The combinations developed were containing Ag ions and oxides and TiO2 nanoparticles in its both two 
types: rutile and anatase, therefore, six (6) major groups of combinations in different %volume and 
concentrations tested. These were:   

   

1. Ag+ (@ 150 ppm) 50% + TiO2 rutile (5nm-10nm @ 4%w/vol) 50%  

2. Ag+ (@ 150 ppm) 60% + TiO2 rutile (5nm-10nm @ 4%w/vol) 40%  

3. Ag+ (@ 150 ppm) 40% + TiO2 rutile (5nm-10nm @ 4%w/vol) 60% 

4. Ag+ (@ 150 ppm) 70% + TiO2 rutile (5nm-10nm @ 4%w/vol) 30% 
 

5. Ag+ (@ 150 ppm) 50% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 50%   

6. Ag+ (@ 150 ppm) 60% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 40% 

7. Ag+ (@ 150 ppm) 40% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 60% 

8. Ag+ (@ 150 ppm) 70% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 30% 
 

9. AgO(@ 150 ppm) 50% + TiO2 rutile (5nm-10nm @ 4%w/vol) 50%  

10. AgO(@ 150 ppm) 60% + TiO2 rutile (5nm-10nm @ 4%w/vol) 40% 

11. AgO(@ 150 ppm) 40% + TiO2 rutile (5nm-10nm @ 4%w/vol) 60% 
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12. AgO(@ 150 ppm) 70% + TiO2 rutile (5nm-10nm @ 4%w/vol) 30% 
 

13. AgO(@ 150 ppm) 50% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 50%  

14. AgO(@ 150 ppm) 60% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 40%  

15. AgO(@ 150 ppm) 40% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 60% 

16. AgO(@ 150 ppm) 70% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 30% 
 

17. Ag+ (@ 150 ppm) 50% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 25% + TiO2 rutile (5nm-10nm 

@ 4%w/vol) 25 %  

18. Ag+ (@ 150 ppm) 60% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 20% + TiO2 rutile (5nm-10nm 

@ 4%w/vol) 20% 

19. Ag+ (@ 150 ppm) 40% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 30% + TiO2 rutile (5nm-10nm 

@ 4%w/vol) 30% 

20. Ag+ (@ 150 ppm) 70% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 15% + TiO2 rutile (5nm-10nm 

@ 4%w/vol) 15% 
 

21. AgO(@ 150 ppm) 50% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 25% + TiO2 rutile (5nm-

10nm @ 4%w/vol) 25% 

22. AgO(@ 150 ppm) 60% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 20% + TiO2 rutile (5nm-

10nm @ 4%w/vol) 20% 

23. AgO(@ 150 ppm) 40% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 30% + TiO2 rutile (5nm-

10nm @ 4%w/vol) 30% 

24. AgO(@ 150 ppm) 70% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 15% + TiO2 rutile (5nm-

10nm @ 4%w/vol) 15% 

The concept of mixing different types and families of nanoparticles to similar “carrier matrixes” 
compositions (in this case microcrystalline cellulose) and mechanical properties (viscosity, surface 
tension, volatility, etc.), follows the simple rules of fluid mechanics.  

As principle, the nanoparticles have been fully dispersed within the same type of matrix, by using the 
same dispersing agents and stabilizers, have already developed all their kinetic activity and steric 
forces and due to the on-adsorbing polymers (stabilizers) can modulate interparticle forces, producing 
an additional steric repulsive force (which is predominantly entropic in origin) between them. 
Additionally, due to Van der Waals forces the interaction between two dipoles, fluctuations of the 
electron density gives rise to a temporary dipole in a particle. This dipole induces a dipole in particles 
nearby. The temporary dipole and the induced dipoles are then attracted to each other.  

Methodology 

The matrixes are carefully measured and weighted. Their weight is carefully recorded. The mixing 
procedure is involving limited time (5 minutes @ 20kHz, 400W) continuous ultrasonic sonication of both 
matrixes separately for each other but also simultaneously therefore will be completed at the same 
time. Once is completed the matrix rests until its temperature drops to 25oC as due to sonication  the 
temperature might rise up to 40-45oC (depending on the type and quantity of nanoparticles). At the end 
of cooling time matrixes are again weighted and their weight is recorded. 

To the new matrix once the desired quantities have been added  1,00%vol/vol of DISPEX AA-4140 NS is 
added plus 10% addition of the weight of pure water which has been evaporated during sonication 
period e.g. Matrix 1 –M1  weights 100 ml and Martix 2 – M2  also 100 ml prior sonication and after 
sonication M1 weights 96 ml and M2 94 ml. The addition of water to the new matrix should be 11 ml as 
4 ml + 6 ml = 10ml x 10% = 11 ml. 

A new ultrasonic sonication cycle stars at 20Khz @ 500W of 100 cycles of 3 seconds each with 
intermediate time of 5 seconds.  

Similarly to the procedure described at par. 3.6.5.2 Carries matrix of nanoparticles synthesis, during the 
sonication period the viscosity of the sol is carefully monitored despite the fact that is calculated in it’s 
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the completion of the procedure that sol’s viscosity to be between .000 - 2.500 cP @ 45oC, or 3.000-
4.000 cP @ 25oC.  

If necessary during final stages of sonication procedure microcrystalline cellulose or pure water could 
be added in order to reach the desired viscosity.    

 

3.6.6.2  Testing  

Algae Growth-Biocide Effect (BS 39001G:6) Test 

Methodology: 

Same procedure as 1st stage testing  

Total number of samples developed:  

48 

Total number of samples evaluated:  

24 (one of each formulation - one retained as spare) 

Sample’s substrate: white ceramic  

Tile type Johnson 25mm (l) x 25 mm (w) x 8 mm (t)   
 
 
Results  

In the following diagrams (Fig. 26) individual behavior for each sample per week and are presented:    
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Fig. 26  Individual behavior of each sample per week 

 

 

Results -Classification  

From the above results as summarized in summary in Fig.27, the following conclusions could be 
extracted 

1. All samples enriched their performance from the 1st stage testing  

2. S2, S5, S6, S7, S8, S9, S13, S14 and S17 are rated as CAT 2 in Algae tests performed which is 
determined as the optimum category for anti-mold agents. 

3. All other samples scored above mark 2 but between mark 3, categorized as CAT 3, which 
considers to be the common standard for the coating industry. 

4. Is clear that combinations of Ag+ and TiO2 anatase (S5, S6, S7, S8) perform better that any 
other combination.   

 

 

Fig.27  Individual scoring and samples categorization in Algae Growth-Biocide Effect (BS 39001G:6) Test 
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Based on the 8 best results of the 2nd stage experiments (S2, S5, S6, S7, S8, S9, S13, S14 and S17) 
and in order to determine their antibacterial activity a testing method based on ISO 22196 has been 
implemented, as schematically presented in Fig 27.  

 
EN ISO 22196 Antimicrobial test 

Test Organisms: 

Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 8739), Candida albicans (ATCC 10231), 
Aspergillus brasiliensis (ATCC 16404) 

Test objective: 

This test procedure is used to determine the log reduction of a microbial suspension following contact 
with the product (paint) which was applied on non-porous plastic specimens 5.0 x 5.0 cm.  

Test samples: 

 Ethanol based coating, 3 layers of which were applied on 5.0 x 5.0 cm non-porous plastic specimens. 
The paint was allowed to dry for at least 1 hour prior to each layer application.  

Test method: 

The samples were tested according to the ISO 22196 method (Fig. 28), briefly summarized as follows:  

Each test sample is inoculated with a suspension of the test organism. The inoculum is held in contact 
with the test sample using a sterile polyethylene film (4.0 x 4.0cm). All test samples are inoculated in 
triplicate, with an additional three replicates of the control. The microbial population on three control 
replicates is evaluated immediately following inoculation. This is assumed to be the initial population on 
all test samples (i.e. the population at zero hour). The remaining samples are incubated for the test 
period (typically 24 hours) at 35°C and >90% RH (relative humidity). Immediately after the end of the 
incubation cycle the microbial population is evaluated. The antimicrobial effectiveness of a product is 
evaluated based on the value of the antimicrobial activity obtained after the incubation time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 28.  A schematic presentation of the test method 
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Method implementation: 

On each specimen 5ml of ethanol-water mixture was pipetted and wiped, for sterilization purposes. On 
each sample 200μl of each microorganism suspension were pippeted. Immediately after inoculation, 
the untreated test specimens were processed with 10ml of suitable neutralizer to determine the 
recovery rate of the bacteria under investigation.  

Criteria: 
The value of antimicrobial activity shall not be under 2.0 for the antimicrobial efficacy of the test product 
 

Results: 

The following (Table 10) results have been recorded for all samples tested:    

 

Value of anti-microbial activity 

 S2 S5 S6 S7 S8 S13 S14 S17 

Staphylococcus aureus >2.59 >3.36 >3.22 >2.97 >2.94 >3.05 >2.88 >2.78 

Escherichia coli >2.78 >3.75 >3.56 >3.19 >3.05 >3.37 >3.02 >2.97 

Candida albicans >2.06 >2.34 >2.30 >2.16 >2.15 >2.23 >2.11 >2.13 

Aspergillus brasiliensis 

 

>2.49 >3.32 >3.21 >2.93 >2.79 >3.03 >2.68 >2.68 

 
Table 10. Values of anti-microbial activity 

 

Note: the value of antimicrobial activity was calculated as log10 of the average number of viable 
microbial cells on the blank non-porous plastic specimens (Control sample) after 24 hours minus the 
log10 of the average number of viable microbial cells on the non-porous plastic specimens coated with 
the antimicrobial substance after 24 hours.  
 
All samples have exceeded the exhibited antimicrobial activity of >2.0 log and could be consider as 
anti-microbial formulations. Best results obtained by samples S5 and S6. 
 
 

3.6.6.3  Conclusions  

 Ag+ ions and AgO nanoparticles proved the best anti mold activity as individual inclusions in a 
formulation. 

 None of the formulations with only one individual inclusion was classified in CAT 2, according to 
Algae Growth- Biocide Effect Test. 
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 Twelve (12) samples  were categorized as CAT 4, while all other samples proved some anti-
molding properties and they were categorized as CAT 3, which considers to be the most 
common standard for the coating industry. 

 Unfortunately the ZNO nanoparticles did not confirm their anti-molding properties. 

 When using combinations of inclusions in the formulations, all samples enriched their 
performance compared with the samples with the individual inclusions. 

 S2, S5, S6, S7, S8, S9, S17, S14 and S17 are rated as CAT 2, which is determined as the 
optimum category for anti-mold agents.. 

 Clearly, combinations of Ag+ and TiO2 anatase proved the best anti-mold performance, better 
than any other combination. 

As a final conclusion, according to ISO 22196, all 8 samples have recorded anti-microbial properties  
within  CAT 2 in the anti-molding test and above log2.0 in the antibacterial test, therefore, can be 
characterized as anti-molding & antibacterial synthesis. 
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3.6.7  Self – cleaning formulation   

In general terms nanoscale titanium dioxide that is manufactured for specific applications is by 
approximately a factor of 100 finer than the TiO2 pigments commonly used in the coating’s industry  and 
has completely different physical properties. The production volume of nanoscale TiO2 amounts to less 
than 1%  that of TiO2 pigments 83.  

One of these properties, the photocatalysis, which is common property of some TiO2 forms, is increased 
considerably through the high surface-to-volume ratio of the nanoparticles as compared to that of 
microparticles. However, not each of the TiO2 forms can be used for photocatalytic purposes.  

In additions, due to the hydrophilic character of TiO2, water forms a closed film on the surface in which 
pollutants and degradation products can be easily carried away. Formulations containing hydrophilic 
TiO2 particles thus are self-cleaning and pollutant-degrading.  

The principle for the hydrophilicity, relays on the basis that: a molecule in contact with a neighbor is in a 
lower state of energy than if it were alone (not in contact with a neighbor). The interior molecules have 
as many neighbors as they can possibly have, but the boundary molecules are missing neighbors 
(compared to interior molecules) and therefore have a higher energy. For the liquid to minimize its 
energy state, the number of higher energy boundary molecules must be minimized. The minimized 
quantity of boundary molecules results in a minimal surface area84.  As a result of surface area 
minimization, a surface will assume the smoothest shape it can (mathematical proof that "smooth" 
shapes minimize surface area relies on use of the Euler–Lagrange equation). Since any curvature in 
the surface shape results in greater area, a higher energy will also result. Consequently the surface will 
push back against any curvature in much the same way as a ball pushed uphill will push back 
to minimize its gravitational potential energy. 

Besides, so-called anti-fog coatings benefit from the hydrophilic properties of nanoscale titanium 
dioxide. The ultra-thin water film on a glass pane coated with a transparent layer of nanoscale 
TiO2 impedes the formation of water droplets and, thus, avoids fogging. 

While, rutile TiO2  is applied mainly in paints, and dyes, anatase modifications are rather suited for 
photocatalysis. In the presence of UV radiation, anatase TiO2 can form radicals from air or water which 
can degrade oxidatively organic pollutants 

TiO2 photocatalytic activity is well documented and widely exploited commercially, especially due to the 
abundance in nature and low cost. AMS has developed in the past a range of coatings formulation 
based on TiO2 nanoparticles with the following properties: 

 Ability to decompose organic pollutants under UV radiation  

 Self-Cleaning under UV radiation  

The aim, at this stage of the current research, was to create a formulation that would have the following 
properties: 

 Hydrophilicity   

 VOC elimination under sunlight 

 Ability to decompose organic pollutants under UV radiation  

 Self-Cleaning under humidity exposure  

 Be capable to be incorporated within a base matrix of a paint  

 

                                                        
83 Michael Henderson, a surface science respective on TiO2 photocatalysis, Surface Science Reports 
84 Langmuir-Blodgett Instruments ,Surface and Interfacial Tension . Retrieved (2007) 

http://www.nanopartikel.info/en/glossary/194-nanoparticle
http://www.nanopartikel.info/en/glossary/170-hydrophilic
https://en.wikipedia.org/wiki/Euler%E2%80%93Lagrange_equation
https://en.wikipedia.org/wiki/Minimum_total_potential_energy_principle
http://www.ksvinc.com/surface_tension1.htm
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3.6.7.1  Synthesis 

As presented in par. 3.6.5.1 Nanoparticles synthesis, having the capability and know-how to develop a 
wide range of nanoparticles, one of the major targets of the research was to try to investigate if 
commercial nanoparticles are able to demonstrate the capabilities the manufactures are claiming. 

In literature TiO2-anatase as per description in par. 3.6.1.11 Evaluation of commercial nanoparticles is 
reported to be among other: 

 self-cleaning glass,  

 self-cleaning ceramics,  

 antibacterial material,  

 air purification  

while there is a wide range of product application in different fields with a large different amount of 
dosage, from 0.5 to 8%. In general, the quantity to be added is: 

 1-3% for sunscreen agent,  

 3-5% for whitening and moisture preservation,  

 3-8% for ultraviolet ray resistance  

 2.5% for printing ink and coating. 

As a direct consequence of the previous results related with the anti-molding / antimicrobial 
formulations tested and extensively described in the previous paragraphs, is obvious that combinations 
using TiO2 anatase with Ag+ in different concentrations were the best performed. 

a) Ag+ (@ 150 ppm) 50% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 50%   

b) Ag+ (@ 150 ppm) 60% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 40% 

c) Ag+ (@ 150 ppm) 40% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 60% 

d) Ag+ (@ 150 ppm) 70% + TiO2 Anatase (10nm-30nm @ 6%w/vol) 30% 

In order to determine if some of these formulations or all, can provide the required properties to be 
implemented to a self-cleaning formulation, further testing was required.  

Characterization  

X-ray diffraction and scanning electron microscopy (SEM) along with EDS were used for two samples 
(Figs. 29a, 29b and 29c): sample a) and sample c). The size of crystallite (D) of Ag doped TiO2, as was 
detected by X-ray, was about 130 Ǻ. For all the samples in depending on the amount of Ag the same 
diffraction pattern characteristic to anatase crystalline phase was detected.  

 

 

 

 

 

 

 

 

 
Fig. 29a SEM image of sample a) Fig. 29a SEM image of sample c) Fig29c. EDS analysis of sample a) 
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A major peak corresponding to (101) reflections of the anatase phase of Ag doped TiO2 was apparent 
at the angle 29.47-29.75° depend on the method of synthesis used and amount of silver in titania. Small 
diffraction peak at the angle 52.08° coming from Ag in TiO2 was only observed in the case of samples 
with 10% w/w of Ag in titania. 

Moreover, higher amount of Ag in titania was detected by X-ray in the sample c) in comparison with the 
other samples (Fig. 29a) The size of crystallite (D) of Ag in TiO2, as was detected by X-ray, was about 
145 and 128 Ǻ, respectively for samples c) and a). 

UV-Vis spectra were collected for all the samples (Fig 30). 

The band gap (Eg) values of the samples were calculated resulting almost constant in all nanomaterials 
(Table 11). Characteristic absorption band from a was observed at 330 nm, indicating the presence of 
titanium dioxide. A weak overlapped shoulder around 430 nm in the Ag-TiO2 material.  

 

 

 

 

 

 

 

 

 

 

 

 

3.6.7.2  Testing  

Water angle test - ISO 27448-1 (hydrophilicity determination)  

Methodology 

The surface of the sample is coated with a film of oleic acid (Fig. 31) by a suitable method. The 
degradation of this substance in the presence of UV irradiation is a sign that the substrate has 
photocatalytic properties. This is measured, according to the mentioned ISO Standard, by monitoring the 
change in the contact angle of a drop of water allowed to fall onto the surface of the sample, illuminated 
by a UV source at known wavelength and power. 

The self-cleaning  action  is  assessed by measuring  the  contact  angle  generated  by the  film of pure 
oleic acid (at zero time) and by monitoring the changes in the angle due to any degradation of the 
deposited acid due to the UV irradiation, which occurs only if the substrate has photocatalytic properties. 
In the event that a variation in the contact angle has occurred during the test, further measurements are 
taken   once the   angle   returns   to   the   initial   value obtained on the clean original sample, as 
measured before coating with oleic acid. 

 

Sample Eg value (eV) 

Sample a 2.94 

Sample b 2.86 

Sample c 3.06 

Sample d 2.81 

 

Fig 30.UV-VIS spectra of all samples Table 11  Eg values calculated from the 
UV-Vis spectra. 
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Fig.31 – Oleic acid structure 

 

A photocatalytic material can be defined as self-cleaning when a variation in the contact angle due to the 
degradation of the oleic acid applied to its surface can be shown to occur, experimentally, between the 
beginning and the end of the test (duration 76 hours). 

As a control, the measurement is repeated on a sample coated in oleic acid in the same way but left in 
the dark throughout the duration of the test (76 hours). This provides the certainty that the change in the 
contact angle value is due solely to the photodegradation of the contaminant molecule triggered by the 
combined effect of both UV radiation and photocatalytic action of the material  being  tested,  and  not  to  
natural  degradation  of  the  oleic  acid  caused  by  factors unrelated to photocatalysis. 

Experimental Procedure 

The test was performed in accordance with the ISO 27448-1 standard. A ceramic tile sample coated with 
the coating (size 100x100 mm), is irradiated for 24 h by a UV lamp (2.0 mW/cm2) in order to remove any 
superficial organic contaminant. 

At the end of this pre-treatment, the sample is placed in a suitably prepared solution containing 0.5 vol% 
of oleic acid (Fluka reagent, purity >80%) in n-eptane (Fluka reagent, purity > 99%), in order  to  obtain  a 
uniform  coating  of oleic  acid  on the  surface.  The amount of oleic acid thus applied resulted to be 
2.0±0.2 mg, (value measured by means of a Gibertini Elettronica precision balance). The contact angle is 
measured by means of a Kruss instrument equipped with high resolution TV camera.  

The sample  is  analyzed  immediately  after  the  cleaning  pre-treatment  by UV irradiation,  after contact 
with the oleic acid (zero time) and after irradiation with UV lamp at 2.0 mW/cm2 at 2, 4, 6, 24, 48, 72, 74 
and 76 hours. At each time, the measurement is repeated on 5 random points on the surface of the 
tested material. An additional sample coated with the multifunctional formulation pre-treated and then 
coated with the oleic acid using the same method as described above. At the end of this procedure, the 
sample was then placed in a vessel with controlled air and humidity, in the dark, throughout the duration 
of the whole test (76 hours). The value of the contact angle (expressed in degrees (°) of the tested 
samples, before coating their surface with oleic acid, was between 30.9°± 0.9° and 33.4°± 0.8°. 

Determination of hydrophilicity   

The measurements of the 4 samples under  investigation, are summarized on Tables13a, 13b, 13c and 
13d while Fig. 32 reports pictures taken and processed by the instrument used for the contact angle 
measurements (Water Contact Angle Kruss). 

 

 

 

 

 

 

 

 

 

Fig 32   Profile of water drops at time 0 
(image on the left) and 76 hours (image 
on the right) on a tile slab coated with 

sample coatings. 
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Contact angle value of the samples stored in the dark was also examined, but only at the end of the 76 
hours. Comparison between the two tested slabs is listed in table 12: 

 

Sample UV 
Original slab 
contact angle 

Contact 
angle t0 

Contact 
angle t48 

Contact 
angle t76 

Sample 
(a) 

Yes 30.9°±1.4° 66.9°±1.0° 40.0°±1.3° 29.7°±2.6° 

Sample 
(a) 

no 31.1°±0.8° 66.4°±0.7° - 66.8°±1.1° 

Sample 
(b) 

Yes 31.7°±0.9° 66.4°±1.2° 41.7°±0.9° 30.3°±3.1° 

Sample 
(b) 

no 31.9°±0.9° 66.8°±1.1° - 67.2°±1.2° 

Sample 
(c) 

Yes 29.8°±1.3° 65.9°±1.1° 39.8°±1.2° 28.4°±2.5° 

Sample 
(c) 

no 29.7°±1.2° 66.0°±0.8° - 66.2°±1.4° 

Sample 
(d) 

Yes 33.4°±0.9° 70.5°±1.0° 44.2°±1.0° 32.2°±2.9° 

Sample 
(d) 

no 32.4°±0.8° 69.7°±1.2° - 69.5°±1.0° 

 

Table 12  Summary table 

 

Sample (a) 

5 (five) contact angle measurements at 
each time (o) 

Θn S  S/  

1 2 3 4 5 (o) (o) (o) (%) 

UV irradiation 
time 

0 68.7 68.6 69.1 68.3 70.8 69.1 - - - 

2 66.6 66.1 65.4 65.1 69.2 66.5 - - - 

4 64.1 63.8 62.9 65.0 66.4 64.4 2.2 66.7 3.3 

6 63.7 61.6 60.9 63.5 63.8 62.7 3.7 64.5 5.7 

24 54.3 53.7 51.5 52.7 55.7 53.6 3.5 60.2 5.8 

28 47.3 48.4 46.9 49.3 51.3 48.6 4.2 54.9 7.6 

48 43.9 43.1 44.2 44.8 46.7 44.5 3.1 48.9 6.3 

72 40.8 39.9 40.8 41.0 41.5 40.8 2.1 44.7 4.7 

74 36.1 35.9 35.8 36.0 36.6 36.1 1.8 40.5 4.4 

76 30.1 31.2 29.7 30.4 30.0 30.3 0.5 35.7 1.4 

Starting slab 29.3 30.5 31.0 30.6 30.5 - - - - 
 

Table 13a . Contact angles data and the results obtained from sample a) 
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Sample (b) 

5 (five) contact angle measurements 
at each time (o) 

Θn S  S/  

1 2 3 4 5 (⁰) (⁰) (⁰) (%) 

UV irradiation 
time 

0 66.1 65.8 67.4 66.3 64.8 66.1 - - - 

2 64.9 64.5 64.6 64.9 63.2 64.4 - - - 

4 61.0 60.8 61.2 61.1 60.9 61.0 0.4 63.8 0,6 

6 57.9 57.6 56.8 57.0 56.6 57.2 1 60.9 1,6 

24 50.9 51.1 51.4 51.7 50.2 51.1 0.8 56.4 1,4 

28 42.5 42.4 43.6 43.9 41.3 42.7 1.4 50.3 2,8 

48 40.0 40.3 41.5 42.3 39.2 40.7 2.3 44.8 5,1 

72 36.8 36.9 37.8 36.5 34.5 36.5 1.7 40.0 4,3 

74 33.1 34.4 32.8 33.7 31.6 33.1 1.2 36.8 3,3 

76 29.3 29.4 29.5 31.0 28.4 29.5 1.5 33.0 4,5 

Starting slab 29.6 30.1 29.6 28.9 28.2 - - - - 

 

Table 13b . Contact angles data and the results obtained from sample b) 

 

 

Sample (c) 

5 (five) contact angle measurements 
at each time (o) 

Θn S  S/  

1 2 3 4 5 (o) (o) (o) (%) 

UV irradiation 
time 

0 68.1 66.4 66.1 67.1 65.8 66.7 - - - 

2 65.2 65.5 65.8 66.1 65.2 65.5 - - - 

4 62.2 61.7 61.7 61.8 62.0 61.8 1.2 64.7 1.8 

6 59.4 59.6 59.9 58.9 60.8 59.7 2.0 62.3 3.2 

24 52.1 51.7 51.6 53.5 51.1 52.0 1.8 57.8 3.1 

28 44.9 45.4 45.5 44.7 44.3 44.9 0.8 52.2 1.5 

48 41.2 42.1 41.0 41.9 40.7 41.3 2.1 46.1 4.5 

72 38.3 37.9 37.3 36.9 36.5 37.3 1.8 41.2 4.3 

74 34.9 34.1 33.8 34.1 33.6 34.1 1.1 37.6 2.9 

76 29.1 28.5 29.9 30.3 28.3 29.2 1.0 33.5 2.9 

Starting slab 28.9 30.2 29.6 29.4 28.7 - - - - 

 

Table 13c . Contact angles data and the results obtained from sample c) 
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Sample (d) 

5 (five) contact angle measurements 

at each time (⁰) 
Θn S  S/  

1 2 3 4 5 (o) (o) (o) (%) 

UV irradiation 
time 

0 69.9 72.2 69.5 68.7 69.8 70.0 - - - 

2 69.7 72.0 66.8 67.1 68.2 68.7 - - - 

4 67.1 59.8 61.7 66.8 63.2 63.7 3.1 67.5 4,6 

6 65.3 58.0 61.2 63.1 59.6 61.4 2.9 64.6 4,5 

24 52.3 53.2 45.1 54.1 47.7 50.4 7.8 58.5 13,3 

28 49.5 49.6 45.3 51.7 48.2 48.8 8.3 53.6 15,5 

48 41.2 42.1 43.4 38.6 41.2 41.3 5.4 46.9 11,5 

72 29.1 31.6 25.0 33.8 33.1 30.5 9.3 40.2 23,1 

74 30.9 28.9 24.8 29.7 32.6 29.3 6.1 33.7 18,1 

76 30.2 31.2 26.9 29.2 29.7 29.4 0.2 29.8 0,5 

Starting slab 30.3 31.8 27.6 29.9 30.6 - - - - 

 

Table 13d . Contact angles data and the results obtained from sample d) 

 

θn = mean of the contact angle value measured on 5 (five) measurements made on 5 points chosen 
randomly on the surface of the material 

s = standard deviation 

= mean of the values of θn obtained at three consecutive time 

 

Conclusions 

It can be seen that the value of the contact angle gradually decreases in the irradiated sample from  time  
t0   to  t76,  achieving  the  original  value  measured  before  the application of oleic acid onto the surface. 
This is due to the photocatalytic efficiency of the material, which is then able to degrade the oleic acid 
under UV irradiation. 85 

After 76 hours, the oleic acid can be considered totally degraded and, in fact, the contact angle returns to 
the original value measured on the as received samples. 

The contact angle value at 72, 74 and 76 hours is more or less the same, demonstrating that it has 
returned to the value of the coated surface at the start of the test, and that the oleic acid molecule has 
been completely degraded. 

Conversely,  there  were no obvious  changes in the  value  of the  contact  angle  of the  samples treated  
with  oleic  acid  but  kept  in the  dark between  t0  and t76, confirming that  natural  degradation  is  not  
effective  and  that  the  photocatalytic  process  is  needed  to activate the photodegradation of the 
organic contaminant. 

From the figures of the results though it appears that sample c) possesses more hydrophyllicity from the 
other samples, following by the samples a), b) and d) which are in good argument with the concentration 
of anatese within them and the Eg value results obtained from UV-Vis spectra measurements.     

 

                                                        
85 Watanabe et al. J. Sol-Gel Sci.& Tech. 19, (2000) 
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Methylene blue ink test (MBT) 86 

During the past years, the industry in the need to ensure that their products’ quality and reliability in terms 
of the photocataltic activity has proceed to the development of creating of a range of rapid-acting, 
inexpensive photocatalyst activity-measuring inks (smart inks) 86.  

These smart inks are able to identify and measure the photocatalytic activities of thin semiconductor films 
such as self-cleaning glass and tiles and yet, they have not so far been utilised as a possible route to 
creating a rapid, inexpensive and easy to use standard for assessing the activity of photocatalytic 
systems (Fig. 33). 

 
Fig. 33:  Schematic illustration of the mechanism 
by which a typical photocatalyst indicator ink 
works. Thus, following illumination of the 
TiO2 photocatalyst by ultra-bandgap light, an 
electron-hole pair (e-, h+) is produced. The hole 
oxidises the SED, e.g. glycerol, to SEDox, e.g. 
glyceraldehyde and/or glyceric acid. The electron 
reduces the dye from its oxidised form, Dox, to its 
reduced counterpart, Dred (step 1). If Dred is 
oxygen sensitive, its undesirable oxidation (from 
Dred to Dox) can occur (step 2). 

 

In the case of the Rz photocatalyst indicator ink, Rz is Dox, Dred is resorufin (Rf), and the reduction 
process is accompanied by a colour change from blue to pink. Since the reduction of Rz to Rf is an 
irreversible reaction, Rf cannot be re-oxidised to Rz, i.e. step 2 in figure 1 is not possible. The process is 
rapid, in that the dye reduction is a two electron step and the photo-oxidation of glycerol is very efficient, 
whereas in the more traditional photocatalytic oxidation process (such as in the ISO and CEN standards 
that use the photobleaching of methylene blue or rhodamine b), the dyes are difficult to photobleach and 
their complete mineralisation requires many photogenerated holes (204 for methylene blue for example). 

For a Rz-based, photocatalyst indicator ink the typically blue to pink colour change, signifying the 
completion of the photoreduction reaction, is achieved in less than 6 minutes even for very thin (ca. 15 
nm) commercial films of titania, such as Pilkington Glass ActivTM under a moderate UVA illumination 
irradiance of ~ 3 mW/cm2. 

Following on from this work several other photocatalyst indicator inks have been developed, including 
ones based on dichlorophenol (DCIP) and methylene blue (MB). The structures of these dyes and their 
main visible spectral characteristics are given in Table 14. 

The ready, apparently irreversible, photocatalysed reduction (note NOT oxidation) of methylene blue is 
effected by making the pH of the ink very low (pH), since under such conditions the reduced (leuco) form 
of the dye is not very air-sensitive. Each of these inks have been tried and tested and shown to work very 
effectively on commercial photocatalytic samples. Table 2 below indicates the apparent activities of each 
of these inks. 

The results in Table 14 86 are the observed times for the inks to change colour and necessarily imply that 
there is no need for a skilled operator or use of expensive analytical equipment to monitor reaction 
progress, as the naked eye is sufficient when using these inks for a qualitative indicator, and a semi-
quantitative assessment, of photocatalytic activity.  

Additional work shows that the initial rate of the Rz to Rf colour change is directly related to the 
photocatalytic activity of the titania-coated glass, as measured by the stearic acid test or dye (usually Acid 
Orange II) photo-oxidation tests, i.e. the rate of dye colour change is directly related the PCO activity. 
Finally, photocatalyst indicator inks are inexpensive, fast-acting and readily interpreted.  

                                                        
86 http://www.fp7-intec.eu/inks.html 
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The incorporation of such inks into a standard for photocatalysis will address the significant industrial 
need for fast, easy to use effective method for assessing the photocatalytic activities of most products in 
the lab and in situ. Such a standard will not only provide greater QC but also help significantly with the 
marketing of such products. 

 

 

 

 

 

 

 

 

 

 

 

Table 1486: Observed photocatalyzed bleaching (in air) half-lives of the natural DCIP and RZ inks and an acid MB 
ink, deposited onto ActivTM; incident UV-A intensity 3 mW/cm2. 

 

 

Coating’s industry has developed a very quick test but secure on results test based on Methylene blue ink 
in order to quickly determine the photocataletic activity of a coating 

Preparation 

Methylene Blue or Methylthioninium Chloride  

CAS Number:[7220-79-3],  

Molecular Weight 373.9,  

Chemical Formula: C16H18ClN3S·3H2O  

(Sigma Product id: 31911-2)  

Diluted in distilled water   ̴2pH @ 0,05%vol/vol 

Media 

White tile sample 60mm x 60mm 

Methodology 

Samples tiles are well cleaned with acetone and well rinsed with distilled water. They let dry to in an oven 
at 150oC for 15 minutes. A layer of coating is applied on the surface and let it dry for 3 hours and then a 
second layer is also applied and let it dry for 24 hours. 

A stain of Methylene blue ink with a pippete is applied to the surface, spread it with a soft brush to tile’s 
surface and let it dry for an hour. Then the tile is exposed either to the sun or to a color matching box 
simulating visual light for three hours. At the end of exposure time is observed the degradation of blue 
color of the surface ; the lighter in shade the blue is, the better photocataletic properties the coating 
possesses.     

 

 

Dye Half life (t½) 

Resazurin 132 s 

2,6-dichloroindophenol 56 s 

Methylene blue (~ pH 2) 17 s 
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Results  

Samples have been exposed at a direct sunlight at 10.00 in the morning (Fig. 34)  The sample was 
observed every hour to identify discoloration of the Methylene blue ink (Fig. 35, 36, 37)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it is obvious the photocatalytic activity is a result of absorption of UV radiation. More or less the 
above experiment proves that the formulation created decomposes organic pollutants and attaches to 
the formulation self-cleaning properties.  

Therefore, a second simple experiment similar to the one mentioned of the above was performed,  with 
the only difference that we stained the tile with a common marker of inorganic ink (Fig. 38). 

After three hours of exposure to outdoor light, a photocatalytic procedure was not observed, as there is 
not a photocatalytic activity on inorganic pollutants.  

Although, the stained tile was easily cleaned with the use of a wet tissue, because of its hydrophilic 
properties (Figure 39). 

 

 

 

a) b) 

d) c) 

Fig 34  Samples image at 10.00 am. Fig 35  Samples image at 11.00 am. 

Fig 36  Samples image at 12.00  Fig 37  Samples image at 13.00 pm  
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3.6.7.3  Conclusions  

Both the  4 formulations can be characterized  as  a  self-cleaning  material  under  the  ISO  27448-1 
standard.  

 From the contact angle test we concluded that all samples are hydrophilic 

 All samples hydrophilicity improved under UV irradiation 

 Sample c) is the most hydrophilic formulation , while sample d) has the lower hydrophilicity. 

 With regard to the data obtained after 76 hours of testing water angle test, the value of the 
contact angle falls by over 38 degrees, returning to the material’s original value before the start 
of the test. This fact proves that the oleic acid applied onto its surface had undergone 
photodegradation due to the photocatalytic efficiency of the material. 

 Methylene blue ink test (MBT), which simulate pollutants, proved the photocatalytic activity of 
the developed formulations under UV irradiation 

 After three hours of outdoor exposure, methylene blue ink is fully decomposed. 
 

By using a coating with all the above mentioned properties yields multiple benefits. Some of these are as 
following: 

 Maintains a new and clean appearance of the building for many years. 

 Protects the surface from dust, acid rain, air pollutant near and on the surface (car exhausts NOx, 
Formaldehyde, Benzene, etc). 

 Restrains growth of mildew and algae 

 Fights the bacteria and virus on the surface and in the air near the coated surface 
 

Figure 38. Tile stained with a common 
marker (inorganic ink). 

 

Figure 39. The tile get cleaned from 
inorganic ink in a very easy way using 

only a wet tissue because of its 
hydrophilicity 
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3.6.8  IR reflective formulation 

3.6.8.1  Reflectance behavior of commercial nanoparticles  

Following the same research strategy as followed for the evaluation of commercial products and fully 
described in PART A: Evaluation of commercial products, it was necessary to determine the reflectance  
capabilities of the commercial nanoparticles. 

 
Spectral Reflectance Measurements (UV-Visible-NIR Spectrophotometer) 

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior. 

The samples were painted with a double layer of formulation which has been produced by the 
nanoparticles  dispersion in 15%w/vol, microcrystalline cellulose deionized water solution, with the 
addition 40%vol/vol pure ethanol. and were applied on LENETA DX2 standard white hiding charts with the 
use of filmograph, while their drying time for each layer was 24 hours. 

The spectral reflectance was measured, over a standard white hiding chart, between 280 and 2500 nm. 
The absolute reflectance was integrated and weighed to the Global Horizontal spectral irradiance in 
order to calculate the total solar reflectance (TSR), as well as the reflectance in the UV, Visible and NIR 
range, according to ASTM G173.  

 

 

 
Fig.40  Diagram of total solar reflectance of the tested commercial nanoparticles 
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 Reflectance (ASTM G173) 
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ITO 90.84% 89.33% 12.67% 93.47% 

ATO 92.51% 91.47% 12.72% 95.36% 

AZO 91.74% 90.27% 12.36% 94.87% 

Anatase 76.35% 69.71% 12.51% 78.12% 

Rutile 75.98% 68.46% 13.27% 79.51% 

Silica 71.37% 58.37% 12.16% 74.18% 

ZnO 58.46% 55.61% 12.52% 59.24% 

AgO 57.32% 52.28% 13.14% 58.07% 

Aimatite 57.41% 54.37% 13.08% 57.94% 

γ-Alumina 59.37% 57.41% 12.83% 61.54% 

Α-Alumina 60.14% 58.34% 12.74% 62.71% 

 
Table 15 summarized solar reflectance per sample 

 
 
From the results as presented in Fig.40 and Table 15 is obvious that best reflectance behavior in all 
range of spectra noticed in the group of TCO nanoparticles in the following order: 

 ITO   

 ATO  

 AZO   

Anatase and Rutile follows with significant difference from the TCO group, but worth to be mentioned 
as a subject of future investigation the behavior of Silica oxides, which is noticed an almost linear 
behavior from 480 nm up to almost 1500nm in the range of 70% - 80% of reflectance. 

ZnO and AgO proved the worst performance confirming literature about its properties. For AgO was 
expected as it is not considered to be a reflective nanoparticle, though as ZnO also belongs to the TCO 
group it provides its reflective properties when is blended with Al, In or Ga 87 

   

3.6.8.2  Selection of nanoparticles for IR-formulation development 

From the results presented  it was obvious that the research of a multifunctional formulation  in order to 
achieve the best possible results, needed to be focused in the TCO group of nanoparticles, despite the 
fact that it has been observed the well-known and commonly documented reflectance behavior of TiO2 
and SiO2, they have been commonly investigated in almost all industry sectors, therefore their 
capabilities limitations are also well-known and documented.       

                                                        
87 Schmidtmende, L; MacManusdriscoll, J . "ZnO – nanostructures, defects, and devices". Materials Today (2007) 
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Some on the most important reasons discouraging coating’s industry to investigate and finally invest in 
TCO group of nanoparticles, could be summarized as following: 

 The high cost of precursors, in conjunction with the initial investment and maintenance cost of 
an automated “industrial” production unit  

 The restrictions to their transportation country to country in their nitrate phase which are 
increasing row’s material cost, and their limited availability to the global market  

 The practical difficulty to produce TCO nanoparticles due to their physical properties and 
process required 

 The difficulty to control the size and granularity of TCO nanoparticles during production, as in 
order to facilitate various products development with different properties, granularity is a key 
aspect 

 AZO is within one of the elements that a lot of countries have raised considerations in its use 
and is classified as Health Category 2 / Xn Harmful – R20 Harmuful by inhalation – products.   

 ATO is commonly used in the coatings industry as a conductive and anti-static material, but its 
correlation with the other nanoparticles seems to be the most problematic of all 88. Is also 
classified as Heath Category 2 / Possible Harmful in skin contact and inhalation. From TCO 
group under investigation only ITO is classified as non-hazardous compound. 

From all the above is clear that the most suitable selection of nanoparticle to be used for a new 
multifunctional formulation, in terms of investigation, results and exploitation is ITO.      

     

3.6.8.3  ITO nanoparticles development - methodology  

One of the most important aspects of the research was to examine if ITO’s reflectance properties could 
be improved by altering the nanoparticles granularities and experiment with them, in order to achieve 
the best possible results in reflectance behavior. 

At the Spectral Reflectance Measurements performed to the commercial nanoparticles, are indicating a 
major area of improvement in the reflectance behavior, especially in the area of NIR neighboring to the 
visual spectrum from 1200 nm and upwards. 

As ITO granularities in the market are extremely limited and the available commercial products are 
available at: 

1. 5nm – 10 nm and 

2. 20 nm - 70 nm  

Therefore, has been decided to produce in house various batches with ITO covering a range from 20 
nm – 160 nm. 

 

Methodology  

All chemicals were of analytical reagent grade. Indium (III) nitrate (Alfa Aesar), tin (IV) acetate (Alfa 
Aesar), absolute ethanol (Aldrich), ammonium hydroxide solution 32% were used without further 
purification.  

Indium tin oxide (ITO) nanoparticles were synthesized via a sol-gel method using two different synthetic 
procedures. The molar ratio of In(III)/Sn(IV) was 90:10 for both synthetic procedures. According to the 

                                                        
88 Grund, Sabina C.; Hanusch, Kunibert; Breunig, Hans J.; Wolf, Hans Uwe  "Antimony and Antimony Compounds" 
inUllmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, Weinheim. (2006) 
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first one, indium (III) nitrate and tin (IV) acetate were dissolved separately into water. Then, the two 
solutions were mixed and citric acid was added. The whole mixture was placed in a three-neck flask. 
The temperature was adjusted to 90 oC. The reaction lasted for 3 hours.  

The resulting dispersions were centrifuged at 10,000 rpm for 15 min, the supernatant solutions were 
discarded, and then the particles were resuspended in absolute ethanol using a sonicator.  

This process was repeated three times. Finally, the nanoparticles were placed on a glass slide and 
dried, first at room temperature and then for 12 h at 100 oC. Then, the nanoparticles were calcinated for 
3 h in air in a furnace at 500 oC. The heating rate was 10 °C min-1. The second procedure encompasses 
the separate dissolution of indium (III) nitrate and tin (IV) acetate into water. The two solutions were 
placed in a three-neck flask.  

Then, ammonium hydroxide 32% was added dropwise. The temperature of the reaction mixture was 
adjusted to 90oC. The reaction lasted for 12 hours. The resulting dispersions were centrifuged at 10,000 
rpm for 15 min, the supernatant solutions were discarded, and then the particles were resuspended in 
absolute ethanol using a sonicator (Fig 41).  

The morphology and the average particle size was determined by scanning electron microscopy (SEM) 
using a ZEISS 35 VP microscope with field emission electron gun (resolution 1.7 nm) 30 KV, by SEM 
using a PHILIPS Quanta Inspect (FEI Company) microscope with W (tungsted) filament 25 KV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 41  Schematically representation of the procedure and equipment of ITO fabrication. 

 
 

3.6.8.4  ITO fabrication  

Two batches of indium tin oxide nanoparticles were synthesized firstly via the sol-gel method.  

 
Batch Quantity (g) Dispersion in absolute ethanol 

1st 36 yes 

2nd 58 yes 
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1st ITO Batch  

36 g of ITO nanoparticles were produced. Their diameter is ranged from 31 nm to 42 nm. The EDX 
analysis confirms that the synthesized nanoparticles consist of indium (67.2 %wt) and tin (5.3 %wt).  
A dispersion of 20 % wt nanoparticles in pure ethanol was made (Fig. 42). 
 

 

Fig. 42.  
SEM image and EDX analysis of ITO nanoparticles and visual image of the dispersion of ITO 

nanoparticles from the batch #1 into absolute ethanol after 10 days. 

 

 

 

2nd ITO Batch   

58 g of ITO nanoparticles were produced. Their diameter is ranged from 29 nm to 55nm. The EDX 
analysis confirms that the synthesized nanoparticles consist of indium (67.5 %wt) and tin (8.9 %wt).  
A dispersion of 20 % wt nanoparticles in absolute ethanol was made (fig. 43). 
 

 

 

Fig. 43.  
SEM images and EDX analysis of ITO nanoparticles and visual image of the dispersion of ITO 

nanoparticles from the batch #2 into absolute ethanol after 1 day. 

 
 
The 3rd and 4th batches of indium tin oxide nanoparticles were synthesized in the next period via the 
sol-gel method.  
 

Batch Quantity (g) Precipitation in absolute ethanol 

3rd 32 yes 

4th 44 yes 
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3rd ITO Batch  

32 g of ITO nanoparticles were produced. Their diameter is ranged from 68 nm to 132 nm. The EDX 
analysis confirms that the synthesized nanoparticles consist of indium (74.9 %wt) and tin (10.7 %wt).  
A dispersion of 20 % wt nanoparticles in absolute ethanol was made (Fig.44). 
 

 

 

Fig. 44.  
SEM image and EDX analysis of ITO nanoparticles (batch #3) and visual image of the dispersion of 

ITO nanoparticles from the batch  #3 into absolute ethanol after 1 day. 

 

 

 

 

4th ITO Batch  

44 g of ITO nanoparticles were produced. Their diameter is ranged from 41 nm to 152 nm. The EDX 
analysis confirms that the synthesized nanoparticles consist of indium (82.0 %wt) and tin (8.6 %wt).  
A dispersion of 20 % wt nanoparticles in absolute ethanol was made (Fig.45). 
 

  
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

Fig. 45. 
 SEM images and EDX analysis of ITO nanoparticles (batch #4) and visual image of the dispersion 

of ITO nanoparticles from the batch #4 into absolute ethanol after 1 day  
 
 
The 4th and 5th batches of indium tin oxide nanoparticles were synthesized in the next period via the sol-
gel method.  
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Batch Quantity (g) Precipitation in absolute ethanol 

5th 9 yes 

6th 21 yes 

 

 

5th ITO Batch   

9 g of ITO nanoparticles were produced. Their diameter is ranged from 23 nm to 156 nm. The EDS 
analysis confirms that the synthesized nanoparticles consist of indium (79.4 %wt) and tin (8.1 %wt).  A 
dispersion of 20 % wt nanoparticles in absolute ethanol was made (Fig.46). 
 

 
 

Fig. 46. 
 SEM image and EDX analysis of ITO nanoparticles (5th batch) and visual image of the dispersion of ITO 

nanoparticles from the batch #5 into absolute ethanol after 1 day. 

 

 
 

6th Batch of ITO  

21 g of ITO nanoparticles were produced. Their diameter is ranged from 20 nm to 150 nm. The EDS 
analysis confirms that the synthesized nanoparticles consist of indium (79.8 %wt) and tin (7.9 %wt). A 
dispersion of 20 % wt nanoparticles in absolute ethanol was made (Fig. 47). 
 

 

 

 

Fig. 47.  
SEM image and EDX analysis of ITO nanoparticles (6th batch) and visual image of the dispersion of ITO 

nanoparticles from the batch #6 into absolute ethanol after 1 hour.  
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The 5th and 6th batches of ITO nanoparticles were prepared. 30 g of ITO nanoparticles were dispersed 
into absolute ethanol. 
 
Indium tin oxide nanoparticles were synthesized via the sol-gel method in order to fabricate the 7th 

batch.  
 
 

Batch Quantity (g) Precipitation in absolute ethanol 

7th 30 yes 

 

 

7th Batch of ITO  

30 g of ITO nanoparticles were produced. Their diameter is ranged from 60 nm to 105 nm. The EDS 
analysis confirms that the synthesized nanoparticles that the synthesized nanoparticles consist of 
indium (79.8 %wt) and tin (7.9 %wt). A dispersion of x % wt nanoparticles in absolute ethanol was made 
(Fig. 48) 

 

 

 

Fig. 48.  
SEM image and EDX analysis of ITO nanoparticles (7th batch) and visual image of the dispersion of ITO 

nanoparticles from the batch #6 into absolute ethanol after 1 hour.  
 
 
 

3.6.8.5  Carrier matrix fabrication   

The “carrier matrix” for the dispersion of ITO nanoparticles has been developed as per description in 
par. 3.6.5.2 Carrier matrix of nanoparticles synthesis.  

Though there are some minor differences on matrix development, mainly based not to the procedure 
but to dispersion agents, their quantities and production stage’s times, as following: 

 The initial to the pure water has been added dispersing agent Disperbyk 191 @ 8.5% v/v instead 
of  Disperbyk 199 (as in TiO2 matrix fabrication) and its stirring time has been increased to 10 
minutes. 

 1st sonication period was set at 400 cycles @ 20kHz - 450W @ 5sec pulse duration with 3 
seconds intervals    
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 2nd ultrasonic sonication cycle duration was increased to 20 minutes.  

 Waiting period after 2nd stage sonication was reduced to 1 hour 

 3rd sonication period on 22,5Khz @ 300W is set on 150 cycles of 3 seconds with 3 seconds 
intermediate and is repeated at 400W and 500W at same frequency,  

 At final stage of the solution fabrication Disperbyk 199 @ 2,2% v/v, and 4,0 %vol/vol of DISPEX AA-
4140 NS was added.  

 Viscosity of the carrier matrix has strictly to be observed within 3.000-4.000 cP @ 25oC 
therefore more often monitoring measurements should be executed during its fabrication.  

In optical appearance at its final form, is a slightly yellowish sol (Fig 49)  but as in TiO2 carrier matrix 
once is applied as film on any surface or injected in the paint’s binder, it becomes dye-able and 
transparent as described in par  in par. 3.6.5.2 Carrier matrix of nanoparticles synthesis.  

 

 

 

 

 

 

 

 

 

 

Fig 49.  visual appearance of ITO carrier matrix (left image) and various combinations of it (right image) 

 

 

3.6.8.6 Testing   

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior from the 7 batches produced and the one commercial product of 
SSnano @ 2,5% w/vol as per literature specifications. 

The samples were painted with a double layer of coating which has been produced by the nanoparticles 
dispersion in 15%w/vol, microcrystalline cellulose deionized water solution, with the addition 40%vol/vol 
pure ethanol. and were applied on LENETA DX2 standard white hiding charts with the use of 
filmograph, while their drying time for each layer was 24 hours. 

The spectral reflectance was measured, over a standard white hiding chart, between 280 and 2500 nm. 
The absolute reflectance was integrated and weighed to the Global Horizontal spectral irradiance in 
order to calculate the total solar reflectance (TSR), as well as the reflectance in the UV, Visible and NIR 
range, according to ASTM G173.  

The obtained results are presented to the following chart Fig. 50  and Table 15 
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Fig. 50  Solar reflectance diagram for all the ITO  samples. 
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Batch 1 95.48% 93.91% 12.54% 95.64% 

Batch 2 96.11% 94.21% 12.14% 96.44% 

 Batch 3 85.24% 81.72% 11.78% 87.02% 

Batch 4 84.37% 81.45% 12.17% 86.88% 

Batch 5 89.15% 87.42% 11.65% 93.27% 

Batch 6 86.51% 84.76% 12.02% 89.83% 

Batch 7 89.04% 88.48% 12.85% 91.98% 

Commercial 90.84% 89.33% 12.67% 93.47% 

 
Table. 15. Summarized results or reflectance data. 
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From the above results can be concluded: 

 Most effective ITO nanoparticles in terms of reflectance were the ones used from Batch 1, 2 
and the commercial from Ussnano. 

 The nanoparticles from other produced batches did not perform as expected. As a comment 
could be mentioned that comparing them with the reflectance spectrum of a common paint, little 
improvement has been detected. 

 It seems that granularity is the key issue in solar reflectance. Batches’ 1 granularity was from 
31 to 42 nm, Batch 2 from 29 to 55nm and the commercial from 20 to 70 nm. All other batches 
had bigger size granules did not perform. 

Therefore, it can be concluded that the optimum granularity seems to be between 30 – 40nm at 
least for the samples tested.  

 Batch 1 and 2 seems to provide a slight improvement also to UVA range adjoining to the visible 
spectrum.  

Though, trying to understand better the reflective mechanism, further testing has been executed by 
altering the %w/vol to the three most successive ITO nanoparticles of the initial test.  

Five (5) more samples from Batch 1, 2 and the Ussnano product have been tested in 1%, 2%, 3% 4% 
and 5% w/vol in total 15 more samples..   

The results per % are visualized in Fig. 51, 52, 53, 54, and 55 while tables 17, 18, 19 are comparing 
reflectance batch sample.    

 

 ITO concentration1% w/vol 

 

 
Fig. 51   Solar reflectance diagram at 1% w/vol 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

104 

 ITO concentration 2% w/vol 

 
 

Fig. 52   Solar reflectance diagram at 2% w/vol 
 

 ITO concentration 3% w/vol 

 

 
Fig.  53   Solar reflectance diagram at 3% w/vol 
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 ITO concentration 4% w/vol 

 

 
Fig.  54   Solar reflectance diagram at 4% w/vol 

 
 

 ITO concentration 5% w/vol 

 

 
Fig.  55   Solar reflectance diagram at 5% w/vol 
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 BATCH 1  
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1% 93.16% 91.57% 12.61% 93.61% 

2% 94.12% 92.99% 12.36% 94.07% 

3% 95.81% 94.56% 12.41% 95.93% 

4% 93.91% 92.73% 12.67% 94.14% 

5% 92.78% 91.39% 12.18% 93.52% 

 
Table. 17. Summarized results of reflectance data for Batch 1 

 
 

 BATCH 2  

 Reflectance (ASTM G173) 

SAMPLE 

Batch 2 

T
o

ta
l 

S
o

la
r 

(2
8

0
-2

3
0

0
n

m
) 

N
IR

 

(7
0

0
-2

2
0

0
 n

m
) 

U
V

 

(2
8

0
-4

0
0

n
m

) 

V
is

 

(3
8

0
-7

8
0

n
m

) 

1% 93.14% 91.95% 12.64% 93.28% 

2% 95.42% 93.51% 12.36% 95.94% 

3% 96.36% 94.59% 12.42% 96.63% 

4% 94.71% 92.98% 12.17% 95.04% 

5% 92.87% 91.36% 12.84% 92.13% 

 
Table. 18. Summarized results of reflectance data for Batch 2 

 
 

 Commercial nanoparticle   
 

 Reflectance (ASTM G173) 
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1% 88.16% 87.08% 12.59% 90.13% 

2% 89.94% 87.82% 12.46% 91.75% 

3% 91.31% 89.86% 12.51% 93.76% 

4% 89.67% 87.51% 12.27% 91.33% 

5% 87.79% 86.43% 12.69% 90.20% 

 

Table. 19. Summarized results of reflectance data for Batch 2 
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3.6.8.6  Conclusions    

From the evaluation of commercial nanoparticles we concluded that ITO, ATO and AZO exhibit 
improved reflective properties. 

 AZO and ATO were not evaluated further because they are marked as “Possible Harmful”. ITO 
was chosen for further evaluation. 

 Seven ITO batches, with different granularities have been developed. One batch of commercial 
ITO was used. 

 From the ITO’s reflectance behavior study, it is concluded that the batches with the smaller 
granularity exhibit better reflectance. 

 Reflectance of the two batches with the smaller granularities (Batch1, Batch2) and of 
commercial ITO has been measured in five different concentrations.  

 For all cases a concentration equal to 3% leads in the best reflectance behavior. 

 The best results were observed for the batch with the smaller granularity Batch1.  (Batch2 
(slightly larger granularity) has slightly smaller reflectance. Investigation at lower in size 
granularities would be a future task.   

 Compared with commercial ITO a significant improvement of reflectance was observed because 
of different granularity. 
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3.6.9 Multi-functional formulation   

3.6.9.1  Synthesis  

Based on the most successful formulations as concluded on the combined results up to this point of the 
research, the: 

 anti-molding, antibacterial and self-cleaning properties, sample a) and b) (corresponding to S5 
and S6 at the individual anti-molding, antibacterial tests) and  

 the 3% ITO concentration (corresponding to Batch 1, 2 and the commercial nanoparticles of 
SSnano,  which proved to be the most well performed under the individual IR reflectance tests  

Therefore, 

six (6) new samples of a new formulation combining the mentioned on the above formulations were 
developed.  

In order to maintain the best performed nanoparticles concentration to the final formulation it was clear 
that the concentration of the two precursors (anti- mold, antibacterial and IR reflective formulations)  
had to be 50% each in the final formulation.  

During current research and having excluded from its scope complex chemical procedures, only two 
different options were feasible in order to achieve the right concentration to the final carrier matrix: 

a. Condensation  

The precursor carrier matrix containing the desired concentration of nanoparticles within it, has 
been carefully weighted and then it was heated to a heating balance up 50oC until it loses 
exactly the 50.75% of its weight (49.25%.remaining). Then the concentration of nanoparticles 
within the remaining carrier matrix has been slightly over-doubled and could be used as is to the 
formulation of the new matrix. 

Advantages:  

 This method can be very quick and easy to be operated (less than 30 minutes for 100ml sol) 

 Very low cost 

 Easy to monitor and there are very few margins of mistakes (mainly on temperature setting 
and heating time) 

 Can easily be up scaled and automated processed can be developed to control the 
procedure 

Disadvantages 

 Requires fine-tuning in temperature and constant monitoring at least at lab scale production 
where automations are not applied, e.g. electronic temperature control, weighting 
automation, time alarms systems etc.  

 Viscosity of the precursor carrier matrix might increase up to 6.000 cP@ 25oC at the end of 
the condensation procedure, making the final sol potentially difficult to be processed at a 
later stage (Fig. 56 and 57). A thinning agents such as ethanol might be used to control 
viscosity in required up to 2% vol  

In lab terms and in if necessary the carrier matrix can be heated up to 45oC in order to 
improve its workability, in practice though it has been noticed that the carrier matrix behaves 
very similar as the honey or sugar sirop.     
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In general terms and as conclusion for the concentration procedure, there is absolutely no 
need to execute it, if during fabrication of the precursor’s carrier matrixes, has been taken in 
consideration the required concentration of each nanoparticle to the final carrier matrix. 

b. Carrier matrix re-fabrication 

Refabricate the carrier matrix of each precursor to the exact double concentrations of the 
originals of these which has best performed during individual properties testing.  

NOTE: This method was implying time and resources and has not been performed. Though, in 
the future and when formulation fabrication would be scaled up, the whole procedure will be 
readjusted to accommodate the right fabrication needs.   

 

    

 

 

 

 

 

 

 

  

   Fig. 56 S5 carrier matrix after condensation            Fig. 57 Batch 1 carrier matrix after condensation 

 

The rest of the mixing procedure remains is  described in 3.6.6.1 Anti-molding / antibacterial formulation 
– Synthesis, though, 1,50%vol/vol of DISPEX AA-4140 NS was added instead of 1,0% vol/vol 

In optical appearance at its final form is the same as the TiO2 carrier matrix and the yellowish color of 
ITO has been disappeared (Fig. 57). Also once it is applied a film on the surface or injected in the 
paint’s binder, becomes dye able and transparent as  described in par  in par. 3.6.5.2 Carrier matrix of 
nanoparticles synthesis.  

 
 

3.6.9.2 Testing   

3.6.9.2.1 Reflectance behavior  

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior from the 6 samples produced.. 

The samples were painted with a double layer of coating which has been produced by the nanoparticles 
dispersion in 15%w/vol, microcrystalline cellulose deionized water solution, with the addition 40%vol/vol 
pure ethanol. and were applied on LENETA DX2 standard white hiding charts with the use of 
filmograph, while their drying time for each layer was 24 hours. 

The spectral reflectance was measured, over a standard white hiding chart, between 280 and 2500 nm. 
The absolute reflectance was integrated and weighed to the Global Horizontal spectral irradiance in 
order to calculate the total solar reflectance (TSR), as well as the reflectance in the UV, Visible and NIR 
range, according to ASTM G173.  
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The obtained results are presented to the following chart Fig. 58, 59, 60 and Tables  20, 21 and 22  

 

 BATCH 1  

 

Fig. 58, Reflectance diagram of multifunctional formulation based on Batch 1 ITO  
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ITO  (3%) 95.81% 94.56% 12.41% 95.93% 

ITO (3%) + Self Cleaning 1 
(S5) 

94.58% 93.12% 12.52% 94.42% 

ITO (3%) + Self Cleaning 2 

(S6) 
91.27% 89.88% 12.84% 91.15% 

Table 20  Reflectance data of multifunctional formulation based on Batch 1 ITO 



 
 
 
 
 

 
 

 

 

Deliverable D3.6 Smart coatings 

111 

 BATCH 2  

 

Fig. 59, Reflectance diagram of multifunctional formulation based on Batch 2 ITO  
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ITO (3%) 96.36% 94.59% 12.42% 96.63% 

ITO (3%) + Self Cleaning 1 
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95.34% 94.21% 12.74% 95.08% 

ITO (3%) + Self Cleaning 2 
(S6) 

92.59% 92.17% 12.35% 92.09% 

Table 21 Reflectance data of multifunctional formulation based on Batch 2 ITO 

 

 

 Commercial nanoparticle   
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Fig. 60, Reflectance diagram of multifunctional formulation based on SSnano ITO  
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ITO (3%) 91.31% 89.86% 12.51% 93.76% 

ITO (3%) + Self Cleaning 1 
(S5) 

89.74% 87.05% 12.41% 91.98% 

ITO (3%) + Self Cleaning 2 
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86.27% 85.03% 12.91% 88.32% 

Table 22 Reflectance data of multifunctional formulation based on SSnan ITO 

 

 

3.6.9.2.2  Thermal behavior 
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The thermal conductivity was measured by means of the heat flow meter method. The instrument used 
was NETZSCH HFM 436/3 Lambda, which complies with EN12667 and ASTM C518. The instrument’s 
accuracy is ±1-3%.  

The thermal conductivity of the white poplar sheet sample 50mm (w) x 50mm (l) 25mm (t) painted with 
a double layer of multifunctional carrier matrix, with the addition 40%vol/vol pure ethanol and were applied 
with a common soft roll, while their drying time was 24 hours. The coating produced was measured with 
the paint coating facing up.  

The NETZSCH HFM 436/3 heat flow meter determined the thermal conductivity (k) of the sample in 
W/mK, the R-value in m2K/W and the coating thickness in mm. The mean temperature and ΔΤ was set 
to 10 °C for all samples. As reference sample was used a steel sample without any treatment. 

Results of testing are analytically presented in Table 23 and Fig. 61a & 61b. 

 

Sample id 
Mean 

Temperature 
(oC) 

ΔΤ (oC) 
Thickness 

(cm) 

Thermal 
conductivity 

k (W/mK) 

R-value 
(Km2/W) 

B1 + S5 10,07 9,73 0,308 0,104 0,02962 

B1 + S6 9,96 10,11 0,313 0,107 0,02925 

B2 + S5 10,12 9,97 0,301 0,118 0,02551 

B2 + S6 10,24 9,89 0,298 0,126 0,02365 

C + S5 9,93 10,21 0,309 0,131 0,02359 

C + S6 10,19 10,15 0,319 0,144 0,02215 

Table 23 Thermal  properties of the  multifunctional carrier matrix 
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Fig. 61a and 61b Thermal  properties of the  multifunctional carrier matrix 

 

The thermal behavior of the multi-functional carriers have been tested with the IR-lamp test as 
presented in previous par. 3.6.3.1.7 Thermal behavior 

 

 

Fig. 62 Thermal behavior of the  multifunctional carrier matrix on IR lamps test 
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3.6.9.2.3 Anti-molding / antibacterial behavior  

The six (6) samples tested with the same procedure as described in par. 3.6.6.1 Anti-molding / 
antibacterial – Synthesis for both anti-molding and antibacterial properties: 

Fig. 63, 64 and Tables 23 and 24 are indicating the values of the above tests.   

 

Anti-molding behavior – G % area 

Sample id 1st week 2nd week 3rd week 4th week 

B1 + S5 0,42 0,49 0,53 0,59 

B1 + S6 0,65 0,77 0,89 0,97 

B2 + S5 0,46 0,53 0,62 0,68 

B2 + S6 0,63 0,76 0,88 1,06 

C + S5 0,57 0,69 0,81 0,89 

C + S6 0,65 0,73 0,89 1,12 

 

 
 

 
 

Table 23 & Fig 63 : Anti-molding behavior of multifunctional carrier matrix 
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Value of antibacterial activity 

Sample id 
Staphylococcus 

aureus 
Escherichia coli 

Candida 
Albicans 

Aspergillus 
brasiliensis 

B1 + S5 3,56 3,87 2,93 3,57 

B1 + S6 2,97 3,28 2,09 3,17 

B2 + S5 3,44 3,69 2,81 3,48 

B2 + S6 2,02 3,11 1,97 2,21 

C + S5 3,07 3,39 2,11 3,09 

C + S6 1,98 2,21 2,41 1,98 

 
 

 
 

 
Table 24 & Fig 64 : Anti-bacterial behavior of multifunctional carrier matrix 

 

 

 
3.6.9.2  Self cleaning behavior  

Only Methylene Blue Test (MBT) was executed at this stage in order to determine if self-cleaning 
properties maintained.  

NOTE: Further testing to examine self-cleaning properties has been performed at the integration of the 
formulation to a common paint and fully described at Chapter 3.6.10 Integration to a common paint. 

The procedure of MBT has been fully described in par. 3.6.7.2 Self-cleaning formulation - Testing.  

The optical results of the test are presented to the Fig.  65, 66, 67 and 68.      
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As it is obvious the photocatalytic activity is a result of absorption of UV radiation. More or less the 
above experiment proves that the formulation created decomposes organic pollutants and attaches to 
the multi-functional carrier matrix  self-cleaning properties.  

  

3.6.9.3 Conclusions   

The tested formulations include components carrying reflectance, self-cleaning, anti-mold and 
antibacterial properties. 

 The reflectance of the new formulations is slightly lower than the reflectance of a coating 
including only ITO. 

 The combination of ITO and S5 has slightly better reflectance than the combination of ITO and 
S6, for all ITO batches. 

 The formulations including ITO Batch 1 give the best results for reflectance. The formulation 
with commercial ITO as compound has the lower reflectance. From this effect it has been 
concluded that the improved reflectance is a result of smaller granularity. 

Fig 65  Samples image at 11.00 am. Fig 66  Samples image at 12.00 

Fig 67  Samples image at 13.00 pm  Fig 68  Samples image at 14.00pm  
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 The formulation (B1+S6) gives the most promising results for thermal conductivity. Although, all 
estimated values of thermal conductivity for the new formulations are better than estimations of 
commercial products. 

 Formulation B1+S5 exhibit a high antimolding and antibacterial activity 

 All formulations including S5 compound exhibit antimolding and antibacterial activity. 

 All samples decompose methylene blue ink due to photocatalytic activity, after outdoor exposure 
for three hours. Phenomenological it seems that samples with S5 compound decompose faster. 
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3.6.10  Integration of the multi-functional formulation in a commercial paint     

3.6.10.1  Synthesis  

Paint properties   

The paint which has been chosen to be tested with the multi-functional formulation was Kraft Exterior 
100% Professional Base P; a water based paint, fully compatible with the “carrier matrix” of 
nanoparticles produced and was the reference paint in all testing executed during the evaluation of 
commercial paints.  

Properties as per manufacturer 89 

Specific Gravity 

(Kg/l) 

White 
Base P 
Base T 
Base D 
Base A 

 

1,47 (±0,02) 
1,44 (±0,02) 
1,42 (±0,02) 
1,34 (±0,02) 
1,33 (±0,02) 

{ISO 2813} 

Solids by Volume  (%) 46 

Viscosity (cP) 5.500-8.500 {ISO 2555} 

PH 8,5-8,9 

Specular Gloss 

observation angle: 60o 
{ISO 2813} 
White < 3 
Bases < 5 observation 

angle: 85o 
{ISO 2813} 
White < 12 
Bases < 12 

Whiteness Index White W1 > 90 

Yellowing Index White Y1 < 0,1 

Covering Power 

White 
Bases 

CR ≥ 98 
CR ≥ 95 

{ISO 3905} 

Theoretical Coverage (m2/l) 10-13* {ISO 6504} 

Dry Film Thickness (Ìm) 34-40 {ISO 2808} 

Wash Resistant After 28 days 

Rainproof After 15 days 

Scrub Resistance 
(Wet Abrasion Scrub Test) 

> 20.000 cycles 
{ASTM D2486/DIN53778} 

                                                        
89 http://en.kraftpaints.gr/specifications.aspx?id=2 
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NOTE: As this research did not obtain license by the manufactures to analyze and publish their 
product’s synthesis, limited data will be provided in this field.                

Carrier matrix specifications  

20 ml carrier matrix of the multifunctional formulation has been produced as described in the previous 
paragraphs, containing: 

 3,1 grams ITO, 

 6,2 grams TiO2 – anatase 

 1,8 mgr Ag+ 

 10,96 grams of microcrystalline cellulose 

 1.6 grams various agents 

 8 grams ethanol 

at a total weight of 30,04 grams, density 1,502 g/m3 and viscosity 4.580cP ± 2%.  

The quantity produced was sufficient to treat 1 liter of paint. 

 Mixing 

The carrier matrix containing the nanoparticles has been injected to the liter of paint as was.  100 grams 
of water have been added to the paint as per manufacturer’s specifications. Di-n-butyl phthalate (DBP) 
plasticizer was added at 0.5 %vol to improve workability of the paint. The mix of paint, carrier matrix and 
water was stirred mechanically with a stirrer for 5 minutes in order to be fully homogenized. 

Optical properties 

Via microscope was identified the fully homogenization of the carrier matrix to the paint. (Fig. 68)   

 

 

 

 

 

 

 

Fig 68  Paint including the nanoparticles  

 
 

While via SEM – EDS analysis nanoparticles distribution tried to be identified within the paint (Fig 69) 
 

 
Element Atomic%  
       
O K 77.92  
Ag K 0.34  
Si K 0.56  
Ca K 7.54  
Ti K 8.90  
In L 4.74  
   
Totals 100.00  
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Figure 69 nanoparticles distribution on paint surface 

 

It is obvious from the images on the above that fully homogenization of the carrier matrix to the paint 

has been achieved and the nanoparticles have been fully dispersed in the surface of the paint in a well-

mannered pattern.  
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3.6.10.2  Testing & comparison with a commercial “cool” paint   

Exploiting the evaluation results of the commercial “cool paints” as presented in par. 3.6.3.2 
Commercial cool paints a comparison among them and the new multifunctional paint has been 
attempted, in order to determine the variations among them.  

As reference paint has been chosen the one with the best properties (as recorded during testing) Kraft 
Save Roof, white referred as CKw and the new multifunctional coating based on Kraft Base P paint 
referred as CT01. 

The testing methodology applied, was exactly the same which has been already followed up to now for 
the evaluation of thermal, reflectance, anti-molding / antibacterial and self-cleaning properties of the 
commercial “cool paints” and the multi-functional formulation. 

 

3.6.10.2.1  Reflectance behavior 

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior . 

Thought, the  painted samples (double layer of coating for both paints) were applied directly on 
LENETA DX2 standard white hiding charts with the use of filmograph, while their drying time for each 
layer was 24 hours. 

Results of testing are analytically presented in Fig. 70 and Table 25 

 

Fig. 70, Reflectance comparison diagram of the 2 paints  

Areas of improvement 

Non improved area 
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 Reflectance (ASTM G173) 
Colour coordinates 

L*a*b* system. 
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CT01 93,95% 94,72% 14,55% 91.03% 98.04 -0.16 1.22 

CKw 87.11% 86.91% 14.27% 91.27% 97.38 -0.09 0.03 

Table 26, Reflectance data comparison diagram of the 2 paints  

 

Conclusions: 

The CT01 sample proves increased:  

 Reflectivity in UV area by 1.96%, 

 Reflectivity in NIR area and especially from 1140 nm to 2300 nm, by 23,11%. 

 Total reflectivity by 7.85%.  

While sample CKw has 0,3% demonstrates better reflectivity in visible spectrum  

 

 

3.6.10.2.2  Thermal behavior  

 
The thermal conductivity of the white poplar sheet sample 50mm (w) x 50mm (l) 25mm (t) painted with 
a double layer of coating and were applied with a common soft roll, while their drying time was 24 
hours. The coating produced was measured with the paint coating facing up.  

The NETZSCH HFM 436/3 heat flow meter determined the thermal conductivity (k) of the sample in 
W/mK, the R-value in m2K/W and the coating thickness in mm. The mean temperature and ΔΤ was set 
to 10 °C for all samples. As reference sample was used a steel sample without any treatment. 

Results of testing are analytically presented in Table 27 and Fig. 71  

 

Sample 
Mean 

temperature 
(°C) 

ΔΤ(°C) 
Thickness 

(mm) 

Thermal 
conductivity k 

(W/mK) 

R-value 
(Km2/W) 

CKw 10,26 11,2 0,319 0,108 90 0,02954 

CT 01 10,2 10,05 0,309 0,102  0,03029 

Table 27, Thermal behavior comparison table of the 2 paints  

                                                        
90 NOTE: The value obtain by this testing methodology, does not correspond with the value provided by the manufacturer 
which is  claimed to be 0,090 K/mW 
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Fig, 71  Thermal behavior comparison chart of the 2 paints   

 

Additionally, the thermal behavior of the two paints under the IR lamps test as per par. 3.6.3.1.7 
Thermal behavior is presented in Fig. 72 while in Fig. 73 maximum temperatures of both paints under 
the specific test are presented  

 

 

Fig, 72  Thermal behavior comparison under IR lamps test of the 2 paints   
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Fig, 73  Maximum temperatures under IR lamps test of the 2 paints   

 

Conclusions 

The CT 01 sample presents:  

 Almost 6% improvement of thermal conductivity and R-value  

 4.3 oC reduction of temperature under IR irradiation (~9% improvement) 

 The maximum temperature under IR lamp measured doesn’t overcome 47.1 oC, while for the 

commercial “cool” paint is measured 51.4 oC 

 

 

3.6.10.2.3  Anti-molding /  antibacterial behavior 

The two paints tested with the same procedure as described in par. 3.6.6.1 Anti-molding / antibacterial 
– Synthesis for both anti-molding and antibacterial properties, despite the fact that Kraft Save Roof 
paint sample CKw was NOT specified as anti-molding, antibacterial coating by the manufacturer. 

Fig. 74, 75, 76, 77  and Tables 23 and 24 are indicating the values of the above tests.   

 

Anti-molding behavior – G % area 

Sample id 1st week 2nd week 3rd week 4th week 

CT 01 0,43 0,48 0,52 0,56 

CK w 2,58 5,12 8,02 11,92 

Table 28, Anti-molding activity of the 2 paints  
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Fig 74  Anti-molding activity of the 2 coatings 

 

 
       Reference coating           New multifunctional coating 

 

 

               1st week 

 

 

                

                                                                2nd week 

 

 

          

           3rd week  

 

 

           4rd week  

 

 

Fig 75  Visual observation of anti-molding activity of the 2 coatings 
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Value of antibacterial activity 

Sample id 
Staphylococcus 

aureus 
Escherichia coli Candida Albicans 

Aspergillus 
brasiliensis 

CT 01 3,54 3,81 2,9 3,56 

CK w 1,71 1,63 1,52 1,81 

Table 29, Antibacterial behavior of the 2 paints  

 

 

 

Fig 76  Antibacterial behavior  of the 2 coatings 

 

 

Conclusions 

CT01 formulation exhibit strong anti-molding behavior and marked as CAT 2 while can be also be 

conceidered as an anti-microbial paint. 

 High antibacterial activity (>2.9 value) is observed for all bacterial and fungus, which were 
tested. 

 The reference white paint CKw, which was used for comparison doesn’t exhibit, antibacterial  
properties but it can be categorized as CAT 3 in anti-molding activity.. 
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3.6.10.2.4  Self-cleaning behavior   

Water angle test - ISO 27448-1 standard  
 

Operating Procedure 

As per description in par. 3.6.7.2 Self-cleaning formulation - Testing. 

The value of the contact angle (expressed in degrees (°) of the two tested samples, before coating their 
surface with oleic acid, was in a range of 31.08°±0.9° to 36.6°±1.2° 

Contact angle value of the multifunctional coated samples stored in the dark was also examined, but only 
at the end of the 76 hours. Comparison between the two tested slabs is listed in table 30 while tables 30a 
and 30b indicating the individual performances of the two paints. 

 

 

Sample UV 
Original slab 
contact angle 

Contact angle t0 
Contact angle 

t48 
Contact angle 

t76 

multifunctional 
coating 

Yes 29.90°±0.8° 68.5°±1.0° 41.0°±0.9° 30.1°±2.8° 

multifunctional 
coating 

no 31.6°±0.9° 67.8°±0.9° - 68.2°±1.1° 

Commercial Cool 
paint 

Yes 37.9°±1.1° 84.05°±1.1° 50.3°±0.8° 36.9°±2.3° 

Commercial Cool 
paint 

no 36.6°±1.1.2° 83.2°±1.2° - 83.7°±1.0° 

Table.30 – Summarizing table 
 

 

 

multifunctional coating 

sample 

5 (five) contact angle measurements at each time (⁰) Θn S  S/  

1 2 3 4 5 (⁰) (⁰) (⁰) (%) 

UV irradiation time 

0 67.8 70.1 68.4 67.6 68.8 68.5 - - - 

2 68.9 71.0 64.7 66.0 67.2 67.6 - - - 

4 67.2 59.1 57.6 67.8 60.2 62.4 3.3 66.2 5.0 

6 64.4 68.0 64.2 68.0 59.6 64.8 2.8 64.8 4.3 

24 52.0 52.9 44.8 53.8 46.6 50.0 7.9 58.9 13.3 

28 51.5 53.6 45.9 51.0 48.6 50.1 8.5 55.0 15.5 

48 41.3 42.3 44.3 36.3 41.0 41.0 5.2 47.1 11.1 

72 29.4 31.9 24.7 33.5 32.8 30.5 9.8 40.5 24.3 

74 31.9 26.9 32.0 26.8 31.4 29.8 6.3 33.8 18.7 

76 27.7 31.4 27.2 34.2 30.0 30.1 0.3 30.1 1.1 

Starting slab 32.3 31.8 31.6 29.9 30.9 31.3 - - - 

Table 30a. Contact angles data and the results obtained for CT01 sample 
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Commercial Cool Paint 

sample 

5 (five) contact angle measurements at each 

time (⁰) 
Θn S  S/  

1 2 3 4 5 (⁰) (⁰) (⁰) (%) 

UV irradiation 
time 

0 84,4 82,9 83,9 85,8 83,1 84,02 - - - 

2 82,4 81,8 81,6 84,6 80,9 82,26 - - - 

4 77,2 78,4 77,4 79,6 76,4 77,8 8 81,3 0,1 

6 74,1 75,4 74,7 77,4 72,5 74,82 7,2 78,3 0,1 

24 68,3 70,1 69,7 71,8 67,1 69,4 9,6 74,0 0,1 

28 61,2 62,5 63,2 65,7 60,9 62,7 11,4 68,9 0,2 

48 57,8 58,4 59,3 61,9 56,7 58,82 7,5 63,6 0,1 

72 53,2 54,3 55,1 58,2 53,1 54,78 14,1 58,7 0,2 

74 49,4 51,2 53,4 55,4 49,1 51,7 7,7 55,1 0,1 

76 46,8 48,9 49,1 51,5 46,2 48,5 6,5 51,6 0,1 

Starting slab 37,9 47,9 49,2 51,4 50,6 46,9 49,2 - - 

Table 30a. Contact angles data and the results obtained for CKw sample 

 

θn = mean of the contact angle value measured on 5 (five) measurements made on 5 points chosen 
randomly on the surface of the material 

s = standard deviation 

= mean of the values of θn obtained at three consecutive time 

 

Conclusions 

Sample CT01 can  be  defined  as  a  self-cleaning  material  under  the  ISO  27448-1 standard .  

With regard to the data obtained after 76 hours of testing, the value of the contact angle falls by over 38 
degrees, returning to the material’s original value before the start of the test. This fact proves that the 
oleic acid applied onto its surface had undergone photodegradation due to the photocatalytic efficiency of 
the material. 

The control sample shows a contact value which remains unchanged from the start to the end of the test. 
 

 

Organic pollutants self-cleaning test on sample CT01 

Introduction 

This test has been executed in order to assess and quantify the photocatalytic activity of the 
multifunctional coating towards the photo-degradation of nicotine placed in direct contact with the 
material. 

The degradation of nicotine in direct contact with the material under test is a mean to assess its 
photocatalytic self-cleaning efficiency, i.e. the photo-degradation of pollutant molecules placed directly on 
the surface of the sample due to the combined action of the photo catalyst additive and light. 
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Nicotine is an organic compound, an alkaloid that is naturally contained in 
the tobacco plant.  Although present throughout all the plant, it can be found 
in particularly high concentrations in the leaves, which contain percentages 
of 0.3- 5% by dry weight. 

Nicotine is a mind-altering substance, liquid  in its   pure state; it turns brown 
in contact with the air. It is a powerful neural poison. In low concentrations, 
the substance acts as a stimulant in and is the main factor responsible for 
the dependence-forming properties of tobacco smoking. In small doses, 
nicotine is a stimulant: it increases activity, concentration and memory.  It 
also increases heart rate and blood pressure and reduces appetite. In high 
doses it causes nausea and vomiting. 

The current European directive 2001/37/EC, implemented in Greece by Legislative Decree no.184/2003, 
sets the maximum nicotine content at 1 mg/cigarette. 

Test System and Operating Procedure 

The multifunctional coating has been applied on the analysed sample, referred to below as AMS coating 
sample. In order  to  allow  a direct  comparison,  the  test  was also  performed  on a sample  of 
laboratory glass (soda-lime-silica glass). 

The photoreactor is provided with a compartment to lodge a flat sample of 30x30 mm of surface, disposed 
parallel with respect to the optical window. The window is specifically made in quartz, a material that 
absorbs a minimal amount of light in the near-ultraviolet wavelengths. 

Ambient light is simulated with a lamp above the reactor, which emits light in the UV-A region with power 
of 20 W/cm2. 

Once the sample was positioned in the photoreactor, 5 µl of pure nicotine (equivalent to 5 mg, or the  
mean nicotine  content  of 5 cigarettes)  (produced  by Sigma  Aldrich,  purity  > 99%)  was placed on it, 
and then continually irradiated for 6 hours. 

The sample was then washed with a known amount (10 ml) of double distilled water to remove the 
undecomposed nicotine; the water collected was analysed using a UV-vis spectrophotometer, monitoring 
the typical nicotine molecule absorption peak at 261 nm. 

Data Obtained 

 

 Nicotine (mg) VNicotine (μl) Degradation (%) 

CK w 5 5 32.8 

CT 01 5 5 80.6 

 

*in this case the degradation is due to the effect of light only (photolysis) 

 

The multifunctional coated sample CT01 was found to be active in the photocatalytic degradation of the 
nicotine in contact with the surface of the material and as a general conclusion to the most organic 
elements. 
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3.6.10.3  Compatibility with other  commercial paints   

The strategy and aim to incorporate the nanoparticles in a matrix that would be compatible with the 
most commercial paints suitable for the almost all the substrates initially, developed within the frame of 
FP7-EU funded Projects EFFESUS and RETROKIT.  

Identifying the key aspects by the research executed up to now;   

 In EFFESUS the research was focused in an IR-reflective coating on a reversible matrix 

 In RETROKIT  the research was involving the development of an anti-molding coating suitable 
for air ducts in a waterproof matrix  

 Previous research for the private sector provided a vast knowledge about commercial products, 
their use and capabilities, while there are ongoing research tasks developing and improving 
various  product from different industries 

Therefore, as it has already being identified in the past, some of very common paint binders and resins 
massively used to the paint industry for coatings and varnishes production, have been excluded from 
the current research, either because of compatibility issues with the families of nanoparticles, and / or 
the stabilizers and additives of the “carrier matrix”, and / or the actual nature of the “carrier matrix”,  
used in current research, or because further investigation is required to incorporate multi-functional 
formulation within the basic components of the paints.  

These binders / resins / additives, are: 

UV cross-linkers 91 

Mainly because of their synthesis, which in many cases binders produced by this type of cross-
linkers require UV radiation to create stable bonds.  

In contrary with paints where color pigments are blocking the radiation produced by the 
photoinitiator during their stabilizing procedure, in the case of the multifunctional formulation 
developed, as the polymerized chains of the stabilizers - additives are located at the external 
surface of the nanoparticles, UV radiation accelerates cross-linking bonding in a heterogenic   
pattern. This procedure reduces the effectiveness of the stabilizers – additives in use at the 
multifunctional formulation, resulting to agglomeration and fluctuation of the nanoparticles, as 
well as their life time span. 

Though, when the multifunctional formulation will be injected to paint, then paint or color 
pigments are protecting the stabilizer’s chains with no further implications. In the case of ITO, 
further investigation is required in relation with UV cross-linking agents, due of its reflective 
properties, e.g. investigate the possibility of doped ITO combination reflecting UV radiation used 
for cross-linking resins.   

Hydroxyl groups and Methylcellulose ethers 92 

Hydroxyl groups, like amides, are capable of forming hydrogen bonds. Partly as a result of such 
bonds, microcrystalline cellulose behaves much like a cross-linked polymer, melting only with 
chemical decomposition use which will affect its solubility at the paint.  

Such an example are the Polyvinyl Butyral resins93 (PVB) which are containing in their synthesis 
in different concentrations hydroxyl expressed as % of the Polyvinyl alcohol and the use of the 
multifunctional formulation is incompatible with any paint containing such kind of resins.  

                                                        
91 http://www.sabreen.com/curable_coatings.htm 
92 http://www.dow.com/dowwolff/en/industrial_solutions/polymers/methylcellulose/ 
93 http://www.butvar.com/en/techinfobutvarresin.aspx 
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Methylcellulose is made using mainly methyl chloride. For hydroxypropyl methylcellulose, 
propylene oxide is used in addition to methyl chloride to obtain hydroxypropyl substitution on the 
anhydroglucose units. This substituent group, –OCH2CH(OH)CH3–, contains a secondary 
hydroxyl on the number two carbon and may also be considered to form a propylene glycol ether 
of cellulose. As hydroxypropyl methylcellulose might possess various ratios of hydroxypropyl 
and methyl substitution, this could be considered as a factor which influences organic solubility 
and the thermal gelation temperature of aqueous solutions. E.g. a cellulose ether contains 27.5 
to 31.5% methoxyl, is on the range that yields maximum water solubility. A lower degree of 
substitution gives products having lower water solubility, leading to products that are only 
soluble in caustic solutions. 

While Hypromellose and methylcellulose had been tested as a binder of the carrier matrix with 
disappointing results for the first but promising results for the second, mainly to viscosity control 
during heating procedures, further investigation will be required to check if hydroxypropyl 
cellulose (HPC) and methyl cellulose being compatible with PVB resins, can substitute 
microcrystalline cellulose to the development of the carrier matrix for the specific resins.   

A possible solution to the viscosity control issues appeared during carrier matrix development 
might be instead of water the use of alcohols as solvents or a combination of water – alcohols, 
such as mixtures of methylene chloride and ethyl, methyl, or isopropyl alcohols or mixtures of 
chloroform and methanol or ethanol or N-Methyl pyrrolidone.  

Further investigation will be required to achieve best possible results, but for the time being this 
research cannot determine if there is fully compatibility of the multifunctional formulation with 
paints or additives using these specific organic groups, therefore could not recommend their 
integration to paints containing in their synthesis the mentioned on the above compounds..  

Polyvinyl Alcohol (PVA) type resins94 

Paints, resins or binders which are usually stabilized either with the use of borax, fluorescein, 
hydrochloric acid and sodium hydroxide. This is a very common procedure in the paint industry 
especially for PVA (Polyvinyl alcohol based paints).  

Though, once PVA95 is stabilized, is suitable for any aqueous solutions because water is the 
only practical solvent, the film is very resistant to petroleum solvents, oil and fats. PVOH films 
have quite good strength and flexibility; most will remain tack-free up to about 90% relative 
humidity.  

Resin grades of high acetate content dissolve readily in cold water; those with little or no 
residual acetate require some heating (85°-90°C). Weak solutions may support mold growth - a 
low concentration of chlorinated phenol has been recommended in technical literature as an 
appropriate additive to combat this problem. Their pH range of a 4% solution is 6-8.  

Previous experimentation proved as PVAs under certain limitations, e.g. high usage of VOC in 
conjunction with low molecular weight agents and a co-polymer based in polypropylene family 
can accommodate nanoparticles functionalities with limited capabilities due to the long polymeric 
chains are creating to nanoparticle surface. .  

It is strongly believed that further investigation and research is required to determine the 
possibility to intergrade the high molecular dispersing agents at a different co-polymer binder 
e.g. possibly with a free-radical polymerization of styrene in order to create distinct 
homopolymers where nanoparticles will be bonded to. 

For the time being, multifunctional formulation is not compatible with this family of reins, 
eventually with products using them.   

                                                        
94 http://www.sigmaaldrich.com/catalog/product/supelco/843300?lang=de&region=DE 
95 http://www.sigmaaldrich.com/catalog/product/aldrich/189480?lang=de&region=DE 
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Low Molecular Weight (LMW) type resins  

The characteristics of low molecular weight (LMW) resins are determined by differences in 
molecular weight. LMW resins are a group of resins consisting of small molecules with average 
molecular weights of 500–1000 96.  Most of them are used for varnishes and latex paints. 

Although the class of LMW resins includes materials that are chemically different such as: 

 UVS (Ultraviolet Stabilizers)    

 Most of hydrocarbon resins such as: 

 Ketone based resins 

 Aliphatic based resins  

 Range of phenol based reins  

 Epoxy resins  

they all share certain common characteristics: 

The smaller molecule size has a significant effect on the visual appearance and physical 
properties of these resins. LMW resins level well because they make solutions of low viscosity 
even at high concentrations and will continue to level when they are applied to artworks and dry 
to a smooth and glossy film. Therefore, they saturate better than polymers.. 

As LMW resins oxidize, an increase in the molecular weight may occur, but this molecular 
weight will still be considerably lower than the starting molecular weight of a polymer.LMW 
resins have relatively high glass transition temperatures and are generally brittle. They all have 
relatively high refractive indices. 

Despite the advantages that these resins are indicating at this stage of the research are 
consider to be completely incompatible with the multifunctional formulation due to the stabilizing 
agents are used for its development. All dispersing agents are used for the development of the 
multifunctional formulation considered to be suitable for high molecular weights.  

The reason is simple: 

Dispersing agents improve the wetting process and result in shorter grinding times. The 
conventional low-molecular-weight types are categorized according to their chemical structure 
as anionic, cationic, electroneutral and nonionic and their effectiveness is determined by the 
adsorption of the polar group onto the pigment surface and the behavior of the non-polar chain 
in the medium surrounding the particle.  

The molecular weight of these products is low – usually between 1,000 and 2,000 g/mol. 
Molecules with only one polar group attach themselves to the pigment surface while their non-
polar chains extend into the resin. If the molecules have more than one polar group, they 
arrange themselves in such a way that the free polar groups form hydrogen bonds and build a 
physical structure with the pigments. Shear forces are often responsible for breaking down this 
structure. This principle is called controlled flocculation. It is mainly used for heavily filled 
systems such as primers and surfacers for industrial and maintenance coatings.  

The polar groups, which contain positively and negatively charged ions such as metallic oxides, 
have the strongest affinity for inorganic pigment surfaces. Unfortunately this type of attachment 
is not effective with organic pigments, which consist of uncharged, covalently bonded carbon, 
hydrogen, oxygen and nitrogen atoms.  

Further investigation is required to determine if the carrier matrix of the formulation could be 
altered such as to accommodate dispersing agents suitable for low molecular weight resins. For 

                                                        
96 de la Rie, E.R. . The Influence of varnishes on the appearance of paintings (1999) 
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the time being the multifunctional formulation is not considered to be compatible with paints and 
varnishes containing low molecular weight resins.   

From this research for safety reason have been excluded products containing the following chemical 
compounds 97: 

Formaldehyde  

Formaldehyde is used as a biocide in water based paints.  Formaldehyde  can  cause  irritation  
of  the  skin,  eyes,  nose,  and  throat.  High  levels  of  exposure  may  cause  some  types  of  
cancers,  for  example,  some  studies  of  people  exposed  to formaldehyde  in  the  workplace  
found  more  cases  of  cancer  of  the  nose  and  throat  than  expected.    

Formaldehyde is often used as proxy, a reference indicator for other similar chemical structure 
substances. 

Phthalates compounds   

Phthalates are commonly found in PVC, used as plasticizers, giving the plastic desired physical 
properties.  They  can  be  also  used  in  paints  to  alter  the  overall  finish  of  the  paint. 

Several  phthalates  have  been  shown  to  be  endocrine  inhibitors  this  can  cause  
cancerous  tumours,  birth  defects,  and  other developmental  disorders.   

Alkylphenolethoxylates (APEOs) compounds  

APEOs are non‐ ionic surfactants, which have an emulsifying and dispersing effect when 
processing paints, and  in  binders,  dispersion  aids,  thickeners,  driers,  anti  foam  agents  
and  pigment  pastes.98 

APEOs  are  produced in large volumes, with uses that lead to widespread release to the 
aquatic environment. They are  highly  toxic  to  aquatic  organisms,  and  in  the  environment  
degrade  to  more  environmentally  persistent compounds.  

 Perfluorinated alkyl sulfonates (PFAS) compounds  

Perfluoroalkylated sulfonates (PFAS) is the collective name for a group of fluorinated 
surfactants.  Similar to APEOs, these are used in dispersants, thickeners, driers and pigment 
pastes.   

Of particular concern is perfluorooctane  sulfonate  (PFOS),  which  has  been  analysed  in  a  
limited  number  of  European  environmental  and  food  samples  and  has  been  shown  to  
bioaccumulate  in  fish. This  bioaccumulation seems to be an important source of human 
exposure to PFOS 99 

Isothiazolinone compounds 

Isothiazolinone  compounds  are  found  in  wood  coatings   and  in  some  paint  formulations.   
They  are  a  broad  spectrum  fungicide,  algicide  and  bacteriostat  used  in  solvent  based  

                                                        
97 Giannis S. Kougoulis, Renata Kaps, Oliver Wolf  Ben Walsh, Katherine Bojczuk, Trevor Crichton,Re vision of EU European 
Ecolabel and Development of EU Green Public  Procurement Criteria for Indoor and  Outdoor Paints and Varnishes, (2012) 
98 Paints and how they affect the environment, Tommi Nurmi and Konsta Kanniainen, (2008) 
99 Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and their salts, Scientific Opinion of the Panel on 
Contaminants in the Food chain, European Food Safety Authority, (2008). 
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coatings,  surface  protection products and other xylene compatible products.100  For people 
susceptible to their effects, the compounds can  cause  irritation  to  the  skin  and  mucous  
membranes.    

The  extent  to  which  they  do  this  depends  greatly on the level of concentration in the 

product used and the method of exposure – long‐term oral exposure being particularly 
hazardous  101. 

Mercury  

In  the  past,  phenyl  mercuric  acetate  was  commonly  used  as  a  fungicide  in  water based  
latex paints, to prevent the growth of bacteria102.   

Its use in paint was banned in the USA in 1991103.  In the  UK,  paint  companies  have  
voluntarily  removed  mercury  from  paints,  though  its  use  is  still legal. 

Arsenic  

Arsenic is popularly known for its poisonous properties.  For this reason, it is not used in 
European Union paint production today, although traces may rarely still be found in products 
imported from Asia. 

Cadmium  

Cadmium is used as a colourant in paint pigment and levels are controlled by EU regulations 
except in the use of certain items coloured for safety reasons.104   

Paint that contains a level of cadmium  (as  a  pigment)  higher  than  0.01%  by  mass  is  
prohibited.  If  the  paint  contains  a  high level of zinc, the residual concentration of cadmium 
must be as low as possible, in any case not higher than 0.1% by mass105.    

From the up to now investigation to the market products which is continuing further to the scope of 
this particular deliverable, the compatible with the multi-functional nanomaterials synthesis, binders 
and resins, due to their chemical composition and therefore any paint or coating uses them as basic 
component, are:     

Aqueous acrylic emulsions106 

(Suitable for metal / plaster / cement / masonry substrates – 52% of the EU28 market 107) 

No modifications are required to the carrier matrix of nanoparticles. Microcrystalline cellulose 
matrix is fully compatible with it and carrier matrix can be used the same way as adding water to 
the paint as per manufacturer’s instructions.. Dying is allowable with no discoloration due to the 
carrier matrix transparency.   

                                                        
100 Revision of European Ecolabel and Development of Green Public Procurement Criteria for Indoor and Outdoor Paints and 
Varnishes, October (2011) 
101  Consumer exposure to biocides ‐ identification of relevant sources and evaluation of possible health effects, Stefan 
Hahn, (2010) 
102 UNECE, www.unece.org/.../TFHMs_3.ProductsReviewChapter.draft.05.04.06 
103 http://www.epa.gov/hg/consumer.htm#pai 
104 http://eur‐lex.europa.eu/LexUriServ/site/en/oj/2007/l_136/l_13620070529en00030280.pdf 
105 www.cbi.eu/?pag=85&doc=416&typ=mid_document 
106 http://pubs.acs.org/doi/abs/10.1021/la202066n 
107 http://ec.europa.eu/eurostat/web/prodcom/data/excel-files-nace-rev.1.1 
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Due to the inert carrier matrix and the small amount added to the paint (±30 grams of the carrier 
matrix which correspond to less than ±9 grams of total weight of nanoparticles within it are able 
to treat 1000grams of paint) no alternations to the physical properties of the paint have been 
observed confirming the literature and common practice 108 where nanoparticles consider to be 
additives to a paint.   

Multifunctional formulation is fully compatible to be used with products of this category or with 
paints / coatings using this family of products (fig. 77). The use of Di-n-butyl phthalate (DBP) 
plasticizer at 0.5 %vol to improve workability to improve workability is optional. 

Two of the most common binders were tested for their compatibility are: 

RHOPLEX™ 585 (also known as PRIMAL, ACRYSOL, or Talas)  is a 100% acrylic binder 
designed for premium exterior performance in flat and satin Architectural Coatings has been 
tested.  

It is supplied at high solids for formulation flexibility and does not contain any APEO (alkyl 
phenol ethoxylate) surfactants. The low coalescent demand of RHOPLEX™ 585 allows the 
formulator to meet the 50g/VOC regulations while still maintaining some freeze thaw stability. 
Due to its 100% acrylic composition, RHOPLEX™ 585 offers good exterior durability. 

 

 

 

 

 

 

 

 

Used in: 

 Flat and satin Architectural Coatings 

Advantages: 

 High solids (58-59%) 

 Low VOC capable (≤ 50 g/l VOC) 

 Contains no APEO surfactant 

 Multi-subsrate capability - wood, alkyd, vinyl, aluminum, and masonry 

 Excellent exterior performance including dirt pick-up resistance, tint and gloss retention, 
grain crack resistance, alkali and efflorescence resistance 

 Excellent slurry compatibility  
 

RHOPLEX™ Multilobe™ 200  emulsion polymer binder gives you the outstanding durability, tint 
retention, and dirt resistance you've come to expect from an all-acrylic binder. And more. Unlike 

                                                        
108 Woodbridge, Paul R. . Principles of Paint Formulation (1991)  

Fig 77  Application of RHOPLEX 585 and SEM image which indicates a complete homogenized coating 
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other acrylic binders that contain only spherical particles, Rhoplex Multilobe 200 contains an 
optimized level of both spherical and lobed particles 109. 

This unique lobed particle geometry enhances brush drag. The result is a binder that provides an 
extraordinary combination of acrylic durability, film build, chalk adhesion and minimized 
thickener, and surfactant levels in the paint formulation 110  (fig. 78):  

 

Advantages:111 

 Increased film build  

 Minimized level and cost of thickener. Best applied hiding, 
uniformity of appearance and durability. 

 Chalk-adhesion. No alkyd modification required. 

 Resistance to blistering and related ultimate flaking. Elimination of 
alkyd modification means better mildew resistance, tint retention 
and color compatibility, and easier brush clean-up.  

 Wet adhesion Tolerates rheology modifiers;  

 Suitability for variety of substrates. 

 Resistance to cracking, flaking, and peeling over wood and repaint 
surfaces. 

 Potential for higher value exterior paints. 

 All-Acrylic binder Proven performance over a broad formulating 
range. 

 Use of different extender types. 

 Best long-term tint retention and appearance. 

 Minimized level of surfactant for color acceptance 

 Ease of color acceptance; reduced foaming, surfactant leaching, and water sensitivity 

  

Typical properties 

Solids Content, % 53-54 

pH 8.5-9.2 

Viscosity, cP 300-1500 

Gel Content, g/qt 

100 Mesh max 0.05 max 

325 Mesh 0.10 max 

Dry Bulking Value, gal./lb 0.107 

Tg, DSC, onset, °C 9 

 

                                                        
109 http://www.ulprospector.com/en/na/Coatings/Detail/2235/96856/RHOPLEX-MULTILOBE-200 
110 https://books.google.gr/books?id=pKrBNbkE2c0C&pg=PA458&lpg=PA458&dq=Rhoplex+ ML+200 
&source=bl&ots=4EiNJtPkfH&sig=vfgcYw_NMGGnJm3RbMQf57PGYJ8&hl=el&sa=X&ei=0IvOVI_fE4v2UtTOgdAO&ved=0CCU
Q6AEwATgK#v=onepage&q=Rhoplex%20ML%20200&f=false 
111 http://www.ulprospector.com/en/na/Coatings/Detail/2235/96856/RHOPLEX-MULTILOBE-200 

Fig 78  SEM image  indicates a completely 
homogenized coating 
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n- Butyl (Isobutyl) methacrylate polymers 112  

(Suitable for metal / wood / glass substrates - 4% of the EU28 market113) 
 
Minor modifications to the nanoparticles carrier matrix are required.  
Microcrystalline cellulose is fully compatible with the binder but the solvent agent for 
nanoparticles carrier matrix must be changed instead of distilled water use to either:  

 isopropyl alcohol or 

 n-butanol  or 

 ethyl acetate  

Additionally the quantities of DISPERBYK and DISPEX agents should be increased to match a 
ratio of 1vol agent; 1weight solvent corresponding to the molecular weight of the solvent agent and  
will be and distilled Grade  3 water, e.g. 8% and 4% equivalent in case of  ethyl acetate use.  

Then it can be safely used as a carrier matrix the same way as adding a common thinning agent 
as turpentine or white spirit to the paint. Dying is allowable with no discoloration due to the 
carrier matrix transparency.  Similarly to the aquatic paints ±30 grams of the carrier matrix are 
able to treat 1000grams of paint). 

PARALOID™ B-67 100% solid grade acrylic resin is a highly 
hydrophobic polymer providing excellent water resistance and pigment 
dispersion, and is compatible with medium and long-oil alkyds, drying 
oils, and oleoresinous varnishes 114 (Fig. 79).  

Used in: 

 Oil and varnish modifier 

 General product finishing 

 Topcoat in vacuum metallizing applications 

Advantages: 

 Provides coatings with improved hardness, faster drying speed and excellent color and gloss 
retention 

 Improves hold out and brushing characteristics of coatings 

 Excellent water resistance 

 Highly effective pigment dispersant  
 

Typical Properties 

Physical Form Pellets 

Chemical Composition IBMA Polymer 

Tg, °C 50 

Bulk Density, 25°C, lb./gal. 8.6 

Solubility Parameter 8.6 

Ultimate Hardness of Clear 

Films, KHN 

11 to 12 

                                                        
112 http://www.chemspider.com/Chemical-Structure.7074.html 
113 http://ec.europa.eu/eurostat/web/prodcom/data/excel-files-nace-rev.1.1 
114 http://www.dow.com/products/market/construction/product-line/paraloid-b/product/paraloid-b-67-100/ 

Fig 79  SEM image  indicates a completely 
homogenized coating 
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PARALOID™ B-10 is a thermoplastic solution resin for acrylic coating applications over 
oleoresinous and other solvent-sensitive finishes, and can be applied by spraying, brushing or 
dipping (Fig. 80). 

 
Poly(n-butyl methacrylate) finds uses in industry as a binder in coatings and inks and as an 
adhesive. . As a varnish for artists' use, the resin has been available since 1938 when Weber 
introduced its product Synvar115. 

Used in116: 

 Acrylic coating applications over oleoresinous and other 
solvent-sensitive finishes 

 Applications requiring a flexible laminate 

 Clear coating on wood, cloth, metal and ink 

 Dispersant for fluorescent pigments 

 Advantages:  

 Soluble in petroleum/aliphatic hydrocarbons 

 Provides water white color, transparency, and resistance to 
discoloration, but has somewhat less resistance to acids and 
alkalis, and does not provide resistance to petroleum 
hydrocarbons 

 Tack-free films at ordinary temperatures 

 Highly effective in spray, brush and dip applications 
 
 

 

Typical Properties 41 

Solids, by weight % 40 

Density, 25°C, lbs./gal. 7.4 

Viscosity, 25°C, cP 1400-2800 

Flash Point °C 41.1 PMCC 

Molecular Weight, Wt. Avg. 150,000 

Solubility Parameter 8.8 

Tg (ºC) 20 

Ultimate Hardness of Clear Films, KHN 2-3 

Chemical Composition 
BMA 

Copolymer 

 

 

3.6.10.4  Conclusions 

The new advanced paint CT01 has a total reflectance 93.95%, which marked it as very reflective and 
“cool” paint. Furthermore the reflectance in the NIR and visible area was measured 94.72% and 91.03% 

                                                        
115 http://www.conservation-wiki.com/w/?title=Chapter_V_-_Polymeric_Varnishes 
116 http://www.dow.com/products/product/paraloid-f-10/ 

Fig 80  SEM image  indicates a completely 
homogenized coating 
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respectively. The reflectance in UV area was estimated 15.55% which is a very satisfactory value for a   
paint.  

Its thermal conductivity the estimations were 0.102 W/mK, while the R-value was calculated 0.03029 
Km2/W. Both values characterize the paint as strong insulator. The maximum temperature under IR 
irradiation reached a value equal to 47.1oC, which proves the reflective properties of the sample.  

The tests of algae growth showed high anti-molding behavior and the paint is marked as CAT2. In 
addition, antibacterial activity remains for all microorganisms tested over 2.9, which concluded that CT01 
formulation is an antibacterial material and decompose microorganisms.  

Finally, after contact angle tests, the new paint formulation exhibit strong hydrophilicity (both under UV 
irradiation and without UV irradiation) and so it can be characterized as self-cleaning, because of its 
photocatalytic activity. 

The commercial cool paint CKw (Kraft), which was evaluated in order to compare its performance with 
the new advanced formulation, provide satisfactory results for total reflectance (87.11%). Its reflectance 
reduced significantly in the NIR regime but it was measured noticeable high in the visible area (higher 
than CT01).  

The value 0.108 W/mK which is measured for its thermal conductivity is a very good estimation for 
thermal insulation. Furthermore, the maximum temperature under IR lamp irradiation (54.1 C) seems 
very promising.  

Anti-molding and antibacterial tests, which were performed, confirmed that the specific commercial cool 
paint do not carry such properties.  

From the contact angle measurements, we concluded that the commercial paint present limited 
hydrophilicity under UV irradiation but it cannot be characterized as self-cleaning material. 

The multifunctional formulation proved to be compatible with: 

 

 the most common acrylic emulsions products using acrylic binders and resins (representing ≈ 
52% of the EU market according PROMOD Database)  

 Isobutyl polymer products (representing ≈ 4% of the EU market according PROMOD Database) 

Further investigation is required to determine compatibility with other products using at their synthesis 
different families of resins and binders.  

Though some solutions for the incompatible products (by altering the carrier matrix of the nanoparticles) 
are already known but have not tested yet. 
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3.6.11  Prototyping   

3.6.11.1  “Untreated” substrate’s properties  

One of the crucial aspects of the research was to try to intergrade the coating to paints will be used for 
the demo sites refurbishment. Following the results found and described in the par. Initial approach of 
research the research had been focused to the following substrates: 

 Titan Portlant cement C20 (Titan – 10mm) 

 Cement boards (Knauf Aquapanel Outdoor – 12,5mm) 

 Mortar (Isomat – Marmocret I – 10mm) 

 Lightweight concrete (Perlobeton – Isocon – 10mm)  

 Sidenor steel grade S235 – 5mm  

 Plaster board (Knauf - Standard Type A – 12,5mm) 

 Elastomer membrane (Sika- BituSeal T – 660 ΜG – 3mm) 

 

Samples preparation 

7 different sizes of samples have been prepared in order to cover testing needs: 

 30mm x 30mm @ 10mm & 30mm (± 2%) 

 50mm x 50mm @ 5mm & 50mm (± 2%) 

 100mm x 100mm @ 15mm, 20mm & 100mm (± 2%) 

 200mm x 200mm @ 5mm, 10mm, 20mm & 40mm (± 2%) 

 300mm x 300mm @ 10mm, 15 mm (± 2%) & 5mm (steel) 

 125mm x 400mm @ 8 mm,& 20mm (± 2%) 

 65mm x 300mm @ 10mm, & 20mm  (± 2%) 

 

To cut samples on the desired size, common construction 
techniques have been applied e.g. knifing, grinder cut, scissoring 
etc., while for the samples required to be casted standard 200mm 
x 200mm molds have been used (Fig. 81)   

Casting samples have been prepared, mixed and dried according to the following specifications:   

 Cement C 20: Ratio weigh weight / cement weight (w/z ratio) > 0.30 < 0,42, aggregate: silica 
sand 4 – 8 mm, ratio: 3:1 

 Lightweight concrete: density 300kg/m3, Ratio weigh weight / cement weight (w/z ratio) > 0.42 < 
0,60, aggregate: Polytherm BLU 3 – 6 mm 3:1 ratio 

 Mortar: Cement, sand, lime, water ratio: 1: 2,2 : 6,8 : 0,5    

Drying time: 29 days for all casted samples in a humidity control (aging) chamber, as per 
manufacturer’s specifications. 

 

 

Fig. 81  Mold used for casting purposes  
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Visual properties   

In order to understand in depth and have a more precise and accurate in details visual image at least 
at the surface level where paint will be applied the seven specific substrates have been visualized and 
magnified as it appears to the following pictures.  
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The above pictures for all the specific products, are confirming the already known and well 
documented differences on the surface properties such as porosity, roughness, surface density, etc. 

Though, in order to determine the possible effects of coating application on the surface of these 
specific products further investigation some of their mechanical properties were required. The most 
important aspect was to determine their surface behavior in liquids and mainly in water as this research 
is focused in aquatic paints / coatings. 

Additionally, a database of their thermal behavior of the “untreated surface” was required to be created 
in order to be used as a reference point  necessary for the comparison of their behavior with a “treated 
surface” (after paint application).     

 

Porosimetric study   

The porosity, density, average pore size and pore size distribution for one sample were measured by 
mercury intrusion porosimetry. The used mercury porosimeter was the model «Autopore IV 9500» from 
Micromeritics.  

The results of the porosimetry analysis are shown in the following table 31. 

 

 
Porosity 

% 

Skeletal 
density 
g/cm3 

Bulk 
density 
g/cm3 

Average 
pore Ø (µm) 

Pore size distribution 

Portland 
cement C20 

28.12 2.31 1.64 256 

Multimodal 
Mode at 220 µm; asymmetry 

towards small pore size where 
local maximums occur at 304, 

1021 and 70 µm. 

Cement 
boards 

27.32 2.35 2.27 130 
Unimodal 

Slight asymmetry towards 
small pore size. 

Common 
mortar 

 
19.21 2.47 1.98 243 

Unimodal 
Asymmetry towards small pore 

size. 

Lightweight 
concrete 

31.03 2.64 1.27 233 
Bimodal 

Main mode at .190 µm; 
secondary mode at 110 µm. 

Steel  21.12 2.41 1.95 71 
Unimodal 

Slight asymmetry towards 
small pore size. 

Plaster 
board 

24.31 2.52 1.68 126 
Bimodal 

Main mode at 110 µm; 
secondary mode at 85 µm. 

Elastomer 
membrane 

6.1 2.58 2.31 46 
Bimodal 

Main mode at 40 µm; 
secondary mode at 22 µm. 

 

Table 31. Porosity, density and average pore size of the studied samples 
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Thermal behavior      

The thermal properties were measured as per description in par. 3.6.3.1.7 Thermal behavior. 

On the following table 32 and Fig, 83 the thermal properties values for the seven different commercial 
substrates are presented. 

 

Sample 
Mean 

temperature 
(°C) 

ΔΤ(°C) 
Thickness 

(cm) 

Thermal 
conductivit
y k (W/mK) 

R-value 
(Km2/W) 

Portland cement 
C20 

10,27 10,2 2,12 0,297 0,071380 

Cement boards 10,33 10,9 1,52 0,195 0,077949 

Mortar 10,52 10,5 2,03 1,734 0,011707 

Lightweight 
concrete 

10,11 10,7 2,24 0,248 0,090323 

Steel grade S235 10,21 10,4 2,01 52,124 0,000386 

Plaster board 10,41 10,6 1,48 0,203 0,072906 

Elastomer 
membrane 

9,98 10,9 1,05 0,172 0,061047 

 Table 32. Thermal conductivity and R value of seven different substrates. 

 

 
 
 

 
 

 

 

 

 

 

 

 

Fig. 83. Thermal conductivity and R value of seven different substrates. 

 
 
 
Results obtained by the IR lamp test will be presented at par. 3.611.2 “Treated” substrates – Thermal 
behavior which are compared with the coated samples.   
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Reflectance behavior      

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior for the 7 substrates in order to calculate the total solar reflectance 
(TSR), as well as the reflectance in the UV, Visible and NIR range, according to ASTM G173.  

The obtained results are presented to the following Table 33 and Fig. 84  
 

 Reflectance (ASTM G173) 

SAMPLE 

T
o

ta
l 
S

o
la

r 

(2
8
0
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5
0
0
n

m
) 

N
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0
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m
) 

U
V

 

(2
8
0
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0
0
n

m
) 

V
is

 

(3
8
0
-7

8
0
n

m
) 

Portland cement C20 41.53% 38.74% 10.05% 53.23% 

Cement boards 36.62% 34.51% 10.66% 38.5% 

Mortar 39.87% 36.21% 9.88% 39.94% 

Lightweight concrete 37.02% 35.64% 10.34% 38.65% 

Steel grade S235 37.65% 37.15% 10.65% 38.73% 

Plaster board 35.71% 36.12% 9.51% 36.84% 

Elastomer membrane 25.27% 22.12% 10.71% 26.56% 

Table 33. Reflectance values of the seven different substrates. 

 

Fig  84. Reflectance diagram of the  seven different substrates. 
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3.6.11.2  “Treated” substrate’s properties  

Samples preparation 

7 different sizes of samples have been prepared and painted with the use of a roll ; one layer of Kraft 
white primer and two layers of the new multi-functional paint as per description in par. 3.6.10 Integration 
of the multifunctional formulation to a commercial paint were applied with the addition of  Di-n-butyl 
phthalate (DBP) plasticizer at 0.5 %vol to improve workability of the coating and let them dry for 24 hours 
after each application.  

Size samples with color applied to each, were: 

 30mm x 30mm – white  

 50mm x 50mm – white & blue (RAL5000)  

 100mm x 100mm – white,  yellow (RAL 1113), grey (RAL 7004)  & blue (RAL 5000) 

 200mm x 200mm – white, yellow (RAL 1113), grey (RAL 7004) & blue (RAL 5000)   

 300mm x 300mm – white , grey (RAL 7004) & blue (RAL 5000)   

 125mm x 400mm – white  

 65mm x 300mm – white   

and several inks were applied on their surface as color spots such as blue, red, green, yellow etc. 
inorganic inks. During experimentation stage various methods were used to determine properties such 
as color coordinates by simulating visual and artificial lighting (Fig 85)  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 85. Artificial lighting simulation (left image) and visual lighting simulation (right image) and UV (bottom images) 
in various substrates 
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Visual properties   

The coated samples were investigated and evaluated for their visual properties in order to examine the 
applicability of the coating to the surface, any visual defects and incompatibilities. SEM images are 
indicating fully homogenization of the paint to the surfaces, without any visual defects or 
incompatibilities. (Fig. 86)     

 

 

 

 

 

 

                               Coated mortar                                        Coated steel Grade 235 

         

 
 
 
 
 
 
 
 

                  Coated elastomer membrane                              Coated cement board      

  

 
 
 
 
 
 

 
 
 

                   Coated Portland cement C20                         Coated lightweight concrete 

 

 
 
 
 
 
 
 

 

 

                                                            Coated plasterboard          

Fig 86. Images of coated substrates 
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Porosimetric study   

The porosity, density, average pore size and pore size distribution for the samples after coated with the 
multi-functional paint, were also measured by mercury intrusion porosimetry. The used mercury 
porosimeter was the model «Autopore IV 9500» from Micromeritics.  

The results of the porosimetry analysis are shown in the following table 34, while Fig. 87 compares the 
uncoated and coated samples, indicating reduction of porous in the total area of the sample which in 
case of cement reaches 23.05%, in lightweight concrete 22.72% while in elastomer membrane 
appears to be only 0.36% which is the lowest value recorded.  

 

 
Porosity 

% 

Skeletal 
density 
g/cm3 

Bulk 
density 
g/cm3 

Average 
pore Ø (µm) 

Pore size distribution 

Common 
Portland 

cement C20 
5.07 2.32 1.66 20.2 Unimodal, ≈symmetrical 

Cement boards 7.12 2.37 2.31 19.7 Unimodal, ≈symmetrical 

Common 
mortar 

6.77 2.51 2.01 21.2 Unimodal,≈symmetrical 

Lightweight 
concrete 

8.31 2.62 1.31 25.4 Unimodal, ≈symmetrical 

Common steel 
grade 

5.58 2.37 1.94 23.8 Unimodal, ≈symmetrical 

Plaster board 6.51 2.48 1.68 27.1 Unimodal, ≈symmetrical 

Elastomer 
membrane 

5.71 2.62 2.33 22.4 Unimodal, ≈symmetrical 

Table 34. Porosimetry  study 

 

 

Fig. 87.Porosity % comparison between uncoated and coated samples  
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Water absorption test (atmospheric pressure)   

Furthermore, water absorption by immersion in water at atmospheric pressure was determined in 
accordance with Standard EN 771-22:2011. After drying the specimens to the state of constant mass 
to a temperature of 70 ºC, the specimens must be maintained in desiccators until they reach room 
temperature of 20ºC.  Later, each specimen is weighed and then immersed in water for 24 hours at 
atmospheric pressure. Afterwards, the weight increase is measured. The percentage of absorbed 
water is calculated by the following equation: 

100



d

ds

m

mm
Ws

 
The result should be expressed as a percentage, rounded to the nearest 1%.  

Samples had been fully painted (in all exposed surfaces) prior immerging to water. Steel and 
elastomeric membrane have been excluded from the test due to their physical behavior in water (non 
absorbing).  

The results obtained are shown in table 35. 
 

Substrate Specimen Nº 
ABSORPTION (%) 

Reference S1 S2 

Portland 
cement C20 

1 11 3 4 

2 11 3 3 

3 10 2 3 

4 13 2 2 

5 9 1 2 

6 10 3 1 

Average value 11 2 2 

Cement boards 

1 4 1 2 

2 3 2 1 

3 1 1 1 

4 2 1 1 

5 3 2 2 

6 4 2 2 

Average value 3 2 2 

Common 
mortar 

1 7 3 2 

2 5 3 2 

3 7 2 3 

4 8 2 1 

5 6 1 2 

6 7 3 3 

Average value 7 2 2 

Lightweight 
concrete 

1 10 3 2 

2 10 2 2 

3 9 2 2 

4 7 1 2 

5 8 3 1 

6 9 2 3 

Average value 9 2 2 

Plaster board 

1 6 2 3 

2 7 3 2 

3 7 2 2 

4 8 2 1 

5 7 3 2 

6 7 2 3 

Average value 7 3 2 

Table 35. Results of the absorption at atmospheric pressure for the seven substrates uncoated and coated  
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Fig.88  Performance improvement in water absorption test between uncoated and coated  
 
By Fig. 88 is obvious that the coated samples are improving their surface properties in terms of water 
absorption up to 81,82% (Portland cement), while the cement boards are proving the worst 
improvement which reaches 33.33%.   
 
 
 
Water vapor permeability test    

The water-vapor transmission properties of the substrates were determined by Cup method according 
to the Standard ISO 7883.  
Samples had been fully painted (in all exposed surfaces) prior testingr. Steel and elastomeric 
membrane have been excluded from the test due to their physical behavior in water (non absorbing).  

In the table 36 is presented the estimation of the water vapor permeability which fully complies with the 
industry’s common standards. 
 
 

Parameter Substrate Uncoated Coated 1 Coated 2 
%reduction 

Coated 1 

%reduction 

Coated 2 

Water vapor 

transmission 

rate (g/m2.d) 

Portland cement C20 140.02 120.77 129,12 13.74% 7.78% 

Cement boards 105.41 87.05 92.01 17.41% 12.71% 

Mortar 117.62 99.87 101.23 15.09% 13.93% 

Lightweight concrete 119,30 97.16 80,73 18.55% 32.83% 

Steel grade S235 112.31 91.29 88.72 18.72% 21.00% 

Plaster board 123.54 101.78 94.58 17.61% 23.44% 

Elastomer membrane 131.04 107.24 112.51 18.16% 14.14% 

 
Table 36  Water-vapor permeability of the seven different substrates uncoated and coated. 
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High grade of improvement is observed to all coated samples and values indicating vapor water 
transmission values well below 50%. These values not only prove breathability of the coatings but 
constitute them suitable even to be used in the heritage sector117.     

 

 
Hardness test   

The table 37 below gives the hardness in Shore D in function of the cure times of paints at different cure 
temperatures and relative air humidity conditions.   

Shore hardness was measured using a 4 mm thick sample following the Shore D hardness test ISO 
868 & DIN 53505 (method A/D) 

The results of table 37 show that all samples exhibit very high Shore D hardness, with values above 60, 
which considers to be industry’s standard, where: 

 S1: Portland cement 

 S2: Cement boards 

 S3: Mortar 

 S4:  Lightweight concrete 

 S5: Elastomeric membrane 

 S6: Steel grade S235 

 S7: Plaster board 

  

 

Table 37  Water-vapor permeability of the seven different substrates uncoated and coated. 

 
 

                                                        
117 According to Delgado-Rodrigues y Grossi (Rodrigues Delgado J., Grossi A., “Indicators and ratings for the compatibility 
assessment of conservation actions”, Journal of Cultural Heritage 8(2007) 32-43), the conservation products causing a 
reduction of the water vapour transmission rate greater than 50% should not be used cultural heritage. In this case, all the 
candidate treatments applied to the stone lead to reductions lower than 50%. 

 

Hardness test S1 S2 S3 S4 S5 S6 S7 

after 1 day  at 23 oC/50% rel. air humidity 66 65 66 65 66 66 65 

after 7 days at 23 oC/50% rel. air humidity 67 67 66 66 67 67 66 

after 21 days at 23 oC/50% rel. air humidity 68 68 66 66 67 67 68 

after 1 day at 23 oC/100% rel. air humidity 66 66 67 66 66 67 66 

after 7 days at 23 oC/100% rel. air humidity 67 68 67 67 66 67 66 

after 21 days at 23 oC/100% rel. air humidity 68 67 68 67 67 68 67 
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Adhesion test  

The adhesion of the coatings to substrates was assessed by applying and removing pressure-sensitive 
tape over cuts made in the coating film. This test was carried out according to the Standard ASTM 
D3359.  

The paints are classified as following regarding their adhesion capability: 

 

 

 

 

 

 

 

 

 

 

 

 

Property Substrate System Classification % Area removed 

Adhesion 

Common Portland 
cement C20 

S1 4b 2.2 <5% 

S2 4b 2.4 <5% 

Cement boards 
S1 4b 3.2 <5% 

S2 4b 3.6 <5% 

Common mortar 
S1 4b 2.2 <5% 

S2 4b 2.4 <5% 

Lightweight 
concrete 

S1 4b 3.1 <5% 

S2 4b 3.1 <5% 

Elastoemer 
membrane 

S1 4b 4.3 <5% 

S2 4b 4.2 <5% 

Common steel 
grade S235 

S1 4b 3.4 <5% 

S2 4b 3.3 <5% 

Plaster board S1 4b 2.7 <5% 

S2 4b 2.6 <5% 

 
Table 37. Adhesion test results. 

 
 
The adhesion capability for all samples was within manufacturer’s standard, as the percentage area 
removed < 5% and is classified as CAT 4b 
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Thermal behavior      

The thermal properties and solar reflectance for the coated substrates were measured again, in order to 
examine their improvement in comparison to the non-coated substrates. To the “uncoated samples” a 
layer of white Kraft primer has been applied to maintain    

The thermal properties were measured as per description in par. 3.6.3.1.7 Thermal behavior and their 
results presented at Table 38 and Fig.87a and 87b  

 

Sample 
Mean 

temperature 
(°C) 

ΔΤ(°C) 
Thickness 

(cm) 

Thermal 
conductivit
y k (W/mK) 

R-value 
(Km2/W) 

Portland cement 
C20 

10.14 10.4 2,65 0,258 0,102713 

Cement boards 10.41 10.1 2,08 0,177 0,117514 

Common mortar 10.37 10.3 2,57 1,513 0,016986 

Lightweight 
concrete 

10.07 10.4 2,81 0,234 0,120085 

Common steel 
grade S235 

10.29 10.1 2,48 44,761 0,000554 

Plaster board 10.37 10.2 1,97 0,184 0,107065 

Elastomer 
membrane 

10.31 10.5 1,61 0,153 0,105229 

 

 
Table 38  Thermal conductivity and R values for uncoated and coated samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 87a & 87b. Thermal conductivity and R values for uncoated and coated samples 
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The following figures 88a, 88b, 88c, 88d, 88e, 88f, 88h  are indicating the temperature variations 
between uncoated and coated substrates, while Fig. 89 compares the maximum temperatures occurred 
per substrate and Fig. 90 indicates the ΔΤ observed of the substrates under the IR-lamp test. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 88a, 88b, 88c, 88d, 88e, 88f, 88g & 88h. Thermal behavior of uncoated and coated samples under the IR-
lamp test  
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Fig. 89. Maximum temperatures of uncoated and coated samples under the IR-lamp test  

 

 

 

 

Fig. 90. Δt uncoated and coated samples under the IR-lamp test  

 

From the above diagrams and tables it is concluded that the application of the coating on the different 
substrates leads to a significant decrease of the measured temperature on the back side of the sample 
on average of 11,33%, while the best performance has been recorder on the lightweight concrete 
with 15,19%, followed by the steel sample at 12,44% and the worst performance was recorded on 
Portland Cement C20 with 8.48%, values which are in good argument with the data obtained by the 
Reflectance Spectra test.. 
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Reflectance behavior      

A Spectral Reflectance Measurement performed with the same equipment and method as described in 
par. 3.6.3.1.8 Reflectance behavior for the 7 coated samples in order to calculate the total solar 
reflectance (TSR), as well as the reflectance in the UV, Visible and NIR range, according to ASTM 
G173.  

The obtained results including color co-ordinates for each sample are presented to Table 39 and Fig. 
91:   

 
Reflectance (ASTM G173) 

Colour coordinates 

L*a*b* system. 
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Portland cement C20 89,97 90,71 14,82 87,13 98,06 -0,16 1,22 

Cement boards 92,34 93,09 14,38 89,41 98,02 -0,16 1,23 

Mortar 90,69 91,54 14,51 87,74 98,05 -0,15 1,2 

Lightweight concrete 91,61 92,3 14,65 88,68 98,07 -0,16 1,19 

Elastomer membrane 89,12 89,97 14,58 86,22 98,04 -0,15 1,23 

Steel grade S235 93,98 94,76 14,54 90,93 98,03 -0,17 1,24 

Plaster board 93,1 93,88 14,63 90,25 98,07 -0,16 1,23 

Table 39.Reflectance properties and color co-ordinates for the coated samples  

 
 

 

Fig 91 Reflectance diagram for the coated samples   
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NOTE; Prior any coating application on substrates, their surfaces had  been thoroughly grinded with aid 
of a mechanical grinder and use of sandpaper 600 grade to smooth their surface and reduce deflective 
phenomena due might occur by surface’s roughness. 

From the above table but mostly from the diagram is clear that reflectance properties of the coated 
substrates as almost the same for each substrate with minor variations. The off-set pattern of the 
curves indicates that the behavior of the coating is very similar to each substrate and minor alternations 
existing is a consequence either of measurement fluctuations but most possibly of surface roughness 
variations during paint application at the substrate which is in good argument with SEM images of the 
coated substrates.    

 

 
Anti-mold / Antibacterial behavior  

In order to determine the anti-molding properties of te substrates the seven (7) samples tested with the 
same procedure as described in par. 3.6.6.1 Anti-molding / antibacterial – Synthesis for both anti-
molding and antibacterial properties: 

Table 40 and Fig.92 are indicating the values of the above tests, recording no anti-molding properties 
on the surface of the samples and the substrates can be categorized as CAT 5 surfaces.  .   

 

 1st week 2nd week 3rd week 4th week 

 Portlant cement 5,99 8,74 16,8 34,7 

Cement boards 6,23 9,13 17,2 35,2 

Mortar 7,71 10,12 19,6 33,9 

Lightweight concrete 6,77 10,25 17,6 34,2 

Steel grade S235 7,14 10,27 19,1 35,1 

Plaster board 8,01 10,45 19,4 34,7 

Elastomer membrane 8,01 10,89 18,7 35,8 

 

Table 40 & Fig 92 Anti-molding activity on uncoated samples   
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Similarly, the growth of  different populations of bacteria and fungus utilizing the same testing method 
as per par. 3.6.6.1 Anti-molding / antibacterial – Synthesis indicating that the substrates are not 
providing any antibacterial protection. (Table 41 and Fig. 93). 
  
 
 

 
Staphylococcus 

aureus 
Escherich

ia coli 
Candida 
Albicans 

Aspergillus 
brasiliensis 

Portlant cement 0,54 0,21 0,59 0,61 

Cement boards 0,42 0,28 0,48 0,56 

Mortar 0,37 0,22 0,71 0,37 

Lightweight concrete 0,47 0,38 0,57 0,42 

Steel grade S235 0,31 0,37 0,65 0,51 

Plaster board 0,39 0,42 0,73 0,67 

Elastomer membrane 0,28 0,31 0,48 0,59 

 

 

 

 

Table 41 & Fig 93 Antibacterial activity on uncoated samples   

 

 

The above results of anti-mold and antibacterial properties of the seven different non-coated substrates 
were compared with the properties of the substrates coated with the multifunctional coating where is 
obvious that coated substrates maintain their anti-molding properties as they can be categorized as 
CAT 2 substrates (coated) and also their antibacterial activity exceeds log >2.00 indicating that high 
antibacterial protection. 

Tables 42, 43 and Fig. 94 and 95 are presenting the values obtained by both tests. 
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 1st week 2nd week 3rd week 4th week 

Portlant cement 0,51 0,74 0,82 0,89 

Cement boards 0,49 0,68 0,84 0,87 

Mortar 0,55 0,69 0,87 0,92 

Lightweight concrete 0,65 0,81 0,89 0,96 

Steel grade S235 0,57 0,72 0,88 0,95 

Plaster board 0,61 0,77 0,89 0,96 

Elastomer membrane 0,71 0,84 0,92 0,98 

 

 

 

Table 42 & Fig 94 Anti-molding  activity on coated samples   

 

 

 
Staphylococcus 

aureus 
Escherich

ia coli 
Candida 
Albicans 

Aspergillus 
brasiliensis 

Portlant cement 3,12 3,51 3,41 3,77 

Cement boards 2,98 3,33 3,27 3,58 

Mortar 3,22 3,84 3,68 3,94 

Lightweight concrete 2,84 3,21 3,07 3,41 

Steel grade S235 3,11 3,42 3,54 3,84 

Plaster board 3,07 3,36 3,98 4,01 

Elastomer membrane 2,94 3,51 3,42 3,34 
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Table 43 & Fig 95  Antibacterial activity on coated samples   
 
 
 
 
Drop shape analysis test      

The DSA was measured using a DSA30 KrussDrop Shape Analyzer.  

This test is used for analyzing wetting and adhesion on solid surfaces. Small contact angels (<< 90°) 
correspond to high wettability, while large contact angles (>> 90°) correspond to low wettability. 

A drop is metered onto a solid sample (sessile drop) or is located at the tip of a needle (pendant drop). 
An image of the drop is recorded with the help of a camera and transferred to the drop shape analysis 
software.  

A contour recognition is initially carried out based on a grey-scale analysis of the image. In the second 
step, a geometrical model describing the drop shape is fitted to the contour. The contact angle is given 
by the angle between the calculated drop shape function and the sample surface, the projection of 
which in the drop image is referred to as the reference. 

The method is used for the calculation of the results is the Circle method according  ISO 15989. 

In the following table 44 wetting values are presented: 
 

 

Property Substrate Reference S1 S2 

Water contact 
angle (º) 

Portland cement C20 38.51 32.51 31.57 

Cement boards 44.12 33.13 35.79 

Mortar 37.21 31.12 32.87 

Lightweight concrete 43.55 31.50 31.35 

Steel grade S235 107.21 32.12 30.93 

Plaster board 36.58 32.23 30.31 

Elastomer membrane 112.31 31.12 31.08 

Table 44. Water contact angle on coated  substrates. 

http://www.kruss.de/services/education-theory/glossary/baseline/
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From the results obtained by both samples S1 and S2 for all the coated substrates tested is concluded 
that the coating maintains its hydrophilicity, a property highly interlinked with the self-cleaning behavior 
of the coating.   

 

 

Organic pollutants test  

The seven coated samples were tested for their ability to disintegrate the organic pollutants on their 
surface and have been tested for the specific property as per testing methodology described in par. 
3.6.10.2.4  Intergation of the multi-functional formulation in a commercial paint – Self-cleaning behavior 
– Organic pollutants test.    

Table 45 indicates the obtained values, where samples found to be active in photocatalytic degradation 
of nicotine and as a conclusion to the most organic pollutants.    
 

 Nicotine (mg) VNicotine (μl) 
Degradation (%)  

S1 

Degradation (%) 

S2 

 Portland cement C20 5 5 31.4 31.4 

Cement boards 5 5 32.6 31.9 

Mortar 5 5 30.7 31.2 

Lightweight concrete 5 5 31.2 30.8 

Steel grade S235 5 5 30.4 30.7 

Plaster board 5 5 31.5 31.8 

Elastomer membrane 5 5 30.8 30.4 

Table 45. Water contact angle on coated  substrates. 

 

 

3.6.11.3  Conclusions 

 Seven different substrates based on the demo sites needs and demands have been tested in 
order to determine if the multi-functional coating maintains its properties when its is applied on 
them.  

The samples created have been tested for their: 

a) Visual properties, 

b) Porosity, 

c) Water absorption, 

d) Water vapor permeability 

e) Coating hardeness 

f) Coating adhesion 
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g) Thermal behavior 

h) Anti-mold / antibacterial behavior 

i) Self-cleaning properties  

While as expected on “untreated surface” the properties on demand were not existing when the 
coating applied the following characters were improved: 

 Reduction of porous in the total area of the samples, which in case of cement reaches 23.05%, 
in lightweight concrete 22.72% while in elastomer membrane appears to be only 0.36% 
which is the lowest value recorded.    

 Water absorption behavior improvement up to 81,82% (Portland cement), while the cement 
boards are proving the worst improvement which reaches 33.33%.   

 High grade of improvement in water vapor permeability where values indicating vapor water 
transmission well below 20%. 

 High Shore D hardness, with values above 60, which considers to be industry’s standard. 

 The adhesion capability for all samples was within manufacturer’s standard, as the percentage 
area removed < 5% and is classified as CAT 4b.  

 Significant decrease of the measured temperature on the back side of the sample on average 
of 11,33%, while the best performance has been recorder on the lightweight concrete with 
15,19%, followed by the steel sample at 12,44% and the worst performance was recorded on 
concrete with 8.48%, 

 High reflectance value which reaches 93,98% in case of steel sample to 89.12% as recorded 
for the elastomer membrane. This values are very close and similar (though as expected slightly 
lower) with the values obtained on a white hiding chart.  

 Coated substrates maintain their anti-molding properties as they can be categorized as CAT 2 
substrates (coatings) and also their antibacterial activity exceeds log >2.00 indicating that high 
antibacterial protection. 

 Coating maintains its hydrophilicity as recorder at DSA test 

 Samples found to be active in photocatalytic degradation of nicotine and as a conclusion to the 
most organic pollutants. 
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3.6.12  Proof of concept 

3.6.12.1  Theoretical – Mathematical Model  

An elementary model has been developed which gives the steady state wall temperature and the 
required heat removal to maintain a given room temperature when the outside weather conditions are 
known. This model helps to determine the coating heating / cooling effect on the building system and 
eventually within the room.  

According to the model the heat balance for the system is: 

  , 

where  

α: solar absorptivity of the wall surface 

 : mean solar heat input, (J/s m2) 

: outside convective heat transfer conductance for the 

wall, (J/s m2) oC  

: outside radiative heat transfer conductance for the wall, 
(J/s m2) oC 

 : irradiated wall temperature, oC 

: invariant outside ambient air temperature, oC 

: invariant interior air temperature of building, oC 

: thermal resistance of the wall structure, hr m2 oC/J 

: interior air resistance, hr m2 oC/J 

 

The air conditioning load is given from the equation: 

 , 

where 

 : the heat that must be removed by the air conditioning in order to maintain a constant interior 

air temperature, J/s 

 : the wall heat transfer area 

 

The experimental system 

The initial modeling tasks were the following: 

One task dealt with comparative outer wall panel surface temperature and corresponding heat flux 
measurements for the solar irradiated panels painted with the new coating paint as well as with ordinary 
paint.  

A second task involved determining the additional panel thermal resistances that would have to be 
added to insulated wall systems painted with ordinary paint to yield the low thermal heat fluxes through 
a building wall when using the new coating on the outer surface. The last task that was requested 

Fig. 96. Model’s testing equipment & layout  
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involved defining a mathematical thermal wall model so that the equations can be used to calculate wall 
thermal performance characteristics when system parameter changes occur.  

A wall panel having an R value somewhat typical of a building wall, namely R = 12 s m2 oC/ J, was 
instrumented with surface thermocouples, as well as a large, thin calibrated heat flux transducer. The 
vertical test panel front surface faced a battery of sun lamps that provided the simulated solar 
irradiation. The heat flux transducer was located in the middle of the vertical panel. Heat absorbed on 
the front surface of the panel was lost by: 

1.  conduction through the panel into the air behind it  
2.  infrared radiation and natural air convection from the front surface of the panel. 

 
PANEL CONFIGURATION 

 

The test procedure 

From the hot and cold panel surface temperatures, the front and back ambient air temperatures and the 
heat flow transducer heat flux measurements, the system R values were determined.  

One set of measurements was made for the new multifunctional paint and the other set for Kraft Eco 
paint. 

From the two sets of data, one can obtain the energy savings and the additional thermal resistance that 
would have to be added to the panel with ordinary paint to get the reduced heat flux attained by the 
panel with the new multifunctional paint. 

 

Results 

= 27.9 oC 
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= 25.9 oC 

=  71.8 oC 

 = 3.56 J/s m2 

 = 90.34 J /s m2 

α = 0.19 (previously measured) 

  = 12.0  s m2 oC/J 

 = 1.0 s m2 oC/J 

= 26.7 oC 

= 25.8 oC 

=  91.8 oC 

 = 5.04 J/s m2 

 = 90.92 J/s m2 

α = 0.3 (previously measured) 

  = 12.0  s m2 oC/J 

 = 1.0 s m2 oC/J 

When substituting   ,  ,  ,  to the equation one obtains  

= 3.53 J/s m2, which is in good agreement with the measured value of 3.56 

J/s m2 

3.6.12.2  Economic Feasibility 

The production process  

The process of production and application for a multifunctional coating made by a commercial paint with 
the addition of a nanoparticle matrix, which gives enhanced properties, has been thoroughly explained 
in the previous chapters of this report and can be briefly summarized in the following flow chart (Fig.97). 
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Fig  97. Production process of multifunctional coating. 

 

NOTE: The flow chart indicates an in-vitro production where automations in the production line are limited and 
there is not involved any other industrial or semi-industrial process which can speed-up the production process 
e.g. supply of nanoparticles in the desired granularities therefore production time and cost is reduced or a more 
sophisticated logistics procedure etc.    

 

Production cost  

The production cost will be calculated for a coating with IR-reflective, anti-mold, anti-bacterial and self-
cleaning properties. The production process is the one mentioned above and the prices are for an in-
vitro process (non-industrial) with a scale of 100 litters/day production of final product. 
 

Assumptions: 

 All raw materials cost is calculated at prices valid on the 15.09.2015 

 Electricity cost is calculated at 0.121 € kWh (varying through EU) 

 Personnel cost is calculated at 42,50 € per hour  (varying through EU)  

 VAT has not been calculated 

 Any commercial profits have not been calculated, therefore this estimation is considered to be 
NET PRODUCTION COST 

 

Production Step Description Cost per litter 

Base Paint Acrylic base paint supply 1.75 € 

Nanoparticle raw materials 

ITO 2.98 € 

Ag 1.54 € 

TiO2 0.70 €  
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Carrier matrix raw materials Cellulose, Grade 3 water, etc.  0.42 € 

Additives  Thinners, additives, dyes, etc. 0.49 € 

Packaging – Logistics Cans, packaging, storage etc. 0.88 € 

Energy Total energy consumption 0.45 € 

Labor cost Total labor cost 3.25 € 

Unpredictable costs Losses, waste, unpredictable, etc.  0.80 € 

TOTAL COST 13.16 € per liter paint  

 

The estimated cost of production for a coating with those characteristics is 13.16€ per liter for a pilot 
scale production of 100 litters/day.  

After a scale up to an industrial production, experience has shown that the production cost could be 
reduced at the worst case scenario by at least  20% for those kind of industries.  

As a result for an industrial scale production the final cost for this coating could be: 

13.16 € - 20% = 10.53 € per liter or  

105.30€ per 10 liters, in industrialized scale. 

Though, profits should be added on the above cost which will be determined by the market 
exploitation and the competitive products (if any). 
 
 
Marketability of multifunctional coating 

In order to investigate the marketability potential of multifunctional coating, a research on market and 
competitive products was conducted via internet. 

From that research was found that currently, there are no products in the market having more than one 
or two properties simultaneously, but there is a wide range of products with separate reflective, 
absorbing, self-cleaning, anti-mold and some other properties such as antistatic, anti-corrosive etc.  

The retail price of these products varies from 80.00€ to 300.00€ per 10 liters and especially “cool” 
paints are priced from 150.00€ to 250.00€ per 10 liters in the European market  

A more global approach indicate retail prices from Asian producers ranging from $ 6.00 per liter to $ 
80.00 for a single or two properties incorporated in the paint and “cool” paints from $ 120.00 to $ 180.00 
per 10 liters.  

The America’s market is very similar to the European approximately to the same retail cost  more or 
less (± 10%) but in both cases (Asian and Americas market) should be considered as additional cost 
the increased transportation cost and in case of Asian imports the product’s taxation which in many 
cases can rise up  to 35% (taxes and importation VAT).  

In conclusion, it is evident that this multifunctional coating can be competitive (even when VAT and 
profits from the production and distribution chain will be added on the top of the net production value, 
e.g. producer’s profit, transportation and retailer’s profits) with only one condition:  

To maintain all its properties as for the time being there is not a competitive product in the 
market and can exploit its uniqueness providing a margin to be retail priced in a similar price to 
the products providing only one or two surface  properties.  
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3.6.12.3  Catania case study - Profitability 

TRNSYS Model 

The Catania case was investigated in order to identify the efficiently of a multi-functional coating. For 
the positive impact of the reflectivity of the coating, to the energy demand of the building, the TRNSYS 
model developed within Task 4.1 by EURAC was used.  

The solar spectral data resulting from test done by AMS on three high reflectivity coatings with different 
recipes, were provided to EURAC and were implemented to TRNSYS model. The physical model of 
TRNSYS software 118 computes solar wall gains using the Equation 1.  
 

 
Equation 1 

 
 

where 

 

  = solar absorptance coefficient 

    = solar reflectance coefficient 

  = beam radiation incident on the wall surface 

 = sky diffuse radiation incident on the wall surface 

 = ground reflected diffuse radiation incident on the wall surface 

  = fraction of the surface irradiated by beam radiation 

  = surface view factor to sky 

  = surface view factor to ground 

Therefore, solar reflectance of surfaces is assumed to be constant during daylight at every angle of 
incidence of beam solar radiation. 

The ASTM G-173 reference spectra for solar distribution has been generated by SMARTS2 (Simple 
Model of the Atmospheric Radiative Transfer of Sunshine rev.2) 119. SMARTSS2 is a Fortran-based 
spectral model that calculates clear sky beam normal, diffuse, and global irradiance on a terrestrial 
surface. It creates a spectral distribution of the near ultraviolet (280-380 nm), visible (380-780 nm), and 
near infrared bands (780-4000 nm) at user-defined wavelength intervals. 

 

                                                        
118 [1] TRNSYS 17 – Multizone Building modeling with Type56 and TRNBuild, software documentation 
119 Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) developed by Dr. Christian Gueymard, 
http://www.nrel.gov/rredc/smarts/about.html 

 Equation 2 
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Fig 98 : Solar spectral data and solar reflectance of three coatings with different recipes. 

The solar distribution spectra is assumed to be constant over the whole simulation period. Based on 
this data solar reflectance can be calculated as in Equation 3. 

 

Equation 4 

Where the limits of integration represent the full wavelength range of the solar radiation and P is the 
spectral irradiance. 

 

In practice the integral can be approximated by discrete summation as in Equation 5. 

 

Equation 5 

 

Therefore the solar absorptance coefficient can be calculated as in Equation 6. 

 

Equation 6 

 

 Batch 305/2 Batch 305/8 Batch 305/9 

Solar reflectance (ρ) 0.85 0.78 0.79 

Solar absorptance (α) 0.15 0.22 0.21 

Table 46. Calculated value of solar reflectance and solar absorptance for the tested coatings. 

This model considers the surface with a constant solar reflectance, independent from the angle of 
incidence of solar radiation. A more detailed modelling method which links solar reflectance coefficient 
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values to the incident angle of direct solar radiation could be implemented if spectral reflectance data 
measured at different incidence angle of light beam at the surface would be available. 

A recent study conducted by Carnielo E.120 et al. compared the constant reflectance method with the 
incidence angle dependent reflectance using Trnsys simulations. During the summer, up to 8% less 
thermal fluxes from outside towards inside the building are predicted by the incident angle dependent 
solar reflectance method compared to the constant reflectance method. During the winter, the incidence 
angle dependent solar reflectance method predicted up to 4% more heat losses. 

 

 
Reference zone of EURAC TRNSYS model  

As reference zone, the office zone of the Katane’ shopping mall located at roof level (Fig. 99) was used. 
The zone is 62 m x 15 m wide. Among the total area of 930 m², 60% is occupied by IperCoop offices, 
25% is where changing rooms are allocated and 15% is for technical rooms.  

All the walls are exposed to outdoor weather conditions. The floor has adiabatic conditions. The effect 
of coatings applied on part of the roof covering offices and changing rooms (ca 716 m²), highlighted in 
red in Fig. 100 and Fig. 101 were modeled.  

Tables 46, 47 and 48 reporting the construction settings of the model.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 99. Satellite view of the Katane’ shopping mall roof in Catania (Italy). The area highlighted in red is the office 
zone used as reference zone. Source: Google map 

 

 

                                                        
120 Carnielo E., Zinzi M., Fanchiotti A., On the solar reflectance angular dependence of opaque construction materials 
and impact on the energy balance of building components, Energy Procedia 48 ( 2014 ) 1244 – 1253 
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Fig 100. South-west view of the reference zone in the 
SketchUp model. 

Fig 101. South-east view of the reference zone in 
the SketchUp model. 

 

The internal and external solar absorptance of the external envelope is set to 0.6, except for the roof 
part where the coating is applied. In this case the solar absorptance was set on the external side with 
the values reported in Table 46.  

The longwave emission coefficient is set in every case and on both wall sides to 0.9. 

Scheduled working were considered (h9:00-13:00 and h14:00-18:00).  

Also the following internal gains: 

 0.2 pers/m² in the office and changing room area 

 Lighting power of 10 W/m² in the office area 

 Plug loads power of 6 W/m² in the office area 

Infiltration rates are set to 0.5 1/h as constant. Moreover a heating and cooling system was set, with 
unlimited power that always assures an indoor temperature between 20°C (heating setpoint) and 26°C 
(cooling setpoint). 

 

Layer Material    
 

 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Inside superficial resistance - - - - 0.130 

1 Prefabricated concrete 0.05 1.50 1400 1 0.033 

2 Concrete slab 0.05 2.6 1400 1 0.0192 

3 Primer 0.0005 0.6 - - 0.0008 

4 Vapor barrier 0.003 0.2 - - 0.015 

5 PIR 0.05 0.028 50 0.84 1.7857 

6 Bituminous cold adhesive 0.001 0.6 - - 0.0017 

7 Bitumen waterproofing membrane 0.004 0.2 - - 0.02 

- Outside superficial resistance - - - - 0.040 

 
Total 0.1585 

   
2.045 

     
 

U-value [W/(m2K)] 0.489 

Table 47. Roof construction 
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Layer Material    
 

 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Inside superficial resistance - - - - 0.130 

1 Prefabricated concrete 0.05 1.50 1400 1 0.033 

2 Concrete slab 0.05 2.6 1400 1 0.0192 

3 Primer 0.0005 0.6   - - 0.0008 

4 Vapor barrier 0.003 0.2 - - 0.015 

5 PIR 0.05 0.028 50 0.84 1.7857 

6 Bituminous cold adhesive 0.001 0.6 - - 0.0017 

7 Bitumen waterproofing membrane 0.004 0.2 - - 0.02 

8 AMS coating 0.008 0.115 - - 0.070 

- Outside superficial resistance - - - - 0.040 

 
Total 0.1665 

   
2.115 

     
 

U-value [W/(m2K)] 0.473 

Table 48. Roof construction with coating. 

 
 

Layer Material    
 

 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Inside superficial resistance - - - - 0.130 

1 Bricks 0.30 0.81 1800 1 0.37 

2 Insulation 0.05 0.20 600 1 0.25 

3 Coating     3.66 

- Outside superficial resistance - - - - 0.040 

 
Total 0.35 

   
4.45 

     
 

U-value [W/(m2K)] 0.225 

Table 49. Wall with coating construction. 
 
 
The simulation is run over the whole year with the weather file of Catania. 

 

 
Results 

The graphs in Fig. 102, 103, and 104 and Table 50 reporting the  simulation results for the reference 
case and the case with the tested coatings. 

According to these model results, the application of a high reflective coating on the roof of the Katane’ 
shopping mall located in Catania can potentially reduce the cooling demand by circa 20% as shown in 
Fig. 102. Heating demand increases by circa 10% instead. 
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Fig 102. Heating and cooling energy demand of the reference case compared to the cases where the paintings 
are applied on the roof. 

 

 
Heating kWh/m²-y Cooling kWh/m²-y 

Reference case 23.85 27.98 

Sample 1 26.98 21.71 

Sample 2 26.42 22.65 

Sample 3 26.50 22.51 

 
Table 50. Model results. 

 

 

Comparing the surface temperatures (see graph in Fig. 103) it can be noticed that the reflecting 
coatings effect might reduce maximum surface temperatures from 50°C down to 30°C. On lower 
surface temperatures, the coating effect is less noticeable. 

The graph in Fig. 104 shows that there is a linear dependency between the total incident solar radiation 
on the surface and the absorbed solar radiation by the surface. The slope of the straight line is 
proportional to the solar absorptance coefficient. 

 

 

Sample 1 Sample 2 Sample 3 Ref 
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Fig 103. Surface temperatures compared to total incident radiation on the surface over the whole simulation 

period. Each point represents an hourly simulation results. 

 

 
Fig 104. Radiation absorbed by the surface compared to total incident radiation on the surface over the whole 

simulation period. Each point represents an hourly simulation results. 

 

Reference 

Sample 1 

Sample 2 

Sample 3 

Reference 

Sample 1 

Sample 2 

Sample 3 
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Costs variation thanks to the coating 

To calculate the annual profit from the IR-reflective property of a multifunctional coating for the 930 m2 
of Catania case it was assumed that for heating and cooling purposes the COP of the system was 1.7 
while the price per kWh in Italy is 0.188€121.  

As a result the annual heating consumption is: 

 Consumption = Total area * Energy demand / COP and the cost: 

 Cost = Consumption * Price  

 

In table 51 the results for sample 1 are shown.  

 

 

 

Heating 
kWh/m²-y 

Heating 
Consumption 

kWhe/y 

Heating 
cost € 

Cooling 
kWh/m²-y 

Cooling 
Consumption 

kWhe/y 

Cooling 
cost € 

Reference 
case 

23.85 13047 2414 € 27.98 15308 2832 € 

Sample 1 26.98 14759 2730 € 21.71 11876 2197 € 

Annual Gain  -1712 -316 €  3432 635 € 

Table 51: Annual gain from coating application 

 

 

The total annual gain from the IR-reflective property of the coating, for a total area of 930 m2 in Catania 
is calculated : 635 €- 316 € = 319 € 

 

 

3.6.12.4  Conclusions  

 The theoretical model developed based on the IR-lamps testing methodology, not only helps to 
determine the coating heating / cooling effect on the building system, but also to estimate the 
heating / cooling demand within the room, therefore the coating effect on walls or roof of the 
building can be easily quantified even by a non-professional.  

 The production cost of the multi-functional coating considers to be low even on lab-scale 
production, as its Net Production Cost (without the addition of taxes and profits) is estimated at 
13,16€ / liter. 

 Market analysis indicated a range of products within the range of 80.00€ to 250.00€ per 10 liters 
but they could not be considered as “real competitors” of the multifunctional coating as their 
properties as limited to one or two while multi-functional coating possesses four (4) different 
surface properties. . 

                                                        
121 http://www.statista.com/statistics/263492/electricity-prices-in-selected-countries/ 
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 A model until the real coating installation has been developed to prove the coatings energy 
savings for the Catania demo case.  

 Summarizing, the 930 m2 of Catania demo need 160 liters of paint, for a two layers application, 
according to the average coverage of paints. This could cost about 1700.00€ with the project’s 
multifunctional coating and 900.00 € with a conventional paint.  

The extra cost for the application of the multifunctional coating would be 800.00€ and with an 
annual gain of 319.00€, the investment will be returned in less than three years, while the 
expected timelife that coating is expected to keep it’s charcteristics is 15 years.   In addition the 
return of investment time for the initial cost of 1700€  is approximately five years and four 
months.  

Finally, it must be pointed that this model calculates the gain only from one property of the 
multifunctional coating (IR-Reflectivity). The rest properties that the coating has simultaneously, 
cannot be quantified and numerically calculate the annual profit from them. Although, it is 
evident that there would be some profit also from the self-cleaning ant the anti-mold properties, 
as they reduce the maintenance cost.  
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Figure 105 Balance phenomena: energy and 

continuity. 

Figure 106. Porous layer for façade and 
different functionalities. 

3.6.13  Cooperation between solar reflective pain and plants122 

3.6.13.1 l Side functionality of façade – porosity, painting and green vegetation 

The shopping mall building is the very special kind of 

public building. Its functionality or architectural program 

leaves the remarkable façade area, which is blind – i.e. it is 

bare wall without windows. That area perfectly suits, when 

one wants to integrate the greenery with building. The 

façade use to be designed as a sandwich structure. When 

porous structure is placed on the outer side, it may be 

express different functionalities. At least three of them are 

remarkable:  

 Mass transport (ex. Water or water + nano-

components); 

 Heat transmission;  

 Acoustic insulation. 

That could be combined with certain painting, which may add some other functionalities as protection 

against corrosion, antifungal functionality, hydrophobicity etc. Following the conceptual analysis of two 

different functionalities related with greenery on the shopping mall will be presented:  the availability to 

use porosity and hydrophobicity/hydrophilicity for green vegetation placed on the wall and impact of 

reflective painting onto energy balance impact originated from green wall – the one recommended in the 

deliverable 3.5. 

3.6.13.2 Watering & feeding 

There is plenty of solutions123 to integrate vegetation onto walls. Most of them has disadvantages in the 

fields of: 

 Rooting space- requires some space in which plants may develop rooting system. It is mostly 

connected in searching a BAA124 in a ground level next to the wall (that may be problematic 

when the area is densely build) or developing potting system that may cause loading and 

maintenance problems. 

 Watering and feeding- whenever vegetation is not rooted in a ground, watering system must be 

installed. Artificial watering systems cause 

maintenance efforts and it generate additional 

costs. 

The microporous wall could be a good solution when 

considered as a driver for vegetation fixed directly on 

the wall. The combination of pores geometry, structure 

and material properties allow to control up to certain 

extend the watering with capillarity phenomena. The engineering task here is to predict the extends of 

water penetration as a function of pores geometry and material hydrophobicity.  

                                                        
122 Cooperation Between AMS-CMS. Authors from CMS, Armen Jaworski, Łukasz Kozioł, Tomasz Niewczas, Krzysztof 
Grabowiecki 
123 see D.3.5., section 3.3. Vegetated wall, CMS 
124 see D.3.5., section 3.1. Vegetated surrounding, CMS 
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The simple engineering solutions could be a  usage of a bubble-structured concrete porous material as a 

plant growing substratum. 

 
Figure107. Porous material, vegetated wall scheme: 1) vegetation layer rooted directly into 2) porous concrete 

layer, 3) structural wall 

The advantages of the system is elimination of any supporting structures- wires, nets etc and elimination 

of any mechanical watering and feeding systems. 

The water and/or fertilizers needed for a vegetation growth is being delivered using natural gravitation 

methods. Moreover, water is also distributed using capillarity effects. It can be said that the porous layer 

act as a distracted retention tank. 

Among disadvantages it must be distinguished that: 

 Highly alkaline environment, connected with concrete presence is not the appreciated  by plants 

and the spectrum of potential vegetation suitable for implementation is limited; some 

improvement could be done with porous material coating with dedicated agent; 

 Highly moist environment is favourable for fungi and mold development with unknown impact 

onto structural walls – possible corrosion effects; 

 Because of frost effects onto water stored inside the porous wall and related wall corrosion, the 

solution is mostly dedicated to ‘hot’ climates. 

The main condition to obtain the feeding function is proper exploitation of hydrophobicity phenomena. 

Similarly to plants physiology, the feeding system may use capillary effect. It will force the water 

together with its compounds to travel against the gravity force. For constant pore diameter this can be 

easily estimated using the equilibrium condition between the capillary force and gravity Figure 108. 
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Figure 108. Capillary effects in porous material. 

The surface tension force counteracts the pressure force. From Figure  it is easy to derive the relation: 

ps FF  )cos(  

     12

2cos2 pprr         

for a single tube: )cos(
2

)( 12 



r

ppgh   

where: 
Θ  – Contact angle 
σ  – Surface tension 
ρ  – Density of water 
g  – Gravity 
h  – Height  
r  – pore diameter 
 

In the case, when the pore diameter is not uniform, estimation of the capillary effect may be more 

complex, and it may demand for dedicated modelling.  

As one may observe, the contact angle and surface tension play a key role, when one have to estimate 

the force and direction of the capillary effect. The interesting possibility is to control the spatial travel of 

the water by defining a special pattern of porous material with various contact angles. For example if the 

feeding system is supposed to work only in the certain part of the façade, the active region can be field 

with hydrophilic porous material (Θ < 90°C) – see Figure 109. Different patterning of the hydrophilicity 

and hydrophobicity of porous material can result in different functionalities of the system – ex 

predefined dislocation of plant on the façade and minimum maintenance (plant will not develop on the 

substrate out of water and feeding material. 

 

Figure109. Patterning the hydrophilicity (blue) and hydrophobicity (red) of porous material for designing the plant 
feeding system: a) Plant is feeding mainly from the rain, the hydrophobic material (red) prevents water from going 

to the ground – suitable for higher plant location, b) Porous material is feeding the plant from the ground, 
hydrophobic material (red) prevents water from going too high, c) material pattern feeds the plant but prevents 

water from moving to the plant surroundings. 

Nevertheless, even promising, that part of research was terminated as the main guideline of research was 

redirected onto green wall solution where climbing plant on the supporting wiring was investigated for 

its energy impact onto shopping mall building.  
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3.6.13.3  Heat transport through coating and green facade 

Primary the plant burning effect was recognized as a possible disastar for climbing plants on the parking 

sheds – see D3.5 – Appendix 4.1 – Fig A1.3 and Appendix A4.2. The investigation on vegetation 

constrains opened the issue of plant burn originated from supporting structure. 

 

The most feasible material for sheds structure are modules build on concrete (sides, pillars)  and steel 

(wiring, nets). That is also the case of regular anchorage systems as recommended in D3.5 – Section 3. 

Both materials: concrete and steel – they have high absorption of short waves radiation originated from 

sun. That causes overheating of those structures. As a result, the temperature of metal elements may 

reach above 70C. 

 

That is particularly painful, when hot climate zones are considered.   

Mediterranean North Mediterranean Mountains Mediterranean South 

 
 

  

      
Figure 110. Hot environmental zones of Europe (Metzger at.al., 2005) 

  

When metal elements are used as trellises – supporting structures for climbing plants or vines - plants 

(their tendrils and leaves) may be an object of burns. 

 

Even though detailed scientific data on the topic is hard to find, the problem is known for people 

working with plants:  

1. Metal trellises may become too hot in sun, burning vining plants 

(http://www.gardenguides.com/100964-information-garden-trellises.html) 

2. (...)metal fencing can get too hot for some plants. Mostly for plants that it's too hot for us to grow 

anyway. My peas in past years could fry parts of the vines that touched the wire concrete 

reinforcing mesh, causing the vine above it to die(...) 

(http://www.helpfulgardener.com/forum/viewtopic.php?t=24751) 

3. Metal conducts heat. As a result, a metal trellises can become very hot on summer days or when 

the sun is shining directly down on them. Tender plants can suffer as a result of the heat that 

radiates from the metal as it becomes overly hot. 

When possible, place your wrought iron or metal trellis in an area where it will receive shade 

during the hottest part of the day. This will prevent plants from being singed or burnt by the 

metal. 

(http://www.doityourself.com/stry/things-to-avoid-with-a-metal-trellis) 

4. From the deep south I would say yes, it would burn the tendrils of the more tender vines.  

There was a thread in Tx gardening (I think) last year where they were trying to find what was 

http://www.gardenguides.com/100964-information-garden-trellises.html
http://www.helpfulgardener.com/forum/viewtopic.php?t=24751
http://www.doityourself.com/stry/things-to-avoid-with-a-metal-trellis
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wrong with a certain vine. They experimented with a thermometer and were horrified to see how 

hot it was. 

5. (http://davesgarden.com/community/forums/t/730128/) 

 

When literature query is considered,  there is no direct explanation of burn ethology, when plants are 

considered. However, one may deduce simple explanation of case. All vegetation structures had evolved 

to use shortway radiation (SR) in the most effective way. Chlorophyll and other pigments exploit 

absorbed energy causing plant growth. When the radiation level is too high, plants still have possibilities 

to reduce the inner temperature e.g. by water evaporation during stomatal processes. The source of burns 

might be identified as insufficient mechanisms of using/ blocking LR radiation as the vegetation during 

their evolution have never been growing on metal and other such hot structures. 

 

For CommONEnergy project purposes – former case study for Genoa shopping mall retrofitting with 

greenery impact, CMS has used regular metal trellis structures as well as genuinely-developed system of 

modular sheds dedicated to Genoa’s demo case. The similar concept was recommended as supporting 

structure for green wall. Merit of such approach is that the greenery is easy to mount/dismount and it is 

not in the direct contact with the wall (protection against possibly fungi, insects etc. 

The shed system as on the Figure  bases on a steel webnet as a supporting structure for Ivy plants and it 

creates a partially-transparent roof with optimal shading values. 

 
Figure 111. Transparent vine shed, view and construction layers. 

As long as the vegetation is used for aesthetics, minor wounds, e.g. sun burns, plays minor role in overall 

vegetation condition. However in the case of CMS’s design, plants are used as a heat transport 

moderator. It demands for fast growth level and sun burns may slow-down the growth, thus the primary 

functionality may malfunction.  

 

To eliminate the possibility of vegetation sun burns, solution using solar reflective  paint CT 01 had been 

proposed – Figure 111.  

http://davesgarden.com/community/forums/t/730128/
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Figure 113. Solar radiation. 

 
Figure 112. Transparent vine shed covered with AMS’s solar reflective paint. 

Here all metal elements are painted with CT 01: both the shed frame and a web having direct contact 

with plants, with the paint resulting in structure’s temperature drop. 

 

The solution’s effectiveness has not been confirmed yet and further validation is recommended. 

 

 

3.6.13.4  Heat transport through coating and green facade 

 

The heat flow through façade is determined by solar energy, 

which is absorbed by the wall. The possible decrease of solar 

radiation absorption with dedicated painting – see Figure 108 

was investigated.  Considering the context of Genoa reference 

building, an horizontal research were initiated, where hybrid 

solution was proposed: green vegetation integration with 

painting.  

 

The guideline of deduction was simple:  

1. The absorbed  solar radiation should decrease because of certain property of painting, 

2. The reflected solar energy will illuminate the backside of  green wall canopy and it will be 

effectively absorbed by plant, 

3. The climbing plant will increase its temperature and causaly it will increase the long 

radiation XR (see D3.5) between canopy and the wall 

4. To conclude, two effects short wave absorbtion by wall and long wave absorbtion will obtain 

their maxima with different moments (time lag) determined by thermal capacity of green 

wall; that effect could be exploied for particular climate constrains. 

5. The additional stomatal effect will be gained and it will improve the microclimate with 

humidity increase as well as CO2 absorption, 

 

First one shall to consider, if leaves have the same absorptivity on both sides of leaf. When leaf 

morphology is analysed, certain functional layers of structure could be recognized – see Figure 114 
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Figure 114. The leaf structure - crossection. 

 

The conclusion is, that even the main photosynthetic function is driven by a palisade mesophyll located 

in upper leaf side, spongy mesophyll has also abilities to carry photosynthesis. That is confirmed by 

research done by W.Postl and H.R. Bolhar-Nordnekampf . – see Figure 115 

 
Figure 115. Upper and lower leaf surface CO2 uptake as a light response (The light response of CO2 gas 
exchange and internal CO2 concentration separated for the upper and lower side of a maize leaf, W.Postl and 
H.R. Bolhar-Nordnekampf, 1990) 

The research has been held for maize leaves. Analogical research for vines is unknown. Nevertheless, it 

can be assumed that leaves, in general shows an ability of carry a photosynthesiss by both sides of 

leaves. 
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Thus the new functionality may be identified for green wall. When façade beneath the plant canopy is 

painted, the energy originated from sun radiation (shortwave) is reflected back to the green canopy. The 

result is, that from the same LAI the accumulation of solar energy in the green canopy doubles. Part of 

the direct shortwave radiation (SR) will be intercepted with upper leaves sides (in a most common way- 

by a palisade mesophyl). Because of high reflexivity values of the ‘solar paint’ the solar SR is going to 

be reflexed (the one directly achieving the wall and the one transmitted through leaves) and react with 

lower leaves side spongy mesophyl causing further SR radiation interception. However one shall 

remember on the level of saturation with energy available for plant. 

 

So the result is, the additional parameter for green wall is achieved with dedicated painting 

 

 

 

 
Figure 116. The effect of double shortwave radiation mitigation by photosynthesis. 

To evaluate the proposed hybrid solution sample case study was done. The regular, high U value brick 

wall integrated with green layer was compared with the case, when the wall was painted with said CT 01 

paint. The analysis was proceeded with vegetated wall simulator – see D3.5. The input data context was 

the same as used in D3.5 – section 5.4. The climate conditions were selected for continental environment 

zone – hardiness zone 6 (Warsaw) – see Figure 116… Figure 117 or climate framework valid for both 

cases. To trace sensitivity of model against wall reflectivity, the Leaf Area Index was fixed for value 2. 

 

The results of analysis are collected on Figure 118 to Figure 123. The wall without painting was 

distinguished with red colour while the configuration with wall painted with CT01 paint was marked 

with green. As expected, the painting caused the decrease of wall temperature and the reflected energy 

increased leaves temperature. The issue being worth attention, was the increased reverse long radiation 

XR from leaves to wall. That effect is promising as a possibility for structural heating of wall obtained 

from green layer. The summary for certain characteristics is given below:  

 Following lower sun irradiation – Figure 120,  outdoor wall’s surface temperature –Figure 118– 

decreases;  

 Time when wall's surface temperature reaches maximal value is shifted about 90 minutes – 

Figure 118; 

 Reflected short radiation is absorbed partially (55%) by green layer; absorbed radiation 

increases heat accumulated in the green layer - Figure 123, thus leaves temperature increases 

Figure 119; 
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 Leaves temperature starts to be higher than wall surface temperature, and it enhances the plant-

wall radiation exchange XR; when compared with not painted bare wall; opposite direction of 

XR may be observed and the green layer heats the wall – Figure  121; 

 The effective energy for HVAC system does not vary, however it is shifted by kind -demand for 

cooling is reduced to zero, whereas demand for heating is increased.  
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         Figure 117. It for continental environment zone. 

 
  Figure 118. Tair for continental environment zone. 

 
       Figure 119. External wall’s surface temperature. 

 
                  Figure 120. Leaf temperature. 

 
Figure 121.  Shortwave solar radiation absorbed 
by the wall. 

 
Figure 122. Radiative heat exchanged between  
green layer and the wall. 

 
           Figure 123. Heat conducted through the wall. 

 
                 Figure 124.  Heat absorbed by leaves.  
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To conclude, the reflective paint, when applied onto bare wall integrated with green layer of climbing 

plants, it could decrease effective energy demand for cooling – it would be more visible in the 

Mediterranean environment zone. On the other side some “heating”  effect  of  green wall may be 

observed in the Continental environment zone.  

Nevertheless the detailed analysis for every geographical location as well as configuration of green wall 

is needed for every single case of building.  
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Conclusions  

The main goal of this research to develop a multi-functional formulation which will lead to energy 
savings has been accomplished.  

Trying to reduce its production cost, it became apparent that some of the commercial nanoparticles, are 
performing as per manufacturer’s specifications, some other not, mainly due to the granularity and size 
of them. Therefore, a wider research and a more targeted approach should be performed within the 
commercial products to determine if commercial nanoparticles could be used in such kind of 
formulations. 

Similarly some commercial products characterized a “additives” claiming thermal enhancement and 
“cool” paints, are performing well up to a certain degree and under conditional limitations.  

Though, a research among the industrial wastes or sub-products and ores might become a necessity  
for the future as low cost and effective in terms of energy savings solutions might be feasible, due to the 
certified  properties which they possess, their  low cost and availability, as well as the environmental 
impact from their exploitation.            

In technical terms, challenges such as the development of individual formulations and their integration 
to a common carrier matrix, or  nanoparticles agglomeration, flocculation and interactions among them, 
have been successfully confronted, either by exploiting and eventually improving results and know-how 
gained by previous research done, or by developing new processes driven and motivated  by literature 
reports and studies. 

But the most important achievement of this research was the development of the nanoparticles carrier 
matrix, which is probably the real innovation to the coating’s industry in general. The developed 
nanoparticles carrier matrix has two main advantages: 

 It can be used as an “additive” to all commercial acrylic paints and to some oil based paints, 
which both categories are representing the 56% of paint sales in Europe, without affecting the 
mechanical and physical properties of the final product. 

 Its unique and innovative synthesis, allows the development of various nanoparticles  
combinations, giving the option to produce “on demand” formulations with the requested 
properties adding or excluding any of the properties to the final formulation. 

Testing has proved that the new multi-functional formulation is performing better than the on market 
existing “additives’ and “cool” paints, claiming thermal behavior enhancement while maintains its anti-
molding / antibacterial, self-cleaning and VOC elimination properties when is applied to the substrate’s 
surface. This synthesis makes the new multi-functional formulation unique, as for the time being in the 
European market and possibly globally, are not not existing competitive products providing all these 
properties simultaneously.          

The production cost as it has been analyzed, is relatively low even on lab-scale production, while is 
expected further cost reduction in case of industrialized production. In any case, the final product cost 
will be within the range and possibly cheaper from some similar products, which are not performing the 
same well and do not provide the extent of functionalities as the new multi-functional formulation.    

Modelling in Catania demo case not only proved and quantified the energy savings might be obtained 
by its use, but also indicated a Return of Investment (ROI) below three years, without taking in 
consideration other saving might occur by its use e.g. in maintenance by the self-cleaning properties, or 
the VOC elimination etc.     

All the mentioned on the above conditions providing significant advantages in terms of marketing and 
sales to the new multi-functional formulation:  
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 The benefits of the multi-functional formulation as a paint “additive” are obvious and direct to the 
consumer. It provides him/her the flexibility to use it in the paint of his/hers discretion, to the 
color he/she likes, without the need of specific knowledge, conditions or high-tech requirements.  

This advantage by itself is considered as a “global” and “holistic” approach in terms of sales, as 
eliminates the actual competition within the paint industry. The reason is because only the  6% 
of the EU paint production considers to be “performance coatings”125, while the multi-functional 
formulation as an additive can be applicable to the 56% of the overall EU paint production. 

Additionally, as the selling price would be competitive or cheaper to less advanced products,  in 
conjunction with the wide range of products can be used, creates the conditions for an easier  
branding and therefore market exploitation.       

 Catania demo case indicated 6,08% reduction per year in energy costs with the use of the 
multifunctional coating.  

Testing proved that other commercial products do not perform the same well as the 
multifunctional formulation, therefore in market terms, this reduction considers to be a significant 
advantage compared with completive products.  

 As a consequence of the above, the quantification in energy savings proved in Catania’s demo 
case modeling, is leading to the conclusion that the Return of Investment (ROI) period, should 
be considered to be very attractive to end users. 

Based on the assumption that the average life time of a coating (as provided by the 
manufactures) is 8-10 years for exterior use, (which can be extended up to 10-12 years if high 
quality coatings will be used), then depending on the energy use of the building will be applied, 
exists a long period of 5-8 years where only savings are occurring. 

If on the above assumption the benefit of maintenance cost will be added, then only savings 
period could be extended up to 10 years due to short ROI period.       

 The nanoparticles carrier matrix flexibility, is translated to a more “regional” market approach 
and exploitation.  

Depending on region’s specific climate conditions, combined or specific formulations can be 
developed focused on the region’s specific climate conditions, which are the key factor  
determines consumer’s needs and demands across Europe,  

From the outcome of this research is clear that there is still a vast amount of research to be executed in 
the field of multifunctional coatings. Initially by improving the current multi-functional formulation, 
exploiting the possibility to be integrated to more coating families of products, which now the carrier 
matrix synthesis is not compatible with them.  

Thermal behavior of a coating can be enhanced if photochromic properties will be added to the IR-
reflective properties. Industrial sub-products and wastes need to be thoroughly investigated, especially 
as they consider to be low cost materials. Further investigation in the field of Medium and Far Infrared 
spectrum which up to now is very limited, is always an option needs to be examined and evaluated.  

 

 

 

                                                        
125 Eurostat PRODCOM http://ec.europa.eu/eurostat/web/prodcom/data/excel-files-nace-rev.2 


