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Cuaspud, Leonel Paredes-Madrid, Carlos Arturo Parra Vargas, José Jobanny Martı́nez
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Abstract: Based on five Special Issues in Coatings, this e-book contains a series of fifteen articles
demonstrating actual perspectives and new trends in advanced coatings in buildings. Innovative
materials and multiperformance solutions provide a basis, contributing also to better protection of
buildings’ surfaces during the service life, and users’ wellbeing.

Keywords: protective coatings; air-purifying coatings; anti-fouling coatings; ultra-low biofouling
coatings; biological coatings

1. Introduction

Based on the current need to achieve sustainable development, multiperformance coatings have
been developed for building applications (new and existent ones) to improve durability and to achieve
novel, sustainable and health functions. Although there are already some commercially available
coating products on the market, their application in the construction sector is still not very common.
With some exceptions, this situation is most probably due to the lack of reported scientific evidence
and the fact that there are still numerous unanswered questions about the concept and application.
Therefore, this e-book is aimed to provide recent research and works on the application potential
of advanced coatings for buildings and intends to give new scientific insights into the interrelation
between science, engineering, architecture and other disciplines by means of advanced techniques for
coatings’ characterization and their application.

2. Multiperformance, Durable and Sustainable Coatings

This e-book, entitled “Advanced Coatings for Buildings”, contains a collection of five Special Issues
consisting of fifteen articles which cover fundamental studies and applications of multiperformance
coatings designed to improve durability and to achieve novel, sustainable and health functions in
buildings. COVID-19 redefined the concept of sustainability, making crucial the inclusion of human
health [1]. Therefore, solutions proposed by engineers, architects and scientists should be addressed,
giving buildings innovative functions such as: air-purifying and fire-resistant properties, long-lasting
aesthetical appearance, water resistance, anti-fouling and anti-microbial surfaces. The current threat of
interacting with microorganisms also generates new challenges that must be acknowledged to improve
human quality of life, for example, by developing biological coatings for buildings which can act as
a thermal, moisture, noise, and electromagnetic barrier. On the urban scale, they might reduce the heat
island effect and sewage system load, improve runoffwater and air quality, and reconstruct natural
landscapes including wildlife. In summary, this e-book on coatings compiles the following Special Issues
demonstrating the bright future of advanced coatings for buildings: "Advanced Protective Coatings for

Coatings 2020, 10, 728; doi:10.3390/coatings10080728 www.mdpi.com/journal/coatings1



Coatings 2020, 10, 728

Buildings” [2,3], "Nanocoatings with Air-Purifying Properties” [4–6], "Antifouling Coatings” [7–10],
"Ultra-Low Biofouling Materials and Coatings” [11] and "Biological Coatings for Buildings” [12–16].
Going into detail, the Special Issues include the following topics:

• “Advanced Protective Coatings for Buildings”: nanomaterial-based protective coatings, multifunctional
coatings, bio-based protective coatings, smart protective coatings, sustainable protective coatings,
low-embodied energy protective coatings, ecotoxicity on protective coatings, durable protective
coatings and recycled protective coatings.

• “Nanocoatings with Air-Purifying Properties”: comparison and assessment of the application
potentials of novel nanocoatings for indoor and outdoor air purification.

• “Antifouling Coatings”: coatings for commercial facilities, residential buildings, food processing,
kitchens, baths and toilets, oil and water pipes.

• “Ultra-Low Biofouling Materials and Coatings”: fundamentals and new concepts on ultra-low
biofouling surface chemistries, novel nanostructured materials as coatings and coating additives,
advancement in coating deposition technologies to improve coating antifouling performance,
the self-assembly of chemistries and/or nanomaterials to fabricate antifouling thin films and
coatings, advancements in understanding interfacial interactions between antifouling surfaces
and microbial organisms.

• “Biological Coatings for Buildings”: mechanical, thermal and hydraulic performance of biological
coatings, modeling of biological coatings, life cycle assessment of biological coatings, construction
of biological coatings and novel biological coatings.

Based on these interesting topics, we encourage you to read through this e-book and use the valuable
information provided therein to help us move forward in the important area of multiperformance
coatings with potential application in buildings for improving durability and to achieve innovative,
sustainable and health functions. This approach certainly is a breakthrough to solve the current human
threats for sustainable development during buildings’ service life.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hakovirta, M.; Denuwara, N. How COVID-19 Redefines the Concept of Sustainability. Sustainability
2020, 12, 3727. [CrossRef]

2. Borsoi, G.; Esteves, C.; Flores-Colen, I.; Veiga, R. Effect of Hygrothermal Aging on Hydrophobic Treatments
Applied to Building Exterior Claddings. Coatings 2020, 10, 363. [CrossRef]

3. Beh, J.H.; Yew, M.C.; Yew, M.K.; Saw, L.H. Fire Protection Performance and Thermal Behavior of Thin Film
Intumescent Coating. Coatings 2019, 9, 483. [CrossRef]

4. Cruz-Pacheco, A.F.; Muñoz-Castiblanco, D.T.; Gómez Cuaspud, J.A.; Paredes-Madrid, L.; Parra Vargas, C.A.;
Martínez Zambrano, J.J.; Palacio Gómez, C.A. Coating of Polyetheretherketone Films with Silver Nanoparticles
by a Simple Chemical Reduction Method and Their Antibacterial Activity. Coatings 2019, 9, 91. [CrossRef]

5. Rosales, A.; Maury-Ramírez, A.; Gutiérrez, R.-D.; Guzmán, C.; Esquivel, K. SiO2@TiO2 Coating: Synthesis,
Physical Characterization and Photocatalytic Evaluation. Coatings 2018, 8, 120. [CrossRef]

6. Guzmán-Aponte, L.A.; Mejía de Gutiérrez, R.; Maury-Ramírez, A. Metakaolin-Based Geopolymer with
Added TiO2 Particles: Physicomechanical Characteristics. Coatings 2017, 7, 233. [CrossRef]

7. Kanematsu, H.; Oizumi, A.; Sato, T.; Kamijo, T.; Honma, S.; Barry, D.M.; Hirai, N.; Ogawa, A.; Kogo, T.;
Kuroda, D.; et al. Biofilm Formation of a Polymer Brush Coating with Ionic Liquids Compared to a Polymer
Brush Coating with a Non-Ionic Liquid. Coatings 2018, 8, 398. [CrossRef]

8. Nguyen, M.D.; Bang, J.W.; Kim, Y.H.; Bin, A.S.; Hwang, K.H.; Pham, V.-H.; Kwon, W.-T. Anti-Fouling Ceramic
Coating for Improving the Energy Efficiency of Steel Boiler Systems. Coatings 2018, 8, 353. [CrossRef]

9. Zhang, M.; Wang, R.; Li, L.; Jiang, Y. Size Distribution of Contamination Particulate on Porcelain Insulators.
Coatings 2018, 8, 339. [CrossRef]

2



Coatings 2020, 10, 728

10. Ba, M.; Zhang, Z.; Qi, Y. Fouling Release Coatings Based on Polydimethylsiloxane with the Incorporation of
Phenylmethylsilicone Oil. Coatings 2018, 8, 153. [CrossRef]

11. Hecker, M.; Ting, M.S.H.; Malmström, J. Simple Coatings to Render Polystyrene Protein Resistant. Coatings
2018, 8, 55. [CrossRef]

12. Naranjo, A.; Colonia, A.; Mesa, J.; Maury-Ramírez, A. Evaluation of Semi-Intensive Green Roofs with
Drainage Layers Made Out of Recycled and Reused Materials. Coatings 2020, 10, 525. [CrossRef]

13. Gutiérrez, R.-D.; Villaquirán-Caicedo, M.; Ramírez-Benavides, S.; Astudillo, M.; Mejía, D. Evaluation of the
Antibacterial Activity of a Geopolymer Mortar Based on Metakaolin Supplemented with TiO2 and CuO
Particles Using Glass Waste as Fine Aggregate. Coatings 2020, 10, 157. [CrossRef]

14. Verdier, T.; Bertron, A.; Erable, B.; Roques, C. Bacterial Biofilm Characterization and Microscopic Evaluation
of the Antibacterial Properties of a Photocatalytic Coating Protecting Building Material. Coatings 2018, 8, 93.
[CrossRef]

15. Naranjo, A.; Colonia, A.; Mesa, J.; Maury, H.; Maury-Ramírez, A. State-of-the-Art Green Roofs: Technical
Performance and Certifications for Sustainable Construction. Coatings 2020, 10, 69. [CrossRef]

16. Illera, D.; Mesa, J.; Gomez, H.; Maury, H. Cellulose Aerogels for Thermal Insulation in Buildings: Trends and
Challenges. Coatings 2018, 8, 345. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

3





coatings

Article

Evaluation of Semi-Intensive Green Roofs with
Drainage Layers Made Out of Recycled and
Reused Materials

Alejandra Naranjo 1, Andrés Colonia 2, Jaime Mesa 3 and Aníbal Maury-Ramírez 4,*

1 Department of Civil and Industrial Engineering, Engineering and Sciences Faculty,
Pontificia Universidad Javeriana Cali, Cali 760031, Colombia; alejanaranjo@gmail.com

2 Gerencia, Dos Mundos, Cali 760050, Colombia; gerencia@dosmundos.org
3 Department of Mechanical Engineering, Faculty of Engineering, Campus Tecnológico,

Universidad Tecnológica de Bolívar, Cartagena de Indias 130001, Colombia; jmesa@utb.edu.co
4 Engineering Faculty, Universidad De La Salle, Sede Candelaria, Bogotá 111711, Colombia
* Correspondence: amaury@lasalle.edu.co; Tel.: +57-134-17-900

Received: 10 April 2020; Accepted: 27 May 2020; Published: 29 May 2020
��������	
�������

Abstract: Green roof systems represent an opportunity to mitigate the effect of natural soil loss due
to the development of urban infrastructure, which significantly affects natural processes such as
the hydrological water cycle. This technology also has the potential to reduce the indoor building
temperature and increase the durability of waterproof membranes, reduce run-off water and heat
island effects, create meeting places, and allow the development of biological species. However,
despite the described benefits, the use of this technology is still limited due to the costs and the
environmental impact from using non-renewable building materials. Therefore, this article presents
the hydraulic and thermal analysis of different semi-intensive green roofs using recycled (rubber
and high density polyethylene (HDPE) trays) and reused materials (polyethylene (PET) bottles) in
their drainage layers. Then, three roof systems were evaluated and compared to traditional drainage
systems made with natural stone aggregates. Results showed that some systems are more useful when
the goal is to reduce temperature, while others are more effective for water retention. Additionally,
this study presents evidence of the potential of reducing the dead loads and costs of green roofs by
using recycled and reused materials in drainage systems.

Keywords: green roofs; recycled and reused materials; drainage; thermal insulation; dead load

1. Introduction

In recent years, the use of green roofs has increased, not only for aesthetic reasons but also
to improve the environmental quality of the environment [1]. Plants can reduce heat through the
reflection of solar radiation and the generation of shade. They can also decrease heat through the
evapotranspiration process, which reduces the temperature inside and outside buildings [2]. In this
way, green roofs are considered a modern and ecological technology to face climate change and the most
common environmental problems in the urban environment [3]. Green roofs represent the opportunity
to expand the presence of vegetated surfaces by replacing conventional waterproofed surfaces,
generating thermal insulation, improving the internal environment of buildings, and consequently
causing a reduction in the energy consumption of such buildings [4,5].

Though green roofs have the benefits described above, their use in many countries is limited due
to costs and environmental impacts of using non-renewable materials, as well as the lack of formal
methods focused on their design, construction, and maintenance [6]. A growing trend regarding the
construction of green roof systems has been the use of recycled and reused materials in their drainage

Coatings 2020, 10, 525; doi:10.3390/coatings10060525 www.mdpi.com/journal/coatings5
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and substrate layers, which can generate environmental, technical, economic, and aesthetic benefits
while also providing the possibility of incorporating waste into the construction production chain.
Most of the existing works in the current literature regarding the use of recycled materials in green roofs
have sought to evaluate their hydraulic performance (drainage capacity and water retention) and the
response of vegetation growth compared to conventional green roof systems. Table 1 summarizes the
most relevant works concerning the use of recycled materials in green roofs. Recycled materials such
as rubber, glass, and construction waste have been widely studied in the last decade, demonstrating
that replacing conventional green roof materials is a feasible solution.

Table 1. Summary of works related to the use of recycled materials in green roofs.

Author Materials Scope Results

Chi-Feng et al. 2018 [7] Recycled glass Vegetation growth

Good results depend on controlling the
mixing ration between the recycled glass
and organic substances, as well as the
location of the glass in the substrate.

Eksi and Rowe 2016 [8] Recycled crushed
porcelain

Vegetation growth and
water retention

Improved water retention and plant growth
when reducing the number of large
particles. Additionally, porcelain provides
less embodied energy to construct a green
roof.

Bates et al. 2015 [9] Recycled construction
waste Vegetation growth

Pure crushed bricks or mixtures primarily
based on crushed bricks enabled the most
diverse ruderal plant assemblages. Ash
from solid waste provided the worst
response.

Rincón et al. 2014 [10] Recycled rubber Environmental
performance

The material provided a similar response
compared to pozzolana, in addition to a
lower environmental impact.

Mickovski et al. 2013 [11] Recycled construction
waste

Vegetation growth and
drainage properties

Good response and properties compared to
conventional materials.

Pérez et al. 2012 [12] Recycled rubber from
tires as the drainage layer Potential Energy Savings

The material provided a similar response to
pozzolana in terms of hydraulic behavior.
The use of recycled rubber can be useful as
a potential energy-saving material for the
continental Mediterranean climate
during summer.

To contribute to these research efforts, the present study aimed to evaluate the performance of
green roofs with drainage layers made out of recycled and reused materials for reducing the impact on
virgin materials and assuring technical benefits such as temperature reduction, water retention, and
the regulation of rainwater. In addition, this study analyzed the reduction of dead load compared to
traditional green roofs, which is relevant in terms of building structures. The subsequent sections of
this paper are organized as follows: Section 2 summarizes the materials and methods employed to
conduct the experimentation and to analyze the hydraulic and thermal performance of the proposed
green roof systems. Results are presented in Section 3, while Sections 4 and 5 correspond to discussion
and conclusions, respectively.

2. Materials and Methods

This section describes the materials used to build the green roof prototypes and the methodology
for monitoring and measuring hydraulic and thermal performances. Measurement instruments,
constructive characteristics of each green roof prototype, and the rain simulation system are described
in detail as well. The dead loads of the green roof systems were determined as the approximate cost
per square meter.

Based on the characteristics, amount, and local availability, four materials were selected to develop
the drainage layer of green roof systems: (a) basalt gravel (typical material), (b) recycled rubber from
tires, (c) recycled polyethylene (PET) bottles, and (d) recycled high density polyethylene (HDPE) trays.

6
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In this case, the basalt gravel was considered as a reference material, since it is commonly used as a
typical drainage layer of green roofs. The other three materials are conventionally considered waste
from other human activities.

2.1. Green Roof Materials

This study considered five layers to construct the roof prototypes: (i) the roof structure, (ii) the
geotextile, (iii) the drainage layer (using materials aforementioned), (iv) the substratum layer, and (v)
the vegetation layer. Figure 1 describes the distribution of layers in the proposed green roof prototypes.
Each layer is described as follows:

1. Roof structure: This consists of a box made of galvanized steel (gauge 20) and thermally isolated
through polyethylene foam.

2. Geotextile membrane: This is a high resistance geotextile membrane. Reference T2400 PAVCO,
manufactured by Mexichem®.

3. Drainage layer: This is designed to facilitate water drainage during and after rain conditions. In
this study, four different drainage layers were analyzed: (a) basalt gravel, (b) recycled rubber
from tires, (c) recycled PET bottles, and (d) recycled HDPE trays.

4. Substratum: This consists of organic and inorganic materials, with the former consisting of organic
soil (70 v/v percent) and rice husks (30 v/v percent). In the case of PET bottles, the substratum
was added into each cell (bottle section) as well as the vegetal layer.

5. Vegetal layer: This consists of a high resistance grass denominated Stenotaphrum Secundatum,
also named San Agustín grass. This vegetation provides resistance to high temperatures and
human traffic.

Figure 1. Cross sections of the green roof prototypes made out of recycled or reused materials.

A detailed description of each one of the selected materials for the drain layer is summarized in
Table 2, including details of appearance, shape, and typical composition.
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Table 2. Description of materials selected for drainage layers.

Material Sample Photo Appearance and Shape Composition

Basalt Gravel: natural
stone, traditionally used
as a drainage layer in
green roofs.

Large, irregularly shaped particles
with a rough, porous, and
vesicular surfaces, preserving
traces of bubbles produced by
expanding water vapor generated
during the cooling and
solidification of lava.

45%–54% silica and
generally rich in iron and
magnesium [13].

Recycled Rubber:
recycled elastic polymer
used to replace basalt
stone in the drainage
layer in the green roof
systems.

Coarse particles in the form of
rectangular prisms and granules
of fine angular black particles.
Obtained from recycled car tires.

Rubber 45%, carbon
black 21%, metal 20%,
textiles 4%, additives 8%,
zinc oxide 1%, and sulfur
1% [14].

Recycled PET Bottles:
polymer denominated as
polyethylene
terephthalate PET
or PETE.

Cells of 4 × 4 bottles split in half
(eight halves with mouths and
eight halves with bottoms), each
with five perforations of 3 mm
diameter, arranged in a reticular
way, and joined by galvanized
wire staples located at the height
of 7.5 cm. Smooth texture,
translucent light green.

Polymer molecules
comprised of carbon,
hydrogen, and oxygen.
(C10 H8 O4)n

Recycled Polymer Trays
HDPE: high-density
polyethylene obtained
from recycled product
containers.

Dark material. 60 cm × 60 cm × 10
cm, consisting of nine containers
or concavities of cylindrical,
conical and round shapes that
allow for the retention and storage
of water.
Additionally, trays have diffusion
holes that allow for air and water
vapor circulation, as well
as drainage.

Polymer molecules
comprised of carbon,
hydrogen, and oxygen.
(C2 H4)n

2.2. Green Roofing Prototypes

Figure 2 shows the full prototype and the cross-section of the four proposed roof systems. The
dimensions of the four roof structures were 1.20 m × 0.60 m (W × D). Height varied according to the
type of roof, using 0.15 and 0.20 m for drainage with recycled PET bottles and HDPE trays and for
basalt gravel and recycled rubber, respectively. Inside the roof structure, a drainage point was installed
using a 1

2 ” galvanized pipe towards the center of the structure using a 2% slope.

Figure 2. Cross-section detail of roofing prototypes: (a) Prototype 1: basalt gravel. (b) Prototype 2:
recycled rubber. (c) Prototype 3: recycled polyethylene (PET) bottles. (d) Prototype 4: recycled high
density polyethylene (HDPE) trays.
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2.3. Rain Simulator Installation

The rain simulator system was designed to provide controlled and homogeneous drip irrigation
under the effective area of the roof prototypes, guaranteeing water flow and the optimization of
water consumption. Figure 3 shows the rain simulation full assembly. Water retainers were installed
on the roof prototypes to avoid water losses and to provide a better approximation of natural
precipitation conditions. Figure 4 summarizes the instruments and materials used to calibrate the rain
simulation system.

The rain simulator was calibrated using a pluviometer and by running several preliminary tests
to verify the proper functionality of the system. According to the preliminary tests, it was possible
to identify that the outer roof prototypes (1 and 4) received a flow rate of 0.58 L/m, while the inner
roof prototypes (2 and 3) received a flow rate of 0.61 L/m. Due to restrictions of the experiment, each
simulation was carried out on sets of two roofs, always in the same way, prototypes 1 and 2, and
prototypes 3 and 4. Then, given the average flow rate per nozzle of 0.6 L/min, the total flow rate in two
nozzles corresponded to 1.2 L/min. Based on these flows, it was found that 0.6 min was required to
obtain 1 mm of precipitation on each roof. In this way, the time necessary to simulate each rain was
calculated. Then, this value was multiplied by the number of millimeters.

Finally, the approximate cost for each prototype (USD per square meter) is summarized in the
Appendix A at the end of this manuscript. The cost was directly estimated from the materials employed
in the green roof construction (labor not included).

Figure 3. Cont.
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Figure 3. Rain simulator system: (a) Overall picture of rain simulator and water supply tank. (b)
Floating irrigation system. (c) Water retainers. (d) Spatial orientation of the rain simulation experiment
with respect to cardinal points.

Figure 4. Calibration and rain simulation monitoring elements: (a) calibration test tube, (b) micro-spray
nozzle, (c) timer, (d) submersible pump, (e) chronometer to measure drainage performance, and (f)
tank for water supply for pumping.
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2.4. Method

This subsection describes the definition of experimentation parameters, as well as the procedure
followed to perform and monitor the rain simulation for each roof prototype.

2.4.1. Definition of Experimental Conditions

The conditions to simulate precipitations were established according to the geo-climatic
characteristics (altitude, temperature, radiation, and geographic location) of Valle del Cauca, Colombia,
more precisely in the city of Santiago de Cali. We used the official data record from the weather station
of the Universidad del Valle—located at the latitude (3◦22′39.66”), longitude (76◦32′05.26”) coordinates
of the WGS 84 system—because it is the closest station to the study area with official data [15].

A review of rainfall records was necessary to define the quantity and characteristics of precipitations
in the study zone. Data from 1966 to 2015 were considered to define the most relevant precipitation
cycles or scenarios. Based on these, three main types of precipitation were considered.

Typical rainfall: This consists of a cycle of several consecutive days of rain, the intensity of which
corresponds to the wet season of the periodic cycles presented in the geographical study area. The
criteria used for the selection were:

(a) Minimum five days in a row of rainfall;
(b) Not having days without precipitation between the chosen days;
(c) The chosen cycle must start and end on a day without precipitation;
(d) Incremental trend;
(e) Rainy months of the city of Santiago de Cali (April, May, June, October, and November);

IFD (intensity–frequency–duration) curves were not considered in this rainfall scenario due to the
fact that the capacity of the spray system per roof prototype was 1.2 L/min. Rainfall for the five days
were simulated as follows: precipitation of 4 mm in a single period of 2.4 min (2 min and 24 s); 12 mm
precipitations in two periods of 3.6 min (3 min and 36 s); 50 mm precipitation in three periods, the
first two of 9 min (15 mm) and the last of 12 min (20 mm); 51 mm precipitation in three periods, the
first two of 9 min (15 mm) and the last of 12.6 min (21 mm); and finally, 1 mm precipitation over 36 s.
The time between each period was thirty minutes for each measurement, and the data employed to
estimate typical conditions were taken from 23 to 29 October 1987 (See Appendix A—Figure A1a).

Intense rainfall: This was considered under the variables of intensity, frequency, and duration.
It was selected the one with historical data higher than 30 mm/h that would have occurred in those
atypical events and under the effects of La Niña phenomenon. It was also important as a requirement
to have an IFD curve. The selected parameters were the total precipitation (49.70 mm) and a duration
of 1 h (intensity: 49.7 mm/h).

Considering the need to simulate intense rain in the closest way to the IFD curve and taking
into account the capacity and restriction of the irrigation system, this precipitation was simulated
in four periods seeking to represent ten-minute intervals of distribution of the IFD curve. For this
reason, the 17.9 mm precipitation that took a time of 10.74 min was joined with the second 10 mm
precipitation, thus generating continuous precipitation of 16.74 min (16 min and 44 s). The second
period corresponded to a 10 mm precipitation in a period of 6 min, the third to an 8 mm precipitation
in 4.8 min (4 min and 48 s), and, finally, the fourth to a 3.8 mm precipitation in of 2.28 min (2 min and
16 s). Periods two, three, and four started every 10 min. Recorded data for intense rainfall conditions
were taken from 2 June 1995 (see Appendix A—Figure A1b).

Saturation rainfall: This consisted of finding the number of precipitation millimeters required for
simulating over the area of the roofs (average condition). In such a way, precipitation generated an
effect close to the ground saturation. The way to find this was to drop the total capacity of the sprinkler
system on the roof, taking a rain gauge as a measurement reference. Then, when the evacuation flow
was similar in volume to the water entering to the system, the reference volume of the rain gauge was
taken, giving a value of 10 mm over 6 min.
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2.4.2. Rain Simulation

The rain simulations on the green roof prototypes were performed in three cycles that included
the three types of rainfall chosen (typical, intense, and saturation). These considerations were included
to obtain data with technical guidelines for the standardization and validation of the methods used
and to guarantee the following aspects:

1. To get consistency between the independent results obtained with the same method, the same
test material, the same conditions were used (same operator, same apparatus, and after short
time intervals);

2. Measurement repeatability to provide very similar indications to each other for repeated
applications and under the same measurement conditions;

3. To assure reproducibility of the experiment and the quality of the obtained data;
4. The cycles carried out in the experiment are described in Table 3 below:

Table 3. Simulated precipitation cycles.

CYCLE 1
(Post-Sowing)

CYCLE 2
(Post-Drought)

CYCLE 3
(Stable Cycle)

4 dry days
Saturation rainfall

1 dry day
Typical rainfall

4 dry days
Intense rainfall

8 dry days (prolonged drought simulation period)

Saturation rainfall
2 dry days

Typical rainfall
4 dry days

Intense rainfall
4 dry days

Typical rainfall
4 dry days

Saturation rainfall
4 dry days

Intense rain
2 dry days

2.4.3. Monitoring of Performance Parameters

This subsection describes, in detail, the three main variables analyzed in this study: hydraulic
performance, thermal performance, and dead load (Figure 5). Each one of these aspects is described in
detail as follows:

Figure 5. Main variables monitored on the green roof prototypes.

Hydraulic Performance: Retention Coefficient and Drainage Capacity

The benefits of green roofs related to hydraulic performance were evaluated by analyzing the
retention coefficient and drainage efficiency. Retention is defined as the volume of water that a green
roof can store during and after a rain event. Such a volume of water can be calculated through the
equation V = P × A × C, where P is the precipitation (mm), A is the area of the green roof, and C is a
measure of the water storage of the roof system which varies between 0 and 1.0, with being 1.0 the
maximum retention value [16]. Since the objective was to compare the retention capacity (storage),
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variable C (retention coefficient) of such equation was solved to find C = V/(P × A). Considering
that the post-sowing cycle is a cycle that only occurs once after the installation of the green roof, the
post-drought and stable cycles were those taken for the analysis, they should occur permanently during
the lifespan of green roofs.

In addition to the water retention capacity, there is a variable that is related to the delivery of water
flows, ultimately used for the design of urban rainwater drainage systems, which on cities serve on a
large scale to regulate the evacuation times of rainwater to public sewerage systems. Such capacity
mitigates the risk of possible flooding or stream formation in extreme events, and reduces the demand
for large conduction drainage systems.

The performance of the drainage from the green roofs made with recycled and reused materials
is determined by the concept of efficiency, and it is interpreted in an inverse way when the time
variable is associated. Usually, a green roof is considered more efficient than those which demand less
resources. In the drainage study, on the contrary, the efficiency in the performance of a green roof was
recognized as the one that delivers the water flow using the highest amount of time, demonstrating
that no associated side effects, such as an intolerable increase in weight or excessive saturation of the
systems due to the presence of water, were generated. This condition of efficient performance was
identified by having higher flow delivery times, avoiding the collapse of city collection systems for
the evacuation of rainwater. For this analysis, the accumulated in milliliters of the drained water was
taken for each time interval, which was directly measured on the drainage of green roof prototypes.

The volume of drained water collected in plastic containers was measured and subsequently
measured in a 1000 mL cylinder for each rainfall simulations. The collection of retention and drainage
information was manually carried out at the same time when precipitation was simulated. These
conditions varied for each type of rainfall. In the case of intense rainfall, data were collected every 10
min for one hour, making a consistent relationship with the precipitation intervals of the IFD curve.
For typical rain, the frequency of data collection was every 30 min. A pluviometer, chronometer, plastic
containers, and a test tube were employed to measure water retention and drainage capacity.

Temperature

Temperature data were taken from the environment or project site that corresponded to the
space under the tent and at the bottom of the support that contained each green roof prototype, with
constant measurement of 24 h every thirty minutes. It is important to clarify that the temperature
under the tent was higher than the environment temperature due to the local greenhouse effect caused
by the tent. However, all the green roof prototypes were exposed to the same temperature conditions.
The temperature was monitored and recorded through an data logger (HOBO ONSET—H08-004-02).
One day of temperature monitoring was divided in four periods (morning, noon, sunset, and early
morning), and data were collected in the following dates (mm/dd/yy): 07/14/15 for morning and sunset
periods and 07/24/15 for early morning period. Therefore, the obtained results were comparatively
satisfactory and consistent.

Dead Load

The variable of dead load was determined by the weight per square meter of each roof system,
and its interpretation was that the less weight it has for each area unit, the more efficient the system
was because of the lower structural requirements. To consider the weight of the substratum in a
water-saturated state, as suggested by County Flat Roofing (2005) [17] and according to what has been
established by the NSR-10 (Known as “Norma Sismo Resistente de Colombia from 2010”or Colombian
building code 2010), wet soil weighs approximately 1750 kgf/m3. Both saturated and unsaturated
loads were determined in this study.
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3. Results

3.1. Hydraulic Performance

The results obtained in the different types of simulated rainfall conditions are shown below.

3.1.1. Retention Coefficient C

Figure 6 shows the response of the four green roof prototypes under typical rainfall conditions.
The rainfall simulation followed the pre-defined five-days sequence of precipitation (4, 12, 50, 51, and
1 mm). On the other hand, Figure 7 summarizes the behavior of the green roof prototypes for the
intense rainfall condition (simulating a precipitation rate of 49 mm/h).

Figure 6. Average behavior of the retention coefficient (C) for typical rain conditions between
post-drought and stable cycles.

Figure 7. Average behavior of the retention coefficient for intense rain condition between post-drought
and stable cycles.

3.1.2. Drainage Capacity

Drainage capacity was measured for both typical and intense rainfall conditions. Figures 8 and 9
show the graphical results according to the predefined simulation parameters.
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Figure 8. Average behavior of drained water (mL/min) for typical rain conditions between post-drought
and stable cycles.

Figure 9. Average behavior of drained water (mL/min) for intense rain conditions between post-drought
and stable cycles.

3.2. Temperature

Temperature data from the four moments of the day are summarized in Figure 10. From left
to right: morning, noon, sunset, and early morning. In the first segment, a change between the
environment and the sunrise effect was observed. In the second, a notable difference was observed due
to the high-temperature condition that occurred in the city of Cali and the decreasing contribution of
the roofs. In the third segment, again, a change was observed between the roofs and the environment
due to the arrival of night. Finally, the condition of lower environment temperature in the night and
early morning hours was observed.
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Figure 10. Temperature behavior during the day for roof prototypes and the environment.

3.3. Dead Loads

Weight was measured during the experimentation process for each green roof prototype (see
Table 4). The results showed that both unsaturated and saturated conditions provided the following
order of efficiency in terms of weight: (1) PET bottles, (2) HDPE trays, (3) rubber, and (4) gravel.
Likewise, it was observed that in both conditions, the green roof with a traditional drainage layer
(gravel) showed higher values than roofs made from recycled or reused materials, which provided
weight reductions between 33% and 72%.

Table 4. Weight per area for each roofing system proposed. Value for 1 m2.

Description
Roof 1

Basalt Gravel
Roof 2

Recycled Rubber
Roof 3

Recycled PET Bottles
Roof 4

Recycled HDPE Trays

No saturated system kgf/m2 174.6 117.7 49.3 70.0
Percentage difference in the unsaturated
state, of the weight of the systems,
made with recycled and reused
materials, concerning the conventional
green roof system (gravel).

0.0% 32.6% 71.8% 60.0%

Saturated system kgf/m2 183.3 126.5 53.3 75.3
Percentage difference in the saturated
state of the weight of the systems made
with recycled and reused materials
concerning the conventional green roof
system (gravel).

0.0% 31.0% 71.0% 58.9%

Table 5 summarizes the weight of each component per area for the four green roof systems
analyzed in this study. Figure 11 illustrates the graphical distribution of layers through pie charts.

Table 5. Weights per area (m2) for components of the studied green roof systems.

Description
Roof 1

Basalt Gravel
kgf/m2

Roof 2 Recycled
Rubber
kgf/m2

Roof 3 Recycled
PET Bottles

kgf/m2

Roof 4 Recycled
HDPE Trays

kgf/m2

San Agustín grass 16.7 16.7 7.5 16.7
Substratum 39.2 39.2 38.3 48.8

Drainage layer 118.2 61.3 2.9 4.0
Geotextile 0.6 0.6 0.5 0.5

Total 174.6 117.6 49.3 70.0
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Figure 11. Weight distribution for each green roof prototype. (a) basalt gravel, (b) recycled rubber, (c)
recycled PET bottles, and (d) recycled HDPE trays.

4. Discussion

4.1. Retention Coefficient—C

4.1.1. Typical Rainfall

In Figure 6, it can be seen that on the days when the precipitation was less, the roof prototypes
had a higher retention capacity. In roofs with drainage layers of granular materials (gravel and rubber),
the performance in low-intensity rainfall provided a retention coefficient of 1.0. In the case of 1 and
4 mm rainfalls, it ranged from 0.84 to 0.94, respectively. Meanwhile, the roofs whose drainage layers
consisted of the container type system i.e., bottles and trays, showed retention coefficients of 1.0 and
0.78, respectively, for 1 mm rainfall. In the case of 4 mm rainfalls, they presented retention coefficient
values that oscillated between 0.53 and 0.46.

In the case of intermediate intensity rain (12 mm), it was observed that the granular-type roofs
presented a decrease in the coefficient concerning their performance in low-intensity rain and an
inverse effect of the container-type roofs, which improved their performance with the same type of rain.
Despite this effect in intermediate intensity rain, the best performing granular types continued with an
average value of 0.61. When the intensity of the rain increased to 50 and 51 mm, the behavior of all
roofs showed significant reductions, oscillating their retention coefficient in average values between
0.08 and 0.29, respectively.

The described above behaviors during the typical simulated rain cycles, with significant differences
between the granular roof system (gravel and rubber) and the container-type roof systems (bottles and
trays), showed that the first ones started with almost a total retention that later abruptly decreased
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with the increase in the intensity of the rain. In contrast, the second ones on less intense days did
not present good behavior, but they later stabilized and provided acceptable retention performances.
This was because container types with drainage systems that used bottles and trays had holes in their
design that allowed for water flow, which in low-intensity rain made drainage faster and, therefore,
higher compared to granular-type roofs in which, due to the size, distribution, and specific surface of
its rubber and gravel particles, water had to travel longer distances and take more time to move than
due to gravity. In some cases, it was not even possible to evacuate, showing a retention coefficient of
1.0. As simulated rain intensified (and due to the same design conditions), the effects were reversed
due to the storage capacity of the container-type roofs—especially tray roofs, which conserved water
up to a certain level, thus allowing for the improvement of the retention coefficient. The opposite was
evident in the granular-type roofs, which suffered a saturation effect in the presence of intense rain,
and the incoming water came out in similar amounts as a consequence of gravity.

4.1.2. Intense Rainfall

In terms of intense rainfalls, it was observed that in both cycles, the behavior of the green roof
prototypes in regards to retention capacity was similar, with average values ranging between 0.30
and 0.42. The roof prototype with the highest efficiency in rain retention was the tray-type, with an
average value of 0.42. In contrast, the least effective was the bottle-type, with an average value of
0.30. The lowest retention capacity of the roofs was obtained in the PET bottle arrangements due to
the existing spaces inside the cells that comprised the system, allowing for the direct flow of water
through the roof system. However, it was found that although the percentage of voids per square
meter between the bottles was 6%, the impact on the retention coefficient was very low compared to
the other systems studied.

To summarize, the results from the retention coefficient (C) were comparable to conventional
intensive green roofs, showing even better performance for typical rainfall conditions. The literature
has shown that C values for conventional green roofs can range, for example, from 55% to 75% [18],
from 39% to 43% [19], and from 43% to 61% [20]. This study demonstrated that is possible to obtain
values close to 1.0 in the case of low intensity rainfalls and close to 60% in the case of intermediate
intensity rainfalls (for granular type-roofs). To provide better results using recycled materials, it is
necessary to characterize all physical properties and preferable geometries to arrange materials in
detail. It is important to clarify that this study was limited to use recycled materials without additional
processing or modifications.

4.2. Drainage Capacity

4.2.1. Typical Rainfall

The behavior of the roofs in typical rain, related to the flow of evacuated water, was similar to that
presented in the retention coefficient. It was observed that in the first two days of the cycle with rain of
4 and 12 mm (Figure 8), the roof prototype of recycled trays presented higher levels in milliliters per
minute than the others. In the same way, it was observed that roofs of gravel and rubber presented
deficient levels, showing better performance during the first days. This allowed us to conclude that for
rain events equal to or less than 12 mm, the roof system that delivers lower flow rates was the gravel
roof, followed by that made out of recycled rubber.

Figure 8 shows that on the third day, when the simulated rainfall was 50 mm, the condition of the
roofs was the opposite, and the tray roof was the one with the highest efficiency because it showed the
lowest levels of water evacuation. It was observed that the difference between the tray roof and the
others was enlarged over time. This was a consequence of the maturity of the vegetal layer, which
improved self-regulation and reduced flow delivery times.

When the simulated precipitation was 51 mm, the trend of less flow evacuated by the tray roof
continued, and at the same time, it was observed that the gravel roof ended with the highest values.
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This was because in the first two intervals (30 and 60 min), its evacuation was lower because in the first
moments of rain, it retained better; at the end, however, it increased the evacuation quantities.

Finally, it was observed that for 1 mm precipitation, the only roof system that showed water
delivery was the tray roof, which demonstrated a high sensitivity to the initial moments of rain, in
which it did not demonstrate acceptable performance. It should be noted that due to the design of
the drainage layer, it was possible to store water in such a way that it was able to self-regulate flow
evacuation and improve retention capacity in more extended and demanding periods of rain.

4.2.2. Intense Rainfall

It was observed that the flow behavior was similar for the four green roofs, with the best
performance being the tray roof and the lowest performance being the one made up of bottles. The
key factor of the trays was their operation based on their modular design, while in systems with
granular-type drainage, in addition to the size and distribution of particles, specific surface area and
absorption of the material also had influence. The low performance of the bottle system roof was
because it was made up of isolated units that formed cells and not a consolidated and consistent layer
structure that facilitated the retention, self-regulation, and homogeneous life of the vegetation.

It was observed that tray roof delivered one of the highest flows at the beginning due to its design.
However, this situation was later found to be the opposite, and it was the roof that, over time and in
the presence of higher precipitation, behaved more efficiently in self-regulation because it evacuated
the drained water more slowly. The above was reflected in lower volumes for each calculated time.

Between minute ten and minute twenty, the drainage curves showed a noticeable increase in
the amount of water drained concerning the following intervals; this was because the IFD curve (see
Appendix A—Figure A1b) of the selected intense rain (49.7 mm/h), as it was intended to perform in
the most precise way. Therefore, and according to the conditions of such curve, in the interval of the
first twenty minutes, 27.9 mm were simulated continuously over 16 min and 44 s. From minute twenty,
the flows were more regulated according to the conditions of the selected IFD, which generated the
stability of the drainage curves. The gravel and recycled rubber roofs behaved similarly, delivering
little water at the beginning compared to the others, but they stabilized over time, and despite showing
good performance, they were surpassed by the tray roof system.

The results showed that the proposed green roof systems provided good performance in terms
of water drainage. In the case of bottle system and tray roofs, an intrinsic ability to self-regulate was
evident, which is highly desirable. Responses in respect to the reference green roof made of gravel
demonstrated that all considered recycled materials provided similar responses under the same rainfall
conditions. Further modifications regarding the arrangement of layers and systems (e.g., bottles and
trays) have to be studied to analyze the drainage response and optimize area and material distribution.

4.3. Temperature

In all the analyzed intervals, the behavior of the roofs tended to preserve the ideal conditions
of thermal comfort, which ranged between 21 and 25 ◦C according to the Colombian Sustainable
Building Code. However, it was not possible to reach this value in some analyzed segments. However,
it was possible to mitigate the effect of external temperature, reducing the intense use of active cooling
systems. The following observations were obtained from the temperature behavior obtained from the
four different green roof systems:

(a) In the first half-hour of the morning for all the analyzed days, it was generally observed, as
shown in Figure 10, that environmental temperature was lower than the temperature of the four
roof systems, presenting a change due to the sunrise, where the condition was contrary and
the roofs had the lowest temperatures. Before reversing this condition, the roof systems with
container type drains (trays and bottles) presented lower temperatures compared to those with a
granular type drainage layer (gravel and rubber). The difference between the highest and lowest
temperature roof did not exceed, in any case,1◦C.

19



Coatings 2020, 10, 525

(b) Between 11:00 a.m. and at 2:00 p.m. for all the analyzed days, it was generally observed that the
temperature of the environment was notably higher than the temperature of the roofs. In this
analysis in which the sun radiated more intensely, the benefits of lowering the temperatures of the
green roof systems and the effectiveness of using recycled and reused materials in their drainage
layer were demonstrated. The most extreme case of the difference between the environment
value and the lowest roof was 11.7 ◦C. Likewise, it was observed that the smallest difference was
2.8 ◦C between the environment and the tray roof.

(c) At the end of the afternoon, it was observed that the environmental temperature was higher
than the roof temperature until between 4:30 p.m. and 6:00 p.m., when the condition was
the opposite and the green roofs were the ones with a higher temperature, demonstrating the
benefits of lowering temperatures at critical moments that were opposite to the night. However, a
temperature inversion was observed one hour earlier between the roofs and the environment.

(d) According to Figure 10, in the early morning hours, when the temperature was lower compared
to other times of the day, the temperature of the environment was lower than the temperature of
the roofs (in some cases the differences reached up to 2 ◦C). Moreover, the behavior between roofs
showed that the gravel and trays roofs provided the highest and lowest temperatures, respectively.

Regarding temperature, the results showed the same behavior with minimum variations with
respect to the reference green roof system (basalt gravel). Therefore, the use of recycled materials,
as proposed in this study, is suitable from the perspective of environmental temperature reduction.
The next step in this research direction is the analysis of different vegetation layers (growing and
development) using recycled materials that can provide better responses with respect to temperature
and CO2 reduction.

4.4. Dead Load

According to Figure 11, the drainage layer was the most representative component when analyzing
the variable weight. In green roofs with granular materials, values of 52% for rubber and 68% for
gravel were found (these were related to the sum of all green roof components), while, on the contrary,
the percentage of this layer only represented 6% for both cases of roof systems with a container-type
drainage layer. In these, the most representative component was the substratum, with percentages of
78% for bottles and 70% for trays, in terms of the sum of all their components.

When analyzing the behavior of the drainage layers made with recycled and reused materials
compared to the traditional gravel, the second one had a higher weight in all cases. For example, the
recycled rubber drainage layer weighed 48% less than the gravel layer. In the case of the layers of
bottles and trays, these weighed 98% and 97% less than that of gravel, respectively. Likewise, the low
weight of the drainage layers of the PET bottle and HDPE tray systems must be highlighted, since,
in addition to reducing the weight more than significantly, they facilitated handling at the time of
construction, reducing mechanical risk factors associated with the installation work.

When analyzing the total weight of green roof systems, it was found that the system whose
drainage layer was composed of gravel presented a higher percentage of weight than the systems
consisting of rubber, bottles, and trays (33%, 72%, and 60% respectively), which made it a more
demanding system when designing the structures of buildings due to the required increase of loads.

The composition of the weight inside the roofs showed that in the case of systems with a gravel
and rubber drainage layer, the highest proportion was determined by the drainage layer, while the
bottle and tray roofs showed the highest representative weight or load.

With respect to the overall sustainability of the proposed green roof prototypes from recycled
material, it is important to clarify that this study did not cover the lifecycle assessment of materials
involved in the construction of the systems. Therefore, the environmental impacts of materials were out
of the scope of this article. Hydraulic and thermal performances were included and widely analyzed.
Dead loads and initial cost were also calculated as additional parameters for the proposed green
roof prototypes.
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In terms of initial cost, it is important to mention that recycled materials provided a cost reduction
per square meter that was greater than 10% (in the case of HDPE trays) compared to basalt gravel
(Table A1). Maintenance and another lifecycle cost were not included in this article.

5. Conclusions

In this article, scale prototypes of three semi-intensive green roof systems with different types
of drainage systems made out of recycled and reused materials (rubber, trays, and bottles) were
successfully evaluated and compared to a traditional green roof system that used natural aggregates of
(gravel) as its drainage layer.

In terms of hydraulic performance, the behavior of the systems using trays, bottles, rubber, and
gravel (reference) was analyzed in different precipitation regimes (typical and intense). The results
showed that for “typical precipitations,” the granular drainage systems (gravel and rubber) were
very efficient because they retained all the precipitation (retention coefficients close to 1.0), while the
systems composed of module containers (bottles and trays) retained approximately half of the water
supplied at that level of precipitation (retention coefficients close to 0.5). For the “intense precipitation,”
the coefficients reached values close to 0.3 for all roof systems, except for the gravel system, which
reduced its water storage capacity to almost zero (0.08). In general, this study demonstrates the
enormous potential of all the green roofs analyzed in this study to reduce the maximum flow of runoff
water volumes, as they could increase retention time when they are implemented in large areas at the
urban level.

With respect to the thermal behavior, it was possible to verify the effect of temperature reduction
of all the roofing systems. During days when the ambient temperature was very high (approximately
50 ◦C), a reduction in temperature that ranged from 10.6 to 11.7 ◦C was found for the investigated
green roof systems. This makes it evident that the use of green roof systems with drainage layers made
out of recycled and reused materials have, like gravel roofs, the potential to reduce the consumption of
electrical energy in buildings derived from artificial cooling.

Finally, a reduction from 33% to 72% in weight per area (dead load) of the green roof was observed
when using recycled and reused materials compared to natural materials in the drainage layers. This
is significantly important because the ease and costs of implementation of green roofs depends on
the structural condition of the building. Therefore, for the load capacity of an existing building, the
dead and live loads must be assessed in order to verify whether, with the increase in the dead load
generated by the weight of the green roof, the building can withstand the loads added to it without
affecting its resistance, as well as if it complies with the specifications of the building construction code.
Otherwise, a structural reinforcement must be designed to guarantee safety.

For new buildings, a structural calculation must be made according to all the loads that act on the
structural system and that come from the weight of all the permanent elements in the construction (dead
loads), the occupants and their belongings (live loads), environmental effects, differential settlements,
and dimensional change restriction following current regulations. The last indicates that due to the
relatively lower density and lower absorption capacity of the recycled and reused materials evaluated
in this research, the implementation of green roof systems, both in existing and new buildings, would
be easier and cheaper.

Future research works will be oriented to evaluate the sustainability and economic performance
of green roofs based on recycled or reused materials. Considering environmental impacts in terms of
material lifecycle and lifecycle costs derived from installing, maintaining, upgrading, and disposing
constructive components. All those parameters need to be included to generate holistic evaluations to
facilitate the decision-making during green roof design and construction.
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Appendix A

Figure A1. Data employed to estimate typical and intense rainfall conditions. (a) Typical rainfall
conditions (from 23 to 29 October 1987). (b) Intensity–frequency–duration (IFD) curve for intense
rainfall (data from 2 June 1995).

Table A1. Approximated costs for each roofing system proposed (Value for 1 m2).

N◦ Green Roof System Approximated Costs USD

1 Recycled HDPE trays $93.71
2 Recycled PET bottles $97.59
3 Recycled rubber $103.16
4 Basalt gravel $104.49
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Abstract: Hydrophobic materials are among the most commonly used coatings for building exterior
cladding. In fact, these products are easily applied to an existing surface, significantly reduce water
absorption and have a minimal impact on the aesthetic properties. On the other hand, although these
products have a proven effectiveness, their long-term durability to weathering has not yet been
systematically studied and completely understood. For these reasons, this study aims to correlate
the effect of artificial aging on the moisture transport properties of hydrophobic treatments when
applied on building exterior claddings. Three hydrophobic products (an SiO2-TiO2 nanostructured
dispersion; a silane/oligomeric siloxane; and a siloxane) were applied on samples of limestone and of
a cement-based mortar. The moisture transport properties (water absorption, drying, water vapor
permeability) of untreated and treated specimens were characterized. Furthermore, the long-term
durability of the specimens was evaluated by artificial aging, that is, hygrothermal cycles
(freeze–thaw and hot–cold). All treatments have significant hydrophobic effectiveness and improve
the long term-durability of the treated specimens. However, the results showed that the three
hydrophobic products have different effectiveness and durability, with the SiO2-TiO2 nanostructured
dispersion being the most durable treatment on limestone, and the siloxane the most suitable for
cementitious mortar.

Keywords: hydrophobic products; silicon-based compounds; claddings; durability; moisture
transport properties

1. Introduction

The use of coatings on building façades is a fundamental action for the protection of external
surfaces from weathering. Protective coatings should be considered for the conservation of historical
façades, as well as for the maintenance of modern buildings. In fact, these products can help in the
conservation of ancient materials by increasing the durability of the treated surface.

Water is among the most aggressive atmospheric agents, being the main physical-chemical
degradation cause of porous building materials [1]. In fact, water can trigger several surface anomalies
both on ancient and modern buildings, leading to several physical (e.g., loss of cohesion and material,
condensation in the interior of the building, reduction of thermal conductivity, formation of salt
efflorescence, hygrothermal aging in buildings) and aesthetic changes (e.g., stains, biofilm formation)
on the affected surface [1–3].

For these reasons, excessive water penetration and retention should be avoided in order to balance
the water content in the façade cladding. In fact, porous building materials can balance the moisture
content according to their water transport properties, that is, water vapor adsorption, water capillary
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suction, and water vapor condensation [4,5]. Water transport mechanisms can act simultaneously,
sequentially, or separately, and their action depends on the exposure conditions and on the moisture
content of the material [6].

Through the formation of a thin protective coating, the application of hydrophobic treatments intends to
reduce mostly water absorption, and thus, to protect the treated surface from the possible physical-chemical
and biological alterations induced by the presence of water [7]. Additionally, surface coatings hinder the
penetration of deleterious environmental particles (e.g., pollutants and salts) in the treated surface.

A wide majority of hydrophobic products present a surface tension lower than water and by
modifying the contact angle of the treated surface help avoid wettability or limit water absorption
within the surface [3,8,9]. In fact, hydrophobic products are generally non-polar materials, which repel
water (which is polar), whereas they have an affinity with other non-polar materials, making them
attractive to, for example, alkanes (fats and oils) and noble gasses [10].

Among the requirements of an ideal hydrophobic product, the protective coatings should be
compatible with the treated material, and thus, not remarkably modify the physical-chemical properties
of the treated surface. In fact, the hydrophobic materials should deeply penetrate the pore network and
confer water-repellent properties to the treated material. However, they should not drastically alter the
water vapor transport and the drying kinetics, and thus the breathability of the treated cladding [1,8].

The effectiveness of the hydrophobic products also depends on the chemical affinity between the
product and the treated surface [11]. A lack of a proper knowledge of the hydrophobic products and of
the moisture transport properties of the treated surface can lead to the formation of stains and byproducts
(e.g., salts), alteration of the colour and brightness, and even an acceleration of the degradation of the
treated surface. In addition to a proper hydrophobic effectiveness and compatibility with the treated
surface, the hydrophobic product should have a suitable durability to weathering agents.

Organic silicon compounds, such as silanes, siloxanes, silicon resins and silicanates, are among
the most commonly used hydrophobic products [12]. These materials have been widely used due
to their high resistance to oxidation processes, UV radiation and extreme pH environment [13].
Additionally, these materials ensure ease of application and respect the aesthetic properties of the treated
surface. When applied to the building material, the hydrolytically sensitive alkoxy groups of silicone
compounds react with water or humidity, forming non-stable silanol intermediates, which spontaneously
polycondensate to form stable covalent bonds. This hydrophobic film is irreversibly bonded to the
mineral substrate [2,7].

Hydrophobic treatments are generally subjected to weathering and tend to alter their
water-repellent properties (by physical-chemical degradation or leaching), and thus, protective action
over time. The loss of hydro-repellency is attributed to the synergic effect of atmospheric agents
(e.g., hygrothermal variations, solar radiation, rain, atmospheric pollutants) [1]. The accumulation
of atmospheric particles with hydrophilic properties on the surface also has an important role in
the surface degradation process [9,14]. Additionally, weathering can speed up the alteration and
degradation of the polymeric structure of the hydrophobic material, inducing an increase of the polarity
and a loss of water-repellency, as well as chromatic alteration and the formation of stains. In fact,
photo-oxidation—induced by UV radiation and a degradation of the Si–O bonds due to the extreme
pH environment—can lead to loss of adhesion, yellowing and a reduction of the surface gloss [8,9].

Although in some cases a long-term resistance of the hydrophobic treatment is reported [15],
with an effective water repellence after 3–5 years of exposure to severe weathering [7,8],
the durability of most commercially available hydrophobic products is not reported by manufacturers.
Furthermore, the relationship between the physical-chemical properties of the hydrophobic product
and of the treated material, and environmental factors, have not yet been completely understood.

For the reasons mentioned above, this paper aims to discuss the factors that influence the durability
and effectiveness of hydrophobic products. Three commercially available products (a silicon and
titanium dioxides-based nanostructured dispersion; a silane/ oligomeric siloxane; and a siloxane) were
applied on limestone and on mortar specimens. The moisture transport properties (water absorption
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by capillarity and under low pressure, drying, water vapor permeability) of untreated and treated
samples were characterized. Furthermore, with the intention of evaluating the durability of these
treatments to weathering, treated and untreated specimens were subjected to artificial aging tests, that
is, hygrothermal cycles (freeze–thaw and hot–cold) and were then tested.

This works ultimately intends to provide tools to enhance the effectiveness and durability of
hydrophobic products in the construction sector.

2. Materials and Methods

2.1. Materials

2.1.1. Substrates

Two types of substrates were selected for the application of hydrophobic products: (a) Moleanos
limestone and (b) a cement-based rendering mortar.

Moleanos is a dense, fine-grained, yellowish bioclastic limestone (>98% CaCO3, density = 2.67 g/cm3),
quarried in central Portugal and used as a decorative flooring or finishing building material [16,17].

The rendering mortar was obtained by following the recommendation of the EN 1015-2 [18].
A pre-dosed cement-based mortar (weber.rev ip©) was used, by mixing three parts of pre-dosed
mortar with one part of water (in volume); this was then applied on ceramic hollow bricks.

The characteristics of the limestone and of the mortar, as well as the substrate where the mortar
was applied (ceramic brick), are presented in Table 1 [19]. Additionally, the cement-based rendering
mortar has a higher surface roughness, if compared to the dense Moleanos limestone.

Table 1. Average results and standard deviation of capillary water absorption coefficient, open porosity
and bulk density of the substrates [19].

Substrates
Capillary Absorption

Coefficient (kg·m−2·min−0.5)
Open Porosity (%) Bulk Density (kg/m3)

Limestone 0.252 ± 0.031 10.96 ± 1.31 2385 ± 34
Mortar 0.431 ± 0.018 30.23 ± 2.04 1441 ± 101

Ceramic brick 0.074 ± 0.031 25.49 ± 0.49 1979 ± 12

2.1.2. Hydrophobic Products

The selection of hydrophobic products was based on market research. The main aim was the
evaluation of products with various chemical compositions and, therefore, that possibly differentiated
in terms of their effectiveness and durability.

Three silicon-based products were chosen, selecting different manufacturers:

• HSILA/SIL: A solvent-based silane/oligomeric siloxane-based emulsion, which also contains a
biocide additive (≤ 0.01% in volume); the silane used is a triethoxyoctylsilane;

• HSIL: A solvent-based siloxane product (polydimethylsiloxane);
• HNST: A water emulsion of silicon (SiO2) and titanium dioxides (TiO2) nanoparticles, which

contains a reduced concentration of silane (N-octyltriethoxysilane ≤ 2.5% in volume) and a biocide
(≤ 0.0015% in volume).

Silane-modified siloxane polymers are widely adopted as hydrophobic materials; siloxane guarantees
improved adhesion properties with the treated substrate, whereas the silane is used as coupling agent
and improves the hydrophobic properties of the treatment [20].

Silica nanoparticles, which present hydrophilic properties, can be modified during their synthesis
by adding a coupling agent such as silane or sodium sulphate, which confers hydrophobic properties and
prevents nanoparticle agglomeration [21,22]. These products are generally composed of hydrophobic
hybrid crystalline SiO2–TiO2 nanoparticles with a crystallite size equal to 5–20 nm [23,24].
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The use in coatings of high refractive index oxides, such as TiO2, has significantly grown in
recent years due to the advancements of nanoparticle manufacturing processes and because of their
beneficial properties. Nanostructured titanium oxide has photocatalytic properties which can result in
multifunctional self-cleaning and biocidal coatings [25].

The physical/chemical characteristics and application protocol of the hydrophobic products is
reported in Table 2. It is worth noting that most solvent-based hydrophobic products can be harmful for
both the operator and the environment, due to their high content of volatile organic compound (VOC)
(e.g., polycyclic aromatic hydrocarbons and alkanes) [9]. Additionally, silane and biocide additives
(isothiazol-3-one, 3-iodo-2-propynylbutyl carbamate, among others) are generally toxic for the operator
and detrimental for the environment.

Table 2. Chemical and physical characteristics and amount of product used in the application of the
hydrophobic products.

Hydrophobic
Product

Color
Density * (g/cm3) at

T = 20 ◦C and RH% = 60
Drying Time

(h)**
Number of

Applications
Amount of Product Per

Application (L/m2)

HSILA/SIL Whitish 1.02 24 2 1.01 ± 0.06
HSIL Transparent 0.78 2 1 0.40 (a)

HNST Whitish 1.01 3 2 0.11 ± 0.01

* As referred in the product technical sheet; ** Time necessary to achieve constant mass after the product application;
(a) 1 application per specimen.

2.2. Methods

2.2.1. Specimen Preparation

Cylindrical specimens, with 20 cm diameter and 2 cm thickness, were drilled and cut from Moleanos
limestone blocks and used for capillary water absorption, drying and water vapor permeability tests.
Prismatic specimens (30 cm × 30 cm, 2 cm thickness) were used for the analysis of water absorption
under low pressure. Before the application of the hydrophobic product, in order to obtain a constant
moisture content in all the specimens, limestone specimens were stored in a conditioned room at
T = 23 ± 2 ◦C and RH = 50 ± 5%.

Concerning the mortar specimens, cylindrical specimens with 20 cm diameter and 2 cm thickness
were produced by using dedicated molds; these were used for water vapor permeability tests.
Additionally, a 2 cm-thick layer of the mortar was applied on hollow ceramic bricks (29 cm × 17 cm × 4 cm).
These latter specimens were used for all the other tests (capillary water absorption, drying kinetics and
water absorption under low pressure).

All mortar specimens were cured for 2 days at T = 23 ± 2 ◦C and RH = 95 ± 5%, and later stored
in a conditioned room at T= 23 ± 2 ◦C and RH= 50 ± 5% for 26 days, before testing.

All specimens (limestone and mortar) were sealed along their side surface with liquid paraffin
(applied multiple times by brushing, until obtaining a layer of approximately 1 mm).

2.2.2. Application Protocol

The three hydrophobic products were applied by brushing, following the recommendations of the
products technical data sheets (Figure 1a). Two applications were carried (in orthogonal directions) in
the case of HSILA/SIL and HNST, whereas one application was performed in the case of HSIL. The interval
between applications was around 2 h for HSILA/SIL and 3 h for HNST. The applications were performed
under controlled conditions (50 ± 5% RH, T= 20 ± 2 ◦C) and the treated specimens were stored at
the same hygrothermal conditions for 7 days, with the aim of completing the polymerization of the
silicon-based products. Untreated samples were stored in the same conditions.
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Figure 1. (a) Application of hydrophobic product on cylindrical limestone specimens; (b) capillarity
water absorption on limestone and mortar specimens; (c) artificial aging test (hygrothermal cycles).

2.2.3. Moisture Transport Properties

The capillarity water absorption coefficient (C) was determined as the initial slope of the absorption
curve using a protocol based on EN 1015-18 [26] (Figure 1b). The determination of water absorption by
capillary action is achieved through the evolution of the amount of water absorbed by the solid unit
surface area (kg/m2), as a function of the square root of time (t1/2).

Water absorption at low pressure was carried out with Karsten tubes applied on the specimens
for 60 min, following RILEM recommendations [27]. The water absorption coefficient for 60 min
(C60, kg·m−2·min−1/2) was calculated according to the following Equation:

C60 =
Abp×10−3

Ac×10−4 × √60
(1)

where Abp is the water mass absorbed after 60 min (kg), and Ac is the contact area of the pipe with the
surface (assumed to be 5.7 cm2, i.e., the contact area of the Karsten pipe).

Drying tests were carried out sequentially at the end of the capillary water absorption tests in order
to allow a direct correlation between the water absorption and drying results. The drying kinetics of
the specimens were verified according to RILEM [28] and UNI [29] recommendations, which considers
the initial drying (based on the slope of the initial drying curve) and the drying index (DI). The latter is
an empirical quantity that expresses the drying curve into a single quantitative parameter reflecting
the global drying kinetics. The drying index, obtained from the average drying curve of those of the
different specimens (in equivalent conditions), was calculated according to

DI =

∫ tf
t0

f
(Mx−M1

M1

)
dt(M3−M1

M1

)
×tf

(2)

where Mx is the specimen mass weighted during the drying process (g); M1 is the specimen mass in
dry state (g), M3 the specimen mass in the saturated state (g), and tf is the final time of the drying
process (h).
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Additionally, with the aim of understanding the influence of the hydrophobic products on the
drying kinetics of the treated surface, the different steps of drying and the critical moisture content
(i.e., the transition between the 1st and 2nd step of drying) were studied.

The water vapor permeability was determined as specified in EN1015-19 [30]. The water vapor
diffusion resistance coefficient (μ) was calculated according to Equations (3) and (4):

Λ =
m

A× ΔP
(3)

μ =
1.94× 10−10

Λ×e
(4)

where Λ is the water vapor permeance (kg/m2·s·Pa); m is the linear relationship slope of time versus
mass change (kg/s); A is the specimen area (0.126 m2); ΔP is the difference between the outdoor
and indoor vapor pressure (Pa); μ is the water vapor diffusion resistance coefficient; and e is the
specimen thickness (m).

In all tests, three untreated specimens and nine treated specimens were analyzed, considering their
average values and relative standard deviations.

2.2.4. Accelerated Aging Test

Accelerated aging tests were performed on untreated and treated limestone and mortar specimens
to verify the durability of the hydrophobic treatments to weathering cycles [31]. Since temperature
shock, rain and solar irradiation are the main degradation agents of porous materials [32], the specimens
were subjected to hygrothermal cycles (hot–cold and freeze–thaw).

The test conditions, which represent extreme climate conditions, were adapted from EN 1015:21 [33].
This methodology was also validated in previous research by the authors [34,35]. Hot-cold cycles consist
of storing the specimens firstly within a closed apparatus with infrared lamp (Figure 1c), which provides
high temperature, and later within a deep-freeze cabinet with low temperature. Freeze-thaw cycles
were carried out by exposing the specimens to a sprinkler system (simulating rain), followed again by a
storage within a deep-freeze cabinet. Hot-cold and freeze-thaw cycles were carried out sequentially on
the same specimens. Eight cycles of each type were performed, improving the indications (four cycles)
of the norm previously mentioned (Figure 1c). Further details on the weathering cycles are provided
in Table 3.

Table 3. Accelerated aging test: Hygrothermal cycles test conditions.

Hot-Cold Cycles Freeze-Thaw Cycles Exposure Time (h/mins)

Infrared lamps (60 ± 2 ◦C) Sprinkler system, water at T = 20 ± 1 ◦C 8 h ± 15 min
Stabilization (20 ± 2 ◦C, 65 ± 5% RH) Stabilization (T = 20 ± 2 ◦C, 65 ± 5% RH) 30 ± 2 min
Deep freeze cabinet (T = −15 ± 1 ◦C) Deep freeze cabinet (−15 ± 1 ◦C) 15 h ± 15 min

Stabilization (T = 20 ± 2 ◦C, 65 ± 5% RH) Stabilization (T = 20 ◦C, 65% RH) 30 ± 2 min

At the end of the hygrothermal cycles, specimens were stabilized for 48 h at T = 20 ± 2 ◦C,
50 ± 5% RH. All the tests mentioned in the previous section were repeated on artificially aged
untreated and treated specimens.

3. Results

3.1. Capillary Water Absorption and Water Absorption with Karsten Tubes

The results show that, in the case of limestone specimens, the capillary water absorption coefficient
(C) of treated specimens considerably reduced after the application of the hydrophobic products
(33% in the case of HSila-Sil, 51% with Hsil, 88% with HNST) (Table 4, Figure 2).
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Table 4. Average results and relative standard deviation of the capillarity water absorption coefficient
(C) of treated and untreated specimens, before and after artificial aging tests.

Substrates

Capillarity Water Absorption Coefficient (kg·m−2·min−0.5)

Before Artificial Aging After Artificial Aging

Untreated
Treated

Untreated
Treated

HSila-Sil HSil HNST HSila-Sil HSil HNST

Stone 0.234 ± 0.031 0.175 ± 0.012 0.116 ± 0.032 0.040 ± 0.001 0.131 ± 0.031 0.053 ± 0.013 0.028 ± 0.010 0.068 ± 0.041

Mortar 0.182 ± 0.031 0.005 ± 0.001 0.004 ± 0.001 0.008 ± 0.001 0.124 ± 0.013 0.010 ± 0.001 0.011 ± 0.003 0.012 ± 0.002

Figure 2. Capillary water absorption curves for the sound and treated substrates, before and after
aging tests, of (a) limestone and (b) mortar, where solid lines are the unaged specimens, and dotted
lines the aged specimens.

All hydrophobic products penetrated within the porous network of the substrate, reducing the
wettability and providing a hydrophobic coating [9]. The higher reduction of the capillary water
absorption coefficient of the specimens treated with HNST, which can penetrate deeper within the
treated substrate due to its nanosize [1], can be attributed to the chain arrangement (creation of
Si-O-Ti bonds) of the TiO2-SiO2 nanoparticles. The copolymerization of the TiO2 and silane within
the silica network can give rise to the formation of a homogeneous organic–inorganic hybrid xerogel,
with improved hydrophobic properties [23,24].

After accelerated aging tests, untreated specimens show a significant reduction of the capillary
water absorption (around 44%), which can be attributed to the modification (destruction) of capillary
pores (typically observed in altered and decayed materials) [36]. In fact, a significant increase of
porosity is observed mostly between 5 to 10 freeze-thaw cycles [37]. Thus, artificial aging induces the
generation of new pores and the expansion of existing pores in the specimens.

Additionally, the specimens with HNST treatment, which show the highest reduction of capillary
water absorption before artificial aging, show an opposite trend after artificial aging, with a decrease
of up to 60% when compared to the unaged specimens. On the other hand, aged specimens treated
with HSila/Sil and HSil show a significant reduction of the capillarity water absorption (80% and 50%,
respectively), when compared to the untreated aged specimens.

This can be justified by the lower durability of HNST treatment to hygrothermal aging cycles. As a
matter of fact, it is reported [38] that weathering can induce a weakening of the film adhesion and
reduce the durability of TiO2-SiO2 protective coatings.

After aging, all specimens still maintain a significant reduction (40%, 21% and 52% for
HSila/Sil, HSil and HNST, respectively) of the capillary water absorption when compared to the
untreated specimens.

Concerning mortar specimens, all treatments show a higher reduction of the capillarity water
absorption when compared to treatments on limestone, although the total amount of absorbed water is
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higher (total saturation of the specimens is not completely achieved at the end of the test). A remarkable
reduction of the capillarity water absorption was observed in all treated mortar specimens (>95%),
when compared to untreated specimens. This behavior is attributed to the higher open porosity of
rendering mortars (Table 1), allowing the easier penetration of hydrophobic products into the pores of
the substrate coating [19]. The deeper penetration of the hydrophobic products leads to a reduction
of the wettability of the substrate, resulting in an almost hydrophobic surface. All treatments show
a similar behavior, almost waterproofing the mortar specimens, and the treatments show a good
durability after artificial aging, with a minimal increase of the capillarity water absorption coefficient
when compared to unaged specimens.

Additionally, all aged treated mortar specimens significantly reduce their capillary water
absorption coefficient when compared to aged untreated specimens. However, it is worth noting that
a slight decrease of the capillarity water absorption coefficient was observed if comparing unaged
treated specimens to aged treated ones. This modification can be attributed to the possible alteration of
the pore size distribution of the substrates.

A possible cause for the reduction of capillary water absorption after freeze-thaw cycles can be
the reduction of capillary suction, resulting from an increase in the amount of bigger pores (above the
capillary range) as a consequence of micro-cracking. Additionally, in the case of the cement-based
mortar, the exposure to water with these cycles can induce a self-healing effect that promotes hydration
reactions, further explaining the reduction of the capillary absorption rate with ageing.

When considering the results of water absorption by Karsten tube in the limestone specimens,
a trend similar to that seen in the capillarity water absorption test was observed (75% in the case
of HSila-Sil, 93% with Hsil, 92% with HNST). In the case of the mortar specimens, the reduction was
similar to that observed in capillary water absorption tests (96% in the case of HSila-Sil, 98% with Hsil,
99% with HNST) (Table 5).

Table 5. Average results and relative standard deviation of the water absorption coefficient under
pressure (C60) of treated and untreated specimens, before and after artificial aging tests.

Substrates

Coefficient of Water Absorption at 60 min (C60) (kg·m−2·min0.5)

Before Artificial Aging After Artificial Aging

Untreated
Treated

Untreated
Treated

HSila-Sil HSil HNST HSila-Sil HSil HNST

Stone 0.673 ± 0.178 0.167 ± 0.073 0.041 ± 0.022 0.053 ± 0.032 0.702 ± 0.131 0.083 ± 0.058 0.046 ± 0.021 0.147 ± 0.052

Mortar 0.893 ± 0.062 0.033 ± 0.012 0.023 ± 0.005 0.013 ± 0.005 0.906 ± 0.008 0.007 ± 0.009 0.013 ± 0.005 0.003 ± 0.002

If comparing the results of capillary water absorption and water absorption under low pressure
of the untreated specimens, the opposite trend is seen. In fact, there is a reduction of capillary water
absorption after aging; however, an increase of water absorption under low pressure is observed in
equivalent conditions [39]. It is generally assumed that pores ranging from 1 to 10 μm act as capillary
pores, whereas pores >10 μm contribute to the water permeability through gravity (e.g., percolation)
or wind driven water ingress [40,41]. Thus, this confirms that artificial aging cycles possibly contribute
to an increase in the amount of pores with dimensions greater than 10–20 μm.

Furthermore, HSila/Sil e HSil treatments decrease the water absorption coefficient under pressure
after artificial aging, both when applied on mortar or limestone. On the other hand, a decrease of 25%
in the C60 was observed in the aged limestone specimens treated with HNST, if compared to the unaged
specimens, whereas an opposite trend is observed when considering treated mortar specimens.

These results point out that HSila/Sil e HSil treatments have lower variation of the water absorption
after artificial aging, compared to HNST treatments. In fact, the latter shows both an increase
of the capillary water absorption and water absorption under low pressure, possibly due to its
physical-chemical alteration.
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3.2. Drying Rate

When observing the drying curves, two stages can be observed (Figure 3). In the first stage of
drying, called the constant drying period or initial drying rate, the drying front is at the surface and the
drying rate is constant and controlled by the external conditions [42]. This first phase (initial drying
rate) ends after 24 h in the case of all treated and untreated limestone and treated mortar specimens,
whereas for untreated mortar specimens it ends after ≥72 h (Figure 3). When compared to the sound
untreated specimens, all treated specimens decrease the initial drying rate products (first stage of
drying), both in the limestone (3–12%) and mortar specimens (6–36%). More specifically, HSila/Sil has
an almost negligible influence on the initial drying rate of the treated specimens (3% reduction,
when compared to untreated specimens), whereas HSil and HNST induce a slightly higher reduction
(up to 12%).

Figure 3. Drying curves for the sound, treated and aged substrate of (a) limestone and (b) mortar,
where the dotted lines are the aged specimens, and solid lines the unaged specimens. The dotted ellipse
(a) identifies the end of the 1st step of drying (critical moisture content) in (a), whereas this spot is
highlighted as X (unaged specimens) or O (aged specimens) in (b).

In the second stage of drying, identified by the change in the slope of the drying curve, the moisture
content can no longer support the demands of the evaporation flux, and, thus, the drying process
occurs in the vapour phase. The transition between the first and second step of drying (i.e., the critical
moisture content) occurs when the superficial moisture has evaporated. In this phase, the drying front
progressively recedes into the material and the properties of the liquid and of the substrate control the
rate of drying [42].

When considering the second stage of drying in limestone specimens, although the critical
moisture content is identified at 24 h in all cases, it can be observed that (aged and unaged) untreated
specimens almost achieve complete drying at 72 h, and a similar trend is observed in the case of the
specimens treated with HNST (Figure 3a). On the other hand, HSil and HSila/Sil slightly delay the drying
process (the second step of drying ends at 96 h), when compared to HNST treatment.

It can be concluded that the hydrophobic treatments induce only a slight retarding effect on the
drying behavior of the limestone.

When considering the mortar specimens, all the hydrophobic treatments remarkably reduce the
total amount of water absorbed; however, the HNST treatment takes a longer time to dry completely
when compared to the HSil and HSila/Sil treatments. Conversely, the HNST treatment only slightly
influences the initial drying rate (6% reduction) when compared to the HSila/Sil treatment (13%)
and, especially, the HSil treatment (36%). Additionally, in accordance with the results observed in
the previous section, HNST treatment also increases the drying time (8%) in the mortar specimens,
whereas HSil and HSila/Sil show a significant decrease (30–39%). The difference in the behavior of the
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hydrophobic products is also observed in the second step of drying, which starts at 24 h in the case
of HSila/Sil and HSil treatment, whereas the critical moisture content is identified at 72 h in the case
of the HNST treatment (as in the case of untreated specimens). Results obtained with contact angle
measurements in a previous work confirm this trend and the drying index (Table 6), that is, a higher
reduction of the wettability on both substrates in the case of HSila/Sil treatment [19].

Table 6. Drying index (Is) of aged treated and untreated specimens, before and after artificial aging tests.

Substrates

Drying Index (DI)

Before Artificial Aging After Artificial Aging

Untreated
Treated

Untreated
Treated

HSila-Sil HSil HNST HSila-Sil HSil HNST

Stone 0.089 0.095 0.101 0.096 0.074 0.093 0.085 0.079

Mortar 0.191 0.117 0.133 0.207 0.215 0.171 0.159 0.155

After hygrothermal aging, HSila/Sil treatment show an improvement of the initial drying rate
(20% and 27%, for limestone and mortar specimens, respectively), with worse results when compared
to HNST treatment (reduction of 5% and 24%, for limestone and mortar specimens, respectively) and
HSil treatment (reduction of 9% and 12%, for limestone and mortar specimens, respectively). It can be
seen that artificial aging slightly speeds up the drying process of the mortar specimens (the critical
moisture content is identified at 48 h in the case of untreated aged specimens, and at 72 h with untreated
unaged specimens). Additionally, in accordance with previous observations, the second step of drying
of aged specimens treated with HSil and HSila/Sil starts at 48 h, and at 96 h in the case of the HNST

treatment (Figure 3b).
After artificial aging, HSila/Sil treatment shows the highest variation of drying behavior, with an

increase (26%) of the DI for limestone and decrease of 21% for mortar specimens (the slower the drying,
the higher the DI). In accordance with previous observations, HSil treatment also induces an increase
(15%) of the DI for limestone, and, conversely, a significant decrease (26%) for mortar specimens.
On the other hand, HNST treatment shows the best performance on limestone specimens, with only a
slight DI increase (6%), and, however, a significant decrease for mortar specimen (28%).

3.3. Water Vapor Permeability

The results of the water vapor permeability test, as expressed by the water vapor diffusion resistance
coefficient (μ), show a μ decrease for all hydrophobic treatments on limestone and mortar specimens,
reducing the breathability of the substrates (Table 7). The reduction in water vapor permeability is
an inevitable consequence of the water repellence properties of polymer film; however, the lowest
possible decrease is pursued [43].

Table 7. Average results and relative standard deviation of the water vapor diffusion resistance
coefficient (μ) of treated and untreated specimens, before and after artificial aging tests.

Substrates

Water Vapor Diffusion Resistance Coefficient (μ)

Before Artificial Aging After Artificial Aging

Untreated
Treated

Untreated
Treated

HSila-Sil HSil HNST HSila-Sil HSil HNST

Stone 3.20 ± 0.31 10.46 ± 1.24 7.30 ± 1.34 5.57 ± 0.75 4.37 ± 1.17 12.58 ± 0.92 6.39 ± 0.90 4.67 ± 0.52

Mortar 2.19 ± 0.05 2.15 ± 0.05 2.27 ± 0.05 2.26 ± 0.14 2.75 ± 0.07 3.02 ± 0.07 2.69 ± 0.04 2.71 ± 0.14

This reduction is more significant in limestone specimens, whereas it is almost negligible in mortar
specimens. In fact, an increase of μ of 227% (HSila/Sil), 129% *(HSil) and 74% (HNST) is observed on
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treated limestone specimens, when compared to untreated ones, whereas a minimal μ increase (<4%)
is observed on the treated mortar specimens.

After artificial aging, only the HNST treatment applied on limestone maintains reasonably higher
μ values (increase of 7%) when compared to untreated specimens, whereas HSil and HSila/Sil treatments
still induce a drastic μ increase (46% and 188%, respectively). In the case of mortar specimens, the higher
increase of μ was observed with HSila/Sil treatment (9%), and only a slight μ decrease in the case of HSil

and HNST treatments (<2%). In general, the hydrophobic treatment that illustrates the most suitable
behavior to water vapor permeability was HNST, with a moderate reduction of the μ on both substrates,
even after artificial aging.

4. Discussion

The variation of the moisture transport properties of the substrates treated with the hydrophobic
products is presented in Figure 4. In general, it can be observed that the hydrophobic products induce
a decrease of the capillary water absorption coefficient (C), this decrease being more relevant with
HNST treatment on limestone specimens. However, after artificial aging, HSila/Sil and HSil treatments
show a higher durability, with a higher decrease of the C, if compared to specimens treated with
HNST. Concerning mortar specimens, all treatments maintain a similar water absorption coefficient
(considerably lower than untreated specimens), even after artificial aging.

 
Figure 4. Percentage variation of (a) capillary water absorption coefficient (C), (b) drying index (DI)
and (c) diffusion resistance of the water vapor coefficient (μ) of treated specimens, before and after
artificial aging, when compared to untreated specimens.

The different moisture transport properties of mortar and limestone can be attributed to
the higher open porosity (30%) of the mortar when compared to the studied limestone (11%).
Additionally, mortar specimens generally have a higher volume of coarse pores (>100 μm) when
compared to this type of compact Moleanos limestone [40].

Regarding the difference in the effectiveness and durability of the hydrophobic products,
it is worth noting that (monomer) silane molecules are considerably smaller (10 to 15 Å) when
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compared to (oligomeric) siloxane molecules (25 to 75 Å) [44]. Thus, the longer Si–O chains of the
siloxanes compared to the silane ones have a lower penetration depth in the compact limestone.
Additionally, organo-modified siloxanes have an extremely high reactivity, which can hinder their
in-depth penetration [2]. The silane has a potentially deeper penetration in the treated surface,
with a higher reduction of the hydrophilicity and, thus, improved hydrophobic effectiveness.
Furthermore, concerning the silane, it is generally assumed that the larger the molecule of the
alkyl group linked to the silicon atom (which constitutes the structure of this compound), the higher
the water repellency of the silane [8,45]. On the other hand, the long siloxane chains are more affected
by environmental agents and weathering, undergoing degradation processes which can reduce their
effectiveness as hydrophobic products [14].

The optimal performance obtained with the nanostructured product based on SiO2 and TiO2 (HNST)
on the limestone can probably be attributed to the chain arrangement of the TiO2-SiO2 nanoparticles,
due to the creation of the Si–O–Ti bond [23]. In fact, the copolymerization of the TiO2 and silane
within the silica network can give rise to the formation of homogeneous organic–inorganic hybrid
xerogel [24]. Additionally, the nanosize (<0.1 μm) of the silicon titanium oxide particles can match the
dimension of pore network of the limestone. On the other hand, the low durability of HNST treatment
can be attribute to the photocatalytic oxidation (of the organic radicals) and thermal degradation of the
SiO2-TiO2 composite, which can weaken the adhesion and thus, durability of the coating [38].

Concerning the drying index, the hydrophobic products induced an increase of the DI on
limestone specimens, with higher variation in the case of the HSil and HSila/Sil treatments. After aging,
HSila/Sil significantly increase the DI of the treated limestone specimens, whereas HSil and HNST maintain
values similar to unaged specimens. Greater variations are observed in mortar specimens; in fact,
the HNST treatment induces an increase of the DI, and a drastic decrease is observed after artificial
aging, indicating the probable degradation of the HNST treatment. On the other hand, the HSila/Sil

and HSil treatments decrease the DI on mortar specimens, with a lower decrease of the latter after
artificial aging compared with the HNST treatment. As reported in other works [46], the silane/siloxanes
products can modify the pore netwok of the treated material by increasing the volume of capillary pores,
probably also due to an air entraining effect of liquid siloxane. This feature can justify the improved
resistance to freeze-thaw cycles, and thus, durability of HSila/Sil and HSil treatments compared to HNST.

Furthermore, the difference in the moisture transport properties of treated limestone and mortar
can be attributed also to the higher roughness of the mortar, compared to flatter surface of the limestone,
which accounts for better adhesion of both fissured and crack free SiO2-TiO2 films to the substrate [37].

All treatments induce an increase of the μ in limestone specimens. More specifically, specimens
treated with HSila/Sil and HSil show the highest μ increase, which significantly decreases after artificial
aging in the case of the HNST treatment. The HNST treatment shows a lower μ after artificial aging
compared with unaged specimens. Considering the mortar specimens, it can be concluded that μ
variation is extremely low with all treatments, both before and after artificial aging. The HSila/Sil is the
only treatment which induced a slight increase of the μ after artificial aging.

Ultimately, it would be expectable that a substrate with higher DI would have also a higher μ
(i.e., lower WVP). For treated limestone specimens this trend is confirmed; however, specimens treated
with HSila/Sil have a higher μ/DI ratio (even after artificial aging) compared to the other treatments.
A different behavior is observed with treated mortar specimens: Aged and unaged specimens with
HNST treatment show the trend mentioned above, whereas unaged HSil treatment and aged HSila/Sil

treatment show a DI decrease and a μ increase.

5. Conclusions

In this paper, the effectiveness and durability of three commercially available hydrophobic
products (a silicon and titanium dioxides-based nanostructured dispersion—HNST; a silane/oligomeric
siloxane—HSila/Sil; and a siloxane—HSil) when applied to a Moleanos limestone and on a cement-based
mortar, were analyzed. The alteration of the moisture transport properties (water absorption by
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capillarity and under low pressure, drying kinetics and water vapor permeability) of the treated
substrates, prior to and after artificial aging tests, was evaluated.

Results show that the effectiveness and durability of the water-repellent treatment is influenced
both by the type of hydrophobic product and by the treated substrate.

Although the products were applied at different concentrations, following the recommendations
of the producers, all treatments induce a significant decrease of the values of the capillary water
absorption and water absorption under low pressure on the mortar specimens. A lower decrease
was observed in the limestone specimens. This difference is attributed to the higher open porosity
of the mortar specimens compared to limestone specimens, thus allowing a deeper penetration of
the hydrophobic products, which increases the water-repellency of the treated mortar. After artificial
aging, all hydrophobic treatments show a significant durability to the type and duration of the artificial
aging cycles considered in this work, maintaining a reasonably low water absorption in both mortar
and limestone specimens, when compared to untreated specimens. The HNST treatment shows a
slightly greater loss of efficacy in terms of water capillary absorption and water vapor permeability
after artificial aging, mostly when applied on limestone. Therefore, it can be considered less durable.

The treatments induce also a variation of the drying index, which increases with all treatments
on limestone specimens (even after artificial drying) and a general decrease on mortar specimens,
except for the HNST treatment before aging, which slightly increases the DI. On the other hand, the HNST

treatment shows a lower drying index after artificial aging.
HSila/Sil and HSil treatments significantly reduce the water vapor permeability of limestone

specimens, whereas the HNST treatment induces a smaller decrease, with values similar to those
of untreated specimens after artificial aging. The WVP of the treated mortar specimens was not
significantly affected by the hydrophobic treatments, even after aging tests.

These observations confirm that the hydrophobic products are generally more effective and
durable on mortar specimens, rather than on low-porosity limestone, as in the case of the studied
Moleanos limestone.

When pondering the variation of all the moisture transport properties, the hydrophobic product
based on siloxane (HSil) has the best performance on cement-based mortar; in fact, the molecular
structure of siloxanes matches to the higher porosity of this substrate. On the other hand, although it
has a lower durability compared to the other treatments, HNST has the best performance when applied
on Moleanos limestone, with a significant decrease of the capillary water absorption and a low
variation of the drying index and of the WVP. This behavior can result from the combination of the
low porosity and micro-sized pores of the stone with the surface deposition of a nanostructured layer.
Additionally, the presence of TiO2 confers antibacterial activity against the microorganism growth and
pollutant absorption.

The HSila/Sil treatment significantly decreases its water-repellent properties. However, it hinders
the drying process and the breathability of the substrates, even after artificial aging. Thus, based on
the results of this study, its use is not recommended in either limestone or mortar.

Further tests (e.g., optimization of the protocol; artificial aging cycles with UV light,
pollutants and/or biological colonization; FTIR analysis of the hydrophobic products; morphological
analysis by SEM-EDS; contact angle measurements of the treated substrates, among others) are ongoing
to correlate the effect of the physical-chemical aging on the effectiveness of hydrophobic products,
and ultimately, to verify the durability to more prolonged weathering action (from lab to real natural
scale tests) of the hydrophobic products.
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Abstract: Metakaolin-based geopolymer cements were produced by alkaline activation with
a potassium hydroxide and potassium silicate solution. To produce the geopolymer composites, 10 wt.%
titanium oxide (TiO2) and 5 wt.% copper oxide (CuO) nanoparticles were used. The geopolymer mortar
was prepared using glass waste as fine aggregate. The raw materials and materials produced were
characterized by X-ray diffraction, electron microscopy, and Fourier-transform infrared spectroscopy
techniques. Likewise, the geopolymer samples were characterized to determine their physical
properties, including their density, porosity, and absorption. The photocatalytic activity of the
materials was evaluated by activating the nanoparticles in a chamber with UV–Vis light during
24 h; then, different tests were performed to determine the growth inhibition of Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa bacteria in nutrient agar for times of up to 24 h.
The study results showed that a geopolymer mortar containing glass waste as fine aggregate (GP-G)
exhibited a water absorption 56.73% lower than that of the reference geopolymer paste without glass
(GP). Likewise, glass particles allowed the material to have a smoother and more homogeneous
surface. The pore volume and density of the GP-G were 37.97% lower and 40.36% higher, respectively,
than those of the GP. The study with bacteria showed that, after 24 h in the culture media, the GP-G
mortars exhibited a high inhibition capacity for the growth of P. aeruginosa from solutions of 10−4 mL
and in solutions of 10−6 mL for E. coli and S. aureus. These results indicate the possibility of generating
antibacterial surfaces by applying geopolymer composite.

Keywords: geopolymer; glass waste; titanium oxide; copper oxide; antibacterial surfaces

1. Introduction

The problematic relationships between environmental pollution and health preservation and
prolongation are a subject of current interest and are, therefore, widely studied. Most health problems
are associated with the presence of microorganisms such as bacteria, fungi, protozoa, and viruses that
commonly infect humans in the living environment, leading to chronic infections and even leading
to mortality [1–3]. The inanimate surfaces of different materials are often described as the source of
hospital outbreaks because their contact with different microorganisms allows microbial permanence
for a period of time favoring bacterial proliferation, and they are, therefore, reservoirs of bacteria that
cause diseases transmitted through surfaces or fomites. This continues to be a cause of great concern

Coatings 2020, 10, 157; doi:10.3390/coatings10020157 www.mdpi.com/journal/coatings41



Coatings 2020, 10, 157

for the medical domain, with a significant economic burden. One of the main causes of morbidity
is infection with methicillin-resistant Staphylococcus aureus (MRSA) [4,5]. These microorganisms also
contribute to severely deteriorating surfaces, greatly reducing the durability and increasing the repair
costs of the material [6]. Considering this dynamic, a material with antibacterial surfaces would be
ideal to prevent microbial proliferation and, likewise, contamination.

Therefore, surface materials and antibacterial systems are of the utmost importance not only
in hospitals and sanitary environments but also for domestic, industrial, and marine applications,
among others [7]. Various studies were carried out with the goal of improving the antibacterial
capacity of construction materials as glazes on ceramic tiles and pastes based on alkali-activated
slag [2,8,9]. Among these construction materials, the use of geopolymers is a great option due to their
high alkalinity and ease of functionalization by incorporating semiconductor materials (ZnO, TiO2,
CuO, and Fe2O3), which, when exposed to UV and UV–Vis radiation, exhibit a functional activity,
i.e., photocatalytic properties [10,11]. One of the most studied semiconductors is titanium dioxide
(TiO2), a harmless material that is highly resistant to photocorrosion, stable in aqueous solutions,
inexpensive, and abundant in nature, which also exhibits a desired high photocatalytic activity
under ultraviolet irradiation [9,12–14]. Semiconductor particles as TiO2, Fe3O4, ZnO, and CuO
can cause inactivation of bacteria (i.e., elimination of bacteria) and viruses in different types of
environments [2,15–17]. These metal oxides were incorporated into the surface of different materials
using advanced deposition techniques, such as chemical vapor deposition, ion implantation, sputtering,
and electrochemical deposition of a solution. However, these technologies are expensive and difficult
to apply to large-volume particles or complex shapes [18].

In general, the antimicrobial activity of CuO and TiO2 metallic nanoparticles was studied with
Gram-positive and Gram-negative bacteria [19–21]. Although the nanoparticles tended to inhibit the
bacteria in all cases, it was observed that the effectiveness depends on the morphology and particle size.
Hasmaliza et al. [9] evaluated the antibacterial properties of ceramic tiles coated with enamel mixed
with anatase TiO2 by exposing the tiles for different times (0, 2, 4, and 8 h) to the bacterium Escherichia
coli; the TiO2 content (5, 10, and 15 wt.%) and particle size of the oxide were also varied, and, at a longer
exposure time, the number of colony-forming units (CFUs) decreased. At the same time, the nanometric
particle sizes favored the antibacterial properties due to the greater surface area available to contact the
bacteria; in contrast, in the presence of a greater amount of TiO2, the antibacterial yield was lower [9].
Kumar et al. [20] evaluated the antibacterial activity of a polymer nanocomposite containing TiO2

and CuO nanoparticles with satisfactory results. Haider et al. [19] evaluated the photocatalytic and
antibacterial activity of TiO2 nanoparticles synthesized via the sol–gel method and calcined at different
temperatures (400, 600, 800, and 1000 ◦C). TiO2 was exposed to two types of bacteria, Pseudomonas
aeruginosa and S. aureus, and it was 100% effective in eliminating these bacteria under solar irradiation.

Geopolymers based on metakaolin, halloysite clay, and fly ash with TiO2 nanoparticles
reported photocatalytic properties. These materials allow functional ceramics to be produced for
self-cleaning ability, removing dyes as B-rhodamine and methylene blue, and leading to nitric
oxide degradation [11,22–28]. Nanoparticles are also used in dental applications [10,29]. However,
the information on the antibacterial effect of nanoparticles incorporated in geopolymeric pastes or
mortars is limited [30]. TiO2 microparticles (20 and 50 wt.%) and ZnO nanoparticles were incorporated
in geopolymer pastes based on metakaolin (MK) [31,32], where the authors reported a bacteriostatic
effect in the presence of contaminated water. Similar results were obtained using MK-based geopolymer
mortar doped with copper [6]. Geopolymers based on fly ash and calcined baluko shells incorporating
Ag nanoparticles were also used to evaluate their antibacterial capacity [33,34]. These studies showed
that the nanoparticles can be used to prepare geopolymers with satisfactory inhibition capacity for
the growth of bacteria. Additionally, it was reported that Portland cement mortars with added glass
containing 2 wt.% TiO2 and the incorporation of nanosilica exhibited the ability to inhibit E. coli growth
in just 30 min [35].
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The objective of this preliminary study was to determine the effects of incorporating nanoparticles
of metallic oxides, such as TiO2 and CuO, on the antimicrobial potential of a geopolymeric binder based
on metakaolin (MK), and its corresponding geopolymer mortar using glass waste as a fine aggregate.
Geopolymer mortars were fabricated for their use as coatings of construction elements for environments
susceptible to bacterial growth. Among the microorganisms potentially pathogenic to humans were
selected Gram-negative bacteria such as E. coli and Pseudomonas aeruginosa and Gram-positive bacteria
such as S. aureus. Infections with these bacteria are recurrent and transmissible to people close to
each other [4,5,36,37]. In addition, this preliminary study proposes the direct incorporation of such
nanoparticles by mechanically mixing the components of the material in order to directly apply the
geopolymer mortar on the substrate surfaces instead of using conventional deposition processes to
produce oxide coatings.

2. Materials and Methods

2.1. Materials

To obtain the geopolymer cement paste, the precursor used was metakaolin (MK MetaMax, BASF,
Florham Park, NJ, USA). A mixture of a commercial potassium silicate (SiO2 = 26.38%, K2O = 13.06%,
H2O = 60.56%), analytical grade potassium hydroxide (KOH), and water was used as an alkaline
activator. The cementitious material was formulated using the following molar ratios of oxides,
as determined by previous studies: SiO2/Al2O3 = 2.5 and K2O/SiO2 = 0.28 [38,39]. To produce
the geopolymer composite with photocatalytic and antibacterial properties, titanium oxide (TiO2)
and copper oxide (CuO) particles were added. The TiO2 used was high-purity and analytical
grade (Merck, reference 1008081000). The CuO nanoparticles were synthesized from copper acetate
((CH3COO)2Cu·H2O) using the modified Pechini method [40] (Figure 1). To evaluate the cementitious
properties, the pastes and mortars were prepared. The mortar was prepared using glass waste (G) as
a fine aggregate.

To synthesize the CuO nanoparticles, citric acid and ethylene glycol were initially mixed in
100 mL of distilled water, and the mixture was heated to 70 ◦C. Then, copper acetate was added.
These precursors were mixed with a molar ratio of 1:1:2, and the solution was constantly stirred
using a magnetic stirrer. Simultaneously, an NH4OH solution was added until a neutral pH (pH = 7)
was obtained. The resulting polymeric resin was subjected to an initial thermal treatment at 350 ◦C;
the thermally treated powder was pulverized using a ceramic mortar. The resulting fine powder was
thermally treated at 450 ◦C. The heating rate used in the two heat treatments was adjusted to 10 ◦C/min.

2.2. Preparation of the Geopolymers

To prepare the geopolymers, the components were firstly mixed in a solid state; then, the activating
solution was added. The components were mixed for 15 min using a Hobart mixer. Next, the mixture
was poured into silicone molds, and discs with 2.5 cm diameters were prepared. The liquid/solid
ratio was 0.35 for the pastes and 0.40 for the mortar. The samples were wrapped with a plastic
film to prevent moisture from evaporating and kept for 24 h in a chamber with a relative humidity
(RH) >90% and a temperature of 25 ◦C. Subsequently, the samples were demolded and stored for
28 days. Figure 2 shows the experimental methodology followed in the study in order to prepare
the geopolymer composites. Table 1 shows the compositions and codes of the mixtures evaluated.
Two geopolymer pastes (GP, mGP) were prepared using 10 wt.% titanium oxide (TiO2) and 5 wt.%
copper oxide (CuO) particles. The percentage of TiO2 incorporated was selected based on previous
studies [11], where a high photocatalytic capacity for degrading B-rhodamine was achieved using
10 wt.% TiO2. Geopolymer mortars (GP-G) were manufactured with a binder/fine aggregate ratio
of 1:2 by weight using glass waste (G) as fine aggregate. The photocatalytic capacity of MK-based
geopolymer mortars (GP-G) increased up to 72% compared to that obtained with mortars using natural
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sand [41]. Geopolymer mortars with CuO particles were not prepared because the results obtained
with the proportion of the oxide used in mGP were negative, as discussed later.

Figure 1. Diagram of the methodology used to synthesize the CuO nanoparticles via the Pechini method.

Figure 2. Diagram of the methodology used to prepare the geopolymer composites.

Table 1. Compositions of the fabricated materials. ID—identifier.

ID Geopolymer (GP) Type
GP

(wt.%)
TiO2

(wt.%)
CuO

(wt.%)

GP Paste 90 10 0
mGP Paste 95 0 5
GP-G Mortar with glass waste (G) as fine aggregate 90 10 0
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2.3. Physicochemical and Microstructural Characterization Techniques

The following instrumental techniques were used to characterize the materials:

• The chemical composition of the starting materials was determined by X-ray fluorescence (XRF)
using a Magix Pro PW-2440 X-ray fluorescence spectrometer (PANalytical, Tollerton, Nottingham,
UK) equipped with a rhodium tube with a maximum output of 4.0 kW and 0.02% sensitivity.

• The X-ray diffraction (XRD) patterns were obtained with a RINT2000 wide-angle goniometer
using Cu Kα radiation at 45 kV and 40 mA, and data were collected with a step size of 0.02◦ over
the range of 5◦–60◦ 2θ using a scan speed of 5◦/min.

• Fourier-transform infrared spectroscopy (FTIR) was performed with a PerkinElmer Spectrum 100
spectrometer operated in transmittance mode, and data were collected for a wavelength range of
450 cm−1 to 4000 cm−1. The samples were prepared using the compressed KBr method.

• The morphological observations and particle sizes of TiO2 and CuO were evaluated by scanning
electron microscopy (SEM) using a JEOL JSM-6490 LV SEM system operated with an accelerating
voltage of 20 kV. The specimens were coated with gold, and the observations were made in
vacuum mode.

• The density, pore volume, and water absorption of the geopolymers were determined following
the procedures detailed in the ASTM C642-13 standard, except that the temperature used to dry
the sample in the oven was 60 ◦C for 48 h.

2.4. Evaluation of the Antibacterial Activity of the Geopolymeric Materials

The geopolymer samples were exposed to the bacteria under study by activating the materials
with UV-A light for 48 h. The UV-A radiation was provided by two mercury lamps (Electrolux T8 20 W
BLB) located inside a black acrylic dome. The lamps emitted light at an intensity of 10.3 W·m−2, which
was measured with a Delta Ohm HD 2102.2 Photoradiometer using the filter for UV-A light range
(k = 360 nm) at 5 mm [14]. The growth inhibition capacity of the bacteria in the materials was studied
using E. coli, S. aureus, and P. aeruginosa bacteria. The tests were performed in two stages. The first
stage followed the standard to evaluate the bactericidal capacity with the bacteria to be tested in the
GP (with 10 wt.% TiO2) and mGP (with 5 wt.% CuO) samples. This initial stage was performed by
following the bacterial growth inhibition zone method (disc diffusion agar test). This method consisted
of placing the sample, i.e., the GP and mGP disc, in a Petri dish and spreading nutrient agar on the
sample. The Petri dishes were then covered for 24 h at 25 ◦C, and the bacterial growth was verified by
the formation of an “inhibition halo” around the disc and under the disc. If the material is favorable to
bacterial proliferation, more bacteria would be found at the site where the material rests (Figure 3).

Figure 3. Assembly of the nutrient agar method.
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By considering the results of the initial stage, the ability of the geopolymer paste (GP) and the
mortar with glass (GP-G) to inhibit bacterial growth was evaluated in the second stage. During
this stage, the methodology used was based on the Hasmaliza study [9], with a few modifications.
The bacteria were cultured in tryptic soya broth (Merck, Darmstadt, Germany) for 24 h. At the
beginning of the test, a count was performed in each of the broths by performing six serial dilutions
in plate count agar (PCA, Scharlau 01-161). Subsequently, 100 μL of each of the selected bacteria
were placed on discs, which were exposed for 2 to 24 h at room temperature (25 ◦C) under conditions
isolated from contamination. After each of the exposure times, the discs were washed with 5 mL
of a 1% peptone-buffered saline solution (Difco, Waltham, MA, USA), which was performed with
vigorous stirring for 5 min; finally, the six dilutions were performed in a type-2 laminar flow cabinet
(C4, Colombia) to count the number of colony-forming bacteria using the pour plate procedure with
PCA. Finally, each agar with its respective inoculum was left in the incubator (WTC Binder, Germany)
for 24 h at 37 ◦C to subsequently count the bacteria grown for each material in the different dilutions.

3. Results and Analysis

3.1. Physicochemical and Microstructural Characterization of the Starting Materials and the Produced
Geopolymers

The chemical composition of MK and G is shown in Table 2. MK was basically composed of silica
and alumina oxides (approximately 97 wt.%) and contains TiO2 impurities (1.73 wt.%). This oxide was
in the form of anatase, as seen in the XRD results (Figure 4). The results shown in Table 2 indicate
that the glass waste used in G was from the SiO2–Na2O–CaO system (calcium sodium glass) and was
highly amorphous, as corroborated by the XRD results based on the elevation of the baseline for 2θ
angles between 20◦ and 30◦ (Figure 4).

Figure 4. X-ray diffraction (XRD) patterns of the raw materials and GP.
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Table 2. Chemical composition of metakaolin (MK) and glass waste (wt.%).

Oxide/Material SiO2 Al2O3 TiO2 Fe2O3 Na2O MgO K2O P2O5 CaO CeO2 V2O5 SO3

MK 52.02 44.95 1.73 0.47 0.30 0.19 0.16 0.02 0.02 0.04 0.05 0.05
G 72.27 1.49 – 0.62 13.37 – – – 11.15 – – –

Titanium oxide existed in the anatase phase (TiO2, Inorganic Crystal Structure Database ICSD #
154604), as identified by the peaks observed in the diffractogram (Figure 4) at approximately 2θ = 25.3◦,
37.8◦, 48.1◦, 53.9◦, and 55.1◦, which also indicated the high photocatalytic potential of TiO2. The XRD
pattern of the copper oxide nanoparticles synthesized from copper acetate by the Pechini method
showed peaks at 2θ = 34◦, 36◦, 38◦, 49◦, 53◦, and 58◦, which corresponded to pure monoclinic CuO
(ICSD code 67850), a phase considered to have bactericidal properties [42]. Similar results were found
by Román et al. [15]. The XRD pattern obtained for the GP indicated that the material was amorphous
(see the lifted baseline for 2θ between 25◦ and 35◦), with the only crystalline phase being the anatase
phase, which was contributed to a high degree by the TiO2 particles and to a lesser extent by MK.

SEM was used to determine the particle size of the TiO2 and CuO particles (Figure 5); the average
TiO2 and CuO particle sizes were 0.615 μm and 0.198 μm, respectively. Figure 5a shows the elongated
and irregular shape of the TiO2 particles, while Figure 5b shows that the CuO particles has a rounded
and more homogeneous shape.

Figure 5. SEM images of the (a) TiO2 and (b) CuO particles.

The FTIR results obtained for MK, GP, and GP-G are shown in Figure 6. In the MK spectrum,
a large band corresponding to asymmetric vibrations, specifically, vibrations of the Si–O–Si and
O–Si–O groups, was centered at 1089 cm−1 [43]. The band located at 814 cm−1 was associated with the
vibrational mode of the Al–O bond of the AlIV present in MK [43,44].

When MK was activated under alkaline conditions to form a geopolymer, the main bands at
wavenumbers of 1007 and 1015 cm−1 shifted in both the GP and GP-G mortar spectra; this band
corresponded to the asymmetric vibration of the Si–OT bonds in the GP gel potassium aluminum silicate
hydrates (KASH) (where T corresponds to Si or Al tetrahedrons) [45]. According to Tchakouté et al. [46],
the infrared absorption bands at wavenumbers close to 1100 cm−1 and 950 cm−1 could indicate that the
geopolymers contained more SiQ3 and SiQ2 species, respectively. Additionally, the band observed
in the GP-G mortar spectrum was more intense than that observed in the GP spectrum, indicating
the presence of more undissolved silica in the alkaline system [43]. This result was expected, since
the mortar was designed with particles of G. The band located at approximately 703 cm−1 came from
symmetric vibrations of the presence of Ti–O–Ti photoactive species [10].
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Figure 6. Fourier-transform infrared (FTIR) spectra obtained for MK, GP, and GP-G.

The peaks at approximately 3434 cm−1 and 1645 cm−1 in the MK, GP, and GP-G spectra
corresponded to stress vibrations of the H–OH group, indicating that water molecules were associated
with free water [38,47–49]. Finally, the peaks corresponding to the bending vibration of the Si–O–Si
group [47,49] were identifiable at 473, 463, and 470 cm−1 for the MK, GP, and GP-G samples, respectively.

The SEM images of GP and GP-G are shown in Figure 7. Figure 7a shows that the GP had a smooth
and homogeneous surface, indicating the presence of large amounts of the KASH gel. Unreacted MK
that was not dissolved by the alkaline activation conditions was also identified [11,44,47]. GP showed
a homogeneous distribution of the TiO2 nanoparticles inside the matrix. In a previous study [11],
the effect of the incorporation of TiO2 in the geopolymeric matrix was investigated, and it was
noteworthy that there was no significant difference between the morphologies of the systems with
and without TiO2, and that the formation of the KASH gel was not impeded by the addition of TiO2,
as these coexisted in the structure of the material. Comparing the physical properties (Table 3) of
the geopolymer matrix [11], with and without TiO2 addition, we found that the water absorption
decreased by just 3.9%, and the density and volume of the permeable pores increased by 5.73% and
1.52%, respectively.

Figure 7. SEM images of the samples with 10 wt.% TiO2: (a) GP and (b) GP-G mortar.

48



Coatings 2020, 10, 157

The glass particles of the GP-G mortar (Figure 7b) were identifiable by their large sizes and
angular smooth surfaces [41,47], which were due to the milling processes that these particles underwent.
The presence of micro-cracks in the sample was also observed with the incorporation of glass (Figure 7b);
similar results were reported by Lin et al. [47] and Mejía de Gutiérrez et al. [41]. The GP-G had
a more homogeneous and denser surface similar to that reported by Lin et al. [47] and a higher density
(see Table 3); the material was more compact, which was reflected in its lower water absorption capacity
and lower volume of permeable pores.

Table 3. Physical properties of the GP and GP-G samples.

Sample
Paste

without TiO2 [11]
GP (Paste)

(10 wt.% TiO2)
GP-G (Mortar)

(10 wt.%TiO2 + G)

Absorption after immersion (%) 27.25 ± 0.15 26.18 ± 0.42 11.54 ± 0.26
Dry density (kg/m3) 1291 ± 0.25 1365 ± 0.02 1916 ± 140

Volume of permeable pores (%) 36.18 ± 0.34 36.73 ± 0.90 22.78 ± 1.97

3.2. Assays with Bacteria

Figure 8 shows the results of the first experimentation stage, corresponding to the standardization
method using Petri dishes and exposure in nutrient agar with the GP and mGP. As shown in Figure 8a,
for the mGP, no inhibition halo was observed for E. coli. Although authors such as Román et al. [15]
showed the capacity of CuO nanoparticles to eliminate Ochrobactrum anthropi, in the present study and
under the composition used (5 wt.% CuO), CuO geopolymeric compounds with antibacterial capacity
for E. coli, S. aureus, and P. aeruginosa were not obtained.

Figure 8. Standardization test for Escherichia coli: (a) GP (10 wt.% TiO2) and mGP (5 wt.% CuO); (b)
inhibition of growth of bacteria under GP sample.

Previous studies demonstrated that the quantity of nanoparticles is an important parameter.
The entrapment and inhibition of bacteria on surfaces was evaluated using CuO and Ag
nanoparticles [2,22,33,34,42], and a good compatibility was reported in orthodontic adhesives using
CuO in high quantities [17]. The amount of CuO nanoparticles used in this preliminary study was
probably low and, for this reason, it did not allow for bacterial elimination. This is according to
Guo et al. [14], who evaluated different percentages of TiO2 in coatings fabricated by immersion
and reported that an incorporation of 5 wt.% TiO2 particles failed to eliminate E. coli, which was
attributed to the processes of initial photocatalytic inactivation step being slow with this proportion of
titanium oxide.
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These nanoparticles were incorporated into materials because of their high surface/volume ratio,
which allowed interactions with bacterial cell membranes, preventing these microorganisms from
attaching to the material surface (bacteriostatic effect); when this occurred, the material was able to
eliminate these microorganisms (bactericidal effect) [13,22–24,34]. Table 4 shows the results of the
initial standardization assay for GP and mGP with the three bacteria tested.

Table 4. Results of the first bactericidal test phase: standardization method.

Sample
Bacteria/Formation of Halo/Halo Size

Staphylococcus aureus Escherichia coli Pseudomonas aeruginosa

GP No—0 Yes—0.5 mm No—0
mGP No—0 No—0 No—0

In the case of the geopolymer with TiO2 nanoparticles (GP), the standardization results were
satisfactory for E. coli, in which a bactericidal effect was in fact observed for the sample GP. The inhibition
was satisfactory, and a halo did form around the sample (Figure 8a); additionally, when sample GP
was removed from the agar nutrient, no bacteria were found under the sample, as shown in Figure 8b.
On the contrary, for the mGP, the halo formation was not evidenced; when the mGP sample was
removed from the agar nutrient, an appreciable number of colonies grew below it for the three
bacteria tested.

Based on the preliminary results of the first phase of standardization, the study was continued
exclusively with GP samples; additionally, a GP-G mortar was fabricated and tested. The decision to
use a geopolymer mortar with glass to measure the bactericide capacity of the geopolymers was based
on the results reported by Mejía de Gutiérrez et al. [41], who observed a higher photocatalytic efficiency
for B-rhodamine degradation in compounds functionalized with TiO2 when glass waste was used to
prepare the geopolymer mortars. Likewise, studies by Sikora et al. [35] showed that the use of glass
enhanced the photocatalytic activity for E. coli colony degradation, and elimination occurred in 30 min.

In the second phase, the number of CFUs was analyzed in different solutions for short times
(4–5 h) and after one day in the agar with the E. coli, P. aeruginosa, and S. aureus bacteria.

Analyzing the GP-G mortar exposed to the different solutions for short times (Table 5) showed
that, after 5 h, CFUs were not present the in the 10−7 mL solutions for the three bacteria evaluated.
Evaluating S. aureus exposed to GP (Figure 9) for 4 h in all solutions showed CFU growth, while,
for the GP-G in the 10−7 solutions, zero CFUs were evident. However, the GP exhibited significant
antimicrobial activity for only the 10−7 solutions containing P. aeruginosa (Figure 9). The results reported
in this study corresponding to GP and GP-G are satisfactory. The toxicity of nanoparticles for inhibiting
bacterial growth was previously demonstrated for S. aureus using ZnO nanoparticles by Sikora [35],
and for E. coli using CuO by Kumar [20] and TiO2 by Sunada et al. [50]. Sunada et al. [50] explained that
the photokilling reaction of E. coli cells using TiO2 is initiated by a partial decomposition of the outer
membrane, followed by an attack of the cytoplasmic membrane, resulting in cell death. In general,
the adhesion of nanoparticles onto the cell wall and the membrane of the microorganisms produces
morphological changes characterized by shrinkage of the cytoplasm and membrane detachment,
finally leading to rupture of cell wall [51]. Additionally, the photocatalysis generates reactive oxygen
species (ROS) and free radical species, contributing to an increase in the antibacterial potential of the
nanoparticles [34,51,52].

For the agar solutions exposed to GP for longer times (Table 6), the greatest inhibition occurred
in the 10−6 solutions for Pseudomonas aeruginosa (Figure 10) and E. coli (Figure 11). The highest
efficacy for the inhibition of CFU bacterial growth was evidenced by the GP-G mortar in the 10−6

solutions for the three bacteria evaluated. This result confirms that the incorporation of glass wastes
in geopolymeric compounds increased the photocatalytic capacity and the bactericidal effect of
the MK-based geopolymer supplemented with TiO2 and, therefore, improved the bacterial growth
inhibition capacity on surfaces.
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Finally, according to Tables 5 and 6, samples GP and GP-G showed a bacteriostatic effect depending
on the bacteria and time.

Although TiO2 and other nanoparticles previously attracted a lot of interest due to their antibacterial
properties in different applications, according to the results, in general, samples containing glass wastes
showed a higher bacteriostatic effect. The use of ground glass particles maximized the capacity for
inhibiting CFU growth after 5 h for the GP-G mortars in solutions of 10−7 mL containing the three
bacteria evaluated (S. aureus, P. aeruginosa, and E. coli). Furthermore, GP-G seems to be particularly
effective against P. aeruginosa.

Table 5. Bacterial growth inhibition capacity of GP geopolymers (4 h) and GP-G (5 h) in bacteria-rich
agar solutions.

Sample, Time in Agar Dissolutions (mL)
CFU *

S. aureus P. aeruginosa E. coli

GP, 4 h

10−3 ++ ++ ++

10−4 ++ ++ ++

10−5 ++ + +

10−6 + + +

10−7 + − +

10−8 + − +

GP-G, 5 h

10−3 + + +

10−4 + + +

10−5 + + +

10−6 + + −
10−7 − − −
10−8 − − −

* (+), bacterial growth determined by CFUs; (++), bacterial growth determined by the formation of large colonies in
all areas; (−), inhibition of bacterial growth.

Table 6. Bacterial growth inhibition capacity of GP (24 h) and GP-G (25 h) in bacteria-rich agar solutions.

Sample, Time in Agar Dissolutions (mL)
Bacteria

S. aureus P. aeruginosa E. coli

GP, 24 h

10−3 ++ ++ ++

10−4 ++ ++ +

10−5 ++ + +

10−6 + − −
10−7 + − −
10−8 − − −

GP-G, 25 h

10−3 + + +

10−4 + − +

10−5 + − +

10−6 − − −
10−7 − − −
10−8 − − −
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Figure 9. Reduction in the number of viable bacteria over time in the S. aureus agar for (a) GP and
(b) GP-G.

Figure 10. Reduction in the number of viable bacteria over time in the P. aeruginosa agar for (a) GP and
(b) GP-G.

Figure 11. Reduction in the number of viable bacteria over time in the E. coli agar for (a) GP and
(b) GP-G.

4. Conclusions

Geopolymer composites based on the alkaline activation of MK and nanoparticles of TiO2 (10 wt.%)
and CuO (5 wt.%) were produced. This study evaluated the physical and microstructural properties of
the geopolymers and the functionality of these geopolymers for inhibiting the growth of the bacteria
S. aureus, P. aeruginosa, and E. coli. Based on the results obtained, the following conclusions can
be drawn:
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• Here, 10 wt.% TiO2 used for the manufacture of geopolymeric pastes and mortars showed
satisfactory elimination of bacterial growth. In contrast, 5 wt.% CuO did not inhibit bacterial growth.

• The incorporation of glass wastes as fine aggregate endowed the GP-G with a 56.73% lower water
absorption compared to the GP sample. Likewise, the glass particles endowed the material with
a smoother and more homogeneous surface, 40.36% higher density, and 37.97% lower pore volume.

• The use of ground glass particles maximized the capacity for inhibiting CFU growth after 5 h
for the GP-G mortars in solutions of 10−7 mL containing the three bacteria evaluated (S. aureus,
P. aeruginosa, and E. coli).

• After 24 h in the bacterial culture, the GP-G mortars exhibited a high capacity for inhibiting the
growth of P. aeruginosa in the 10−4 mL solutions and E. coli and S. aureus in the 10−6 mL solutions.

• These results indicate the potential for using the MK-based geopolymer composite with 10 wt.%
TiO2 for applications on surfaces with antibacterial properties.
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Abstract: This paper presents the heat release characteristics, char formation and fire protection
performance of thin-film intumescent coatings that integrate eggshell (ES) as an innovative and
renewable flame-retardant bio-filler. A cone calorimeter was used to determine the thermal behavior
of the samples in the condensed phase in line with the ISO 5660-1 standard. The fire resistance of
the coatings was evaluated using a Bunsen burner test to examine the equilibrium temperature and
formation of the char layer. The fire propagation test was also conducted according to BS 476: Part 6.
On exposure, the samples X, Y, and Z were qualified to be Class 0 materials due to the indexes of
fire propagation being below 12. Samples Y and Z reinforced with 3.50 wt.% and 2.50 wt.% of ES
bio-filler, respectively, showed a significant improvement in reducing the heat release rate, providing
a more uniform and thicker char layer. As a result, the addition of bio-filler content has proven to be
efficient in stopping the fire propagation as well as reducing the total heat released and equilibrium
temperature of the intumescent coatings.

Keywords: acrylic resin; bio-filler; cone calorimeter; heat release rate; intumescent coating; steel

1. Introduction

According to world fire statistics, there are more than 322,000 people per year suffering in fire
accidents due to the ineffectiveness of fire protection systems. Hence it is important to implement an
effective fire protection system in every building to protect the occupants and building whenever there
is a fire outbreak. Intumescent fire protective materials perform as a passive fire protection system and
play a crucial role in fulfilling the fire safety building regulations to effectively stop the advance of a
fire. Steel structure starts to lose its mechanical properties (temperature >500 ◦C) and tends to buckle,
leading to failure of the building structures. Indeed, the fire safety rules and regulations in buildings
are of paramount importance to ensure the evacuation time and safety for occupants [1].

Intumescent coatings are mainly designed to reduce the heat and fire propagation on the substrate.
Interior decorative materials in buildings are mostly combustible products that are a serious hazard in
a fire. In general, most of the flame-retardant materials were developed due to the smoke and toxic
gas produced from thermal decomposition of the commonly deployed brominated flame-retardant
products [2]. Fires are unavoidably used to produce a lot of energy and heat, which might lead to
serious injury or death [3–5].

The applications of fire protective coatings are one of the most effective ways to protect different
substrates toward a fire. The expansion process of intumescent fire protective coating is due to
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the physical and chemical interactions of three main flame-retardant additives: (1) Ammonium
polyphosphate (APP) acts as an acid source, (2) pentaerythritol (PER) acts as a carbon source and (3)
melamine (MEL) acts as an expanding agent. The use of flame-retardant ingredients may prevent
a small flame towards a major catastrophe. The polymer binder turns out to be important due to
two extensive properties: It contributes to the char layer growth and controls the development of
even char foam structure [6,7]. Several advantages of using intumescent fire protective coatings over
other approaches of structural fire protection are the artistically attractive appearance it gives to the
substrates, fast application, easy to cover complex details and maintaining the intrinsic properties of
steel structures [8,9].

This research highlights a renewable chicken eggshell (ES) flame-retardant bio-filler and its
important role in industrial coatings. ES waste is an aviculture by-product, which causes a serious
conservation risk due to its disposal constitutes. ES waste comprises about 5% organic materials and
95% calcium carbonate in calcite form [10,11]. ES waste can create new value by being converted
into profitable products. Its biochemical composition and accessibility make ES a latent source for
renewable flame-retardant bio-filler, which improved mechanical and thermal properties of coatings
and bio-polymer composites [12–21]. ES also offers benefits for various industrial applications, as it is
lightweight, inexpensive, environmentally friendly, has high thermal stability and is available in bulk
quantities [22–31]. In this research work, the performance of a steel plate coated with an intumescent
coating was tested by using a Bunsen burner. In addition, the fire propagation and fire behavior of
intumescent coatings were tested according to BS 476: Part 6 and ISO 5660-1 [32,33], respectively. These
thin-film intumescent coatings were evaluated with respect to fire behavior analysis with thermal
characteristics in a cone calorimeter and the fire-resistive performance.

2. Experimental

2.1. Materials

In this experimental work, the three main components of materials used for the preparation of
intumescent coatings were (1) the halogen-free flame retardant additives: Ammonium polyphosphate
(particle size <15 μm), melamine (particle size <40 μm), pentaerythritol (particle size <40 μm), (2) the
flame retardant fillers: Aluminum hydroxide with a specific surface area in a range between 0.5 to
50 m2/g, magnesium hydroxide (specific surface area <8 m2/g), titanium dioxide (particle size <40 μm,
specific surface area = 150 m2/g) and eggshell bio-filler (mean particle size = 22.99 μm and specific
surface area = 148.41 m2/g) [11] and (3) the polymer binder: Acrylic resin, which has slow-burning or
even self-extinguishing behavior when exposed to fire. Moreover, it does not generate harmful smoke
or gases. The eggshell powder preparation is shown in Figure 1.

Figure 1. Flow chart of chicken eggshell (ES) powder preparation.
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Four kinds of thin-film intumescent coatings W, X, Y and Z were prepared and tested to evaluate
the fire protection properties and combustion performances of the coatings. The sample details are
tabulated in Table 1.

Table 1. Specifications of experimental materials.

Ingredients
Parts by Weight for Formulations

W X Y Z

APP 20 20 20 20
MEL 10 10 10 10
PER 10 10 10 10
TiO2 5.00 3.40 3.20 3.00

Al(OH)3 – 2.80 3.30 2.75
Mg(OH)2 5.00 3.80 – 1.75

ES – – 3.50 2.50

Polymer Binder W X Y Z

Acrylic resin 50 50 50 50
Weight * (g) 26.70 24.80 25.80 25.90

Thickness (mm) 1.50 1.50 1.50 1.50
Density (g/cm3) 1.780 1.653 1.720 1.727

* Sample sized for cone calorimeter test = 10 cm (l) × 10 cm (w) × 1.5 mm (t)

2.2. Fire Protective Test

The fire protective test allowed the observation of the development of the char layer and the
evolution of temperature when exposed to fire to determine the performance of the intumescent fire
protective coatings. The intumescent formulation was applied onto a steel plate after being grit-blasted
(dimensions of steel plate: 100 × 100 × 2.6-mm3) by using a gun sprayer. This method was repeated
3–5 times until a 2.0 ± 0.2 mm coating thickness was attained. The Bunsen burner of the gas tank
consumption was about 160 g/h, and the coated steel plate with the intumescent coating was mounted
vertically and tested for 60 min of fire (about 1000 ◦C). In this fire test, 400 ◦C was chosen as a critical
temperature for the coated steel under the small-scale fire test. The time-temperature curves of the
coated steel plates were recorded and verified using a model of 307/308 hand-held mini thermometer.
The temperature profile and thickness of the char layer on the backside of the steel plates were recorded
and evaluated (see Figure 2).

Figure 2. Schematic of the experimental setup for fire protective test [31]. Figure 2 is adapted with
permission from [31]. Copyright 2018 Elsevier.
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2.3. BS 476: Part 6 Fire Test

The fire propagation test according to BS 476: Part 6 was conducted and evaluated in this
experimental work [32]. The experimental method consisted of exposing the coated steel with an
intumescent formulation to a standard small flame for 20 min, with 2 kW of an extra irradiance from
the third to the final minute of the fire propagation test. The temperature of the grown ignition
intumescent coatings was recorded. This was compared to the temperatures produced from the steel
plate coated with the intumescent coating. The result stated was the index of fire propagation, which
offers a relative measure of the involvement to the evolution of the fire made by the flat coating surface.
The coated steel plate with the intumescent fire protective coating was exposed to the fire conditions.
To be Class 0 certified the fire propagation index (I) must be below 12. In this fire test, a better fire
protective material was determined by a lower numerical value of the index.

In addition, the heat rate and amount of heat grown by the coating sample were measured
and considered under prearranged conditions. The steel plates with a standard dimension:
225 × 225 × 2.3-mm3 were coated with a thickness of 1.5 ± 0.1 mm intumescent coating. Moreover, the
index of fire propagation performance was calculated using the below equations:

I1 =
t=3∑

t=0.5

θm − θc

10t
(1)

I2 =
t=10∑
t=4

θm − θc

10t
(2)

I3 =
t=20∑
t=12

θm − θc

10t
(3)

I = I1 + I2 + I3 (4)

Where:

I = index of intumescent coating performance;
t = time from the beginning at which readings were taken (min);
θm = temperature of the intumescent coating at time t;
θc = temperature of the calibration curve at time t.

2.4. Sample Preparation for the Cone Calorimeter Test

Before the cone calorimeter test, sample sizes (10 cm× 10 cm× 1.5 mm) were maintained at 50± 5%
relative humidity (RH) and 23 ± 2 ◦C. The pretreated coating samples were enveloped with aluminum
foil (thickness: 0.03–0.05 mm) with the shiny side of the aluminum foil facing the sample. The coating
sample was wrapped without any treatment and the non-exposed surface was covered with foil, which
typically forms to the cone calorimeter. One of the most acceptable and internationally recognized
fire testing apparatuses is the cone calorimeter. This equipment test was conducted in accordance
with the ISO 5660-1 standard. The cone calorimeter is used to examine the fire characteristics of the
sample with different measurements simultaneously. The most important parameter to determine a
fire’s hazard level is to obtain the value of the heat release rate (HRR) of the sample. The specifications
of the samples are shown in Table 1.

In this cone calorimeter test, the prepared coating sample and the holder were located on a mass
measurement device. All the experiment works were evaluated by employing the coating samples
in the same holder under a heater of the cone calorimeter. The fire situation comprised four stages:
(1) Ignition, (2) growth, (3) fully developed, and (4) decay. The heat flux of 50 kW/m2 was set and
conducted by corresponding to the fully developed fire stage. The distance between the cone and
the coating sample was 6 cm. The spark power and the igniter were removed when the ignition or
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temporary flame occurred and the time was recorded. If the flame went out after removing the spark
power, the igniter was re-inserted within 5 s and then the spark was maintained until test completion.
The coating sample and sample holder were detached after collection of all data. Each pretreated
coating samples were tested three times according to the standard. The experimental data of the
coating sample were calculated based on the average of three tests [33].

Flammability Test

For this flammability test, a heat flux of 50 kW/m2 was irradiated to the square samples and
measured in the horizontal position. The following parameters were determined during the test:
The heat release rate (HRR), peak HRR, time to ignition (TTI), and total weight loss. The time to fire
start on the coating surface due to heat radiation is known as the TTI. The following equations were
used to calculate the HRR:

.
q′′ (t) =

q(t)
As

(5)

.
q(t) =

(
Δhc

r0

)
(1.10) C

√
ΔP
Te

(
Xo

O2
−XO2(t)

)
1.105− 1.5XO2(t)

(6)

where
.

q′′ is the rate of heat release per unit area (kW/m2),
.
q is the HRR (kW), As. is the initially exposed

area (m2), Δhc is the net heat of combustion (kJ/kg), and r0 is the stoichiometric oxygen/fuel mass ratio
(-). The maximum intensity of an HRR curve is determined by peak of heat released rate (PHRR).

3. Results and Discussion

3.1. Bunsen Burner

The temperature profiles and the development of char layers of the steel plates coated with
intumescent coating formulations were recorded and compared. The data of time-temperature curves
of the coatings are presented in Figure 3. Samples W, X, Y, and Z showed comparable temperature
profiles after the test. During the first 10 min of fire, there was no difference in the temperature of all
coating samples, and the temperature increased rapidly to 181, 170, 163 and 159 ◦C for samples W, X,
Z, and Y, respectively. After 15 min of fire, the equilibrium temperatures were reached for all coatings
and remained almost unchanged until 60 min of fire. The small-scale fire test results demonstrated that
the equilibrium temperatures of curves W, X, Y, and Z were 173, 168, 155 and 160 ◦C, respectively.

Figure 3. The time-temperature curves of the coated steel plates with coating samples.
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Moreover, Figure 4 exhibited that the thicknesses and expansion rates for samples Y and Z
containing ES bio-filler were 39.50 mm-0.625 mm/min and 37.50 mm-0.59 mm/min, respectively.
Sample Y had the best fire protection performance in terms of its equilibrium temperature and char
formation compared to samples W, X, and Z. The growth of a multicellular char layer of sample Y
was mainly attributed to the decarbonation of 3.5 wt.% of ES. It formed calcium oxide by releasing
non-combustible carbon dioxide gas on heating, as follows:

CaCO3 (s)→ CaO (s) + CO2 (g) (7)

Figure 4. The expansion rate and thickness of char layer of intumescent coating samples.

In addition, the expansion of the char layer can be initiated due to physical and chemical reactions
contributed by an appropriate mixture of flame-retardant materials and binder, or the development
of a cohesive structure during heating. This dense char layer could trap the degradation ingredients
into the residue and result in a rounded swelling. This protecting layer declines the heat transfer
from the heat source to the underlying steel in maintaining the integrity of the protected substrate
against fire. The outcomes demonstrated that the coating comprising phosphate, nitrogen, ES, TiO2,
Mg(OH)2, Al(OH)3 containing fire-retardant elements significantly contributed to a better fire protection
performance, which resulted from the formation of a uniform and dense char layer. It was found
that there was a correlation between the thickness of the char layer and the equilibrium temperature.
This shows that the thickness of the char layer affected the fire protection performance of the coating.

3.2. BS 476: Part 6

The BS 476: Part 6 fire test found that all samples fulfilled the requirement, except the sample
W ((I) = 22.3). The index and sub-index of the fire propagation test for all coating samples are presented
in Table 2.
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Table 2. The index and sub-index of BS 476: Part 6, fire propagation test.

Time (min)
Calibration,

Temperature (◦C)
Coating W

(◦C)
Coating X

(◦C)
Coating Y

(◦C)
Coating Z

(◦C)

0.5 14 18 14 12 11
1 18 21 18 16 15

1.5 23 26 23 19 19
2 27 30 27 23 22

2.5 30 34 31 26 26
3 34 38 34 30 29
4 72 122 55 54 60
5 108 212 133 129 150
6 129 274 169 181 179
7 148 321 213 202 208
8 166 364 227 219 226
9 182 378 272 234 236
10 192 405 290 244 241
12 214 417 295 249 246
14 230 418 302 253 250
16 238 416 304 258 253
18 246 403 306 260 253
20 257 385 308 263 259

Sub index 1 (I1) 1.6 0.2 0.1 0
Sub index 2 (I2) 15 5.1 4.6 4.4
Sub index 3 (I3) 5.7 1.5 1.2 0.7

Index of Performance (I) 22.3 6.8 5.9 5.1

The BS 476: Part 6 test results showed that the sub-index (I1:I2:I3) of coating samples W, X, Y and
Z was (1.6:15:5.7), (0.2:5.1:1.5), (0.1:4.6:1.2) and (0:4.4:0.7), respectively. The index (I) results for the
same coating samples were 22.3, 6.8, 5.9 and 5.1, respectively. It emphasized that the sub-index must
be below 6 and the index of fire propagation must be below 12 for the coating samples to be certified as
Class 0 materials. Among all coating samples, only sample W did not qualify as a Class 0 material
since its index was 22.3 (I), which is out of the index of performance of this category (I > 12).

Evaluation of the fire propagation index for samples W, X, Y and Z revealed that samples
Y ((I) = 5.9) and Z ((I) = 5.1) with 3.5 wt.% and 2.5 wt.% of ES, respectively, showed a great reduction
in fire propagation index compared to sample W. It can be concluded that the incorporation of ES
bio-filler into the coating formulation led to substantial inhibition of fire propagation, which could be
contributed to the decarbonation of calcium carbonate at a high decomposition temperature [28].

In addition, sample X ((I) = 6.8) also exhibited a significant improvement in the reduction of fire
propagation compared to sample W. This coating formulation showed an appropriate combination of
TiO2/Al(OH)3/Mg(OH)2 flame retardant fillers with flame retardant ingredients led to a significant
improvement in stopping the fire propagation behavior. This phenomenon is due to the main
phosphorus element of ammonium polyphosphate (APP), which could easily respond with different
oxides during a fire to produce ceramic-like solid materials (X-O-P species, X = Ti, B, Al, Mg, etc.).
This develops a more cohesive and dense char structure [1,34,35]. The properties of the char structure
are associated with fire protection performance of the sample [36,37].

3.3. Cone Calorimeter Test

The results of the cone calorimeter test using 50 kW/m2 heat fluxes are shown in Table 3. The overall
burning time of all intumescent coating samples was about 700 to over 900 s, and the TTI was 8–10 s.
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Table 3. Data of the cone calorimeter test of samples.

Sample
Peak of Heat

Released Rate
(kW/m2)

Total Heat
Released
(MJ/m2)

Thickness of
Char Layer

(mm)

Time to
Ignition (s)

Residual
Weight (wt.%)

W 106.03 22.4 21.0 9 43.85
X 111.86 21.6 30.0 8 46.12
Y 91.00 11.5 35.5 10 61.81
Z 99.98 12.0 34.0 10 58.48

According to cone measurements, the TTI values of samples W, X, Y, and Z were 9, 8, 10 and 10,
respectively. The TTI of the high-density samples Y and Z, which contained ES bio-filler, had a longer
time than those of the lower density sample X, demonstrating that the main factors were the density
and decomposition temperature of the flame-retardant fillers [38]. In addition, the remaining mass of
coating samples W, X, Y, and Z were 43.85%, 46.12%, 61.81% and 58.48%, respectively, after the test.

Therefore, samples Y and Z incorporated with ES were difficult to ignite and contribution to
the TTI value and residual weight compared to samples W and X, due to its higher decomposition
temperature. It is important to examine the profile of the HRR curve over time as it may reveal evidence
on the varying thermal behavior of the heating process due to physical and chemical reactions of
intumescent coatings.

Figure 5 displays the HRR versus time profiles of the coating samples after ignition. The burning
behavior of the entire samples exhibited a single peak. Sample X showed the maximum peak of
111.86 kW/m2 at 35 s, which was higher than other maximum peaks of samples W, Y and Z of 106.03,
91.00 and 99.98 kW/m2, respectively. The PHRR of sample Y was the lowest among all the samples
due to its positive synergistic effect in reducing the heat release rate with the addition of 3.5 wt.%
ES bio-filler into flame retardant ingredients and binder. The results show that the HRR value with
the incorporation of bio-filler of samples Y and Z maintained at a level below 20 kW/m2 in the time
range between 250–700 s ignition, while the HRR of samples W and X without addition of ES bio-filler
decreased slowly and maintained at a level below 20 kW/m2 after at 600 s ignition.

Figure 5. Heat release rate (HRR) of the samples.

Figure 6 displays the curves of total heat released (THR) against the time of the intumescent coating
samples. Samples W and X showed higher values of 22.4 and 21.6 MJ/m2, respectively, compared to
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samples B and D, which had lower values of 11.5 and 12.0 MJ/m2. The THR of samples W and X rose
sharply and tended to follow a smooth curve after ignition. Samples Y and Z showed a very significant
improvement in the reduction of the THR with the addition of the novel ES bio-filler. This result
indicated that the heat release of samples Y and Z during combustion was very small and not enough
to sustain combustion without external heat flux. The excellent flame retardancy properties of samples
Y and Z were probably caused by the existence of the carboxylic group and calcium ions in the calcium
carbonate and the carbon source, which promoted a dehydration reaction and decarboxylation reaction
to release non-burning gases, such as H2O and CO2.

Figure 6. The curves of total heat released (THR) versus time of the samples.

The coating samples before and after the cone calorimeter test are shown in Figure 7a–d. Samples
Y and Z, which comprise ES, had more effective char formation and expansion rate compared to
samples W and X, due to appropriate combinations of flame retardant fillers (Y-ES/Al(OH)3/TiO2) and
Z-ES/Al(OH)3/Mg(OH)2/TiO2). This could be attributed to the physical and chemical integration of the
flame-retardant ingredients. The decomposition of Mg(OH)2 and Al(OH)3 flame-retardant fillers is
described in the equations below:

Mg(OH)2 (s)→MgO (s) + H2O (g) (8)

2Al(OH)3 (s)→ Al2O3 (s) + 3H2O (g) (9)

Figure 7. The coating samples before (W, X, Y and Z) and after (a–d) the cone calorimeter test.
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The properties of the Al(OH)3 flame-retardant filler displays strong reversibility of the dehydration
reaction when exposed to heat, resulting in good fire resistance performance, since water released
inside the particles recombine with the reactive surface of the freshly formed alumina [39]. However,
the endothermic decomposition of the Mg(OH)2 filler would attribute to a gaseous water phase, which
could enclose the flame by eliminating oxygen and dilute combustible gases by reducing the total heat
released [40].

Sample Y revealed the highest rate growth and thickest char layer among the coating samples, as
presented in Figure 7c. The development of the multicellular layer could have been originated by the
release of non-combustible CO2 due to the decarbonation of ES bio-filler, which induces swelling by
trapping the degradation products into the residue, as explained in Section 3.1.

The thermal degradation of ammonium polyphosphate can easily react with flame-retardant fillers
to form a ceramic-like material, which increases the char formation by giving a dense and uniform
char layer, which could insulate and protect the unprotected substrate in a fire [34,35].

4. Conclusions

The thermal characteristics of four intumescent coating formulations have been studied in
accordance with the BS 476 Part 6: Fire propagation test and ISO 5660-1 cone calorimeter standard
test under atmospheric conditions with a piloted ignition. The incorporation of the ES bio-filler in
the intumescent formulation led to a good thermal resistance and fire protection performance. It was
found that all the parameters that characterize coating thermal resistance, such as TTI, HRR, and
THR, decreased when 3.50 wt.% and 2.50 wt.% ES bio-filler was added to samples Y and Z. Hence,
this study revealed that the addition of ES bio-filler strongly influenced the thermal properties and
formation of the char layer of intumescent coatings. The coated samples X, Y and Z showed neither fire
propagation nor afterglow combustion. Appropriate combinations of Al(OH)3/TiO2/ES in the coating
formulation decreased the index value of fire propagation and HRR, whilst providing a thicker and
more uniform char layer. The addition of renewable ES bio-filler showed significant enhancement in
fire protection and the quality of the intumescent fire protective coatings, as well as being beneficial to
the environment. In general, it can be determined that intumescent coatings display significant fire
protection qualities in a practical and effective fire protective coating for steel, as shown by the findings
of this study.
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Abstract: The coating of polymeric substrate polyetheretherketone (PEEK) with silver nanoparticles
(AgNPs) was carried out by a wet chemical route at room temperature. The coating process was
developed from the Tollens reagent and D-glucose as reducing agent. The resulting composite
exhibited antimicrobial activity. The PEEK films were coated with a single layer and two layers
of silver nanoparticles in various concentrations. The crystallographic properties of the polymer
and the silver nanoparticles were analyzed by X-ray diffraction (XRD). Fourier transform infrared
spectra (FTIR) show the interaction between the silver nanoparticles with the polymeric substrate.
Transmission electron microscope (TEM) images confirmed the obtaining of metallic nanoparticles
with average sizes of 25 nm. It was possible to estimate the amount of silver deposited on PEEK
with the help of thermogravimetric analysis. The morphology and shape of the AgNPs uniformly
deposited on the PEEK films was ascertained by the techniques of scanning electron microscopy (SEM)
and atomic force microscopy (AFM), evidencing the increase in the amount of silver by increasing
the concentration of the metal precursor. Finally, the antibacterial activity of the films coated with
Ag in Escherichia coli, Serratia marcescens and Bacillus licheniformis was evaluated, evidencing that the
concentration of silver is crucial in the cellular replication of the bacteria.

Keywords: AgNPs; antibacterial coatings; polyetheretherketone films; tollens method

1. Introduction

Currently, bacterial growth is the main problem of air purification systems such as heaters,
air-conditioning and ventilators that are used indoors [1,2]. Some microorganisms are adhered to and
absorbed by the parts of the air purifying systems which return to the environment under operational
conditions, spreading pathogenic bacteria not only to humans but also to plants and animals [3].
Among the bacteria that are found in the environment and are scattered by air purifying equipment are
Escherichia coli, Bacillus subtilis, Staphylococcus aureus and others such as Serratia marcescens that cause
diseases such as gastroenteritis, urinary tract infections, meningitis and brain abscesses, in addition
to pathogenic bacteria that also affect plants and cause cell death such as Bacillus licheniformis [4,5].
The alternative to this problem for a long time, has been the combination of air-purifying equipment
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filters with nanocoatings that inhibit bacterial growth, using various polymeric materials such as
polyimide, polyurethane, polyacrylonitrile and polysulfone, which has generated contamination
and low resistance to exposure of the various environmental effects [6,7]. For this reason, one of
the polymers that promises to be efficient as a multifunctional material in the design of filters
of air purification equipments is polyetheretherketone (PEEK). This semicrystalline thermoplastic
polymer formed by an aromatic chain, combines ketone and ether functional groups between the aryl
rings with a mechanical strength stable at high temperatures and resistance to most inorganic and
organic substances in comparison with other polymers derived from the polyaryletherketone family
(PAEK) [8–10]. These characteristics make PEEK an ideal material for various applications such as
components in filters for air decontamination and as complements in decontaminating systems, using
effective coatings based on silver nanoparticles with high activity in low concentrations [11–14]. In this
sense, several methods have been used to functionalize the PEEK surface, among the most common
being the sputtering and plasma deposition techniques [9,15,16]; however, deposition by means
chemical routes have attracted great interest due to its simplicity and low cost [17]. Among chemical
methods, the deposition of silver nanoparticles using the Tollens reagent has been studied for its
simplicity, fast deposition and control of nanoparticle size, the use of non-toxic reagents being one
of the most clear benefit of this procedure [18]. This green method allows a silver surface formed
by homogeneously distributed nanoparticles in the substrate to be obtained, where the reduction of
the ammoniacal silver complex takes place when a monosaccharide as glucose is used as a reducing
agent. This results in high antibacterial effectiveness due to the development of small silver (Ag)
particle sizes [19,20].

Under the above considerations, the present study aims to obtain polyetheretherketone films
coated with various concentrations of silver by a simple chemical reduction method, which contributes
to the development of deposition methodologies of silver nanoparticles in polymeric substrates,
without the need to use expensive equipment and avoiding the use of polluting reagents. In the same
way, the synthesis method using diamonical complexes of silver and glucose as a green reducing agent
has the advantage of controlling the size and distribution of the AgNPs coated in the PEEK polymer,
favoring antibacterial activity against E. coli, S. marcescens and Bacillus licheniformis for potential
biomedical applications.

2. Materials and Methods

2.1. Synthesis of Silver Nanoparticles and Coating of Polyetheretherketone (PEEK) Films

Polyetheretherketone (PEEK) films were coated with 1 and 2 layers of silver nanoparticles
(AgNP), reducing ammoniacal silver complexes with glucose in aqueous medium at room temperature.
AgNO3 (99.9%) was purchased from Sigma-Aldrich (Saint Louis, MO, USA), NaOH (99%), Ammonia
(25%) and D-Glucose (99%) was obtained from Merck (Darmstadt, Germany). The PEEK film used
was Sigma-Aldrich with a thickness of 0.006 mm. The PEEK film was washed with sulfochromic
solution (concentrated sulfuric acid with potassium dichromate 90%/10%), for 5 min to remove
contaminants in the polymer and to facilitate the coating with silver nanoparticles. For the synthesis
of silver nanoparticles, Tollens reagent was used [21,22]. Stoichiometric amounts of silver nitrate
in different concentrations were available in a glass reactor previously washed with sulfochromic
solution. Subsequently a NaOH dissolution (0.5 mol/L) was added to the above solutions producing
silver monoxide, as shown in Equation (1) [23,24].

2AgNO3 (aq) + 2NaOH(aq) → Ag2O(s) + 2NaNO3(aq) + H2O(aq) (1)

The precipitated silver monoxide was completely dissolved with ammonia (2 mol/L), producing
the Tollens reagent (Equation (2)) [25].

Ag2O(s) + 4NH3(aq) + 2NaNO3 + H2O(aq) → 2Ag(NH3)2NO3(aq) + 2NaOH(aq) (2)
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The silver nanoparticles (Ag0) were obtained by chemical reduction of the silver diamine complex
with D-glucose (1 mol/L) as a reducing agent, forming gluconic acid [26]. Equation (3) summarizes the
previous reaction. At this stage, the PEEK films were immersed in the solution containing the AgNPs
in three different concentrations (0.04, 0.08 and 0.12 mol/L). The immersion was done for 5 min at
room temperature and under agitation at 250 rpm; this favored the random sequential adsorption
of the silver particles on the polymer surface, thus obtaining the PEEK/Ag0.04, PEEK/Ag0.08 and
PEEK/Ag0.12 systems with both single and two layers [27,28]. It must be clarified that the two-layer
systems were obtained by repeating the aforementioned procedure for a single-layer film.

2[Ag(NH3)2]
+
(aq) + RCHO(aq) + 2OH− → 2Ag(s) + RCOOH(aq) + 4NH3(aq) + H2O(aq) (3)

The PEEK films coated with one and two-layer silver nanoparticles were dried at 100 ◦C for
2 h to remove remaining water solvent. In this way, the synthesis route using the Tollens reagent
and reducing monosaccharides such as glucose contributes to the progress in the deposition of metal
nanostructures in polymeric films by chemical methods.

2.2. Characterization of PEEK Films Coated with AgNPs

X-ray diffraction (XRD) measurements of all the coated films were made on a PANalytical X’Pert
PRO MPD diffractometer (Bogotá, Colombia), equipped with an Ultra-Fast X´celerator detector and
a Bragg–Brentano configuration, using the Cu Kα radiation (λ = 1.5418 Å) between 20◦ and 90◦.
The measurements were developed with an acceleration voltage of 40 kV and a current of 20 mA.
The average size of the crystalline domains was determined with the Debye–Scherrer equation
using the highest intensity peak in the diffraction pattern of each sample [29]. The infrared (IR)
spectra were obtained in the Thermo Scientific Nicolet iS50 spectrometer, by the technique of total
attenuated reflection (ATR). The IR spectra were processed with a resolution of 4 cm−1 in the average
IR (4000–400 cm−1). The samples were placed directly on the cell and pressed to carry out the analysis.
The spectra were collected and manipulated with the OmnicR software (version 6.1).

Transmission electron microscopy (TEM) images were obtained from a Tecnai F20 Super Twin
TMP (Medellín, Colombia) of a Field Electron and Ion (FEI) microscope, equipped with a system
Ion Milling PIPS II Model 695 GATAN (Medellín, Colombia) and Ultramicrotome EM UC7 LEICA
(Medellín, Colombia). The thermal analysis was developed in a Seteram Thermobalance equipment.
For the analysis, 5 mg of each sample was weighed and placed in an alumina crucible. The sample was
subjected to a heating rate from 25 to 700 ◦C, under an atmosphere of N2 with a flow of 20 mL/min.

The morphology of the AgNPs on the PEEK films were analyzed by scanning electron microscopy
(SEM) without coating in a JSM-6490 JEOL microscope (Tokyo, Japan), with an acceleration voltage
of 15 KV, using secondary electron scattering under high vacuum conditions. Energy-dispersive
X-ray spectroscopy (EDS) microanalysis was performed on an Inca Energy 250 EDS System LK-IE250
from Oxford, England, UK, equipped with a silicon detector for light elements and resolution of
138 eV. The surface analysis of PEEK films coated with silver was performed in an atomic force
microscope (AFM) Asylum Research, model MFP-3D-BIO. The AFM images were analyzed with the
Gwyddion software (version 2.49).

2.3. Antibacterial Activity

The antibacterial activity of the films of PEEK with a coating of AgNPs was studied by the
disc diffusion method, for which 100 μL of bacterial suspensions in nutrient broth (this medium
contains, in g/L: meat extract, 1.0; yeast extract, 2.0; peptone, 5.0 and sodium chloride, 5.0) of
Escherichia coli, Serratia marcescens and Bacillus licheniformis with optical density of 0.01 (OD 600)
were spread homogeneously on the nutrient agar plate (meat extract B, 3.0 g/L; peptone, 5.0 g/L and
agar, 15.0 g/L) [30]. PEEK discs of 6 mm diameter and 0.006 mm thickness with a coating of AgNPs in
different concentrations were used. The samples were placed on the agar plate and were kept in the
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incubator at 37 ◦C for 24 h [16]. Each antibacterial test was evaluated in triplicate. The ImageJ software
was employed to measure the diameter of the zone of inhibition of the AgNPs deposited on the PEEK
under bacterial activity.

3. Results and Discussion

3.1. X-ray Diffraction (XRD)

Figure 1a shows the X-ray diffraction patterns of the PEEK/Ag0.04, PEEK/Ag0.08 and
PEEK/Ag0.12 samples with a coating layer. The semicrystalline structure of the PEEK polymer
is revealed with the 2θ = 16◦, 23◦ and 30◦ positions, which are assigned to the (110), (220) and (211)
facets, respectively [31–33]. The diffraction peaks found at 38◦, 44◦ and 64◦ corresponding to the
(111), (200) and (220) crystal planes of the face-centered cubic structure of the silver (FCC), which are
related with JCPDS (No. 89-3722), confirmed the successful reduction process of the Tollens reagent
with D-glucose to obtain the first coating layer of the silver nanoparticles in the polyetheretherketone
films [22,34,35]. Figure 1b shows the X-ray diffraction patterns of the samples coated with two layers
of silver. The crystallinity of the PEEK film is preserved with the deposition of the second layer of
silver on the surface of the polymer since there is no decrease in the intensity of the peaks. Similarly,
the intensity of the characteristic metallic silver signals is maintained and increased with the second
coating process without detriment to the metallic surface.

 
Figure 1. X-ray diffraction (XRD) patterns of polyetheretherketone (PEEK)/Ag0.04, PEEK/Ag0.08 and
PEEK/Ag0.12 samples (a) with one coating layer and (b) with two coating layers.

The average sizes of the crystalline domains (L(111)) of the silver nanoparticles deposited on the
PEEK polymer surface were calculated with the Debye–Scherrer formula. The resulting values are
listed in Table 1.

L(111) =
kλ

βcosθ
, (4)

where k is the shape factor (0.9), λ is the X-ray wavelength, β is the full width at half maximum
(FWHM) in radian, and θ is the Bragg angle in radians corresponding to the most intense (111)
diffraction peak [36,37].

Table 1. Data derived from XRD and transmission electron microscopy (TEM) analyses.

Sample
Average Crystal

Size by XRD (nm)
FWHM

d-Spacing
(nm)

Average Crystal
Size by TEM (nm)

PEEK/Ag0.04 23.40 0.3402 0.233 9.1
PEEK/Ag0.08 25.93 0.3066 0.234 9.7
PEEK/Ag0.12 26.48 0.3003 0.234 10.1

FWHM: Full width at half-maximum of the XRD peak.
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3.2. Fourier Transform Infrared (FTIR) Spectroscopy

The Figure 2 shows the infrared spectrum of PEEK uncoated and coated with all samples obtained.
Figure 2a shows the infrared spectra of PEEK polymer substrates with 1 coating layer. The Fourier
transform infrared (FTIR) spectrum of the original PEEK film shows a band at 1647 cm−1 of the
conjugated ketone stretch (C=O), the bands at 1587, 1480 and 1410 cm−1 corresponding to stretching
vibrations of the conjugated carbons on the chains’ aromatics. The signal located at 1305 cm−1 is
characteristic of the flexion between the ketone group and the adjacent carbons. In 1275 cm−1 the
stretching signal of the ether group is shown. The bands between 1215 and 1100 cm−1 are attributed
to the deformation flexion in the plane of the C–H bond. The signal at 1008 cm−1 can be attributed
to the stretched vibrations of the diphenylether bonds of the p-substituents on the aromatic ring
(Ar–O–Ar). From 950 to 765 cm−1 corresponds to the flexure of deformation outside the plane of the
C–H bond [38–40].

 
Figure 2. Fourier transform infrared (FTIR) of PEEK/Ag0.04, PEEK/Ag0.08 and PEEK/Ag0.12 samples
(a) with one coating layer and (b) with two coating layers.

The main signals of the polyetheretherketone are present in all the samples obtained with a single
layer, because the silver deposited in the polymer is small and does not cover the entire film. The signal
in 3310 cm−1 corresponds to OH groups of NaOH remanent molecules, after the synthesis process
of the AgNPs. The OH groups are not water molecules, since the films formed were completely
dried. Likewise, in 3060 cm−1 the absorption band corresponding to the stretch of the C–H bond
of the aromatic ring carbon is evidenced, which loses intensity in the whole spectrum of the coated
films, this may be due to the interactions that are generated between the silver nanoparticles and the
PEEK [41]. On the other hand, there are no signs of nitro groups (N–O), so it can be said that there are
no residual nitrates after the process of synthesis and drying of the formed films.

The FTIR spectra of PEEK films with two layers of coating are shown in Figure 2b. The absorption
bands below 3000 cm−1 of the PEEK polymer are lost, and new characteristic signals of the silver
nanoparticles appear which increase the intensity with the proportion of silver deposited, confirming
an optimal distribution of silver on the surface of the polymer. The absorption band at 1070 cm−1 is
characteristic of the presence of AgNPs [42,43]. The bands at 1650 and 1400 cm−1 are of the ketone
bond and of the conjugated carbons in the aromatic ring, respectively, which are empty spaces of
the polymer where no silver was deposited. In the IR spectrum of the PEEK/Ag0.12 sample with
two layers, the characteristic signals of the organic compounds are not present, and this is only the
characteristic of the interaction of the silver with the polymer, demonstrating the total coating of the
surface area of the polymeric substrate [44].
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3.3. Transmission Electron Microscopy (TEM) Analysis

The transmission electron microscopy images of PEEK polymers coated with two layers silver
nanoparticles are shown in Figure 3. The analysis of the TEM images showed a distribution of the size
of the crystals by means of the ImageJ software; this is shown in Figure 4. The results derived from the
statistical analysis corroborated the average sizes of the silver crystals deposited in the polymer and
evidenced by the X-ray diffraction patterns using the Debye–Scherrer equation.

 
Figure 3. TEM images of (a) PEEK/Ag0.04, (b) PEEK/Ag0.08 and (c) PEEK/Ag0.12. The samples were
coated with two layers of AgNPs.

 
Figure 4. Distribution of the particle sizes determined from the TEM data at 50 nm of the obtained
samples with 2 layers. (a) PEEK/Ag0.04, (b) PEEK/Ag0.08 and (c) PEEK/Ag0.12.

The comparison among particle sizes obtained by XRD and TEM are presented in Table 1.
The experimental results shown that the silver nanoparticles with the polymer were coated on average
by less than 30 nm. Based on previous studies [45], particle dimensions play an important role in the
antibacterial activity of the coating and, therefore, this must be monitored in the final coating assembly.
In the same way, the synthesis of silver nanoparticles using the Tollens reagent and an economic
reducing agent, such as D-glucose, allowed control of the size and shape of the nanoparticles deposited
in the PEEK [46]. In the same way, when different concentrations of AgNO3 are used, the increase
in the size of the synthesized nanoparticles is related to the amount of ammonia. By increasing the
concentration of silver in the different samples, the amount of ammonia required for the reaction is
also increased, thus favoring the stabilization of the complex [Ag(NH3)]+. This phenomenon decreases
the amount of Ag+ species, which causes the decrease of stable silver nuclei in the reduction process
with glucose, and induces the formation of large particles in the growth stage [47–49].

Figure 5 shows the transmission electron microscopy images of the PEEK/Ag0.12 sample cut
with ultramicrotome at different magnifications. In Figure 5a,b the obtaining of uniformly sized
silver nanoparticles adhered to the PEEK polymer is corroborated by electrostatic forces generated
by the high charge of the reduced silver in the synthesis process [17,50]. Likewise, the AgNPs form
agglomerates of regular size, which extend throughout the PEEK substrate surface. Figure 5c shows the
resistance to friction applied by the diamond tip in the cut with ultramicrotome on the polymer coated
with silver nanoparticles. The cut is made in a transversal way allowing the PEEK film (thickness 6 μm)
and the metallic silver adhered to the polymer by electrostatic interactions [51] to be observed.
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Figure 5. TEM images of the sample PEEK/Ag0.12 with two layers. (a) 100 nm; (b) 200 nm; (c) 1 μm.

3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of all samples is shown in Figure 6, in which it is clear that
PEEK as a thermoplastic polymer exhibits a thermal decomposition above 500 ◦C. The amount of silver
deposited is determined from the difference of pure PEEK and modified PEEK thermograms [52,53].
The temperature at which the difference was taken was 675 ◦C, since at this temperature the polymer is
decomposed as shown in Figure 6 and as reported in the literature [54]. In this sense, for the polymers
coated with a single layer of silver nanoparticles in concentrations of 0.04, 0.08 and 0.12 mol/L the
amount of silver was 5.9%, 8.12% and 10.8% silver, respectively.

 
Figure 6. Thermogravimetric analysis (TGA) of uncoated PEEK, PEEK/Ag0.04, PEEK/Ag0.08 and
PEEK/Ag0.12 samples (a) with one coating layer and (b) with two coating layers.

The percentages of silver deposited in the polymers coated with two layers of silver nanoparticles
were 16.1, 18.5 and 20.99% Ag for the concentrations of 0.04, 0.08 and 0.12 mol/L, respectively. Due to
the aromatic structure of the PEEK, a higher amount of residues are obtained (more than 60%) after
heating at to 700 ◦C [31]. This analysis contrasts with the results of X-ray diffraction and FTIR in
terms of the proportional amount of silver deposited in the PEEK, but confirm the thermal stability of
materials above 450 ◦C.

3.5. Morphological Evolution and Particle Distribution by Scanning Electron Microscopy (SEM)

The deposition and dispersion of AgNPs in the PEEK was evaluated by scanning electron
microscopy at different resolutions. Figure 7 shows the SEM images of different PEEK films with
a silver layer on the surface, in which a proportional increase in the amount of silver deposited in the
polymer is evidenced by the concentration of AgNO3 used. Considering that the silver nanoparticles
are conductive, the SEM measurements were performed without sample preparation, i.e., no gold or
graphite coating was applied before sample measuring. Consequently, the black areas correspond to
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the polymer which is not conductive, whereas the white and gray points correspond to silver particles.
The homogeneity and distribution of the AgNPs deposited on the polymer surface are quite similar
to other synthesis methods; this was possible because experimental conditions allowed controlling
the amount of deposited particles, and thus, the formation of agglomerates that increase the density
of the solids. The SEM images are congruent with the TEM images shown in Figure 5, in which
it is shown that the particles with size greater than 80 nm are composed of aggregates of smaller
silver nanoparticles.

 
Figure 7. Scanning electron microscopy (SEM) images of the polyetheretherketone coated with one
layer of silver nanoparticles in concentrations of (a) 0.04 mol/L, (b) 0.08 mol/L and (c) 0.12 mol/L.

Figure 8 shows SEM images of the PEEK/Ag0.04, PEEK/Ag0.08 and PEEK/Ag0.12 systems with
two silver layers. The evolution of the PEEK coating is identified by increasing in the concentration
of silver nanoparticles. The empty black areas shown in Figure 7 correspond to PEEK; these are
homogeneously filled by silver particles, which cover most of the polymer surface as shown in Figure 8
(when two layers were applied). In the PEEK/Ag0.08 and PEEK/Ag0.12 systems, the appearance of
small agglomerations is favored, which were formed by the greater amount of silver ions available in
the reaction medium. In this sense, SEM micrographs correlate with the results of XRD, FTIR and TGA,
in terms of increasing the proportion of silver on the surface of the polymer, showing the efficiency of
the simple chemical reduction method in the deposition of metallic nanoparticles.

 
Figure 8. SEM images of the polyetheretherketone coated with two layers of silver nanoparticles in
concentrations of (a) 0.04 mol/L, (b) 0.08 mol/L and (c) 0.12 mol/L.

3.6. Energy-Dispersive X-Ray Spectroscopy (EDS) Microanalysis

EDS microanalysis shown in Figure 9, was performed to determine the elemental composition
of the PEEK/Ag0.08 system with a single and two layers of AgNPs. The analysis was performed on
an area of 600 μm and 500 μm. The analysis was performed on the PEEK/Ag0.08 sample since it was
the one that presented the most intense OH absorption band. According to this analysis, it is clear that
the present synthesis method provides a high level of purity of the silver nanoparticles deposited in
the PEEK polymer, since a residue such as NaOH is in a proportion less than 1%. In the same way,
the elemental analysis does not evidence the presence of nitrogen atoms associated with remaining
nitrate ions.

The weight percentage of silver shown by the EDS spectra is proportional to the result of TGA,
since it is evident that the amount of silver increases with the second layer of silver nanoparticles
deposited in the polymer. The difference between TGA and EDS analysis is that in the EDS, only a small
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and surface portion of the sample is analysed, while in the TGA a more quantitative portion is taken,
being a more relevant result.

Figure 9. Energy-dispersive X-ray spectroscopy (EDS) microanalysis of the sample PEEK/Ag0.08 with
a single (a) and with two layers (b).

3.7. Atomic Force Microscopy (AFM) analysis

Surface analyses of the coated Polyetheretherketone films were evaluated by AFM. Figure 10
shows AFM images of the systems with the first coating layer. The images confirm the homogeneity of
the nanoparticles deposited in the PEEK substrate, just as the SEM imaging previously revealed.
Likewise, the height of the images is consistent with the TEM analysis, where a coating of the
nanometric order with excellent particle distribution on the surface of the polymer was obtained.
Figure 10b shows a collapse caused by the piezoelectric tip of the equipment, because the PEEK film
and the silver coating are very thin.

 

 
Figure 10. Atomic force microscopy (AFM) images of the (a) PEEK/Ag0.04, (b) PEEK/Ag0.08 and
(c) PEEK/Ag0.12 systems with one layer.

The AFM images of the PEEK/Ag systems obtained with two layers of silver are shown in
Figure 11. The images represent the remarkable increase in the thickness of each sample obtained
with two layers of silver. The PEEK films with two layers of silver deposited on their surface at
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concentrations of 0.04 and 0.08 mol/L shown in Figure 11a,b exhibit a small amount of aggregate
particles. Figure 11c shows the excellent homogenization in the second stage of coating of the polymer,
generating small agglomerations because of the high concentration of silver.

 

 
Figure 11. AFM images of the (a) PEEK/Ag0.04, (b) PEEK/Ag0.08 and (c) PEEK/Ag0.12 systems with
two layers.

The average thickness of the three samples after the second coating process is in the range between
200 and 300 nm, and increased proportionally with the increase in Ag concentration. In general,
the AFM analyses confirm the results by SEM regarding the homogeneous distribution of the silver
nanoparticles deposited in the PEEK substrate.

The analysis of the roughness of PEEK materials coated with silver was evaluated with the
root mean square (RMS) parameter shown in Table 2. The RMS value is related to the amount of
silver deposited in the polymer. When increasing the amount of silver, the average roughness of
the material increases forming several nanometric-sized valleys. The PEEK samples coated with
a single layer of silver have small surface roughness values, due to the thin layer of silver deposited
in the chemical synthesis method. In the same way, samples coated with two layers of silver have
higher RMS values according to the quantity of silver nanoparticles deposited on the surface of the
polymer [55]. The amount of nanoparticles deposited on both sides of the polymer has an inference in
the antibacterial properties. This occurs because more Ag+ species are generated which are responsible
for inhibiting bacterial growth as explained in the following section and as reported by Liu et al. [55].
The surface roughness value also provides information on the adhesion of the silver nanoparticles
on the polymer, corroborating the TEM analysis, since as a nanometric-sized coating, electrostatic
interactions between the metallic silver and the polymer result [56]. In addition, the surface contact
of the nanometer probe with the silver deposited in a single layer does not drag but leaves a groove
upon movement, showing the effective adhesion with the polymer as indicated by Wenfei Li et al. [57].
On the other hand, in the samples with two layers the adhesion improves since the entire surface of
the polymer is coated with AgNPs increasing the electrostatic interactions.
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Table 2. Surface roughness values of the different PEEK samples coated with silver.

Sample Surface Roughness (nm) Root Mean Square (RMS)

PEEK/Ag0.04 – 1 Layer 0.96 ± 0.3
PEEK/Ag0.08 – 1 Layer 1.54 ± 0.2
PEEK/Ag0.12 – 1 Layer 2.36 ± 0.7
PEEK/Ag0.04 – 2 Layer 56.38 ± 3.7
PEEK/Ag0.08 – 2 Layer 67.44 ± 3.0
PEEK/Ag0.12 – 2 Layer 92.63 ± 1.8

3.8. Antibacterial Test

The antibacterial activity of the PEEK films coated with various concentrations of silver
nanoparticles by a green method using the Tollens reagent and a monosaccharide were tested against
two Gram-negative bacteria: Escherichia coli and Serratia marcescens and one Gram-positive bacterium:
Bacillus licheniformis, evaluating the zone of inhibition by a contact method direct with medium agar as
shown in Figures 12–14. The results of the zone of inhibition measured with the ImageJ software are
shown in Table 3.

 
Figure 12. Inhibition zone of the PEEK (1), PEEK/Ag0.04 (2), PEEK/Ag0.08 (3) and PEEK/Ag0.12 (4)
coated with one layer (a) and two layers (b) of silver with Escherichia coli.

 
Figure 13. Inhibition zone of the PEEK (1), PEEK/Ag0.04 (2), PEEK/Ag0.08 (3) and PEEK/Ag0.12 (4)
coated with one layer (a) and two layers (b) of silver with Serratia marcescens.
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Figure 14. Inhibition zone of the PEEK (1), PEEK/Ag0.04 (2), PEEK/Ag0.08 (3) and PEEK/Ag0.12 (4)
coated with one layer (a) and two layers (b) of silver with Bacillus licheniformis.

Table 3. Antibacterial activity of silver nanoparticles deposited in PEEK films.

Sample
Diameter of Inhibition Zone (mm) ± SD

E. coli S. marcescens B. licheniformis

PEEK 0 0 0
PEEK/Ag0.04 – 1 Layer 0 0 0
PEEK/Ag0.08 – 1 Layer 1.1 ± 0.2 0 0
PEEK/Ag0.12 – 1 Layer 1.2 ± 0.2 0.6 ± 0.2 0.5 ± 0.1
PEEK/Ag0.04 – 2 Layer 1.2 ± 0.2 0.8 ± 0.2 0.5 ± 0.1
PEEK/Ag0.08 – 2 Layer 1.4 ± 0.1 0.9 ± 0.2 0.7 ± 0.1
PEEK/Ag0.12 – 2 Layer 2.7 ± 0.3 1.2 ± 0.3 1.0 ± 0.2

SD: standard deviation.

For the antimicrobial test, an uncoated PEEK film was used as a control in the six plates, which did
not present antimicrobial activity. The amount of silver deposited on the PEEK/Ag0.04 sample with
a single layer was not enough to prevent the proliferation of the Gram-negative bacteria shown in
Figures 12 and 13, stimulating bacterial growth in the silver-free sites that are shown in the SEM
images, similar to that reported by Seuss et al. [30]. While the polymer coated with a layer AgNPs
in a concentration of 0.08 mol/L presented inhibition against E. coli but not against S. marcescens.
The PEEK/Ag0.12 system with a single layer and all the samples coated with two layers of AgNPs had
antibacterial properties, which increased the zone of inhibition with the amount of Ag+ ions deposited
in the substrate, favoring the bactericidal effect.

The antibacterial efficiency of PEEK films coated with AgNPs shown in Table 3 was higher for
E. coli compared to S. marcescens, and this was due to the presence of an envelope of two membranes
which have different proteins and phospholipids that prevent the passage of silver nanoparticles
inside the cells. [16,30,58]. Although the S. marcescens bacterium is resistant to traditional antibiotics,
the AgNPs synthesized by a green method and deposited on a polymeric PEEK substrate had
antibacterial efficiency against this microorganism, because the nanoparticles easily crossed the
cytoplasmic membrane due to its small size, causing damage to the organelles of the cell and leading to
the death of the microorganism, similar to that described by Baghayeri et al. [59] and Mathew et al. [4].

Figure 14 shows that the uncoated Polyetheretherketone films had no antimicrobial effect on the
Gram-positive bacterium Bacillus licheniformis similar to a Gram-negative bacterium. Figure 14a,b show
that the polyetheretherketone films coated with a single layer of silver nanoparticles in concentrations
of 0.04 and 0.08 mol/L did not exhibit antibacterial activity in B. licheniformis, while the PEEK/Ag0.12
system and all polymeric films coated with two layers of metallic silver counteracted the growth of
Gram-negative bacteria, by releasing silver ions in humid conditions. In addition, the amount of
nanoparticles in the culture medium increased the zone of inhibition of bacterium B. licheniformis as
shown in Table 3 [60,61]. The growth of the Gram-positive bacterium was higher in comparison with
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the Gram-negative bacteria, because the bacterium Bacillus licheniformis has a thicker peptidoglycan
layer in its membrane, which regulates and prevents the path of AgNPs in low concentrations to the
cell as indicated by Mathew T. et al. [4]. Similar results with a difference in antibacterial activity were
observed by Sikder et al. [62,63] when exploring antibacterial surfaces on PEEK and Ti6Al4V, and such
studies were performed in the case of Gram-negative (E. coli) and gram-positive (S. aureus) bacteria.
Apart from the difference in the diameter of inhibition zone, their research also presented SEM images
which prove the variance in interactions of Ag+ ions with negative and positive strains of bacteria.
And therefore, these results show a similar trend to the present work. Likewise, Mosselhy D.A. et al.
and Ur Rehman et al. [16,64] described a similar effect to the one reported in this study, where the
antibacterial properties increased with the increase of the silver nanoparticle ratio and the humid
environment in which the samples were installed, such studies demonstrated the effectiveness of the
AgNPs coatings in solid state as an antibacterial system.

The antibacterial mechanism of the silver nanoparticle coatings is possible because of the Ag+

ions generated by the conversion of metallic silver into the physiological environment where the
antimicrobial evaluation occurs [16]. The silver nanoparticles in cationic form penetrate the cell,
deforming the cell membrane, and interacting with some proteins; the silver nanoparticles also
interact with the sulfur and phosphorus bases contained in the DNA, causing an interruption in
DNA replication and subsequent cell death [36,37]. Likewise, Ag+ ions form free radicals that attack
respiratory enzymes which are essential for cell replication [45,59].

The zone of inhibition of the three bacteria analyzed was similar in the PEEK/Ag0.12 samples
with a single layer and PEEK/Ag0.04 with two layers. This was possible from the homogeneously
distributed silver nanoparticles deposited once on the PEEK substrate when AgNO3 was used in
a concentration of 0.12 mol/L. Such particles had a high surface area with particle sizes below 25 nm
according to the SEM and AFM analyzes. Finally, the sample with the maximum zone of inhibition
against the growth of E. coli, S. marcescens and B. licheniformis was PEEK/Ag0.12 with two coating layers
of AgNPs, corroborating the efficacy of the synthesis method by chemical reduction of ammoniacal
silver complexes with glucose in obtaining coatings of metallic silver nanoparticles with high surface
area [65]. In addition, the increase in the proportion of nanoparticles in the polymeric substrate favors
the antibacterial effectiveness by the high liberation of silver ions in the wet conditions of the culture
medium as reported by Logeswari et al and Gao et al. [66,67].

4. Conclusions

A method of coating by a chemical route with ammoniacal silver complexes was used
to impregnate polyetheretherketone films with silver nanoparticles to inhibit bacterial growth.
The characteristic diffraction peaks of PEEK were kept constant by completely coating the surface of the
polymer. The intensity of the silver signals in the diffractograms increased with the amount of silver
nanoparticles deposited. The average size of the crystalline domains of AgNPs synthesized by a simple
chemical reduction method was less than 30 nm using the Debye–Scherrer formula, corroborating
the results by statistical analysis with transmission electron microscopy images. The electrostatic
interactions between the polymer and the deposited AgNPs were evidenced by FTIR and TEM.
The thermograms showed the proportion of silver adhered to the polymeric substrate. The proportional
deposition of silver on the surface of the PEEK was evaluated by scanning electron microscopy and
atomic force microscopy, revealing the excellent distribution of the particles when they are synthesized
with glucose. In addition, it is evident that the second deposition process leaves the polymer with
a thickness around 300 nm for all samples. The action mechanism of AgNPs against the bacterial
growth of pathogenic microorganisms is influenced by the conversion of metallic silver to Ag+.
The sample that shows the best antibacterial activity in Gram-positive and Gram-negative bacteria for
a possible application in the design of air purification equipment is PEEK/Ag0.12 with two layers,
since the excellent distribution of the coating improves contact with bacteria, inhibits the replication
process, and favors cell death
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27. Kubiak, K.; Adamczyk, Z.; Oćwieja, M. Kinetics of Silver Nanoparticle Deposition at PAH Monolayers:
Reference QCM Results. Langmuir 2015, 31, 2988–2996. [CrossRef]
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Abstract: N,N-diethyl-N-(2-methancryloylethy)-N-methylammonium bis(trifluoromethylsulfonyl)
imide polymer (DEMM-TFSI) brush coated specimens (substrate: glasses) and a liquid ion type
of polymer brush coating were investigated for their antifouling effect on biofilms. Biofilms were
produced by two kinds of bacteria, E. coli and S. epidermidis. They were formed on specimens
immersed into wells (of 12-well plates) that were filled with culture liquids and bacteria. The biofilm
formation was observed. Also, brush coated specimens and glass substrates were investigated in the
same way. DEMM polymer brush coated specimens formed more biofilm than PMMA (polymethyl
methacrylate) polymer brush coated specimens and glass substrates. A greater amount of polarized
components of biofilms was also observed for DEMM polymer brush coated specimens. The polar
characteristics could be attributed to the attraction capability of bacteria and biofilms on DEMM
polymer brush coated specimens. When considering the ease of removing biofilms by washing it
with water, the ionic liquid type polymer brush (coated specimens) could be used for antifouling
applications. If an initial antifouling application is needed, then the polar characteristics could be
adjusted (design of the components and concentrations of ionic liquids, etc.) to solve the problem.

Keywords: biofilms; antifouling; DEMM; DEME; PMMA; polymer brush coating; polysaccharide;
protein; lipid; nucleic acid; Raman spectroscopy

1. Introduction

For antifouling properties of materials, the surface plays an important role [1–10]. This is because
fouling phenomena occur at materials’ surfaces as a result of interactions between various materials
and environments. The phenomena should be controlled from both the environmental surroundings
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and materials’ surfaces. The causes of fouling can be grouped into two main categories of animate
and inanimate causes [11]. As for the latter, one can mention many types of contamination from
organic to inorganic matter. Usually, they are just called contaminants. The former is usually called
biofouling [12,13]. Biofouling is a process where organisms generally attach to materials’ surfaces
and cause their function and/or characteristics to change and deteriorate in many cases. It can be
further classified into microfouling (where microbes such as bacteria and microalgae attach to materials’
surfaces) and macrofouling like the attachments of barnacles, oysters, and other bigger organisms in
marine environments. For the biofouling in marine environments, microfouling is usually followed by
macrofouling. Therefore, the microfouling should be controlled to suppress macrofouling [14,15].

In the case of microfouling, microbial attachments are generally followed by biofilm
formations [16–19]. Biofilms are matters formed by bacterial activities. Since microfouling is a
process involving bacteria and other micro-organisms, biofilms play an important role. This formation
process is well known, and it is one of biofouling. Biofilms are formed on materials’ surfaces by
multiple steps. Firstly, bacteria attach to materials’ surfaces to get nutrition (carbon compounds)
which generally exists on materials’ surfaces as conditioning film. The repeated process of attachment
and detachment occurs. If the attachment phenomenon exceeds the detachment process, then the
number of bacteria on materials’ surfaces begins to increase. When this number reaches a threshold
value, a signal transduction phenomenon called quorum sensing occurs. At this time, the attached
bacteria simultaneously excrete polysaccharides. As a result, materials’ surfaces would be covered
with sticky water films. These sticky water films are called biofilms and are actually the product of
microfouling. Then, the biofilm with high water content, becomes a very complex matrix that contains
microorganisms (extracellular polymeric substances, EPS). In most cases, they are proteins, nucleic
acids, ions (organic, inorganic) and molecules, accumulated from the aqueous environment. Since the
biofilm formation makes materials’ surfaces sticky, various organic and inorganic contaminants could
be attached and kept on materials’ surfaces. To keep the materials’ surfaces free from contaminants,
biofilm formation should be controlled.

From the environmental side, chemical agents such as biocides, etc. might be effective
countermeasures to control fouling. On the other hand, fouling could be controlled by using
materials with appropriate coatings. The coating is important because it can make a new performance
(anti-fouling in this case) expressed, while the inherent properties of the material would be kept.

We have investigated the biofilm formation behaviors for many kinds of materials using some
unique evaluation methods and applied coating processes to antifouling effects [20–58]. In this
experiment, we focused on a polymer brush coating for the anti-fouling effect. There are already many
polymer brush coatings which have been investigated and proposed so far [59–61]. All of them have
future possibilities from various viewpoints. The polymer brush we selected for this experiment was
one made from an ionic liquid. By applying living radical polymerization to graft polymerization with
the ionic liquid, some of the authors succeeded in producing concentrated polymer brushes [62–64].
The polymer brush has lots of attractive properties such as good adherence and water repellency.
Particularly, this type of polymer brush has a very low friction coefficient, which may be useful to
the automobile industry. Several of the authors have tried to apply it to the decoration of solid-state
polymer electrolyte.

While such advanced functions and characteristics have been investigated, antifouling properties
have not been closely studied yet. However, we are gradually learning that some researchers have
proposed polymer brush coatings. A number of researchers believe that most of the fouling on
materials’ surfaces is a direct or indirect result of biofilms. Biofilms are formed by bacterial activities as
previously described. However, they are different from bacteria. Since they are actually sticky water
films on materials’ surfaces, they may incorporate organic and inorganic components as they grow.
This might result in serious fouling. Some researchers think that polymer brush coatings could be
used to repel biofilms and related contaminants [65]. However, this strongly depends on the type
of brush coating used and the results of the investigations performed. Therefore, we decided to use
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biofilms to test the ionic liquid brush coating that we developed. Such an additional characteristic (to
make a material’s surface free from contaminants due to anti-fouling effects) will improve the overall
performance and broaden the field of applications.

2. Materials and Methods

In this experiment, we issued a polymer brush coating made from ionic liquid.
N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis(trifluoromethanesulfonyl) imide
(DEME-TFSI). Some substituents were added to it and N,N-diethyl-N- (2-methancryloylethy)-N-
methylammonium bis(trifluoromethylsulfonyl) imide (DEMM-TFSI) was grafted on glass specimens
(10 mm × 15 mm) through surface-initiated living radical polymerization to get a densely grafting
polymer brush coating [66,67]. Since the polymer coating was ionic, it was basically composed of a
cationic part (DEMM) and an anionic one (TFSI). However, for this paper, it was called DEMM coating.
On the other hand, a PMMA was coated as a reference [68]. In this paper, it was referred to as PMMA
coating. It was made on the same size glass specimens through polymerization of methyl methacrylate
by Activators Regenerated by Electron Transfer Atom Transfer Radical Polymerization (ARGET ATRP)
process [69,70]. Glass has always been used for the general and start-up investigations by our research
groups, since they are basically inactive and can avoid reactions between the substrates and solutions.

Our polymer coatings had to be swollen so that the surface would be brush-like. The polymer
coating glasses were swollen using the following processes. DEMM coating specimens were immersed
in acetonitrile solution for about 12 h. Then the specimens were immersed in 50% water-50% acetonitrile
mixed solution for an hour. Finally, the specimens were immersed in water for 1 h. As for the PMMA
polymer coated specimens, they were immersed in tetrahydrofuran (THF) solution for about 12 h.
Then they were immersed in 50% water–50% THF solution for one hour and finally, they were
immersed in water for one hour. Through these steps, surface coated polymers became brush-like
coating on glass specimens. And since both polymer coatings were hydrophobic, such step-by-step
substitution processes were needed. The number of specimens per each measurement was three
(N = 3). We designed the polymer brush coating according to our previous studies [62–64,66–68]. The
glass plate with the concentrated ionic liquid type polymer brush (the brush length: 500 nm in dry state
and the graft density: 0.15 polymer chains/nm2) was used in this test. The graft chain length, the graft
density and the brush layer thickness were determined by the gel permeation chromatography [64],
thermal decomposition analysis [64] and spectroscopic ellipsometry [66], respectively.

Two kinds of bacteria were used for biofilm formation and evaluation. One of them was
Escherichia coli (E. coli, K-12, G6), a Gram-negative bacteria and the other was Staphylococcus epidermidis
(S. epidermidis, ATCC 35984). Both are typical non-pathogenic bacteria as Gram-negative and
Gram-positive bacteria, respectively. Therefore, they were the most suitable for the general
investigation of biofilm formation. E. coli was cultured in LB (1% tryptone–0.5% yeast extract–1%
NaCl) liquid broth in advance for 18 h (±2 h). On the other hand, S. epidermidis was cultured in Heart
Infusion (HI) liquid broth (1% heart extract–1% peptone–0.5% NaCl) for 18 h (±2 h) in advance. Both
were cultured at 37 ◦C in a shaking incubator.

A biofilm study is generally composed of two steps. One of them is to artificially produce biofilms.
On a laboratory scale, the environment to produce biofilms is called a “laboratory biofilm reactor”. In
this experiment, we chose a simple screening process using the 12-well plates. It is generally called the
microtiter plate method. This method might provide bacteria with too much nutrition and may be a
sort of deflection from the real environment. However, it could give us information for a simple, and
rapid data screening process. Each specimen was placed in the well of a sterilized 12-Well plate. Each
well was filled with liquid broths containing bacteria. In the case of E. coli, the plates were kept at 25 ◦C,
so that the biofilm formation would be accelerated. On the other hand, the plates for S. epidermidis were
kept at 37 ◦C. After one day (24 h) passed, the specimens were removed from the wells. Then, they
were evaluated by using Raman spectroscopy combined with optical microscopy (NRS-3100, JASCO,
Halifax, NS, Canada). Raman spectroscopy is a useful method to detect exopolymeric substances
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(EPS), which are excreted from bacteria and exist as one of the biofilm components. We decided to
use the Raman method for this study because ionic interactions could take place using the staining
technique with crystal violet solution.

3. Results

3.1. Optical Microscopic Images

All of the specimens were observed by a technique that used optical microscopy combined
with the Raman spectroscopic analyzer. In Figure 1, optical microscopic images before and after the
swelling process were shown for DEMM polymer brush specimens. All of them were observed in the
perpendicular direction to specimens’ surfaces. Before swelling (Figure 1a), the surface was pretty
smooth. However, the roughness increased after swelling and the top of fiber-like brushes could be
observed in Figure 1b. In the same way, PMMA specimens showed the top of brushes after swelling
(Figure 2b), while they did not show any brushes before swelling (Figure 2a). These photos clearly
show that polymer brush specimens were made on glass surfaces.

 
(a) (b) 

Figure 1. Optical microscopic images for N,N-diethyl-N-(2-methancryloylethy)-N-methylammonium
bis(trifluoromethylsulfonyl) imide (DEMM-TFSI) specimens (a) before and (b) after selling process.

 
(a) (b) 

Figure 2. Optical microscopic images for Polymethyl methacryrate (PMMA) specimens (a) before and
(b) after selling process.

These specimens were immersed in liquid cultures with bacteria. Figure 3 shows the surfaces of
glass substrates as references after biofilm formation by E. coli and S. epidermidis, respectively. It was
not easy for biofilms to form on glass specimens. However, biofilms were observed in some parts
of the substrates. The scattered individual bacteria could be observed. However, some aggregates
composed of bacteria were also observed. The latter should be biofilms. The light points (in the photos)
are reflections of laser beams on the specimens. In both cases of bacteria (Figure 3a for the case of E. coli
and Figure 3b for the case of S. epidermidis), the photos show biofilm formations on glass specimens.
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(a) (b) 

Figure 3. Optical microscopic images for glass substrates after biofilm formation: (a) E. coli and
(b) S. epidermidis.

Figure 4 shows the optical microscopic images for surfaces of DEMM polymer brush specimens
after biofilm formations by E. coli and S. epidermidis, respectively. Being compared with the
results shown in Figures 1 and 2, surfaces of DEMM polymer brush specimens appear to be filled
with contaminants. The results clearly show that biofilms were formed on the entire surfaces of
the specimens.

 
(a) (b) 

Figure 4. Optical microscopic images for DEMM polymer brush specimens after biofilm formation:
(a) E. coli and (b) S. epidermidis.

Figure 5 shows the optical microscopic images for the surfaces of PMMA polymer brush specimens
after biofilm formations (by these same bacteria). Figure 5a, corresponds to the result of E. coli, while
Figure 5b refers to that of S. epidermidis. In both cases, biofilms can be observed in the same way.
However, they seem to exist locally. There were still some places where no biofilms were observed.
Even brushes could be observed in the backgrounds. The brushes in Figure 5b appear swollen through
the biofilm formation process. These results show that it is more difficult for the biofilms to form on
PMMA polymer brush specimens than on those of DEMM.

 
(a) (b) 

Figure 5. Optical microscopic images for PMMA polymer brush specimens after biofilm formation:
(a) E. coli and (b) S. epidermidis.

3.2. Raman Scpetroscopy

All of the specimens were subjected to Raman spectroscopy and the results were analyzed to
confirm the presence of biofilm by “finger print method” (Identification by comparing the data with
those in the previous papers [71–81]). For each case, the same measurements were repeated three
times for three specimens and the three results for each case were overlapped in the Raman shift
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charts basically, except for some problematic exceptional cases. Even though the measurement points
on each specimen were chosen randomly, bacteria assembled and EPS was confirmed by the optical
microscopy for all of those measurement points.

Before biofilm formation, the DEMM coating and PMMA coating did not show any characteristic
Raman peaks. In both cases, Raman displayed small peaks of glass substrate that were observed at
1080 and 560 cm−1. On the contrary, many characteristic peaks appeared for the specimens after the
biofilm formation processes. Figure 6 shows the results for glass substrates. Figure 6a corresponds
to the results of E. coli. In this case, unfortunately, the third specimen gave no robust data due to a
signal failure. The first specimen showed a slightly different result from the second. From the two
results, we could judge that biofilms were formed on glass substrates, since most of them could be
attributed to polymers derived from biofilms or bacteria. The peak around 570 and 800 cm−1 could
be attributed to polysaccharides or lipids [71,72]. The peak around 1100 cm−1 could be assigned also
to that of polysaccharides or lipids [71,73]. Also, the peak around 2800 cm−1 could be assigned to
polysaccharides [74] and lipids [75]. Figure 6b shows the results of S. epidermidis for glass specimens.
The peak relating to nucleic acids around 2400 cm−1 [73] was observed in the case of S. epidermidis.
The peak of polysaccharides and/or lipids at 2800 cm−1 was observed clearly. Lipid’s peak was
observed also at 1400 cm−1 for the first specimen [75]. The peak for polysaccharides/lipids at
1100 cm−1 [71,73] was also observed. Two peaks between 500 and 800 cm−1 would be related to
polysaccharides/lipids [71,72].

(a) 

(b) 

Figure 6. Raman peaks on glass substrates after biofilm formation: (a) E. coli and (b) S. epidermidis.

Figure 7 shows the results for DEMM polymer brush specimens. Figure 7a shows the results
in the case of E. coli. All of the specimens show similar tendencies for Raman peaks, except for the
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broad one around 2000 cm−1 (peaks for stretching or vibration of triple bonds between carbon-carbon
or carbon-nitrogen) [76]. However, the peak was not observed for the third specimen. For other
peaks, most of them were overlapped, even though the intensities were different from each other. The
peak around 2800 cm−1 could be attributed to those for polysaccharides and/or lipids [74,75]. The
peak around 1400 cm−1 was considered that for lipids [74]. The small peak at 1300 cm−1 is highly
likely that for amid III (protein) [72], while that at 1100 cm−1 could be assigned to that for lipids or
proteins [71,73]. The broad peak around 2000 cm−1 corresponding of triple bonds between carbon
atoms or carbon-nitrogen has been still undecidable. It suggests nitrile compounds or alkyne molecules
would exist. Both might be formed through some components derived from biofilms, since the broad
peaks were sometimes found in the past by us [79]. However, in this case, we used acetonitrile to swell
the brush coating. It was highly likely that the chemical was remained at the upper side of coating.
Figure 7b shows the results in the case of S. epidermidis. In this case, peaks for three specimens were
almost overlapped, even though the strengths were different for each of them. The broad peak was
also observed around 2000 cm−1 [76]. The peak around 2800 cm−1 could be attributed to that for
lipids/polysaccharides [74,75], while lipids or proteins peaks were observed at 1100cm−1 [75].

(a) 

 
(b) 

Figure 7. Raman peaks on DEMM polymer brush specimens after biofilm formation: (a) E. coli and (b)
S. epidermidis.

Figure 8 shows the results for PMMA specimens. Also in these cases, most of the peaks were
overlapped in both cases. In the case of E. coli (Figure 8a), the second specimens could not be shown
due to the unintentional signal failures. In the case of S. epidermidis, more complicated peaks (than
those in other cases) appeared, as shown in Figure 8a,b. Peaks around 2800 cm−1 could be attributed
to either of polysaccharides [74] (at higher wave number) or lipids [75] (at lower wave number). Both
peaks were almost overlapped around 2800 cm−1. The peak around 1600 cm−1 was considered the
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one for polysaccharides [74]. The peak at 1400 cm−1 could be assigned to that for lipids [75]. Three
peaks seen from 1100 to 1400 cm−1 belong to lipids or proteins [72,79]. We presume that the new
peak just over 3000 cm−1 would belong to lipid [79] (However, we could not deny the possibility of
nucleic acids [73]). Other new ones at 1000 cm−1 would be assigned to amino acid (phenylalanine) [71].
Small peaks from 550 to 800 cm−1 could usually be assigned to polysaccharides or lipids [71,72].
Therefore, we presume that biofilms formed on the specimen (particularly PMMA) and the sticky
surface as a result of having the components of culture media incorporated into them. All of these
Raman spectroscopic analyses suggest that biofilms formed on specimens’ surfaces. However, they
indicate that biofilms were more difficult to form on PMMA than on DEMM polymer brush coated
specimens. This tendency was also supported by the results of microscopic observations. Particularly,
the tendency was very remarkable for nucleic acids derived from biofilms.

(a) 

(b) 

Figure 8. Raman peaks on PMMA polymer brush specimens after biofilm formation: (a) E. coli and (b)
S. epidermidis.

4. Discussion

In these experiments, we vividly observed the biofilms formed on DEMM brush coated specimens.
However, the contaminants derived from biofilms could be washed away easily by rinsing with
water. From this viewpoint, the ionic liquid type polymer brush like DEMM would be convenient
and favorable. This is because it could easily attract biofilms and the related contaminants on the
materials’ surfaces.

Figure 9 schematically illustrates the mechanism of antifouling for a polymer brush coating.
In water and some other liquids, the polymer brush would contain water droplets between brushes
(Figure 9a,b). Due to the static electrical force or mechanical one caused by geographical configurations,
bacteria could get trapped and result in the formation of biofilm. However, the hydrophobic parts of
the biofilms act repulsively against water drops trapped between brushes. Then they could be washed
away easily as a whole (Figure 9b,c). In addition, brushes would be swollen in the aqueous solution
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further. The swollen effect would be added to the buoyancy and repulsion forces. Thus, biofilms could
be removed. However, being compared with PMMA polymer brush coated specimens, why would
DEMM polymer brush coating specimens attract bacteria-biofilms-contaminants so much?

Figure 9. The mechanism of antifouling for polymer brush coating. (a) Polymer brush coating before
immersion into a liquid solution. (b) Water drops are trapped in polymer brush coating, while biofilms
formed by bacterial activities are attached to the top of polymer brush. (c) Repulsion forces are
produced between water drops and hydrophobic parts of biofilms. (d) Water drops push biofilms up
with its buoyancy and swelling action of polymer brush.

The most likely answer is due to the polar characteristics and the differences between the two
types of polymer brush coated specimens. The surface of a PMMA brush coated specimen is generally
neutral, while that of a DEMM brush coated specimen is polarized. Therefore, a DEMM polymer brush
would tend to attract biofilms more.

From the viewpoint of merits as the ionic liquid, we could conclude that ionic liquid type
polymer brush coating could attract biofilms and contaminants as a result much more in the vicinity
of surfaces. Then they could be washed away by water washing [57]. The characteristic would lead
to various applications such as automobiles and medical instruments. In addition, according to the
practical purposes, some persons may want to remove any contaminants from the beginning. The
attachment and attraction of bacteria and the following biofilm formation seem to depend on the polar
characters [82]. Fortunately, the ionic liquid could arrange the polar characteristics easily. Therefore,
the appropriate combination of ionic liquids and polymer brush production processes might lead to
some changes of anti-biofouling effect and properties in the future, if they would be required and
needed. When we come to think about those characteristics (about the application of ionic liquids to a
polymer brush coating), this type of polymer brush would have a promising future as an advanced
coating and material.

5. Conclusions

DEMM polymer brush coating as a liquid ionic polymer brush was investigated from the
viewpoint of its biofilm formation and antifouling effect. It was also compared with the results
for the PMMA polymer brush coating. Our results are demonstrated.

• Optical microscopic observations and Raman spectroscopic analyses confirmed that all specimens
could form biofilms on their surfaces (more or less).

• DEMM polymer brush coating tended to form biofilms on the surfaces more than PMMA polymer
brush specimens.
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• Nucleic acids in biofilms could be confirmed more often for DEMM polymer brush
coating specimens.

• These results suggest that the polar characteristics would play an important role in the antifouling
effect related to biofilm formation.

• Ionic liquid type polymer brush coating would be beneficial to remove contaminants as a whole,
due to the trapping and removing capabilities.

• Ionic liquid type polymer brush coating may change their polar characteristics leading to the
antifouling effect of materials’ surfaces in the future.
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Abstract: Boilers are systems used mainly to generate steam in industries and waste-to-energy
facilities. During operation, heat transfer loss occurs because a fouling layer with low thermal
conductivity is deposited on the external surfaces of the boiler tube system, which contributes to the
overall poor energy efficiency of waste-to-energy power plants. To overcome the fouling problem,
a ceramic coating was developed and applied to carbon steel with a simple and inexpensive coating
method. Anti-fouling testing, thermal conductivity measurement, and microstructure observation
were performed to evaluate the performance of the coating. All evaluated properties of the coating
were found to be excellent. The developed ceramic coating can be applied to boiler tubes in a real
facility to protect them from the fouling problem and improve their energy efficiency.

Keywords: ceramic coating; fly ash; anti-fouling; slagging; boiler; energy efficiency

1. Introduction

Energy conservation and environmental protection are currently very important issues worldwide.
Municipal solid waste (MSW), which is an inevitable product of modern society, is one of the
most serious urban pollution sources and one of the greatest challenges for future generations.
Deep concerns over global warming have led to numerous studies on energy efficiency and renewable
energy [1]. MSW can be converted to an eco-friendly renewable resource that not only produces
energy but also significantly reduces the greenhouse gas emissions from landfills. A waste-to-energy
(WTE) incineration plant recovers energy from MSW and produces electricity and/or steam for
heating [2]. For a WTE plant, the energy efficiency can be improved and CO2 emissions be reduced by
improving the heat efficiency of the boiler system because this is the main method for heat transfer.
However, one of the most serious problems in WTE facilities is that unwanted mineral matter such as
slagging and fouling is always deposited on the heating surfaces of the boiler. As a general definition,
fouling is the deposition and accumulation of unwanted materials such as scale, algae, suspended
solids, and insoluble salts on the internal or external surfaces of processing equipment, including
boilers and heat exchangers [3]. In WTE plants, ash fouling is the result of several physical and
chemical processes. Ash fouling, which causes serious corrosion and erosion problems, builds up on
the heat transfer surfaces of boilers to act as an insulator; this greatly reduces the global heat transfer
of the boiler and minimizes the yield of the plant [4]. In one study, a typical 1–1.5 mm fouling build-up
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on the boiler surface can increase fuel consumption by about 3%–8% [4,5]. In another study, a 0.03 in
(0.8 mm) thick fouling layer caused a 9.5% reduction in the heat transfer, and a fouling layer thickness
of 0.18 in (4.5 mm) caused a 69% reduction in an extreme case [6]. When this occurs, the boiler heat
transfer surface should be cleaned. However, the operating costs from working to clean fouling is
extremely high. Therefore, it is necessary to prevent the deposition and accumulation of unwanted
matter on the boiler.

A small improvement in the boiler efficiency will clearly help save a large amount of fuel and
to reduce CO2 emissions. In a literature review, many researchers were found to have focused on
improving boiler efficiency. For example, Gopal et al. [7] studied losses in boilers. Nussbaumer et al. [8]
reported a measure to save boiler energy by improving the combustion efficiency. Gao et al. [9] and
Karell et al. [10] investigated the role of maintenance on boiler energy conservation. Most of these
researchers did not study methods to control or prevent the formation of a fouling layer on the heating
surface of a boiler. To address this shortcoming of previous approaches, an anti-fouling coating to
prevent ash from attaching was developed in this study to protect boilers from fouling agents and
increase their thermal conductivity efficiency.

Among the various coating systems used for boiler systems, polymer-derived ceramic coatings
(PDCs), glass, and glass–ceramic coatings have the advantages of chemical inertness, high temperature
stability, and superior mechanical properties compared to other materials suitable for spraying [11].
Moreover, advanced thermal spraying processes such as plasma spray and high-velocity oxy-fuel
(HVOF) are also typically used to deposit coatings on the surface of boilers to enhance their
high-temperature oxidation resistance but they are quite expensive because of high energy
consumption [12]. Until now, however, most coating techniques just focused on improving the
wear, oxidation, and corrosion resistance of the boiler surface [13–17]. Few have been used to mitigate
and prevent fouling problems. In this study, an anti-fouling ceramic coating was developed for
application to the external surfaces of a boiler by using a low-cost slurry spray coating method.

2. Material and Methods

The experimental procedure was performed as follows: (i) prepare the starting materials and
ceramic coating materials, (ii) apply the ceramic coating materials to the steel substrates, (iii) cure and
heat-treat the coated substrates, and (iv) characterize and evaluate the coatings.

2.1. Starting Materials and Ceramic Coating Preparation

JIS S45C steel is the most common material used in boiler tubes and was used in this experiment.
Table 1 presents the chemical composition. Steel plates with dimensions of 10 mm × 10 mm × 2 mm were
cut and then cleaned in ethanol to remove all dust and oil from their surfaces prior to coating deposition.

Table 1. Chemical composition of the steel substrate (wt %).

C Si Mn P S Cr Ni Cu Fe

0.42–0.48 0.15–0.35 0.6-0.9 <0.03 <0.035 <0.2 <0.2 <0.3 96.61−97.17

Potassium silicate (water glass with concentration of 37 wt %–a product of Young Il Chemical Co.,
Ltd., City, Country) was used as a binder because of its strong bond with the steel substrate. To enhance
the properties of the coating slurry, several kinds of active and passive fillers with particle sizes of
2–25 μm were added to the binder. Table 2 lists some of their properties. Günthner et al. [18] selected
some passive fillers (BN; Si3O4; ZrO2) to enable the processing of thick, dense, and crack-free composite
coating systems. In our present study, passive fillers (Al2O3; SiO2) were used due to their good
compatibility with the alkali silicate glass and low oxygen permeability to enhance high-temperature
oxidation resistance of steel. By adding these fillers, it is possible not only to generate coating with
high thermal conductivity than glass coating but also to reduce the volume change of glass binder
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during crystallization at high temperature [18]. The dissolution of the Al2O3 and SiO2 inclusions
turned the binary glass (K2O–SiO2) into a ternary glass (K2O–Al2O3–SiO2) which may improve the
chemical stability of the glass [19]. Active filler (flake Al) was added to achieve crack-free coating.
In the meantime, CoO and NiO was doped to improve the adhesion between the coating and substrate
and reduce the porous structure of the coating [11,20]. Various parameters such as the mass fraction
of the fillers, the viscosity, the dispersing methods were varied to optimize the coating system. As a
result, a mixture of binder and fillers with the chemical composition listed in Table 3 was then mixed
with a mixer. The mixture was ground at 400 rpm for 240 min using a ball mill such that the fillers
were dispersed homogeneously in the binder. Finally, a coating slurry with solid concentration of
43 wt % was filtered and stored.

Table 2. Some properties of chosen binders and fillers (manufacturer’s data).

Binder and Fillers
Average Particle

Size (μm)
SiO2–K2O

Molar Ratio
Viscosity

(MPa·s) at 20 ◦C
Softening

Temperature

Potassium silicate (PS) − 3.2-3.4 Low (50) 640–680 ◦C
Flake Al 25 − − −
Al2O3 11 − − −
SiO2 12.5 − − −
NiO 1.7 − − −
CoO 3.6 − − −

Table 3. Chemical composition (wt %) of the slurry mixture.

PS Al2O3 Al NiO CoO SiO2

66.1 6.6 0.8 3.3 3.3 19.8

The ceramic coating was sprayed on the steel plates by an air gun (W-71, Anest Iwata, Taiwan).
The steel specimens were placed about 15–20 cm in front of the gun nozzle. All surfaces of the steel
substrates were sequentially covered with the glass ceramic slurry by changing the surface facing
the gun nozzle. To obtain a thicker glass ceramic coating, the spraying process was performed twice.
Next, the specimens were cured for 2 h at 95 ◦C and finally sintered in a box furnace at 800 ◦C for
24 h. The sintered temperature was selected based on the real operating temperature of a boiler in a
WTE plant.

2.2. Fly Ash and Coating Characterization

Four fly ashes from four different Korean incinerators were considered because they were very
rich in alkali, chlorine, and calcium. The fly ash samples were analyzed at the Test & Standard
Center of Korea Institute of Ceramic and Engineering (KICET) by scanning electron microscopy
(SEM) equipped with backscattered and secondary electron detectors coupled with energy-dispersive
X-ray spectroscopy (EDS) (SEM; JSM-6700F, JEOL, Tokyo, Japan), X-ray diffraction (XRD), a laser
diffraction particle size analyzer (PSA) (Mastersizer S Ver. 2.15, Malvern Instruments, Malvern, UK),
and inductively coupled plasma optical emission spectrometry (ICP-OES) (Perkin Elmer OPTIMA 8300,
PerkinElmer, Inc., Waltham, MA, USA).

The coatings were observed with a camera (EOS 600D, Canon, Tokyo, Japan) to determine the
macroscopic morphology and then further investigated by an optical microscopy. SEM-EDS and
XRD were used for the microstructure characterization. To prepare cross-sectional surfaces for SEM
observation, standard metallographic polishing techniques were performed; the coated specimens
were cold-mounted in epoxy resin and then sequentially polished with 200, 800, 1200, and 2000 grit
SiC abrasive paper.
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2.3. Adhesion and Thermal Shock Testings

In the present work we used cross-cut tape test (ASTM D3359) [21] and pull-off test
(ASTM D4541) [22] to obtain the adhesion between the coating and the substrate. For thermal shock
testing, the coated specimen was subjected to 800 ◦C in a furnace for 5 min and subsequently removed
using a pair of pliers and placed in a water tank (20 ◦C) for 5 min. The process was repeated and
the total number of thermal cycles was determined up to the time when macroscopic cracks or
failure appeared.

2.4. Anti-Fouling Testing

The anti-fouling performance of the developed coating against fly ash was studied. To study the
anti-fouling ability of the coating, the slurry containing ash was used to observe the ash attachment
on the coating surface. To do this, coated and non-coated steel plates were immersed in the fly ash
solution and then dried at 50 ◦C for 1 h. After 24 h of sintering in the box furnace at 800 ◦C for 24 h,
the specimens were cooled to room temperature (20–25 ◦C). A compressed air gun (0.5 MPa) was then
used to blow the fly ash powder-deposited surface of each specimen for 1 min. The air gun nozzle
was placed 20 cm away from the specimens. Subsequently, the air-blown specimens were examined
with SEM-EDS. Figure 1 shows the entire experimental process. In addition, the prepared composite
coatings were applied to a real-life boiler system to assess their effectiveness.

Figure 1. Anti-fouling resistance testing procedure.

2.5. Thermal Conductivity Measurement

To evaluate the energy efficiency, four different specimens were prepared comprising: (i) steel with
ceramic coating; (ii) steel without ceramic coating; (iii) ceramic coating materials and (iv) corrosion
specimen. Here, specimens (i) and (ii) were then subjected to anti-fouling testing. Specimen (iii) was a
bulk material made from the mixture of slurry coating. Specimen (iv) was separated from the ash
deposits attached to the boiler systems at JINJU INDUSTRY power plant. All the specimens were made
in size of 10 mm × 10 mm × 1.2 mm and their thermal conductivity were measured with the laser-flash
method (Netzsch LFA 427, Netzsch, Wittelsbacherstraβe, Germany). To assess the thermal conductivity
λ (W/m·K) of a specimen, the thermal diffusivity a (mm2/s), density ρ (g/cm3), and specific heat
Cp (J/g·K) of the specimen must be known. The thermal diffusivity was measured with the heating
rate 5 K/min. The data was recorded after each 100 ◦C from 25 to 800 ◦C. The specific heat Cp of the
specimen was estimated by simple rule of mixture of the fillers and the coating matrix. The density of
the specimen was determined using Archimedes principle.

λ(T) = Cp(T)× a(T)× ρ(T) (1)

3. Results and Discussion

3.1. Properties of Fly Ashes

To date, various studies have investigated the ash deposition characteristics from different
perspectives to clarify the influences of individual factors, including the chemical/mineral
compositions of the ashes. Wibberley et al. [23] concluded that fine particles (<10 μm) with a high
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content of alkali vapors, including sodium and potassium, are the main reason for the inner layer
formed in the initial stage of ash deposition. Lee et al. [24] stated that high concentrations of chlorine
and sulfur in MSW affect the rate of corrosion in WTE boilers. Furthermore, accumulated ash with a
high chlorine concentration on tube surfaces may lead to corrosion underneath the deposit [25,26].

The composition of MSW varies because of differences in lifestyle, so the ash content also varies.
Generally, the chemical compositions of the fly ashes showed that SiO2, Al2O3, Fe2O3, CaO, and Na2O
were the main oxides (Table 4). Lead and copper were the most common heavy metals in the ashes
(Table 5). Based on previous studies, fly ash 1 (Tables 4 and 5), which has high sodium and chlorine
contents, was selected as the fouling matter. The physical and chemical properties of fly ash 1 were
examined in more detail. The mean size of fly ash 1 was 25 μm (Figure 2). The elemental concentrations
of fly ash 1 as determined by SEM-EDS (Figure 3) were consistent with the results from ICP-OES
(Tables 4 and 5).

Table 4. Oxide compositions in fly ashes 1–4 (wt %).

Fly Ash SiO2 Al2O3 Fe2O3 CaO Na2O Cl K2O MgO SO3 P2O5

1 24.9 13.2 2.56 17.1 13.1 12.8 2.36 1.82 1.29 2.96
2 85.0 2.90 0.87 7.27 1.01 0.20 0.35 0.50 0.18 0.94
3 19.7 9.06 16.6 25.3 1.91 2.88 0.89 11.2 11.1 0.15
4 20.9 5.19 12.9 23.1 1.28 0.86 0.61 7.94 24.7 0.13

Table 5. Heavy metals in fly ashes 1–4 (mg/kg).

Fly Ash Pb Cd As Hg Cu

1 785 33 N.D N.D 5620
2 74 N.D N.D N.D 2240
3 N.D N.D N.D N.D 265
4 N.D N.D N.D N.D 149

Figure 2. Particle size distribution of fly ash 1.
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Figure 3. EDS mapping of fly ash 1.

3.2. Microstructure and Morphology of Ceramic Coating

The XRD patterns of the composite coating on steel substrate are shown in Figure 4. SiO2, Al2O3,
and abite Na(Si3Al)O8 peaks were detected. Abite may be the new phases formed during thermal
treatment. Because the softening point of glass (640–680 ◦C) is lower than its heat treatment temperature
(800 ◦C), the glass would soften, flow, and spread well on the steel surface. The fillers may be partially
dissolved into the glass matrix and it is not surprising that the reactions between glass and fillers may
be occurred during thermal treatment.

Figure 4. XRD patterns of the composite coating after thermal treatment at 800 ◦C.

Generally, the coating should have a relatively low surface energy and a dense structure to
significantly reduce the sticking of molten ash particles to the surfaces. Moreover, it should have an
appropriate thickness and have no chemical affinity with the fouling matter. Finally, it must have
good adhesion with the boiler. Figure 5 shows the cross-section morphology of the heat-treated
ceramic coating with a thickness of 150–160 μm. A layer enriched with silicon and aluminum in the
cross-section was observed. Additionally, the coating was intact and only a few closed pores with
spherical shape were seen. These certain pores can help alleviate thermal stress and thermal expansion
mismatch between the coating and substrate. No cracks in the coating or interlayer at the coating–steel
interface were observed, which suggests that the coating has a thermal expansion coefficient (CTE)
similar to that of the steel and had a strong chemical bond with the steel [26,27]. The adhesion between
the coating and steel was measured in detail as follows.
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Figure 5. Morphology and EDS maps for the cross-section of the ceramic coating.

3.3. Adhesion and Thermal Shock Properties

Cross-cut tape test (ASTM D3359) [21] was first chosen for qualitative estimation, and pull-off test
(ASTM D4541) [22] was then carried out to quantify the adhesion of the coatings. In cross-cut tape test,
a grid of square scratches was made on the coating surface. Optical microscopy was used to evaluate
about the adhesion of the coating. As shown in Figure 6a, the edges of the scratches are completely
smooth and none of them is detached. According to standard ASTM D3359, the highest adhesion scale
(5B) is referred to the coating. In pull-off test, the adhesive glue used in this work is Araldite 2021 with
flexural strength more than 26 MPa. The glued specimens were cured at room temperature for 30 min.
The specimens were mounted on testing machine and were pulled in a direction normal to the coating
surface at a constant speed 0.013 mm/s until failure occurs. When failure occurs, the maximum load
was recorded. As a result, the interface failure occurred in the 27–29 MPa range. Figure 6b shows
cross-sectional SEM of coating after the pull-off test. A delamination appeared near the coating–steel
interface, i.e., failure surface occurred within the coating. This is referred as a cohesive failure of the
coating. Good adhesion of the coating is ascribed to an interdiffusion at the glass-steel interface due
to the mobility of some metal ions in the glass and the metal atoms of the steel at high temperature.
Metal ions from the glass will diffuse into the metal while metal atoms will diffuse into the glass.

Figure 6. (a) Optical microscope image after cross-cut tape test; (b) Cross-sectional SEM image after
pull-off test.

The thermal shock resistant test was examined in water quenching. The coated specimen was
heated to 800 ◦C for 5 min and then cooled rapidly in water (20 ◦C) for 5 min. After ten uninterrupted
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thermal cycles no macroscopic cracks or failure are visible. The good thermal shock resistance of
the coating is an evidence to suggest that the CTE composite coating is close to that of the steel [18].
Some small spherical pores distributed in the coating are the reason for relaxing thermal stresses and
improve the thermal shock resistance of the coated samples.

3.4. Anti-Fouling

Figure 7a,b present the cross-sections of the non-coated steel plate without and with ash particulate
deposited, respectively. As depicted in Figure 7a, bare C-steel experienced breakaway oxidation
behavior at 800 ◦C with the top surface of oxide layer was very intact. On the contrary, in case of
exposure with fly ashes (Figure 7b), the top surface of oxide layer was seriously damaged with many
hollow blisters. The fly ash adhered strongly to the steel, which rapidly increased the fouling rate.
A top view of the surfaces (Figure 8) showed that much ash was attached all over the surface of the
non-coated steel (Figure 8a). This suggests that the following chemical reaction takes place between
the fouling particulates and steel at high temperatures [28]:

3Na2O + Fe → Na4FeO3 + 2Na↑ (2)

In contrast, almost no fouling ash adhered on the whole surface of the coated steel (Figure 8b);
only some fine fly ash particles stuck in tiny holes were observed. Figure 9 shows that the outer area of
the coating was empty of fly ash, while inner area still adhered well to the steel. This demonstrates
that the developed ceramic coating provides excellent resistance against the fouling precipitation of fly
ash. It could also withstand the high-pressure air jet, which means that a strong bond formed between
the coating and steel.

Figure 7. EDS maps for the cross-sectional surface of (a) the non-coated steel without fly ash deposition
and (b) with fly ash deposition at 800 ◦C.

Figure 8. Top-view SEM images of (a) non-coated steel and (b) coated steel after the anti-fouling testing.
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Figure 9. EDS maps of the cross-sectional surface of the coated steel after the anti-fouling testing.

3.5. Thermal Conductivity

Figure 10a describes the thermal conductivity of the coated and non-coated samples as a function
of the temperature up to 800 ◦C. The thermal conductivity of the non-coated steel was ~5 W/mK
less than that of the coated steel at 800 ◦C. Figure 10b indicates the thermal conductivity of the
ceramic coating itself and the ash deposited specimen. At 800 ◦C, the thermal conductivity of the
composite coating was 1.2 W/mK which is about twice as high as that of the corrosion specimen
(0.6 W/mK). Those values can be explained as follows. The physical structure and microstructure of a
surface is believed to affect its thermal conductivity [29,30]. As shown in Figure 7b, the surface of the
non-coated steel with highly porous deposits of loose particulate matter had low thermal conductivity.
The deposits that formed on the steel surface limited the absorption of the incident radiation and
the transfer of this energy to tubes containing the working fluid. Meanwhile, Figure 9 shows that
the surface of the coated steel had a dense interconnected structure without fouling deposits, so the
thermal conductivity was high. Therefore, thanks to the ceramic coating, the energy efficiency of the
boiler tubes was significantly improved.

Figure 10. Thermal conductivities of all prepared samples as a function of the temperature up to 800 ◦C:
(a) Specimens with and without ceramic coating; (b) Ceramic coating materials and corrosion specimen.
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3.6. Application of the Coating

In engineering application, the ceramic coating was applied to the heating surfaces of boiler
water-wall tubes of tower 2 at JINJU INDUSTRY power plant in Chungcheongbuk-do province of
Korea (Figure 11). The effect of ceramic coating on fouling resistance and energy efficiency was
evaluated after 3 months of operation of the boiler. As seen in Figures 11 and 12, a significant difference
in the coated and uncoated areas of the boiler surfaces was observed. The coated surfaces were
relatively clean with only small amount of unwanted matters attached on a small part of boiler surface.
However, it should be noted that, these matters are bonded weakly with boiler surface and they can be
easily removed by a low-pressure air gun. Meanwhile, fouling and slagging severely deposited on the
uncoated surfaces and it is quite hard to remove them even with a high-pressure air gun.

Figure 11. Application of the ceramic coating in real boiler systems: (a) slurry spraying process and (b)
anti-fouling ceramic coating after 3 months operation.

Figure 12. Photography of the uncoated areas of the boiler surfaces.

The thermal efficiency of boilers was calculated before and after applying the composite ceramic
coating. To do this, it is useful to check the amount of incinerated waste (input amount or burn fuel)
and the amount of produced steam (production amount). For simplicity, thermal efficiency (η) before
and after using the coating is defined as the rate of total steam production over the fuel consumption.
Figure 13 collected the thermal efficiency without and with using the ceramic coating in the same
period, respectively. As can be seen in Figure 13, the thermal efficiency increased about 62.34% after
applying the ceramic coating. Of course, there are some other operating conditions can affect the result,
but it is worth concluding that the developed ceramic coating has great potential to be applied in real
boiler systems to improve their overall thermal efficiency.
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Figure 13. The thermal efficiency before and after applying the ceramic coating in boiler systems at
JINJU INDUSTRY power plant in Chungcheongbuk-do (Korea).

4. Conclusions

The purpose of this study was to develop a ceramic coating to prevent the fouling deposition of
fly ash. The results can be summarized as follows.

• A ceramic coating with a thickness of 150–160 μm was successfully developed and applied to
carbon steel.

• Fly ash with high concentrations of sodium and chlorine was selected as the fouling matter. In the
anti-fouling testing, the developed ceramic coating with a dense structure performed well at
preventing fly ash fouling. In comparison, the bare steel without coating was severely fouled.

• The ceramic coating showed a significant improvement in the thermal conductivity of the boiler
at high temperature (800 ◦C). Hence, it can help increase the overall energy efficiency for actual
application to real boiler systems in WTE facilities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/10/353/s1.
Table S1: Input and output production amount of tower 2 in period of 2017.04–2017.06 (JINJU INDUSTRY’s data);
Table S2: Input and output production amount of tower 2 in period of 2018.04–2018.06 (JINJU INDUSTRY’s data).
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Abstract: The characteristics of contamination on the insulation medium surface play an important
role in the surface flashover, especially size distribution of contaminated particles. After measuring
the size of contaminated particles on the porcelain insulator surface, obvious size distribution
characteristics of particles were found. To study the reason for these statistical characteristics,
the movement of particles was analyzed in detail combining with fluid mechanics and collision
dynamics. Furthermore, an adhesion model was established in this paper. In addition, the influences
of different factors on the adhesion were studied. The results showed that the size of adhered particles
on the porcelain insulator surface was easy to focus on a specific range, and the influences of relative
humidity and wind speed were remarkable. However, the influences of electric field type, electric
field strength, and aerodynamic shape were relatively weak. This research was significant and
valuable to the study of artificial contamination simulation experiments, and the influence of particles
size distribution on pollution flashover.

Keywords: particle size; distribution characteristics; contaminated particle; porcelain insulator;
adhesion simulation model

1. Introduction

The research on insulator contamination characteristics is the fundamental research of external
insulation in power systems, and it is of great significance to master the contamination characteristics
of the insulator for the design, operation, and maintenance of external insulation [1–6]. Given the
existence of the contamination, the insulation performance of insulators has changed greatly [7–9].
Contamination degree, leakage current, and pollution flashover voltage are important parameters for
evaluating insulation performance of the insulator, and researchers have carried out a lot of research
on them [10–14]. However, these researches were based on the surface that has been adhered to
the contamination. The contribution on reduction of contamination accumulation and the physical
properties of contamination is limited. Therefore, it is necessary to carry out research on related
characteristics regarding accumulating contamination particles.

In recent years, researchers have carried out a lot of research on contamination accumulation
characteristics through a variety of ways, including theoretical research, natural contamination
accumulation experiments, artificial simulation experiments, and simulation analysis; especially
in the research of the movement characteristics and deposition characteristics of contaminated particles
from the microscopic point of view [15–27]. In theoretical research, Wang et al. [15] have analyzed
the forces of particles moving around the insulator in detail, where they found that polarization
force has little effect on the movement of particles, and fluid drag force plays an important role
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under high wind speed. Horenstein et al. [16] considered that the electric field force has a great
influence on the movement of particles, especially for particles with a size less than 10 μm, after
a wind tunnel simulation experiment and theoretical deduction. However, when the particle size
is greater than 10 μm, the effect of fluid drag force on the particle trajectory will gradually increase.
At low wind speed, Li et al. [17] thought that the energy loss was mainly caused by the inelastic
collision of particles, and the friction loss caused by the relative motion of particles and surface during
the collision. However, at high wind speed, the particles will experience elastic-plastic deformation,
and thus generate energy loss [18].

Furthermore, researchers have also used fluid dynamics simulation software to study
contamination accumulation characteristics. Jiang et al. [19] found that under the condition of
horizontal wind, the collision coefficient of the contaminated particles on the upper surface of the
insulator increases with the increase of particle size and wind speed, but the collision coefficient of
the bottom surface is always at a low level. Nan et al. [20] also obtained the same conclusion through
an artificial simulation experiment and simulation analysis. In addition, they found that the change of
wind direction had obvious influence on the contamination distribution of double umbrella insulators.
Wang et al. [21] suggested that the collision mass of particles increases rapidly with the increase of
wind speed, and the shape of the umbrella skirt at the bottom surface has an important influence on
the collision characteristics. Zhang et al. considered that the contamination degree of windward and
leeward of the insulator increased with the increase of wind speed, whilst the contamination degree
of crosswind side showed a decreasing trend. As a result, a great deal of contamination accumulates
on the windward and leeward, but the crosswind surfaces are relatively clean [22]. Lv et al. [23–25]
thought that under the same wind speed, the contamination degree in the DC (direct current) electrical
field is much more than that in the AC (alternating current) and no electrical field. Furthermore,
under the conditions of AC and no electrical field, the deposition amount of contamination at low
wind speed was relatively low. Even under the condition of high wind speed, the increase amount of
contamination was very limited.

In general, the current literature shows that researchers paid more attention to the amount of
contamination accumulated from contaminated particles. However, researchers seldom studied and
analyzed the size distribution characteristics of adhered particles. With the increase of the frequency
of haze and other microclimate phenomena in recent years, the difference of adhered particle size
distribution on the insulator surface will have some influence on the contamination characteristics,
pollution flashover characteristics, etc. [26]. Therefore, it is necessary to study size distribution
characteristics of contaminated particles on the insulator surface.

After measuring many contamination samples, it was found that the size distribution of
contaminated particles had some significant statistical characteristics. To explore the reasons of
these distribution characteristics, a physical model of collision and adhesion between particles and
surface was established. In addition, the influences of different factors on the adhesion were studied
respectively. The research of this paper can effectively explain that the size distribution characteristics
of adhered particle are easy to focus on a specific range. Furthermore, the work of this paper can
provide theoretical support for more accurate external insulation researches in the future, such as
artificial contamination simulation experiments and the influence of particle size distribution on
pollution flashover.

2. Size Distribution Characteristics of Adhered Particle

2.1. Measurement Method

To study microscopic topography and particle size distribution of the particles adhered to the
insulator surface, scanning electron microscopy (SEM) and laser particle size analyzer were used to
study contamination. To observe microscopic topography of the particles in the contamination sample,
a small amount of the contamination sample was adhered by conductive tape from the insulator
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surface, and samples were placed in a scanning electron microscope (VEGA TS5136XM, TESCAN
Corporation, Brno, Czech) for observation. In addition, when collecting the particles, the force should
be uniform, and the contaminated sample should not be squeezed to avoid destroying the shape and
size of the particles. To measure particle size distribution of contamination samples, the contamination
on the insulator surface was collected into clean sealed bags with a clean brush, and the numbers were
recorded. Mastersizer 2000 laser particle size analyzer (Malvern Panalytical Corporation, Malvern,
UK) was used to analyze the particle size of contamination samples. The measurement range of the
Mastersizer 2000 laser particle size analyzer is from 20 nm to 2000 μm, and the reappearance rate
is better than 0.5%, and the accuracy is better than 1%, which effectively met the measurement
requirements. In addition, some of contamination was easily soluble in water, easily causing
measurement errors. Therefore, alcohol was used as substrate, and the method of wet dispersion
measurement was carried out.

2.2. Typical Particle Size Distribution Characteristics

The Hami South-Zhengzhou (Ha-Zheng Line) ±800 kV ultra-high voltage (UHV)-DC
transmission line and the Southeastern Shanxi-Nanyang-Jingmen (Chang-Nan Line) 1000 kV UHV-AC
transmission line pass through Henan, China. Additionally, these two lines have a short distance
to transmit power in parallel. Therefore, this was a good experimental environment to compare
the difference of contamination accumulation characteristics of UHV-DC and UHV-AC transmission
lines, under the same natural conditions. During the outage of these two UHV transmission lines
in December 2014, 16 samples of natural contamination on the surface of the XP-160 insulator were
collected from 4 towers of No. 249 and No. 251 (±800 kV, Ha-Zheng Line), and No. 3937 and No. 3938
(1000 kV Chang-Nan Line). In addition, the particle size was measured using a laser particle size
analyzer and scanning electron microscope. The scanning electron microscope graph and particle size
distribution graph of the contaminated samples, which were under the conditions of 1000 kV (AC),
+800 kV and −800 kV (DC), are shown in Figures 1 and 2, respectively. The accumulation period of
these 16 samples was from 21 March 2014 to 21 December 2014. Experiment towers were in the same
area (distance less than 2 km), and the main pollution sources were farmland and chemical plants.

It can be seen from Figures 1 and 2, that the size of contaminated particles on the insulator surface
is mainly concentrated in a specific range, which is 5–50 μm. Specifically, the average size was 19.76 μm,
and the size of 90% of the particles was larger than 2.89 μm and less than 46.37 μm. Based on the
above measurement results, this paper proposed a new conclusion, that there are obvious statistical
characteristics. In other words, the size distribution of contaminated particles on the porcelain insulator
surface was basically in logarithmic normal distribution, and the median size of adhered particles was
about 20 μm, and the distribution of particles with sizes larger than 50 μm and less than 5 μm was rare.

50μm
 

50μm
 

50μm
 

(a) (b) (c) 

Figure 1. Scanning electron microscopy diagram of typical contaminated particle samples: (a) +800 kV (DC);
(b) −800 kV (DC); and (c) 1000 kV (AC).
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Figure 2. Size distribution diagram of typical contaminated particle samples.

2.3. Particle Size Distribution Characteristics

To verify whether the size distribution characteristics of contaminated particles, proposed in
the previous section is generally applicable, 34 samples of contamination on the porcelain insulator
surface were collected from 27 provinces and cities in China, and their particle size was measured
using a laser particle size analyzer. The measurement results and essential information are shown
in Table 1. In the samples, the voltage levels included AC (110, 220, 500, 750, and 1000 kV) and DC
(±500, ±660, and ±800 kV). The results showed that the average particle size was mainly distributed
in the range of 5–25 μm. It can be considered that these measurement results supported the particle
size distribution characteristics proposed in this paper.

Table 1. Measurement results of particle size and essential information of contamination samples.

Province/Line
Voltage
Level
(kV)

Insulator
Type

SPS
Level *

Average
Relative

Humidity
(%)

Average
Wind
Speed
(m/s)

D10

(μm)
D50

(μm)
D90

(μm)

Contamination
Accumulation

Year

Heilongjiang/Xin-fu Line 110 XP-7 B 64 2.9 5.87 15.74 38.48 1
Hunan/Jin-ming Line 500 XWP-160 E 77 1.2 7.54 17.04 51.48 2
Shanghai/Si-du Line 500 XP-160 E 75 2.3 9.94 25.94 49.49 1

Fujian/Xing-zeng Line 220 XWP-70 D 72 2.4 4.15 16.57 35.71 4
Anhui/Hua-xia Line 110 XP-70 B 70 2.4 14.39 27.46 48.38 2

Ningxia/Wa-long Line 110 XP-70 D 55 2.2 15.67 36.09 59.45 1
Jilin/Yu-long Line 220 XP-70 E 62 3.5 3.87 11.11 34.87 1
Beijing/Li-da Line 110 XWP-7 C 54 2.3 3.62 10.04 37.14 1

Chongqin/Bai-tian Line 110 XP-7 C 80 1.4 2.27 9.88 21.61 2
Tianjin/Hou-hua Line 110 XWP-70 D 61 2.4 10.36 23.14 43.45 7

Jiangxi/Shang-ding Line 110 XP-7 B 75 2.3 8.46 20.35 40.19 10
Shanxi/Xi-shi Line 500 XP-160 E 61 3.1 13.21 33.37 58.74 3

Gansu/Zhang-tan Line 110 XP-70 C 48 2.1 4.48 13.72 27.39 8
Hubei/Guang-xian Line 500 XP-160 D 75 1.5 5.74 22.56 37.67 2
Zhejiang/Fang-tang Line 110 XP-70 D 73 1.8 2.81 13.83 29.74 11

Hebei/Shi-liu Line 220 XP-70 E 60 2.0 6.14 26.83 34.59 2
Henan/Jia-xiang Line 500 XP-160 C 62 2.0 4.92 16.83 37.71 4
Sichuan/Na-da Line 110 XWP-70 B 66 1.5 7.48 20.77 44.74 10

Liaoning/An-hong Line 220 XWP-100 C 65 2.6 5.93 17.18 38.38 2
Henan/Chang-nan Line 1000 XP-160 C 62 2.0 7.39 23.55 45.78 1
Henan/Chang-nan Line 1000 XP-160 C 62 2.0 6.87 17.18 41.90 1
Hunan/Jiang-cheng Line ±500 XP-160 E 78 1.9 9.73 23.14 52.47 2
Hunan/Jiang-cheng Line ±500 XP-160 E 78 1.9 11.35 20.64 41.90 2

Anhui/Yi-hua Line ±500 XP-70 D 76 2.8 6.10 16.63 38.76 1
Anhui/Long-zheng Line ±500 XP-70 C 75 1.9 6.34 18.80 38.86 2

Shanxi/Yin-dong Line ±660 XP-210 E 51 2.8 5.65 19.02 35.74 2
Shanxi/Yin-dong Line ±660 XP-210 D 51 2.8 9.59 22.84 48.86 2
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Table 1. Cont.

Province/Line
Voltage
Level
(kV)

Insulator
Type

SPS
Level *

Average
Relative

Humidity
(%)

Average
Wind
Speed
(m/s)

D10

(μm)
D50

(μm)
D90

(μm)

Contamination
Accumulation

Year

Hebei/Yin-dong Line ±660 XP-210 C 60 2.0 8.71 16.12 47.29 1
Hebei/Yin-dong Line ±660 XP-210 D 60 2.0 6.46 23.57 52.43 1

Hubei/Jin-su Line ±800 XZP-210 D 77 1.4 5.74 17.08 36.72 1
Hubei/Fu-feng Line ±800 XZP-210 D 74 2.8 8.59 19.56 38.17 2

Henan/Tian-zhong Line ±800 XP-160 C 62 2.0 3.46 11.06 21.19 1
Henan/Tian-zhong Line ±800 XP-160 B 62 2.0 8.47 23.20 33.48 1
Henan/Tian-zhong Line ±800 XP-160 B 62 2.0 4.92 15.15 24.91 1

* SPS (site pollution severity) level is used to evaluate contamination accumulation degree in a region defined by
IEC 60815 [27].

2.4. Particle Size Measurment Results of References

The measurement results of other researchers also support the conclusion that the size distribution
of contaminated particles on the insulator surface is mainly concentrated in a specific range.
Xu et al. [28] measured the particle size of contamination collected from a porcelain insulator surface,
under charged and non-charged conditions. The measurement results showed that the average particle
size was mainly concentrated in the range of 17.97–24.64 μm. At the same time, 90% of the particle size
was greater than 6.55 μm, and 90% of the particle size was less than 41.9 μm. Su et al. [29] measured
the contamination collected on the porcelain insulator, which worked in a natural contamination test
station and converter station. The results showed that 50% of the particle size was less than 15 μm,
and 90% of the particle size was less than 50 μm. Tu et al. [30] measured the particle size of the
contamination on the porcelain insulator surface under the condition of haze and fog, and found that
particle size was in logarithmic normal distribution, 90% of the particle size was less than 14.6 μm.

3. Motion Characteristics of Particle

There are two processes in which particles move from the air to the insulator surface. The first one
is that the particles move toward the surface with the effect of fluid drag force, electric force, gravity,
and other forces. The second one is that particles with a certain initial velocity, collide with the surface
and adhere to the surface. To research the motion characteristics of particles more clearly, it is necessary
to carry out detailed research on these two physical processes [31].

3.1. Aerodynamic Characteristics of Particle

In this paper, the Euler method was used to analyze the motion of airflow. However, for the
particles, its concentration is relatively sparse, and its molecular weight is much greater than that of
gas molecules. Thus, the Lagrange method was used to calculate the motion trajectory of the particles.
In addition, the effect of the airflow phase on the particle phase was considered, but the effect of the
particle phase on the airflow phase was neglected.

3.1.1. Mathematical Model of Airflow Phase

Given the complex structure of the suspension insulator, the airflow around the insulator will
experience severe bending. If the standard k–ε model was used to calculate, it would produce some
errors. However, the RNG (Renormalization-group) k–ε model has an advantage in dealing with
airflow with low Reynolds number and serious streamline bending. Thus, the RNG k–ε model was
used [19].

The N–S equation and the continuous equation are

∇U = 0 (1)
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∂U
∂t

+ ρU · ∇U = −∇p + μ∇2U (2)

where, U is the average wind speed, m/s; ρ is the air density, kg/m3; p is the average pressure, Pa; μ is
dynamic viscosity coefficient of air.

The turbulent kinetic k equation and the dissipation rate ε equation of the RNG k–ε model are

ρ
Dk
Dt

=
∂

∂xi

(
σkμe f f

∂k
∂xi

)
+ μe f f S2 − ρε (3)

ρ
Dε

Dt
=

∂

∂xi

(
σεμe f f

∂ε

∂xi

)
+ C1ε

ε

k
μtS

2 − C2ερ
ε2

k
− Rε (4)

Rε =
Cμρϕ

3(1 −ϕ/ϕ0)ε

k
(

1 + βϕ3
) (5)

where, σk and σε are Prandtl numbers corresponding to turbulent kinetic energy k and dissipation rate
ε, respectively, σk = σε = 1.393; μeff is effective dynamic viscosity coefficient of air, μeff = μ + μt; μt is
turbulent viscosity coefficient of air, μt = ρCμk2/ε; Cμ = 0.0845; S is the modulus of the mean rate of
strain tensor; C1ε = 1.42, C2ε = 1.68; ϕ = Sk/ε, ϕ0 = 4.38, β = 0.012.

3.1.2. Mathematical Model of Particle Phase

The particles moving in the air are subjected to a variety of forces, including viscous resistance
force, pressure gradient force, gravity, air buoyancy, virtual mass force, Brownian force, Basset force,
Magnus lifting force, Saffman lifting force, thermophoresis forces, fluid drag force, electric field force,
etc. [15]. Among them, the effects of gravity, fluid drag force, and electric field force on the movement
of particles are significant. Therefore, this paper mainly considered these three forces. The motion
equations of particle in the Lagrange coordinate system can be calculated after analyzing the forces of
the particle.

m
dv
dt

= FD + G + Fq (6)

where, m is particle quality, kg; v is particle velocity, m/s; FD is fluid drag force, N; G is gravity, N; Fq is
electric field force, N.

Fluid drag force (FD). In the mathematical model, the particles are assumed to be spherical,
and their radius is R. The fluid drag force is calculated using the Stokes Equation [32].

FD =
18μ
ρpR2 m(u − v) (7)

where, u is the wind speed, m/s; ρp is the density of particle, kg/m3; R is particle radius, m.
Electric field force (Fq). If the charge of particles is q, the electric field force is

Fq = qE (8)

where, E is the electric field strength near the insulator, V/m; q is the particle charge, C.

3.2. Collision Process between Particles and Surface

The physical process of collision between particles and the insulator surface (hereinafter referred
to as the surface) can be divided into three stages, namely, injection stage, collision deformation stage,
and ejection stage, as respectively shown in Figure 3. In Figure 3, the injection stage is I→II→III,
and the collision deformation stage is II→III→IV, and the ejection stage is III→IV→V. Then these three
stages are analyzed in detail.
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Figure 3. Sketch diagram of collision process between particle and surface.

3.2.1. Injection Stage

At this stage, the particles fly toward the surface with the initial velocity of V1, in which V1x is the
tangential component of V1, and V1y is the normal component of V1. When the particles move toward
the surface, it will be affected by the water molecular layer attached to the surface [33], and then its
velocity will change to V2. However, the measurement results by Asay et al. [34] showed that the
thickness of the water molecule layer varies only in the range of 0.5–2.5 nm, under different relative
humidity. Compared with the particle size (1–100 μm), there is a great difference in magnitude. At the
same time, the action distance of this process is too short, and the effect on the particles is so small
that it can be neglected. Therefore, it can be considered that the particles hit the surface directly at the
injection stage.

3.2.2. Collision Deformation Stage

The porcelain surface can be considered that it will not experience deformation during collision,
due to its material properties. The particles will experience non-complete elastic deformation, and its
velocity will change to V3 after deformation recovery, and the direction of its velocity is outward along
the surface normal. The theoretical model of Johnson collision recovery coefficient was used to analyze
the velocity of particles in this paper, as outlined in [17]. The recovery coefficient e is:

e =
V3

V2
= 3.8

( σs

E∗
)1/2

(
mV2

2
2σsR3

)−1/8

(9)

1
E∗ =

1 − λ1

E1
+

1 − λ2

E2
(10)

where, σs is yield limit, σs = 200 N/mm2; E* is the effective elasticity modulus, GPa; E1 is elastic
modulus of particle, GPa; E2 is the elastic modulus of surface, GPa; λ1 and λ2 are the Poisson’s ratios
of particles and surface, respectively.

3.2.3. Ejection Stage

Particles at this stage are mainly affected by the adhesion force Fad produced by surface and liquid
bridge, and the direction of adhesion force is downward along the surface normal. If the adhesion force
is too weak, the particles cannot be adhered, and its velocity will change to V5. If the adhesion force
is strong, the particles will be adhered to the surface. After this stage, the collision process between
particle and surface is concluded.

The adhesion force between particle and surface includes Van der Waals force, capillary force,
electrostatic force, chemical bond force, and so on [35]. Among them, Van der Waals force (Fvdw) and
capillary force (Fcap) play an important role in the adhesion force (Fad). The contact model diagram
between particle and surface is shown in Figure 4. The adhesion force can be expressed as the following
series of equations, as described in [35,36].

Fad = Fvdw + Fcap (11)
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Fvdw =
H1R
6D2 +

(H2 − H1)R
6D2

{
1

[1 + h/D]2

}
(12)

h = rk(cos θ1 + cos(β+ θ2)) (13)

Fcap =
2πR(2crk − D)γW

rk
(14)

rk = − γWV0

RgT ln(p/p0)
= −0.53 × 10−9

ln(cRH)
(15)

c = [cos(θ1) + cos(θ2)]/2 (16)

where, H1 and H2 are the Hamaker constant, and the magnitudes of these values are related to the
medium: in the air medium H1 = 10.38 × 10−20 J, in the water medium H2 = 1.90 × 10−20 J [35]. D is the
distance between particle and surface, m; h is the height of the liquid bridge, m; rk is the Kelvin radius,
m; θ1 and θ2 are the contact angles of the bottom liquid bridge and upper liquid bridge, respectively;
β is liquid bridge angle of the particle; c is contact angle coefficient; γw is the surface tension of water,
γw = 0.073 N/m; V0 is the molar volume of water, V0 = 18 × 10−6 m3/mol; Rg is the gas constant,
Rg = 8.31 J/(mol K); T is the absolute temperature, T = 290 K; p is vapor pressure, Pa; p0 is saturated
vapor pressure, Pa; cRH is relative humidity.

d

l

h

θ1

r

Insulator surface

β+θ2

β

Particle θ2

R1

 

Figure 4. Contact model between particle and surface.

3.3. Adhesion Criterion of Particles

The energy loss of particles during collision is mainly composed of two parts: the collision energy
loss caused by non-complete elastic deformation and the adhesion energy loss caused by adhesion
force. The details are as follows.

When particles collide with the surface, the non-complete elastic deformation occurs, and the
velocity of the particles will change to V3.

V3 = eV2 = eV1 (17)

At the ejection stages, the work done (W1) by adhesion force is

W1 =
∫ amax

amin

Fvdw(D)dD +
∫ h

0
Fcap(D)dD (18)

where, amax is the maximum effect distance of Van der Waals force, amax = 0.4 nm; amin is the minimum
effect distance of Van der Waals force, amin = 0.165 nm [17].

At first, the particles fly toward the surface with the initial velocity V1, and then through three
stages of injection, collision deformation, and ejection, the final velocity V5 becomes
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V5 =

√
V2

3 − 2W1

m
=

√
(eV1)

2 − 2W1

m
(19)

In Equation (18), if (eV1)2 − 2W1/m > 0, it can be considered that the particles cannot be adhered
to the surface. However, if (eV1)2 − 2W1/m < 0, it can be considered that the particles will be adhered
to the surface.

4. Simulation Model

To analyze the reason why size distribution of contaminated particles on the porcelain insulator
surface is concentrated in a specific range, a physical model of collision, rebound, and adhesion between
particles and surface was built, and the adhesion of particles was simulated by COMSOL Multi-physics
simulation software® (5.2a). In the simulation model, four types of insulators were considered,
including bell type insulator XP-160, aerodynamic type insulator XMP-160, double umbrella type
insulator XWP-160, and the three-umbrella type insulator XSP-160. The structure and parameter of
these four kinds of insulators are shown in Table 2. In Table 2, H, D and L, respectively, represent
height, umbrella skirt size and leakage distance.

In the simulation model, three pieces porcelain insulators were established to study the adhesion
of contaminated particles. The top of the insulator string was set as the grounding terminal, and its
potential was 0 kV; the bottom of the insulator string was set as the high voltage terminal, and its
potential was 30 kV. The material of the umbrella skirt was set to porcelain and its relative dielectric
constant was set to 6. The material of the fittings was set to steel and its relative dielectric constant
was set to 1012. In each simulation test, 9000 particles were released from the left side of the insulator.
Among them, 3000 particles carried positive charges, its charge-mass ratio was 1.58 × 10−4 C/kg;
3000 particles carried negative charges, and its charge-mass ratio was −3.04 × 10−4 C/kg [37];
3000 particles had no charge. Previous studies have shown that CaSO4 is the major component
of contamination [38], so the particle density was set to 2960 kg/m3.

Table 2. Parameter and structure of insulator.

Type
Parameter

Shape
H (mm) D (mm) L (mm)

XP-160 170 280 405

D

H

 

XMP-160 155 425 385

H

D  

XWP-160 170 340 525

D

H

 

XSP-160 170 330 545

H
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5. Influence of Different Factors on Particle Adhesion

The adhesion process of particles is affected by a variety of complex factors, including relative
humidity, wind speed, precipitation, particle properties, electric field type, electric field strength,
aerodynamic shape, material, and so on. The existing literature shows that the influences of relative
humidity, wind speed, electric field type, electric field strength, and aerodynamic shape on the adhesion
are obvious [15,17,19,21]. Therefore, this paper carried out a series of studies on the influences of these
five factors. To highlight the influences of relative humidity, wind speed, electric field type, and electric
field strength, the paper took the XP-160 insulator as the research object. In addition, four kinds of
insulators were used to study the influence of aerodynamic shape.

5.1. Influence of Relative Humidity

Historical meteorological data shows that annual average relative humidity of most cities in China
is in the range of 50%–70%. Thus, the adhesion of particles was studied under relative humidity at 30%,
40%, 50%, 60%, 70%, and 80%, and the results are shown in Figure 5. The data points are connected
by a B-Spline curve. In the simulation model, the conditions were set as a positive DC electric field,
v = 4 m/s and U = 30 kV.
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Figure 5. Adhesion number of particles with different size under different relative humidity: (a) all
surface; (b) upper surface; and (c) bottom surface.

Figure 5 shows that the higher the relative humidity, the easier the large particles are adhered,
and the more the number of adhered particles. Specifically, at low relative humidity (cRH = 30% and
40%), particles with sizes in the range of 10–30 μm were easily adhered, and the D50 of adhered
particles were 19.84 μm and 21.52 μm, respectively. With high relative humidity (cRH = 70% and 80%),
the particles with sizes in the range of 25–70 μm were easily adhered, and the D50 of the adhered
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particles were 48.76 μm and 37.42 μm, respectively. With normal relative humidity (cRH = 50% and
60%), the particles with sizes in the range of 15–40 μm were easily adhered, and the D50 of the adhered
particles were 29.47 μm and 30.14 μm, respectively. The measurement results were consistent with the
statistical characteristics obtained above. In addition, it could also be found that the size distribution
of adhered particles on the upper surface was similar to that of on all surface, and there was a small
amount of adhered particles on the bottom surface. Moreover, the influence of relative humidity on
the adhesion number of particles was relatively limited when the particle size was less than 15 μm and
greater than 90 μm. However, when the particle size was in the range of 20–80 μm, the influence of
relative humidity on the adhesion number of particles was quite significant.

In Section 3.2, Equations (11)–(16) show that when relative humidity increases, the capillary force
Fcap will increase accordingly, and then the adhesion loss will also increase. Finally, the particles will
be easier to adhere to the insulator surface with the same initial kinetic energy. For small particle
(size ≤ 20 μm), the effect of fluid drag force is more obvious, and the trajectory of the particle is
more likely to follow the change of wind direction. Therefore, it is easy to follow the movement of
airflow, and bypass the insulator surface. So, collision and adhesion are difficult to happen. Although
the small particles are easily adhered after collision, the number of adhered particles is rare due to
the lower collision probability. For larger particles (size ≥ 80 μm), the effect of fluid drag force is
remarkably weak, and the trajectory of particles cannot quickly follow the change of wind direction.
Thus, the particles find it easy to pass through the boundary layer and achieve the collision. However,
the energy loss during the collision process is so limited that the particles are not easily adhered,
so there is a small number of adhered particles. However, for particles with sizes in the range of
20–80 μm, the order of magnitude of their initial kinetic energy and energy loss in collision are similar,
so the adhesion is greatly affected by other external parameters. As relative humidity increases,
the adhesion loss will increase correspondingly, which will cause the particles to be easily adhered to
the surface. Therefore, the relative humidity has a significant influence on the adhesion number of
particles, especially for particles with sizes in the range of 20–80 μm.

5.2. Influence of Wind Speed

In view of the fact that annual average wind speed in most cities of China is about 4m/s,
the adhesions of the particles under wind speed of 2, 4, 6, 8 and 10 m/s were studied in this paper,
respectively. The results are shown in Figure 6. B-Spline curve is used to connect data points, and the
simulation conditions are set as positive DC electric field, cRH = 60% and U = 30 kV.

As shown in Figure 6, the influence of wind speed on adhesion of particles is significant. At low
wind speed (v = 4 m/s), the particles with greater size were easily adhered to the surface, and the size
of adhered particles was mainly distributed in the range of 30–70 μm, and the D50 is 49.22 μm. At high
wind speed (v = 10 m/s), the particles with smaller size were easily adhered, and the size of adhered
particles was mainly distributed in the range of 10–30 μm, and the D50 is 20.14 μm. When wind speed
was in the range of 2–6 m/s, there were obvious changes of the size distribution of adhered particles.
However, when wind speed was in the range of 6–10 m/s, the size distribution of the adhered particles
showed little change, and it showed saturation. Therefore, for the area in which annual average wind
speed is about 4 m/s, the particles with sizes in the range of 20–40 μm are more likely to be adhered.
These simulation results support the statistical characteristics of the particle size distribution obtained
from the above measurement results. In addition, the size distribution of adhered particles on the
upper surface was similar to that of on the all surface, and there were a small number of adhered
particles on the bottom surface.

According to Figure 6, there is a certain concentration of the size distribution of adhered particles.
A thin boundary layer will be formed near the insulator surface when airflow moves around the
insulator [11]. In the boundary layer, there is a significant gradient change of force in the direction
of the normal vertical surface. The order of magnitude of viscous force increases remarkably and
reaches an order of magnitude which is similar to that of the inertial force [17]. Therefore, for the
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smaller particles, their trajectories tend to vary with the direction of the airflow due to the significant
viscous force, so it is difficult to collide with the surface, and the number of adhered particles will be
greatly reduced. However, for the larger particles, the inertia force is greater than the viscous force,
and it plays a major role in the forces acting on the particles. Therefore, the change of airflow has
little influence on its trajectory, which makes it easier to pass through the boundary layer and realize
collision. Whereas, due to the larger initial kinetic energy and less energy loss during the collision, it is
easier to experience rebound and fail to complete adhesion.
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Figure 6. Adhesion number of particle with different size under different wind speed: (a) all surface;
(b) upper surface; and (c) bottom surface.

Especially for the bottom surface, due to the existence of the umbrella skirt, the turbulent flow
around the bottom surface is remarkable, and it will greatly reduce the speed of the airflow. At the
same time, the velocity of particles will also reduce. Finally, it causes the large particles to be easily
adhered. As shown in Figures 5c and 6c, there is a large amount of adhesion of larger particles on the
bottom surface.

5.3. Influence of Electric Field Type

Adhesion of particles under four different electric field types were studied, including positive DC
electric field, negative DC electric field, AC electric field, and no electric field. The voltages were set to
+30 kV, −30 kV, 30sin (100πt) kV, and 0 kV, respectively, and the results are shown in Figure 7. In the
simulation model, the simulation conditions were set to cRH = 60%, v = 4 m/s.
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Figure 7. Adhesion number of particles with different size under different electric field types: (a) all
surface; (b) upper surface; and (c) bottom surface.

In Figure 7, it shows that the influence of electric field type on adhesion is relatively weak.
The difference of adhesion number curves under different electric field types is not obvious.
The adhesion numbers of the particles with the same size from high to low, are positive DC electric field,
negative DC electric field, AC electric field, and no electric field. The reason for these results is that the
AC electric field changes periodically, which leads to the periodic change of the electric force acting
on the particle, and it cannot achieve the continuous effect. Finally, the trajectory of particles is less
affected. Under the condition of the DC electric field, the particles will move toward the surface with
the effect of electric field force, because the electric field gradient near the insulator is perpendicular
to the surface [15]. At the same time, due to the continued effect of electric field force, the collision
number of particles will show an obvious rise. Therefore, it leads to a higher adhesion number of
particles under the DC electric field than that under the AC electric field and no electric field.

5.4. Influence of Electric Field Strength

The adhesion of particles at different voltage levels were studied, including 10, 20, 30, 40, 50,
and 60 kV, and the results are shown in Figure 8. In the simulation model, the conditions were positive
electric field, cRH = 60%, v = 4 m/s.

Figure 8a shows that the greater the electric field strength, the more particles that are adhered to
the insulator surface. The adhesion number of particles on the all surface reaches peak value when
size is about 30 μm. In Figure 8b,c, it shows that the adhesion number of particles on the upper surface
is greater than that on the bottom surface, and the size distribution of adhered particles on the upper
and bottom surface is different. The adhesion number of particles reaches peak value when the size is
about 40 μm on the bottom surface, but the adhesion number of particles reaches peak value when the
size is about 30 μm on the upper surface.
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Figure 8. Adhesion number of particles with different size under different electric field strength: (a) all
surface; (b) upper surface; and (c) bottom surface.

Furthermore, it was also found that when the particle size was in the range of 10–70 μm,
the influence of electric field strength on the adhesion number was relatively obvious. However,
when the particle size was less than 10 μm and greater than 70 μm, the influence of electric field
strength on the adhesion number was very limited. This phenomenon can be explained by that the
greater the electric field strength, the greater the electric field force. The electric field force causes
more particles to move toward the insulator surface [15], thereby increasing the number of adhered
particles. For small particles, the influence of electric field force is relatively weak due to less electric
charge. At the same time, the influence of fluid drag force was stronger compared with electric field
force, so the change of electric field strength showed little influence on the adhesion number. For large
particles, its charge was greater. The increase of electric field strength will increase the colliding number
of particles, but it will also increase the velocity of the particles when collision happens, resulting
in a decrease in the number of adhered particles. Therefore, the influence of electric field strength
is limited.

5.5. Influence of Aerodynamic Shape

In order to verify whether the above statistical characteristics are universally applicable,
the adhesion of particles under the conditions of different aerodynamic shapes were studied, including
the bell type insulator XP-160, aerodynamic type insulator XMP-160, double umbrella type insulator
XWP-160 and the three-umbrella type insulator WSP-160. The results are shown in Figure 9, and the
airflow field diagrams for these four kinds of aerodynamic models are shown in Figure 10. In addition,
the same parameter conditions were set, including cRH = 60%, v = 4 m/s, positive DC electric field,
and U = 30 kV.
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Figure 9. Adhesion number of particles with different size under different electric field strength: (a) all
surface; (b) upper surface; and (c) bottom surface.
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Figure 10. Airflow field diagram of different aerodynamic shapes under 4 m/s wind speed: (a) bell type
insulator; (b) aerodynamic type insulator; (c) double umbrella type insulator; and (d) three umbrella
type insulator.

According to the Figure 10, it can be found that there is no significantly low speed area around the
bottom surface of the aerodynamic type insulator. The airflow is less disturbed because the structure
of its umbrella skirts is relatively simple. However, for the bell type insulator, double umbrella type
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insulator, and the three-umbrella type insulator, there was obviously a low speed area around the
bottom surface. The umbrella skirt structure of these three kinds of insulators is relatively complex, so
the airflow is greatly disturbed (the blue part shown in the Figure 10).

As can be seen from Figure 9, the influence of aerodynamic shape on the adhesion is not
significant. In general, the size distribution of adhered particles on the four kinds of insulators
with different aerodynamic shape were similar, and the adhered particles were mainly concentrated
in the range of 20–40 μm, and the adhesion number of particles reached peak value when size was
about 30 μm. In particular, the adhesion number of particles on the bell type, double umbrella type,
and three-umbrella type insulators was greater than that of the aerodynamic type insulator, especially
for particles with sizes greater than 20 μm. This difference is attributed to the difference of the umbrella
skirt structures of these four kinds of insulators. More particles can be adhered to the surface of the
bell type, double umbrella type, and three-umbrella type insulators, due to the obvious low speed
area around the insulators’ surface. In addition, this difference is more remarkable, especially on the
bottom surface. In the Figure 9c, it can be found that the adhesion number curve of greater particles
(R ≥ 45 μm) on the aerodynamic type insulator surface is the lowest.

6. Conclusions

Many contamination samples collected from porcelain insulator surfaces were measured,
and obvious size distribution characteristics were found. Furthermore, an adhesion model was
established to analyze the movement of particles, and the influences of different factors on adhesion
were also studied. The following conclusions were obtained.

• The size distribution of adhered particles on the porcelain insulator surface is basically in
logarithmic normal distribution, and the D50 is about 20 μm, and the distribution of particles
(R ≤ 5 μm and R ≥ 50 μm) is rare.

• For small particles, their trajectory is easily affected by the fluid drag force, and it is difficult
to experience collision and adhesion. For large particles, it is difficult to adhere to the surface
due to great initial kinetic energy. Thus, there are significant size distribution characteristics of
contaminated particles on the porcelain insulator surface.

• In the process of adhesion, the influences of relative humidity and wind speed on the
adhesion were remarkable, whilst the influences of electric field type, electric field strength,
and aerodynamic shape were relatively weak.

In addition, it can be considered that the size distribution of contaminated particles on the
glass insulator surface is similar to that of the porcelain insulator, because glass and porcelain all
belong to a rigid medium. However, the surface of a composite insulator will experience micro-elastic
deformation during collision, resulting in a difference of the size distribution, so more detailed research
about adhesion will continue to be carried out.
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Abstract: In this study, phenylmethylsilicone oil (PSO) with different viscosity was used for research
in fouling release coatings based on polydimethylsiloxane (PDMS). The surface properties and
mechanical properties of the coatings were investigated, while the leaching behavior of PSO from the
coatings was studied. Subsequently, the antifouling performance of the coatings was investigated
by the benthic diatom adhesion test. The results showed that the coatings with high-viscosity PSO
exhibited high levels of hydrophobicity and PSO leaching, while the high PSO content significantly
decreased the elastic modulus of the coatings and prolonged the release time of PSO. The antifouling
results indicated that the incorporation of PSO into coatings enhanced the antifouling performance of
the coating by improving the coating hydrophobicity and decreasing the coating elastic modulus,
while the leaching of PSO from the coatings improved the fouling removal rate of the coating. This
suggests a double enhancement effect on the antifouling performance of fouling release coatings
based on PDMS with PSO incorporated.

Keywords: polydimethylsiloxane; phenylmethylsilicone oil; viscosity; additive amount; leach;
antifouling

1. Introduction

Marine biofouling refers to the colonization of submerged surfaces by marine micro- and
macro-organisms, and is a worldwide problem affecting maritime and aquatic industries [1–5].
For a long time, painting antifouling coatings on seawater-impregnated substrates has been an effective
way to inhibit the attachment of marine organisms. It has been widely applied, such as in shipping
vessels, heat exchangers, offshore rigs, jetties, aquaculture cages, and other submerged structures in
the marine environment [6,7]. Meanwhile, one statistical analysis indicated that the practice saves the
global shipping industry an estimated 150 billion US dollars per year [8]. Among them, self-polishing
antifouling coatings incorporating tributyltin-based compounds (TBT-based coatings) are the most
efficient. Unfortunately, with the development of relevant research, these coatings have been revealed
as toxicants toward non-targeted species [2]. Furthermore, TBT compounds have also been reported
to accumulate in mammals and debilitate the immune defenses of fish [2,3]. Therefore, in 2001 the
International Marine Organization (IMO) forbade the use of TBT-based coatings. Moreover, the biocide
used in the marine environment is now under strict control in many countries, and it has become
a driving force for the development of environmentally-friendly alternative coatings, which mainly
include fouling-resistant coatings, fouling release coatings, and fouling degrading coatings [8–12].

It is known that marine biofouling involves a wide variety of organisms (more than 4000 species
have been identified) [12]. It has the following characteristics: the fouling organisms change very
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quickly, attaching to the growth is very easy, there is no selective attachment to most of the matrix
materials, and the environmental adaptability of organisms is very strong. Therefore, it is difficult to
completely reject the adhesion of the fouling organisms on the substrate. For fouling release coatings,
by minimizing the adhesion strength between fouling organisms and the material surface, fouling may
be readily removed by simple mechanical cleaning or hydrodynamic stress during navigation [13].
These coatings use physical means to protect the substrate immersed in seawater, and are not causes of
environmental pollution. They are now widely used as environmentally-friendly alternatives [8,13].

Polydimethylsiloxane (PDMS) has a linear structure and is the most common hydrophobic
material. The molecular structure of PDMS is arranged in helixes, whereas the outwards-directed
methyl groups provide hydrophobicity [14,15]. PDMS with low surface energy and low elastic modulus
reduces the adhesion of marine organisms [16,17]. It has been prepared for fouling release coatings,
and the first organic PDMS-based polymer antifouling coating came out in 1972 [18].

The incorporation of non-reactive silicone oil in fouling release coatings based on PDMS has been
seen since 1977 [19]. Related studies have suggested that silicone oil additives in fouling release PDMS
coatings could reduce the coefficient of friction and favor an easier release of fouling organisms [20,21].
Further studies showed that the increase of interfacial slippage with silicone oil leached from the
coated surfaces improved the fouling release performance [22]. Although the potential of silicone oil to
affect the ability to overcome cellular barriers has been pointed out [17], there is no statistical evidence
to support these concerns [13,20]. The incorporation of silicone oil into fouling release coatings based
on PDMS showed that the amount of silicone oil was negligible [22,23], and the low toxicity of silicone
oil caused little harm in marine life [24–26].

The research on the incorporation of silicone oil into coatings is mainly focused on the evaluation
of antifouling behavior on certain specific fouling organisms by the leaching of silicone oil [20–23].
There is no related research on the choice of silicone oil, including viscosity and added amount.
A particularly significant research gap exists regarding the effect of these factors on the leaching
speed and the leaching percent of silicone oil. In this experiment, the phenylmethylsilicone oil (PSO)
with different viscosity and content was incorporated into fouling release coatings based on PDMS.
The effect of the leaching amount of PSO on the antifouling performance of the coating is studied
herein, and the leaching cycle of PSO is predicted by a reasonable measurement. The analysis of related
properties can reveal the reasons for the improvement of the antifouling performance of the coating.

2. Materials and Methods

2.1. Materials

Hydroxyl-terminated polydimethylsiloxane (PDMS) was obtained from Dayi Chemical
Industry Co., Ltd. (Yantai, China). The kinematic viscosity of PDMS was 10,000 mm2/s and the relative
molecular weight was about 60,000. Phenylmethylsilicone oil (PSO) was purchased from Shanghai
Hualing Resin Co., Ltd. (Shanghai, China). The kinematic viscosity of PSO was 30 mm2/s, 75 mm2/s,
and 100 mm2/s for products known as Si-30, Si-75, and Si-100, respectively. Tetraethylorthosilicate
(TEOS) was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Bismuth
neodecanoate (BiND) was obtained from Deyin Chemical Co., Ltd. (Shanghai, China). Xylene and ethyl
acetate were also analytical grade and supplied by Yongda Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Preparation of Coating Samples

The coating was composed of three parts. Pre-dispersed slurry included PDMS and PSO.
TEOS and xylene were mixed to make the curing agent, and the mixture of BiND and ethyl
acetate was prepared into the catalytic agent. The two-stage process of the preparation method
was as follows: PDMS (100 g) and PSO were added into a 500 mL stirring tank at 2000 rpm
for 30 min. Afterward, coatings were prepared in a 20:4:1 weight ratio of PDMS (from the
pre-dispersed slurry):curing agent:catalytic agent. The coating was brushed on glass slides with
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dimensions of 75 mm × 25 mm × 1 mm, and also poured into a Teflon mold with dimensions of
150 mm × 150 mm × 2 mm for at least 8 h to form a cross-linked elastomer. The blank control sample
without PSO was set as A, and other experimental samples were set as Ax-y, where x represents the
viscosity of PSO and y represents the mass of PSO.

2.3. Experimental Procedure

The antifouling performance of the fouling release coating based on PDMS depends mainly on
the surface and mechanical properties. Therefore, we analyzed the effect of the PSO on the above
properties. In this study, the change in surface properties was due to the change of the chemical
composition caused by the incorporation of PSO, which could be analyzed by Fourier transform
infrared (FTIR) spectroscopy. The influence of the PSO on the crosslink density of the coating was
beneficial to the analysis of the coating’s mechanical properties. The focus of this study was on the
observation of leaching PSO, including leaching amount and leaching percent. The leaching of the
PSO with different viscosity and content needed to be characterized by reasonable parameters. Finally,
the antifouling performance of the coating was analyzed. Error values are quoted as standard error of
the mean (SEM), based on the number of samples analyzed (n).

2.4. Characterization

2.4.1. Surface Properties of the Coatings

Contact angle measurements were conducted using the sessile drop method on a JC2000C contact
angle measurement system (Shanghai Zhongchen Co., Ltd., Shanghai, China). Three-microliter
droplets of distilled H2O and CH2I2 were placed on the sample surface using a syringe. Digital images
of the droplet silhouette were captured with a charge-coupled device camera and the contact angles
were evaluated using the measuring angle method. Six points for each sample were tested for the
contact angle measurement. The surface free energies were calculated from the measured water contact
angles and diiodomethane contact angles using Owens two-liquid method [27].

In order to analyze the effect of the chemical composition on the surface properties of the
coating, FTIR spectra were recorded on a Frontier PerkinElmer infrared spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) within a scan range of 4000–650 cm−1 and a resolution of 2 cm−1.
For each sample, 32 scans were recorded and a high-performance diamond single-bounce Attenuated
Total Reflection accessory was used. The spectral evaluation was performed using the Spectrum 10.3.6
software package from PerkinElmer.

2.4.2. Mechanical Properties of the Coatings

Tensile samples were prepared into strips with 150 mm × 20 mm × 2 mm and then stretched on a
Labthink XLM auto tensile tester (Labthink Co., Ltd., Jinan, China) with the 1.15 software package.
The tensile speed was at 50 mm/min. Elastic modulus was fitted with the data, which showed that the
strain was less than 0.02 mm/mm. Three samples of each coating were prepared for the experiment.
The stress–strain curves of the coatings were presented by selecting the data for which the elastic
modulus value was close to the average value.

A HT220 shore hardness tester was applied to test the hardness of the coating. The thickness
of the test sample must exceed 5 mm, and thus the prepared casting sample was folded repeatedly
to meet the experimental requirement [28]. Similarly, three samples for each coating were used in
the experiment.

In order to determine the origin of the mechanical properties of the coating, the crosslink density
of the coating was measured by the equilibrium swelling method [29]. Generally, it can be expressed
by the molecular weight between crosslink points (MC). Toluene was used as the solvent which could
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dissolve the PSO in the coating, and then the swelling of the gel could be determined. The value of MC
was calculated by the Flory–Rhener relation,

MC =
−ρV

(
v

1
3 − v/2

)
ln(1 − v) + v + χ1 × v2 (1)

where v represents the volume fraction of the polymer in the swollen specimen [29]; ρ represents
the density of samples before swelling; V represents the molar volume of the solvent, and it is
106.125 cm3/mol for toluene; χ1 refers to the Flory–Huggins interaction parameter between the sample
and toluene, and it is 0.45 in this experiment.

In order to ensure the accuracy of the experimental data, the weight of the sample was measured
every 3 h by using a precision balance (Mettler Toledo Co., Ltd., Zurich, Switzerland) during the
swelling process. When the difference of the adjacent measurement data did not exceed 0.1 mg,
the sample was up to the equilibrium swelling state. The whole experiment was performed at 25 ◦C,
while three samples for each coating were used in the experiment.

2.4.3. The Leaching Observation of the PSO

The morphology of the leached PSO on the sample surface was analyzed by an Olympus
OLS4000 CLSM (OLYMPUS (China) Co., Ltd., Beijing, China) with a field of view 2575 μm × 2581 μm.
The software version was 2.2.4.

The leaching percent of the PSO with exposure time was analyzed. Before brushing slide samples,
the mass of the slide (m0) was measured with a precision balance, and the mass of the slide sample
(m1) was also measured after 2 days of curing. Then, the mass of the PSO in the coatings could be
calculated. Every t days, the surface of the coating was wiped with alcohol swabs, and the mass of
the cleaned slide sample (mt) was determined. The leaching percent of PSO (WPSO) was calculated by
Equation (2), where w denotes the mass percent of PSO in the coating.

WPSO =
(m1 − mt)

w × (m1 − m0)
× 100% (2)

The MC value of coating A could be calculated by the equilibrium swelling method, and then the
PSO was used as the solvent to swell Coating A at 25 ◦C. The experimental method was as reported
before. By Equation (1), the Flory–Huggins interaction parameter (χ) between Coating A and the
PSO was also calculated [29], and could be used as a parameter to evaluate the leaching of the PSO
with different viscosity. Densities of the samples and the PSO were measured by a MH-300A electron
density meter (Kunshan Creator Testing Instrument Co., Ltd., Kunshan, China) and are shown in
Table 1. In this experiment, the molar volume of the PSO was calculated by the relative molecular
mass and density. The relative molecular mass of the PSO was researched via PL-GPC-50 normal
temperature gel permeation chromatograph (POLYTECH Co., Ltd., Beijing, China) and are also listed
in Table 1.

Table 1. The density and the relative molecular mass of experimental materials. PDMS:
polydimethylsiloxane.

Materials Coating A Si-30 Si-75 Si-100 PDMS Resin

Density (g/cm3) 0.975 0.996 1.001 1.007 -
Relative molecular mass - 450 610 700 60,000

2.4.4. Benthic Diatom Adhesion Tests

Navicula sp. was used to measure the antifouling performance of the coatings, and was obtained
from the Institute of Oceanology, Chinese Academy of Sciences (Qingdao, China). The influence of
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the PSO on benthic diatom adhesion tests of the coatings included two stages: the stage without
the leaching of PSO and the stage with the leaching of PSO. Therefore, it was necessary to conduct
benthic diatom adhesion tests on the coatings before and after the PSO leached. In this experiment,
samples cured for 1 day with no leached PSO observed and samples cured for 30 days with leached
PSO observed were selected. Before the benthic diatom adhesion tests, all samples were cleaned with
alcohol to ensure that there was no dust or leached PSO.

Six coated slides of each coating were immersed in 105–106 cell/mL fresh benthic diatom
suspension for 24 h, then three slides were rinsed lightly with sterile deionized water to remove
unsettled diatoms, whereas the other three slides were washed with a CB-8L-C high-pressure water
gun at 0.1 MPa for 20 s (Haishu Chebo Industry & Trade Co., Ltd., Ningbo, China). All slides
were then ground into test tubes filled with 45 mL acetone solution (90%, v/v) mixed with 1 mL
magnesium carbonate solution (1 wt %). The tubes were stored in a cold (8 ◦C), dark area.
After 24 h, the supernatant was poured into a stoppered test tube and centrifuged (4000 rpm, 15 min).
The resulting solution was poured into a quartz cuvette with a path length of 1 cm, and the absorbance
of the solution was determined at fixed wavelengths (750 nm, 663 nm, 645 nm, and 630 nm) to calculate
the concentration of chlorophyll-a using an ultraviolet–visible spectrophotometer (Labtech UV-2000,
Labtech Co., Ltd., Beijing, China). The fouling removal rate based on benthic diatom adhesion to
the coating samples was calculated by the formula in Equation (3), where Wr, Ww, and R represent
the concentration of chlorophyll-a for rinsed samples, the concentration of chlorophyll-a for washed
samples, and the removal rate of the coating, respectively:

R =
Wr − Ww

Wr
× 100% (3)

3. Results and Discussion

3.1. Surface Properties of the Coatings

Determining the water contact angles and surface free energies can provide essential information
on the surface properties of the coatings. Table 2 showed the contact angle results and calculated
surface free energies of the coatings. As observed from Table 2, the water contact angles increased
with the increase of the PSO content and viscosity. Meanwhile, PSO incorporated into the coatings also
decreased the surface free energies of the coatings, which were calculated by the Owens two-liquid
method. However, unlike the change in water contact angle, the effect of low viscosity PSO on
the reduction of the surface free energies was more obvious. In terms of the functional group,
the hydrophobicity of the phenyl group is better than that of the methyl group. Therefore, the
addition of PSO enhanced the hydrophobicity of the coatings. Results also revealed the change of the
chemical composition of the coatings with the incorporation of PSO. The more phenyl groups in the
coating, the stronger the hydrophobicity of the coating. The FTIR results (Figure 1) also revealed that
the strength of the featured absorption peaks of the phenyl group in coatings increased by increasing
the viscosity of the PSO, indicating that the increase in the water contact angle (the featured absorption
peak at 725 cm−1 was interfered by the featured absorption peak of Si–CH3 at 790 cm−1). Related
studies also showed that the surface free energies of the PSO (7–100 mm2/s) were about 22.2 to
24.1 mJ/m2 [30]. Thus, low-viscosity PSO could significantly reduce the surface free energies of
the coatings.
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Table 2. The contact angle and surface free energies of coating samples (±SEM (standard error of the
mean), n = 6).

Sample
Contact Angle (◦)

Surface Free Energy (mJ/m2)
Water Diiodomethane

A 107.1 ± 0.31 65.4 ± 0.11 25.8 ± 0.41
A30-5 113.9 ± 0.23 73.4 ± 0.27 21.6 ± 0.22

A30-10 114.7 ± 0.17 74.3 ± 0.31 21.1 ± 0.18
A30-15 115.3 ± 0.08 75.3 ± 0.28 20.6 ± 0.33
A30-20 116.0 ± 0.22 76.5 ± 0.21 19.9 ± 0.28
A75-20 116.9 ± 0.15 72.1 ± 0.21 22.9 ± 0.19

A100-20 118.5 ± 0.44 70.7 ± 0.33 24.2 ± 0.38

  

(a) (b) (c) 

Figure 1. Fourier transform infrared (FTIR) spectra of the phenyl group in coating samples: (a) the
stretching vibration peaks of =C–H in the phenyl group at 3072 and 3055 cm−1; (b) the out-of-plane
bending vibration peaks of =C–H in the phenyl group at 725 and 694 cm−1; (c) the stretching vibration
peaks of C=C in the phenyl group at 1591 and 1488 cm−1.

3.2. Mechanical Properties of the Coatings

The mechanical properties of the coatings were evaluated via tensile test. The fitting elastic
modulus and the measured shore hardness are presented in Figure 2. Experimental determination
showed that the elastic modulus and the shore hardness decreased with the increase of the PSO
content. For the coatings with different viscosity of the PSO, these properties were basically the same.
The tensile curve of the sample is also shown in Figure 3. The tensile curves of the coatings with
different viscosities of PSO were basically coincident under the same additive amount. By increasing
the content of the PSO, the stress of the coating decreased at the same strain. This result was in
agreement with the results of Truby [25]. In order to analyze the reason for the decrease of the
mechanical properties of the coating, the crosslink density of the coating was measured. Crosslink
density is defined as the moles of effective network chain per cubic centimeter [29]. The crosslink
density of a polymer is an important parameter affecting its mechanical properties. Polymer with
high crosslink density has better mechanical properties. Generally, it can be expressed by the number
average molecular weight between two adjacent crosslinks (MC), and a larger value of MC indicates a
lower polymer crosslink density [31,32]. For this experiment, the MC value of the coating is shown in
Table 3. It is indicated that the value of MC increased with the increase of the PSO content, revealing
the decrease of the crosslink density. The results also showed that the changing of the PSO viscosity
did not change the crosslink density of the coatings. Non-reactive PSO was stored in the gap between
the molecular chains of the coating, reducing the density of the polymer network chain. Therefore,
the crosslink density of the coating was decreased. In general, the PSO with low molecular weight
and high additive amount could have a more pronounced effect. The relative molecular mass of the
PSO is shown in Table 1. Although the three kinds of PSO had different relative molecular weights,
the difference of the relative molecular weight between the PSOs could be ignored compared with the
relative molecular weight of the PDMS resin. Therefore, the viscosity of the PSO had little effect on the
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mechanical properties of the coatings, while the effect of the PSO content on the mechanical properties
was more obvious. With the increase of the PSO content, the crosslink density of the coatings decreased,
causing the decrease of the mechanical properties.

 

(a) (b) 

Figure 2. The mechanical properties of coating samples: (a) elastic modulus; (b) shore hardness.
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Figure 3. The tensile stress of samples (a) with different phenylmethylsilicone oil (PSO) viscosities and
(b) with different additive amounts of PSO (Si-100).

Table 3. The MC value of samples. (±SEM, n = 6).

Sample A A30-5 A30-10 A30-15 A30-20 A75-20 A100-20

MC 11,728 ± 246 19,840 ± 374 22,495 ± 277 24,336 ± 406 32,799 ± 178 32,710 ± 323 32,706 ± 301

3.3. Leaching Observation of PSO

Samples with dimensions of 150 mm × 150 mm × 2 mm were used to observe the leaching of the
PSO. The morphology of the sample is shown in Figures 4 and 5 with 1 day and 30 days of exposure.
After 1 day of exposure, no PSO was leached on the coating surface. With the extension of exposure
time, PSO was gradually leached. It was also shown that the coating incorporating high viscosity
and high additive amount of the PSO leached more PSO in the same amount of time. The leaching
percent–time curve is shown in Figure 6. It basically follows the Higuchi diffusion equation (Figure 6c).
By fitting the curve, the time needed for the complete leaching of the PSO could be simulated (Table 4).
Although the increase of the PSO content resulted in the increase in the leaching amount of the PSO
from the coatings at the same elapsed time, it also showed that the leaching percent of the PSO
decreased with increasing PSO content. Coatings with low-viscosity PSO had a longer release time.
For the coating A30-20, the time required for the complete leaching of the PSO exceeded 5890 days.
In contrast, the coating of A100-5 released all the PSO in only 350 days.
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Figure 4. Morphologies of different amounts of PSO leached on samples.

 

Figure 5. Morphologies of different viscosities of PSO leached on samples.

  

(a) (b) (c) 

Figure 6. The leaching percent–time curve: (a) with different viscosities of PSO; (b) with different PSO
contents; (c) Higuchi fitting curve of A100-5.
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Table 4. The estimated time for leaching PSO completely.

Sample A30-5 A30-10 A30-15 A30-20 A75-5 A100-5

Time (day) 2250 3810 5000 5890 760 350

Studies [5,20–22] on the incorporation of silicone oil into the fouling release coatings show that
the reason for the leaching behavior of silicone oil from the coatings was the compatibility difference
between silicone oil and the coatings, and note that compatibility should be characterized by a
reasonable parameter. The leaching phenomenon can be considered as the phase separation of silicone
oil and the coatings. Correspondingly, the Flory–Huggins interaction parameter (χ) between the
coating A and the PSO is shown in Table 5. With the increase of the PSO viscosity, the value of χ
increased. The high viscosity of the PSO contained more phenyl groups (Figure 1). This would lead to
the increase in the molecular structure difference between the coating and the PSO. Therefore, with the
increase of the PSO viscosity, the compatibility between the PSO and the coating decreased, causing
more obvious leaching behavior of the PSO from the coatings. In addition, with the increase of the
PSO content, the crosslink density of the coating decreased. The decrease of the crosslink density
caused the decrease of the resistance to PSO leaching. Therefore, the PSO from the coatings with low
crosslink density could be leached easily. This revealed that the leaching amount of the PSO was
affected by the Flory–Huggins interaction parameter (χ) between the coating and the PSO, as well
as the crosslink density of the coating. Although the leaching amount of the PSO at the same time
increased, the increase of the PSO content eventually resulted in the decrease of the PSO leaching
percent at the same time.

Table 5. Flory–Huggins interaction parameter between samples and PSO. (±SEM, n = 6).

Materials Si-30 Si-75 Si-100

χ 1.037 ± 0.0297 1.434 ± 0.0266 1.779 ± 0.0177

3.4. Benthic Diatom Adhesion Tests

The antifouling performance of the coatings was examined by conducting benthic diatom adhesion
tests, and the results on the coating samples in the stage without leached PSO are shown in Table 6.
The coatings incorporated with high-viscosity PSO had lower chlorophyll-a concentration, suggesting
low levels of benthic diatom adhesion and high levels of the antifouling property. With the increase
of the PSO content, the fouling removal rate of the coating increased. For the fouling release coating
based on PDMS, the coating with high hydrophobicity showed a good ability to inhibit the adhesion
of fouling organisms [1,3]. In addition, the low elastic modulus could effectively reduce the energy
consumption required for the removal of fouling organisms, increasing the fouling removal rate of the
coating [8]. The effect of the incorporation of PSO on the hydrophobicity and the elastic modulus of
the coating was analyzed as above. Accordingly, the improvement of the antifouling performance of
the coating could also be demonstrated by benthic diatom adhesion tests. The coating with high PSO
content exhibited better hydrophobicity and lower elastic modulus, reducing the adhesion amount of
benthic diatoms and increasing the fouling removal rate. Therefore, the corresponding antifouling
performance was enhanced.

Subsequently, the antifouling performance of the coatings in the stage with leached PSO was also
examined. The pretreatment ensured that there was no leached PSO on the surface of experimental
samples. However, the leaching of the PSO was a continuous process, and PSO could still be released
in fresh benthic diatom suspension. The experimental results are shown in Table 7. Comparison of
Tables 6 and 7 indicated that the concentration of chlorophyll-a for rinsed samples in the different
stages were basically the same; however, the concentration of chlorophyll-a for washed samples in the
stage with the leached PSO decreased obviously, meaning better antifouling performance. Further,
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the removal rate of samples in the stage with the leached PSO generally increased, and the values of
some samples exceeded 90%. With the leaching of the PSO, the removal of fouling organisms was
not only dependent on the elastic modulus of the coatings. The leaching PSO formed continuous
oil films to block the adhesion of the benthic diatom to samples, or reduced the adhesion strength
between the benthic diatom and the sample surface [22,23]. After washing, most of the benthic diatoms
were removed. Section 3.3 showed that the coating with high PSO viscosity and high PSO content
could leach more PSO in the same time, while it also showed that the coatings with high leached PSO
could exhibit high levels of the removal rate. Therefore, benthic diatom adhesion tests of the coating
indicated that the enhancement of the coating hydrophobicity effectively inhibited the adhesion of
fouling organisms. In addition, the decrease of the elastic modulus of the coating as well as the
PSO leached onto the coating surface increased the removal rate of the coating. The cause of this
phenomenon was due to the incorporation of PSO.

Table 6. Experimental results of the benthic diatom adhesion test on the stage of no leaching of PSO.
(±SEM, n = 3).

Sample A A30-5 A75-5 A100-5 A100-10 A100-15 A100-20

Concentration of
chlorophyll-a for rinsed

samples (mg/m2)
1735 ± 56 1567 ± 27 1445 ± 19 1375 ± 28 830 ± 23 719 ± 31 460 ± 12

Concentration of
chlorophyll-a for washed

samples (mg/m2)
747 ± 27 622 ± 42 565 ± 32 534 ± 28 273 ± 33 197 ± 40 106 ± 20

Fouling removal rate (%) 56.5 ± 4.71 60.3 ± 3.89 61.7 ± 2.77 60.9 ± 4.14 67.1 ± 1.80 72.6 ± 2.97 76.7 ± 4.36

Table 7. Experimental results of the benthic diatom adhesion test on the stage of leaching of PSO.
(±SEM, n = 3).

Sample A A30-5 A75-5 A100-5 A100-10 A100-15 A100-20

Concentration of
chlorophyll-a for rinsed

samples (mg/m2)
1774 ± 48 1615 ± 37 1485 ± 22 1365 ± 42 847 ± 33 707 ± 12 471 ± 22

Concentration of
chlorophyll-a for washed

samples (mg/m2)
786 ± 41 326 ± 19 293 ± 43 205 ± 27 115 ± 19 66 ± 25 37 ± 15

Fouling removal rate (%) 55.7 ± 3.21 79.8 ± 3.11 80.3 ± 2.16 85.0 ± 5.10 86.4 ± 3.67 90.7 ± 2.77 92.1 ± 3.21

4. Conclusions

This research investigated the influence of PSO with different viscosity and content on the
antifouling performance of fouling release coatings based on PDMS. With the incorporation of
PSO, the hydrophobicity of the coating was enhanced, and the mechanical properties of the coating,
especially the elastic modulus, decreased. The leaching behavior of the PSO also indicated that the PSO
with high viscosity and large content was more easily leached. By fitting the leaching percent–time
curve of PSO, the leaching cycle of PSO could be correctly predicted. Due to the incorporation of PSO,
the change of the above properties improved the antifouling performance of the coating. Therefore,
the coating showed a low adhesion of the benthic diatom. The higher viscosity and the greater the
content of PSO incorporated in the coating, the better the antifouling performance of the coating.
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Abstract: Use of silicon dioxide (SiO2) and titanium dioxide (TiO2) have been widely investigated
individually in coatings technology, but their combined properties promote compatibility for different
innovative applications. For example, the photocatalytic properties of TiO2 coatings, when exposed
to UV light, have interesting environmental applications, such as air purification, self-cleaning and
antibacterial properties. However, as reported in different pilot projects, serious durability problems,
associated with the adhesion between the substrate and TiO2, have been evidenced. Thus, the aim
of this work is to synthesize SiO2 together with TiO2 to increase the durability of the photocatalytic
coating without affecting its photocatalytic potential. Therefore, synthesis using sonochemistry,
synthesis without sonochemistry, physical characterization, photocatalytic evaluation, and durability
of the SiO2, SiO2@TiO2 and TiO2 coatings are presented. Results indicate that using SiO2 improved
the durability of the TiO2 coating without affecting its photocatalytic properties. Thus, this novel
SiO2@TiO2 coating shows potential for developing long-lasting, self-cleaning and air-purifying
construction materials.

Keywords: hydrophobic; photocatalytic; sonochemistry; coating; mortar

1. Introduction

Current environmental problems observed in big cities, such as air pollution and associated
infrastructure deterioration, encourage research for the development of new technologies and products
that mitigate these modern, urban threats. Among the different environmentally-friendly technologies,
heterogeneous photocatalytic oxidation using TiO2 has become an interesting technology due to its
durability and high photocatalytic activity [1]. Recently, the incorporation of TiO2 (e.g., coatings or
additives) into construction materials used in urban infrastructure, such as concrete and mortars,
has been an interesting approach to reduce NOx and VOCs (volatile organic compounds) at outdoor
concentrations using sunlight as the only energy source; these are the so-called air purifying properties.
TiO2 under UV-A light irradiation can generate oxidative (·OH) and reductive (·O2) species, which are
able to degrade different organic and inorganic compounds [2–4]. Furthermore, exposure to UV-A
light enhances the superhydrophilic effect on the TiO2 surface, which makes it easier to remove the
fouling substances on TiO2 loaded surfaces; this is the so-called self-cleaning ability [5–7]. However,
recent applications of photocatalytic building materials in urban pilot projects have demonstrated that
maintaining the durability of the air-purifying and self-cleaning properties remains challenging,
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especially for the application of photocatalytic building materials under outdoor conditions [6].
Among other environmental factors, dust and oil accumulation have been reported as major factors
affecting the properties of photocatalytic construction materials at an urban scale [7].

On the other hand, hydrophobic surfaces have also received attention for their self-cleaning,
anti-flogging, anti-adherent and anti-polluting properties. The natural model for the design of
superhydrophobic synthetic films is the lotus plant, which is known for its self-cleaning properties that
allow the capture of air under water droplets that contribute to the rolling water droplet, a characteristic
of well-designed superhydrophobic surfaces [8]. Due to the nano-manufacturing technologies that have
been established for silicon substrates, silicon has been widely used for producing superhydrophobic
surfaces; moreover, this kind surfaces, for instance, promotes durability in structures by avoiding the
incrustation of corrosive salts (Cl− and SO−

4 ) that promote cracking or surface erosion [9]. To make
superhydrophobic surfaces of intrinsically hydrophilic materials, a two-step process is usually required,
i.e., first, make a rough surface and second, modify it with a coating of chemicals, such as organosilane,
which may offer low surface energy after binding to the rough surface [9,10]. This is the case for
polydimethylsiloxane (PDMS), which can be easily processed to make a hydrophobic surface with a
rough texture and reduced free surface energy [11,12]. The methods to create hydrophobic surfaces
have very long reaction times and strict chemical conditions. A method that uses sonochemistry has
smaller reaction times, is more likely to undergo a complete chemical reaction and more ordered
crystallization. Sonochemistry is a process of cavitation that refers to the rapid growth and collapse
of implosion bubbles in a liquid in an unusual reaction environment [13,14]. Therefore, this article
reports the development of a SiO2@TiO2 coating applicable to cement based materials, such as mortars
and glass. The SiO2 matrix, based on PDMS (polydimethylsiloxane), has the potential to increase the
adherence of TiO2 particles and to improve their photocatalytic efficiency [15].

2. Materials and Methods

As a strategy to develop an efficient SiO2@TiO2 coating, pure TiO2 and pure SiO2 coatings that
used the same precursors, proportions, and two different synthesis methods were evaluated.

2.1. Synthesis of SiO2@TiO2 Coating Coupled with Sonochemistry

For TiO2 sol production, titanium Iso-propoxide (97%, Sigma Aldrich, St. Louis, MO, USA) was
added dropwise into an organic solvent (isopropyl alcohol, 99%, Sigma Aldrich), previously stirred
under an inert nitrogen atmosphere for 5 min.

For SiO2 synthesis, sonotrode equipment (Hielscher Ultrasound Technology UP200Ht, Teltow,
Germany) was used working at 100% cavitation and 20% amplitude. A solution of distillated
water, absolute ethyl alcohol and oxalic acid, in a 5/5/0.1 molar relation was prepared and stirred
sonochemically for 15 min. Afterwards, tetraethyl orthosilicate was added dropwise and the
mixture was stirred sonochemically for 3 min. Next, polydimethylsiloxane was added dropwise
and continuously stirred for 3 min.

Finally, the titanium dioxide sol and the silicon dioxide sol were mixed. Beforehand, sonotrode
working conditions were modified from the initial conditions to 100% cavitation and 60% amplitude.
Immediately after mixing, 10 mL of distilled water was added and mixed continuously using sonotrode
conditions for 20 min. The resultant mixture was applied on glass and mortar surfaces and left to dry
at room temperature.

Synthesis of SiO2@TiO2 Coating without Sonochemistry

For TiO2 sol preparation, after sol formation, a hydrolysis process was carried out with the
addition of distilled water, added dropwise. The resulting solution was filtered, washed with distilled
water and dried at room temperature for 18 h. Finally, a calcination process was carried out at 450 ◦C
for 3 h.
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For SiO2, a solution of distillated water, absolute ethyl alcohol and oxalic acid, in a 5/5/0.1 molar
relation was prepared and stirred for 15 min. Afterwards, tetraethyl orthosilicate was added dropwise
and stirred for 3 min. Then, polydimethylsiloxane was added dropwise and stirred continuously for
3 min.

Finally, the titanium dioxide particles and the silicon dioxide sol were mixed for 20 min.
The resultant mixture was applied on mortar surfaces and dried at room temperature for at least 1 h.

2.2. Preparation of Mortar Samples

The mortar samples were manufactured using a previous mix design (Table 1), the same local
materials, and the ASTM method C192/C192M [16–18].

Table 1. Mortar components and proportions for 1 m3.

Material Proportions Related to Cement Content Mass (kg) Absolute Volume (dm3)

Water 0.59 324.00 324.00
Cement 1.00 549.00 186.70

Aggregate 2.66 1421.40 489.30

2.3. Physical Characterization of SiO2@TiO2 Coating

The microstructures of the materials were examined by transmission electron microscopy (TEM)
using a JEOL JEM-1010 (Tokyo, Japan), operating at a voltage of 200 kV. The crystallinity of the
SiO2@TiO2 coating was determined by X-ray diffraction (XRD) using Bruker D8 equipment (Billerica,
MA, USA) with a sealed copper tube to generate Cu–Kα radiation (λ = 1.15406 Å) with angles
of 10 < 2θ < 80◦ in a pitch of 0.01◦. To verify the crystallinity, the structures of the obtained
samples were characterized using Raman spectroscopy with the LabRAM HR equipment (Horiba
Scientific, Kyoto, Japan), which used an NdYGA laser (λ = 532 nm). The samples were analyzed
using a microscope with an objective of 10× at a power of 6 mW over a circle 1.5 μm in diameter.
The optical transmittance of the glass substrates coated with SiO2@TiO2 was measured with a
Cary 5000 UltraViolet-Visibe-Near-Infra-Red spectrophotometer (Agilent, Santa Clara, CA, USA)
at wavelengths ranging from 350 to 800 nm. Water contact angle was measured using an optical
tensiometer (Analyzer-DSA100W Krüss, Hamburg, Germany), which produces water droplets with a
volume adjusted to 10 μL using a needle (stainless steel, model NE60).

2.4. Photocatalytic Evaluation

2.4.1. Evaluation of Photocatalytic Properties

The photocatalytic performance of the coating was evaluated using the method (UNI 11259-2016)
based on Rhodamine B (RhB) degradation on the sample exposed to UV-A irradiation [19,20].
To monitor dye removal, the mortar samples were divided into three parts, in which TiO2, SiO2

and SiO2@TiO2 coatings were applied, as shown in Figure 1. Using a pipette, an RhB solution with
a concentration of 50 ppm was evenly applied to 3 standardized positions on the samples, and they
were left to dry overnight.

Then, the dye-contaminated samples were exposed to UV-A irradiation for 26 h using the UV
reactor shown in Figure 2. In this reactor, UV-A irradiation was provided by an Electrolux T8 20 W/BLB.
This lamp type emits light with a peak wavelength of 360 nm and an intensity of 10.3 W·m−2 at a
distance of 5 mm. Finally, changes in color at 0, 4, and 26 h were measured using a portable X-rite
Ci60 spectrophotometer (Photometric Solutions International, Victoria, Australia). Measurements
were reported in the L*, a*, b* colorimetric coordinates of the CIE LAB system (32/64 bit software),
which corresponds to the white and black color range, red and green color range and yellow and
blue color range, respectively, where the a* coordinate is the comparison parameter. Based on these
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measurements, the following parameters were calculated, as shown in Equations (1) and (2). Where R
stands for color removal at time 0, 4, and 26 h of UV light exposition.

R4 =
(R4 − R0)

R0
× 100 (1)

R26 =
(R26 − R0)

R0
× 100 (2)

Figure 1. Mortar surface coated with TiO2, SiO2 and SiO2@TiO2 coatings.

Figure 2. UV-A reactor using Electrolux T8 20W/BLB, λ = 360 nm, intensity = 10.3 W·m−2.

2.4.2. Water Contact Angle Measurements

To evaluate the water behavior on the TiO2, SiO2 and SiO2@TiO2 coated samples, a preliminary test
using the “rising drop” method was employed, using a camera and digital measurements, before and
after the UV A light exposure (0, 4, and 26 h).

2.5. Durability

To assess the durability of the SiO2, TiO2 and SiO2@TiO2 coated samples, an adherence test
was performed following the ASTM 3359 [21] and the appropriate references [22–27]. In this case,
the corresponding test for thin films with thicknesses less than or equal to 2 mm was selected.
To perform this test, a grid of 1 mm × 1 mm with eleven cuts of 3

4 (20 mm) in length was drawn on top
of the coated mortar sample. Subsequently, a piece of scotch tape, three inches long, was placed in the
center of the grid and soft pressed with an eraser. A change in color of the tape indicated complete
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contact. Then, the scotch tape was removed from the opposite end of the application, forming a 180◦

angle. Next, the coated area was compared with the patterns presented in Table 2 [22–25]. In addition,
the adherence test was carried out before and after UV light exposure (0, 4 and 26 h), to determine the
photocatalytic activity of the SiO2@TiO2 coating.

Table 2. Detachment patterns and classification of different coated surfaces after the adherence test
(Modified from ASTM-3359-02 classification chart).

Classification Area Removed (%)
Cross-Cut Surface Area with Adhesion

Range by Percent

5B None 0%

4B <5%

3B 5–15%

2B 15–35%

1B 35–65%

0B >65%

3. Results and Discussion

3.1. Physical Characteristics

TEM images (10×) of a power sample from the SiO2@TiO2 coating are shown in Figure 3.
From these, it can be seen that layered agglomerates are formed by amorphous silicon dioxide
while titanium dioxide is not visible. In general, the reported agglomerates vary in shape and size,
ranging from 20–600 nm. In addition, it was observed that the morphology of the SiO2@TiO2 coating
was not affected by the use of sonochemistry.

Figure 4 shows the SEM micrographs of the SiO2@TiO2 coating. It can be observed that the
surface was rugged and the morphology was not uniform due to the formation of denser particles and

149



Coatings 2018, 8, 120

their agglomeration. Additional cross-selection elemental mappings, combined with EDS analysis for
SiO2@TiO2, showed the presence of Si, Ti and O as elements (Figure 5) as expected.

Figure 3. TEM images of the SiO2@TiO2 powder sample (10×).

Figure 4. SEM micrographs of the SiO2@TiO2 coating in a power sample.

Figure 5. EDS analysis, elemental mapping images of the SiO2@TiO2 power sample: (A) EDS area;
(B) Silicon; (C) Titanium and (D) Oxygen.
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Figure 6 shows an X-ray diffractogram of the SiO2@TiO2 coating. It shows the high intensity peak
of silicon dioxide at 24◦, characteristic of the amorphous SiO2 phase. In addition, signals observed
at 12.8◦ and 22.6◦ are characteristic of the PDMS compound. On the other hand, signals of titanium
dioxide that presented at peaks of 27.3◦ (110) and 55.5◦ (220) corresponded to the rutile crystalline
phase [24] and the peaks of 25.3◦ (101), 38.6◦ (004) and 48.08◦ (200) corresponded to the anatase
crystalline phase [25]. Additionally, it was observed that the diffractogram of the SiO2@TiO2 coating
was not affected by the use of sonochemistry on a macro scale. Previous information was obtained
using the standard XRD pattern (JCPDS FILES No. 21-1272). Moreover, the reflections corresponding
to the silicon covered up the other signals of the TiO2 phases and PDMS compound. The crystallite size
was obtained by Scherrer’s equation [26], which obtained a crystal size of 13 nm, being an amorphous
compound due to its matrix of silicon dioxide.

The Raman spectra of TiO2, SiO2, SiO2-PDMS and SiO2@TiO2 are presented in Figure 7.
The Raman spectrum of TiO2 contained a strong peak at 143 cm−1 and weak peaks at 395 cm−1,
515 cm−1 and 638 cm−1. The Raman spectrum of SiO2 contained a strong peak at 450 cm−1 and weak
peaks at 80 cm−1, 90 cm−1 and 980 cm−1. These peaks can be attributed to the bending of O–Si–O and
Si–O–Si symmetric bond stretching. The Raman spectrum of SiO2-PDMS exhibited peaks at 680 cm−1,
816.1 cm−1, 830.1 cm−1 and 882.4 cm−1, these peaks are characteristic of the PDMS compound [27].

Figure 6. XRD pattern of the SiO2@TiO2 coating.

Figure 7. Raman spectra in the range of 80–1200 cm−1 from TiO2, SiO2 and SiO2@TiO2.
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The Raman spectrum of the SiO2@TiO2 nanocomposite exhibited a decrease in the highest intensity
peak of titanium dioxide while the other peaks were inhibited. This can be attributed to the highly
dispersed titanium dioxide. Furthermore, the signals of silicon dioxide decreased due to the presence
of PDMS that modifies the crystallinity and makes noise (fluorescence) on the SiO2@TiO2 coating.
The Raman spectrum of the SiO2@TiO2 coating, without the application of sonochemistry, showed a
lower crystallinity for the composite. Furthermore, the TiO2 signals were decreased and not even
located by the Raman Spectroscopy.

Figure 8 shows the UV-visible spectrum of a glass sample coated with SiO2@TiO2 with reference to
a blank (uncoated glass). The glass substrate had a transmittance of 92–93% (black line). After placing
the coating on the glass, the transmittance of sample (blue line) was 85%. This result shows that the
coating of SiO2@TiO2 has high transparency over a wide wavelength range.

Figure 8. UV-Vis transmittance spectra of SiO2@TiO2 coated on glass (red) and glass (black).

3.2. Photocatalytic Evaluation

By measuring the RhB degradation before (0 h) and after UV-A irradiation (4 and 26 h) as shown
in Figure 9, the TiO2, SiO2 and SiO2@TiO2 coated mortar samples were evaluated (Figure 10). With RhB
removal of R4 = 25% and R26 = 55%, the developed SiO2@TiO2 coating satisfies the boundaries as
to what can be considered photocatalytic material (R4 > 20% and R26 > 50%) [19]. However, the use
of sonochemistry showed an improvement in the efficiencies of degradations of R4 = 30.4% and
R26 = 70.5%. Similar values have been also reported by a photocatalytic coating applied on mortar
samples [28].

Figure 9. Comparison of the degradation of RhB, before and after UV-A irradiation. (a) 0 h; (b) 4 h; (c) 26 h.
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Figure 10. Rhodamine B removal efficiencies of the TiO2, SiO2 and SiO2@TiO2 coated mortar samples
under UV-A irradiation (4 and 26 h).

On the other hand, as expected, TiO2 coated samples displayed the best activity with R4 = 79%
and R26 = 92% [29]. In contrast, the SiO2 coated samples exhibited a significantly lower degradation
efficiency (R4 = 0.5%, R26 = 8%). As there was no photocatalytic material present, the RhB removal was
associated with dye photolysis, as previously reported [30]. According to the physico-chemical
characterization of the SiO2@TiO2 composite previously described, the synthesis coupled with
sonochemistry showed a non-significant difference in performance. Nevertheless, in the photocatalytic
activity, the use of the sonochemical assisted synthesis helped to improve the Rhodamine B removal.
This could be attributed to a better TiO2 dispersion over the SiO2-PDMS matrix and a higher anatase
phase appearance without any thermal treatment as is used with the conventional sol-gel SiO2@TiO2

composite synthesis. However, this effect must be examined in further experiments by an extensive
XPS analysis and by modifying the sonochemical synthesis parameters to achieve a macroscopic
change in the physico-chemical characterization.

The water contact angle measurements of TiO2, SiO2 and SiO2@TiO2 coated mortar samples before,
during and after UV irradiation (0, 4 and 26 h) are shown in Figure 11. As expected, TiO2 exhibited
hydrophilic behavior with values around 10◦. On the contrary, the coated sample with SiO2@TiO2

presented water contact angles varying between 100◦ and 105◦ after UV-A irradiation. Previous
research reports similar contact angles of around 114◦–111◦ for a coating of TiO2-SiO2-PDMS [31].
Meanwhile the SiO2 coated samples remained constant (around 98◦) because silicon dioxide has
hydrophobic properties.

Table 3 shows the adherence test results of the coated mortar samples using TiO2, SiO2 and
SiO2@TiO2. In the case of the SiO2@TiO2, a 10% detachment was quantified using the grid which
classifies as 3B according to the ASTM D3359-02 [22,32]. On the other hand, the TiO2 presented with
40% detachment, which classifies as 1B. Finally, SiO2 had the highest adherence of the tested coatings
and presented with 5% detachment and classifies as 4B.
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Figure 11. Water contact angles of TiO2, SiO2 and SiO2@TiO2 coated mortar samples before (0 h) and
under UV-A irradiation (4 and 26 h).

Table 3. Test of adherence results of the coated mortar samples using TiO2, SiO2 and SiO2@TiO2.

Coated Sample % Detachment Image
Classified under
ASTM D3359-02

TiO2 40% 1B

SiO2 5% 4B

SiO2@TiO2 10% 3B

After the evaluation of durability using the adherence test, Rhodamine B removal and water
contact angle measurements were evaluated again on the coated samples. Results indicated that
TiO2 decreased its photocatalytic activity to R4 = 44% and R26 = 70%. For the SiO2@TiO2 coating no
difference was noticed, while SiO2 did not show a change in its photocatalytic activity. The contact
angle was also maintained for all the tested materials. The results were 5◦ for the TiO2 90◦ SiO2

and 100◦ SiO2@TiO2. Further experiments will be needed to find out the effects of extreme weather
conditions on the durability of the coat.
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4. Conclusions

In the present study, a hydrophobic and photocatalytic SiO2@TiO2 coating for mortar and
glass protection was synthesized through a sol-gel with and without sonochemistry assistance.
The completed analysis of Scanning Microscopy (SEM), Elemental Analysis (EDS), Transmission
Electron Microscopy (TEM), X-ray diffraction (XRD) and Raman Spectroscopy of the SiO2@TiO2

coating revealed their composition and microstructure. The TEM images made it possible to observe
agglomerates of the composite without a regular shape. But, by mapping the EDS analysis the main
elements were found over the entire surface in a homogeneous way. The use of XRD enabled the
visualization of the TiO2 phases formed using sonochemistry. These phases are the rutile and anatase
phase. Additionally the SiO2 remained amorphous. Further, the Raman spectroscopy signals can be
attributed to the bending and stretching of the O–Si–O and Si–O–Si symmetric bonds and without the
application of sonochemistry a lower crystallinity of the composite and the TiO2 signals was observed.
Finally, according to the physico-chemical characterization of SiO2@TiO2, the coating displayed a high
transparency over a wide wavelength range.

In addition, the application of sonochemistry in the sol-gel synthesis promoted the photocatalytic
phase of the titanium dioxide and improved the removal of the Rhodamine B dye. The transparency of
the titanium dioxide coating was around 85% of that compared to glass without a cover.

The photocatalytic activity of the SiO2@TiO2 coating showed an RhB removal of R4 = 25%
and R26 = 55% establishing itself as a photocatalytic material, while the SiO2@TiO2 coating
coupled with sonochemistry showed R4 = 30.4% and R26 = 70.5% indicating a major photocatalytic
activity. The adherence test was used to study the durability, indicating a 3B type adhesion of the
SiO2@TiO2, in accordance with the ASTM D3359-02 scale. Additionally, the SiO2@TiO2 composite
after the durability tests showed no photocatalytic activity loss in contrast with the pure TiO2

coating. These results show the potential of the developed SiO2@TiO2 coating for self-cleaning
and air-purifying applications.
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Abstract: Use of photocatalytic paint-like coatings may be a way to protect building materials
from microbial colonization. Numerous studies have shown the antimicrobial efficiency of TiO2

photocatalysis on various microorganisms. However, few have focused on easy-to-apply solutions
and on photocatalysis under low irradiance. This paper focuses on (a) the antibacterial properties of
a semi-transparent coating formulated using TiO2 particles and (b) the microscopic investigations of
bacterial biofilm development on TiO2-coated building materials under accelerated growth conditions.
Results showed significant antibacterial activity after few hours of testing. The efficiency seemed
limited by the confinement of the TiO2 particles inside the coating binder. However, a pre-irradiation
with UV light can improve efficiency. In addition, a significant effect against the formation of
a bacterial biofilm was also observed. The epifluorescence approach, in which fluorescence is
produced by reflect rather than transmitted light, could be applied in further studies of microbial
growth on coatings and building materials.

Keywords: coating; building materials; bacterial growth; proliferation; biofilm; antibacterial

1. Introduction

Since microorganisms are ubiquitous and dispersible from soil and water as well as from air,
building materials are permanently exposed to them and may easily become targets for contamination
and growth. The requirements’ microorganism development, i.e., an energy source, carbon and
water, can be satisfied by building materials (organic and/or inorganic) in a large variety of
contexts [1–3]. The growth of microorganisms can have various detrimental consequences, including
the biodeterioration of materials, which may concern structural and aesthetic properties, and/or the
release of aerial contaminants that can be deleterious for human health. Their proliferation on building
materials is of growing concern to the scientific community [3–6].

A substantial number of man-made constructions have been reported to be widely contaminated
by microorganisms (mainly fungi, bacteria and algae). They include pipes carrying aggressive
aqueous media such as sewers [3], moisture-damaged buildings [1,7,8], historical monuments [9],
etc. Contaminated building materials are usually visually deteriorated by the activity of fungi and
bacteria, which are known to be the most harmful organisms inducing physical and chemical changes
in materials.

Microbial contamination of building materials in indoor environments has also been much
studied. The degradation of indoor air quality is a growing public health concern worldwide and
microorganisms or their components are major polluting agents [2]. Their contribution to the Sick
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Building Syndrome (SBS) and Building Related Illness (BRI) is widely emphasized in the literature.
Microorganisms may release aerial particles such as spores, allergens, toxins and other metabolites that
can be harmful to human health [10–14]. Serious health troubles such as irritations and toxic effects,
infections, allergies, etc. have been experienced by building occupants frequently exposed to microbial
contaminants [15,16]. Several studies have already reported that indoor building materials can become
major sites of microbial growth [13,15,17]. Actually, growth-promoting conditions, i.e., high humidity
and presence of nutrients, are easily fulfilled in damp environments such as water-damaged, damp,
and/or badly-insulated buildings. Microorganisms grow on interfacial zones (air–substrates, water–air,
etc.). Under specific environmental conditions, they develop on surfaces in complex three-dimensional
structures, in which adherent cells are embedded within a self-produced matrix of extracellular
polymeric substance (EPS). The overall organization, commonly called a microbial biofilm, provides
the microorganisms with particular resistance towards physical and chemical aggressions, be they
environmental or from disinfection treatments [18–20].

Different solutions have been studied to prevent, stop or at least reduce microbial biofim
development on building materials, including core treatments and coatings applied to surfaces.
Antimicrobial products can be formulated using biocides [21], metal oxide nanoparticles [22–24]
or bio-based products [25]. A substantial amount of literature has been published on the effect of
photocatalytic TiO2 nanoparticles on microorganisms [26–29]. Studies have shown high efficiency of
photocatalysis on the viability of a wide variety of microorganisms and on microbial contaminants,
including bacteria, endospores, fungi, algae, protozoa, viruses and prions (shown to be the organisms
most resistant to disinfectants [30]) as well as on microbial toxins. Photocatalysis needs to be activated
by a light irradiation of sufficient energy to create electron–hole pairs. The electron–hole pairs may
react with electron donors or acceptors previously adsorbed on the photocatalyst, e.g., O2, H2O.
The resulting redox reactions lead to the formation of oxide radicals that are highly reactive and
degrade organic matter by non-selective action. Additionally, irradiated TiO2 presents photo-induced
superhydrophilicity [31] and may be incorporated in materials to provide self-cleaning properties.

The use of titanium dioxide as a self-cleaning agent in building materials is common for some
years now. Photocatalytic concretes have been developed to prevent fouling and biofouling [32,33] or to
purify ambient air (VOC, NOx . . . ) [34–38]. Regarding bacterial and fungal disinfection, research has
mainly focused on the efficiency of photocatalytic TiO2 particles used alone, powdered or immobilized
in the form of thin film coatings by complex processes (usually involving calcination). It seems that only
few studies have investigated easy-to-apply devices such as paint-like coatings. In addition, one of the
main advantages of such coatings are their passive aspect: once applied to a surface, the photocatalysis
is activated by natural light. Furthermore, efficiencies of TiO2 photocatalysis found in the literature
are usually related to very high irradiances (>10 W/m2) [28,29,39] that are far from the real-world
conditions. Only recent studies have begun to investigate on the photocatalytic activity under low
irradiances [40].

The main objectives of the present paper were (a) to focus on the antibacterial efficiency under low
irradiance of a photocatalytic semi-transparent coating that is easy to apply on existing materials and
(b) to carry out microscopic observations (epifluorescence and SEM) of bacterial biofilm development
on a coated building materials under accelerated growth conditions.

2. Materials and Methods

2.1. Bacterial Cultivation

The microorganisms the most frequently detected on indoor building materials are (i) fungi
genera Cladosporium, Penicillium, Aspergillus and Stachybotrys, and (ii) Gram negative bacteria and
mycobacteria [2].

In this study, the model bacterium Escherichia coli was chosen for methodological reasons,
i.e., its relative ease of culture and its high speed of growth. E. coli CIP 53126 was obtained from
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the Collection of Institute Pasteur (CIP), Paris, France. The strain was preserved at −80 ◦C in
Eugon medium (Biomérieux, Craponne, France) supplemented with 10% glycerol. The E. coli strain
identification was checked by Gram staining and biochemical characterization (oxydase reaction and
Analitical Profile Index 20E) (Biomérieux, Craponne, France). Before each experiment, bacterial cells
were pre-cultured on a nutrient agar Petri dish. Colonies were then transferred to trypcase soy agar
(TSA) (Biomérieux) and incubated at a temperature of 36 ◦C for 16 to 24 h. A second culture on TSA
was incubated at a temperature of 36 ◦C for 16 to 20 h prior to the test. For testing, one plastic loop
of bacteria was dispersed evenly in a small amount of sterile distilled water and the suspension for
inoculation was adjusted to about 108 cells/mL using a spectrophotometer (640 nm). A 10-fold dilution
of the cell suspension was then prepared to obtain the final concentration of the test suspensions,
depending on the type of evaluation (antibacterial activity or resistance to biofilm formation).

2.2. Coatings and Preparation of Supports

2.2.1. Coatings

Two semi-transparent coatings were formulated using water and acrylic resin. The formulation
contained 5 wt % TiO2 dispersion (Kronos type 7454, trial product, KRONOS/Société Industrielle du
Titane, Paris, France), 2 wt % acrylic resin and 93 wt % water. A control coating was made of 2 wt %
acrylic resin and 98 wt % water. The TiO2 dispersion contained TiO2 particles (Kronos VLP7050), some
physical characteristics of which are presented in Table 1.

Table 1. Physical characteristics of the VLP5070 (Kronos) TiO2 particles

Description VLP5070

TiO2-Content >85 %
Crystal modification anatase

Crystallite size approx. 15 nm
Specific surface area >225 m2/g

2.2.2. Nature and Preparation of Supports

Three types of support were used in this study: glass slides, polycarbonate membranes,
and cementitious matrices.

Glass Slides

Preliminary measurements of the antibacterial activity were carried out on glass microscope slides
(26 × 76 mm2) covered by pipetting the TiO2 coating or the control coating (without TiO2). Regarding
the coating of glass slides, while drying, the water left an even film of acrylic binder scattered with
TiO2 particles. Although the distribution of TiO2 was not optimal on these supports, it was rather
homogeneous over the entire surfaces of samples.

Polycarbonate Membranes

Isopore hydrophilic polycarbonate membranes (Millipore, 47 mm diameter, 0.4 μm filter pore
size, 5%–20% porosity) were also used as supports for the coating. Membranes were placed in sterile
Petri dishes, covered by pipetting the coatings and placed under a sterile flow hood for air drying.
Then, samples were pre-irradiated with UV light (5 W/m2) for different durations, from 0 h to 109 h.
The role of the pre-irradiation was to increase the antibacterial activity of the coating. It is discussed
later in the paper.
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Cementitious Supports

Cement paste was chosen as reference building material because of its availability, its ease of
casting, and because it is morphologically representative of many building materials (porosity and
roughness). The cement paste samples were made of ordinary Portland cement CEM I 52.5R were
cast with a 0.55 Water/Cement ratio in cylindrical molds (d = 2.8 cm, h = 1 cm). Samples were
demolded after 24 h and stored for 27 days in a moisture chamber (100 %RH, room temperature). It is
widely known that the pH of materials is a determining factor in microbial contamination. The pH of
unaltered cementitious materials is around 13. In their work on an accelerated laboratory test to study
fungal biodeterioration, Wiktor et al. [41,42] showed that, for cementitious materials, a low pH of the
surface was essential to increase the bioreceptivity of samples. Recently-cast cementitious materials
are thus not so subject to microbial colonization, probably because of their relatively high alkalinity
incompatible with microbial growth. Usually, the bioreceptivity of these materials increases over
time as carbonation tends to decrease the surface pH, but this phenomenon takes place very slowly
(typically, a few weeks in natural conditions). Consequently, accelerated aging of the cementitious
mortars was performed. After 28 days, samples were placed in a 2-liter-borosilicate reactor for a
leaching operation, as follows: the reactor was continuously supplied with a leaching solution by
a peristaltic pump (Masterflex L/S, Cole-Palmer, Vernon Hills, IL, USA). The flow rate was set to
1.4 mL/m in order to renew the reactor content in 24 h. The leaching solution was composed of
water and acetic acid (CH3COOH) 0.12 mol/L and the pH was adjusted to 4.7 with sodium hydroxide
(NaOH) at 0.076 mol/L. The operation was carried out for 15 days. Then, samples were removed from
the reactor and a pH-paper was applied on their wet surfaces. The pH measured was around 7 for all
samples. After this leaching operation, samples were washed with distilled water and stored at 100%
RH until tested.

Prior to the experiments, samples were covered with the coatings (TiO2 coating or control coating)
by pipetting 500 μL over the entire surface (6.16 cm2). They were placed under a sterile flow hood for
over 12 h for air drying. Then, samples coated with TiO2 and control samples coated without TiO2,
were pre-aged by UV irradiation (5 W/m2) for different durations, from 0 h to 109 h.

2.3. Photocatalysis Activation

The TiO2 photocatalyst (anatase) is naturally activated by light irradiation in the UV-range.
The light intensity, or irradiance, greatly influences photocatalysis efficiency. In the literature, intensity
values are usually chosen between 10 and 500 W/m2 [43,44]. These values are quite different from
natural light intensity values, in indoor or outdoor conditions. For example, studies have reported
outdoor intensity around 30 W/m2 on sunny days [36,45,46] and between 5 and 10 W/m2 on cloudy
days [47,48]. The few studies that observed inactivation of microorganisms by photocatalysis with
light intensities around 10−3 W/m2 showed much lower inactivation rates [49], confirming the major
impact of light intensity on the process. Regarding the resistance to microbial biofilm, a recent study
also showed significant efficiency of TiO2 coatings against the development of microbial biofilms under
relatively low irradiance (13 W/m2) closer to real-world light intensity [40].

UV light in the 325–400 nm range can strongly damage microorganisms and lead to their death.
Standards usually recommend the use of low intensities for photocatalytic activity evaluation [50].
The position and the power of the lamp must be chosen so as activate the photocatalyst while making
sure to avoid any lethal action of the UV light on bacterial cells. In our experiment, 8 W black light
bulbs were chosen (peak wave 365 nm). The distance between lamps and samples was adjusted
to obtain 2–4 W/m2 at the bottom of the Petri dish (irradiance measured with a UV-A radiometer
Gigahertz-Optik, GmbH, Türkenfeld, Germany, in the 310–400 nm range).

In order to assess the effect of UV irradiation on the survival of Escherichia coli, a drop of a bacterial
suspension in phosphate buffer (about 1 mL of a 106 CFU/mL suspension) was deposited in a
borosilicate Petri dish and irradiated for several hours. Different configurations were tested: irradiation
with a borosilicate lid on the Petri dish, irradiation without the lid, and kept in the dark (control).
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After the test, bacteria were collected with a recovery solution (9 mL of Soybean Casein Lecithin
Polysorbate 80 medium, SCDLP broth, as described in [51]) and numerated (CFU) in TSA after a 24 h
incubation at 36 ◦C . Results are presented in Figure 1.

Figure 1. Direct effect of the time of UV irradiation on the survival of Escherichia coli CIP 53126
expressed as the log residual viable bacteria, light intensity ≈2.5 W/m2.

For the three configurations, no significant evolution in the number of CFU was observed in
the first 6 h of experiment. Control samples kept in the dark and irradiated in the presence of the
borosilicate lid showed an increase of 2 log and 0.75 log, respectively, in 24 h, while no CFUs were
detected on samples irradiated without the lid (limit of detection = 2 log). The borosilicate lid allowed
UV light to penetrate while keeping the hygrometry constant in the Petri dish and preventing the drop
from drying.

2.4. Evaluation of Antibacterial Activity

The antibacterial activity characterizes the ability of a substrate to inactivate bacteria cells,
i.e., to kill them or to inhibit their growth. It is a quantitative test that provides a bacterial reduction in
terms of Colony Forming Units (CFUs).

The experiment was based on the contact between an antibacterial surface and a bacterial
suspension for a given period of time, according to standards JIS Z 2801:2010 [52] and ISO
27447:2009 [50]. The test was carried out on polycarbonate membranes covered with TiO2 coating,
or with control coating, and placed in Petri dishes under a sterile flow hood. Each membrane was
inoculated with 0.4 ml of bacterial suspension (cell concentration adjusted between 8 × 104 and
2 × 105 CFU/mL ). A transparent sterile film (9–10 cm2) was carefully placed on the suspension in
order to increase the contact area between bacterial cells and coatings [51]. Then, some membranes
were UV-irradiated as described earlier (Section 2.3) and others were kept in the dark. The irradiation
times were 2 h, 4 h, and 6 h.

After a certain time of contact (t), bacteria were recovered using the SCDLP broth. Quantitative
evaluation was performed by CFU counting as described earlier (Section 2.4). The antibacterial activity
was then calculated as the difference between the average logarithm of the number of viable bacteria
on the control without TiO2 and the average logarithm of the number of viable bacteria on samples
coated with TiO2:

A = log
(

NTiO2

)− log (Ncontrol) = log
(

NTiO2

Ncontrol

)
, (1)

with A: antibacterial activity; NTiO2 : average number of CFU on TiO2-coated samples; Ncontrol :
average number of CFU on control-coated samples.
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2.5. Development of a Bacterial Biofilm under Accelerated Conditions

This experiment was designed to observe the effect of the photocatalytic coating on bacterial
growth and spread once coated on a building material. Conditions favorable to microbial growth were
chosen to obtain a biofilm very rapidly (24 h).

The test was carried out in aqueous media and in static conditions as previously described [53–55].
The media was chosen so that bacterial development was favored in the form of biofilm without
planktonic growth. Direct observations of samples were carried out by epifluorescence microscopy
and by scanning electron microscopy in order to highlight the distribution of bacteria.

2.5.1. Biofilm Nutrient Broth

The biofilm nutrient broth used to promote bacterial adhesion and biofilm formation was prepared
as described in [53–55]. The composition of the broth is given in Table 2.

Table 2. Composition of the biofilm nutrient broth.

Components Concentration (g/L)

FeSO4, 7H2O 0.0005
Na2HPO4 1.25
KH2PO4 0.5

(NH4)2SO4 0.1
Glucose 0.05

MgSO4, 7H2O 0.02

2.5.2. Procedure

The test was carried out with the cementitious supports covered with TiO2 coating or with control
coating. Cement supports were placed in 6-well culture plates filled with approximately 6 mL per well
of biofilm nutrient broth at room temperature. Then, each sample was inoculated with 300 μL of the
bacterial test suspension adjusted to about 103 CFU/mL . The plates were covered with UV-transparent
pyrex lids and incubated at 36 ◦C . One plate was irradiated with UV light and the other was kept in
the dark.

Light intensity on the samples was settled around 3 W/m2 . In order to avoid planktonic cells
(non adherent or released from the biofilm), the wells were washed with sterile distilled water and the
biofilm broth was renewed after 4 h, 6 h and 24 h of incubation. Rapid assessments with pH paper was
carried out before and after the experiment. The broths of different samples were between 7 and 9.
No jump of pH was detected, indicating that the pre-treatment (leaching) of the cementitious supports
was efficient. After 24 h, the samples were washed and removed with sterile tweezers and placed in
new culture plates. Then, 6 mL of phosphate buffer was added to the wells and the top surface of
each sample was gently scraped with a steel spatula. After homogenization of the solution, 1 mL was
collected and diluted in sterile distilled water.

2.5.3. Scanning Electron Microscopy

Microstrucutural observations and chemical analyses were performed using a scanning electron
microscope (JSM-6380LV, Jeol, Tokyo, Japan) fitted with an Energy Dispersive Spectroscopy detector
(XFlash R© 3001, Röntec, Berlin, Germany).

2.5.4. Epifluorescence Microscopy

Epifluorescence microscopy was used for rapid assessment of the bacterial colonization of sample
surfaces. Following the addition of phosphate buffer at the end of the experiment, 0.75 μL of Syto9
was used as a fluorochrome to stain the bacterial biofilm (Syto9 excitation range: 470–520 nm ;
emission ange: 510–540 nm). After 10 min, samples were imaged with a Carl Zeiss Axio Imager-M2
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microscope (Carl Zeiss, Oberkochen, Germany) equipped for epifluorescence with an HXP 200 C light
source and the Zeiss 09 filter (excitor HP450r HP450200 C light source). Images were acquired with
a digital camera (Zeiss AxioCam MRm) every 0.5 mm along the Z-axis and the set of images was
processed with the Zen (Carl Zeiss) R© software. It should be emphasized that the Syto9 fluorochrome
penetrates through damaged membranes as well as through whole membranes. Consequently, the
method used here does not differentiate viable and non-viable cells but provides a visualization of
global microbial colonization.

3. Results and Discussions

3.1. Antibacterial Activity

The results obtained from the analysis of TiO2 antibacterial activity on coated glass are
summarized in Figure 2.

Figure 2. Antibacterial activity on E. coli of TiO2-coating (glass slides), after 2 h, 4 h, and 6 h of contact.
Mean ± s.e., n = 3.

The TiO2 coating showed no antibacterial activity in the dark. Irradiation led to lower CFU values
and activities were defined at 0.53 ± 0.1 log (p = 0.241), 0.96 ± 0.43 log (p = 0.018) and 0.79 ± 0.11 log
(p = 0.03) after 2 h, 4 h, and 6 h of UV irradiation, respectively.

These inactivation values are relatively low when compared to the inactivation values found in
the literature on photocatalytic TiO2 coatings. Many factors strongly impact the microbial inactivation
of TiO2: the inoculum concentration, the nature of aqueous medium of the inoculum, the support
material of the coating, the contact between TiO2 particles and microbial cells, etc. [1–3]. However,
two factors are quite often not highlighted: Irradiance and TiO2 implementation. Regarding irradiance,
in the frame of building engineering, it is desired to set up ‘passive’ antibacterial solutions, meaning
that can be activated by low irradiances (daylight or conventional indoor lightning). This is why
we chose to work under such values (<5 W/m2). Regarding the photocatalyst implementation, its
optimization often leads to expensive processes or processes that are impossible to implement on
building (calcination process generally involved). The most interesting solutions are therefore inclusion
in the mass (photocatalytic concrete) or paint-like coatings. One purpose of this study was to emphasize
that such photocatalytic paint-like coating presents significant inactivation rates. Even if these values
are far from those found in the literature, they are encouraging especially because they are observed in
extreme contamination conditions (still far from the contamination that can occur in real conditions).

Nevertheless, these activities are quite a lot lower than those obtained from the commercial
TiO2 powder alone (VLP5070) alone in a previous study [51]: 2.62 ± 0.20 log (p < 0.001) after 4 h
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and 3.73 ± 0.24 log (p = 0.001) after 6 h of experiments. This can be explained by the presence
of organic binder, which can interfere in the photocatalytic disinfection by directly reacting with
TiO2 particles. Various studies have shown that the presence of organic compounds could reduce
photocatalytic efficiency [51,56–60]. Moreover, such results could be explained by the encapsulation of
TiO2 particles in the organic binder of the coating substantially reducing the antibacterial efficiency.
The encapsulation of particles inside the acrylic binder might hamper the UV incidence on TiO2

particles, which would reduce photocatalytic reactions.
Figure 3 presents the antibacterial activity of the photocatalytic coating (with TiO2) on membrane

after 4 h of experiment under UV irradiation, for several times of pre-irradiation of the coating (0 h,
48 h, 90 h, and 109 h prior to the test). The antibacterial activity increased with the pre-irradiation
time. Samples that had not been pre-irradiated (0 h) showed an antibacterial activity of 0.20 ± 0.06 log
(p = 0.016) after 4 h of experiment. The activities increased for samples that had been pre-irradiated for
48 h (0.68 ± 0.06 log) or for 90 h (0.75 ± 0.10 log) with the higher detected activity of 1.22 ± 0.13 log
(p < 0.001) for a 109 h pre-irradiation.

Figure 3. Antibacterial activity of TiO2-coating on E. coli after 4 h of test, depending on the time of
pre-irradiation of the coating (3 W/m2). Mean ± s.e., n = 3.

After a few hours of UV-irradiation, the TiO2 coating showed significant antibacterial activities
that could reflect bactericidal action and/or growth inhibition (bacteriostatic action). Moreover,
the antibacterial activity increased significantly after 48 h of pre-irradiation.

A possible explanation for these results may be the degradation of a first layer of the coating
that covers most of TiO2 particles. When samples were irradiated before the test (pre-irradiation),
some of the UV beams may have reached encapsulated particles near the surface and activated the
photocatalytic process. The organic coating would thus be partially degraded, generating additional
porosity in the coating surface. The apparition of this new porosity would favor:

1. The access of UV beams for photocatalytic activation.
2. The access of the pollutants (here bacteria cells) to the particles.
3. Diffusion of the reactive radicals produced by photocatalysis toward pollutants, as shown in

Figure 4.

Regarding this phenomenon of self-degradation of the coating, it is important to specify that
this study follows previous work on photocatalytic coatings for air purifying [36] and for bacteria
inactivation [51]. Coatings’ formulation was initially engineered in the thesis of Martinez [48] on
air purifying. In his work, TiO2 coatings included a part of silicates as inorganic binder, promoting
adhesion on building materials and sustainability of coatings. In the frame of bacterial inactivation,
the presence of alkaline silicates (pH = 11–12) has a major impact on bacteria survival. In order to
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prevent overlapping between pH and photocatalysis effects, we decided to use a ‘partial’ coating,
silicate free. Regarding the silicate-based coatings, no degradation phenomenon of the coating was
observed over time (same samples were tested after several weeks). It seems possible that only the
surface layer of the coating is degraded and that TiO2 particles will subsequently react with external
pollutants or other molecules from ambient air. Further work on pre-irradiation times greater than
109 h would be useful to evaluate if the activity increases, is maintained or decreases.

(a) (b) (c)

UV beams

Coating

TiO2 
particles

Radicals

Figure 4. Schematic illustration of the disencapsulation mechanism of TiO2 particles from acrylic
coating. (a) starting UV pre-irradiation; (b) part of the UV beams reach particles near the surface,
activating the photocatalytic reaction: the coating starts to degrade around particles; (c) apparition of
additional porosity, favoring access of UV beams, diffusion of radicals outside the coating and diffusion
of pollutants inside the coating.

The antibacterial activity experiment, carried out under low UV irradiation (2.5–3 W/m2)
confirmed that the efficiency on the bacterial inactivation of the TiO2 coating increased after 48 h of
pre-irradiation. The combined effect of photoinduced hydrophilicity and antibacterial activity of TiO2

coating suggests an antibacterial action that is effective immediately on contact, providing resistance
to bacterial adhesion.

3.2. Developement of a Bacterial Biofilm under Accelerated Conditions

Epifluorescence observations were carried out on the surface of samples after 24 h of experiment.
Epifluorescence observation gave the best images of the spread of microbial colonization on samples.
Figure 5 shows epifluorescence images of the surface of samples after 24 h of experiment. A light blue
color was chosen to represent the coating and red to highlight the bacteria. Images taken on control
coating either stored in the dark or exposed to UV irradiation showed bacterial colonization spread
over the entire surface of samples (Figure 5a,b).

As can be seen from Figure 5c-1, TiO2-coated samples that had been irradiated for 24 h showed
areas of bacterial colonization spread over the entire surface but with very low density. Only a few
red spots were visible in the near-center area of samples, meaning that bacterial cells were somewhat
isolated from each other. Figure 5c-2 was taken on the edge area of the sample surface. The figure
shows high concentrations of bacterial cells (red spots) surrounding TiO2 coating (blue areas). It can be
clearly seen that bacteria have developed mainly around the coating (directly on cementitious support)
and very little on it. This ‘repulsive’ effect seems to confirm the results from antibacterial activity of
the coating. Even under very severe conditions of microbial contamination, the coating was still active
and prevented the biofilm development on its surface. These results are also in accordance with a
recent study that showed a significant antibacterial effect of TiO2 coatings against the formation of
microbial biofilms under low irradiance [40].
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(a)

(c-1) (c-2)

(b)

Figure 5. Epifluorescence pictures of surface samples after 24 h of experiment. (a) control-coated
sample kept in the dark; (b) control-coated sample under UV irradiation; (c) TiO2-coated samples
under UV irradiation. For TiO2-coated samples, one image was taken at the center of the sample (c-1)
and another at the edge (c-2).

More tests would be required to validate the methodology. However, the presented images of
early trials encourages the use of such device to study microbial growth on coated building materials.
Moreover, further experimental investigations could be carried out with bacteria genetically modified
to emit their own fluorescence, which would allow the evolution of the microbial colonization of
material to be observed in real time, using a time lapse method [61,62]. In addition, the use of
a fluorochrome such as propidium iodide, which is able to penetrate through damaged membrane only,
would enable live cells, damaged membrane and dead cells to be quantified as previously described
by Gregori et al. [63].

Figure 6 shows SEM observations of control-coated samples irradiated with UV (Figure 6a,b).
Other samples that have been kept in the dark, i.e., control-coated samples and TiO2-coated samples,
presented the same colonization pattern (as did replicate samples, not shown). On Figure 6a,b,
rounded protuberances can be observed, which gather to form a cohesive substance. This substance
was not detected on control samples that had not been contaminated (Figure 6c,d). It was likely to be
organic-based and produced by bacteria. A similar matrix was observed in the form of a dense network
of curli fibers organized as a ‘basket’-like structure around the cells [64]. On a smaller scale (Figure 6b),
many bacterial cells were visible evolving near the surface or encased by the dense curli network.
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Figure 6. SEM images (secondary electron mode) of samples after 24 h of experiment. (a,b) SEM images
of control samples without TiO2 (×500 and ×3000) showing an organic matrix and ovoid bacteria
encased by or near surface of this dense network of curli fibers. (c,d) SEM images of TiO2-coated
samples that have not been inoculated (×500 and ×3000) showing the surface of coating bacteria-free.

Observations of TiO2-coated samples irradiated with UV light for 24 h of experiment showed
colonization patterns. As can be seen from Figure 7, bacteria also colonized the coating in some
areas. Figure 7c,d also show that parts of the coating were almost completely covered by the oragnic
matrix network.

Damaged bacteria were also detected on the photocatalytic coating that had been UV-irradiated
for 24 h. Figure 8a,b show intact bacterial cells from control samples kept in the dark. The natural
shape of the bacillus, the classic physical appearance of E. coli, is quite visible. Figure 8c,d,e show
damaged bacteria that were detected on UV-irradiated TiO2-coated samples. Several similar clusters of
damaged bacteria were found on the coating. The cells were always gathered in clusters. In addition,
it can be seen from Figure 8d,e that small aggregates were attached on the cell walls of some bacteria.
These particles were obviously submicrometer sized. They were detected only on visibly damaged
bacteria. Moreover, such clusters of damaged bacteria were not detected on TiO2-coated samples kept
in the dark nor on control-coated samples. These aggregates thus might be TiO2 particles that may
have participated in the degradation of the cells.
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Figure 7. SEM images (secondary electron mode) of TiO2-coated samples irradiated with UV light for 24 h.
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(e)

Figure 8. SEM images (secondary electron mode) of intact cells on control-coated samples kept in the
dark (a,b) and of damaged cells observed on TiO2-coated samples irradiated with UV light for 24 h
experiment (c,d,e).
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4. Conclusions

In this paper, two types of experiments were carried out in order to evaluate the antibacterial
properties of a semi-transparent coating incorporating photocatalytic TiO2 particles. Experimentation
focused on the measurement of: (a) the photoinduced antibacterial activity of TiO2 coating, and (b) its
resistance to the formation of bacterial biofilm under accelerated growth conditions.

The tested coating showed significant effects in terms of antibacterial activity and resistance
to biofilm formation under low irradiation (2.5 W/m2). The antibacterial activity was induced by
photocatalysis. SEM analyses confirmed the lethal activity of the coating on bacterial cells, even in
favorable conditions of biofilm formation considered as a ‘worst case’ in comparison to the main
conditions of use.

The Epifluorescence approach carried out to evaluate biofilm formation was suitable for
TiO2-coated cementitious supports. Fluorescence observations provided good pictures of the
colonization patterns on the surface of samples. This work can be seen as a preliminary study
exploring the potential of epifluorescence microscopy in a field in which it is little exploited: microbial
contamination of building materials. Further tests are necessary to validate the methodology,
e.g., quantitative measurements by chemical or molecular methods. Subsequently, the methodology
could be used in studies on microbial growth and spread on coatings and/or on building materials.

Regarding the coating, further research should be undertaken to explore the optimal formulation,
the distribution of TiO2 particles and the application of the coating to building materials. More work
should also be carried out to evaluate the antimicrobial properties towards gram positive bacteria,
including Staphylococcus aureus (also recommended by JIS Z 2801) and molds. The molds will
be chosen among the most detected in indoor environments such as Penicillium, Aspergillus, and
Cladosporium species.
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Abstract: Non-specific protein adsorption is detrimental to the performance of many biomedical
devices. Polystyrene is a commonly used material in devices and thin films. Simple reliable
surface modification of polystyrene to render it protein resistant is desired in particular for device
fabrication and orthogonal functionalisation schemes. This report details modifications carried out
on a polystyrene surface to prevent protein adsorption. The trialed surfaces included Pluronic F127
and PLL-g-PEG, adsorbed on polystyrene, using a polydopamine-assisted approach. Quartz crystal
microbalance with dissipation (QCM-D) results showed only short-term anti-fouling success of
the polystyrene surface modified with F127, and the subsequent failure of the polydopamine
intermediary layer in improving its stability. In stark contrast, QCM-D analysis proved the success
of the polydopamine assisted PLL-g-PEG coating in preventing bovine serum albumin adsorption.
This modified surface is equally as protein-rejecting after 24 h in buffer, and thus a promising simple
coating for long term protein rejection of polystyrene.

Keywords: polystyrene; DOPA; polydopamine; antifouling; polyethylene glycol; Pluronic; QCM-D

1. Introduction

Preventing biological fouling is critically important to many industries. Biofouling significantly
shortens the lifespan of materials in contact with biological fluids. For example, in the biomedical
sector, devices such as biosensors will produce false signals when covered in proteins and filtration
membranes are known to suffer, as biomolecular adhesion causes blockage of the membrane,
thus preventing flow through the device [1,2]. Bio-fluids, and in particular proteins, cause this
fouling phenomenon because they are charged particles that are amphiphilic and amphoteric, and
therefore adsorb easily to most materials [3]. Because of the wide-reaching problems biofouling is
causing, and because it is effectively halting other advances in science, particularly in biomedical
engineering, a significant amount of research has been conducted to create surfaces which can reduce
non-specific protein adsorption [2].

On hydrophobic surfaces, such as the commonly used polystyrene, proteins will structurally
rearrange to allow the hydrophobic regions of the protein to interact with the hydrophobic surface.
The denaturing exposes the hydrophobic segments (originally often on the inside of the protein to be
separated from the polar solvent) to increase the hydrophobic bond with the surface, leading to a gain
in entropy upon adsorption [3–5]. In the case of hydrophilic surfaces, hydration of the polar surface is
very favourable and large entropies must therefore be achieved to ensure that the adsorption energy
overcomes the interfering water molecules/water barrier [3–5]. Research has shown that proteins do
not denature greatly on hydrophilic surfaces and thus do not spread on the surface of the substrate as
readily as on hydrophobic surfaces [6]. Therefore, on hydrophilic surfaces, adsorption is mainly due to
coulomb forces between charged proteins and the surface [3–5].
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Molecular groups that provide the desired hydrophilic and electrically neutral characteristics,
and which have therefore been used to create antifouling polymers in the past, include ethylene glycol,
hydroxyl groups, and zwitterionic betaine groups [7]. Polyethyleneglycol (PEG) is one of the most
commonly used anti-fouling polymers and it couples water through hydrogen bonding. More recently,
zwitterions have become widely researched as they have even stronger, electrostatically induced,
hydration [8]. The most common coating technique is to attach polymer ‘brushes’ on the surface of the
substrate. These so-called brushes are polymer chains which have one end bound to the surface, while
the other extends into the solution [9]. The brush formation ensures both a steric barrier to protein
adsorption and an effective surface for the protective water layer [10]. Adhesion, or the physisorbed
grafting-to method, is the least complicated method of surface modification and is often used to
attach block copolymers to substrates. However, because this method does not involve the forming of
covalent bonds between the anti-fouling polymer and the substrate, adhesion is reversible, generally
leading to shorter-term anti-fouling results [11,12].

Pluronics® (BASF trademark name) are amphiphilic triblock copolymers consisting of a central
hydrophobic poly(propyleneoxide) (PPO) block surrounded by hydrophilic poly(ethyleneoxide) (PEO)
blocks. It is this amphiphilic behaviour that results in the differences in solubility between the
blocks and, thus, in the ability of the hydrophobic block to adsorb to a hydrophobic surface (such as
polystyrene) through hydrophobic interactions while the hydrophilic PEO chains extend away from
the surface as well-solvated brushes, which sterically hinder protein adsorption [11–13]. Pluronics
have been tested as anti-adhesion surface modifiers by many research groups [11–15]. The main
characteristics of Pluronics proven to affect their anti-fouling properties are the length of their respective
hydrophobic and hydrophilic blocks. An early study in 1991, by Bridgett et al. [11], tested 16 Pluronics
against the adhesion of bacteria (Staphylococcus epidermidis) to polystyrene. The Pluronics differed
in PPO and PEO block length and all proved successful in reducing adhesion levels by up to 97% [11].
The study demonstrated that the Pluronics’ ability to adhere to the polystyrene surface via the PPO
block (hydrophobic interactions) was directly related to the length of the PPO block and that the
PEO chains must be long enough to be sufficiently mobile to reduce protein adhesion, while not so
long as to reduce surface adhesion [11]. Although the adsorption mechanism is complex, due to the
many different interactions occurring, the method to apply Pluronics to a substrate surface is simple
and thus favourable. However, since the physisorption is reversible, the coating may have a limited
lifespan [9,16].

Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) was developed to provide a strong
irreversible surface binding of a somewhat similar PEO construct [17,18]. The polymer contains
a cationic poly(L-lysine) backbone, with grafted PEG side chains. While Pluronics interact with
hydrophobic surfaces through simple adsorption, PLL-g-PEG was designed to bind to anionic surfaces
through electrostatic interactions between the positively charged amino-terminated side chains on
the PLL-backbone and anionic oxide surfaces. PLL-g-PEG has excellent anti-fouling properties due
to its high PEG grafting density, providing the necessary steric hindrance and volume exclusion
effects [17,18]. While PLL-g-PEG has been extensively examined as an anti-fouling surface modifier on
negatively charged surfaces, it is also known to not repel proteins when deposited on hydrophobic
surfaces. For example, Malmström et al. showed that PLL-g-PEG could not prevent adsorption of
laminin, and was replaced by the adsorbing laminin during QCM-D measurement on hydrophobic
gold surfaces [19]. Similarly, a study by Nonckreman et al., reported that a polystyrene surface
modified with PLL-g-PEG could not resist human serum albumin or fibrinogen adsorption [20].
An earlier paper by Reimhult et al. seemingly contradicted these findings, stating that, while not as
promising as on negatively charged surfaces, polystyrene coated in PLL-g-PEG showed significant
protein resistance [21].

The dopamine molecule is an interesting surface modifier mimicking proteins excreted by mussels,
which help them adhere to most surfaces in the marine environment [8,22]. The ability to form
an adhering polydopamine film on a variety of surfaces was first demonstrated by Messersmith
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et al. [22,23]. Since then, a variety of dopamine-assisted grafting techniques and DOPA modified
antifouling polymers have been tested to more securely attach antifouling polymers to substrate
surfaces [23–35]. The polydopamine layer not only readily adheres to most surfaces, but also provides
a surface which allows various secondary reactions to take place and could therefore more easily enable
the functionalization of material surfaces [22]. The reactions the catechol group of dopamine undergoes
with metals, thiols, and amines has led to many research groups favouring the inclusion of dopamine
when treating these surfaces [8,22,24–26,36]. While many DOPA-functionalised grafting-to methods
have proved successful on the specific surfaces listed above, researchers have encountered fouling
when trying the same approach for hydrophobic surfaces. It has been shown that catechol chain ends
cannot sufficiently bind to hydrophobic surfaces due to the high solubility of the anti-fouling polymers
to which they are bound (e.g., zwitterions) [37]. The alternative to functionalising the polymer with
DOPA and thus overcoming surface adhering limitations, is to coat the entire surface in dopamine.
This forms a polydopamine film, to which amine or thiol functionalised polymers can be grafted.
This method has been labelled “polydopamine-assisted grafting” [22].

In this study we have chosen to investigate the use of a polydopamine-assisted binding
of PLL-g-PEG to polystyrene. The use of PLL-g-PEG both allows for binding through the
amine groups and provides an optimised grafting density controlled by the PLL-g-PEG synthetic
composition. We are also comparing this approach with Pluronic F127. The results reveal that
while a simple Pluronic coating of polystyrene resists protein short-term, the coating is unstable.
A polydopamine-assisted PLL-g-PEG layer however, show promising longer term stability and
excellent protein rejecting properties.

2. Materials and Methods

2.1. Materials

Silicon wafers (100, P-type, B-doped) were purchased from University Wafers (Boston,
MA, USA) and divided into samples of approximately 1 cm × 1 cm. QCM-D crystals were
purchased from ATA scientific (Sydney, Australia) (301), polystyrene from Polymer Source Inc.
(Dorval, QC, Canada) (P3810-S, MW: 25500), PEO-PPO-PEO triblock copolymer (Pluronic F127),
TRIZMA (2-Amino-2-(hydroxymethyl)-1,3-propanediol), HEPES (4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid) and NaCl was purchased from Sigma Aldrich (Auckland, New Zealand),
Dopamine hydrochloride (HPLC grade) from AK Scientific (Union City, CA, USA), bovine serum
albumin from MP biomedicals (Auckland, New Zealand) and PLL-g-PEG, (20)-[3.5]-(2) from Surface
Solutions (Dübendorf, Switzerland).

The buffer used in the majority of experiments was TRIZMA 10 mM, NaCl 150 mM, pH 8.5. The only
exception was PLL-g-PEG adsorption to bare polystyrene, which was performed in HEPES 10 mM, pH 7.4.
All buffers were filtered through a 0.22 μm syringe filter and degassed by ultrasonication for 1 h.

2.2. Sample Preparation

Silicon wafers and AT-cut, quartz QCM-D crystals, were cleaned by ultrasonication in acetone
and ethanol (15 min each) and dried under a stream of nitrogen. Previously used QCM-D crystals
were also sonicated in toluene prior to acetone and ethanol to remove polystyrene. Clean samples
were immediately coated by spin coating a solution of 3 wt % polystyrene in toluene (3000 rpm,
2 min). The polystyrene coated samples were post-baked for 5 min at 90 ◦C, and stored, submerged in
ultrapure water, in sealed petri-dishes, until use. The samples were further ultrasonicated in ultrapure
water for five minutes prior to conducting surface modifications.

2.3. Surface Modification with Polydopamine

The samples were exposed to dopamine (2 mg/mL) in TRIZMA buffer, with the samples
vertically arranged, to prevent polydopamine sedimentation, and left open to the air, for 5 h at
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25 ◦C. After coating, the samples were rinsed with ultrapure water, dried with N2 (g) and dried in a
vacuum desiccator for 24 h at room temperature.

2.4. Secondary Polymer Layer Deposition on Polydopamine

The desired polymer solutions were prepared; Pluronic F127 (2 mg/mL) and PLL-g-PEG
(0.1 mg/mL) in TRIZMA buffer (pH 8.5), and subsequently filtered through 0.22 μm syringe filters.
The polydopamine coated samples were incubated in the secondary polymer solutions, and were
allowed to react with the polydopamine coated samples for 18.5 h at 50 ◦C. Finally, the samples were
thoroughly rinsed with buffer and ultrapure water and dried under a stream of nitrogen.

2.5. QCM-D Experiments

All QCM-D experiments were carried out using the Q-Sense Analyzer from Q-Sense AB (Biolin
Scientific, Gothenburg, Sweden). The temperature during all experiments was maintained at 22 ◦C
± 0.02 ◦C, and using a pump speed of 0.5, measured to correspond to approximately 0.23 mL/min.
The fundamental, 3rd, 5th, 7th, 11th and 13th overtones of frequency and dissipation were recorded
for each test, and at least three tests per surface type were conducted, to allow for statistical analysis.

The frequency and dissipation shifts related to mass adsorption were measured by the Q-Soft 401
software. The QCM-D data was then further assessed using the D-find program. The data from the 7th
overtone was used for mass adsorption comparisons between all surfaces.

2.6. X-ray Photoelectron Spectroscopy (XPS)

XPS was performed to identify the elemental composition of the surfaces. The compositional
data was obtained using a Kratos Axis Ultra-DLD spectrometer (Kratos Analytical Ltd., Manchester,
UK). Spectra excitation on an analysis area of 300 by 700 μm was achieved with a 150 W X-ray power
source, emitting A1 Kα X-rays (1486.7 eV) in an ultrahigh vacuum chamber (~10−9 torr). Survey scans
(0–1300 eV) and core level scans were carried out on each surface, at pass energies of 160 eV and 20 eV,
respectively. The resulting spectra were analysed with CasaXPS software (Version 2.3.14). All data was
calibrated such that the C(1s) peak (corresponding to C–H/C–C energies) was situated at 285.0 eV.
The Shirley model was used for peak fitting, and Gaussian-Lorentzian (30% Lorentzian) peaks were
used to fit the core-level peaks.

2.7. Atomic Force Microscopy (AFM)

AFM was carried out using a Cypher ES instrument (Oxford Instruments, Asylum Research, Santa
Barbara, CA, USA). Images were acquired in tapping mode with a Tap 150 Al-G cantilever (Nominal
f = 150 kHz and k = 5 N/m, Budget sensors, Sofia, Bulgaria) and a free air amplitude of 1 V.

2.8. Contact Angle Goniometry

Wettability testing was carried out with a contact angle goniometer (CAM 101, KSV instruments,
Helsinki, Finland). The AttensionTheta2017 software was used for acquisition of images and image
analysis. All contact angles were recorded using ultrapure water and using the same drop volume
(6 ± 2 μL), impact distance between the drop and surface and time before image was acquired (using
automated image acquisition).

2.9. Statistics

One-way ANOVA studies were carried out on QCM-D mass adsorption data and contact angle
data. From Post Hoc, Tukey analysis, probability values of <0.05 were considered to indicate significant
differences. All results with more than three tests, are expressed as the mean, with standard deviations
indicated. The statistical accuracy of results from AFM and XPS testing was not analysed, due to
sample sizes for each surface being too small (n < 3).
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3. Results and Discussion

The results from QCM-D experiments evaluating the protein fouling to the different surface
coatings and the sample characterisation using AFM, XPS and contact angles are presented in the
following sections.

3.1. QCM-D Analysis

QCM-D uses the piezoelectric properties of quartz and follows the frequency of a mechanical
oscillation of a quartz crystal to measure the mass of adsorbed molecules in real time. The technique is
also able to determine the viscoelastic properties of the adsorbed layer by recording the dissipation of
the oscillation. The change in frequency observed in QCM-D is proportional to the change in mass of
the oscillating crystal and adsorbed molecules (as described by the Sauerbrey equation), so long as
three conditions are satisfied: the mass is distributed evenly, it obeys a no-slip boundary condition and
it is sufficiently rigid, or thin, so as not to be subject to internal friction [38–41]. Most of the QCM-D
results reported here show only small differences between overtones, which is why the Sauerbrey
equation has been used to calculate the adsorbed mass. The mass measured by QCM-D includes
everything adsorbing to the surface, including the water either hydro-dynamically coupled to the
protein ad-layer or trapped within the anti-fouling film [38–40]. According to Höök et al., for globular
proteins like BSA, the measured mass is around 1.75 times higher than that recorded by ‘dry mass’
optical methods [39].

QCM-D was carried out to observe the frequency changes associated with BSA adsorption to the
different surfaces investigated. The typical frequency change over time curves, for the addition of the
protein and the subsequent wash-off step on each tested surface, are shown in Figure 1A.

The majority of the surfaces show an initial rapid frequency decrease upon exposure to the
protein and a subsequent short region of slower frequency shift as the system reaches saturation.
Different extent of protein dissociation from the surface can be observed after rinsing with protein
free buffer (indicated by black arrows in Figure 1A). The size of the frequency shifts, taken as the
difference between a point immediately prior to the BSA injection, and a point 10 min into the buffer
rinse, have been directly related to the mass of BSA bound to the surface, by use of the Sauerbrey
equation [41]. Averages from at least three measurements of each surface type are presented in
Figure 1B. From this data it is evident that polystyrene modified by adsorption of Pluronic F127
(PS + F127), and polystyrene modified with polydopamine and PLL-g-PEG (PS + DOPA + PLL-g-PEG)
are the most successful coatings in terms of reducing protein adsorption to polystyrene.

The plain polystyrene coated crystal subjected to 1 mg/mL BSA shows a frequency shift, after
rinsing, of around −27 Hz. This translates to 478.3 ng/cm2 ± 8.7 ng/cm2 BSA adsorbed, in good
agreement with literature [21].

The polystyrene surface modified with Pluronic F127, presented the expected protein rejecting
properties, but the Pluronic coating displayed significant instability on the surface as seen in Figure 1C.
In fact, after the buffer rinse, which was done to remove any loosely bound protein, the final frequency
change recorded is positive, which indicates an overall reduction of mass. This apparent reduction in
mass on the crystals surface, despite BSA addition, can be clearly seen in Figure 1C, as a continuous
upward drift, throughout the BSA adsorption stage and the rinse off stage. Jin et al. [42] saw a similar
response in their test of Pluronic P-123 modified polystyrene, when subjecting the surface to BSA
in QCM-D tests. The group attributed this drift to the release of bound water from the Pluronic
brush, as BSA replaces the water molecules [42]. However, we hypothesize that desorption of the
Pluronic layer from the polystyrene surface is an additional cause of the continuous upward drift.
This drift highlights the issue found in literature regarding the short life-span of this protein resistant
coating [14,16], which is why we are also investigating polydopamine assisted coatings.
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Figure 1. (A) Example QCM-D frequency data comparing BSA (bovine serum albumin) adsorption
to the different surface chemistries investigated, namely untreated polystyrene (PS) and polystyrene
treated with Pluronic F127 (PS + F127), polydopamine (PS + DOPA), PLL-g-PEG (PS + PLL-g-PEG)
or PS + DOPA additionally treated with PLL-g-PEG (PS+DOPA + PLL-g-PEG) or Pluronic F127 (PS +
DOPA + F127). All data has been shifted in time to start the BSA adsorption at the same time. Start of
rinsing with buffer is indicated in the graph with arrows for each curve. (B) Average adsorbed BSA
to the different surface chemistries (error bars represent standard deviation); (C) QCM-D frequency
graph showing deposition of F127 Pluronic onto a PS coated QCM-D crystal with subsequent rinse-off
and BSA adsorption step; (D) F127 Pluronic adsorption onto polydopamine coated PS coated crystal
showing a lower adsorption of F127 compared to bare PS.

The dopamine molecule has been shown to adhere to many diverse surfaces including polystyrene.
It has been found that the initial driving force for adsorption to the hydrophobic polystyrene surface is
the displacement of water, followed by the strengthening of the bond through the functional group
interactions [43,44]. The interactions between dopamine and polystyrene are believed to occur due
to a combination of π–π overlap between the aromatic rings of polystyrene and the catechol rings,
and the cation–π interactions between the protonated amine group of dopamine and the π–face of
the styrene rings. These bonding theories imply that the DOPA and polystyrene aromatic rings
align parallel to each other [43–47]. As there is debate about how exactly the polymer is formed and
adheres to surfaces and secondary coatings [48], we tested if Pluronic F127 could in fact bind to such
a polydopamine coating and create a protein rejecting interface. Interestingly, a polystyrene surface
coated in polydopamine film results in the largest frequency shift of all tested surfaces, possibly due
to less surface induced denaturation of BSA on this hydrophilic surface compared to the hy “glue”
between polystyrene and F127, the ex situ coating method first described by Messersmith et al. [22] was
employed. In Figure 1A,B it can be seen that BSA addition to such a surface resulted in a large negative
frequency shift, corresponding to a mass increase of 501.8 ng/cm2 ± 73.5 ng/cm2. It was hoped that
introducing the intermediary polydopamine layer may help the protein resistant Pluronic F127 to
better adsorb to the surface. However, in light of the high mass adsorption measured, we suggest that
the Pluronic either is adsorbed with its hydrophobic backbone facing the solution or that it rinses-off
rapidly. Polydopamine and F127 adsorbtion onto the PS film was also explored in situ in the QCM-D,
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and compared to the protein resistant polystyrene surface modified only with F127 (Figure 1C,D).
The DOPA + F127 experiment carried out in the QCM-D (Figure 1D) showed that only around half
as much F127 adsorbed onto the polydopamine layer, indicated by a frequency shift of −22.23 Hz ±
0.81 Hz, compared to that adsorbing on the polystyrene surface, −42.33 Hz ± 0.6 Hz. The rinsing
step also shows a significant desorption of F127 from both surfaces. Such a weak binding of F127
onto polydopamine, suggests that any interactions between the polymer and the substrate, are much
weaker than the interactions between the hydrophilic PEO blocks and the solvent, leading in turn to
BSA adsorbing to the surface almost to the same level as to the polydopamine coating itself.

Upon failing to produce better anti-fouling results than by simply adsorbing F127 onto
polystyrene, PLL-g-PEG was trialed, to attach the same protein resisting PEG group to the surface.

PLL-g-PEG has been extensively examined as an anti-fouling surface modifier on negatively
charged surfaces [17,18]. Accordingly, we had reason to believe it could not attach to polystyrene
without assistance. However, due to a publication citing reasonable protein resistance on polystyrene,
and for comparative purposes, 0.1 mg/mL PLL-g-PEG was adsorbed onto the plain polystyrene
surface. Figure 1 shows that upon BSA addition, a frequency drop of −23.9 Hz ± 1.5 Hz was observed,
corresponding to a mass uptake of 423.2 ng/cm2 ± 26.4 ng/cm2. This surface modification provides
near 12% protein resistance when compared to the plain polystyrene surface, and statistical analysis
proved the difference to be significant (p < 0.05), which could explain why one group suggested the
modification improved protein resistance. It is worth noting that the apparent reduction in protein
adsorption could simply be due to weakly bound PLL-g-PEG molecules being replaced by BSA during
the protein adsorption phase.

To mediate PLL-g-PEG binding to PS, a polydopamine intermediary layer was formed on the
polystyrene coated crystals, upon which PLL-g-PEG was allowed to bind. From Figure 1B, a frequency
shift of −0.8 Hz and mass of 13.8 ng/cm2 ± 13.5 ng/cm2 were recorded for the subsequent BSA
adsorption step. These results prove the PS + DOPA + PLL-g-PEG modified surface was as resistant to
BSA adsorption, as the well documented PS + F127 coating (p > 0.05), and significantly more resistant
than all other trialed surfaces (p < 0.05). Therefore, this coating can provide a plain polystyrene surface
with improved protein resistance of around 97%.

Many reports in literature have shown that thiol and amine terminated functionalized polymers
could covalently bond to the dopamine molecule, and several papers also specifically used the
polydopamine layer for this bonding process [8,46,49]. Messersmith et al. suggested a possible
polymerisation mechanism for dopamine [22], which leads us to believe that at mildly alkaline pH the
PLL-g-PEG ad-layer could be covalently grafted to the dopamine molecules of the polydopamine film
through Michael or Schiff-base reactions. Thus, several different reaction products could be present
in the final coating. The extremely low protein adsorption observed in QCM-D experiments proves
that the polydopamine coating arranged on polystyrene enables the formation of a dense PLL-g-PEG
ad-layer with PEG chains extending into the solution. It is worth noting however, that reports of
PLL-g-PEG on negatively charged surfaces have been stated to produce protein resistance below
the detection limit of the OWLS technique (<2 ng/cm2), and while our measure is from a wet-mass
technique, adjusting for the possible coupled water, does not achieve results quite as successful.
Therefore, it is likely that the PLL-g-PEG layer formed on polydopamine is not as ordered as on
negatively charged surfaces. Tsai et al. [31] published a report in 2011, in which it was stated, albeit
without any supporting data, that the one-step dip coating method they had trialed, by coating a
surface in a mixture of polydopamine and PLL-g-PEG, did not provide satisfactory cell resistant results.
We show with our QCM-D results that, by first coating the surface in polydopamine and, in a second
step, covalently grafting the PLL-g-PEG, we are able to achieve very low protein adsorption.

Finally, we investigated whether the PS + DOPA + PLL-g-PEG surface could provide better
long-term protein resistance than the F127 modified polystyrene surface. To test the longevity of both
coatings, the crystals were submerged in buffer for 24 h prior to QCM-D measurements. The response
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of each soaked surface to protein exposure, along with the original QCM-D data of the successful
surfaces prior to soaking, is displayed in Figure 2.

Figure 2. Testing the modified surface's response to BSA with or without pre-soaking in buffer for 24 h.
Introduction of BSA and start of rinse is indicated by the dotted lines in (A). Average and standard
deviation of adsorbed BSA mass (calculated using the Sauerbrey equation) presented in (B).

It is clear that F127 is no longer repelling protein after a 24 h soak, while the PLL-g-PEG coated
polydopamine remains protein rejecting. The trend of F127 to be unstable at the surface was also
evident in Figure 1, where the frequency continued to drift upward throughout the measurement.
These problems have also been described in literature by several groups. For example, Marsh et al. [14]
reported XPS analysis which proved that after 24 h in PBS, the Pluronic coating had washed off, and
Su et al. [16] showed that after immersion in water for one week, the polystyrene originally coated in
F127 had near plain polystyrene contact angles [26,28].

The frequency shift recorded for the 24 h buffer-soaked Pluronic surface, subject to BSA, was
−19.2 Hz, corresponding to 340 ng/cm2 ± 68.9 ng/cm2. This is a significant difference to the coat
spared the 24 h treatment (p < 0.05). Additionally, it can be seen that the buffer rinse after BSA
adsorption does not cause the 24 h soaked F127 (PS+F127 +24 h in Figure 2A) surface to drift as
dramatically, as it does the un-soaked coating (PS+F127 in Figure 2A), indicating that the pre-soaked
surface has lost much of the anti-fouling Pluronic already. The DOPA + PLL-g-PEG coating however,
showed no significant difference after 24 h of buffer soak (p > 0.05), as is clearly depicted in Figure 2.
This shows that the polydopamine assisted grafting of PLL-g-PEG will provide the desired protein
resistance for a longer time and is thereby a possible solution to overcome the life-span problems
encountered by the physisorbed F127 modified surfaces. Judging by the life-span reported in literature
for PLL-g-PEG on negatively charged surfaces, this coating could last much longer than the 24 h tested.
One report shows that flowing HEPES buffer for one week, resulted in a loss of less than 5% mass of
the polymer, while another group had reported PLL-g-PEG was stable and protein-rejecting for at least
three weeks on surface-modified polystyrene microspheres [50].

3.2. Sample Characterisation

XPS allowed us to determine the chemical composition of the modified surfaces and clearly
showed the expected increase in both oxygen and nitrogen after modification of the PS surface
with polydopamine, in good agreement with literature, atomic percentages from quantified XPS
survey spectra are presented in in Table 1 [22,51]. The presence of PLL-g-PEG for the polydopamine
assisted graft-PLL-g-PEG sample is confirmed by a further increase in atomic oxygen and nitrogen
percentage, which can be attributed to the protein resisting PEG chains, and the PLL-backbone,
respectively [17,18,20,52]. The unmodified polystyrene coating showed unexpected oxygen and
nitrogen signals, most likely due to contamination of the PS surface before the XPS was acquired
(proteins or microbial contamination suspected as the sample was stored in an aqueous environment),
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or possibly due to oxidation. It is worth pointing out that while polystyrene is hydrophobic, the binding
mechanism of polydopamine to PS may not be the same to other hydrophobic surfaces, and the findings
in this study may not apply generically to other hydrophobic materials.

Table 1. The elemental ratios present in the build-up of the PS + DOPA + PLL-g-PEG surface.

Surface
XPS Atomic Percent (%)

C(1s) O(1s) N(1s) Si(2p) Na(1s) S(2p)

PS 94.5 ± 0.5 4.3 ± 0.3 0.8 ± 0.1 0.3 ± 0.1 – 0.1 ± 0.1
PS + DOPA 79.1 ± 0.5 15.3 ± 0.4 5.6 ± 0.1 – – –

PS + DOPA + PLL-g-PEG 73.8 ± 0.4 19.3 ± 0.3 6.4 ± 0.2 0.3 * 0.2 ± 0.0 –

* This silicon peak was only visible in one of the three scanned spots.

All surface coatings were characterized by recording the contact angles in contact with water.
Figure 3, shows clearly that all surfaces containing polydopamine have a lower contact angle,
representing a more “wettable” surface. More specifically, contact angle analysis shows the PS +
DOPA surface to be more hydrophilic than all other coatings, bar one: PS + DOPA + PLL-g-PEG.
This coating is the most hydrophilic surface, which helps to explain the significant protein resistance
of this surface. Surprisingly, the other successful anti-fouling surface, PS + F127, does not produce
the same results in this case. Values found in literature for PS + F127 however show much lower
contact angles, of around 64 degrees [16]. The discrepancy may relate to rinsing protocols as F127
is not stably adsorbed on the PS surface. The PS + DOPA + F127 surface, which proved not protein
resistant in QCM-D testing, is significantly more hydrophilic than PS + F127 (p < 0.05) most likely
due to the weakly bound F127 washing off. Such wash-off may also be inferred from AFM images
of the surfaces (see Figure S1 and Table S1 in Supplementary Materials). AFM also confirmed a
uniform polydopamine coating on polystyrene leading to a modestly increased surface roughness,
in agreement with literature [51]. The short-term successful anti-fouling PS + F127 coat appeared
largely homogeneous while the dopamine assisted F127 coating, showed large areas of low-lying film
which measure around 10 nm deeper than the surrounding surface. These areas could be representative
of washed off F127, leaving only the polydopamine coating below. Overall, these F127 surfaces appear
rougher than those modified with PLL-g-PEG.

Figure 3. Average contact angles, with standard deviations (error bars), for all surface coatings investigated.

Taken together, these surface characteristics support the conclusions drawn from the QCM-D
analysis, and out of these simple coating methods to modify polystyrene to render it protein rejecting,
the polydopamine assisted PLL-g-PEG modified surface holds particular promise. Future work
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evaluating this coating with other proteins and in cell culture is needed to fully confirm the long-term
stability of the coating.

4. Conclusions

The main conclusions drawn from the present work are:

• F127 significantly reduces BSA adsorption in short-term studies. However, after soaking only
24 h in buffer, the resistance is significantly diminished.

• The polydopamine intermediary film produced, cannot provide the necessary attraction to bind
F127 to the surface. Instead, bonds between the Pluronic and the surface are weakened, causing
more protein adsorption than on unmodified polystyrene.

• By adsorbing the same “assisting” polydopamine film and subsequently grafting PLL-g-PEG,
we can successfully prevent 97% of protein adsorption on a polystyrene substrate.

• This modified surface is equally as protein-rejecting after 24 h in buffer, and thus a promising
simple coating for long term protein rejection of polystyrene.

Supplementary Materials: The following are available online at www.mdpi.com/2079-6412/8/2/55/s1,
Figure S1: AFM tapping mode images; Table S1: Roughness recorded for one sample of each surface.
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Abstract: The effect of the TiO2 addition on the physicomechanical properties of a geopolymer system
based on metakaolin (MK) and hydroxide and potassium silicate as activators is presented in this
article. Three different liquid-solid systems (0.35, 0.40, and 0.45) and two titanium additions were
investigated (5% and 10% of the cement content). The flowability, setting time, and mechanical
strength of the geopolymer mixtures and their microstructural characteristics were evaluated using
techniques such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM). It was concluded that a percentage of up to 10% TiO2 does not
affect the mechanical properties of the geopolymer, although it does reduce the fluidity and setting
times of the mixture.

Keywords: geopolymer; metakaolin; titanium oxide; physical and mechanical properties

1. Introduction

Population growth and the consequent demand of more infrastructure have increased the
consumption of ordinary Portland cement (OPC), which is the main cementitious material in concrete
technology. In spite of the benefits of concrete, there are several factors, such as high energy
consumption, high CO2 emissions, and limited limestone reserves that have led to the reconsideration
of the use of this material [1]. Owing to the above, measures have been taken both to improve the
production processes of Portland cement, via the use of alternative fuels and different sources of raw
materials to develop new cementitious materials that equal or exceed the properties of Portland cement
and, in turn, exhibit better environmental performance. Geopolymers have been considered as an
alternative at a global level; they are considered to be the third generation of cement, after lime and
OPC. It is estimated that, depending of the precursors and activators, the production of geopolymers
results in ~70% less greenhouse gas emissions than the production of cement, which makes some
geopolymers environmentally friendly [2–4].

Geopolymers are obtained from the optimum blend of a material, mineral or industrial by-product
based on SiO2 and Al2O3 (precursors) with a chemical agent (alkaline activator), which, through a
series of reactions at low temperature (<100 ◦C), leads to the formation of a product with cementitious
characteristics [5]. The main criterion for the stable development of a geopolymer is that the source
of the aluminosilicate material is highly amorphous and contains sufficient reactive glass content.
The main alkaline activators used are sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium
silicate (Na2SiO3), and potassium silicate (K2SiO3). Compared with NaOH, KOH exhibits a higher
degree of alkalinity; however, it has been reported that NaOH has a greater ability to separate the
monomers of silicates and aluminates in the phase of dissolution of the precursor [5]. Geopolymer
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cements are considered materials that can replace Portland cement owing to properties such as high
resistance at early ages, resistance to chemical attack, low thermal and acoustic conductivity, and high
temperature and fire resistance; these properties, depending of the type of raw materials and mix
formulation of the geopolymer, can be similar, or even superior, to those of traditional Portland cement.

As in the case of Portland cement, the addition of nanoparticles to geopolymers has focused
on improving the mechanical properties. For example, Assaedi et al. added SiO2 nanoparticles
in a proportion of up to 3 wt % to a fly ash-based geopolymer, finding that the addition of these
materials improved the mechanical performance of the material by 27%, while decreasing the porosity
and water absorption [6]. Riahi and Nazari synthesized geopolymers from rice husk ash and fly
ash, to which SiO2 and Al2O3 nanoparticles were added; they also obtained an improvement in the
mechanical properties of the material [7]. However, the best performance was for the samples with
added nano-silica, owing to their greater amorphous character, unlike the alumina nanoparticles,
which, because they were crystalline, did not participate in the process of geopolymerization [7].
Recently, Duan et al. developed geopolymers from fly ash, focusing on the mechanical performance
and durability to carbonation when nano-titanium oxide (TiO2) particles were added; the authors
reported that the addition of these up to 5 wt % improves the mechanical properties and durability and
attributed this behaviour to pore refinement and densification of the geopolymer microstructure [8].
Similarly, Yang et al. studied the mechanical and physical behaviour of an alkaline activated slag to
which TiO2 nanoparticles were added at 0.5 wt % and reported a decrease in porosity and material
shrinkage; in addition, the material was densified and had a greater resistance to compression [9].
On the other hand, Zhang et al. evaluated the effect of adding titanium dioxide and hollow glass
microspheres to a geopolymer coating from metakaolin (MK) on the geopolymer’s optical and thermal
properties [10]. The study found that by adding hollow glass microspheres at 6 wt % and titanium
dioxide based on the cementant at 12 wt %, increases of 12% and 90% of the thermal insulation and
reflectivity, respectively. The authors attributed this behaviour to the pigment character of the titanium
dioxide, for which the high coefficient of refraction enabled it to reflect wavelengths close to infrared
and visible light [10].

In other studies that were not particularly focused on geopolymer materials, it has been found that
nanoparticles of TiO2, because they are a semiconductor substance, are able to confer photocatalytic
properties to the system to which they are added [11], and this results in self-cleaning and air-purifying
properties, which is highly desirable for building materials.

Based on the above, the present article aims to evaluate the effect of the addition of TiO2 particles
on the physical and mechanical behaviour of a geopolymer based on MK as a precursor. The variables
considered are the liquid/solid ratio (L/S) of the system and the percentage by weight of TiO2 added.
Properties in the fresh state, such as the setting time and flowability, and properties of the hardened
state, such as the compressive strength, density, absorption, and porosity, are studied. The study is
complemented with a microstructural analysis of the geopolymers using the X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) techniques.
The contribution of the photocatalytic properties of TiO2 to the geopolymer, specifically its self-cleaning
and algaecide properties, will be the object of future studies.

2. Materials and Experimental Methodology

2.1. Materials

A high-purity commercial MK (Metamax BASF, Florham Park, NJ, USA) was used as the primary
source or precursor in the production of the geopolymer material, whose chemical composition is
presented in Table 1. The chemical composition was determined via X-ray fluorescence (XRF) using
a Phillips MagiX-Pro PW 2440 spectrometer (PANalytical, Tollerton, UK) equipped with a Rhodium
tube and a maximum power of 4 kW. The SiO2/Al2O3 molar ratio of the MK was 1.97. High-purity
analytical titanium oxide (TiO2; Merck, reference 1008081000) was used as an additive. Particle size
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and distribution analysis was performed with a Mastersizer-2000 laser granulometer from Malvern
Instruments (Malvern, UK) with a Hydro2000MU dispersion unit; distilled water was used as a
dispersant medium. The mean particle sizes D (4,3) of the MK and titanium oxide were 6.57 and
1.59 μm, respectively (Figure 1).

Table 1. Chemical composition of the precursor (MK).

Element/Composite wt %

SiO2 52.018
Al2O3 44.950
TiO2 1.730

Fe2O3 0.469
Na2O 0.295
MgO 0.192
K2O 0.158
P2O5 0.058
CaO 0.023
Ce 0.023
V 0.021
S 0.018

Cr 0.014
Zr 0.012
Ga 0.006
Sr 0.005
Zn 0.003
Nb 0.003

Figure 1. Particle size distribution of (a) titanium dioxide, and (b) MK.

Figures 2 and 3 show the XRD and FTIR results for MK and TiO2, respectively. For the XRD
analysis, a Bruker diffractometer equipped with a wide-angle goniometer RINT2000 was used, using
the Kα1 signal of Cu at 45 kV and 40 mA. A 0.02◦ pitch was used within a range of 5–70◦ at a rate of
5◦/min. Information processing was performed using the X’pert HighScore Plus software package,
version 2.2.5. FTIR spectroscopy was performed using a PerkinElmer Spectrum 100 spectrometer
(Perkin Elmer, Shelton, United States) in transmittance mode in the frequency range of 450–4000 cm−1.
Samples were prepared using the KBr compressed method. In Figure 2, it can be observed that MK has
a high level of amorphicity due to the halo located in the range between 20 and 30◦ 2θ and presents
small traces of a crystalline product identified as anatase (reference pattern 01-078-2486), which
corresponds to the observed peaks at approximately 25◦, 38◦, 48◦, 55◦, and 63◦ 2θ. This coincides with
the percentage of TiO2 reported in the chemical composition of MK (Table 1). There is also evidence
that the TiO2 used is in the anatase phase, which is an important phase because of its photocatalytic
potential [11]. In the FTIR spectrum (Figure 3) of the MK, a band at approximately 3437 cm−1 is
observed; this corresponds to the asymmetric vibration of OH–groups. At 1089 cm−1, a Si–O–Al
vibrational peak is observed, which corroborates the aluminosilicate character of this raw material.
The peaks at 814 and 473 cm−1 are attributed to the amorphous Al–O stretching vibration and Si–O–Si
flexion, respectively [12]. On the other hand, the FTIR spectrum obtained for TiO2 indicates the
presence of peaks near 3430 and 1632 cm−1, which correspond to vibration via stretching of the –OH
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bonds and vibration via deformation of the bonds in adsorbed surface water molecules, respectively.
The peak located near 687 cm−1 is characteristic of the Ti–O–Ti stretching of the anatase phase, thus
confirming the presence of these photoactive species [13].

Figure 2. XRD patterns of the raw materials.

Figure 3. FTIR spectra of the raw materials.

2.2. Preparation of Geopolymeric Mixtures

The geopolymeric materials (GP) were prepared using the molar ratios SiO2/Al2O3 = 2.5 and
K2O/SiO2 = 0.28 based on results from previous research [14]. A potassium hydroxide (KOH)
analytical-grade reagent and commercial potassium silicate (K2SiO3) distributed by Pan American
Chemicals (SiO2 = 26.38%, K2O = 13.06%, H2O = 60.56%) were dosed to obtain the activator solution
module (Ms: SiO2/K2O = 0.76) required in the geopolymer mixture. The percentage of addition of TiO2

as a function of the cementant was varied in three levels, 0 wt %, 5 wt % and 10 wt %. The liquid/solid
ratio (L/S) was also varied in three levels, 0.35 (dry consistency), 0.40 (mean consistency), and
0.45 (fluid consistency). In total, nine mixtures per system were made, each with two repetitions, for a
total of 18 mixtures. Table 2 presents the blend specifications employed in this research.
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Table 2. Compositions of the mixtures.

Mixture TiO2% L/S Ratio SiO2/Al2O3 K2O/SiO2

GP 0
0.35, 0.40 and 0.45 2.5 0.28GP 5 Ti 5

GP 10 Ti 10 – – –

The mixing process of the solid components (MK and titanium dioxide) and liquids (activator) was
performed in a HOBART Vulcan 1249 mixer. The solids were homogenized for 15 s, and the activating
solution (KOH + K2SiO3) was added and mixed for 3 min at low speed, followed by 2 min at medium
speed and, finally, 1 min at low speed until a homogeneous paste was obtained. The geopolymeric paste
was then casted into cubic silicone moulds of dimensions 20 mm × 20 mm × 20 mm. The obtained
samples were cured at room temperature (25 ◦C) for 24 h and then demoulded and taken to a humidity
chamber (relative humidity >90% and 25 ◦C) until the test age was reached (seven and 28 days).

2.3. Physical and Mechanical Properties

In fresh conditions, the setting time and fluidity were determined. The setting time was
determined using a Vicat needle, following ASTM C191. The fluidity was measured following the
procedures described in ASTM C230. A modification to the test was that a cone of smaller volume or
minislump with dimensions of 57 mm (high) × 38.20 mm (diameter) was employed on the flow table
prior to the 25 strokes standardized in the guidelines. The flow diameters reported were measured
using a digital caliper.

In the hardened state, the compressive strength was evaluated at ages of seven and 28 days
using an INSTRON 3369 universal test machine with a capacity of 50 kN at a deformation rate of
1 mm/min. In each case, a minimum of three specimens were tested. The density, pore volume, and
water absorption capacity of each material were also determined following the procedures detailed in
ASTM C642-13. It should be noted that the drying of the sample was performed at 60 ◦C for 48 h.

2.4. Microstructural Analysis

The following techniques were used for the microstructural study of the blends: Electron microscopy,
FTIR, and XRD. A JEOL scanning electron microscope (JSM-6490LV, high vacuum of 3 × 10−6 Torr,
Peabody, MA, USA) was employed. The equipment has an INCAPentaFETx3 Brand Oxford Instruments
model 7573 detector. The samples were metalized with gold in a Denton Vacuum Desk IV tank.

3. Results and Discussion

3.1. Fluidity and Setting Time

Figure 4 shows the diameters measured after subjecting the different systems evaluated to the flow
table test. As expected, as the L/S ratio of the system was increased, the fluidity increased, regardless
of the TiO2 content. However, in all cases, the samples with no TiO2 addition had a higher fluidity
percentage. For a fixed L/S ratio, increased TiO2 content reduced the workability of the samples;
using 10 wt % with respect to the cement decreased the fluidity by as much as 30.13%. Duan et al.,
found similar results when measuring flowability in fly ash geopolymer mortars and reported that the
addition of 3% and 5% TiO2 nanoparticles decreased the fluidity of the material by factors of 21.86%
and 31.12%, respectively [8].

Figure 5 shows the effect of the TiO2 additions on the setting time. It is evident that both the
higher liquid content (L/S ratio) and the addition of TiO2 particles affect the setting time, although
their effects have opposite signs. By increasing the percentage of addition up to 10 wt % TiO2 particles,
the setting time was decreased by 20.7%, 31.1%, and 27.6% for the dry, medium, and fluid consistency
materials, respectively. The reduction of the setting time of the geopolymers with addition of TiO2, at a
constant L/S ratio, can be attributed to a nucleation and filling effect that contributes to accelerate the
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degree of reaction of the geopolymer. It is also evident that, by increasing the mixing water content,
the concentration of ions in the aqueous solution decreases, decreasing the gel formation process, in
addition to leading to a greater availability of water in the system to be evaporated for the formation
of the consolidated structure, which is reflected in an increase in the setting time [15].

Figure 4. Fluidity of the various systems evaluated.

Figure 5. Setting times of the various materials evaluated.

3.2. Physical and Mechanical Properties

The obtained results regarding density, absorption, and porosity for the different mixtures can be
observed in Figure 6a,b, and those of mechanical resistance to compression are presented in Figure 7.
In general, the density fluctuated between 1230 and 1376 kg/m3, with no significant dependence on
the L/S or the percentage of added TiO2 observed (Figure 6a). The results obtained for the density
are in accordance with those reported by Liew et al. who evaluated the effect of using different L/S
ratios on the density of geopolymers based on MK and found that the system of medium consistency
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had the highest density, followed by the more fluid system and, finally, the drier one [16]. The authors
concluded that increased liquid content can promote the speed of dissolution of the Al and Si species
of the precursor, but it obstructs the processes of polycondensation; in contrast, a small amount of
liquid does not favour dissolution and, therefore, generates increased viscosity [16]. Zuhua et al. also
evaluated the role of water in the geopolymerization of materials based on MK using the calorimetry
technique, noting that increased water reduced the rate of geopolymerization owing to the lower
concentration of ions present in the dissolution processes; they also mentioned that water promotes
hydrolysis processes, but decreases the rate of polycondensation [15].

Figure 6. (a) Density and (b) water absorption and porosity of the geopolymeric materials evaluated.

In general, an increased proportion of liquid adversely affects the permeable pore content of
the blends (Figure 6b). This higher pore volume for the higher L/S ratio (0.45) is related to the
lower mechanical performance of these mixtures. It was observed that the addition of TiO2 particles
decreased the pore volume for materials with lower water content or dry consistency (L/S = 0.35),
particularly when 5 wt % (GP5Ti) was added, coinciding with increased mechanical strength (Figure 7).
This result seems to indicate that the addition of TiO2 particles contributes to a better mechanical
performance; however, there is an optimum concentration of TiO2, so in the presence of an excess of
the particles, these will act as filler [17].
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Figure 7. Compressive strength of the various materials evaluated.

Of the different mixtures evaluated, those with the lowest water content (L/S = 0.35) presented
higher mechanical performance. Among them, that with 5 wt % TiO2 added exhibited the most
superior resistance, a 5.8% increase (50.27 MPa) after 28 days of curing, relative to the reference (GP);
however, adding 10 wt % TiO2 yielded the opposite effect, possibly due to the low availability of
liquid to hydrate the particles and promote the formation of reaction products, taking into account
that there is a greater presence of non-reactive TiO2 particles coexisting in the gel. In contrast, for the
materials with L/S = 0.4, it was found that the highest strength was achieved by adding 10 wt % TiO2

(43.25 MPa), yielding a strength 10.3% greater than that of the reference. This effect is attributed to the
TiO2 particles having a smaller particle size than the precursor and behaving as nucleation points that
enhance the formation of reaction products [17].

3.3. Characterization of the Geopolymer Microstructure

Figure 8 shows the XRD patterns obtained for the evaluated geopolymer systems. Compared with
the MK precursor diffractogram (Figure 2), an amorphous halo between 25◦ and 35◦ can be observed in
all cases, which corresponds to the aluminosilicate gel that forms the fundamental binder phase of the
geopolymer matrix (KASH) and is responsible for the resistance of the geopolymer [18]. Likewise, the
presence of the crystalline phase of the precursor is observed in the GP, which increases with the
addition of TiO2 in the material owing to its contribution.

Figure 8. XRD pattern of the synthesized geopolymers.
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The FTIR spectra of the synthesized geopolymers are shown in Figure 9, in which no large
differences between the non-added and those with 5 wt % and 10 wt % TiO2 added are observed.
The presence of bands characteristic of precursor materials (Figure 4), in addition to the displacement
of the one located at 1089 cm−1 in MK to 1007 cm−1 due to the asymmetric stretching of the Si–O–T
band (T is a tetrahedron of Al or Si) in KASH gels and a band at 463 cm−1 corresponding to a lower
Si–O–Si band intensity due to the reaction of MK for KASH gel formation, can be observed. The band
located at approximately 703 cm−1 verifies the presence of Ti–O–Ti photoactive species, and it also
generates overlap with amorphous Al–O bands, in addition to exhibiting a decrease in its intensity
due to gel formation. When comparing these spectra with the MK FTIR spectrum (Figure 3), it is
important to highlight the displacement at higher frequencies in the 3436 and 1650 cm−1 bands, which
correspond to OH– and HOH group vibrations, suggesting increased hydrophobicity of the material
as a result of the increased TiO2 additive content [19].

Figure 9. FTIR spectra of geopolymers.

The surface morphologies of the GP and GP10Ti geopolymers at seven and 28 days of curing
evaluated by SEM and the corresponding EDS analysis results are shown in Figures 10 and 11, and the
compositions of elements present at the evaluated points are presented in Tables 3 and 4. In general,
all samples had a compact and continuous structure with small traces of unreacted MK, which is
characterized by preservation of its lamellar structure in layers, mainly for the earliest age of curing;
this behaviour was verified via EDS when performing the measurement at point 1 of Figure 10a, in
which only high contents of O, Al, and Si, and lower proportions of K, were identified. By increasing
the curing age, a greater gel formation is observed in the structure that is identified in the micrographs
due to its dark tone, in addition to a lower presence of unreacted MK; in addition, the presence of O,
Al, Si, and K is evidenced by the measurement of EDS at point 2 of Figure 10b, suggesting adequate
KASH gel formation. It is noteworthy that there is no significant difference between the morphologies
of the systems with and without TiO2, but the EDS measurements at point 2 of the sample with 10 wt
% added (Figure 11) reveals the presence of O, Al, Si, K, and Ti, the latter being present in a smaller
proportion, indicating that the formation of the gel was not impeded by the addition of TiO2 particles
and that these coexist in the structure of the material [19].
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Figure 10. SEM micrographs. (a) GP at seven days; (b) GP 0 at 28 days; (c) GP 10 Ti at seven days, and
(d) GP 10 Ti at 28 days.

Figure 11. SEM micrographs with EDS for sample to which 10 wt % TiO2 was added (28 days).

Table 3. Composition of elements measured via EDS as shown in Figure 10.

Composition, % Spectrum 1 Spectrum 2

O 53.42 36.40
Al 18.59 13.96
Si 23.42 20.89
K 4.56 28.74

Table 4. Composition of elements measured via EDS as shown in Figure 11.

Composition, % Spectrum 2

O 50.67
Al 13.43
Si 19.23
K 11.02
Ti 5.65
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4. Conclusions

The effects of adding titanium dioxide particles and modifying the system L/S ratio on the
physicomechanical and structural properties of an MK-based geopolymer were evaluated. The results
indicate that the addition of titanium dioxide particles at up to 10 wt % did not affect the formation of
the KASH gel and that these particles coexisted within it. The compressive strength was maximized
by adding titanium dioxide particles in proportions of 5 and 10 wt % at a dry (L/S = 0.35) and an
average (L/S = 0.40) consistency, respectively. No improvement in the compressive strength was found
for materials with a fluid consistency (L/S = 0.45). The fluidity and the setting time of the material
were affected by the addition of titanium oxide particles and the L/S ratio; adding titanium dioxide
particles at 10 wt % decreased the fluidity by up to 20.27%, and the setting time decreased by up to
30.13%. In contrast, an increased L/S ratio resulted in increases in the flowability and setting time of
up to 20% and 60%, respectively.
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Abstract: Green roof systems, a technology which was used in major ancient buildings, are currently
becoming an interesting strategy to reduce the negative impact of traditional urban development
caused by ground impermeabilization. Only regarding the environmental impact, the application
of these biological coatings on buildings has the potential of acting as a thermal, moisture, noise,
and electromagnetic barrier. At the urban scale, they might reduce the heat island effect and sewage
system load, improve runoff water and air quality, and reconstruct natural landscapes including
wildlife. In spite of these significant benefits, the current design and construction methods are not
completely regulated by law because there is a lack of knowledge of their technical performance.
Hence, this review of the current state of the art presents a proper green roof classification based
on their components and vegetation layer. Similarly, a detailed description from the key factors
that control the hydraulic and thermal performance of green roofs is given. Based on these
factors, an estimation of the impact of green roof systems on sustainable construction certifications
is included (i.e., LEED—Leadership in Energy and Environment Design, BREEAM—Building
Research Establishment Environmental Assessment Method, CASBEE—Comprehensive Assessment
System for Built Environment Efficiency, BEAM—Building Environmental Assessment Method,
ESGB—Evaluation Standard for Green Building). Finally, conclusions and future research challenges
for the correct implementation of green roofs are addressed.

Keywords: green roofs; biological coatings; hydraulic performance; thermal performance; sustainable
construction certification; LEED; BREEAM; CASBEE; BEAM; ESGB

1. Introduction

Due to its multiple benefits, biological coatings on buildings (i.e., green roofs and walls) were
used by different human civilizations [1,2]. According to the scientific community, there is testimonial
evidence of the use of biological coatings on Babylon’s Hanging Gardens and Babel Tower [2–4].
Similarly, religious buildings called “Ziggurats” were constructed in Mesopotamia using plant growth
on their building surfaces most probably to reduce heat interchange with the environment [3].
Biological coatings were also part of vernacular architecture in Scandinavia. For instance, in Norway,
green roof systems are still used as a thermal isolation system [5].

Coatings 2020, 10, 69; doi:10.3390/coatings10010069 www.mdpi.com/journal/coatings201
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Even when green roofs were present on the major buildings of the ancient world, their use
on contemporaneous architecture reappeared only in the 20th century with the Swiss architect Le
Corbusier who included them among modern architecture principal elements [6]. In fact, he stated that
“the garden terrace will be the reunion place preferred by citizens and it will also mean the recovery of
the built surface from the city”. In this sentence, the preoccupation that exists since then about the
accelerated urban development is synthesized. The truth is that the construction of urban infrastructure
with non-permeable materials such as traditional concrete and asphalt significantly reduces rainwater
flow to the soil layers and water table [7]. In a basin, the water cycle alteration can produce floods, river
and lake disappearances, and consequently ecosystem extinction. Biological coatings for buildings
such as green roofs and walls are used to mitigate urban threat and other environmental problems.
In general, the benefits of green roofs and walls can be classified into three categories: environmental,
economic, and social. Aspects such as thermal, moisture, noise, and electromagnetic protection in
buildings, heat island effect reduction, sewage system load reduction, runoff water quality and air
quality improvement, habitat development, and natural landscape reconstruction are among the major
environmental benefits from green roofs and walls. From an economic viewpoint, green roofs and
walls on buildings increase the property’s commercial value, increase waterproof membrane lifespan,
increase fire resistance, and reduce energy consumption. Regarding social aspects, these biological
coatings improve the occupant’s health and wellbeing, while they also help to generate employment
for maintenance and even for food production at the urban scale (urban agriculture).

Recently, the use of green roofs on buildings increased significantly around the world due to
different government incentives and due to pressure exerted by a new market that seeks products and
processes that are more environmentally friendly. However, the lack of a detailed characterization and
guidelines for their design resulted in the implementation of these biological coatings on buildings
being currently based on experience, making them inefficient and even risky. In order to improve this
situation, this review of the state of the art presents a proper green roof classification, which is based
on their components. Similarly, a detailed description of the factors that control the hydraulic and
thermal performance of green roofs is given. Based on these, an estimation of the impact of green
roof systems in sustainable construction certifications is included. Finally, research challenges for the
correct implementation of these biological coatings on buildings are addressed.

2. Components and Classification

2.1. Components

Although the green roof’s most visible part is the vegetation layer, green roofs are multilayer
systems in which each layer has different functions, impact on the complete life cycle (life-cycle
analysis (LCA), and certifications for sustainable construction. This natural-based solution simulates
the natural soil’s characteristics, as presented in Figure 1. The multi-layer components of green roofs
are described below.

(a) Vegetation layer: This can be composed of different biological species, usually plants or even
trees. The respective species selection is based on availability, weather, maintenance conditions, and
the substratum’s depth, which depends on the structural building capacity [9]. Experience shows
that green roof plants need to be chosen with care, as not all plants are suitable for growing in this
way. For example, when choosing plants for a green roof, they need to be able to withstand wind and
frost, be drought-resistant, tolerate living in poor soil, and require low maintenance. Also, green roof
plants should also be attractive and offer food and shelter for wildlife. Although, many plants were
proposed for green roofs in the literature, there is a need for comparisons among various types of
plants to provide design guidelines for selecting the most appropriate vegetative layer for a given green
roof [10]. Interesting research is now being conducted to analyze CO2 reduction and O2 production
from different plant species; hence, this factor should also be included in the plant selection process for
increasing the positive environmental impact of the biological coatings in life-cycle analysis.
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(b) Substratum: The function of this layer is to physically support the vegetation and to supply
the required nutrients for their development. Also, this layer should have the ability to store and
gradually release excess rainwater, keeping enough moisture to later reduce maintenance activities.
This layer is usually based on a combination of minerals with organic matter and other nutrients
such as nitrogen, phosphorus, potassium, and magnesium [11,12]. Physical properties of a typical
substratum are presented in Table 1.

Figure 1. Green roof’s basic components and their similarity with the natural soil. Modified from
Ovacen (2014) [8].

Table 1. Physical properties of a typical substratum used in green roofs [13].

Physical Property One-Layer System Multi-Layered System

Water retention Minimum 20% Minimum 35%
Water permeability Minimum 60 mm/min Minimum 0.6 mm/min

Air content (fully saturated) Minimum 10% Minimum 10%
pH 6.5 to 9.5 6.5 to 8.0

(c) Filter: This building protective layer is usually a geotextile; its main function is to block the
substratum’s material flow to the drainage layer and to keep it in the right position. This geotextile,
chemically neutral, has to be resistant to acid and alkaline attacks [3].

(d) Drainage layer: Also known as a drainage system, this layer is composed of granular-based
material layers and pipelines. This is the key to appropriate vegetation growth and control of building
water-associated problems such as filtrations. In particular, the drainage layer is responsible for the
equilibrium between water excess and scarcity. It is normally formed by gravel, which is a natural
crushed rock [14]. Research is now being conducted to reduce the use of natural aggregates to minimize
the negative environmental impact of using nonrenewable resources in green roofs [15].

(e) Anti-root barrier: This high-density polyethylene layer protects the waterproof membrane
from possible tearing caused by roots. It also functions as a second protection from the substratum to
the building [3].

(f) Waterproof membrane: This layer is used to block the water flow to the building slab. Some of
the most used waterproof membranes are thermo-polymer elastomers such as EPDM (ethylene
propylene diene) or thermoplastic polyolefin (TPO), which are also good as root barriers [14].

2.2. Classification

Although there are different criteria to classify green roofs, the most common classification at the
international level is based on the characteristics of the vegetation layer, as presented below [16].

(a) Extensive: This green roof type uses plants with low-moisture needs (Figure 2). As a
consequence, it uses a substratum with thickness between 5 and 15 cm. This biological coating is
usually implemented on places with difficult access for pedestrians, can be moistened with rainwater,
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and can be placed on existing structures when the building has a proper design (i.e., roof live load
considered as indicated in design codes). Its weight varies from 60 to 140 kg/m2 [17].

 
(a) (b) 

Figure 2. Extensive green roofs: (a) Icelandic house [18]; (b) Nanyang Technological University,
Singapore [19].

(b) Intensive: The green roofs belonging to this type have the possibility of using a great variety
of plants and even tree species (Figure 3). Hence, they generally require substratum of great depth,
usually superior to 15 cm. Based on the last aspect, these coatings can allow pedestrian access, require
artificial water irrigation systems, and are placed on structures specifically designed to bear these
additional loads. Their weight varies from 250 to 400 kg/m2 [20].

  
(a) (b) 

Figure 3. Intensive green roofs: (a) Chicago City Hall, Illinois [21]; (b) apartment building, New
York [22].

(c) Semi-intensive: This type of green roof considers an intermediate system between intensive
and extensive systems with species that grow over a 10 to 30-cm-deep substratum (Figure 4). It allows
partial pedestrian access and requires artificial irrigation systems. Its weight varies from 60 to
140 kg/m2 [23].

  
(a) (b) 

Figure 4. Semi-intensive green roofs: (a) Buenos Aires, Argentina [24]; (b) High Line park building,
New York [25].
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3. Hydraulic Performance

Based on the non-permeable large areas generated by conventional urban development, green
roofs might reduce the negative environmental impact, particularly by partially recovering the natural
water cycle in a basin. These biological coatings on buildings have the ability to store water in the
substratum, in which a fraction is absorbed by plants and returned to the atmosphere via evaporation
and transpiration processes [26,27]. In addition to the efficient management of the evapotranspiration
water fraction, another water fraction is absorbed, infiltrated, and stored inside the system layers.
Depending on the precipitation intensity, substratum type, and depth, studies showed that green roofs
have the capacity to store between 40% and 80% of annual precipitation that falls on them. Additionally,
it was reported that a 12-cm layer takes 12 h to start releasing the stored water during a rain event, and
it continues releasing it during the next 21 h, approximately [28]. Based on Kok et al. (2016) [29] and
Masseroni and Cislagi (2016) [30], the discharge peak from a storm can be reduced by 26% to 35%.
Hence, it is deduced that green roofs, in addition to reducing the magnitude of water volume captured
by rain drainage systems, also delay the water discharge time, because the substratum and other layers
require time to saturate and discharge the stored water, reducing potential flood impacts when used
intensively at the urban scale [26]. In Germany, Spain, Holland, England, and the United States, the
performance of different green roof types was evaluated toward the quantity and quality of urban
runoff water. For example, van Woert et al. (2005) [14] indicated that the implementation of green
roofs reduces the excess of runoff water, and Stovin (2009) [17] found 34% rainwater retention in the 11
precipitation events monitored. In this article, the retention capacity, measured as the water percentage
stored in different green roofs compared with the water that passes through them, is presented in
Table 2. From the results, it can be observed that retention capacities can range from 45% to 78% for
different green roof systems. The variation in the results is associated with the substratum depth, initial
water content, vegetation age and type, and precipitation intensity and distribution.

Table 2. Retention capacity from different green roof systems evaluated worldwide [31].

Rainwater
Retention (%),

Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring
Time

Short Description and References Taken
from Reference [31]

46 - 17 months

Bengtsson et al. (2005) [32] studied a hydrological
function of a Sedum moss thin vegetated roof from
Malmö, Sweden (roof slope 2.6%, substrate thickness
30 mm). The real rain events (mid July 2001 through
December 2002) and artificial storms were
investigated both on the study in real scale and on
the smaller model of the green roof, designed
identically to the original roof but with the possibility
of changing the slope and the drainage material.

61 - 15 months

Van Woert et al. (2005) [14] investigated vegetated
roof water retention and its dependence on roof
surface type, slope, and media depth. Three roof
platforms were constructed in a model scale with a
slope of 2%: gravel, vegetated, and un-vegetated
(study period: August 2002 through October 2003).
Vegetated roofs consisted of the following layers:
drainage (15 mm), water retention fabric (7.5 mm),
additional retention fabric as vegetation carrier
(7.5 mm), and 25 mm of growing media. Twelve
additional roof platforms were used to examine roof
slope (6 with slope 2% and 6 with slope 6.5%) and
media depth (for 2% slope 25 mm and 40 mm; for 6%
40 mm and 60 mm).

205



Coatings 2020, 10, 69

Table 2. Cont.

Rainwater
Retention (%),

Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring
Time

Short Description and References Taken
from Reference [31]

45 19–98 2 months

De Nardo et al. (2005) [33] investigated stormwater
retention by three green roofs located in
Pennsylvania, United States of America (USA).
The roofs consisted of the following layers:
waterproof membrane, drainage layer of 12 mm,
growing medium 89 mm, plant support medium
25 mm. Rainfall and runoff data were collected for
seven rain events during October–November 2002.

63—Roof 1 - 18 months

Moran et al. (2005) [34] monitored two green roofs
installed in North Carolina, USA (in Goldsboro:
soil depth 75 mm, flat, and in Raleigh: soil depth
100 mm, slope of 7%) to estimate water retention and
peak flow reduction. Two different commercially
available drainage systems were used: one in
Goldsboro with negligible storage and one in Raleigh
with water storage capacity of 2.4 L/m2. The runoff
data were collected at Goldsboro during April
2003–September 2004 and in Raleigh during July
2003–September 2004. To investigate water quality
(P-tot, N-tot) runoffwater samples were collected
during 11 rain events from the Goldsboro green roof
(soil mix consisting of 55% expanded slate, 30% sand,
and 15% compost).

55—Roof 2 - 15 months

78 39–100 13 months

Carter and Rasmussen (2006) [35] investigated water
retention of a newly constructed green roof plot in
Athens, Georgia, USA. The construction followed a
design of a commercial product. In total,
31 rainfall–runoff events were registered during a
study period of 13 months (November
2003–November 2004). The roof layers included a
root protection sheet of negligible thickness,
4.8-mm-thick moisture retention mat with water
retention capacity of 5 L/m2, 38.1-mm-thick synthetic
drainage panel with water retention capacity of
4 L/m2 (both layers provided about 9-mm retention).
The growing medium was 76.2 mm thick.

49 - 4 storm events

Monterusso et al. (2004) [36] performed a pilot
investigation of water retention (calculated for
individual rainfall events) and water quality of
runoff among combinations of various commercial
growing systems and vegetation types in Michigan,
USA. Twelve roof platforms were installed, each
divided into 3 parts with different vegetation.
All platforms duplicated typical commercial green
roof construction; 4 commercial drainage systems
were installed. Platforms were set at a slope of 2%.
The substrate depth was 100 mm for three types of
drainage systems and 20 mm (Sedum) or 60 mm
(natives) for the fourth drainage system. The soil mix
consisted of 60% heat-expanded slate, 25% grade
sand, 5% aged compost, and 10% peat. Three groups
of vegetation were used, the first consisting of seven
Sedum spp. propagated from seed, the second from
two Sedum spp. planted from plugs, and the third
consisting of 18 species of region (Michigan) native
plants planted from plugs.
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Table 2. Cont.

Rainwater
Retention (%),

Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring
Time

Short Description and References Taken from
Reference [31]

- 5–70 6 months

Bliss et al. (2009) [37] monitored a prototype green
roof in Pittsburgh, Pennsylvania, USA. The 1150-m2

extensive green roof consisted of a bitumen built-up
membrane with root barrier, drainage, and filter
fabric layer beneath 140-mm-thick synthetic growing
medium made of expanded shale, perlite, and
coconut husk. Regarding water quantity
investigation, the data were obtained for 13 storms
(August 2006–January 2007). Water quality tests
(phosphorus, sulfate, nitrogen, chemical oxygen
demand (COD) for unfiltered and filtered samples,
pH and turbidity for unfiltered samples and lead,
cadmium, and zinc for filtered samples) were
reported for one of the two selected storms
(17 October 2006 or 1 December 2006).

On the other hand, as mentioned previously for the drainage layer, recent research is evaluating
new material sources to replace natural aggregates traditionally used on green roofs. In this case,
drainage systems composed of PEAD plates (recycled high-density polyethylene), reused PET bottles
(polyethylene terephthalate), and vulcanized recycled rubber particles were evaluated and compared
with basal gravel, the conventional system used as a drainage system (Figure 5). The results indicated
that, for low-intensity precipitations (simulations of 1 and 4 mm) and duration of a couple of hours,
granular drainage systems (rubber and gravel) were very efficient, as they kept almost all precipitation
water, and retention coefficients were about 100%. For the same conditions, reused PET bottles and
PEAD plates retained half of the simulated precipitation, while retention coefficients were about 50%.
For higher-intensity precipitations (simulations around 50 mm), the retention coefficients were near
30% for all green roof systems, except for the system composed of PET bottles, which had a retention
capacity near to 0% [15].

Using the same experimental methodology but including a simulation for the Singapore
precipitation regime, extensive green roofs of 12 cm were not enough to obtain a significant retention
coefficient. The authors concluded that a proper green roof design has to be done for each precipitation
condition [38]. Hence, more research has to be conducted to improve the retention coefficients in
green roofs.

  
(a) (b) 

Figure 5. Cont.
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(c) (d) 

Figure 5. Cross-transversal sections of green roof prototypes evaluated using reused and recycled
materials as their drainage systems: (a) roof with basal gravel (reference); (b) roof with vulcanized
recycled rubber particles; (c) roof with PET (polyethylene terephthalate) bottles; (d) roof with PEAD
(recycled high-density polyethylene) plates [15].

4. Thermal Performance

In general, green roof systems produce a high thermal isolation effect in buildings by increasing
thermal inertia. This interesting property is mainly due to the green roof components which work as
thermal isolation chambers, preventing and delaying the temperature amplitudes due to their high
thermal capacities in hot regions, as well as heat winter loss reduction in cold regions. Indeed, a green
roof can reduce energy consumption from air conditioning in buildings to 50% [39]. In addition to the
good thermal performance of green roofs, they also reduce the surrounding environment’s temperature
via vegetative physiological processes such as evapotranspiration, photosynthesis, and ability to store
water [39]. Scale experiments in outdoor conditions on different green roof systems developed in Cali
(Colombia) showed that, during days where the environmental temperature was high (over 35◦ C),
there was a temperature reduction between 10.6 and 11.7 ◦C below the green roof prototypes [15].
These results are similar to those reported in the literature for tropical climates. More details about the
prototype evaluation can be seen in Figure 6.

 
Figure 6. Green roof prototypes evaluated using reused and recycled materials in their drainage
systems [15].
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Table 3 summarizes results from several researchers about the thermal performance of different
green roof systems. From these results, a trend to evaluate the thermal behavior of green roof systems
during warm and cold seasons can be identified. Although some researchers showed a more efficient
behavior in hot weather compared to cold weather, some others showed almost the same behavior.
Based on the review, more research should be conducted when the substratum is in saturated conditions
during cold weather; then, the isolating effect of green roofs seems to be significantly reduced [40].

Table 3. Relevant work related to the thermal performance of green roofs.

Approach Proposed Major Findings Reference

Long-term experimental
analysis to compare
thermal performance
from a conventional roof
respect to a green roof.

Under typical Mediterranean climate conditions, the green roof
system provides different behavior according to the season.
The green roof performance is meaningful during warm seasons,
while this technology does not show a significant difference with
a conventional roof during cold seasons.

[41]

Model based on energy
balanced equations
expressed for foliage soil
media and simulations.

During the exposure to warm environmental conditions, the
evapotranspiration provides evaporative cooling that increases
the thermal resistance of a green roof system.

[42]

Analysis of transmittance
and heat flux.

During the winter season, the green roof provides further
isolation even in saturated conditions. In the summer, the green
roof decreases incoming heat fluxes and ceiling temperatures.

[43]

Study during warm and
cold periods with 3
different roof conditions.

During warm periods, the evaluated green roof reduced heat
gain over 90%. During the cold period, the evaluated green roof
system reduced heat loss between 70% and 84%. These results
are comparable to those obtained with conventional ceramic and
metallic roofs.

[44]

Numerical model and
experimental validation
for energy savings
(comparison approach).

After evaluating extensive, semi-intensive, and intensive green
roofs, the extensive one involved higher cooling energy demand
than semi-intensive (2.8-fold) and intensive ones (5.9-fold).

[45]

Mathematical model and
experimental validation.

Cooling potential of green roofs can be around 3.02 kWh per day
for an LAI (leaf area index) of 4.5. This is enough to maintain an
average room temperature of 25.7 ◦C.

[46]

Experimental study for
measuring energy
savings in cooling for
Mediterranean
continental climate.

Energy savings (16.7%) for cooling and an increase in energy
consumption for heating (11.1%) were observed compared to
conventional flat roofs. These results correspond to a 20% to
>85% area covered by vegetation.

[47,48]

5. Certifications for Sustainable Construction

In order to evaluate the impact of green roof system implementation on major sustainable
construction certifications, a preliminary qualitative impact analysis must be developed to assess the
decision process. A suggested impact of the green roof system that varies from not related to high is
presented in Tables 4 and 5, which summarize the impact of green roofs on the overall certification
systems based on the degree of relevance of green roof benefits concerning the main criteria for
each system. Thus, criteria regarding energy and water involve a strong (high impact) relationship
(efficiency, cost reduction), while indoor and outdoor environment improvements involve indirect
benefits (medium impact). Finally, innovation is considered as a less relevant criterion since its
measurement in buildings is still subjective in terms of green roofs, and it can be interpreted as an
indirect benefit or consequence.
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Table 4. Suggested impact of green roof systems in sustainable construction certifications.

Impact Description

High
In this level, a green roof has a direct influence on the evaluation criteria providing points
in relation to conventional roofs. There is a strong relation to energy and water efficient
use criteria.

Medium Although, in this level, the implementation of green roof systems has an impact on the criteria,
complementary technologies are required to be explicitly valued.

Low At this level, the green roof implementation is related to the criteria, but it does not necessarily
mean a performance improvement.

Not related The implementation of green roof systems has no impact on the evaluation criteria in this level.

Table 5. Impact of green roof systems on different sustainable construction certifications.

BREEAM—
Building Research

Establishment
Environmental

Assessment
Method

LEED—Leadership
in Energy and
Environment

Design

CASBEE—
Comprehensive

Assessment
System for Built

Environment
Efficiency

BEAM
Plus—Building
Environmental

Assessment
Method

ESGB—Evaluation
Standard for

Green Building

Management Sustainable sites Indoor
environment Site aspect

Sustainable site
and outdoor
environment

Health and
wellbeing Water efficiency Quality of service Material aspect Energy use

Energy Energy and
atmosphere

Outdoor
environment Energy use Water use

Transport Material and
resources

Energy resources
and materials Water use Material use

Water
Indoor

environmental
quality

Off-site
environment

Indoor
environmental

quality

Indoor
environmental

quality

Materials Innovation in
design

Innovation and
performance

enhance

Operation
management

Waste Regional priority
Land use and

ecology
Pollution

Innovation

High impact: ;; medium impact: ;; low impact: ; not related: .

From the analysis of the impact of green roofs on construction certifications, it is clear that the
British Accreditation, BREEAM (Building Research Establishment Environmental Assessment Method),
considers the use of this technology more relevant. BREEAM assumes a high impact of green roofs
in energy, water, pollution, land use, and ecology. Contrary to BREEAM, the Japanese Accreditation,
CASBEE (Comprehensive Assessment System for Built Environment Efficiency), does not consider
the use of green roofs crucial for sustainable construction. However, this accreditation system gives
a reasonable importance to green roofs regarding energy resources and materials and in outdoor
environments. On the other hand, LEED (Leadership in Energy and Environment Design), BEAM Plus
(Building Environmental Assessment Method), and ESGB (Evaluation Standard for Green Building)
give a medium impact of using green roofs in their accreditation systems.

In general, for the accreditation systems, green roofs are considered as a low-level innovation,
unless they are integrated with other technologies such as renewable energies, cogeneration, and so on.
That is due to the fact that green roof systems were implemented in many projects worldwide in the
past. However, the real fact is that the impact of the implementation was never properly quantified
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for the hydraulic and thermal performances. Thus, other environmental benefits such as reduction
of the heat island effect and sewage system load, improvement of runoff water and air quality, and
reconstruction of natural landscapes remain to be estimated for each green roof case.

As a reference for the reader, a description of major construction certifications is included in
Table 6.

Table 6. Description of major sustainable construction certifications based on Park et al. (2017) [49] and
Lee (2013) [50].

Certification Systems Characteristics Measuring Method

BREEAM—Building
Research Establishment
Environmental
Assessment Method

Most used certification used worldwide to
measure, organize hierarchically, and certify a
building’s sustainability. More than 250,000
buildings in more than 70 countries have this
certification. Origin: United Kingdom.

Hierarchical criteria credit
system in the following
categories: fulfilling, good,
very good, excellent, and
outstanding.

LEED—Leadership in
Energy and
Environment Design

This certification includes measuring and
hierarchical organizing systems for design,
construction, maintenance, and operation of
green buildings that use some type of related
technologies. More than 80,000 buildings
worldwide have this certification.
Origin: USA.

Certification system based
on points as follows:
platinum: more than 80
gold: between 60 and 79
silver: between 50 and 59
certified: between 40 and 49

CASBEE—Comprehensive
Assessment System for
Built Environment
Efficiency

This certification system was designed to
measure the impact on people’s life quality,
resource consumption, and environmental
loads caused by buildings. This certification
system is supported by the national
government in Japan. Origin: Japan.

Valuation scale from 1 to 5.
The minimal condition
required by law is 3.

BEAM Plus—Hong
Kong Building
Environmental
Assessment Method

This certification covers a wide variety of
building impacts on local, global, and indoor
scales. Origin: China.

The evaluation system has
four levels:
bronze: over 40% credits
silver: over 55% credits
gold: over 65% credits
platinum: over 75% credits

ESGB—Evaluation
Standard for
Green Building

This certification was designed to evaluate
new and existing buildings during the design
and construction stages. Origin: China.

This certification has 3
levels:
1 start: over 33% marks
2 starts: over 67% marks
3 starts: over 80% marks

6. Conclusions and Research Challenges

Although green roofs were used in major ancient buildings, their implementation in modern
infrastructure was restricted until Le Corbusier included them among the main building conceptual
design points. However, green roofs became more a landscaping action rather than a technical solution
with significant environmental, technical, economic, and social benefits. This is mainly due to the fact
that there was no proper design, construction, and maintenance of these biological coatings. Intensive,
semi-intensive, and extensive green roofs require a proper conceptualization that allows identification
of each component and their functions for the overall performance.

Currently, the economic benefits from reducing building energy consumption and sewage system
load attracted the attention of urban developers for implementing green roofs on buildings. This review
showed that, only regarding the hydraulic performance, retention capacities vary from 45% to 78%
for different green roof systems reported in the literature. Thus, more research has to be conducted
to estimate the real impact of substratum depth, initial water content, vegetation age and type, and
precipitation regime on the hydraulic performance. Similarly, although thermal gradients up to
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10◦ were reported using green roofs in tropical climates, more research on the application of green
roofs in cold climates has to be done. In this case, when the substratum is saturated, the isolating
effect is significantly reduced. Therefore, combined models that integrate hydraulic and thermal
performances should be developed. Thermal and hydraulic performances mostly control the complete
green roof system.

Even though most accreditation systems for sustainable constructions do not give significant
importance to green roof implementation, an accurate quantification of the environmental, technical,
economic, and social benefits of green roofs might help to improve this situation, as well as address the
lack of legislation for this technology in most countries.

Finally, from this review of the state of the art, research challenges that can be undertaken in the
short or medium term toward an effective implementation of green roofs are presented in Table 7.

Table 7. Research challenges facing green roofs reported in the literature.

Component Research Topics

Vegetation layer

(a) Study the vegetation behavior under different climate conditions.
(b) Generate robust databases for plant analysis and its selection. Include CO2
sequestration performance.
(c) Study of influence of vegetation on green roof thermal and hydraulic performances.
(d) Analyze the relationship and effect on wildlife.

Substratum
(a) Develop growth media mixtures able to reduce erosion and increase water content for
low-depth substratum.
(b) Develop growth media using renewable local materials.

Materials

(a) Improve root resistance from waterproof membrane and anti-root barrier.
(b) Increase water retention capacity from the drainage layer materials.
(c) Include reused, reduced, and recycled materials in all components of green roofs.
(d) Durability strategies to increase life span.

Others

(a) Design and implementation of robust policies to promote massive use.
(b) Evaluate green roof implementation using the life-cycle analysis (LCA) methodology.
(c) Analyze the overall performance from a multidisciplinary perspective.
(d) Develop local design and construction guidelines.
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Abstract: Cellulose-based aerogels hold the potential to become a cost-effective bio-based solution for
thermal insulation in buildings. Low thermal conductivities (<0.025 W·m−1·K−1) are achieved
through a decrease in gaseous phase contribution, exploiting the Knudsen effect. However,
several challenges need to be overcome: production energy demand and cost, moisture sensitivity,
flammability, and thermal stability. Herein, a description and discussion of current trends and
challenges in cellulose aerogel research for thermal insulation are presented, gathered from studies
reported within the last five years. The text is divided into three main sections: (i) an overview of
thermal performance of cellulose aerogels, (ii) an identification of challenges and possible solutions
for cellulose aerogel thermal insulation, and (iii) a brief description of cellulose/silica aerogels.

Keywords: cellulose; aerogel; thermal insulation; building envelope; silica

1. Introduction

Indoor space heating/cooling accounts for over 30% of all the energy consumed in buildings and
around 10% of the world’s energy consumption [1]. The building envelope thermal performance is a
prime factor dictating the amount of energy required for environmental comfort. The building envelope
is composed of different elements such as walls and roofs, which separate indoor and outdoor spaces.
In this regard, several studies conclude an improvement in energy consumption by the incorporation of
thermal insulation materials in walls and roofs as a passive strategy. For example, reductions in annual
cooling energy and peak cooling load of up to 20% and 30% were achieved for a building located in a
tropical region via implementation of the aforementioned strategy [2]. A thermal insulation material
could be defined as one that slows down the heat flow into or out of the building. For its selection,
thermal conductivity is the main property to look for. Table 1 lists the typical thermal conductivities of
selected commercial building insulation materials for reference. These commercial materials are either
derived from petrochemical sources or demand energy-intensive production processes, imparting
questions about their role in a future sustainable economy, thus motivating the development of a
family of renewable insulation materials and their corresponding low-energy demand processes [3].

Table 1. Thermal conductivity of selected building insulation materials [4].

Material Thermal Conductivity (W·m−1·K−1)

Expanded polystyrene 0.030–0.040
Polyurethane 0.020–0.030
Fiberglass 0.033–0.044
Mineral wool 0.030–0.040

Coatings 2018, 8, 345; doi:10.3390/coatings8100345 www.mdpi.com/journal/coatings215
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Cellulose is the most abundant bio-polymer on earth, recognized for its renewability,
bio-compatibility, and bio-degradability. Cellulose is a linear polysaccharide (β (1−4) linked D-glucose
units) generally found as a structural component of cell walls in plants and algae or as a biofilm
secretion of some bacteria species. Secondary interactions (van der Waals and hydrogen bonding)
between polymer chains promote parallel stacking and subsequent formation of fibrils with a diameter
around 5–50 nm containing crystalline and amorphous regions [5]. These fibrils have a density around
1.5 g·cm−3, an average Young modulus of 125 GPa, an average tensile strength of 2.5 GPa, and a
surface area close to 800 m2·g−1. Therefore, cellulose nanofibrils are suitable for the formation of
bio-based aerogels for thermal insulation [6].

According to the International Union of Pure and Applied Chemistry (IUPAC), an aerogel refers
to a gel comprising a microporous solid in which the dispersed phase is a gas [7]. An aerogel comprises
a solid-smoke look alike and highly porous solid (porosity >90% typically). The bulk density of
aerogels typically lies between 0.003–0.200 g·cm−3 and the surface area between 800–1000 m2·g−1 [8].
A distinction must be made between foams and aerogels. According to Sakai et al. [9], foams tend to
have microscale pores with a wall-like solid phase, whereas aerogels have nanoscale pores formed
with a network-like skeleton of interconnected nanoparticles (refer to Figure 1).

  

Figure 1. (a) Physical appearance of a cellulose aerogel; (b,c) Scanning electron microscopy images of a
cellulose aerogel at different magnifications; (d) Physical appearance of a cellulose foam; (e) Scanning
electron microscopy images of a cellulose foam. Reproduced from Sakai et al. [9], licensed under a
Creative Commons Attribution 4.0 International License.

Cellulose aerogels are produced principally by a multistep sol−gel process involving dissolution
of cellulose into nanofibrils, solvent exchange, and solvent removal by either supercritical-drying
(SD) or freeze-drying (FD) [10–12]. The main technical challenge associated with this approach
is to preserve the distribution of the dispersed solids upon solvent removal in order to get a
porous material. During supercritical-drying, the solvent is substituted by a fluid at supercritical
conditions (CO2 is the common choice) to prevent the formation of a liquid/vapor interface, and thus,
capillary pressure-induced stresses during removal that could lead to collapse of the porous structure.
Freeze-drying involves rapid solidification of the dispersion typically by immersion in liquid nitrogen.
The solidified solvent (water is the common choice) is then removed by sublimation to prevent the
formation of a liquid/vapor interface (refer to Figure 2).
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Figure 2. Phase diagrams of freeze-drying (a) and supercritical-drying (b) superposed on water
and CO2, respectively. Reproduced from from Lavoine & Bergström [10], licensed under a Creative
Commons Attribution Non-Commercial 3.0 Unported License.

The thermal conductivity of a porous material like an aerogel could be divided into three
contributions: conduction of the solid network, conduction of the gaseous phase, and radiation
through or within pores [13]. The contribution of the solid network decreases as the porosity increases
because a large quantity of pores restricts the propagation of phonons in the aerogel backbone [14].
The contribution of the gaseous phase is due to elastic collisions between gas molecules. The thermal
conductivity of the gaseous phase depends on the mean free path of the gas molecules enclosed in the
pores and the pore size. In principle, for the aerogel to be effective designed, its thermal conductivity
should be lower than the thermal conductivity of “free” atmospheric air (0.025 W·m−1·K−1 at 300 K
and 1 atm [15]). The aforementioned is achieved by the presence of pore sizes below the mean free
path of air molecules (70 nm at 300 K and 1 atm), thus inhibiting the thermal diffusion of the gas
(often call the Knudsen effect [16]). The ratio of the mean free path of gas molecules and the diameter
of the pore is known as the Knudsen number. The nanometric size of the pores suppresses gaseous
convective thermal transport and radiation.

2. Thermal Performance of Cellulose Aerogels

Cellulose nanofibrils, the building block of cellulose aerogels, present a natural variability
as a function of the feedstock and extraction process. Chen et al. [17] measured the
thermal properties of cellulose aerogels formed from fibrils extracted by four isolation methods:
high-intensity ultra-sonication, hydrochloric acid hydrolysis, (2,2,6,6-tetramethylpiperidin-1-yl)
oxidanyl (TEMPO)-mediated oxidation, and sulfuric acid hydrolysis. The highest thermal degradation
temperature (342 ◦C) was reported for the case of hydrochloric-acid hydrolysis-mediated isolation.
The lowest thermal degradation temperature (120 ◦C) corresponded to the case of sulfuric-acid
hydrolysis-mediated isolation, attributed to the presence of sulfate groups on the fibril surface. All the
aerogels reported thermal conductivities below 0.016 W·m−1·K−1 as a consequence of their low
densities (0.005 g·cm−3) and high porosities.

Surface properties of cellulose nanofibrils also affect the aerogel formation process and final
properties. For example, consistent gel formation with sulfated cellulose nanofibrils tends to be
more difficult than with carboxylated cellulose nanofibrils [18]. Therefore, aiming to mimic the
optical transparency and linear elasticity of silica aerogels, Kobayashi et al. [19] prepared aerogels
from surface-carboxylated cellulose nanofibrils dispersed in water in a nematic liquid-crystal order.
The lowest thermal conductivity reported was 0.018 W·m−1·K−1 for the case of an aerogel with a
density of 0.017 g·cm−3 and a pore size of approximately 30 nm. The key for obtaining such properties
was the preservation of the liquid-crystalline arrangements during the formation of the aerogels.
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Regarding the role of morphology on the thermal performance of aerogels, Sakai et al. [9]
compared cellulose foams and aerogels with a solid volume fraction ranging from 0.3% to 2.7% made
of crystalline cellulose nanofibers. For the case of the foam, the thermal conductivity decreased as the
solid volume fraction increased. In principle, the conductivity of air within a microscale pore is due to
convection, and thus, has the same conductivity as atmospheric air. However, heat transfer between
air and the solid phase plays a major role in the overall conductivity due to the non-interconnected
arrangement of the porous structure. Therefore, the tendency between thermal conductivity and solid
volume fraction is explained by an increase in the contribution of the interfacial heat transfer as the
pore size decreases with the rise in solid volume fraction. For the case of the aerogels, the thermal
conductivity increased as the solid volume fraction did. For this case, heat transfer between the gas
and solid phases is negligible due to the presence of open pores. Jiménez-Saelices et al. [20] also
evaluated the thermal properties of cellulose aerogels as a function of different pore organizations.
The aerogels were formed from cellulose nanofibril suspensions by freeze-drying, using two different
molds subjected to different temperature gradients. Two cases were evaluated: one aerogel with
oriented pore channels and an aerogel with no pore alignment. At a fixed density, aerogels with no
pore alignment had more efficient thermal insulating properties than aerogels prepared with oriented
pore distribution, and attained a minimal thermal conductivity of 0.024 W·m−1·K−1. Although, for the
former case, the pores are microscopic; the reduction in thermal conductivity was associated with a
decrease in heat transfer by radiation due to the absence of interconnecting channels between pores.
This effect is further evidenced in the difference between the thermal conductivity in the transverse
(0.030 W·m−1·K−1) and axial directions (0.060 W·m−1·K−1) of hierarchal aligned cellulose nanofibril
foams [21].

Bendahou et al. [22] obtained aerogels with a foam-like morphology; i.e., pores with a
wall-like solid phase. The team used nanozeolites and cellulose fibrils to form composite aerogels,
expecting a synergy between components. The thermal conductivity decreased 0.028 W·m−1·K−1 to
0.018 W·m−1·K−1 as the mass fraction of nanoparticles increased. The trend in thermal conductivity
was associated with the co-existence of nanozeolite pores and interfibrillar cellulose pores. The porous
zeolites were embedded in the mesoporous nanofibrillated structure, thus reducing the gas molecule
movement as the mass fraction of the former increased. It is worth noting that the thermal conductivity
is similar to the all-cellulose aerogels previously discussed. This behavior could be attributed to the
fact that microscopy observation reveaeds that nanozeolites were deposited on cellulose nanofibril
films and that the thermal conductivity was relatively high because of the solid conduction between
nanofibril films.

Seantier et al. [23] formed aerogels based on combinations of cellulose fiber and cellulose
nanofibrils aiming toward tuning the thermal and mechanical properties through aspect ratio and mass
proportion modification. The structure of the aerogels could be described as nanofibril films coated
upon cellulose fibers. The lowest thermal conductivity reported was 0.023 W·m−1·K−1. The insulation
performance was described as an interplay between meso- and nanopores. The nanopores were more
effective in confining air through the Knudsen effect.

Jiménez-Saelices et al. [24] claimed that the reason for limited reports of aerogels prepared through
freeze-drying showing thermal conductivities below 0.020 W·m−1·K−1 was due to the presence of
macropores in the aerogels prepared by such a method. The team tested a spray freeze-drying
technique in order to overcome the aforementioned issue. Aerogels showed a porous interconnected
morphology with a pore size ranging from a few tenths of nanometers to a few microns. The lowest
thermal conductivity reported was 0.018 W·m−1·K−1.

Coquard & Baillis [25] developed a numerical model for estimating the phonon thermal
conductivity of cellulose-based aerogels in order to gain a deeper understanding of its thermal behavior.
The model used a Kelvin cell representation of the porous structure whose size varied between 57
and 500 nm. At a fixed density, the aerogels with small cells reduced the phonon transport, and
consequently, the heat flux due to interactions between phonons and the boundary of the solid phase.
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Beyond 100 nm, phonon–phonon scattering events were predominant and the macroscopic laws of
heat conduction were then applicable.

Jiménez-Saelices et al. [26] also prepared aerogels from freeze-dried cellulose-stabilized Pickering
emulsions as gels (refer to Figure 3). It was claimed that the resistance of these emulsions to shrinkage
during sublimation was responsible for the formation of an alveolar morphology and a closed porosity
in the walls of such alveolar cells. The aerogels showed low thermal conductivities (0.018 W·m−1·K−1)
in the “super-insulating” range.

 

Figure 3. SEM images of aerogels prepared from cellulose-stabilized emulsions at different
concentrations: (a) 1 wt %, (b) 2 wt %, and (c) 3 wt %. Reprinted with permission from [26]. Copyright
2018 American Chemical Society.

3. Challenges for Practical Application of Cellulose Aerogels in Thermal Insulation

In addition to thermal performance-related requirements strictly associated with the main function
of thermal insulator materials, there are several challenges that need to be overcome for the practical
application of cellulose aerogels for such a function.

3.1. Moisture Sensitivity

The hydrophilic characteristic of cellulose is detrimental for the thermal performance of
the aerogels because it induces an eventual increase in thermal conductivity of the material
through densification of the matrix as air moisture is retained. In a study carried out by
Apostolopoulou-Kalkavoura et al. [27], the thermal conductivity of cellulose foams increased more
than threefold as the relative humidity (RH) did from 2% to 80%. The main strategy aiming to solve
the moisture sensitivity of cellulose involves modification of the surface of the aerogel.

Shi et al. [28,29] performed a hydrophobic modification of cellulose/silica aerogels using CCl4 as
plasma. The aerogels were prepared using NaOH/thiourea as a solvent system and the freeze-drying
method. The modification turned the surface of aerogels from hydrophilic to hydrophobic, reporting a
water contact angle of 132◦ for the cellulose/silica system.

Zhai et al. [30] formed poly(vinyl alcohol)/cellulose aerogels using a unidirectional freeze-drying
process followed by chemical vapor deposition of methyltrichlorosilane. The silane-coated aerogels
became hydrophobic, reporting a water contact angle of 141.8◦.

Li et al. [31] fabricated cellulose/silica aerogels surface-treated by immersion in a
trimethylchlorosilane/n-hexane solution. The aerogels reported a water contact angle of 139.6◦.
Trimethylchlorosilane reacts with water and Si–OH groups on the surface of the aerogels, substituting
the hydrophilic –OH groups with hydrophobic –CH3 groups.

Jiang et al. [32] aimed to simultaneously improve the mechanical properties and increase
hydrophobicity of cellulose nanofibril aerogels by cross-linking cellulose at their surface hydroxyls
with diisocyanate. Cross-linked aerogels reported a higher modulus (209 kPa) than their counterparts
(94 kPa).
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3.2. Flame-Retardant Performance and Thermal Stability

Cellulose by itself is a highly flammable biopolymer with a limiting oxygen index (LOI) near
18 [33]. Furthermore, the large surface area of cellulose aerogels facilitates the ignition process. LOI
is a measure of the limiting concentration of oxygen in an oxygen/nitrogen mixture necessary for
sustaining combustion once a material is ignited. Therefore, a material with an LOI value above 21
should not burn in air (at room temperature) unless there is a constant transfer of heat from a source.
The general strategy explored to overcome this issue is to create cellulose-composite aerogels either by
addition or in situ formation of flame-retardant agents. In this regard, inorganic nanoparticles are the
main choice.

Fan et al. [34] prepared an aerogel based on cellulose nanofibrils and aluminum oxyhydroxide.
Aluminum oxyhydroxide is a widely used inorganic flame-retardant additive because of its non-toxic
and non-volatile nature. When exposed to a flame, the aerogel did not burn, and kept an integrated
shape even after 60 s of continuous exposure. A control sample aerogel made only of cellulose
nanofibrils burned immediately upon contact with the flame.

Yang et al. [35] prepared an aerogel consisting of a cellulose nanofibril backbone encapsulated by a
layer of ultrathin MoS2 nanosheets. The nanocomposite aerogel reported an LOI of 34.7 and a thermal
conductivity of 0.028 W·m−1·K−1. A vertical burning test further demonstrated a self-extinguishing
capability of the aerogel. Evidence suggested the presence of bonding between MoS2 nanosheets
and the cellulose nanofibril as a result of chemical cross-linking between Mo4+ cations, and carboxyl
(–COOH) and hydroxyl (–OH) groups in the cellulose.

Han et al. [36] proposed an alternative approach to the conventional mixing of flame-retardant
additives with cellulose nanofibrils, aiming to avoid additive agglomeration. The team used a
three-dimensional nanoporous cellulose gel prepared by dissolution and coagulation of cellulose from
an aqueous NaOH/urea solution as template for the growth of magnesium-hydroxide nanoparticles.
Once ignited, the flame propagation slowed and extinguished within 40 s for the cellulose/MgOH
aerogel. A control pure cellulose aerogel completely burned after 10 s.

Köklükaya et al. [37] deposited nanometric films of cationic chitosan, anionic poly(vinylphosphonic
acid), and anionic montmorillonite clay on cellulose nanofibril aerogels through a layer-by-layer approach.
The aerogels showed a non-ignition behavior when exposed to heat flux, whereas an unmodified
sample ignited and burned completely. It was suggested that chitosan, poly(vinylphosphonic acid),
and montmorillonite promote char formation and reduce the release of flammable volatiles.

Kaya [38] prepared a cellulose nanofibril aerogel cross-linked with citric acid. The non-cross-linked
aerogel, once ignited, burned 25% of the sample after 34 s. The cross-linked aerogel was more slowly
ignited and 25% of the sample burned after 51 s.

The thermal degradation of cellulose in nitrogen is a one-step process involving a competition
between depolymerization and dehydration. In air, cellulose undergoes a two-step thermo-oxidation
process: (i) aliphatic char and flammable volatile formation (at 300–400 ◦C) and (ii) oxidation of
aliphatic char (at 400–600 ◦C) and release of carbon monoxide and dioxide [39]. Smith et al. [40] coated
cellulose nanofibril aerogel with aluminum oxide through atomic layer deposition aiming toward
improving the oxidation resistance of cellulose. The temperature of onset decomposition increased by
120 ◦C.

Silica layers were grown on the surface of bacterial cellulose nanofibrils in order to prepare
freeze-dried aerogels by Liu et al. [41]. The silica-coated cellulose nanofibrils were further exposed
to >400 ◦C, removing the cellulose cores and leading to silica nanotubes with internal dimensions
equivalent to the dimensions of the nanofibrils. The decomposition temperature shifted 70 ◦C, reaching
335 ◦C under nitrogen atmosphere. The coverage of silica on the cellulose restricted the accessibility of
oxygen and limited the degassing of degradation products.

Hydroxyapatite is an inorganic component found in bones making it an abundant and
non-toxic choice as a flame-retardant additive. This motivated Guo et al. [42] to fabricate a series
of cellulose/hydroxyapatite aerogels through a freeze-drying approach. Although the thermal
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conductivity was relatively high (0.038 W·m−1·K−1), the addition of the inorganic phase provided the
material a low peak heat release rate (20.4 kW·m−2) and total heat release (1.21 MJ·m−2) according to
cone calorimetry tests. It was believed that the layer of hydroxyapatite covering cellulose nanofibers
inhibited oxygen diffusion into the fibers, restricting the escape of volatile products.

3.3. Processing Energy Demand and Cost of Cellulose Aerogels

“Super-insulating” cellulose aerogels were reported promising half the material thickness for
thermal insulation panels compared to expanded polystyrene, polyurethane, fiberglass, or mineral
wool. However, the cost of an aerogel panel (silica for example) is up to 10 times that of those made
of traditional insulation materials [43]. Although cellulose aerogels are only developed and tested
at the lab scale so far, they are expected to have the same cost tendency as conventional aerogel
panels. The cost of the panel is partially dictated by raw materials and their processing toward
aerogel formation. In this regard, the main drawbacks of both supercritical-drying and freeze-drying
approaches are their high capital investment, high energy demand, and long processing times.

In principle, breakthroughs in cost reduction of cellulose aerogel production could be achieved
by performing the process at pressures and temperatures near atmospheric reference. Therefore,
ambient pressure drying (APD) was proposed as a suitable alternative to FD and SD. For this approach
to be effective, the collapse of the porous structure during drying due to capillary forces must be
avoided. The general strategy to accomplish the aforementioned goal involves surface modification
of cellulose into a hydrophobic nature. The techniques used to transform cellulose surfaces into
a hydrophobic nature during APD differ from those presented in Section 3.1 because the former
must be performed prior drying of the hydrogel. Surface modifications using trityl chloride [44],
anhydride [45], and octylamine [46] were reported. In addition to surface hydrophobization, enhancing
the hydrogel mechanical strength by means of cellulose nanofibril entanglement allowed the formation
of low-density (0.018 g·cm−3) APD aerogels [47].

APD requires solvent exchange prior to drying; examples in the literature include the use of
n-hexane [48], 2-propanol [47], ethanol [49,50], and 2-propanol followed by octane [51]. This represents
another opportunity for cost reduction: finding ways to incorporate solvents with low vapor pressure,
such as ionic liquids [52]. Upon finding a suitable ionic solvent for cellulose aerogel processing, the
main advantage will be the opportunity to reuse these solvents after the drying step.

De France et al. [53] identified other processing methods that could reduce the cost of aerogel
preparation by targeting scalability, including spray drying, freeze spray drying, and pressurized
gas-expanded drying.

4. Cellulose/Silica Aerogels for Thermal Insulation

Silica aerogels are recognized due to their low thermal conductivity (–0.012 W·m−1·K−1) and
low flammability [54]. Production costs and brittle mechanical behavior hinder their application for
thermal insulation. To overcome this, several strategies were reported involving cellulose nanofibrils
as cross-linkers or as a scaffold/template for aerogel formation. However, the improvement in
mechanical properties generally comes at the expense of an increase in thermal conductivity of the
resulting composite due to densification of the aerogel by the addition of a reinforcement phase.
For example, Sai et al. [55] used a freeze-dried bacterial cellulose fibrous mat impregnated with
silica-based sol to obtain a composite achieving a thermal conductivity of 0.037 W·m−1·K−1 compared
to 0.030 W·m−1·K−1 for cellulose aerogel alone.

Zhao et al. [56] formed an interpenetrating network of mesoporous silica within a silylated-
cellulose nanofibril template. The cellulose/silica system reported increases (relative to a control silica
aerogel) in the Young modulus and ultimate stress under compression of 55% and 126%, respectively,
while maintaining a thermal conductivity of 0.017 W·m−1·K−1.

Wong et al. [57] prepared a cellulose/silica aerogel by dispersing cellulose nanofibrils on a
poly(ethoxydisiloxane) sols prior to gelation. No significant enhancements in elastic modulus,

221



Coatings 2018, 8, 345

compressive strength, or fracture strain could be identified or separated from the effects of increasing
density. However, the cellulose/silica aerogel reported tensile strengths 25%–40% higher than that
for a silica aerogel of comparable density. The thermal conductivity of the cellulose/silica system
increased by −11% relative to the silica aerogel.

Silica aerogels are formed through a two-step acid–base-catalyzed sol–gel route from
tetraalkoxysilane precursors. Therefore, Fu et al. [58] evaluated the effect of cellulose nanofibril
concentration, tetraethyl orthosilicate concentration, pH of the condensation process, and immersion
time on the physical and mechanical properties of cellulose/silica aerogels. Aerogels were prepared
by the impregnation of a cellulose aerogel with a solution of silica, and subsequent hydrolysis and
condensation at different pH values [59]. Optimal process parameters were determined through
response surface methodology based on a Box–Behnken experimental design. The compressive Young
modulus and the ultimate strength were 13–36 times higher and 8–30 times higher, respectively, when
compared with silica aerogel.

Demilecamps et al. [60] aimed to decrease the thermal conductivity of cellulose/silica aerogels by
“filling” their pores with silica and using cellulose as the backbone. The thermal conductivity decreased
from 0.033 W·m−1·K−1 for an all-cellulose aerogel to 0.027 W·m−1·K−1 for the cellulose/silica system.
The thermal conductivity remained above the “super-insulating” range possibly due to the increase in
skeletal heat conduction of the composite with the increasing load on silica.

Laskowski et al. [61] approached a strategy to get cellulose/silica aerogel composites in which
silica particles were added during the formation of a cellulose aerogel without disturbing the process
of gel conformation. The thermal conductivity lay between 0.040 and 0.052 W·m−1·K−1 due to the
fibrillary three-dimensional network continuously connected that allowed heat conduction through
the backbone.

5. Outlook

Cellulose aerogels with “super-insulating” performance (thermal conductivity <0.025 W·m−1·K−1)
can be produced through supercritical-drying or freeze-drying. However, the nature of such processes
lags the commercialization of the aerogels. The main reasons associated with the aforementioned
issue involves challenges in the industrial scalability of the processes, the slow-batch nature of the
methods, and the need for specialized equipment due to the temperatures and pressures required.
Furthermore, these processes are intensive in chemical usage (N-methylmorpholine N-oxide, alkali
hydroxide/urea, lithium chloride/dimethylacetamine, and lithium chloride/dimethyl sulfoxide to
name a few [62]) imparting questions about their sustainability. Therefore, there is a need for novel
sustainable cost-effective processes like APD. In addition to APD, other techniques were also reported,
although they were either less or not explored for thermal insulation, such as vacuum filtration [51]
and freeze-casting [63]. Other techniques used for porous scaffold synthesis for tissue engineering
could be explored in order to assess their feasibility in the fabrication of cellulose aerogels, including
electrospinning [64], additive manufacturing [65], gas-foaming [66], and compression-molding [67],
among others.

Cellulose by itself is an attractive choice as a raw material for aerogel construction because of
its natural abundance. However, cellulose nanofibrils, with a diameter of 5–20 nm, constitute the
backbone of reported aerogels. These nanofibrils are not widely commercially available because their
production is time-consuming and their yield is usually low [68]. Furthermore, depending on the
cellulose source and isolation technique, the resulting nanofibril can vary in crystal structure, degree
of crystallinity, morphology, aspect ratio, and surface chemistry [69]. Despite the concern, no detailed
studies could be found regarding the effect of these parameters on aerogel thermal performance.

Table 2 is a summary of the properties of cellulose aerogels reported within the last five
years. Direct comparison among aerogel properties is interfered with by the lack of standardized
characterization protocols. Furthermore, most studies focus on the characteristics of the aerogels
themselves. Inspection of Table 2 suggests that SD offers lower thermal conductivities than FD.
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This could be explained because the growth of ice crystals during FD leads to larger pores compared
to SD. A minimum in thermal conductivity is reached for a specific aerogel density. This is because the
contribution of solid-phase heat conduction increases with density, whereas, at really low densities,
pore size goes beyond 70 nm.

Table 2. Properties of interest for selected cellulose aerogels gathered from scientific articles published
within the last five years.

Material
Aerogel

Formation
Method

Density
(g·cm−3)

Young
Modulus

(MPa)

Ultimate
Strength

(MPa)

Thermal
Conductivity
(W·m−1·K−1)

TOnset

(◦C)

Water
Contact

Angle (◦)

LOI
(%)

Cellulose (HCl hydrolysis) [17] FD 0.005 − − 0.016 342 − −
Cellulose

(surface-carboxylated) [18] SD 0.017 0.40 − 0.018 − − −

Cellulose [18] − − − 13.000 0.030 − − −
Cellulose (TEMPO-mediated

oxidation) [22] FD − 0.10 − 0.018 − − −

Cellulose (TEMPO-mediated
oxidation) [9]

FD − − − 0.022 − − −
SD − − − 0.017 − − −

Cellulose (TEMPO-mediated
oxidation) [23] FD 0.035 0.18 − 0.023 − − −

Cellulose (TEMPO-mediated
oxidation) [24] Spray FD 0.022 − − 0.018 − − −

Cellulose (TEMPO-mediated
oxidation) [20] FD 0.020 − − 0.024 − − −

Cellulose/silica + cold plasma
modification [28,29] FD 0.023 − − 0.026 − 132.0 −

Cellulose [26] FD 0.020 0.60 − 0.018 − − −
Poly(vinyl alcohol)/

cellulose (TEMPO-mediated
oxidation) + chemical vapor

deposition of
methyltrichlorosilane [30]

Unidirectional
FD 0.018 10.4 − − 495 at N2 141.8 −

Cellulose(sulfuric acid
hydrolysis)/silica [31] APD 0.137 − − 0.035 253 at air 139.6 −

Cellulose cross-linked with
diisocyanate [32]

Freezing−
thawing − 0.209 0.066 − 200 at N2 − −

Cellulose/MoS2 [35] FD 0.005 0.326 − 0.028 300 at air − 34.7

Cellulose/MgOH [36] FD 0.400 − 0.467 0.081 225 at N2 − −
Cellulose/poly(vinyl

alcohol)/chitosan/
montmorillonite [37]

FD − − − − 273 at air − −

Cellulose/aluminum oxide [40] SD − − − − 295 at air − −
Bacterial cellulose/silica [41] FD − − − − 335 at N2 − −

Cellulose/silica [56] SD 0.122 1.750 0.375 0.017 − − −
Cellulose/silica [57] SD 0.143 2.200 1.500 0.015 − - −
Cellulose/silica [58] APD 0.100 6.570 1.37 0.023 − 152.1 −
Cellulose/silica [60] SD 0.225 11.500 − 0.027 − − −
Cellulose/silica [61] SD 0.150 2.000 − 0.045 − − −

Cellulose/hydroxipatite [42] FD − 0.253 0.060 0.038 − − −
FD: freeze-drying; SD: supercritical-drying; APD: ambient pressure drying; TOnset: initial decomposition
temperature; LOI: limiting oxygen index; TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl.

Regarding the composite-based strategies for overcoming moisture sensitivity, flammability,
and thermal stability, the main challenge is associated with the solution-based approach for
composite-cellulose aerogel formation. In particular, the question to be answered is how to get a fine
dispersion of the cellulose/host component into the viscous cellulose hydrogel without disrupting the
distribution of the dispersed solids during solvent removal. Similarly, the improvement in mechanical
properties of silica/cellulose aerogels comes at the expense of high loading of cellulose in the system.
However, increasing the cellulose content may lead to an increase in density and a subsequent decrease
in pore size, which will negatively impact thermal insulation performance.
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6. Conclusions

Cellulose-based aerogels can have thermal conductivities as low as –0.015 W·m−1·K−1 falling
into the category of “super-insulating” materials. This range of thermal conductivities seems to
be a consequence of an interplay between different factors, such as a non-interconnected porous
morphology with an average pore size bellow 70 nm. Low density (<0.025 g·cm−3) is also required
to decrease the contribution of heat conduction through the solid matrix. However, a continuous
decrease in density will eventually lead to an increase in pore size beyond 70 nm, thereby increasing
the thermal conduction of the porous solid.

The following topics could be drawn as points of interest for further development of cellulose
aerogels as thermal insulators in buildings:

• In addition to cost reduction, the improvement of cellulose aerogel production techniques should
also point toward sustainability. Otherwise, the benefits from cellulose as a raw material will be
swept away by processing.

• Improvements in moisture sensitivity, flammability, and thermal stability of aerogels following
the current approaches will come at the expense of a densification of the porous matrix, increasing
the contribution of solid conduction.

• The effects of crystal structure, degree of crystallinity, morphology, aspect ratio, and
surface chemistry of cellulose nanofibrils on the cellulose aerogel thermal performance are
partially understood.

• Defining and adopting standardized aerogel characterization protocols is required to allow proper
comparison among research outcomes. In particular, for the determination of thermal conductivity,
the guarded hot-plate technique is considered the most accurate and reliable for such a matter,
although other techniques such as transient hot-wire/hot disk and laser flash analysis represent
suitable alternatives.
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