This is an electronic reprint of the original article. This reprint may differ from the original
in pagination and typographic detail.
On the limit of superhydrophobicity: defining the minimum amount of TiO2
nanoparticle coating
Haapanen, Janne; Aromaa, Mikko; Teisala, Hannu; Juuti, Paxton; Tuominen, Mikko;
Sillanpää, Markus; Stepien, Milena; J Saarinen, Jarkko; Toivakka, Martti; Kuusipalo, Jurkka;
M Mäkelä, Jyrki
Published in:
Materials Research Express
DOI:
10.1088/2053-1591/aaf2ee
Published: 01/01/2019

Document Version
Accepted author manuscript
Document License
Publisher rights policy
Link to publication

Please cite the original version:
Haapanen, J., Aromaa, M., Teisala, H., Juuti, P., Tuominen, M., Sillanpää, M., Stepien, M., J Saarinen, J.,
Toivakka, M., Kuusipalo, J., & M Mäkelä, J. (2019). On the limit of superhydrophobicity: defining the minimum
amount of TiO2 nanoparticle coating. Materials Research Express, 6(3), –. https://doi.org/10.1088/20531591/aaf2ee

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 09. Jan. 2023

On the limit of superhydrophobicity: defining the minimum amount of
TiO2 nanoparticle coating

Janne Haapanen1, Mikko Aromaa1, Hannu Teisala2,3, Paxton Juuti1, Mikko Tuominen2,4,
Markus Sillanpää5, Milena Stepien6,7, Jarkko J. Saarinen6,8, Martti Toivakka6, Jurkka
Kuusipalo2 and Jyrki M. Mäkelä1

1

Aerosol Physics, Laboratory of Physics, Faculty of Natural Sciences, Tampere University of
Technology, Tampere, Finland
2

Packaging Technology Research Team, Laboratory of Materials Science, Tampere
University of Technology, Tampere, Finland

3

Department of Physics at Interfaces, Max Planck Institute for Polymer Research, Mainz,
Germany

4

Bioscience and Materials / Surface, Process and Formulation, RISE Research Institutes of
Sweden, Stockholm, Sweden
5

6

Laboratory Centre, Finnish Environment Institute, Helsinki, Finland

Laboratory for Paper Coating and Converting, Abo Akademi University, Turku, Finland
7

Academic Centre for Materials and Nanotechnology, AGH University of Science and
Technology, Krakow, Poland
8

Department of Chemistry, University of Eastern Finland, Joensuu, Finland

Keywords: nanoparticles; nanocoatings; Liquid Flame Spray; wetting; superhydrophobic;
titanium dioxide, TiO2

ABSTRACT
Fabrication of superhydrophobic surfaces in large scale has been in high interest for several
years, also titanium oxide nanostructures having been applied for the purpose. Optimizing the
amount and structure of the TiO2 material in the coating will play a key role when considering
upscaling. Here, we take a look at fabricating the superhydrophobic surface in a one-step rollto-roll pilot scale process by depositing TiO2 nanoparticles from a Liquid Flame Spray onto a
moving paperboard substrate. In order to find the minimum amount of nanomaterial still
sufficient for creating superhydrophobicity, we varied nanoparticle production rate, flame
distance from the substrate and line speed. Since the deposited amount of material sideways
from the flame path was seen to decrease gradually, spatial analysis enabled us to consistently
determine the minimum amount of TiO2 nanoparticles on the substrate needed to achieve
superhydrophobicity. Amount as low as 20-30 mg/m2 of TiO2 nanoparticles was observed to
be sufficient. The scanning electron microscopy revealed that at this amount, the surface was
covered with nanoparticles only partially, but still sufficiently to create a hierarchical structure
to affect wetting significantly. Based on XPS analysis, it became apparent that TiO2 gathers
hydrocarbons on the surface to develop the surface chemistry towards hydrophobic, but below
the critical amount of TiO2 nanoparticles, the chemistry could not enable superhydrophobicity
anymore. While varying the deposited amount of TiO2, besides the local spatial variance of the
coating amount, also the overall yield was studied. Within the text matrix, a yield up to 44 %
was achieved. In conclusion, superhydrophobicity was achieved at all tested line speeds (50 to
300 m/min), even if the amount of TiO2 varied significantly (20 to 230 mg/m2).

1. INTRODUCTION
Generation of superhydrophobic surfaces has been of high interest to both scientific and
industrial fields. There are various methods for manufacturing superhydrophobic surfaces, such
as laser etching [1], photocatalytic lithography [2], wet-chemical route [3,4], electrochemical
deposition [5,6], electrospinning [7], chemical vapor deposition (CVD) [8] and sol-gel method
[9]. Using nanoparticles in surface functionalization has several advantages: e.g. high purity,
wide range of coating materials and that amount of material is extremely low compared to
macroscopic surface treatment methods. Usually high-speed fabrication of functional coatings
refers to a roll-to-roll coating process, where a substrate unwinds from one roll and winds to
another. In this process, a coating is applied in one or several steps on the substrate between
the two rolls. When discussing about roll-to-roll nanocoating processes, line speeds in most
cases are in the range of a meter to few meters per minute [10-14]. It is a big advantage if
coating is performed in one-step process with high nanoparticle production rate, which requires
only a simple modification to the roll-to-roll process and enables faster line speeds. Finding
the minimum amount of TiO2 needed for superhydrophobicity is in the key role for future
development and aiming for more efficient manufacturing of superhydrophobic surfaces.
Gas-phase synthesis methods for nanoparticle production are widely used in industrial and
scientific fields, and especially flame based methods are considered to be optimal for upscaling [15-17]. Produced nanoparticles can either be collected as powder and subsequently
applied on surfaces by various methods [18] or deposited directly onto surfaces forming
functional nanocoatings [19,20]. Similarly to other flame synthesis methods [21,22], Liquid
Flame Spray (LFS) method has also been widely used in nanoparticle generation [23].
Recently, LFS has been used for manufacturing functional nanocoatings in a roll-to-roll process
[24-27]. These nanocoated paperboard surfaces can be used e.g. in micro fluidics [28] or as

anti-microbial surfaces [29]. In previous studies, roll-to-roll line speed of 50 m/min has been
used for producing superhydrophobic and superhydrophilic surfaces [24,25,30,31]. To our
knowledge, higher line speeds than 150 m/min have not been reported before. Higher line speed
can be used to minimize coating amount without changing other process parameters. We used
pilot scale paper converting machine with line speeds of 50, 100, 200 and 300 m/min aiming
for superhydrophobic surfaces, with minimal amount of nanocoating on the surface. Especially
for industrial scale applications, there is a demand for high line speeds. Commercially available
pigment coated paperboard (200 g/m2) was chosen as the substrate to be able to compare the
results to previous studies with lower line speeds. It has been shown that LFS-generated TiO2
nanoparticles produce superhydrophobic surfaces with line speed of 50 m/min, but the effect
of higher line speeds to nanocoating behavior need to be analyzed more closely. With the line
speed of 50 m/min, paperboard surface is covered with excess amount of nanoparticles,
therefore our aim is to achieve a superhydrophobic surface with a lower amount of
nanoparticles and find out what is the minimum amount of TiO2 needed for
superhydrophobicity. Here the TiO2 nanoparticles produced with the LFS consists mainly of
anatase, with a small fraction of rutile [30]. Different LFS process parameters were used in the
paperboard coating and they were also optimized to achieve superhydrophobicity with an
adequate process yield. Here the yield is defined as the share of produced nanoparticles that
adhere on the paperboard.

Figure 1: Schematic graph of how the different analyses were made on the nanocoated
paperboard.

Table 1. Five process parameters of LFS1 and LFS2 applied in this study.

LFS1

Precursor
concentration
(Ti mg/ml)
50.0

Precursor
feed rate
(ml/min)
32.0

Burner to
substrate distance
(mm)
150

Production
rate of TiO2
(mg/min)
2670

Line speeds
(m/min)
50, 100, 150

LFS2

50.0

11.6

60

968

50, 100, 200, 300

2 EXPERIMENTAL SECTION
2.1 Liquid Flame Spray for nanoparticle production
Liquid Flame Spray (LFS) is a versatile aerosol synthesis method for nanoparticle production.
In LFS method, liquid precursor solution is injected into a turbulent hydrogen-oxygen flame.
Precursor evaporates in the hot flame and due to subsequent rapid cooling, precursor containing
gas becomes supersaturated, which leads to nucleation. The aerosol processes of the LFS
method have been described in more detail previously [27,30,32]. By adjusting the process
parameters, such as the precursor concentration and feed rate, and the flow rates of the burner
gases, properties of the produced nanoparticle aerosol can be tuned. With high production rates,
nanoparticles form agglomerates, consisting of multiple primary nanoparticles. Originally, LFS
was developed for coloring art glass by nanoparticles [33]. In past years, LFS has been used
more and more to fabricate functional nanocoatings for various substrates [25,34-37], but also
as a tool for test aerosol production [38] and to create optimal surface structure for
superamphiphobic surface treatments [39,40]. In this study, Titanium(IV)-isopropoxide (TTIP,
Alfa Aesar 98%+) was pre-mixed with 2-propanol (VWR, HiPerSolv CHROMANORM,
HPLC grade) resulting metallic Ti-concentration of 50.0 mg/ml in liquid precursor solution.
Two different LFS coating parameters were used for paperboard coating: LFS1 and LFS2.
Precursor feed rate was fixed at 32.0 ml/min for LFS1 and 11.6 ml/min for LFS2, resulting in
TiO2 production rates of 2670 and 968 mg/min, respectively. Gas flow rates for H2 and O2 in
all experiments were fixed at 50 l/min and 15 l/min, respectively. Process parameters are
summarized in Table 1. All of the LFS-generated nanocoatings were applied on commercially
available pigment coated paperboard (200 g/m2) in a pilot scale roll-to-roll paper converting
machine, located at Tampere University of Technology. Both LFS1 [27,41,42] and LFS2

[24,25,30,43,44] parameters have been previously used in several publications in nanocoatings
for paper and paperboard.
2.2. Spatial distribution of deposited mass
The deposited line of nanoparticles from single pass of the LFS flame nozzle is limited in width
due to the evident finite size of the flame itself. Based on a visual inspection of the deposited
line for darker nanoparticle material than TiO2, such as Ag or FexOy, it is expected that the
flame generates a deposited line of nanoparticles with higher concentration in the middle,
which decreases towards the edges. A feasible assumption is that this deposited mass
distribution follows spatially a normal distribution. The spatial distribution also arises from the
fact that the cross section of the flame is round, and also from having slightly hotter parts in
the middle. It evidently produces higher temperature gradient between the flame and substrate
in the middle, which in turn, furthermore, causes higher deposition velocity of the particles and
thus higher concentrations of deposited mass in the center part of the line (Figure 2b). We
approached this phenomenon as follows: we measure certain properties of the coating in the
center of the deposited line, and later we continue performing the analyses at different points
towards the edges of the pattern. Additionally, a total amount of the integrated cross section of
the deposited mass can be analyzed.
2.3 Water contact angle measurement
Water contact angles (WCA) were determined using KSV CAM 200 Optical Contact Angle
Meter (KSV Instruments Oy, Helsinki, Finland). The treated samples were stored and the
measurements were performed in controlled atmosphere (50 ± 2% RH, 23 ± 2 °C). Distilled
water (H2O, surface tension 72.8 mN/m) was used as the probe liquid. Each WCA value is an
average of ﬁve individual measurements taken from the centerline of a coating (Figure 1). The
contact angle value was measured approximately 3 s after the droplet placement to allow the

vibrations of the droplet to settle down, but before evaporation and possible penetration of
liquid into the substrate did not dramatically affect the droplet volume or the contact angle. The
droplet volume used for contact angle measurements was 5 μl. WCA measurement were carried
out in several different time spans: immediately after the coating process and after 1, 2, 7, 30,
90 and 365 days, in order to observe aging effect on the wettability of the nanocoated surface.
Also, cross-sectional WCA profile was determined as described in Figure 1, with a total width
of 110 mm.
2.4 X-Ray Photoelectron spectroscopy
The degree of oxidation and chemical composition of the treated samples were determined by
XPS using a Physical Electronics Quantum 200 ESCA instrument, equipped with a
monochromatic Al Kα X-ray source operating at 25 W of power. The pass energy for the survey
spectra was 117.4 eV. The charge compensation was carried out with a combination of a lowenergy electron ﬂood gun and a low-energy ion source (Ar). The XPS measurements were
performed one day and 90 days after the LFS treatments to analyze chemical changes on the
surface. Each XPS measurement value is an average of three individual measurements taken
from the centerline of a coating (Figure 1). Details of the XPS analysis are described more
detailed in previous publications [24,42].
2.5 Field Emission Scanning Electron Microscopy
The surfaces were imaged with ultra-high resolution field emission gun scanning electron
microscope (FE-SEM, Zeiss ULTRAplus). Due to the resistive nature of paperboard and TiO2
nanoparticles, the samples were sputter coated with a thin carbon ﬁlm prior to FE-SEM imaging
for better conductivity. FE-SEM analysis was performed on the centerline of the nanocoating
(Figure 1).

2.6 Inductively Coupled Plasma Optical Emission Spectrometry
For the titanium analysis, the paperboard samples with and without TiO2 nanoparticle coating
were first placed into the quartz test tubes for the extraction. Prior to microwave digestion
(Milestone, Italy), 2 ml of nitric acid and 2 ml of sulphuric acid were added. The digestion was
operated at 240 °C and 40 bar for 45 minutes. After 15-min cooling, deionized milli-Q water
was added until 30 ml total volume was reached. Titanium concentration was determined by
using an Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES; Varian Vista
PRO Radial, Australia). For the ICP-OES analysis of LFS2, 30 cm wide cross sectional
paperboard strip was analyzed (Figure 1) to define total yield of the process. ICP-OES analysis
for LFS1 was carried out from the centerline to confirm the spatial distribution of the LFS
nanocoating in a roll-to-roll process.

3 RESULTS AND DISCUSSION
3.1 Titanium analysis
The spatial distribution of the TiO2 nanocoating was verified by cutting the coated paperboard
into 10 mm slices along the coating line and analyzing them by ICP-OES. Results of the ICPOES is presented in Figure 2 along with measured WCA values. The spatial distribution of the
TiO2 nanocoating shows a dependency between the TiO2 amount and the wetting behavior.
Correlation between the TiO2 mass on the surface and the WCA is illustrated in more detail in
Figure 3. Results show that as low amount as 20 mg/m2 of TiO2 nanoparticles is enough to
produce superhydrophobic nanocoating with line speeds of 50 and 100 m/min. Excess amount
of TiO2 does not depress wettability and the surface is still superhydrophobic even with high
TiO2 concentrations.

a

b

Figure 2: TiO2 concentration and water contact angles (WCA) of the LFS-treated (LFS1) and
reference paperboard samples, determined with ICP-OES (a). Color intensity of the coating
measured to confirm the spatial distribution (b).

Figure 3: Relation between the amount of TiO2 on the surface and surface wettability (LFS1).

With the knowledge of the coating parameters LFS1, the improved coating parameters LFS2
were used to carry out roll-to-roll coating with line speeds of 50, 100, 200 and 300 m/min. The
aim was to get the superhydrophobic nanocoating with less nanoparticles and with relatively
good yield. 30 cm wide pieces of the nanocoated paperboard were analyzed by ICP-OES to
obtain the yield of the process. Such a wide sample size was chosen to ensure measuring the
total mass of deposited nanoparticles. This information is useful in the future studies when
coating is carried out with several burners in a row. Results of the ICP-OES with line speeds
of 50, 100, 200 and 300 m/min are presented in Table 2 and in Figure 4. The coated area in
Table 2 means the completely analyzed area: most of the coating is distributed into a smaller
area. ICP-OES analysis presents results of the total TiO2 concentration of the analyzed area,
thus the coated area is presented as such a large value. Since the substrate material is pigment
coated paperboard, the substrate itself contains TiO2 as a white pigment. Amount of TiO2 from
the substrate is deducted from the results in Table 2. Reference paperboard has TiO2
concentration of 41.4 mg/m2. After deduction of the reference concentration from the LFS
treated samples, deposited TiO2 amounts are 23.6 mg/m2, 9.2 mg/m2, 7.1 mg/m2 and 4.1 mg/m2
for line speeds of 50 m/min, 100 m/min, 200 m/min and 300 m/min, respectively. Total
production rate of TiO2 from the LFS treatment was 968 mg/min with all line speeds. Yield of
the process is relatively good with all tested line speeds. Highest yield is achieved with line
speed of 200 m/min, as 43.8 % of the produced TiO2 nanoparticles are deposited on the
paperboard surface. This is a significant improvement in the yield compared to previously
reported 9-20 % yield with LFS1 parameters with different line speeds [27]. Lower distance
between the burner and the substrate is the most important yield improving difference between
LFS1 and LFS2, mainly due to increased temperature gradient between the flame and the
substrate, which improves thermophoretic deposition efficiency.

Table 2: The amount of TiO2 from the LFS treatment and the yield of the process with different
line speeds (LFS2).
Line speed (m/min)
Amount of TiO2 in the coating (mg/m2)

50

100

200

300

23.6

9.2

7.1

4.1

30

60

90

28.4

43.8

38.0

Coated area (m2/min) from a 30 cm wide sample 15
Yield of the process (%)

36.4

Figure 4: TiO2 coating amount of the LFS-treated (LFS2), determined with ICP-OES. TiO2
concentration is defined as an average for a 30 cm wide samples.

3.2 Surface wettability
Wettability of the coating was evaluated by measuring a static water contact angle (WCA)
several times after the coating process. WCA measurements were performed immediately after
the coating process as well as 1, 2, 7, 30, 90 and 365 days after the coating. The observed
wetting behavior undergoes changes over time, as the material ages after the coating. This
effect is mostly due to accumulation of carbonaceous matter from air and has been previously
reported in several studies [24,45,46].
With all tested line speeds, level of hydrophobicity increases during time, as presented in
Figure 5. With a line speed of 50 m/min, the surface is superhydrophobic (WCA > 150 °)
immediately after the LFS treatment. With higher line speeds, superhydrophobicity is achieved
after one week. WCA values in Figure 2 are determined from the center line of the LFS coating.
The WCA value of the reference paperboard remains stable at 78 °.
Superhydrophobicity of the TiO2-nanocoated paperboard was measured at different time points
after the coating process. WCA measurements were carried out immediately after as well as 1,
2, 7, 30, 90 and 180 days after the coating process. The WCA values increase from the initial
measurement after the coating and they stabilize in a few days after the coating.

Figure 5: WCA values as a function of the time after the coating process with different line
speeds (LFS2).
3.3 Chemical changes on the surface with time
The hydrophobicity of the LFS-treated area of the paperboard surface increases with time.
Based on the XPS measurements, this is due to chemical changes on the surface. TiO2 has a
tendency to accumulate carbonaceous matter that builds up on top of the nanoparticles as time
goes by. These changes in the chemical composition of the LFS-treated surfaces were analyzed
by XPS from the centerline of the nanocoating. In the previous studies, carbon to oxygen ratio
(C/O) has shown a strong correlation with wettability [24,42]. In the Figure 6, C/O is presented
at different line speeds. The LFS-treated surfaces were analyzed after one day and after 90 days
of the coating process. Carbon to oxygen ratio increases in 90 days with all the line speeds,
indicating accumulation of carbonaceous compounds on the surface. Similar increase in the

C/O ratio is not observed in reference paperboard. Additionally, the hydrophobicity also
increases as C/O ratio increases with time.

Figure 6: WCA and C/O ratio comparison between 1 day and 90 days after the LFS treatment.
Additionally, the line speed has an effect on the coating width. As is to be expected, coating
width gets narrower as the line speed increases. Cross-sectional wetting behavior with different
line speeds was analyzed to determine the width of the superhydrophobic area. Cross-sectional
WCA values with different line speeds are presented in Figure 7. With line speed of 50 m/min,
increased hydrophobicity is achieved in approximately 50 mm and superhydrophobicity in 40
mm cross-sectional area. Width of the superhydrophobic area with line speeds of 100, 200 and
300 m/min are 20, 15 and 10 mm, respectively. Cross-sectional WCA analysis was performed
365 days after the LFS treatment to maximize the difference between the hydrophobic and nonhydrophobic areas.
Information about spatial distribution and the total mass of the coating were used to estimate
distribution of the mass in the coating line with LFS2 parameters. Measured cross-sectional

wetting behavior and estimated TiO2 distribution are presented in Figure 7. Width of the
superhydrophobic line gets narrower as the line speed increases. This is an expected
phenomenon, as the coating amount decreases and sufficient amount of TiO2 is not deposited
on the edges of the coating line.

Figure 7: Cross-sectional WCA values with different line speeds and estimation of the TiO2
concentration, based on the wettability and the total amount of TiO2 on the surface (LFS2).
3.4 SEM analysis
FE-SEM graphs with two different magnifications are presented in Figure 8. By comparing
these graphs with the different line speeds, it is possible to determine the decreasing amount of
TiO2 nanoparticles on top of the paperboard as the line speed increases. With line speeds of 50
and 100 m/min, the surface is fully covered by TiO2 nanoparticles, but with a line speed of 200

m/min, the paperboard surface is partially visible and with 300 m/min line speed approximately
half of the paperboard is visible and the other half is covered by TiO2 nanoparticles. By
comparing these results with the WCA measurements, it is noticeable that the surface is capable
of repelling water even if the surface is not fully covered by the TiO2 nanoparticles and
superhydrophobicity was achieved with line speeds of 200 and 300 m/min. In our previous
study [43], cross-sectional SEM image of TiO2 nanocoated paperboard surface was presented
with a coating thickness above 500 nm, which gave a strong indication of full coverage of the
paperboard surface with a line speed of 50 m/min, and explains why full coverage of the surface
was also achieved with the line speed of 100 m/min.
Nanocoatings in Figure 8 consist of agglomerates of TiO2 nanoparticles with primary particle
size of approximately 20-30 nm. The production rate of TiO2 in the LFS process is sufficiently
high (968 mg/min) such that agglomeration cannot be avoided. Some micro-scale roughness is
observable on the reference paperboard and with the addition of TiO2 nanoparticles. The
surface has multi-scale roughness, which enables the superhydrophobic behavior. Conceptual
side view of the nanocoating in Figure 8 is based on the previous publications about porous
nanoparticle coatings [43,47,48].

Figure 8: FE-SEM images of the paperboard surfaces coated at various line speeds. The left
column (a, d, g, j & m) is with lower magnification (scale bar 2 μm) and the middle column (b,
e, h, k & n) with higher magnification (scale bar 200 nm). Conceptual side view is presented
in the right column (c, f, i, l & o).

3.5. Interpretation of nanoparticle amount
Based on the ICP-OES data, the minimum TiO2 concentration on the surface to ensure
superhydrophobicity is approximately 20-30 mg/m2, which is equivalent to approximately 5-6
nm thick solid layer of TiO2 on the surface. It is apparent that in our case, the layer consisting
of minimum amount of nanoparticles is not hermetically solid, but the substrate is actually
peeking through. In principle, the experimentally determined minimum amount, e.g. 20 mg/m2,
can be considered to be distributed on the surface in several different ways. For conceptual
visualization, and for clarification of what can actually be observed in Figure 8k, three example
alternatives for the coverage of 20 mg/m2 are presented in Figure 9. By comparing Figure 8k
and Figure 9, the TiO2 nanocoating with line speed of 300 m/min (50 mg/m2) can be interpreted
to consist mainly of agglomerates of 3-5 primary nanoparticles. Here, the average distance
between agglomerates can be estimated to be approximately 100 nm. This distance between
nanoparticles is interpreted to be sufficient to obtain superhydrophobic behavior. To support
the estimate, the alternative distribution shown in Figure 9c is consistent with the info on the
amount of TiO2. The minimum amount of material to suffice for superhydrophobicity has not
been widely discussed in the literature. The recognized references presenting the phenomena
of superhydrophobicity and superoleophobicity deal with similar re-entrant structures such as
microposts and micro-hoodoo like patterning, but these papers focus merely on micron sized
scale [49-51]. Here, we have obviously fabricated structures in the order of 10-100 nm, but still
with similar wetting behaviour. It is generally assumed that superhydrophobicity requires a
hierarchical, fractal like structure with both micro and nano structures present [52]. Our result
suggests that, at least in the case of our pigment coated paperboard, even a random array with
agglomerates of primary nanoparticles, average mutual distances between the agglomerates in
the order of 100 nm would be sufficient for superhydrophobicity.

Based on Figure 3, the threshold value for superhydrophobic behavior can be estimated to be
ca. 20 mg/m2, but since there is relatively large fluctuation in measured data, it may be
concluded that 50 mg/m2 is definitely enough to ensure superhydrophobic behavior. Surface is
superhydrophobic also with relatively thick TiO2 nanoparticle coating. With line speed of 50
m/min, paperboard surface is fully covered with TiO2 nanoparticles with porous layer of several
hundreds of nanometers. This information is necessary for future studies as the thickness of the
nanocoating layer can have large variation in coating amount and still the surface is
superhydrophobic. This enables easier manufacture of a coating system with several parallel
LFS burners.

Figure 9: Fixed amount of TiO2 nanocoating (~ 20 mg/m2) as three different configurations
on the surface of a generic solid substrate: a) solid film (~5 nm), b) evenly distributed single
30 nm nanoparticles and c) agglomerated nanoparticles consisting mainly of 3-5 primary
nanoparticles.
The observed minimum amount of nanocoating required for superhydrophobicity gives a tool
to optimize the design of the coating. Furthermore, it opens up new possibilities for
manufacturing low-cost superhydrophobic surfaces in large quantities. Superhydrophobic
paperboard can be used in several applications, e.g. as a packaging material or as a substrate
for low cost microfluidistic devices [28].

4 CONCLUSIONS
In this paper, we demonstrated a method for fabricating superhydrophobic surfaces in roll-toroll process with up to 300 m/min line speeds. With ever-increasing line speeds, it will become
relevant which amount of TO2 would be sufficient to ensure hydrophobicity. Here, nanocoating
was performed successfully with all tested line speeds and superhydrophobicity was achieved
even if the paperboard surface was only partially covered by TiO2 nanoparticles, which was
verified by SEM imaging. A threshold amount of TiO2 nanoparticles to provide the
superhydrophobicity was approximately 20 mg/m2. With this coverage, the surface is only
partly covered by the nanoparticles, but the gaps between nanoparticles/agglomerates are small
enough (~100 nm) for superhydrophobic behavior, the structures resembling the surface
patterned re-entrant structures presented previously in the literature, but in micron sized scale.
To fabricate superhydrophobic surfaces the coating thickness can have great variations since
the superhydrophobicity was observed with all coating amounts exceeding 20 mg/m2.
Superhydrophobicity of the nanocoated surfaces remained and the level of hydrophobicity even
increased during the course of 365-day investigation. XPS analysis showed that C/O ratio
increased in all samples during the course of 90-day investigation, which indicates
accumulation of organic compounds on the surface. This observation is in line with previous
studies and explains the increased hydrophobicity in all analyzed samples. Reference
paperboard has some micro scale roughness and with addition of TiO2 nanoparticles, the
surface has multi-scale roughness, which enables the superhydrophobic behavior.
While searching for the minimum coating amount of deposited TiO2 required for
superhydrophobicity, the process yield was estimated by the characterization of the total
deposited TiO2 mass. ICP-OES analysis verified the total yield of the LFS nanocoating process
(deposited TiO2 / produced TiO2) can be with the current setup as high as 43.8 %, depending

on the line speed. Total yield and amount of TiO2 nanoparticles on the LFS treated surface
increases significantly from previous studies with optimization of the process parameters, e.g.
by tuning the precursor flow rate and decreasing the distance between burner and the substrate
(LFS1 vs. LFS2). Minimized amount of nanocoating is economically and environmentally
beneficial in most application areas of superhydrophobic surfaces, such as self-cleaning, antiicing, anti-fogging and anti-biofouling surfaces. Also macro- and microfluidistics as well as oil
separation from water and packaging applications would benefit from low-cost manufacturing
of superhydrophobic surfaces.
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