
Vol.:(0123456789)

Archives of Civil and Mechanical Engineering          (2024) 24:142  
https://doi.org/10.1007/s43452-024-00938-1

ORIGINAL ARTICLE

Preparation, characterization, and photocatalytic performance 
of atmospheric plasma‑sprayed  TiO2/Al2O3 coatings on glass 
substrates

Alicja Duda1,3  · Bartosz Kopyciński2,3 · Łukasz Hawełek1 · Marcin Lis1 · Grzegorz Muzia1 · Adriana Wrona1

Received: 25 September 2023 / Revised: 8 March 2024 / Accepted: 28 March 2024 
© The Author(s) 2024

Abstract
Conventional methods for wastewater treatment are not always efficient in persistent organic pollutant degradation processes. 
Therefore, low-cost and effective methods of their removal from sewage are constantly sought. This study presents an attempt 
to fabricate thermally sprayed ceramic coatings on glass and their characterization. Granulation of  TiO2,  Al2O3, and their 
blends in different mass ratios was done. Assessment of actual density and specific surface area was performed, and  TiO2, 
 Al2O3, and  TiO2/Al2O3 were then used as a coating material for the deposition on glass substrates in atmospheric plasma 
spraying. Surface analysis of coatings was done by evaluating their roughness and wettability. Both powder and coatings 
samples were characterized using the X-ray diffraction method and scanning electron microscopy. The photocatalytic activity 
was estimated in the Eosin Y degradation process under UV light. UV–Vis spectroscopy was applied to observe the changes 
in the dye concentration. Additional tests for color measurements before and after photodegradation were carried out using 
a sphere spectrophotometer in CIELab color space. Particle size distribution was examined for the powder samples after the 
granulation and  d50 was stated at 48.42–63.28 µm. Characterization of coatings via roughness measurements showed the 
average roughness of a surface equal to 4.90–9.65 µm. Moreover, most of the coatings appeared to be hydrophobic with water 
contact angles between 100° and 130°. All of the coatings showed Eosin Y degradation ability and the highest efficiency was 
reached for 100T/C, A75T/C, and A50T/C samples and stated at 71%, 62%, and 51%, respectively.
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1 Introduction

The organic pollutants produced during various techno-
logical processes in the chemical, food, textile, or pharma-
ceutical industries have contributed to environmental pol-
lution for many years. Among these contamination types, 
organic dyes widely used in many scientific and industrial 
disciplines should be mentioned [1]. Today, the produc-
tion rate of dyes on a global scale is almost 800 thousand 
per year, and the increase in production and costs in the 
dyes market in the next 6 years is expected to increase by 
as much as 5% [2]. Although the development of the area 
of coloring substances leads to improving their produc-
tion technologies, it is also a source of toxic and often 
difficult-to-remove pollutants, which can cause extensive 
water or soil pollution. Moreover, classic wastewater treat-
ment methods are usually inefficient enough to deal with 
substances such as organic dyes [3]. Hence, there are many 
interesting, unconventional proposals for the removal of 
organic water pollutants, such as technologies based on 
processes of adsorption [4], sedimentation [5], filtration 
[6], encapsulation [7], microbial degradation [8] or oxi-
dation [9], and photocatalytic processes [10]. This article 
focuses on photocatalytic degradation, which is classified 
as one of the advanced oxidation processes (AOP) [11]. In 
these processes, organic compounds are decomposed into 
simple inorganic molecules and ions such as  CO2,  H2O 
molecules, and  NO3

−,  PO4
3−, or  CO3

2− ions [12]. One of 
the most frequently discussed groups of photocatalysts is 
inorganic semiconductors such as metal oxides (i.e.  TiO2, 
 Fe2O3, ZnO,  SnO2,  ZrO2,  WO3) or salts (i.e.  InS3, CdS, 
FeSe, CuSe) and others (i.e.  Ta3N5, g-C3N4,  NaYbF4) [13]. 
These can be used not only for dyes degradation but also 
for other pollutants such as phenols, drugs, pesticides, 
or paint components [11]. Among semiconductor metal 
oxides applied as photocatalysts,  TiO2 is widely used. This 
is mainly because of its excellent ability to catalyze light-
activated processes, high thermal and chemical stability, or 
low toxicity [14]. Two crystal phases of  TiO2, anatase, and 
rutile, are commonly used in photocatalytic reactions [15]. 
Although anatase has a higher catalytic activity than rutile, 
both are considered significant mediums in photocatalytic 
processes [16]. Rutile has better functional properties, 
such as Mohs hardness (6.0–6.5 for rutile and 5.5–6.0 for 
anatase) or better thermal resistance than anatase, which 

determines its good behavior under extreme conditions 
[17]. In materials engineering, attempts to obtain prod-
ucts with better performance properties are constantly 
undertaken, and the idea of improving composites is also 
reflected in the semiconductor photocatalysts research 
area. Here, solutions based on oxide ceramics blends can 
be distinguished, i.e., the combination of  TiO2 and  Al2O3 
characterized by high hardness and strength and excel-
lent chemical resistance [18]. The economic aspect is also 
essential, and though there are many types of  TiO2-based 
products on the market, their price can still be relatively 
high. The selection of cheaper additives—for example, 
 Al2O3—can significantly reduce production costs [19].

Another worth mentioning matter in the case of photo-
catalysts for water disinfection is their limited use when 
solubilized in the homogeneous mixture or added in the 
form of powders to the purifying solution. Although pho-
tocatalysts are usually the most efficient in such systems, 
they can also become challenging to separate impurities. 
New methods of applying catalysts to solid substrates are 
being sought, and a significant development in this field has 
been done over the past 20 years. Technologies for produc-
ing coatings or thin films on solid surfaces, including spin-
coating [20], cold-spraying [21], physical [22], and chemi-
cal [23] vapor deposition or different methods of thermal 
spraying [24], are of great interest in this area. Among the 
thermal spray techniques, the most frequently used in the 
fabrication of photocatalytic coatings are high-velocity 
oxygen-fuel (HVOF) [25] or atmospheric plasma spraying 
(APS) [26], and in recent years suspension plasma spraying 
(SPS)—which it is predominantly suitable for nanometric 
feedstock spraying—has been increasingly mentioned [27]. 
Immobilization of photocatalysts can also be carried out by 
their encapsulation in the polymer matrix [28], addition to 
paints [29], or deposition by chemical surface modification 
[30]. A wide range of coating solutions and other methods 
of immobilizing photocatalysts enable their reusability, low-
ering exploitation costs. Some of these techniques are used 
not only for the fabrication of coatings for photocatalytic 
applications but also for their additional advantages, such as, 

Table 1  Properties of  TiO2 and  Al2O3 as delivered

Powder S  [m2/g] ρ [g/cm3] d [nm]

TiO2 AreOxide P25 51.62 ± 0.12 4.42 ± 0.02 26.30 ± 0.26
Al2O3 AreOxide AluC 97.58 ± 0.15 3.35 ± 0.02 18.36 ± 0.20

Table 2  Contents of prepared samples

Sample Al2O3 [%] TiO2 [%] PVP [%]

100T/P 0 100 1.0
A75T/P 25 75 1.0
A50T/P 50 50 1.5
A30T/P 70 30 2.0
A15T/P 85 15 2.5
A05T/P 95 05 3.0
100A/P 100 0 3.0
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among many others, anticorrosive activity, wear resistance, 
or thermal stability [31].

This paper presents research on the preparation and charac-
terization of ceramic coatings fabricated via the atmospheric 
plasma spray method. For this purpose, nanometric powders of 
 TiO2,  Al2O3, and  TiO2/Al2O3 blends were used. Physical prop-
erties, i.e. actual density, specific surface area, average particle 
size, and particle size distribution of the obtained blends, were 
determined, and the phase composition was analyzed by means 
of X-ray diffractometry (XRD). The samples were imaged by 
scanning electron microscopy (SEM). Then, APS coatings on 
glass substrates were obtained and analyzed by XRD analysis 
and SEM imaging. Properties such as roughness and wetta-
bility were also determined. The photocatalytic ability of the 
obtained coatings containing  TiO2,  Al2O3, and  TiO2/Al2O3 
were tested based on the degradation processes of Eosin Y 
(Eo) in water solution. Additionally, in order to evaluate the 
photocatalytic performance of raw coating materials before the 
APS process, degradation of Eo was also performed for pow-
der samples. The color measurements of powders and coatings 
were carried out before and after the processes.

Most commonly, especially in industrial practice, ther-
mally sprayed coatings were mainly fabricated with the use of 
micrometric, non-treated factory  TiO2 and  Al2O3 as feedstock 
materials. However, their physical and functional properties 
differ significantly from those of nanopowders. In the scien-
tific literature, numerous reports on the use of submicrometric 
and nanometric powders used as feedstock for photocatalytic 
thermal sprayed coatings can be found. The use of nanopowder 
suspensions [27] or solutions [32] in SPS techniques [33] is 
currently one of the most often discussed in this area.

As part of this research, it was possible to obtain micro-
metric powders from nano-TiO2 and  Al2O3 using a simple and 
non-invasive granulation technique with a polymeric binder. 
This, in turn, provided an increase in powders flowability 
(which is important in APS deposition processes) while main-
taining the initial properties of raw materials.

2  Experimental

2.1  Materials

Powder samples were prepared with the use of the follow-
ing materials: titanium dioxide  TiO2 (AreOxide P25, Evonic 
Industries), aluminum oxide  Al2O3 (AreOxide AluC, Evonic 
Industries), polyvinylpyrrolidone PVP (K12, Acros Organics). 
Properties for powders as delivered are presented in Table 1. 
The dye photodegradation process was done on the example 
of Eo (PolAura) in an aqueous solution.

2.2  Powder sample preparation

The samples were prepared by granulating different mass 
ratios of  TiO2 and  Al2O3 (Table 2) by adding a polymeric 
binder PVP using an Eirich EL1 laboratory mixer. Before the 
granulation process, PVP was added to the  Al2O3 powder and 
then subjected to mixing at 500 rpm for 40 s and 1500 rpm 
for 60 s.  TiO2 fractions were added gradually and mixed at 
increasing mixer speeds (from 600 to 3000 rpm). The obtained 
granules were allowed to air-dry overnight. After this, the 
powder samples were sieved through 220 μm sieves and dried 
at 80 °C for 4 h. The increasing ratio of PVP in the prepared 
mixtures was applied because of the nature of the powders as 
delivered. The finer the powder is, the more difficult it is to 
granulate, so with an increasing  Al2O3 ratio, there was a need 
for a more significant amount of binder.

2.3  Actual density and specific surface area

The actual density ρ of the powder samples was measured by 
the gas pycnometry method using the Micromeritics AccuPyc 
1340 II pycnometer. Measurements were performed at room 
temperature in a sample chamber with a volume of 10  cm3 and 
helium as an inert gas. Results for density were obtained for 
50-cycle repetitions.

The determination of the specific surface area S was carried 
out on a Micromeritics Gemini 2360 apparatus. The measuring 
range was 0.01  m2/g for the specific surface and 0.1–300  m2 
for the total surface. The samples were dried overnight at 
105 °C under a nitrogen atmosphere to remove impurities and 
moisture. The measurements were performed in the P/P0 range 
of 0.05–0.30.

Based on the abovementioned measurements, the average 
particle size d of obtained powders was determined. Calcula-
tions were done with the use of the equation:

where �—actual density [g/cm3] and S—specific surface 
area  [m2/g].

d =

6 ⋅ 103

� ⋅ S
,

Table 3  Spraying parameters

Parameter Value

Gas flow rate [L/min]
 Hydrogen 14
 Argon 41
 Carrier gas 4.50

Arc current [A] 600
Nozzle diameter [mm] 1.80
Spraying distance [mm] 145
Wheel speed of powder feeder [rpm] 4
Speed of movement (X) [m/s] 0.40
Speed of movement (Y) [m/s] 4.15
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2.4  Particle size distribution measurements

Particle size distribution (PSD) of  TiO2 and  Al2O3 powders 
after the granulation was determined via laser diffraction par-
ticle analysis using the NanoTec Analysette 22 apparatus from 
Fritsch. The measurements were carried out using the wet dis-
persion method in the measuring range of 0.1–504.48 µm in 
three repetitions. The Fraunhofer computational theory was 
applied in the analysis.

2.5  Fabrication of coatings

APS technique was applied to fabricate  TiO2,  Al2O3, and 
 TiO2/Al2O3 coatings. For this purpose, a spray system 
AP50 (Flame Spray Technologies) equipped with a torch 
F4 (Flame Spray Technologies) was employed. Quartz 
glass plates (AmekoTech dim. 190.0 × 80.0, thickness 
4.0 mm) were used as a substrate. Before spraying, sub-
strates were sandblasted with electrocorundum KOS  Al2O3 
99% F36 with a grain size of 600–500 µm at a pressure of 
5.5 ×  102 kPa and an angle of 65°. The detailed parameters 
for the plasma spraying are presented in Table 3. The torch 
was maintained at a distance of 145 mm from the substrate. 
The powder samples were injected into the plasma flow via 
torch using gases with a flow stated at 14, 41, and 4.50 L/
min for hydrogen, argon, and carrier gas, respectively. After 
the spraying, coatings were cooled at room temperature for 
2 h and then purged with compressed air to remove dust and 
other impurities.

2.6  X‑ray diffraction method

XRD analysis for both powders and coatings was performed 
by using a Rigaku MiniFlex600 diffractometer equipped 
with a vertical goniometer (radius of 150 mm), a one-dimen-
sional silicon strip detector D/teX Ultra, CuKα radiation 
(λ = 1.54 Å) with a Ni filter (for CuKβ filtering) operating 

at a tube voltage of 40 kV and a tube current of 15 mA. The 
optical setup was in the Bragg–Brentano geometry with a 
variable divergence slit and a 10-mm receiving slit. Data 
for the phase identification were recorded in the 2θ range 
from 10° to 90° at 0.02° intervals and a scan speed of 5°/
min. The diffraction pattern was analyzed to identify the 
crystalline phases using the PDXL2 software package. The 
relative intensity ratio (RIR) method was used to determine 
the rutile and anatase phase content in powders XRD using 
the PDXL 2 Version 2.2.2.0 Rigaku software package. In 
the RIR method, quantitative values are easily calculated 
using RIR values listed in a database from the integrated 
intensity of the maximum intensity curves of the examined 
components. This makes it possible to calculate quantitative 
values without plotting calibration curves.

2.7  Surface roughness

The geometric structure of the surface of the obtained 
coatings was evaluated using a portable roughness meas-
uring instrument, Jenoptik Hommel-Etamic W20. Before 
the measurements, the coatings were treated under com-
pressed air. The length traveled by the apparatus needle was 
15 mm. Measurements for each sample were performed in 

Fig. 1  SEM images of a micrometric agglomerates and b powder nanoparticles on the example of the A50T/P sample

Table 4  Powder samples’ properties

Sample S  [m2/g] ρ [g/cm3] d  [nm]

100T/P 49.78 ± 0.28 3.61 ± 0.01 37.45 ± 0.32
A75T/P 55.27 ± 0.41 3.66 ± 0.01 33.73 ± 0.37
A50T/P 63.39 ± 0.28 3.30 ± 0.01 28.68 ± 0.19
A30T/P 79.09 ± 0.22 3.39 ± 0.01 22.39 ± 0.10
A15T/P 82.95 ± 0.22 3.33 ± 0.01 21.92 ± 0.10
A05T/P 84.17 ± 0.30 3.25 ± 0.01 21.91 ± 0.12
100A/P 86.47 ± 0.36 3.22 ± 0.01 21.56 ± 0.14
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ten repetitions. The analysis of the results was carried out 
based on ISO 4287 Geometrical product specifications—sur-
face texture: profile method—terms, definitions, and surface 
texture parameters and ISO 4288 Geometrical product speci-
fications—surface texture: profile method—principles and 
procedures for the assessment of the geometrical structure 
of the surface.

2.8  Wettability measurements

The ability of the sprayed coatings to be physically repelled 
or attracted by water molecules was determined by meas-
uring the wettability with a Krüss DSA 100 goniometer 
under standard ISO 19403–2—Paints and varnishes—Wet-
tability—Part 2: Determination of the surface free energy 
of solid surfaces by measuring the contact angle. Drops of 
deionized water with a surface tension of 72.8 mJ/m2 and a 
volume of approximately 2 µL were deposited on the surface 
of the tested samples. The contact angles at the phase bound-
ary were recorded sequentially. The test was performed in 5 
replications per sample.

2.9  Light‑activated dye degradation

Organic dye removal processes were performed with the use 
of powder samples and coatings as catalysts. For this pur-
pose, 5 mg/L of aqueous Eo solution was prepared. Powders 
(1 g/L) or coated plates (dim. 60.0 × 80.0 mm) were placed 

Fig. 2  Frequency (a) and parti-
cle size (b) distribution plots for 
powder samples

Table 5  The points (d10, d50, d90) in the size distribution

Sample d10 [µm] d50 [µm] d90 [µm] Span value

100T/P 3.23 52.55 137.61 2.56
A75T/P 4.55 55.03 141.13 2.48
A50T/P 2.75 49.70 132.99 2.62
A30T/P 2.92 48.42 133.80 2.70
A15T/P 5.36 61.43 151.03 2.37
A05T/P 6.21 63.28 151.47 2.30
100A/P 3.87 56.74 144.82 2.48
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in the Eo solutions and exposed to UV light for 3 or 5 h, 
respectively. Solutions were stirred in the dark for 1 h before 
the light irradiation. UV lamp working at 254 nm were used 
as a source of light. Blank measurements were performed 
in which the dye solutions were exposed to light without 
using photocatalysts. All measurements were performed at 
room temperature. Changes in dye concentration were stud-
ied using a DU 640 Beckman UV–Vis spectrophotometer by 
observing the decrease in Eo absorbance at 514 nm.

2.10  Color measurements

The color of the powders in loose form and after being 
sprayed onto the substrate was determined using SP62 X-rite 
portable, handheld sphere spectrophotometer with a meas-
uring geometry of d/8 according to ISO 7724-2 Paints and 
varnishes—Colorimetry—Part 2: Color measurement. The 
color coordinates in CIELab color space were calculated 

(L*—brightness, a*—color from green to magenta, b*—
color from blue to yellow). The color difference ∆E before 
and after photocatalysis of powders and coatings was deter-
mined under ISO 7724-3 Paints and varnishes—Colorim-
etry—Part 3: Calculation of color differences. The calcula-
tions were made based on the following formula:

2.11  Scanning electron microscopy

The microscopic observation was performed using LEO 
Gemini 1525 high-resolution scanning electron microscope 
with a resolution of 1.5 nm at a current voltage of 20 kV 
and equipped with an InLens detector. Before measurement, 
all analyzed samples were sputtered for 50 s with an Au 

ΔE =
√

(ΔL∗)2 + (Δa∗)2 + (Δb∗)2.

Fig. 3  XRD patterns for  TiO2/
Al2O3 powders samples and 
coatings. The diffraction peaks 
are identified and marked by 
defined symbols

Table 6  The calculated rutile and anatase phase content in studied 
powders based on the RIR method

Sample Rutile [wt%] Anatase [wt%]

100T/P 12.3 87.7
A75T/P 10.9 82.2
A50T/P 8.6 56.0
A30T/P 5.3 29.0
A15T/P 4.2 20.0
A05T/P 3.6 13.0
100A/P – –

Table 7  Roughness parameters for fabricated coatings

Sample Ra [µm] Rz [µm] Rmax [µm]

Glass substrate 0.06 ± 0.00 0.49 ± 0.04 1.04 ± 0.09
Sandblasted glass substrate 5.07 ± 0.41 36.11 ± 1.20 49.84 ± 5.01
100T/C 7.21 ± 0.60 41.94 ± 3.25 53.64 ± 8.26
A75T/C 9.45 ± 0.75 51.92 ± 1.56 66.58 ± 6.26
A50T/C 7.88 ± 0.92 45.17 ± 3.68 61.41 ± 9.80
A30T/C 7.19 ± 0.79 42.78 ± 4.55 54.04 ± 8.89
A15T/C 4.65 ± 0.59 34.42 ± 2.36 44.30 ± 4.41
A05T/C 9.63 ± 0.79 53.06 ± 2.70 68.65 ± 6.04
100A/C 4.91 ± 0.35 32.67 ± 1.11 39.07 ± 3.54
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conductive layer in an Ar protective atmosphere using SEI 
supplies sputter coater. Before the analysis, both powders 
and coatings were dried overnight at 50 °C.

3  Results and discussion

3.1  Powder characterization

In thermal spray technologies, the physical properties of the 
sprayed powders, such as particle size distribution, density, 
or flow rate, are important. Hence, nanometric  TiO2 and 
 Al2O3 powders were granulated with PVP as a binder. The 
presented SEM images of selected powder samples (Fig. 1) 
show nanoparticles’ micrometric agglomerates, confirming 
the granulation efficiency.

The results obtained for S and � for prepared powder mix-
tures are 49.78–86.47  m2/g and 3.61–3.22 g/cm3, respec-
tively. There are noticeable differences in values depending 
on the composition of a given mixture. And so, with the 
increase of the  Al2O3 content, the S values increase, and the 
ρ values decrease. This is due to the characteristics of the 
initial powders used in the granulation process. This rela-
tionship is also related to the calculation results of 

−

d , which 
are almost 38 nm for 100T/P and 22 nm for 100A/P. Thus, 
it can be seen that with increasing  Al2O3 content, the cal-
culated 

−

d values are lower. The abovementioned results are 
listed in Table 4. It was confirmed that the obtained blends 
retained their nanometric properties despite the granulation 
process.

The successful granulation of  TiO2 and  Al2O3 nanopo-
wders was also confirmed by the results of PSD analysis. 
The obtained frequency and particle size distribution plots 
indicate similar distributions for all tested samples (Fig. 2). 
The particle diameters are stated between 2.75–6.21 µm for 
d10, 48.42–63.28 µm for d50, and 132.99–151.47 µm for d90 
(Table 5). Moreover, the distribution width was character-
ized by the calculation of the span values using the equation: 
(d90 − d10)/d50. The obtained values were within the range of 
2.30–2.70. The widest distribution was recorded for A30T/P 
and the narrowest for A05T/P.

3.2  X‑ray diffraction method

The XRD patterns obtained for discussed powder sam-
ples and coatings are presented in Fig. 3. According to 
the technical data and laboratory tests of powders used in 
the granulation process [34],  TiO2 as delivered consists of 
almost 80% anatase and 20% rutile, while  Al2O3 consists in 
almost 99% of the α-Al2O3 phase. The XRD analysis carried 
out in this study for the 100A/P, and 100T/P powder sam-
ples confirms the abovementioned reports—the dominant 
phases are anatase and α-Al2O3, respectively. In the case of 

Table 8  Contact angles for 
fabricated coatings

Sample CA(M) [°]

100T/C 99.23 ± 35.10
A75T/C 125.12 ± 7.99
A50T/C 116.43 ± 8.67
A30T/C 109.94 ± 6.10
A15T/C –
A05T/C 129.35 ± 7.02
100A/C –

Fig. 4  Decrease in Eo concentration in the reaction with powders

Table 9  Eo degradation rate in 
the reaction with powders

Sample Eo degrada-
tion rate [%]

100T/P 88.79
A75T/P 83.39
A50T/P 73.64
A30T/P 59.56
A15T/P 28.40
A05T/P 16.59
100A/P 13.83
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the remaining powder samples—A75T/P, A50T/P, A30T/P, 
A15T/P, and A05T/P—obtained in the process of  TiO2 and 
 Al2O3 granulation, the anatase and rutile phases, as well as 
α-Al2O3, are also visible. The changes in the intensity of 
signals for these phases can be observed, which can con-
firm the differences in  TiO2 and  Al2O3 contents. The RIR 
determination of rutile and anatase phase content (Table 6) 
confirmed that anatase is in the predominant phase occur-
ring in the samples. Its content increases with the increase 
in the share of  TiO2 in the sample’s composition. This, in 
turn, contributes to the improvement of photocatalytic per-
formance—anatase is commonly considered a better catalyst 
than rutile [16]. In the case of samples 100T/P and 100T/C, 
some changes in the crystal phase from anatase to rutile are 
visible. Similarly, the phase transformation from α-Al2O3 
into γ-Al2O3 between the samples 100A/P and 100A/C can 
be noted. These changes agree with studies dedicated to 
exploring the influence of thermal treatment on the crystal-
line structure of  TiO2 or  Al2O3. It is proved that the rutile 
phase occurs during the calcination of  TiO2 at temperatures 
above 500 °C [35]. Whereas in the case of processing  Al2O3 
at high temperatures, γ-Al2O3 phase formation is preferred. 
Numerous studies have confirmed these findings on the dep-
osition of  TiO2 and  Al2O3 by the APS method. During APS 
processes, the deposited raw material particles pass through 
the plasma stream, melt under the influence of extremely 
high temperatures, and then cool rapidly. Therefore, in most 
cases, rutile and γ-Al2O3 are formed in thermally sprayed 

Table 10  Color measurement 
parameters for powders before 
and after Eo degradation (PC—
post-photodegradation, BLK—
blank measurements)

Sample L* a* b* Color ��E 

100A/P 96.38 -0.47 0.24 - 

100A/P/PC 96.17 8.57 0.94 9.07 

100A/P/BLK 94.99 13.58 1.42 14.17 

A05T/P 96.59 -0.59 0.48 - 

A05T/P/PC 96.77 8.36 0.96 8.96 

A05/P/BLK 94.20 13.87 1.64 14.57 

A15T/P 97.29 -0.76 0.99 - 

A15T/P/PC 97.01 7.09 2.14 7.94 

A15T/P/BLK 94.61 13.41 2.13 14.47 

A30T/P 97.29 -0.70 2.01 - 

A30T/P/PC 97.23 5.56 1.23 6.31 

A30T/P/BLK 95.60 12.61 2.07 13.42 

A50T/P 97.86 -0.58 1.47 - 

A50T/P/PC 97.50 2.10 2.60 2.93 

A50T/P/BLK 95.29 11.85 3.00 10.37 

A75T/P 96.87 -1.40 2.47 - 

A75T/P/PC 97.44 1.72 2.47 3.17 

A75T/P/BLK 94.86 8.53 3.75 10.91 

100T/P 95.84 -1.66 2.87 - 

100T/P/PC 96.78 -0.89 4.74 2.23 

100T/P/BLK 93.71 9.68 4.24 11.62 

Fig. 5  Eo concentration in the dark measurements with the use of 
powders
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deposition methods [36]. As the result of the reaction 
between  TiO2 and  Al2O3 in the plasma jet, the tialite phase 
 Al2TiO5 was formed [37]. This can be observed mostly for 
the samples A30T/C, A50T/C, and A75T/C. Formation of 
 Al2TiO5 is considered preferable in the case of photocata-
lytic processes since it stands out with good light absorption, 
leading to photocatalytic activity [38].

3.3  Surface roughness and wettability

The values for roughness parameters are within the range of 
6.90–9.45, 37.67–51.92 and 44.07–66.58 µm for the average 
roughness of a surface Ra, maximum peak to valley height 
Rz and maximum roughness depth Rmax, respectively. The 
results showed the disordered directivity of the surface 
for most of the coatings. The discussed roughness param-
eters are presented in Table 7. The values of contact angles 
between almost 100°–130° (Table 8) show that most coat-
ings are hydrophobic. Measurements for samples A15T/C 
and A05T/C were impossible due to the spilling of water 
drops on the surface of the coatings. In the case of the rest 
of the samples, it can be seen that when the surface rough-
ness is greater, the contact angle values also increase. The 
presented results correspond with the available literature 
data on the influence of surface roughness on the hydro-
phobicity of the coating surface. Both in the case of theo-
retical [39] and laboratory [40] analyses, it was observed 
that hydrophobicity increases with the increase of surface 
roughness. This phenomenon can be explained briefly by 
two mathematical models—Wenzel and Cassie. The Wenzel 
model assumes that the contact surface increases as rough-
ness rises. This, in turn, causes an increase in effective free 

energy at the liquid–solid interface, leading to an enhanced 
hydrophobicity [41]. According to Cassie’s model, the con-
tact at the liquid–solid interface is created due to air bubbles 
forming in the rough surface’s depressions, intensifying the 
hydrophobic effect [42]. In accordance with the literature, 
the presented parameters can also be related to the cata-
lytic properties of the coatings. Some previously reported 
research shows that roughness and wettability can strongly 
influence the photocatalytic performance of different mate-
rials in aqueous reaction environments. And so, it can be 
stated that photocatalytic abilities improve with increasing 
hydrophobicity and surface roughness [43, 44]. The results 
obtained in this work indicate the hydrophobicity and high 
surface roughness of the fabricated  TiO2/Al2O3 coatings. It 
can be expected that they are suitable candidates for con-
ducting photocatalytic processes for removing organic dyes 
from aqueous solutions.

3.4  Light‑activated dye degradation and color 
measurements

Photocatalytic behavior for  TiO2,  Al2O3, and  TiO2/Al2O3-
based powders or coatings was tested in an Eo degrada-
tion process. It is well known that  TiO2 and its blends with 
 Al2O3 after light irradiation act as catalysts in the process 
of decomposing organic pollutants from aqueous solutions. 
As expected, the results show that the efficiency of Eo deg-
radation increases with the increase of  TiO2 contents in the 
blends.

Figure 4 presents the decrease in Eo concentration dur-
ing the processes conducted with the use of powders. In this 
case, the Eo degradation rate was stated at almost 89, 83, 74, 
60, 38, 17, and 14% for 100T/P, A75T/P, A50T/P, A30T/P, 
A15T/P, A05T/P, and 100A/P, respectively (Table 9). The 
good efficiency of Eo degradation in the reaction with 
powders may be caused by the fact that the powders had 
a high surface area for the reaction in the Eo solution as 
they were directly added to it and constantly mixed during 
the process which can influence the enhancement of organic 
pollutants degradation [45]. However, in the case of reac-
tions carried with powders, some limitations can occur. 
Literature research indicated that many factors can disturb 

Fig. 6  Kinetics of Eo degradation in a reaction with the use of pow-
ders

Table 11  Rate constants and 
linearly dependent coefficients 
of Eo degradation in a reaction 
with the use of powders

Sample k [1/min] R2

100T/P 0.0123 0.9964
A75T/P 0.0102 0.9980
A50T/P 0.0076 0.9993
A30T/P 0.0052 0.9983
A15T/P 0.0020 0.9926
A05T/P 0.0011 0.9822
100A/P 0.0009 0.9824
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the photocatalysis process. This was first proved by colori-
metric analysis. Color measurements before and after the 
Eo photodegradation process indicate a significant change 
in the color of the powder. After the process, the color of 
the powder samples changed from white or white–gray to 
pink (Table 10), which indicates the adsorption of Eo on 
their surface. Thus, the ∆E value for the powders before and 
after the process was 2.23, 3.17, 2.93, 6.31, 7.94, 8.96, and 
9.07 for 100T/P, A75T/P, A50T/P, A30T/P, A15T/P, A05T/P 

and 100A/P, respectively. The recorded differences may sug-
gest partial adsorption of Eo on the surface of the tested 
powder samples, which can be connected to specific surface 
area values. Along with the increase in the specific surface 
area of the tested material, its adsorption capacity increases. 
This effect has been confirmed in the case of many ceramic 
materials [46], including  TiO2 or  Al2O3 powders [47]. Thus, 
the differences in ∆E depending on the powder composition 
were observed. The values of ∆E were lower for the tested 
samples, with the increasing  TiO2 content corresponding to 
the specific surface area results (Table 4). The absorption 
of Eo on the surface of the powders was also confirmed by 
dark measurements. The powder samples were stirred in the 
same reaction conditions (Eo concentration, time, powder 
addition) without light irradiation. UV–Vis measurement 
showed a change in the concentration of Eo in the solu-
tion and a significant color change in the powders. Here, the 
UV–Vis investigation showed similar values of the Eo con-
centration decrease for all tested powder samples (Fig. 5). 
The Eo concentration after dark tests was stated from 4.02 
to 4.20 mg/L. Both with the additional color measurements 
(Table 10), it was proved that prepared powders hold the 
ability to absorb dye on their surface. Another bottleneck 
in the use of powders as photocatalysts is the occurrence of 
their partial suspension in the tested solutions. This leads 
to problems with the disruption of the turbidity of tested 
solutions and their separation and utilization from reaction 
mixtures [11]. And, even though the tested powder mixtures 
can significantly influence the high degradation efficiency of 
Eo, they are also considered to be a contamination.

The rate constants of the processes were determined, 
knowing that the degradation reaction of Eo from aqueous 
solutions is a pseudo-first-order reaction [48]. Hence, based 
on the changes in the concentration of Eo in the solution 
recorded during the experiments, it was possible to deter-
mine the rate constants k of this reaction carried out in the 
presence of catalysts in the form of powders or coatings. The 
analysis was performed using the graphical method based 
on fitting the experimental data (here, Eo concentration) to 
the reaction kinetics equation. The reaction rate constant 
is derived from the linear trend equation: y = ax + b, where 
k = − a. For the Eo degradation processes carried out in this 
research, plots ln(C0/C) vs. time were drawn. Figure 6 and 
Table 11 present the results of the kinetic study of the pro-
cess with the presence of powder samples. The values of 
linearly dependent coefficients show a good fit of reaction 
order for almost all of the tested samples. In the case of 
samples A05T/P and 100A/P, a slight deviation from the 
linear course was observed. This can be attributed to their 
poor photocatalytic properties and partial adsorption of the 
dye on their surface, which could affect the free course of 
Eo degradation.

Fig. 7  Decrease in Eo concentration in the reaction with coatings

Table 12  Eo degradation rate in 
the reaction with coatings

Sample Eo degrada-
tion rate [%]

100T/C 70.71
A75T/C 62.31
A50T/C 51.07
A30T/C 35.11
A15T/C 22.39
A05T/C 10.27
100A/C 3.59
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Due to a wide range of limitations related to the practical 
use of powder materials as photocatalysts, their deposition 
techniques on solid substrates have been developed for years 
[49]. In this work, the emphasis on the legitimacy of using 
coatings as potential catalytic materials in the degradation 
of organic pollutants was made. Here, plasma-sprayed  TiO2, 
 Al2O3, and  TiO2/Al2O3 coatings were applied as a factor for 
the photoactivated degradation of Eo. The results show that 
the efficiency of Eo degradation increases with the increase 
of  TiO2 contents in the coatings (Fig. 7). The Eo degradation 
rate (Table 12) was stated at almost 71, 62, 51, 35, 22, 10, 
and 4% for 100T/C, A75T/C, A50T/C, A30T/C, A15T/C, 
A05T/C, and 100A/C, respectively.

Compared to commonly produced coatings on steel, 
coatings that showed the best photocatalytic performance 
(100T/C, A75T/C or A50T/C) can be considered efficient 
catalysts in the degradation of organic pollutants from 
aqueous solutions. In the case of using glass as a substrate, 
exposure to light is higher, leading to a greater catalytic 
activity of coatings. This may be due to the better adhe-
sion of ceramic oxides to the glass substrate compared to 
the steel [50], the increased porosity of the coating, and the 
transparency of glass, which improves the ability to photo-
degrade organic pollutants [51]. It was also proved that the 
increasing addition of  Al2O3 impacted the decrease of the 
photocatalytic abilities of the prepared materials. Samples 
A30T/C, A15T/C, A05T/C, and 100A/C showed the lowest 
efficiency in dye degradation. Despite this, coatings with a 
higher proportion of  Al2O3 may be useful in other catalytic 

Table 13  Color measurement 
parameters for coatings before 
and after Eo degradation (PC—
post photodegradation)

Sample L* a* b* Color ��E 

100A/C 54.07 -2.49 -9.86  
0.22 

100A/C/PC 53.94 -2.46 -9,69  

A05T/C 42.66 -2.04 -9.91  
0.22 

A05T/C/PC 42.78 -2.04 -9.73  

A15T/C 41.18 -1.29 -7.49  
1.94 

A15T/C/PC 39.26 -1.57 -7.49  

A30T/C 31.30 -0.41 -3.29  
0.86 

A30T/C/PC 31.65 -0.22 -3.42  

A50T/C 31.10 -0.15 -3.17  
0.36 

A50T/C/PC 31.37 -0.02 -3.37  

A75T/C 35.08 -0.55 -3.56  
1.17 

A75T/C/PC 34.11 -0.13 -3.05  

100T/C 34.39 -0.98 -4.49  
0.48 

100T/C/PC 34.03 -0.70 -4.65  

Fig. 8  Kinetics of Eo degradation in a reaction with the use of coat-
ings

Table 14  Rate constants and 
linearly dependent coefficients 
of Eo degradation in a reaction 
with the use of coatings

Sample k [1/min] R2

100T/C 0.0040 0.9970
A75T/C 0.0033 0.9987
A50T/C 0.0024 0.9994
A30T/C 0.0014 0.9988
A15T/C 0.0009 0.9993
A05T/C 0.0004 0.9993
100A/C 0.0001 0.9997
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processes [52] or as functional materials in various industrial 
branches [53].

In the case of color measurements for coatings, the 
∆E values are low, suggesting only a slight color change 
(Table 13). ∆E was 0.48, 1.17, 0.36, 0.86, 1.94, 0.22, and 
0.22 for 100T/C, A75T/C, A50T/C, A30T/C, A15T/C, 
A05T/C and 100A/C, respectively. The colors of the 
obtained coatings are within the shades of gray—the darkest 
for the 100T/C sample and the lighter for 100A/C. The coat-
ings’ dark color may result from the changes in the crystal 
phases of  TiO2, which transforms from anatase to rutile dur-
ing the APS process, which a color change can accompany 
due to rapid temperature differences. The color change may 
also suggest degradation of the polymeric binder PVP upon 
exposure to high temperatures. Due to the coatings’ color, 
it is impossible to assess whether Eo was adsorbed on the 
surface of the coatings during the photodegradation process.

Kinetic plots determined for the Eo degradation reaction 
using coatings as catalysts indicate the correct course of the 
process (Fig. 8, Table 14). A linear dependence of changes 
in Eo concentration during the process was observed, and 
linearly dependent coefficients show a good fit for the data. 
The expected increase in the reaction rate constant can also 
be observed with the increase in the share of  TiO2 in the 
coating composition.

Few reports on light-activated methylene blue (MB) 
degradation with  TiO2-based coatings are mentioned in the 
literature. Nanometric  TiO2 in suspension or powder was 
used as feedstock material for spraying. Table 15 presents 

some results from other works in this matter. It is worth 
mentioning that the results obtained in other studies cannot 
be directly compared, mainly due to differences in research 
methodology. This includes—different reaction conditions, 
different dyes used as the reference pollutant, or differences 
in obtaining catalytic coatings.

3.5  Scanning electron microscopy

SEM images presented in Fig. 9 show chosen powder sam-
ples before and after the photodegradation of Eo. Agglom-
erates of nanometric particles were observed, confirming 
the granulation process’s effectiveness (Fig. 1). Despite the 
significant change in the color of the powders after the deg-
radation of Eo, confirmed by color measurements (Table 9), 
no changes in their morphology were observed during the 
microscopic analysis.

SEM images of the surfaces of selected coatings before 
and after the Eo degradation process are presented in 
Fig. 10. All imaged coatings show an uneven profile as 
indicated by the arrangement of particles at different lev-
els. The analyzed images show individual nanoparticles as 
well as their larger agglomerates. An important observa-
tion is a difference in the morphology between the coat-
ings obtained by spraying powders with different contents 
of  TiO2 and  Al2O3. Thus, the image of the 100 T/C sample 
is dominated by large areas of melted  TiO2 powder, and 
clusters of smaller particles are visible. These coatings 
may tend to chip and cohesion due to multiple cracks, 

Table 15  Exemplar results for photodegradation of organic dyes with the use of  TiO2-based coatings

Feedstock mate-
rial/technology

Substrate Dye Catalyst dimensions Reaction conditions Degradation 
rate (%)

Refs.

Nano-TiO2 pow-
der/APS

Stainless steel MB 1.0 × 1.0 cm t = 2 h
Cdye = 5 ×  10–5 M visible light

12 [51]
FTO glass 1.0 × 1.0 cm 25

Nano-TiO2 sus-
pension/SPS

Stainless steel MB 2.5 × 2.5 cm t = 1.5 h
Cdye = 2 ×  10–5 M
UV-light

44–61 [54]

Nano-TiO2 sus-
pension/SPS

Stainless steel MB 2.0 × 2.0 cm t = 6 h
Cdye = 5 ppm
Visible light

89 [55]

Nano-TiO2 sus-
pension/SPS

Stainless steel MB ⌀ 3.0 cm t = 11 h
Cdye = 5 ppm UV-light

~ 60 [56]

Nano-TiO2 pow-
der/liquid phase 
deposition

ITO glass Eo n/a t = 20 min
Cdye = 0.1 mM visible light

78–80 [57]

Nano-TiO2/spin 
coating

Glass Eo 0.25 × 0.25 cm t = 5 h
Cdye = 10 ppm UV-light

88 [58]

Nano-TiO2 pow-
der/sol–gel

Wool fibers Eo n/a t = 6 h
Cdye = 5 ×  10–5 M UV-light

~ 70 [59]

Nano-TiO2 pow-
der/APS

Quartz glass Eo 19.0 × 8.0 cm t = 6 h
Cdye = 5 mg/L
UV light

71 This work
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suggesting leakage. The image obtained for the A50T/C 
sample shows a very different profile. There is a combina-
tion of partially melted and fully melted areas. It is worth 
mentioning that the structure of the imaged coatings is 
also, to a certain degree, porous, which is confirmed by 
the voids visible on the surface of the coatings. The craters 
visible on the surface may suggest that the PVP present 
in the granules evaporated rapidly under the influence of 
high temperature during the APS process, which correlates 
with the colorimetric analysis. They can also result from 
particles chipping during a sudden significant change in 

temperature after the spraying process. The surface of sam-
ple 100A/C has the most regular profile. The imaged coat-
ing is smooth, and the cracks are not visible. Moreover, 
melted areas are observed to a large extent on the surface. 
Single craters can be seen to a lesser extent than for the 
100T/C and A50T/C samples. The observed differences 
may result from the behavior of  TiO2 and  Al2O3 powders 
during thermal spray processes, mainly the different nature 
of phase changes, but also differences in melting points 
of 1843 and 2072 °C for  TiO2 and  Al2O3, respectively. 
Moreover, no additional damage was observed on the sur-
face of the coatings after photodegradation with Eo, both 
with the naked eye and during microscopic observation. 

Fig. 9   SEM images for powder samples before: a 100T/P, c A50T/P, e 100A/P and after: b 100T/P/PC, d A50T/P/PC, f 100A/P/PC Eo photo-
degradation



 Archives of Civil and Mechanical Engineering          (2024) 24:142   142  Page 14 of 19

No blistering, peeling, or cracking of the coatings was 
noticed. During and after the photodegradation process, 
there was no visible contamination with any "unfamiliar" 
additional particles in the test solutions, suggesting the 
durability of the coatings in the tested environment.

The cross-section of the A50T/C sample presented in 
Fig. 11 shows the clear boundary between the coating and 

the substrate of the tested sample. Moreover, a brittle frac-
ture with a few irregular faults can be observed. The struc-
ture of the particles of the sprayed powder after solidification 
has a morphology most similar to columnar, and numerous 
locally melted spots are visible on the surface of the tested 
samples. Discontinuities in the form of pores arising in the 
manufacturing process may result from imperfections or the 

Fig. 10  SEM images of coatings surface before: a 100T/C, c A50T/C, e 100A/C and after: b 100T/C/PC, d A50T/C/PC, f 100A/C/PC Eo photo-
degradation
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accumulation of PVP, which underwent degradation after 
thermal treatment. The average thickness of the coatings was 
also determined based on the SEM observations of the sam-
ples’ cross sections. The following values were determined: 
31.02 ± 1.91  µm (100T/C), 24.94 ± 3.08  µm (A75T/C), 
29.43 ± 3.51 µm (A50T/C), 27.55 ± 4.32 µm (A30T/C), 
29.91 ± 8.40 µm (A15T/C), 30.03 ± 4.26 µm (A05T/C) and 
34.01 ± 14.84 µm (100A/C).

The SEM images presented in Figs. 12 and 13 show the 
results of the elemental distribution analysis on the example 
of the surface view and the cross section of the A50T/C sam-
ple. The imaging confirmed the presence of all metallic ele-
ments coming from the ceramic powders used for the coating 
fabrication. The distribution of elements is relatively uni-
form, although it is not devoid of the accumulation of Ti or 
Al in small areas. Nevertheless, the surface of the analyzed 

Fig. 11  SEM images of A50T/C cross section: a magnitude ×3000, b magnitude ×5000

Fig. 12  SEM image of A50T/C surface (a) and elemental distribution for b Al, Ti, c Al, d Ti
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area is predominantly pink, indicating the presence of Al. 
The distribution of Al and Ti elements at the cross-section 
is analogous. Here, Si, as the main component of the quartz 
glass substrate, was also detected. The presented images 
show a clear boundary of the distribution of the substrate-
coating phases.

4  Conclusion

Photocatalytic materials hold great potential in various 
industrial, medical, or pharmaceutical applications. The 
main direction of processing light-activated compounds 
is their exploitation as multifunctional coatings. In this 
research, granulated nanometric  TiO2,  Al2O3, and  TiO2/
Al2O3 were deposited on the glass substrate using the APS 
technology. Catalytic activity was tested in light-activated 
removal of persistent organic pollutants from aqueous 
solutions on the example of Eo degradation. The choice 

Fig. 13  SEM image of A50T/C cross-section (a) and elemental distribution for b Al, Ti, Si, c Al, d Ti, e Si
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of  TiO2 and  Al2O3 as photocatalysts was dictated primarily 
by their functional features, i.e. low toxicity, high thermal 
stability, or low cost. Moreover, depositing ceramics on 
glass provides a good combination due to the formation of 
a well-adhered coating and no need to use additional so-
called bond layers traditionally applied on steel substrates.

The following conclusions can be given based on the 
conducted measurements:

• SEM and physicochemical characterization of powder 
samples confirmed that the granulation process was 
effective without significantly affecting the properties 
of the  TiO2 and  Al2O3 as delivered. The results of PSD 
measurements of powders after granulation showed 
similar distributions for all samples and the mean par-
ticle size (d50) was stated between 48.42 and 63.28 µm.

• Wettability tests showed that most coatings are hydro-
phobic, which is advantageous for water treatment 
applications. These results are consistent with the 
analysis of the geometric structure of the coatings. The 
values of the contact angles increased with the surface 
roughness.

• XRD analysis of the powder samples proved the pres-
ence of  TiO2, both anatase and rutile and α-Al2O3. In the 
case of the coatings—transformations from anatase to 
rutile and from α-Al2O3 into γ-Al2O3 for  TiO2 and  Al2O3, 
respectively, were observed. Moreover, due to the reac-
tion between  TiO2 and  Al2O3 during the APS process, 
the  Al2TiO5 tialite phase was formed.

• A relatively high efficiency of Eo degradation for the 
coatings was confirmed. The highest Eo degradation rate 
was reached for samples 100T/C, A75T/C, and A50T/C 
(over 50% and up to 71%).

• Colorimetric analysis before and after the photodegra-
dation process showed a significant color change of the 
powder samples (ΔE 2.23–9.07), which may indicate 
partial adsorption of Eo on the surface of the powders. 
No significant color changes were observed after the 
reaction with the coatings.

The use of  TiO2/Al2O3 powder samples as photocatalysts 
is limited on a large scale due to the difficulties in separating 
them from the post-reaction systems. An effective method 
for their deposition on glass substrates was proposed, and 
coatings with photocatalytic activity were obtained. Pre-
sented coatings can be applied as architectural materials 
due to their functionality and decorative effect. Above that, 
the proposed materials can be used for industrial imple-
mentations such as photoreactor cladding, self-cleaning 
panes, or mountings and fittings for medical and household 
accessories.
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