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Expanded polystyrene spheres (EPS) were coated by  SiO2–TiO2 or  TiO2 for application as a fluidized bed 
in the photocatalytic reactor. Silica coating was realized by the sol–gel process carried out in a vacuum 
evaporator at 60–70 °C. The most uniform and thin layer of silica coating was obtained by the Stöber 
method based on the hydrolysis of tetraethyl orthosilicate (TEOS) catalysed by an ammonia solution. 
Effective  TiO2 coating was obtained by the immersion of EPS in the titania aqueous suspension and 
evaporation of water in a vacuum evaporator. Heating of EPS spheres coated by  SiO2,  TiO2 or  SiO2–TiO2 
at the temperatures of 120–140 °C resulted in a shrinkage of their volume. For the thick layer coating, a 
strong corrugation of EPS surface was observed. The photocatalytic tests showed, that highly corrugated 
surface of coated EPS slowed down ethylene decomposition, whereas a thin layer coating of both,  SiO2 
and  TiO2 was advantageous.

Introduction
Recently photocatalytic reactors have been widely studied with 
the application of the photocatalytic bed, where photocatalyst 
is coated on the inert support. There are two approaches, the 
reactors with the stationary bed and fluidized one. Application 
of reactors with the fluidized bed is highly advantageous for the 
photocatalytic processes, because of enhanced contact between 
the photocatalytic bed and irradiating light, while this contact in 
fixed bed is significantly limited. However, to obtain the fluidi-
zation state of bed, higher velocities of flowing gas through the 
reactor are necessary. With increase a gas flow, the contact time 
of gaseous molecules with a photocatalytic bed decrease. Pho-
tocatalytic decomposition of organic pollutants depends on the 
mass transfer of substrate to the active sites of the photocatalyst. 
Therefore, to obtain high yield of the photocatalytic process, the 
laminar flow of a gas stream through the reactor is necessary. 
There are some examples of fluidized bed reactors applied for 
the photocatalytic processes. One of them is a reactor filled with 
activated carbon coated by  TiO2 (size of 100–150 µm) [1, 2]. 
The other examples of the photocatalytic beds are:  TiO2-coated 
silica gel [3], quartz sand [4] or clay granules [5]. Mentioned 
above support materials for  TiO2 coating, despite of being inert 
and highly porous, possess high density, which in consequence 

force the high rates of a gas flow to create the fluid state. The 
activated carbon seems to be suitable material, because is very 
light, however, it is also very fragile and highly heterogeneous, 
what may cause negative effect of bed stacking. From this point 
of view, the expanded polystyrene spheres (EPS) emerge as the 
ideal support materials for  TiO2 immobilization, because they 
are very light, homogenous in shape and easy acquired.

Polymer/inorganic and others composites [6, 7] have been 
already known and used in many fields e.g., drug release [8], 
catalysis [9], biochemistry [10] or photocatalysis [11]. Poly-
mer/inorganic composites combine the advantages of both, the 
organic polymer, which serves as a core (low density, easy for 
synthesis and processing, ductility) and the inorganic material 
used as a shell (catalytic activity, thermal and chemical stabil-
ity, porosity). The most common core/shell composites used are 
based on the polymer core with a silica shell [12–16]. Such com-
posites can be obtained by several methods. One of the exam-
ples is application of polymer spheres coating with nanosilica 
layer through the sol–gel Stöber method, which involves the 
synthesis of nanosilica by hydrolysis reaction of silicon alkoxide 
(most often tetraethyl orthosilicate) catalyzed by ammonia solu-
tion. According to this method, the size of silica particles can 
be readily tuned in a wide range from 10 to 500 nm by simply 
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altering the ammonia concentration. Silica particles on the poly-
mer surface larger than 250 nm are obtained at higher ammonia 
concentrations [12, 17]. The hydrolysis of silicon alkoxide can 
also be carried out at the presence of hydrochloric acid used as 
a catalyst. The thickness of the silica layer is strongly dependent 
on the pH solution and reaction time. As the pH of the reaction 
mixture decreases, the silica layer becomes thicker, that gives the 
possibilities to obtain a layer of precise thickness [13]. Addition-
ally, the pore size of the silica coating can be modified by adding 
a surfactant during the synthesis process. The mesoporous silica 
with an ordered structure can be obtained by addition of the 
Pluronic P123 or cetyltrimethylammonium bromide (CTAB) 
surfactants [18–20]. The physical method of composites prepa-
ration comprises of mixing opposite charged particles and then 
processing them into more regular structures by melting. Such 
method is much faster, cheaper and generates much less harm-
ful waste [21–23]. Another method of fixing an inorganic layer 
to a polymer core is using the coating slurry and evaporating 
the solvent [24]. This allows to obtain an inorganic layer with 
strictly defined properties without significant interference with 
the coated material.

Various pretreatment methods are used to increase the 
affinity of the polymer to the inorganic layer. One of them is 
modification of the polymer surface with a coupling agent e.g., 
poly(vinylpyrrolidone). It affects the stability of colloids as well 
as the homogeneity and smoothness of the initial silica coating 
[25]. Effective coating of the polymer surface with an inorganic 
layer can be also achieved by increasing a polymer hydrophilic-
ity, which results in the increase of the oxygen groups on its 
surface. For this purpose, the polymer surface can be modified 
by UVC radiation [26], plasma [27, 28] or chemical treatment 
[29, 30].

Some methods of  TiO2 or  SiO2 coating EPS have been 
described in the literature. One of the example is physical vapour 
deposition of  SiO2 and  TiO2 films on the non-expanded poly-
styrene beds, which were then expanded and molded into a one 
piece of polystyrene foam [31]. Another example is dissolving 
of EPS surface in acetone solution with immobilization of  TiO2 
particles [32]. The method of  TiO2 grafted EPS through the 
polystyrene solution and ethyl acetate was also reported [32]. 
Some thermal methods of  TiO2 particles embedding into the 
EPS structure can be utilized, based on the temperature of poly-
styrene melting, which was estimated to be around 140–150 °C 
[23, 33, 34].

The aim of this work was to obtain composites made of a 
polystyrene core and an inorganic  SiO2–TiO2 bilayer. The stud-
ies have been also focused on EPS coating by  TiO2 only. Two dif-
ferent titania materials were applied for EPS coating to analyze 
the impact of  TiO2 properties on the formation of titania layer.

Expanded polystyrene spheres were used, because of their 
extremely low bulk density. Silica interlayer was applied to 

protect polystyrene against degradation at the presence of UV 
light irradiation [35]. Although the depth of UV penetration 
in  TiO2 is not so high [36], polystyrene spheres can undergo 
photocatalytic degradation in the case of a very thin layer of 
direct  TiO2 coating.

Results
Coating of EPS with  SiO2

SEM images of unmodified EPS spheres and those covered with 
silica using various methods are illustrated in Fig. 1.

The diameter of the uncoated EPS spheres was in the range 
of 1.1 to 1.4 mm [Fig. 1(a)]. It can be observed that  SiO2 coating 
using CTAB surfactant led to the formation of a thick layer of 
silica, which peeled off the sphere surface [Fig. 1(b)]. Moreover, 
individual spheres stuck to each other, and the silica coating 
was not uniform. In [Fig. 1(c)] there are shown EPS spheres 
coated  SiO2 in the method of TEOS hydrolysis in HCl solution. 
Moreover, the silica layer obtained in this way was in the form 
of small flakes outstanding from the EPS surface. The best cov-
erage of the EPS spheres with the silica layer was obtained by 
the Stöber method [Fig. 1(d)]. The obtained layer of silica was 
uniform, and all the spheres seem to be almost entirely coated. 
This method was selected for the further studies due to the good 
properties of the obtained coating. In the next step the quantity 
of  NH4OH solution added to the reaction mixture during TEOS 
hydrolysis was varied.

In Fig.  2 there are showed SEM images of EPS spheres 
coated by  SiO2 with using a Stöber method and varied amount 
of ammonia solution.

In these SEM images can be observed increase the silica par-
ticle size (from 109.9 ± 10.1 to 184.6 ± 24.5 nm) with increasing 
the ammonia concentration. Moreover, higher concentration of 
ammonia solution favors formation of a more uniform layer of 
silica. In Fig. S1 (Supplementary materials) there are illustrated 
SEM–EDS images of EPS spheres coated with  SiO2 using 0.5 
and 1.5 ml  NH4OH.

At the presence of higher ammonia concentration, the thick-
ness of  SiO2 coating seems to be lower. EDS analyses indicated, 
that for 1.5 ml  NH4OH used, the quantity of Si on EPS spheres 
was equaled around 2.5% atom, whereas for 0.5 ml ammonia 
solution it was around 4% atom.

Size distribution of  SiO2 particles obtained from TEOS 

hydrolysis by a Stöber method and zeta potential

Synthesis of  SiO2 via sol–gel method from TEOS, ethanol and 
ammonia solution were performed to analyze impact of ammo-
nia solution on the homogeneity of hydrolyzed  SiO2 particles. 
The conditions of sol–gel process were identical as those used 
for EPS spheres coating. The measurements of  SiO2 particles size 
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were performed by Dynamic Light Scattering (DLS) method 
in Zetasizer Nano ZS apparatus of Malvern company (UK). 
Obtained in a sol–gel method  SiO2 powder was simply dispersed 
in the deionized water mixed, and then analyzed.

Lack of ammonia solution or its little content (0.5  ml) 
caused formation of  SiO2 particles with bimodal distribution 
(80 nm and 200 nm). Higher volume of ammonia solution 
added to sol–gel mixture caused precipitation of higher size sil-
ica particles with more narrow size distribution (150–200 nm). 
It was concluded, that at the presence of higher ammonia 

concentration used during  SiO2 synthesis, obtained suspension 
was more homogeneous. Therefore, in a further step of EPS-
SiO2–TiO2 synthesis, the Stöber method of silica coating with 
addition of 1.5 ml  NH4OH was used. Particles size distribution 
(by light intensity) obtained at the presence of various quantity 
of ammonia solution used during  SiO2 synthesis is shown in 
Fig. S2 (Supplementary materials).

Measurements of zeta potential for  SiO2 particles indicated, 
that addition of ammonia to sol–gel solution during silica 
synthesis increased negative charge of  SiO2 particles, without 

Figure 1:  SEM images of EPS spheres: uncoated (a); coated  SiO2 from the sol–gel solution using different conditions: CTAB surfactant (b), HCl solution 
(c), and  NH4OH solution (d).



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

4 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s) 2024. 4

ammonia was equaled (− 25 mV), at the presence of 0.5 ml 
 NH4OH decreased to (− 30 mV), but after addition of 1.5 ml 
dropped down to (− 33 mV).

Coating of EPS with  SiO2–TiO2

EPS spheres coated by  SiO2 were submitted to coating with another 
layer, i.e.,  TiO2, which was realized by two methods. The first one 
was based on the TIPOT hydrolysis conducted directly onto EPS-
SiO2 spheres. However, obtained in this way  TiO2 coating was not 
uniform, some agglomerates of  TiO2 particles on the spheres sur-
face with poor abundance were observed [Fig. 3(a)]. The second 
method used was based on coating of EPS-SiO2 by a crystalline 

 TiO2 from its aqueous suspension. For that purpose, two different 
 TiO2 materials were utilized, commercial (P25, Evonik, [Fig. 3(b)]) 
and the other one, obtained in the laboratory, marked as Ar400 
[Fig. 3(c)]. In case of  TiO2-P25 a thick and rather flat layer of coat-
ing is observed, but for the other  TiO2 sample (Ar400), the coating 
surface is rough, although titania did not entirely cover the outer 
surface of EPS-SiO2 spheres.

Thermal treatment of EPS‑SiO2 composites

EPS-SiO2 composites prepared by TEOS hydrolysis (Stöber 
method, 1.5 ml  NH4OH) were submitted to the thermal treat-
ment at 120–140 °C in an oven for 6 h in order to increase 

Figure 2:  SEM images of EPS spheres coated with  SiO2 from the sol–gel solution at the conditions of different  NH4OH dosing: (a) 0.5 ml, (b) 1 ml, and (c) 
1.5 ml.
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adhesion of a coating layer with the polystyrene substrate. 
Thermal process caused a strong corrugation of the polysty-
rene surface.

After heating process, the size of the EPS coated  SiO2 
spheres was significantly reduced in comparison with the 
uncoated EPS. The outer layer of EPS surface collapsed, and 
the obtained composites were shrunk about half of their pri-
mary size, however, they preserved their spherical shape with 
corrugated outline.

In Fig. 4 the SEM images of EPS-SiO2 spheres heat-treated 
at 140 °C are shown, in addition the SEM images of EPS-SiO2 
spheres heat-treated at 120 °C are shown in Fig. S3 (Supplemen-
tary materials).

At higher temperature of heat-treatment the changes in EPS-
SiO2 structure were more pronounced, the obtained surface was 
more corrugated, and the spheres look to be more shrunk. Addi-
tionally, these SEM images showed some of the silica particles 
embedded into the polystyrene substrate. The size of  SiO2 par-
ticles increased with increasing temperature of heat treatment.

Thermal treatment of EPS‑SiO2–TiO2 composites

The prepared EPS-SiO2–TiO2 spheres were heated at 140 °C, 
likewise EPS-SiO2. Changes in their surface morphology after 
thermal treatment are analyzed by SEM images (Fig. 5).

Heat-treatment of EPS spheres coated with  SiO2–TiO2 
bilayer at 140 °C caused significant reduction of their size, 
however, the morphology of the coated surface varied by type 
of  TiO2 used for coating. In case of commercial P25 the coated 
layer was highly disrupted as opposite to Ar400.

EPS spheres compose of large air spaces inside and most 
likely the outer layer of coating collapsed due to the increased 
gas pressure after heating. Laboratory prepared  TiO2 sample 
Ar400 was highly porous and blended in the silica layer as out-
standing powder whereas P25 coated EPS-SiO2 created rather 
smooth and thick layer (Fig. 3). Heating of EPS at 140 °C 
resulted in the decomposition of some polymer ingredients 
and formed gases imprisoned inside the EPS shell destroyed 
the outer layer of  TiO2, which was poorly permeable for gases 
[Fig. 5(a)]. SEM images of EPS spheres in a cross section are 

Figure 3:  SEM images of EPS-SiO2 spheres coated with  TiO2 by: (a) TIPOT hydrolysis, (b) and (c) titania aqueous solution: P25 and Ar400, respectively.
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Figure 4:  SEM images of EPS-SiO2 spheres after heating at 140 °C.

Figure 5:  SEM images of EPS-SiO2–TiO2 spheres heat-treated at 140 °C, (a) TiO2-P25, (b)  TiO2-Ar400.
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shown in Fig. S4 (Supplementary materials). The cross-section 
shows large cavities inside EPS spheres, which are surrounded 
by a thin and porous polymer layer. Performed experiments 
indicated, that the bald EPS spheres without any coating 
heat-treated at 140 °C shrank a half, but their spherical shape 
remained without any changes in the surface roughness.

Coating of EPS spheres by impregnation with  TiO2 
and following thermal treatment

In the next step EPS spheres were coated by only one layer of 
 TiO2. The applied method of coating was based on the immer-
sion of EPS spheres in the aqueous suspension of  TiO2 in a 
rotary evaporator, mixing and then evaporation of water. Evap-
oration of water proceeded at the temperature of 60–70 °C, 
because at higher temperature the EPS spheres started to stick 
to each other, due to the polymer softening. General purpose 
polystyrene has a softening point at the temperatures range of 
75–85 °C [37]. However, in case of low-density EPS spheres with 
a thin and porous surface this softening can occur at lower tem-
perature. Such impregnated EPS spheres were dried at 70 °C. In 
Fig. 6 SEM images of EPS-TiO2 spheres are shown.

The structure of  TiO2 coating differed for both samples, in 
case of P25 some of the titania conglomerates can be observed 
whereas Ar400 formed a flaky titania layer. In both cases titania 
coating of EPS surface was not complete. Measurements of EPS-
TiO2 spheres diameters indicated, that these coated by P25 had 
higher size than those coated by Ar400. It can be assumed, that 
P25 coated EPS spheres with somewhat thicker layer than Ar400. 

Analyses of  TiO2 distribution on EPS spheres were performed 
by EDS technique. SEM/EDS images of EPS-TiO2 spheres are 
illustrated in Figs. S5 and S6 (Supplementary materials). EDS 
analyses indicated that titania was not evenly distributed on the 
EPS spheres. In case of P25 some hollow spaces are observed 
(Fig. S5), most likely a thick layer of P25 was partly broken away 
from the EPS surface. Such phenomenon was not observed in 
case of titania Ar400 (Fig. S6).

Prepared EPS-TiO2 spheres were submitted to thermal 
treatment at 140 °C in air. The changes of EPS-TiO2 structure 
after heating are depicted in the SEM images (Fig. 7).

The surface structure of EPS-TiO2 coated by P25 and 
heated at 140 °C was highly disrupted whereas in case of 
Ar400 coating was just slightly corrugated. Such huge differ-
ences in the structure were caused by diverse properties of 
these two  TiO2 samples.  TiO2-Ar400 was highly porous and 
coated EPS spheres with a thin layer, whereas P25 formed a 
thick and compact layer of titania on the EPS surface. The 
observed effect was similar to the titania coating of EPS-
SiO2 spheres, described (Fig. 4). Distribution of  TiO2 on the 
EPS surface was analyzed by EDS technique and is shown in 
Fig. S7 (Supplementary materials).

Performed EDS analyses showed quite good and even dis-
tribution of titania particles on the EPS surface. It is assumed, 
that heating of EPS-TiO2 spheres increased adhesion of tita-
nia particles to the polymer surface. Shrinkage of EPS spheres 
resulted in the increasing the quantity of  TiO2 distributed onto 
the polystyrene surface.

Figure 6:  SEM images of EPS-TiO2 spheres, (a)  TiO2-P25, (b)  TiO2-Ar400.
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Optical properties of EPS‑TiO2 and EPS‑SiO2–TiO2 
composites

The measurements of UV–Vis absorption for EPS-TiO2 and 
EPS-SiO2–TiO2 composites as prepared and heat-treated at 
140 °C were performed. For comparison the UV–Vis spectra 
of EPS spheres as well as  TiO2 and  SiO2 powders were also 
added. All the recorded UV–Vis spectra are presented in Fig. 8.

EPS spheres showed insignificant absorption of light in the 
visible range. Coating of EPS spheres by amorphous silica did not 
cause any spectacular changes in the UV–Vis spectrum [Fig. 8(a)]. 
 TiO2-Ar400 indicated slight absorption of visible light in the range 
of 400–500 nm, contrary to P25. Both  TiO2 samples absorbed 
UV light, however, in case of P25 the absorption edge was slightly 
shifted to the higher wavelengths. This was caused by the com-
position of P25, which contained around 22 wt% of rutile. Rutile 
has a lower energy of the band gap than anatase, so can absorb 
light at the visible range (390–415 nm). In addition, photocur-
rent response measurements were performed under irradiation 
of 388 nm wavelength (Fig. S8), which showed about 4 times 
more current generated in the case of  TiO2-Ar400 compared to 
 TiO2-P25, demonstrating the superiority of the former. Further-
more,  TiO2-P25 showed a significantly higher impedance (Fig. S9) 
compared to  TiO2-Ar400, as measured by electrochemical imped-
ance spectroscopy (EIS). These properties could impact the overall 
photocatalytic properties of studied samples.

Heating of EPS composites at 140 °C resulted in both, shift-
ing the UV–Vis spectra to the higher wavelengths and increase 

of visible light absorption. Heat-treatment of EPS spheres at 
140 °C caused their slow degradation and formed byproducts 
were diffused through the coating layer and adsorbed on their 
surface. EPS composites after heating revealed changes in color 
from white onto yellowish and brown. This effect was more pro-
nounced in case of a thin layer coating  (TiO2-Ar400). Formation 
of rough surface with large, opened cavities in case of P25 coat-
ing conducted to higher harvesting of visible light—effect related 
to the 3D structure (UV–Vis spectrum for EPS-TiO2(P25)-140, 
[Fig. 8(c)]).

The plots of Kubelka–Munk function versus energy are 
depicted in Fig. S9 (Supplementary materials). For powdered 
P25 two band gap values were observed, for anatase (3.16 eV) 
and rutile (2.97 eV), due to its mixed phase composition. How-
ever, coating of P25 onto polystyrene surface made some dif-
ficulties in separation of these two band gaps. Therefore, the 
band gap determined for P25 in composites is a combination 
of anatase and rutile and is as follows EPS-P25 = 3.06; EPS-
SiO2-P25 = 3.08). Heat treatment of EPS coated with P25 at 
140 °C did not result in a band gap shift and is equal to 3.04. 
 TiO2-Ar400 sample consisted mainly of anatase and revealed a 
band gap value of 3.19 eV. Heat-treatment of EPS coated with 
 TiO2 (Ar400) at 140 °C resulted in the increasing of its band gap 
energy to 3.26 eV, due to the presence of some carbon impuri-
ties, descendent from EPS degradation.

Figure 7:  SEM images of EPS-TiO2 spheres heat-treated at 140 °C, (a)  TiO2-P25, (b)  TiO2-Ar400.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

4 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s) 2024. 9

Thermogravimetric analyses

Thermogravimetric (TG) analyses were performed to deter-
mine the mass contents of  TiO2 and  SiO2 in EPS composites. In 
Fig. S10 (Supplementary materials) there are presented obtained 
TG curves from thermal decomposition of EPS, EPS-SiO2 and 
EPS-SiO2–TiO2(Ar400) as an example. Drop in mass during 
heating of these composites resulted from the combustion of 
EPS spheres, whereas  SiO2 and  TiO2 leftovers remained in the 
crucible. In Fig. 8 there are collected data of  SiO2 and  TiO2 con-
tents in different prepared composites with EPS spheres.

Figure 9(a) shows the mass content of  SiO2 in EPS-SiO2 
composites obtained via TEOS hydrolysis conducted at the 
presence of ammonia solution and EPS spheres. These results 
revealed that the quantity of  SiO2 was the highest at the condi-
tions of low dose of  NH4OH addition (0.5 ml) and was decreas-
ing with increase ammonia concentration. Most likely ammo-
nia species improved dispersion of silica particles in a sol–gel 

solution and caused, that  SiO2 coating was in the form of a thin 
and more homogeneous layer. Coating of EPS spheres by  TiO2 
from the titania aqueous suspension resulted in the surface cov-
erage of 27–29 wt%, little higher for P25 sample than Ar400 
[Fig. 9(b)]. However, coating of EPS-SiO2 spheres with  TiO2 
was more effective in case of Ar400 with the quantity of around 
27 wt% [Fig. 9(c)]. Amount of P25 coated on EPS-SiO2 was less 
than 20 wt%. Sol–gel method used for coating titania on EPS-
SiO2 spheres appeared to be less effective, with score of 8 wt% 
coated  TiO2 only.

These measurements showed that coating of  TiO2(Ar400) on 
the silica layer was the same effective than that on EPS spheres, 
but in case of P25 much lower quantity of  TiO2 was deposited 
on silica than EPS surface. Such difference was caused by the 
other properties of these two titania samples, Ar400 had higher 
quantity of hydroxyl groups than P25 [38], so exhibited higher 
affinity to the silica surface.
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Figure 8:  UV–Vis spectra of (a) EPS spheres: unmodifed and  SiO2 coated, (b)  TiO2 samples used for coating, (c) EPS coated by  TiO2 P25 and  SiO2–TiO2 as 
received and after heating at 140 °C and (d) EPS coated by  TiO2 Ar400 and  SiO2–TiO2 as received and after heating at 140 °C.
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Photocatalytic activity of EPS‑TiO2 and EPS‑SiO2–TiO2 
composites

Prepared composites with EPS spheres were tested for the pho-
tocatalytic decomposition of ethylene under UV light irradia-
tion. Photocatalytic process was carried out under continuous 
flowing of a gas stream through the reactor with a flow rate of 
20 ml/min and ethylene concentration of 50 ppm in a synthetic 
air. These studies were used for comparison of the photocata-
lytic properties of obtained photocatalytic bed as the prelimi-
nary selection of the best material and method of coating. EPS 
spheres coated with the photocatalytic material were placed on 
the bottom of the quartz reactor as a single layer, however, for 
the future application they will be used as a fluidized bed. The 
results obtained from the photocatalytic tests are presented in 
Fig. 10.

High photocatalytic activity of  TiO2(Ar400) can be 
observed by comparison with P25 and  TiO2 obtained from a 
sol–gel method. Such good activity of Ar400 (100% of ethyl-
ene removal) results rather from its physicochemical proper-
ties than the quantity of coating. In case of P25 the efficacy of 
ethylene removal was higher for the obtained EPS-TiO2 and 
EPS-SiO2–TiO2 spheres without thermal treatment. Highly 

disrupted structure of EPS coated with P25 after heating at 
140 °C resulted in deterioration of its photocatalytic activity. 
This could be caused by hindered diffusion of ethylene species 
to the highly disordered and rough  TiO2 surface. Slower rate 
of ethylene decomposition was also observed for Ar400 coat-
ings after heating of EPS-TiO2 and EPS-SiO2–TiO2 spheres at 
140 °C, however, in the case of this sample the outer surface was 
smoother, so the deterioration of the photocatalytic activity was 
negligible.

Cyclic test of studied composite photocatalytic activity was 
conducted in order to study its reusability. Composite EPS-
TiO2(Ar400) was used in this test. The results of the test is pre-
sented in Fig. S11 (Supplementary materials). No decrease in 
photocatalytic activity was observed after three cycles of the 
process. Performed test prove that the obtained composites are 
stable and can be used repeatedly and continuously.

The effect of ethylene adsorption on selected composites 
is also studied (Fig.  S12) (Supplementary materials). EPS-
TiO2(Ar400) and EPS-TiO2(Ar400)-140 composites were com-
pared. Because of the general, poor ethylene adsorption on  TiO2, 
tests were performed in the flow of 5 ml/min (instead of 20 ml/
min applied in photocatalytic tests). The test on an empty reactor 
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Figure 9:  Mass content of  SiO2 and/or  TiO2 by TG analyses in: (a) EPS-SiO2, (b) EPS-TiO2 and (c) EPS-SiO2–TiO2.
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was also conducted in order to subtract the effect of background 
adsorption. The obtained values of ethylene adsorption was 
comparable and equal to 0.10 µg/cm2 and 0.09 µg/cm2 in case 
of EPS-TiO2(Ar400) and EPS-TiO2(Ar400)-140, respectively.

Discussion
These studies showed some possibilities of EPS spheres coating 
by  TiO2 or  SiO2–TiO2 for application as the photocatalytic bed 
in the fluidized bed reactor. EPS coating by  TiO2 can be eas-
ily realized through the impregnation method from the titania 
aqueous suspension in a rotary evaporator with evaporation of 
water at the temperature of 60–70 °C, close to the border of EPS 
softening point. However, such  TiO2 coating should be focused 
on the attachment of a thin layer, because too thick layer can 

be easily peeled off from the EPS surface. Therefore, selected 
 TiO2 should have relevant properties, allowing to obtain a good 
aqueous dispersion and finally should form a porous and thin 
layer on the EPS surface. Furthermore, when comparing two 
different  TiO2 used for coating,  TiO2 (Ar400) was more suitable 
than  TiO2 (P25) because its specific surface area was about 3 
times higher than the latter. In fact, SEM images confirmed the 
higher porous structure of  TiO2 (Ar400) than  TiO2 (P25). It was 
highly plausible that the aforementioned properties could influ-
ence the photocatalytic performance of  TiO2-based composites. 
Crystalline  TiO2 should be used, because crystallinity of  TiO2 
has an impact on the photocatalytic properties of  TiO2 and this 
impregnation method does not allow to use high temperature 
of heating for titania crystallization. In case of EPS coating by 
silica, amorphous structure can be used. Amorphous  SiO2 has 
high porosity and can increase amount of  TiO2 loading as the 
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Figure 10:  Photocatalytic decomposition of ethylene gas on the (a) EPS coated by  TiO2 P25 or Ar400, (b) EPS coated by  SiO2 and various  TiO2 (P25, Ar400 
and  TiO2 prepared by sol–gel method), (c) EPS coated by  TiO2 P25 or Ar400 and heated at 140 °C and (d) EPS coated by  SiO2 and  TiO2 P25 or Ar400 and 
heated at 140 °C.
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second layer.  SiO2 coating can be successfully realized from the 
sol–gel solution via Stöber method. The  SiO2 obtained by this 
method had a relatively high BET surface area (40  m2/g) and 
pore volume of 0.22  cm3/g, which could enhance the loading of 
 TiO2 onto the composite surface compared to bare EPS spheres. 
However, for  SiO2 coating a good dispersion of silica particles 
should be obtained through the controlling of the ammonia 
concentration. Heating of EPS coated composite with  SiO2, 
 TiO2 or bilayer  SiO2–TiO2 at 140 °C caused embedded of  SiO2/
TiO2 particles into the polymer surface, and at this tempera-
ture EPS underwent decomposition. As a consequence, heated 
EPS spheres were shrunk and exposed disrupted surface. Such 
obtained EPS structure exhibited enhanced absorption of visible 
light, however appeared to be disadvantageous for application 
as a photocatalytic bed for removal of gaseous ethylene, because 
highly corrugated surface hindered diffusion of the gaseous mol-
ecules to the active  TiO2 surface. Less disrupted structure of 
coated EPS heated at 140 °C can be obtained, when it is coated 
with a thin and porous layer. Generally, the adsorption of eth-
ylene on  TiO2 is poor, which was already proved in our previ-
ous studies [38]. It appears that the adsorption of ethylene is 
not critical in its photocatalytic decomposition process, but its 
diffusion rate to the photocatalyst surface is. Some studies sug-
gest [39] that  TiO2 surface is activated after light irradiation of 
its surface. Therefore, the adsorption effect of ethylene can be 
different under dark and UV light irradiation conditions. The 
photocatalysis and adsorption processes of ethylene should be 
treated simultaneously. Therefore, it is stated that the most deci-
sive influence on the photocatalytic decomposition of the eth-
ylene has the formation of radicals and reactive oxygen forms.

Conclusions
EPS spheres can be effectively coated by either  TiO2 nor 
 SiO2–TiO2 bilayer. There was proposed a very easily and ecologi-
cal method of titania coating (without using any solvents) such 
as impregnation of crystalline  TiO2 from an aqueous suspension 
in a rotary evaporator with subsequent evaporation of water and 
then drying at 70 °C. Although this method does not guarantee 
the total coverage of EPS spheres, the obtained coating layer 
exhibited high photocatalytic activity by comparison with a 
sol–gel method, in which poorly crystalized  TiO2 was precipi-
tated. To protect EPS surface from degradation after exposition 
to UV, coating with silica layer is highly recommended. These 
studies showed that EPS coating by silica can be successfully 
realized through the sol–gel process with using Stöber method. 
Coating of  TiO2 on indirect silica layer was the same effective 
than directly on EPS spheres in case of  TiO2 (Ar400), however 
less effective in case of  TiO2 (P25). Such difference was caused by 
the other properties of these titania samples, Ar400 had higher 
quantity of hydroxyl groups than P25 [38], so exhibited higher 

affinity to the silica surface. High surface area and anatase struc-
ture of Ar400 were also advantageous features for its application 
as coating material. Conglomeration of  TiO2 particles on EPS 
surface (as it was observed in case of P25) conducted to a thick 
layer coating, which easily peeled off from the surface. It was 
proved, that heating of EPS composites at the temperatures of 
140 °C caused incorporation of  SiO2 or  TiO2 into the EPS struc-
ture. However, heat-treatment OD coated EPS spheres resulted 
in formation of disrupted structure, which had disadvantageous 
impact on their photocatalytic properties towards ethylene 
decomposition. In case of anatase type  TiO2 (Ar400) used for 
EPS coating, the changes in the surface structure of EPS-TiO2 
after heating at 140 °C were insignificant and its photocatalytic 
properties were quite comparable with unheated composite. In 
case of the other type of  TiO2 such as commercially produced 
P25, large irregular cracks were formed in the coating  TiO2 layer 
after heating of EPS-TiO2 at 140 °C, which slowed down diffu-
sion of the ethylene gas to the active surface. EPS spheres coating 
by bilayer  SiO2–TiO2 are the promising material for application 
as the photocatalytic bed in the fluidized bed reactor.

Material and methods
Materials

Expanded polystyrene spheres (EPS, average size 
1.07 ± 0.182 mm; Tehong Internation, China), tetraethyl ortho-
silicate (TEOS, Sigma-Aldrich, 98%), ammonia solution (Chem-
pur, 30%), ethanol (Stanlab, 96%), hexadecyltrimethylammo-
nium bromide (CTAB Merck, pure), hydrochloric acid (Stanlab, 
35–38%), tetraisopropyl orthotitanate (TIPOT, Sigma-Aldrich, 
97%), fumed silica Aerosil OX50 (Evonik),  TiO2 P25 (Evonik) 
were used as received without further purification, anatase type 
 TiO2 (Ar400) prepared in the laboratory—preparation method 
of sample was described in details in the previous paper [38]. 
The XRD spectra of the materials used as coatings in PS-based 
composites are shown in Fig. S13 (Supplementary materials). 
 TiO2 Ar400 and P25 contain a predominantly rutile phase, while 
sol–gel  TiO2 is amorphous.  SiO2 Aerosil OX50 have amorphic 
structure.

Coating of EPS with  SiO2 by a sol–gel method

EPS were coated using the Stöber method [40]. For this pur-
pose, 0.8 g of EPS spheres were added into a mixture of 60 ml of 
ethanol and 1–3 ml of 30 wt% ammonia solution. Such prepared 
mixture was stirred for 30 min at room temperature. Subse-
quently, 2 g of TEOS mixed with 30 ml of ethanol were added 
slowly and left for stirring at room temperature during 24 h. 
All the ingredients of the reactor were then transferred to the 
rotary evaporator, where the solvent was removed. The compos-
ites were dried at 70 °C for 24 h.
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In the second method of EPS coating, the sol–gel method 
in an acidic environment was applied [16]. 0.8 g of EPS spheres 
were added into a mixture of 40 g of ethanol and 10 ml of water. 
The pH of the mixture was adjusted to 2.5 by HCl and then the 
reaction mixture was heated up to 60 °C. After that 3 g of TEOS 
in 10 g of ethanol was added dropwise. The reaction was carried 
out for 5 h under constant stirring. Subsequently evaporation 
of solvent took place in a rotary evaporator and residues were 
dried at 70 °C for 24 h.

In the next method of EPS coating, the sol–gel process was 
conducted at the presence of CTAB (cetyltrimethylammonium 
bromide) surfactant [41]. For this purpose, 0.32 g CTAB was 
added into a mixture of 39.5 g of ethanol and 1 ml of 30% 
ammonia. Then 0.2 g of polystyrene spheres were poured in the 
sol–gel solution, and all of this was mixed for 30 min. Subse-
quently 0.47 g TEOS dissolved in 5 g ethanol was added very 
slowly (from an addition funnel). The mixture was then stirred 
for 2 h at 35 °C. After that the solvent was removed in a rotary 
evaporator. The composites were dried at 70 °C for 24 h.

Coating of EPS and EPS‑SiO2 spheres with  TiO2

EPS-SiO2 spheres were prepared from a sol–gel solution by the 
Stöber method described above.  TiO2 coating was realized by 
both sol–gel solution and impregnation form an aqueous sus-
pension of crystallized  TiO2. In the sol–gel method the silica-
coated EPS spheres were placed in a glass reactor filled with 
50 ml of deionized water and remained under stirring. Then, 
2 g of TIPOT diluted with 15 ml of isopropanol was added 
very slowly to the reaction mixture under constant stirring for 
24 h. After this time, the reactor contents were transferred to 
a rotary evaporator and solvent was removed. The composites 
were dried at 70 °C for 24 h. The BET-specific surface area of 
the  SiO2 powders obtained was 40  m2/g and their pore volume 
was 0.220  cm3/g.

The second method of  TiO2 coating on the EPS and EPS-
SiO2 spheres was based on the impregnation of crystallized  TiO2 
from an aqueous suspension. As a source of  TiO2, two samples 
were used, commercial P25 (Evonik) and the other one prepared 
in the laboratory marked as Ar400. Ar400 has a higher BET area 
(167  m2/g) and pore volume (0.425  cm3/g) compared to P25 (54 
 m2/g and 0.153  cm3/g, respectively). In addition, AR 400 is com-
posed of 97% anatase and 3% rutile and the smaller crystallite 
size of anatase (15 nm), where P25 consists of 78% anatase and 
22% rutile and crystallite size of anatase (21 nm). These materi-
als also differ in zeta potential (P25 + 31 mV; Ar400 + 13 mV) 
and  OH− group content (1% for P25 and 4% for Ar400). Anatase 
type  TiO2 had higher surface area and exposed higher quantity 
of OH species.

For impregnation of  TiO2 on the EPS spheres, 0.3 g of  TiO2 
and 100 ml of deionized water were placed in an ultrasonic bath 
for 10 min. Then, 0.8 g of EPS spheres were added to the titania 
suspension and all the mixture was moved to a rotary evapora-
tor, where the water was evaporated. The composites were dried 
at 70 °C for 24 h.

Thermal treatment of core–shell composites

The prepared core–shell composites (EPS-SiO2, EPS-TiO2 and 
EPS-SiO2–TiO2) were thermally treated in order to increase 
the adhesion of coating material with EPS spheres. The heat-
treatment process was carried out in a muffle furnace at various 
temperatures, in the range of 120–140 °C for 6 h.

Composite characteristics

EPS spheres before and after coating were characterized by 
various methods including: the scanning electron microscope 
(SEM) micrographs with EDS analyses, UV–Vis/DR spectros-
copy, thermal gravimetry (TG), zeta potential measurement and 
particles size distribution. SEM/EDS images were obtained using 
an ultra-high-resolution field emission scanning electron micro-
scope (UHR FE-SEM Hitachi SU8020, Tokyo, Japan).

UV–Vis spectra were recorded in the wavelength range from 
190 to 500 nm using UV–Vis apparatus (Jasco 650) with hori-
zontal integrating sphere (PIV-756). Band gap energies for both 
 TiO2 samples as powders and coating were determined using the 
modified Kubelka–Munk equation, with a baseline approach. 
This method was described in detail elsewhere [42].

TG analyses were carried out in the thermobalance (TG, 
Netzsch STA 449 C, Germany) under flow of synthetic air 
(99.999% pure, 30 ml/min). Applied temperature program was 
as follows: heating to 30 °C with 30 min standby, then heating 
to 600 °C with heating rate of 10 K/min. The sample weight 
used for TG analyses was approximately 5 mg. Each sample was 
analyzed 3 times and then the final result was averaged. The 
total weight was the sum of EPS, ash residues,  SiO2 and  TiO2 
contents:

Therefore, the percentage of each component was calculated 
by simply subtracting it from the total weight loss.

Both the zeta potential and particles size distribution of  SiO2 
and  TiO2 powders were measured in Zetasizer Nano ZS analyzer 
(Malvern, UK). Analyses were performed simply by preparing a 
dispersion of the sample in deionized water (0.4 g/l).

XRD measurements were performed using a diffractometer 
(PANanalytical, The Netherlands) equipped with a Cu X-ray 
source, λ = 0.154439 nm. The measurements covered the 2θ 
range of 20°–90° with a step size of 0.013. A voltage of 35 kV 
and a current of 30 mA were applied during the measurements.

mtotal = mEPS +mash +mSiO2 +mTiO2
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Photocurrent response measurements and electrochemical 
impedance spectroscopy (EIS) were carried out using an Auto-
lab PGSTAT302N potentiostat in a 3-electrode test cell with 
a platinum wire as counter electrode and a saturated calomel 
electrode as reference. The detailed procedure was described 
elsewhere [43].

Textural properties were determined on the basis of nitro-
gen sorption at -196 °C (QUADRASORB evo Gas Sorption 
Surface Area and Pore Size Analyzer). Prior to the sorption 
measurements all samples were outgassed at 250 °C for at least 
20 h. The specific surface area was calculated on the basis of 
the Brunauer–Emmett–Teller (BET) equation and multi-point 
method.

Photocatalytic decomposition of ethylene

The photocatalytic decomposition of ethylene was carried out 
in the quartz photoreactor, which was located in the thermo-
static chamber set at 25 °C. Tested samples were immobilized 
on the set of 6 glass plates (24  cm2 of total plates area), which 
were afterwards put inside the quartz photoreactor. The model 
ethylene gas with a concentration of 50 ppm was supplied to the 
photoreactor from the bottle (80%  N2, 20%  O2, 50 ppm ethyl-
ene). The flow rate was controlled with a flow meter and was set 
at 20 ml/min. Ethylene gas was flowing through the photoreac-
tor and then was directed to the gas chromatograph (SRI 8610C 
with the FID detector), where measurements were carried out at 
15-min intervals. The quartz tube was surrounded with the set 
of 3 ring-shaped UV lamps as a light source, emitting light from 
the UV-A range (radiation intensity of 25.7 W/m2, measured 
via HD2102.1 Photo-radiometer, TEST-THERM, Poland). The 
scheme of the system is illustrated in Fig. S14 (Supplementary 
materials).

The emission spectrum of the UV lamps utilized in pho-
tocatalytic tests was measured via USB4000 Fiber Optic Spec-
trometer (OceanOptics, USA) and is illustrated in Fig. S15 (Sup-
plementary materials).
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