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Emulsion processed polymer derived ceramic (PDC) nanobeads are used for Methylene Blue dye removal from
aqueous solutions. The PDC nanobeads, produced at 600 °C and 1200 °C pyrolysis, are subsequently coated with
titania (anatase). Titania-coated nanobeads show less than 35%, i.e., limited dye adsorption capability in dark.

Coating Instead, enhanced total removal efficiency (~97%) is obtained when the initial adsorption is succeeded by
Methylene blue . . s . . .
Photocatalysis photodegradation under UV. Direct reusability tests show that even after the third cycle, very high regeneration

efficiencies being above 92% are observed for titania-coated nanobeads.

1. Introduction

Widespread industrial (textile, cosmetics, pharmaceutical, food,
paper, leathers, and paint industry) use of dyes causes severe pollution
in the water sources resulting in a serious threat to the ecosystem [1-4].
Currently, adsorption and photocatalytic degradation are considered
among the simplest, greenest, and most economical wastewater treat-
ment approaches [3-6]. Titanium dioxide, especially the anatase poly-
morph, has a high potential for photocatalysts of wastewater treatment
owing to decent conversion performance, hydrophilic structure, chem-
ical and photo-stability, low toxicity, and cost [7-10].

In photocatalytic applications, titania has been employed as partic-
ulates [11], in composites [12,13], as coating [14,15], and in the porous
substrates [16-19]. While it has been processed in various forms, there
are some drawbacks due to separation and recycling difficulties when
the fine powders were tested in photocatalytic degradation applications
[20]. As a remedy, substrates were used to be coated to produce higher
stability core/shell particles [20-27]. In this regard, there are only a few
works that reported the formation of titania-coated polymer derived
ceramics (PDCs) [13,28-30]. From those, while the authors produced
titania-coated SiCN core-shell structures, no data was demonstrated
regarding photocatalytic efficiency [29,30]. Instead, Awin et al. [28]
studied both adsorption and photocatalytic degradation of organic dyes
by using titania-coated monolithic silicon oxycarbide (SiOC) ceramics. It
was postulated that the photocatalytic performance was enhanced
because of mesoporous structure (higher adsorption capacity), reduc-
tion in bandgap (due to Ti-O-C/TiC) and/or the heterojunction between
crystalline TiOy and the amorphous SiOC phase. In another work [13],
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titania was directly incorporated in the polymer precursor to obtain
SiOC/TiO; ceramic composites, while only limited removal efficiency
was documented.

Different forms of SiOC ceramics (foams, membranes, aerogels,
beads, etc.) have already been manufactured because of their high po-
tential as high-temperature catalysts and filtration [31-36]. Porous
SiOCs have also been used as a substrate for photocatalysis applications
owing to strong chemical stability and oxidation resistance [13,28,37].
Although the formation of spherical SiOC particles has been proposed by
following sol-gel [38,39], nano-precipitation [40], and emulsion [41,
42], there are very limited publications [39,43-45] in which submicron
PDC particles were able to be formed and tested for applications. As far
as the authors are aware, titania-coated PDC nanobeads have never been
utilized for dye removal from aqueous solutions. Accordingly, in this
work, the aim was directed to demonstrate a facile synthesis route to
obtain ceramer (CERAmic + polyMER [46,47]) and SiOC nanobeads
(NBs), together with the adsorption and the photocatalytic degradation
efficiency of both as-is and anatase titania-coated PDC nanobeads by
using a model organic dye methylene blue (MB).

2. Experimental procedure
2.1. Sample preparation

Both ceramer and SiOC NBs were produced via the oil in water (o/w)
emulsion method by using commercial polymethylsilsesquioxane (PMS)

preceramic polymer (MK Belsil, Wacker GmbH, Burghausen, Germany).
As a water phase, 80 mL of the deionized (DI) water (Ultrapure Type-I,
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18.2 MQ cm at 25 °C, Millipak Direct-Q® 8 UV water purification sys-
tem), and 0.8 g of surfactant (Pluronic F127, Sigma, CAS:9003-11-6,
USA) were mixed with at 500 rpm for 20 min. While for oil phase 5 g
of PMS and 7 mL of Toluene (Merck, EMSURE grade, CAS: 108-88-3,
Germany) were mixed at 500 rpm for 10 min. The oil phase was
added dropwise into the water phase and stirred for 30 min, followed by
a transfer into the ice bath to apply an ultrasonic probe sonication
(QSonica, Q500 system Sonicator) with 50% amplitude for 5 min, 5 s on
and off. with the addition of Tin catalyst while continuing to stir for an
additional 3 min. After obtaining milky emulsion, the curing was con-
ducted for 18 h at 140 °C in an atmospheric oven. Samples were then
ground in the mortar, followed by the pyrolysis at 600 °C and 1200 °C in
an alumina tube furnace (PROTERM PTF 16/75/450, Ankara, Turkey)
under Ar flow using the heating rate of 2 °C/min, a flow rate of 200 mL/
min, and 2 h dwell time.

To prepare titania-coated PDC NBs, first 0.425 mL of Titanium(IV) n-
butoxide (Alfa Aesar, 99+%, CAS:5593-70-4) was slowly added into 20
mL of absolute ethanol. 0.4 g of NBs substrate was then mixed with
already prepared titania precursor sol for 24 h at room temperature
(RT). At the end of the mixing, samples were degassed with an ultrasonic
bath for 30 min, dried at 80 °C, and heat-treated at 450 °C/air atmo-
sphere for 4 h at the peak temperature to obtain the photocatalytically
active (anatase) titanium dioxide-coated NBs. At the end of the final heat
treatment procedure, an average of 0.035 + 0.007 g of weight gain was
measured for PDC NBs, attributed as the mean titania coating. For
comparative analysis TiO; (anatase) powder was separately synthesized
using the same chemicals and procedure applied to obtain such coating
for NBs.

2.2. Characterization

The morphological characterization of samples was performed by
using a scanning electron microscope (SEM; FEI Quanta 250 FEG,
Hillsboro, OR, USA) equipped with an energy dispersive X-ray spec-
trometer (EDX, Oxford instruments, Aztec) for chemical analysis and
transmission electron microscopy (TEM, JEOL JEM-2100, Tokyo, Japan)
operating at 200 kV. All samples were sputter-coated with ~10 nm layer
of Au (Emitech K550X sputter coater, Quorum Technologies, UK), prior
to SEM analysis. Particle size distributions were then obtained by using
the ImageJ software (ImageJ 1.52a, National Institutes of Health, USA)
applied on the SEM images, an average of 200 measurements were done
for each sample set, and stereological equation Dsphere = Dcircle/
0.78566 was applied to convert the data to 3D [48].

The external surface area of the samples was calculated by using
[(Asphere)/(Bsioc * Vsphere)] [49] for which the average diameter of the
NBs was obtained from the particle size measurements, taking the true
density of SiOCas 1.17 [50] and 2.1 g/cm3 [51] for samples pyrolyzed at
600 and 1200 °C, respectively.

X-ray diffraction (XRD, Philips X’Pert Pro) data were collected by
using the CuKa radiation (between 26; 10°-90°, step counting time of 3 s
and scan of 0.05°). The XRD patterns were plotted after normalization.
Fourier transform infrared spectra (FTIR, Perkin Elmer Spectrum 100)
were recorded in the range 450-4000 cm ™! to investigate the structural
features. The decomposition behavior of polymeric beads was studied by
thermal gravimetric analysis (TGA, Perkin Elmer Diamond TG/DTA,
USA) with a 5 °C/min heating rate in an inert atmosphere. Nitrogen (N3)
gas adsorption-desorption analyses were done by Gemini V (Micro-
meritics, Norcross, GA, USA). The samples were degassed at 200 °C for
24 h before analysis. Specific surface area (SSA) was determined from a
BET (Brunauer-Emmett— Teller) analysis.

In order to investigate the effect of pyrolysis temperature on the
wetting behavior of ceramer and SiOC samples, static water contact
angle measurements were carried out using the sessile-drop technique
(Attension Theta Lite 101 Biolin Scientific). X-band electron para-
magnetic resonance (EPR) spectroscopy measurements were done by
using a benchtop spectrometer (CMS 8400, Adani) at room temperature

27051

Ceramics International 47 (2021) 27050-27057

in quartz tubes [52].

For all MB removal experiments (adsorption and photocatalytic
degradation), 15 mg sample powder was dispersed in 30 mL of the
prepared 5 ppm MB aqueous solution by magnetic stirring at 500 rpm. 2
mL of the solution was taken at certain intervals (from 2 to 24 h) and (up
to 6 h) for adsorption and photocatalytic degradation, respectively.
Analyses were conducted by measuring (the samples were taken from
the parallel beakers separately) changes at major absorbance peak (664
nm) of MB solutions via UV-Vis spectrometer (UV2550, SHIMADZU).
According to Beer-Lambert law [53], the concentration and absorbance
values of the solution have a linear relationship. Concentration values
were calculated by converting measured absorbance values using the
Beer-Lambert law. Primarily, samples were subjected to adsorption tests
(in the dark) while mixing at 500 rpm for 2 h to achieve equilibrium.
Following adsorption, photocatalytic degradation measurements were
carried out by using a 300W UV lamp irradiation (5% UVA, 1% UVB,
and 94% Vis, Osram Ultra-Vitalux) with a wavelength at 280-400 nm in
a homemade UV cabin system with air cooling. The distance between
the light source and beakers was set as 20 cm. The degradation efficiency
of all samples was computed using (DE: [(Co— C;)/Co] * 100) for which
Co and C; are the initial and concentration at a specified time, respec-
tively. Adsorption capacity (qy) was calculated with [((Co— C;) *V)/m]
for which V is the volume of the solution, and m is adsorbent weight. For
each sample, three independent measurements were conducted to
determine mean and standard deviation values (4). The reusability ex-
periments were performed without any further regeneration processes
(heat treatment, dissolution, etc.) in three cycles, repeated under the
same conditions.

3. Results and discussion
3.1. Morphological analysis

The SEM images obtained from cured and pyrolyzed samples are
given in Fig. 1. As can be seen from Fig. 1(a), homogeneously distributed
polymeric spheres were kept their shape after pyrolysis, see Fig. 1(b-d).

While the morphology was not much altered, calculated volumetric
shrinkage increased from 15.8% to 76.3% with the increase in the py-
rolysis temperature (from 600 °C to 1200 °C). The particle size distri-
butions of both polymeric and ceramic beads are demonstrated in Fig. 2
(a). The average particle size of the cured preceramic beads was
measured as 336 + 102 nm. After pyrolysis, the average size decreased
first to 303 £ 115 nm for NB600, and then to 204 4+ 70 nm for NB1200.

TGA data obtained from the polymeric NBs is given in Fig. 2(b). The
largest weight loss occurred in between 600 and 800 °C because of
ceramization. Polymeric beads had a weight loss of 18.7%, corre-
sponding to a ceramic yield of 81.3% at the peak test temperature
(1200 °C), similar to the calculated value of 80.2%.

The effect of the pyrolysis temperature on the wetting behavior was
analyzed by measuring the contact angle (CA). CA was decreased from
114 £ 40° (Fig. 3(a)) to 27 £ 10° (Fig. 3(b)) when the heat treatment
temperature was raised from 600 °C to 1200 °C, indicating a trans-
formation from a hydrophobic surface to a hydrophilic one. Xu et al.
[54] reported that a decrease in the contact angle at higher pyrolysis
temperatures was an indication of Si-CHj3 disappearance. Besides, py-
rolysis at above 1000 °C, surface Si-OH groups make the material more
hydrophilic [55,56]. Titania-coated samples were also tested to inves-
tigate the effect of coating on wettability. The hydrophobic surface of
the NB600 changed to a hydrophilic one with the contact angle 32 +
0.2° (Fig. 3(c)) following titania coating, whereas no change was seen in
wettability characteristics for the NB1200Ti sample, Fig. 3(d).

3.2. Structural characterizations

The FTIR spectra of polymeric, pyrolyzed, and TiO,-coated ceramer
and SiOC NBs are given in Fig. 4(a). In the spectra of polymeric NBs, the
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Fig. 1. SEM images of the formed samples; (a) polymeric NBs, (b) sample pyrolyzed at 600 °C: NB600, (c) higher magnification image of NB600 (the inset shows the

TEM images of NB600), and (d) sample pyrolyzed at 1200 °C: NB1200.
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Fig. 2. (a) Particle size (diameter) distributions of polymeric NBs, and samples obtained by the pyrolysis at 600 and 1200 °C for 2 h at peak temperature, (b) TGA

analysis of the polymeric NBs taken with 5 °C/min; N5 flow 0.05 L/min.
peaks assigned to the Si-CHj bond vibration located around 774 cm™*
and 1274 cm™! can be seen. After pyrolysis, the intensity of these peaks
reduced, and with the increase in the heat treatment temperature, they
disappear. The sample obtained by 1200 °C pyrolysis (NB1200) had a
spectrum with Si-C and Si-O stretching vibration centering around 805
em™! [48] and also broad peak ~1050 cm ™, corresponding to Si-O
stretching in Si-O-Si/Si-O-C [41]. In addition, the broadband around
3500 cm ! is referred to as O-H stretching [57]. The spectra of TiOo--
coated ceramer and SiOC NBs were similar to those of the uncoated ones
with no observable signs for Ti-related bonds due to the overlapping [16,
28].

The XRD patterns for bare NBs and TiO,-coated NBs are shown in
Fig. 4(b). XRD analyses show no crystalline phases for any SiOC-NB
substrates, only a broad Bragg reflection from ~10° and 30° (20),
associated with amorphous silicates [58]. When the TiOy-coated sam-
ples are examined, the existence of anatase titanium dioxide can be
supported by the new peaks evolved around at 26 of 25°, 37°, 48°, 54°,
55°, and 63°.

The Nj sorption isotherms recorded on the bare and titania-coated
samples are reported in Fig. 5(a). The isotherm for the 600 °C

pyrolyzed sample resembles Type IV based on IUPAC classification,
instead, the sample obtained from the 1200 °C treatment shows Type II.
The sample coded as NB600 showed the highest yield and specific sur-
face area (SSA), being 87.5% and 370.9 m?/g, respectively. The latter
was mostly due to transient intraparticular nanoscale porosity formed
from the release of gaseous byproducts during ceramization at 600 °C
heat treatment [59]. When the pyrolysis temperature was increased, i.e.,
upon the completion of the polymer-ceramic transition, such nanoscale
pores shrunk and SSA decreased to 23.5 m?/g with 80.2% ceramic yield
at 1200 °C (NB1200) (see later TGA info as well). The external surface
area of NB600 and NB1200 samples were calculated as 9.5 and 13.9
m?/g, respectively. Although the value is around the one obtained from
the BET for the NB1200, it is clearly different for the NB600 corrobo-
rating the intraparticular porosity observed for the sample. While titania
coating caused a probable partial micropore closure (see later for Ny
sorption isotherms), resulting in a slight surface area decrease for NB600
(296 mz/g), the NB1200Ti sample (35.9 mz/g) demonstrated to have a
higher surface area, like previous observations [22,60].

EPR analysis was performed to visualize the presence of the free
carbon phase in the formed PDC structures. In Fig. 5(b), EPR spectra of
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Fig. 3. Wetting angle test results; (a) NB600 CA [°]:114 + 40, (b) NB1200 CA [°]:27 + 10, (c) NB600Ti CA [°]: 32 + 0.2, and (d) NB1200Ti CA [°]: 38 & 0.2.
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Fig. 4. Normalized; (a) FTIR spectra of polymeric, pyrolyzed and TiO,-coated NBs, and (b) XRD patterns of bare and TiO,-coated ceramer and SiOC NBs produced by
600 °C, and 1200 °C pyrolysis. At the top of the experimental data, reference reflection marks for pure anatase TiO, (ICDD PDF #00-021-1272) are given.

uncoated and TiOz-coated samples are given after normalization with
the amount of the samples. The sharp signals with a g-factor of 2.00025
were obtained. The signal intensity of NB1200 (representing the number
of spins) is clearly higher than that of the NB600, similarly observed for
titania-coated ones. In the previous study [61] about carbon distribution
in SiOC glasses, the majority of the paramagnetic centers were attributed
to carbon g-factor due to carbon related dangling bonds. While EPR
spectroscopy demonstrated different signals, intensities related to the
dangling bonds in the obtained PDCs, further research is needed to
provide their exact influence on the total MB removal efficiency (see
later).

3.3. MB removal tests

Fig. 6(a) shows the MB adsorption efficiency (in dark) of the samples
as a function of pyrolysis temperature and time. While the sample
NB600 had the highest SSA (370.9 rnz/g), itadsorbed only 5.1 + 1.6% of
the dye which did not much alter with prolonged testing time. When the
pyrolysis temperature was increased to 1200 °C, the surface area
decreased more than tenfold but adsorption efficiency increased. At the
end of the 24 h period, NB1200 showed the highest adsorption capa-
bility being around 82%. This indicated that the lower adsorption effi-
cacy of the 600 °C treated samples was probably due to the combination
of factors including hydrophobic behavior, lack of free carbon precipi-
tation, and surface silanol groups as similarly seen in other low
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Fig. 6. (a) MB adsorption efficiency in the dark with different contact times for NB600, NB1200, NB600Ti, NB1200Ti, and TiO, powder, (b) effect of contact time on
MB adsorption capacity for uncoated and TiO,-coated NBs, (c) MB degradation efficiency under UV light irradiation for NB600Ti, NB1200Ti, and TiO, powder (the
dashed lines represent the exponential non-linear fitting resulting with R?> > 0.7370), and (d) reusability of the photocatalyst.

temperature pyrolyzed samples [62]. Titania-coated samples demon-
strated similar behavior, i.e., with the increase in pyrolysis temperature,
adsorption efficiency increased, see Fig. 6(a).

The effect of contact time on MB adsorption capacity is depicted in
Fig. 6(b).Adsorption equilibrium was achieved after 2 h for NB600 with
0.6 mg g~ !, while the capacity of NB1200 showed a gradual rise as the
contact time was increased, reaching 8.2 mg g~ at the end of 24 h. Fig. 6

(c) demonstrates the total MB removal efficiency of unsupported anatase
titania powder and titania-coated samples subjected to adsorption in
dark for 2 h, followed by UV irradiation for 4 h. It is important to note
that when no sample was added into the aqueous solution, the (self)-
degradation of MB dye under UV irradiation of 4 h was found to be
around 12%.

EDX analysis (data not shown for brevity) indicated that TiO,-coated
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samples contain only Si, O, C, and Ti elements. The latter was detected
approximately 4.14 wt% for NB600Ti and 6.02 wt% for NB1200Ti. This
makes around 1.04-1.51 mg of titania, close to the calculated values
after the coating and heat treatment (1.46 and 0.98 mg). In photo-
catalytic experiments, even when a higher amount of synthesized titania
powder (3 mg) was tested, total MB removal efficiency (adsorption,
followed by photodegradation under UV) of the unsupported as-is
titania powder reached only around 60% (see Fig. 6(c)). Although
NB600Ti and NB1200Ti exhibited limited adsorption capability being
<35% in the dark, total removal efficiencies were quite high (~97%)
under identical test conditions. This implies that the degradation capa-
bility of the titania-coated samples, regardless of the NB core type and
their SSA, was majorly affected by the amount of the applied titania
coating [63,64]. Besides, the utilization of PDC NBs as a substrate for
TiO4 coating was clearly effective in getting higher total removal effi-
ciencies under UV irradiation compared to un-supported as-is titania
[65]. Further studies are certainly needed to elucidate the exact mech-
anism causing such a result which could be related to the formation of
Ti-O-C/TiC bonds i.e., reduction in the bandgap and/or the hetero-
junction between crystalline TiO, and the amorphous SiOC phase
(reduced recombination rate of the electron-hole pair) as in the case for
previous work [28].

The re-usability is important for photocatalysis to minimize process
cost, time, and additional waste generation. Here the samples were
tested without any further regeneration process such as thermal or acid/
base treatment, in three cycles under identical test conditions to assess
their reusability. After the completion of each cycle, powders were
simply washed and dried at 90 °C in the atmospheric oven. The degra-
dation efficiency of unsupported as-is TiO3 powder produced in the same
way, decreased to 11% after the third cycle, due probably to the catalyst
poisoning, i.e., reduction of active sites [66]. Instead, the photocatalytic
efficiency of NB600Ti and NB1200Ti did not show any noticeable loss,
as given in Fig. 6(d), the performances of titania-coated ceramer/SiOC
samples were always above 92% even after the third cycle.

4. Conclusions

Both ceramer (NB600) and SiOC (NB1200) nanobeads were pro-
duced via simple oil in water emulsion processing, followed by curing
and pyrolysis (600 and 1200 °C). Not only the reduction in the specific
surface area but also hydrophobic to the hydrophilic transformation of
the bead surfaces were observed with the increase in pyrolysis temper-
ature. The formed NBs were then coated with a titanium precursor, heat-
treated to obtain the anatase titania coat layer, i.e., formation of
ceramer/SiOC core, titania shell NBs. Methylene blue (MB) removal
tests indicated limited adsorption capability being around 10% and 35%
for titania-coated ceramer (NB600Ti) and SiOC (NB1200Ti), respec-
tively. The total removal efficiency (adsorption in dark for 2 h, followed
by photodegradation under UV for 4 h) reached around 97% irrespective
of the tested titania-coated NB type. This was below 60% for as-is
anatase TiO, powder, prepared and tested under identical conditions,
revealing the positive effect of the core/shell approach. Direct re-
usability studies (without any regeneration processes) for core/shell
NBs demonstrated that the efficiency decreased only slightly from 97%
to 95% for NB600Ti and to 92% for NB1200Ti after the third cycle,
displaying decent direct reusability toward dye removal.
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