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In the past few decades, several studies have used nanoparticles for photocatalytic reactions. For practical
applications, the use of nanomaterials may not be advantageous due to the difficulties in removing them
from processed liquids, and they also pose possible health risks. We have developed a procedure that
uses chitosan to convert nanosized photocatalysts into micron sized materials without losing their
efficiency or surface area. Additionally, the synthetic method offers the possibility of adding functionality
like macroporosity and doping carbon or gold nanoparticles. The synthesis involves ultrasonic
emulsification of tetradecane in an aqueous chitosan solution containing photocatalytic nanoparticles.
Tetradecane-core chitosan/photocatalyst composite-shelled microspheres were produced during the
ultrasonic emulsification process. Calcination of these microspheres resulted in the formation of carbon
doped micron-sized photocatalytic particles with macroporous structure. Detailed characterisations
were carried out using dynamic light scattering, zeta potential, SEM, TEM, BET, XRD and XPS
measurements. A possible mechanism for the formation of micron-sized photocatalytic particles is
proposed. The photocatalytic efficiencies of synthesised microparticles and their reusability through

filtration were evaluated and compared with that of starting nanomaterials using two organic dyes as
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Accepted 24th March 2017 model pollutants. One of the catalysts (gold doped photocatalyst) was also tested for H,S gas removal by

adsorption. The regeneration of the adsorbent was also achieved after room temperature photocatalysis.
The results indicate that the synthetic procedure can be used to produce macroscale photocatalysts
with a size range of 10—-20 pum as efficient as the starting nanopowders (size range of 20-50 nm).
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1 Introduction

Chitosan (CS), a natural, inexpensive co-polymer (2-glucos-
amine and N-acetyl-2-glucosamine), has been shown useful in
various applications in industry," medicine,” catalysis® and the
controlled release or delivery of food* and drugs.® Its structural
features allow for its easy dissolution, controlled precipitation
as a function of solution pH, and simple structural and chem-
ical modifications. In particular, the use of chitosan as an
adsorbent or combined with semiconductors for photocatalysis
has been of interest®® in wastewater treatment®™' and air
pollution control.**™* Moreover, composite materials contain-
ing gold, chitosan, and TiO, have been studied for their
potential use as sensors for different molecules such as
glucose," dopamine,'® H,S" or organophosphate.®
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Chitosan can be used as an adsorbent or combined with
other materials to be used in catalysis applications. Zhang et al.”
used TiO,-chitosan as an adsorbent for Ag' and the photo-
degradation of rhodamine B. The synthesis adopted led to the
formation of particles in the range 50-500 pm, which can be
easily removed by filtration at the end of the treatment.
Unfortunately, the efficiency recorded was modest, around 80%
of dye was degraded in 6 h of irradiation, particularly, consid-
ering the amount of catalyst (0.2 g), rhodamine B (40 ml, 10
ppm), and lamp power (20 W UV lamp 365 nm) used. El Kadib
et al. have reported on a synthetic procedure to produce large
particles using chitosan and organic precursors of metal
oxides."” The particles were in the millimetres range, which
would be of great advantage for their removal at the end of
photodegradation. However, no study on photocatalytic
performance was carried out.

Working with a nanodispersion system may result in a better
efficiency owing due to a higher surface area. However, this
approach cannot be used in an industrial environment, where
filtration costs would be significantly high. To overcome the
filtration problem, catalysts can be deposited on a substrate.
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Fisher® et al. have studied chitosan as supporting material for
TiO, for the coating of the internal lumen of glass bottles. The
system was used for wastewater treatment, but the degradation
efficiency was hardly comparable to systems where TiO, powder
was dispersed in a medium. In terms of efficiency, working with
suspensions is still a better choice.

An interesting approach to overcome the filtration problem
is the use of magnetic nanoparticles, which can be easily
removed from the medium applying a magnetic field. Xin et al.
have used magnetic Fe;0,/TiO, particles (400 nm) for the
degradation of pollutants in water.>® However, the use of this
technology on a large scale is difficult to be implemented. When
large volumes are used two main problems arise. The first is
that a strong magnetic field is needed for the removal process,
which can result in an increase of the costs of this technology.*
Second, a separation unit will be required, increasing the cost
further.” Instead, several studies have shown that the use of
larger particles in continuous flow systems is of great advantage
for scaling-up of the process.”*** Bianchi et al.*® have compared
the efficiency of different sized TiO, using gas and liquid phase
systems. The photocatalytic degradation of pollutants like
acetone and toluene in the gas phase was studied with four TiO,
samples possessing different sizes, viz., two samples of 20 and
25 nm and two samples of 130 and 192 nm. The results showed
that the efficiency of the degradation follows the catalyst size
(higher degradation for smaller particles). Some studies have
shown that it is possible to use catalysts with a larger particle
size and obtain higher degradation efficiency. For instance,
Nezamzadeh-Ejhieh et al have compared the photocatalytic
decolorization ability of CuO/zeolite composite particles pos-
sessing different sizes in the range 88-360 nm.*” In this case,
they reached an increase in decolorization of about 50% using
the larger size particles.

Although it may be a great result tripling the size of the
catalysts without losing their efficiency, particles with sizes
below 1000 nm are still difficult to be implemented in an
industrial wastewater treatment process. For this reason, Li
et al*® have evaluated the photocatalytic efficiency of TiO,
microspheres with a size larger than 30 pm. The results showed
that the degradation efficiency of this catalyst was about 30%
higher than that obtained with an equivalent nanosized used as
reference (20 nm). However, due to the synthetic procedure,
doping of the catalyst was not possible, limiting its absorption
only in the UV range. The use of dopants to reduce this limi-
tation has been widely studied. For example, gold NPs can be
used to influence the energetics by improving the photo-
induced charge separation, which ultimately increases the
performance of the catalysts.*

Apart from reducing the band gap, gold nanoparticles can be
used in many ways. Particularly, in the past few years, gold,
chitosan, and TiO, composite materials have been of consid-
erable interest, due to the ability of gold nanoparticles to
interact with different functional groups. One of the most
common examples is the capacity in making interaction with
thiol groups. In the gas phase, the adsorption is only physical
but can be converted into chemical by simply increasing the
temperature.’ This feature has been used in gas detectors,
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particularly for H,S, where absorption undergoes a redshift as
a function of the amount of H,S adsorbed.** Sui et al** have
studied gold nanoparticles for RSH removal. They observed that
gold can be used for thiol removal from gas streams if the gold
nanoparticles are supported on TiO, and not on ZnO (due to the
formation of ZnS). Moreover, the temperature to regenerate the
adsorbent was reduced from 350 °C (for conventional adsorbent
like zeolite) to around 200 °C.*

In our study, we have developed a new procedure to produce
visible light active micron-sized photocatalysts with efficiency
comparable to that of the corresponding nanomaterial. The
effects of doping and gold nanoparticles decoration were
explored and applied to two different systems: photo-
degradation of pollutant in aqueous medium; and H,S
adsorption in the gas phase. A detailed mechanism for the
formation of micron-size photocatalysts is proposed. The pho-
tocatalytic degradation efficiencies of the catalysts were evalu-
ated using organic dyes (negatively charged metanil yellow and
positively charged methylene blue) as model pollutants. The
recyclability of the catalysts was explored to make the overall
process viable for industrial applications.

2 Experimental
2.1 Materials

P25 was purchased from Degussa. Salicylic acid (>99%), chito-
san with low molecular weight (CAS number 9012-76-4; MW not
reported) and 75-85% degree of deacetylation, glutaraldehyde
grade II solution (25%), coumarin (>99%), PBS (phosphate
buffered saline tablets), tetradecane (>99%), 6% alumina doped
zinc oxide with a size < 50 nm (>97%), metanil yellow (~70%),
sodium hydroxide (>99%), gold(ur) chloride trihydrate (>99.9%),
sodium sulfide nonahydrate (>98%) hydrochloric acid (>36%)
and methylene blue trihydrate (>82%) were purchased from
Sigma-Aldrich Co. LLC (Australia). All the reagents were used
without further purification.

2.2 Chitosan solution

Chitosan was used in order to create photocatalyst micro-
spheres during the emulsification process. The microspheres’
shell, mixed with photocatalyst nanoparticles, was then used as
a template for the creation of micrometric structures before
calcination. Chitosan (CS) is soluble in acidic aqueous solu-
tions,* and an aqueous salicylic acid solution was chosen to
dissolve CS. Salicylic acid has a low solubility in water (0.7 g in
100 ml of water at 25 °C). However, the acid reacts with chitosan
forming salicylate, which is highly soluble (125 g in 100 ml of
water). Indeed, it was demonstrated in our previous study that
using amphiphilic acids to produce microspheres allows to
generate more stable structures in the size range of 1-4 um.**
A stock solution was prepared at a concentration of 10 mg
ml~. 1.0 g of chitosan (CS) powder and 0.858 g of salicylic acid
were dispersed in 100 ml of MilliQ water. Then, the solution was
left stirring overnight. Appropriate dilutions were made in order
to obtain a solution with a final concentration of 1 mg ml™".

This journal is © The Royal Society of Chemistry 2017
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2.3 Catalysts preparation

Five catalysts were used: P25, 6% Al,0;-ZnO, TiO,/C-Micro,
TiO,/C-Micro-Au, and ZnO-Micro. Alumina-doped ZnO was
chosen to look at the possibility of applying the synthetic
technique on already doped photocatalysts and evaluating the
use of a different nano size as a starting material. The samples
TiO,/C-Micro and ZnO-Micro were prepared using a similar
procedure: 30 ml of 1 mg ml~" chitosan solution was added to
70 ml of MilliQ water, and then 0.150 g of P25 or 6% Al,0;-ZnO
was dispersed using an ultrasonic bath for 5 minutes. Then,
2 ml of tetradecane was added as oil phase and the entire
mixture was sonicated for 1 minute at 41.8 W power (calori-
metrically measured) to create an oil-in-water emulsion. As
shown in our previous work,** when an oil-in-water emulsion is
formed in this condition, chitosan moves to the oil/water
interface, forming a microcapsule. After sonication, NaOH
solution was added until pH 8, and then the cross-linker was
added. In case of glutaraldehyde, 20 ml of aqueous solution
(0.25%) was added drop-by-drop under continuous stirring. The
molar ratio of glutaraldehyde : NH,-chitosan in the final solu-
tion was about 3. When gold was used, 20 ml of 0.9 mg ml™*
gold solution (0.0457 mmol) was added in order to have a molar
ratio of gold : chitosan about 25. Chitosan had a composition of
80% 2-glucosamine and 20% N-acetyl-2-glucosamine with an
average monomeric molecular weight of 169.4 ¢ mol~". Using
this information, the moles of CS-NH, were calculated, which
were around 0.177 mmol.

Ten minutes after the cross-linker addition, the solution was
left resting for 2 h in order to permit the separation of the
aggregates formed. Then, the aggregates were collected and
washed three times and placed in an oven to dry overnight at
70 °C. Once dried, the powder was gently milled with a mortar
before the calcination. For both samples, the calcination was
carried out for 2.5 hours to reach 450 °C and 10 hours at 450 °C
in air atmosphere.

The powders obtained after calcination were collected,
dispersed in water and sonicated in an ultrasonic bath for an
hour. Then, the samples were centrifuged at 2000 rpm for 10
minutes in order to separate the un-encapsulated nano from the
microparticles. The samples were washed at least ten times until
no particles dispersion was observed. Between each washing,
the sample was left in an ultrasonic bath for at least 30 minutes.
Finally, the micro powder was collected and dried overnight.
The average yield (expressed as “gmicro size/8nano powder used”)
was around 70%.

2.4 Characterisation

The particle size distribution was determined using a Malvern
Mastersizer 2000 Laser diffraction system (Malvern Instruments
Ltd., Malvern, UK). A refractive index of 2.6 for TiO,, 2.01 for
ZnO and 1.33 for water as a dispersant was used. Particle size
distribution presented is an average of three independent
measurements and volume mean particle diameter (D[4,3]) was
obtained.

The morphologies of the samples were observed using
a high-resolution field emission scanning electron microscope
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(Quanta 200 FEI) without sputter coating pre-treatment. High-
resolution Transmission Electron Microscopy (HRTEM; FEI
Tecnai F20) with selected area electron diffraction (SAED) was
used to identify the structure of TiO, microparticles and, for the
band-gap calculation, the samples were characterised by UV/Vis
spectrophotometer (CARY 50 Bio UV-Visible) in the wavelength
range 200 to 800 nm.

To investigate the surface area, the catalysts were degassed at
50 °C on a vacuum line for 16 h. A standard multipoint Bru-
nauer-Emmett-Teller (BET) method was used to calculate the
specific surface area. The pore size distributions of the mate-
rials were derived from the adsorption branches of the
isotherms by the Barrett-Joyner-Halenda (BJH) model.

Diffraction data were collected using a Bruker D8 Advance X-
ray Diffractometer (XRD) with Ni-filtered Cu Ka-radiation (1.54
A). Data were collected between 5 and 85° 26, with a step size of
0.02° and a scan rate of 0.5 s per step.

X-ray Photoelectron Spectroscopy (Kratos Axis ULTRA;
Thermo Scientific) was used to investigate the C 1s on the
catalysts surfaces. Data was acquired using a Kratos Axis ULTRA
X-ray Photoelectron Spectrometer incorporating a 165 mm
hemispherical electron energy analyzer. The incident radiation
was monochromatic Al Ko X-rays (1486.6 eV) at 150 W (15 kV, 15
mA). Survey scans were taken at an analyzer pass energy of
160 eV over 1200-0 eV binding energy range with 1.0 eV steps
and a dwell time of 100 ms. Base pressure in the analysis
chamber was 1.0 x 10~° torr and during sample analysis 1.0 x
108 torr.

The zeta potential of the particles was measured using
a Zetasizer Nano ZS (Malvern Instruments, UK). Phosphate
buffer (0.1 M) at a pH of 6.8 was used as the dilutant. The
solution was diluted approximately 1 : 1000 and placed inside
a disposable polycarbonate folded zeta potential cell cuvette
(ATA Scientific, DTS1070).

Experiments for the determination of hydroxyl radicals
during photocatalysis were carried out using a 10~ M solution
of coumarin with a catalyst concentration of 0.05 g L %, as
showed by Xiang et al.** The fluorescence spectra were acquired
using a Shimadzu RF-5301PC fluorescence spectrophotometer
(Shimadzu) equipped with a xenon lamp and 1.0 cm optical
length quartz cell. All the measurements were carried out after
dilution in PBS (Phosphate Buffered Saline) solution to a final
concentration of 6.25 10> M. Samples were excited at 332 nm,
and the fluorescence spectra were recorded from 350 to 600 nm.

2.5 Photocatalytic activity measurements

The photocatalytic degradation efficiencies of the catalysts were
evaluated using organic dyes (negatively charged: metanil
yellow and positively charged: methylene blue) as model
pollutants. Photocatalytic reactions in air-saturated (no gas
purging) aqueous medium were carried out in a reactor equip-
ped with a cooling jacket, quartz window, and magnetic stirring
(Fig. S1}). The amount of photocatalyst powder used in all cases
was 0.05 g L' dispersed in 180 ml of the dye solution. The
concentration of dye was 0.04 mM for metanil yellow (MY) and
0.06 mM for methylene blue (MB). An ORIEL 450 W arc lamp

RSC Adlv., 2017, 7, 19373-19383 | 19375
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was used as light source and placed in front of the quartz
window on the side of the reactor (22.9 W cm™?) (emission
spectra shown in Fig. S27). To avoid the heating of the solution
during illumination, cold water was circulated through the
jacket around the wall of the reactor. The reaction temperature
was maintained at 22 °C. The dye concentration was monitored
by UV-Vis spectrophotometer at regular intervals. For the cata-
lyst regeneration in the H,S experiments, 0.5 g of TiO,/C-Micro-
Au was dispersed in 180 ml of MilliQ water, and the reaction was
monitored using a pH meter at different time intervals for
a total reaction time of 2 hours. Routine studies, such as the
influence of pH or kinetic studies with respect to photocatalyst
quantity or light intensity, were not carried out since the aim of
this study was the synthesis of micro photocatalytic particles
with comparable efficiencies to those of nanoparticles. In all
experiments, the catalysts were collected with a vacuum filtra-
tion using a fritted filter with a pore diameter between 1 and 1.6
pm.

2.6 Hydrogen sulfide adsorption

The experiments were carried out at room temperature in
a sealed chamber (Fig. S31) (volume 3.5 L) connected to an
Industrial Scientific MX6-Ibrid detector equipped with H,S
sensor and internal pump, which recirculated the gas in the
chamber at a rate of 500 ml min~". H,S was generated in situ by
the reaction between 20 ml 2.0 mM sodium sulfide solution and
1 ml of 0.1 M hydrochloric acid solution. The hydrogen sulfide
concentration was measured at different time intervals for
a total time of 24 hours.

The experiments were divided into three sets. The first one
was carried out without the catalyst in order to evaluate the
efficiency of the sealed chamber and to evaluate the consistency
of the amount of H,S generated. In the second one, TiO,/C-
Micro or P25 (0.1 g), was used to assess possible H,S adsorp-
tion onto TiO, surface. The third experiment was carried out in
the presence of 0.1 g of TiO,/C-Micro-Au in order to quantify the
maximum amount of H,S adsorbed. Experiments were repeated
at least three times to check for reproducibility.

3 Results and discussions

To investigate chitosan microspheres as a template for synthe-
sising microcatalysts, two nanomaterials were chosen: 6%
Al,03-ZnO (50 nm) and TiO, (25 nm).** As shown in our
previous work, chitosan microspheres produced via an ultra-
sonic emulsification process are very stable. It is possible to
enhance their mechanical strength and stability by the addition
of a cross-linker. Their size can be controlled by the choice of
the acid for the dissolution of chitosan.'* For this reason, sali-
cylic acid was chosen. Its amphiphilicity allows to obtain highly
stable microspheres and with a size range of 1-4 um. After the
microspheres formation, the addition of glutaraldehyde or gold
chloride was investigated to evaluate the possibility to retain the
microspheres spherical shape or the introduction of different
functionality, such as deposition of gold NPs on the micro-
spheres, or both.
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Separate analyses were carried out not only to characterise
the final materials, but also to evaluate the mechanism of the
formation of microstructures. The samples were named TiO,/C-
Micro, ZnO-Micro and TiO,/C-Micro-Au. The first two are the
microparticles obtained from P25 and 6% Al,O;-ZnO using
glutaraldehyde. The third one comes from the synthesis that
used P25 and gold chloride.

3.1 Characterisation

Fig. 1 shows the size distribution obtained with Mastersizer
2000 for all samples synthesized.

Average sizes of ~8 pm (D[4,3]) and ~10 um (D[4,3]) can be
observed for TiO,/C-Micro and ZnO-Micro, respectively. ZnO-
Micro sample has relatively larger particles. This increment
can be associated with the relatively larger size of the precursor
particles, which were almost twice larger than the TiO, nano-
particles. Instead, the use of gold leads to a greater difference.
The size D[4,3] of TiO,/C-Micro-Au is about 23 pm.

The large size obtained in all the samples can be explained
by the synthetic procedure adopted. It must be noted that the
chitosan shell formed after NaOH addition is a gel, which allows
structural modifications. When glutaraldehyde or gold chloride
was added, the solution was kept under stirring for about 10
minutes. After this time, the solution was left standing for the
aggregates to float to the surface, leading to the formation of
larger aggregates. In case of gold, as observed by Corma et al.>”
during the resting period, the aggregates change colour from
white to pinkish due to the intrinsic reduction property of chi-
tosan. In addition, chitosan has also been used for its property
in stabilization of colloidal gold through its amino groups,
which remain embedded in chitosan matrix.*”

SEM and TEM analysis were also carried out to confirm the
shape of the particles obtained and the presence of gold
nanoparticles (in Fig. 2).

The images collected show that the particles are in the size
range observed in the Mastersizer. The particles possess
a spherical shape in case of TiO,/C-Micro (Fig. 2B1) and TiO,/C-
Micro-Au (Fig. 2C1). However, instead of a hollow structure,
a rich macroporosity, within a diameter of 1-4 um (Fig. 2B2 and
C2), can be observed. ZnO-Micro (Fig. 2A1) does not possess
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Fig. 1 Size distribution of TiO,/C-Micro, ZnO-Micro and TiO,/C-
Micro-Au.
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Fig. 2 SEM images of ZnO-Micro (Al and A2), TiO,/C-Micro (B1 and
B2) and TIO,/C-Micro-Au (C1-C3). TEM images of TiO,/C-Micro-Au
(C5 and C6).

a spherical shape, but macro-porosity can also be observed
(Fig. 2A2). Also, the particles show a surface typical of materials
characterized by a high surface area (Fig. 2B2 and C3). The TEM
images in Fig. 2C5 and C6 show the gold particles on TiO,
surface. From TEM measurements, an average size of 10 =5 nm
was recorded.

To confirm the direct fusion of gold NPs on the microparti-
cles, 1 g of TiO,/C-Micro-Au was dispersed in 20 ml of water,
sonicated for an hour in a sonic bath and filtered through a 0.22
um filter. Then, the filtered solution was analysed by UV/Vis. No
absorbance from gold was detected, which confirm the fusion of
the particles on the microparticles and not just physical
interactions.

XRD analyses (Fig. 3) of P25, TiO,/C-Micro, 6% Al,03/ZnO
and ZnO-Micro, were carried out. Both P25 and TiO,/C-Micro
show that anatase phase is predominant (26 = 25°) over rutile

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD data for the four catalysts, TiO,/C-Micro, P25, ZnO-Micro
and 6% Al,Oz-ZnO.

phase (26 = 27°).** For ZnO samples, the sharp peaks at 20 of
32°,34° and 37° show a high degree of crystallinity, which could
be correlated to hexagonal Zn0O.*®

XRD data and calculations (using Scherrer equation, Table
S1t) show that the crystal size and phase remained almost
unchanged, with a slight increase in crystal size after the
nanoparticles were converted in microparticles (Table S17). In
other words, in the micro samples, fusion between TiO,-TiO,
nanoparticles during the calcination process cannot be the only
reason of microparticles formation, suggesting that the parti-
cles are held together by means of other forces, such as TiO,-C-
TiO, fusion.

All three samples were analyzed to evaluate their composi-
tion and confirm the presence of gold in TiO,/C-Micro-Au via
XPS analyses (Fig. 4).

As expected, the presence of TiO, (Fig. 4 top) in TiO,/C-Micro
and TiO,/C-Micro-Au, and Al,03/ZnO (Fig. 4 bottom) in ZnO-
Micro is observed. The gold content in the TiO,/C-Micro-Au
sample was found be around about 1%, as shown by the
signal at 83 eV (Au 4f). However, in all samples, a significant
amount of carbon is observed as well. In particular, the second
main peak at 285 €V is ascribed as residual carbon or adventi-
tious hydrocarbon from the XPS instrument itself, or both.*
Generally, the adventitious hydrocarbon is around 10-15%.*
When the percentage is higher, it is an indication of carbon
presence due to incomplete degradation of the polymer during
calcination.**** Similar data were also observed by Irie et al
during the characterization of carbon doped TiO,.** Unborn
carbon can act as cementing between nanoparticles, TiO,-C-
TiO,, holding together the final macro structure. In addition,
Asahi et al. have studied the effect of carbon doped onto O
sites.* The results showed that C-doping into TiO, lattice

RSC Aadv., 2017, 7, 19373-19383 | 19377
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Fig. 4 XPS analyses of TiO,/C-Micro and ZnO-Micro.

contributed to the formation of impurity states in the band gap,
leading to a red-shift. A shift also observed for all samples in our
study due to carbon doping (Fig. 5).

P25 has been reported to have a band gap around 3.1 eV.*
Instead, ZnO band gap is reported to be 3.2 eV (ref. 45) and 3.2/
3.3 eV for 5% Al,03/Zn0.** From our analysis, both samples
showed a consistent difference with literature values, with
2.9 eV for P25 and 3.0 eV for 6% Al,03/ZnO. However, leaving
aside the absolute values, a comparison between the different
samples can still be made. In both micro samples, similar
reductions in band gap values were recorded: 2.7 eV, in agree-
ment with carbon doped photocatalyst.** Moreover, the zeta
potential analysis shows a shift in the PZC (point zero charge)
for all catalysts (Fig. S47). P25 has been reported to have the PZC
at around pH 6.* Instead, both TiO, sample synthesised have
a PZC at acidic pH with TiO,/C-Micro-Au slightly more acidic,
between pH 4 and 5, and ZnO-Micro has the PZC at around 8.
For TiO,, the shift from 6 to 4.5 is in agreement with carbon
doping, as shown by Kuang et al.*” As expected, TiO,/C-Micro-Au
shows a more notable increase in absorption with a small
shoulder at 550-600 nm typical of gold NPs decoration.> The
increase in absorption is due to two main factors. The first one
is the presence of residual carbon during the calcination; the
second one is due to the noble metal NPs deposited on the
surface, which work as light trapping, scattering, and concen-
tration centres. In this way, light can be concentrated and
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Fig. 5 Adsorption spectra of 6% Al,O3—-ZnO, ZnO-Micro, P25, TiO,/
C-Micro and TiO,/C-Micro-Au.

‘folded’ into a semiconductor layer, thereby enhancing the
absorption, as explained by Wang et al.*®* The particles were also
analysed via fluorescence microscopy, which shows a weak
fluorescence in the green (Fig. S51), as also observed in previous
studies when gold nanoparticles are in the range of 5-10 nm.*

To have a complete characterisation, BET analyses were also
carried out. Fig. S67 shows the comparison in term of pore
volume. Instead, the BET data, the size range of microsamples
(via DLS analyses) and the size range of nanosamples (via TEM
analyses), are presented in Table 1 (sizes obtained with other
techniques are reported in Table S17).

From the data, it can be observed that the synthetic proce-
dure generates large particles without significant loss in surface
area. Moreover, the pore distributions (Fig. S6T) show that there
is a decrease in nano-porosity and an increase in mesoporosity

Table1 Comparison of size, surface area (Sger), pore volume (V,,) and
pore diameter (d,) of P25, TiO,/C-Micro, TiO,/C-Micro-Au, 6% Al,Oz~
ZnO and ZnO-Micro

SpET Vo dp
Sample Size [m>g™ "] [em® g [em® g
P25 25 nm 60 0.2 15
TiO,/C-Micro 8 um 55 0.5 31
TiO,/C-Micro-Au 23 pm 52 0.4 29
6% Al,O;~ZnO 50 nm 26 0.1 16
ZnO-Micro 10 pm 22 0.15 26

This journal is © The Royal Society of Chemistry 2017
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for all the catalysts analyzed. Mainly, it does not seem that the
choice between glutaraldehyde and gold results in a significant
change regarding of pore distribution and surface area. TiO,/C-
Micro-Au shows a slightly smaller mesoporosity compared to
TiO,/C-Micro. The difference is also reflected in the slight
reduction in surface area. P25 and 6% Al,03/ZnO also show
a mesoporosity even if their size is below 50 nm. This result can
be correlated to small groups of particles physically aggregated
during sample analyses. The synthesized micro powders did not
have such particle aggregation and the pore volume data better
reflect the actual porosity of the samples.

3.2 Mechanism

The analytical data discussed suggests the formation of similar
structures independent of the choice to use glutaraldehyde or
gold chloride. A mechanism could be proposed for the forma-
tion of microparticles using chitosan microspheres as
a template (Fig. 6).

In (A) is shown the graphical representation of the behaviour
of TiO, nanoparticle and chitosan dissolved in aqueous salicylic
acid solution. When chitosan powder is dispersed in an acidic
environment (in this case salicylic acid), the amine protonation
permits the unfolding of the polymer coil, resulting in its sol-
ubilisation.** After the addition of oil (tetradecane), acoustic
cavitation, generated by ultrasound, (B) breaks up the nonpolar
phase and spreads it into the medium as droplets. At this point,
the oil droplets are stabilized by the polymer chain (C), with the
amphiphilic counter anion at the oil/aqueous solution interface
(C). The amphiphilicity of the counter anion is a key factor.
With high amphiphilicity, the resulting microspheres are
smaller, more stable and with a narrower size distribution.**

Chitosan and photocatalyst

in aqueous medium (A) Oil droplet stabilized by chitosan (C)

Oil addition o

_—
Emulsion Z1
formation via <

ultrasound (B)

) |

Gold

or
glutaraldehyde
(E)

Neutralisation [
D) [¢
_ |

Drying
process
(F)

Calcination
(G)

(Carbon

Fig. 6 Microparticles formation mechanism: TiO, dispersion in chi-
tosan solution (A), oil droplets stabilized by chitosan (C), neutralisation
(D), gold or glutaraldehyde addition and effects (E), drying (F) and
calcination (G).
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With the addition of NaOH (D), chitosan loses its charges and
form microspheres characterised by a stronger shell with TiO,
NPs embedded within it.

After these first steps, the resulting microsphere shell is still
not hard enough. For this reason, organic molecules, like
glutaraldehyde, or metal compounds, like gold, can be used to
provide additional strength to the microsphere shells. For the
former, it is expected a Schiff base reaction between chitosan
amino groups and the -CHO group present in the glutaralde-
hyde, for the latter, chitosan itself can promote a first metal
reduction,’” followed by the amine stabilisation of the metal
nanoparticles. Independent of the nature of the compound
used to strength the shell, the result is the formation of a rigid
network between the polymer chains inter and intra micro-
spheres (E). Then, during the drying process, the shell is broken
to permits the escape of the oil from the inside of the micro-
spheres. At the same time, the rise in temperature completes
the reduction of the gold ions. The result is a microstructure
characterized by many macropores and kept together by the
polymer (F), which can also be decorated with gold NPs
(depending on the compound chosen in the step “E”). In the
final stage (G), calcination maintains the structure burning the
excess of polymer. However, some of the carbon cannot burn
probably due to an inner location which prevents the combus-
tion. As a result, this carbon undergoes to carbonization, and it
may work as a cementing material between particles.

The photocatalytic efficiency of these particles was tested in
two different phases: aqueous and gas. In aqueous phase, the
catalysts were dispersed in a water medium and the efficiency,
in terms of pollutant degradation under light irradiation, was
measured. In the gas phase, the catalysts were tested to evaluate
the possibility to use them for H,S adsorption and subsequent
regeneration of the adsorbent activity via photocatalysis.

3.3 Photocatalytic efficiency

The catalysts were tested for their photocatalytic efficiency
using two organics dyes: metanil yellow and methylene blue
(Fig. 7 and 8). It can be seen in Fig. 7 that metanil yellow has
a negligible degradation without photocatalysts and under

+P25 —+TiO,/C-Micro “Photolysis
%6%Al,05-Zn0O ~-ZnO-Micro ~=TiO,/C-Micro-Au
1 o o o - ") Q g

radation [%]

Deg

0 1 2 3 4 5
Time [hour|

Fig. 7 Degradation of metanil yellow via photolysis and via photo-
degradation with P25, TiO,/C-Micro, TiO,/C-Micro-Au, 6% Al,Oz—
ZnO and ZnO-Micro.
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Fig. 8 Degradation of methylene blue via photolysis and via photo-
degradation with P25, TiO,/C-Micro, TiO,/C-Micro-Au, 6% Al,Oz—
ZnO and ZnO-Micro.

photo-irradiation. After 5 hours, its concentration decreases
only about 3%. Instead, methylene blue (Fig. 8) is dramatically
sensitive to photo-irradiation. After 3.5 hours, its concentration
is almost halved. However, due to catalysts surface charges,
a comparison between anionic (metanil yellow) and cationic
(methylene blue) pollutants need to be carried out for a better
understanding of the catalysts' performance.

Dark adsorption experiments were also carried out. The
solution pH and absorbance values were monitored. After over-
night dark adsorption, the pH values of the solutions were found
unaffected at 6.4. From £ potential analyses, at the working pH,
TiO, surface is negatively charged, and anionic molecules do not
adsorb due to electrostatic repulsion (Fig. S47). Instead, when
a cationic dye is used, methylene blue (Fig. 8), a slight decrease
in concentrations is observed, around 3%.

For the 6% Al,O;-ZnO sample the situation is more
complicated. The surface charge is positive at the pH used
(Fig. S4f). Hence, no adsorption for methylene blue and
adsorption for metanil yellow should be expected. However, the
behaviour exhibited by the nanopowder is considerably
different than anticipated. In effect, the nanopowder showed
a strong adsorption for methylene blue (8%) and a little
adsorption for metanil yellow (2%). This behaviour can be
explained by impurities or specific adsorption of ions in the
starting sample, which can lead to a modification of surface
charge surface. Degen et al. have analysed a similar case.* They
found that these impurities are generally zinc, lead, sulphate
and chloride ions. Instead, the micro size exhibits the behaviour
expected suggesting a removal of those contaminants. That can
be correlated to the procedures to produce it, where the catalyst
has been heated and washed several times removing any
possible impurities.

Two key observations can be made from Fig. 7 and 8:

(i) The three TiO, samples are more efficient than ZnO.

(if) The nano and micro size samples show a similar
efficiency.

Point (i) can be easily explained by the combination of
surface areas and band gap values. Indeed, ZnO samples have
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a smaller surface area and a larger band gap, which lead to a less
amount of radicals produced (i.e., less dye degraded). Point (ii)
needs a more elaborated explanation. The similar photo-
catalytic efficiency between the two sizes of catalysts cannot be
correlated to the differences in surface area, which is very
similar between the two P25/Ti0,/C-Micro and 6% Al,0;-ZnO/
ZnO-Micro samples. For the nanocatalysts, it is possible to
assume that the surface area is similar to the irradiated surface.
However, for the microparticles, this assumption cannot be
made. For micro powders, reasoning on surface area alone
cannot lead to a complete understanding of the observed
results. A reduction in the surface area should lead to a lower
production of radicals. However, the amounts of hydroxyl
radicals generated are similar for TiO,/C-Micro:P25 and 6%
Al,03-Zn0:ZnO-Micro (Fig. S7t), suggesting that the lower band
gap in the micro catalysts allows the absorption of additional
photons to compensate for the lower surface area effect. In
summary, a balance between larger size, lower surface area and
smaller band gap results in the maintenance of the overall
catalyst efficiency. Moreover, as in the case of the micro
powders, surface roughness may play a role in improving the
efficacy. Roughness leads to reflection of photons, which could
result in increased photon absorption.** In particular, this effect
is enhanced when the pores are large. Reflected photons can
easily penetrate into micropores and be used for radicals
formation. Moreover, microsize pores permit a better adsorp-
tion of reactants. Pollutant molecules can easily penetrate into
the pores and react with radicals. As observed by Kimura et al. in
their studies on mesoporous films of TiO, during photo-
degradation of methylene blue,” an increase in photo-
degradation is possible with an increase in porosity.

An interesting observation can be made on TiO,/C-Micro-Au.
It can be observed from Fig. 7 and 8 that the degradation
recorded for TiO,/C-Micro-Au was 10-15% lower compared to
that of TiO,/C-Micro. In effect, several studies report an
increasing in photocatalytic activity after the decoration with
gold nanoparticles on photoactive materials.> The comparison
is generally between the same catalyst with and without deco-
ration, leaving all the other variables constant (i.e., shape, size,
surface area, etc.). In this case, such reasoning cannot be made.
TiO,/C-Micro-Au was synthesized with a procedure similar to
that of TiO,/C-Micro, and particles with similar shape were
obtained. However, the size of TiO,/C-Micro-Au is greater than
that of TiO,/C-Micro (Table S17), leading to a lower surface area.
The result is that a balance between surface area and band-gap
is not enough to observe an efficiency equal to that of P25. It can
be noted that an increase in size from 10 to 20 um (reducing the
surface area) results in 10-15% decrease in photocatalytic
activity.

In order to evaluate the stability and recycling capacity of the
catalyst, micro catalyst powders were filtered after the photo-
catalytic experiments, washed several times, dried at 70 °C
overnight and reused in subsequent experiments. The process
was repeated three times. After each cycle, the size distribution
and photocatalytic efficiency were measured. The size of the
catalysts, as well as their photocatalytic degradation

This journal is © The Royal Society of Chemistry 2017
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efficiencies, were not significantly affected, confirming the
stability and reusability of the catalysts prepared.

3.4 H,S removal

It was shown before that the gold nanoparticles did not increase
the photocatalytic efficiency. However, Au deposition can be of
great advantage for other applications. Sui et al.’* have studied
the mechanism of H,S adsorption using gold nanoparticles
supported by metal oxides, and their regeneration at high
temperature. The aim of our study was to investigate if H,S
adsorption was possible also with TiO,/C-Micro-Au. Moreover,
regeneration tests at room temperature using photocatalysis
were also carried out, which explain the importance of micro
sized particles. Fig. 9 shows the H,S adsorption experimental
results.

The sharp increase in H,S level in the first few minutes is due
to the generation of H,S in the sealed chamber. The amount of
gas produced is small (around 220 mg m ™3, which would result,
assuming a perfect behaviour, in an increasing of pressure of
about 1%) and does not influence the total pressure signifi-
cantly inside the chamber. Moreover, the data shows that the
chamber has a negligible loss of gas during the 24 hours (less
than 2% in 6 h and around 5% after 24 h) due to leakage.

Beck et al. have studied the H,S adsorption on TiO,, they
observed that TiO, alone is not able to adsorb this molecule on
its surface.* This result was also confirmed by our experiments
in which the adsorption on TiO,/C-Micro and P25 was not
observed in a contact time of 24 hours.

TiO,/C-Micro-Au shows a remarkable degree of adsorption.
Most of the H,S is adsorbed in the first minutes of contact
(around 80 ppm). Also, an additional quantity is adsorbed more
slowly in the next 6 hours (30 ppm) reaching a plateau around 8/
10 h (100 ppm). This behaviour is probably due to inner sites
inside the micro catalyst structure that prevent a fast diffusion
of the gas phase. In total, an adsorption of around 120 ppm was
observed, which correspond to an adsorption of 4.2 mg g~ ".

In Fig. 10 are reported the XPS analyses of the fresh TiO,/C-
Micro-Au (A), immediately after the adsorption experiment (B)
and after four weeks (C).

—*-Sealing tests  ~*~TiO,/C-Micro-Au ~<-TiO,/C-Micro -*—P25

250

-
e \é
200
g
o 150
h=)
3
s ik 1
S 100 R = —— 1
& 4= e —
=1 1
S
ES
=50
0
0 240 480 720 960 1200 1440

Time [min]

Fig. 9 H>,S sealing test and adsorption experiments using TiO,/C-
Micro, TiO,/C-Micro-Au, and P25.
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Fig. 10 XPS analyses of TiO,/C-Micro-Au before adsorption (A), after
adsorption (B) and after four weeks from adsorption (C).

These analyses confirm the adsorption of sulfur, which
increased from 0.3% (Fig. 10A) to around 4.5% after adsorption
(Fig. 10B). The quantity of sulfur did not change significantly
during the four weeks' stock period (Fig. 10C), demonstrating
that the material is suitable to be stored once used, without the
risk of releasing H,S.

3.4.1 Catalyst regeneration. TiO,/C-Micro-Au regeneration
was performed via photocatalysis, and it was followed pH-
metrically due to the formation of sulfuric acid during the
oxidation process® (Fig. 11).

Dark and under irradiation tests were performed for the
fresh catalyst (TiO,/C-Micro-Au) and the one exposed to
hydrogen sulphide (TiO,/C-Micro-Au-S). Also in this case, TiO,/
C-Micro was used for comparison.

During photocatalysis, a modest reduction in pH was
observed for both TiO,/C-Micro and the TiO,/C-Micro-Au that
was not exposed to H,S. Instead, the dark dispersion in water of
TiO,/C-Micro-Au-S led to a pH decrease of 1 unit after two hours,
which is expected due to spontaneous reaction with oxygen
dissolved in water.>® Furthermore, the photocatalysis of TiO,/C-
Micro-Au-S produced a lower pH value, about 3.9, which can be
a confirmation of H,S decomposition carried out by radicals
photocatalytically generated. In order to verify this hypothesis,
XPS analyses of the catalyst were performed in the middle and
at the end of the photodegradation (Fig. 12).

Fig. 12A shows XPS spectra of the sample after one hour of
reaction. The analysis reveals the presence of sulfur in both
reduced and oxidized states, confirming the decomposition of
the molecule. Moreover, after 2 hours of reaction (Fig. 12B),
a return to a sulfur quantity close to zero was observed.

--TiO,/C -Micro-Au
+-TiOyC -Micro

+-TiO,/C -Micro-Au-S
--TiO,/C -Micro-Au-S Dark

3D
0 20 40 60 80 100 120
Time [min]

Fig. 11 Degradation via photocatalysis of H,S followed pH-metrically.
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Fig. 12 XPS analysis of TiO,/C-Micro-Au-S after 1 (A) and 2 (B) hours
of irradiation.

Thanks to its micro scale, the collection of the adsorbent
after photo-regeneration was easy. In effect, a simple fritted
filter (pore size 1/1.6 um) was used to collect and wash the
catalyst before reuse. The adsorption experiments and the
regenerations were repeated for ten times to evaluate the recy-
cling property of the catalyst. The results are shown in Fig. S8.1
TiO,/C-Micro-Au lost 10% activity after the first regeneration
and an additional 5% after the second one. This deactivation
can be due to the inability of regenerate most inner sites, where
radicals have more difficulties to diffuse. However, after the
fourth regeneration, the adsorbent seems to reach a plateau,
maintaining an efficiency of around 80% of the initial one,
demonstrating a room temperature renewability.

4 Conclusions

We have developed a simple methodology to synthesise micron-
sized photocatalyst particles without compromising the large
surface area required for high photocatalytic activity. In addi-
tion, we have shown the versatility of the method in which the
use of different molecules permits to add functionality such as
doping or metal NPs decoration. At the end of the character-
ization, a mechanism was proposed for the microparticles
formation, and a new approach for H,S removal, and its
decomposition, was also evaluated.

ZnO-Micro, TiO,/C-Micro, and TiO,/C-Micro-Au were char-
acterised by light-scattering, ¢ potential, SEM, TEM, absorption
spectroscopy, BET, XRD and XPS analyses. The synthetic
procedure resulted in an increase in the size of the catalytic
particles from 20/50 nm to 10-20 pm. Moreover, the catalyst
showed an increase in mesoporosity, band gap reduction and
the formation of macro size pores in the range 1-4 um. The
photocatalytic efficiency of these catalysts was evaluated using
methylene blue and metanil yellow as model pollutants. In both
cases, micro samples showed similar photocatalytic activities to
those of respective nanoparticles, and an enhancement four
times higher than commercial micro titania available in the
market.”” The synthetic procedure developed can be used to
produce highly efficient micron size photocatalysts for waste-
water treatment applications overcoming the problems associ-
ated with recyclability and with the removal of the catalysts by
filtration following treatment. Moreover, TiO,/C-Micro-Au
shows potential for H,S adsorption in the gas phase and
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sequential photodegradation in an aqueous medium. The
quantity that can be adsorbed is modest, but the room
temperature regeneration and the small loss in activity after ten
cycles make this catalyst valuable for further studies.
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