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Abstract A novel polymeric support for heterogeneous pho-
tocatalytic reactions was fabricated by using a multiple O/W/
O emulsion as the template, which was an open-cell
macroporous bead with photocatalyst titanium dioxide
(TiO,) nanoparticles embedded in the void surface. The beads
exhibited high photocatalytic efficiency, up to 99.4 % methyl
orange could be degraded in 2.5 h photocatalysis in the water
containing the bead of 0.46 wt%. Moreover, stable cyclic us-
age in wastewater treatment was proved to be feasible, and not
any decrease in the photocatalytic performance was found for
the use in their later 9 cycles, which make the bead material an
ideal and potential photocatalyst in wastewater industry.

Keywords High internal phase emulsion - Pickering
emulsion - PolyHIPE - Porous beads - Photocatalyst

Introduction

Heterogeneous photocatalytic technology utilizing semicon-
ductor catalysts has been considered to be efficient and
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promising in the wastewater industry because this advanced
oxidation process can completely and rapidly mineralize a
wide range of refractory organics to innocuous carbon dioxide
and water [1-3]. However, most of these semiconductor cat-
alysts are fine powders and applied in a suspension form,
which entails complex post-separation of catalyst particles
and possibly brings about the contamination of these catalyst
solid in the treated water. Hence, various inorganic porous
materials, such as zeolites [4], clays [5], activated carbon
[6], and sepiolites [7, 8], have been employed to support
photocatalysts. As for the disadvantages of these supports,
photocatalysts are usually loaded onto the supports by physi-
cal adsorption which leads to relatively low loading content
and slight catalytic particle leakage while using. Here, we
present a novel macroporous support for photocatalysts:
Pickering high internal phase emulsion (HIPE) templated
poly(acrylamide/N, N'-methylene bisacrylamide) (P(AM/
MBAM)) beads which are loaded with titanium dioxide
(TiO,) nanoparticles in the surface layer of the void walls.
P(AM/MBAM) was chosen as polymer matrix due to its high
hydrophilicity, which would make it easier for water to pene-
trate into the porous polymer beads.

HIPEs are often defined as the emulsions with dispersed
phase more than 74 % of the emulsion volume [9-12]. And a
macroporous material (polyHIPE) can be obtained by poly-
merizing the monomer in the continuous phase of HIPE and
then removing the emulsion droplets [13-25]. These porous
materials typically have low densities, high porosities and
tunable void sizes ranging from 1 to 100 wm, which are ideal
materials for catalyst supports [26]. As such, some metal
nanoparticle catalysts, like gold [27] and palladium nanopar-
ticles [28], have been immobilized onto the already produced
polyHIPEs. But these synthesis processes involved a compli-
cated two-step approach. Recently, inorganic particles
[29-32], copolymer particles [33—36] and carbon nanotubes
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[37] have been respectively substituted for traditional surfac-
tant utilized in HIPE templates as stabilizers. In particle-
stabilized HIPE (Pickering HIPE) template, particles would
stand at the oil-water interface to prevent the coalescence of
the adjacent droplets, and these stabilizer particles can thus be
embedded in the surface layer of the polymer matrix (poly-
Pickering-HIPE) after polymerization [38, 39]. In this study,
the commercial TiO, nanoparticles (Degussa P25) were used
as the stabilizer of the oil-in-water (O/W) Pickering HIPE
template, which enables the loading of the photocatalyst
TiO, nanoparticles to be achieved directly through the HIPE
polymerization and impels the polymer matrix to clutch these
photocatalyst nanoparticles to avoid the catalyst leakage in the
later use.

Up to date, the most common physical form of a poly-
Pickering-HIPE is a monolith [40]. Nevertheless, when they
are applied as supports for photocatalyst, particulate poly-
Pickering-HIPEs (i.e., porous beads) are preferred because
they can get more photon penetration than monolith blocks.
Therefore, the sedimentation polymerization method based on
an oil-in-water-in-oil emulsion template, described by Zhang
et al. [41, 42], Deleuze et al. [43] and Stefanec et al. [44] is
utilized here to fabricate the poly-Pickering-HIPE beads. The
obtained porous beads should be uniform and possess diame-
ters greater than 1.0 mm, which can be easily separated from
the media by filtration and recycled for further use.

Experimental section
Materials

Ammonium persulfate (APS, 98 %, Shanghai Lingfeng
Chemical Reagent Co. Ltd) were recrystallised twice in
deionised water before use. Acrylamide (AM, 98.5 %,
Shanghai Lingfeng Chemical Reagent Co. Ltd), N, N'-meth-
ylene bisacrylamide (MBAM, 98 %, Sinopharm Chemical
Reagent Co. Ltd), Tween 85 (Sinopharm Chemical Reagent
Co. Ltd), paraffin liquid (Shanghai Lingfeng Chemical
Reagent Co., Ltd), N, N, N, N-tetramethylethylenediamine
(TMEDA, Shanghai Lingfeng Chemical Reagent Co., Ltd),
titania nanoparticles (TiO,, Degussa P25, average particle di-
ameter: 21 nm), Methyl Orange (MO, Sinopharm Chemical
Reagent Co. Ltd) and hydrochloric acid (HCI, 37 %, Shanghai
Lingfeng Chemical Reagent Co. Ltd) were used as received.
Water was freshly deionised.

Preparation of poly-Pickering-HIPE beads
TiO, nanoparticles were initially dispersed into 4 ml aqueous
solution of surfactant Tween 85 (0.04 g, 1.0 wt%),. Then the

monomer AM (1.420 g, 20 mmol), the crosslinker MBAM
(0.309 g, 2 mmol) and the initiator APS (0.04 g, 1 wt%) were
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dissolved in the above TiO, nanoparticles dispersion. The
solution obtained was used as aqueous phase. The Pickering
HIPE was prepared by mixing aqueous phase with the paraffin
(16 ml, as oil phase), and homogenising the mixture using an
Ultra Turrax T18 homogeniser (7.5 mm rotor) operating at 14,
000 rpm for 3 min. The HIPE obtained was then dropped into
a glass reaction column containing the paraffin with 2 %
TMEDA(as catalyst to accelerate the polymerization) by
using a syringe pump (Longer Pump LSPO1-1A) at 50 °C.
The O/W HIPE droplets were left in the sedimentation column
at 50 °C to complete the polymerization. The polymerized
beads were removed from the column, dried in a vacuum at
50 °C for 24 h, and extracted in Soxhlet apparatus with ace-
tone to remove the paraffin. Finally, the resulting porous beads
were dried to constant weight in a vacuum at 50 °C.

Photocatalysis of MO with the poly-Pickering-HIPEs

The photocatalytic degradation reaction using UV was carried
out in a 25 ml glass vessel at room temperature (25 °C), being
filled with 15 ml MO aqueous (20 ppm, PH=2 which was
adjusted by hydrochloric acid) and 69 mg porous bead
photocatalyst under constant oscillating. Six 10 W UV lamps
with a maximum emission at 254 nm was positioned about
30 cm above the photo-reactor. After the reaction was com-
pleted, the porous beads were dredged out and then washed by
water for further use, and the treated solution was collected.
For a comparison of the efficiency of the bead systems, porous
beads was replaced by 3.0 mg pure TiO, nanoparticles(not
embedded in polymer beads). The mass of TiO, nanoparticles
used was equal to that of the TiO, contained in 69 mg porous
bead PB-2 which was prepared with 2.0 wt% TiO, in the
aqueous phase(see Table 1).

Characterization

Photographs of the porous beads were taken utilizing a Canon
S95 digital camera. The average bead diameter (d,,) was mea-
sured from the photographs directly. The TiO, nanoparticle
content of the poly-Pickering-HIPEs was measured via a
NETZSCH STA 449 F3 thermogravimetric analyzer (TGA)
from room temperature to 800 °C at heating rates of 5 °C/min
under air atmosphere. Five specimen were analyzed for each
sample, and the TiO, content of the sample was given as the
average value of these five specimen. Scanning electron mi-
croscope (SEM) images of Au-coated porous materials were
taken with a Hitachi S-4800 SEM. The average void diameter
(dy) of the polyHIPEs was estimated from the SEM images.
And at least 100 voids were measured for each sample. The
average void diameter measured in this way is underestimates
of the real values. Therefore it is necessary to introduce a
statistical correction [43]. The average void diameter (d,) of
the polyHIPEs in this work was calculated by d,=21/(3'?),
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Table 1 Composition of

emulsion templates and the Sample [TiO4] / wt% * dy / mm® d,/um® d;/ um ¢ /% [TiO,] / wt%
parameters of the resulting porous
beads PB-1 1.0 22.6 6.7 16.0 2.20

PB-2 2.0 18.9 6.0 18.8 4.32

PB-4 4.0 10.8 43 29.6 8.14

?Feeding TiO, concentration respect to the water in aqueous phase

° The average bead diameters, calculated from the photographs

¢ The average void diameters inside the beads, calculated from SEM images

4The average interconnecting pore diameters inside the beads, calculated from SEM images

¢ Interconnectivity of the bead internal structure, calculated by 0.25n%(di/d,)* x 100, where n is the average
number of interconnecting pores per void

fTiO, content in porous beads, determined by TGA

where r was the diameter value calculated from the SEM im-
age. The average interconnecting pore diameter (d;) was mea-
sured from the SEM images directly. And at least 100
interconnecting pores were measured for each sample. The
interconnectivity (I) of the PolyHIPEs was calculated by 1=
0.25nx(d;/dy), where n was the average number of
interconnecting pores per void and was also calculated from
SEM images. At least 50 voids were calculated for each sam-
ple. In addition, the poly-Pickering-HIPEs were embedded in
resin, cured and sliced into thick sections. These sections were
then placed on a holey copper grid, and relevant TEM images
were taken using the JEOL JEM 1400 TEM.

The concentration of MO in the solution before/after pho-
tocatalytic degradation was determined with a UV-2550PC
UV-vis spectrophotometer by monitoring the absorbance
values at 507 nm wavelength that was the maximum absorp-
tion wavelength of MO at PH=2.

Results and discussion

These produced poly-Pickering-HIPE materials were uniform
and unagglomerated spherical beads (Fig. 1). As shown in
Fig. 2, the bead materials possessed a typical polyHIPE mor-
phology (i.e., a large number of voids were separated by poly-
mer films), which was a skeletal replica of the O/W HIPE

ON 10.0kV 8.6mm x45 SE

1 mm

Fig. 1 Photograph (a) and SEM image (b) for poly-Pickering-HIPE
beads (PB-2)

precursor. And it is imperative to note that both the external
and the internal void structure of the polymer beads were
highly interconnected. Specifically, these open voids on the
bead surface, which were connected to the bead interior, not
only can diminish the mass transfer limitations but may

Fig.2 SEM images for the surface and internal morphology of the poly-
Pickering-HIPE beads with different TiO, nanoparticle concentration in
the emulsion templates
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increase the amount of photocatalyst active sites, when the
beads are used as heterogeneous photocatalysts.

In attempt to explore the effect of TiO, on the morphology
of poly-Pickering-HIPE beads and their efficiency of
photocatalyst, HIPEs having feeding TiO, nanoparticle con-
centration of 1.0, 2.0, and 4.0 wt% were prepared, and
resulting poly-Pickering-HIPEs (PB-1, PB-2 and PB-4) were
obtained, respectively. TGA analysis of these beads showed
that the final content of TiO, in PB-1, PB-2 and PB-4 were
2.20, 4.32 and 8.14 wt%, respectively.

Table 1 shows that the porous beads with different feeding
TiO, nanoparticle concentration had similar bead sizes, while
the void size and the interconnectivity of the poly-Pickering-
HIPE beads could be tuned by changing the feeding TiO,
nanoparticle concentration. The augment of TiO, nanoparticle
concentration from 1.0 wt% to 2.0 and 4.0 wt% decreased the
average void diameter of the polymer beads from 22.6 to 18.9
and 10.8 um and raised the interconnectivity from 16.0 to
18.8 % and 29.6 %, respectively (Table 1). This is because
increasing the amount of stabilizer TiO, nanoparticles would
enhance the HIPE stability to coalescence, which led to rela-
tively small average void diameter and high interconnectivity
resulted from the thinner polymer films. However, it should be
noticed that a high TiO, nanoparticle concentration (4.0 %)
would render the bead surface more solid and less intercon-
nected (Fig. 2).

As a photocatalyst support, the position of the
photocatalyst TiO, nanoparticles in the bead is quite impor-
tant. Here, TEM was used to observe and analyze the arrange-
ment of TiO, nanoparticles. From the TEM images (Fig. 3a),
it can be seen that a row of TiO, nanoparticles (black points)
were located on the surface of the polymer walls, which ben-
efit for the TiO, to be excited in later application. Since the
produced porous polymers are a replica of the pore structure of
the emulsion at the gel point [9, 10], the nanoparticle stabilizer
of the emulsion template standing in the surface layer of void
walls meant that the TiO, nanoparticles adsorbed in the water—
oil interface and formed layers at the oil drop surface, which
provided steric (mechanical) hindrance to droplet coalescence

Hqﬁi_’.‘ B . E Void (resin) ‘E

g | TiO, nanoparticles .
I Polymer ~ {
~ TiO, nanoparticles *\_ " iin
% \""\. e e ’tP“'ymg
S
: "~ Void (resin) \- v k £
2 um - .o 2 um

Fig. 3 TEM images for poly-Pickering-HIPE beads (PB-2) showing the
exact location of the TiO, nanoparticles in the beads
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[44]. Moreover, the inner part of the polymer walls also
contained some TiO, nanoparticles (Fig. 3b). This is attributed
to both the good hydrophilicity of the particles and the pres-
ence of Tween85 in the emulsion. The hydrophilicity make the
particles are able to disperse in aqueous phase well. Tween85
would adsorb on the oil-water interface competitively with
TiO, nanoparticles [32]. And Tween85 could also adsorbs at
the particle surface, thus changing its wetting properties,
thereby disaggregating the particles, leaving them well dis-
persed in the aqueous phase [29].

Then, to evaluate the photocatalytic performance of these
poly-Pickering-HIPE beads and their ability of treating indus-
trial wastewater, photocatalytic oxidations of a MO dye,
which was used as a pollutant model, were carried out at
25 °C by directly adding the porous beads into a MO aqueous
(20 ppm) under constant oscillating with UV irradiation (A=
254 nm). As shown in Fig. 4, the beads displayed great effi-
ciency in degrading the MO dye, the red MO aqueous trans-
formed to a colorless transparent solution after 2.5 h photocat-
alytic oxidation with the porous beads. In attempt to know the
details of oxidation, the percentage of the MO removals from
water after the reaction was determined by the change of the
absorbance peak at 507 nm wavelength using a UV spectro-
photometer. As shown in Fig. 5, at the beginning of the test,
when porous beads was employed as photocatalyst, the oxi-
dation rate of MO dye was slower than that in the test where
pure TiO, nanoparticles were used. While after 2.5 h reaction,
99.2, 99.4 and 99.4 % of the MO dye was consumed, when
PB-1, PB-2 and PB-4 were used as the photocatalysts, respec-
tively, which were similar to the percentage (99.5 %) of MO
dye removed by pure TiO, nanoparticles at the same time, and
were much higher than the ratio (60.6 %) of MO molecules
degraded under the circumstance of no catalyst.

Despite of the good photocatalytic effect, it is still wor-
thy to note that there was not much difference in the
photocatalytic performance among these polymer beads
with different content of TiO, nanoparticles (Fig. 5).

99.4% MO dye
were eliminated
via treatment.

Original MO aqueous
(20 ppm, PH=2)

‘ Under UV
irradiation for 2.5 h

 —

With PB-2 as the
photocatalyst

Fig. 4 The photocatalytic performance of the porous bead PB-2 for
eliminating the MO dyes under UV irradiation for 2.5 h
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Fig. 5 The removal of the MO dyes from the water with poly-Pickering-
HIPE beads or pure TiO, nanoparticles as the photocatalyst

This may be due to the fact that the voids and the
interconnecting pores on the bead surface layer are still
not large enough to achieve the UV ray penetration so that
the TiO, nanoparticles inside the beads are difficult to be
excited, and only the TiO, nanoparticles on the surface
layer take effect. And due to part of the TiO, nanoparti-
cles still remaining in the polymer matrix, the content of
the TiO, nanoparticles on the bead surface that work in-
deed are almost similar, no matter how much TiO, nano-
particles existing inside the beads.

Another nine recycling experiments were also per-
formed with PB-2 for photocatalytic oxidation of MO
under UV irradiation. The percentage of MO removals
in each cycle was monitored (Fig. 6). It is found that
the amount of the degraded MO dye from the solution
was always kept as high as 99 % for each run, indicat-
ing the cyclic usage of the porous beads is feasible and
their stability in the wastewater is considerable satisfac-
tory. All of these are thanks to the tight clutch of the
TiO, nanoparticles by the polymer matrix via polymer-
ization, which effectively avoids the leakage of these
photocatalyst nanoparticles into the solution during their
wastewater treatment.

100.0 1
98.0 1

96.0 1

94.0 1

MO removal / %

90.0 4
1 2 3 4 5 6 7 8 9 10
number of runs
Fig. 6 Repeatedly employing a same batch of porous bead PB-2 as the
photocatalyst to purity the MO dyes aqueous

Conclusions

In summary, a novel polymeric support for heterogeneous
photocatalytic reactions was fabricated by using a multiple
O/W/O emulsion as the template, which was an open-cell
macroporous bead with photocatalyst TiO, nanoparticles em-
bedded in the void surface. These poly-Pickering-HIPE beads
showed their high photocatalytic efficiency in wastewater
treatment. There were up to 99.4 % of the MO dye in water
being consumed after 2.5 h reaction with the macroporous
beads of 0.46 wt% in water, Moreover, their cyclic usage for
purifying the wastewater was proved to be feasible and not
any decrease in the photocatalytic performance was found for
the use in their later cycle.
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