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ABSTRACT

As a promising environmental treatment technology, photocatalysis has been investigated for decades
and even tentatively practiced in actual large-scale applications. However, most researches focus on
photocatalytic kinetics (excitation, charge transfer, and surface reaction) but ignore the significant impact
of oxygen interfacial mass transfer for photocatalytic aerobic oxidation in aqueous media. Here, we use
finite element simulation to demonstrate that during photocatalysis, the remained local oxygen con-
centration for photocatalysts at a gas-liquid-solid triphase interface is much higher than that dispersed in
a bulk liquid phase. Photocatalyst consisting of Au/TiO, nanoparticles supported at triphase interface
shows a non-diffusion limited charge separation for oxygen photoactivation, therefore achieving a
photodegradation efficiency of about 85% toward bisphenol A. Furthermore, we develop a flowing tri-
phase photocatalytic system that exhibits a tunable one-way photodegradation efficiency from 10% to
60% and a photostability for up to 50 h of continuous irradiation, further demonstrating the potential for

large-scale applications.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Environmental problems, especially water pollution, are signif-
icant issues closely related to human survival and development
that urgently need to be resolved on a global scale [1,2]. Bisphenol A
[BPA, 2,2-bis(4-hydroxyphenyl)propane], a primary chemical raw
material widely used in the production of epoxy resins, poly-
carbonate plastics and leather, is one of the most common
endocrine-disrupting substances that can interfere with the human
endocrine system [3]. BPA is one antioxidant that is non-
biodegradable and highly resistant to chemical degradation [3,4],
making it difficult for conventional organic wastewater treatment
methods to efficiently remove BPA in water.

Semiconductor-based photocatalytic aerobic oxidation [5—7] is
a promising water treatment technology to use solar energy for
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water remediation [8—10]. TiO, is one of the most investigated
photocatalysts featured by its good activity, non-toxicity, and
chemical stability [11,12]. The modification strategy of loading no-
ble metals as cocatalysts can promote the migration of carriers and
then waken the charge recombination over TiO,. Especially for Au/
TiOo, the Fermi level of Au nanoparticles is significantly lower than
the conduction band of TiO, [13,14], so electrons excited to the
conduction band can spontaneously migrate to the Au surface,
hence converting oxygen into reactive oxygen species (ROS), such
as -O,~ and -OH, that can directly participate in the pollutant
oxidation reaction. This aerobic oxidation process shows unique
advantages in mineralizing chemically stable organic pollutants
(such as phenol and other aromatic compounds) into inorganic
carbons [15—17].

The mass transfer process that determines the local concen-
tration of reactants at the reaction interface also has considerable
impacts on the performance of heterogeneous catalysis [18]. In
conventional liquid-solid diphase photocatalytic systems, where
photocatalytic nanomaterials are dispersed in bulk aqueous media,
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ROS can only be generated from dissolved oxygen that diffuses very
slowly in the water phase. The mass transfer of oxygen molecules
on the surface of photocatalysts might be an insurmountable
obstacle to increase the overall photocatalytic reaction rate [19].
The construction of gas-liquid-solid triphase interfaces can alter the
interfacial mass transfer behavior of the gas reactant molecules and
directly affect the kinetics of the catalytic reaction [20,21]. Theo-
retically, triphase photocatalysis realizes the effective contact of
oxygen, water, and photocatalysts, resulting in the rapid supply of
oxygen from the gas phase instead of dissolved oxygen molecules
from the water phase [22]. Feng et al. [18] developed a triphase
photocatalytic system in which the photocatalytic reaction can
proceed at the gas-liquid-solid three-phase interface, showing a
high photodegradation efficiency toward salicylic acid. However,
the local oxygen concentration on the surface of photocatalysts
during photocatalytic reactions and its relationship toward charge
separation and photodegradation efficiencies has yet to be well
understood. Besides, previous triphase photocatalytic oxidation
reactions mainly focused on dye molecules, the activity in dealing
with refractory organic pollutants such as BPA remains to be further
investigated.

Herein, we investigate the photocatalytic aerobic oxidation re-
action for BPA degradation by constructing a gas-liquid-solid tri-
phase system, in which hydrophilic Au/TiO, nanoparticles are
supported at the air-water boundary. Through finite element sim-
ulations, we find that during photocatalysis, the triphase interface
can maintain a relatively high local oxygen concentration. In
contrast, the dissolved oxygen in the diphase system where the
catalyst is immersed in the bulk liquid phase will be quickly run out
as the photocatalytic reaction progresses. The triphase photo-
catalytic system has a much higher BPA degradation percentage up
to 85%, while BPA in the diphase system can hardly be degraded
mainly because of the interfacial oxygen mass transfer limitation. In
addition, we have obtained up to 50 h of photocatalytic stability in a
flowing triphase photocatalytic system, showing its potential for
large-scale practical applications.

2. Materials and methods
2.1. Chemicals and materials

TiO, (P25) was purchased from Degussa AG. HAuCl, and ethanol
were obtained from Aladdin. NaBH4 was purchased from Guang-
dong Guanghua Chemical Factory Co., Ltd. BPA, 4,4’-Sulfonyldi-
phenol (BPS) and 4,4’-(Hexafluoroisopropylidene)diphenol (BPAF)
were acquired from Innochem. All chemicals were used without
further purification. Microporous carbon gas diffusion layers (GDLs)
were purchased from Germany Freudenberg (H14C9). Doubly
distilled water was used in all experiments.

2.2. Photocatalyst preparation

Preparation of photocatalysts Au/TiO,: Au nanoparticles were
loaded on TiO; photocatalysts via a NaBH4 reduction method. The
precursor was HAuCly-4H,0. In more detail, 1.0 g TiO, was
dispersed into 100 mL water, followed by ultrasonication for
30 min. Then 200 pL aqueous HAuCly solution (50 mg/L for Au) was
added to the suspension by ultrasonication for 5 min. Then 10 mL
aqueous NaBHy4 solution (0.5 mg/mL) was added dropwise to the
suspension under stirring, with the color of the suspension grad-
ually turning purple. After further stirring for 2 h, the samples were
centrifuged and washed with water three times, and then vacuum
freeze-dried for 24 h.

Preparation of Au/TiO, immobilized GDL: Au/TiO distributed in
ethanol (0.5 mg/mL) was sonicated for at least 30 min to form a
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uniform dispersion. Then, Au/TiO, was immobilized onto the sur-
face of GDL substrate by dripping a 5 mL suspension onto the
surface of GDL and dried under infrared light for 1 h to form a
photocatalysts layer with an area of 3.5 x 3.5 cm?, receiving an Au/
TiO, immobilized GDL with a loading amount 0.2 mg/cm?. For the
Au/TiO, immobilized GDL used in the flowing test, the area of GDL
was 5.0 x 5.0 cm?, the corresponding dispersion volume was 10 mL,
and other operations were the same. For diphase system prepara-
tion, the Au/TiO, was immobilized onto a quartz plate substrate
using the same method.

2.3. Characterization

Morphologies of the samples were observed by scanning elec-
tron microscopy (SEM, Hitachi, S4800, Japan) and transmission
electron microscope (TEM, JEM, 2100F, Japan). The structure and
crystallization of the particles were examined by X-ray diffraction
(Bruker AXSD8 Advance, Germany) equipped with a Cu Ko radia-
tion source (A = 1.5405 A) operating at 40 kV. X-ray photoelectron
spectroscopy (XPS) data were obtained on ESCALAB 250Xi (Thermo
Fisher Scientific, USA) using monochromatic Al-Ke. radiation
(hv = 1486.6 eV) as the excitation source. Binding energies were
calibrated by the C1s peak at 284.8 eV of neutral carbon. The diffuse
reflection spectra of the as-prepared photocatalyst powders were
recorded on Cary 7000 (Agilent) spectrometer with an integrating
sphere attachment. A contact angle system (OCA20, Dataphysics,
Germany) was used to measure the contact angles, with the probe
liquid being a 2.0 pL droplet of water. The result was average values
obtained from more than three different positions. Photocatalytic
performance was measured by a ultraviolet-visible (UV—Vis)
spectrophotometer (Hitachi U-3900). Oxygen radicals were
measured by electron paramagnetic resonance spectroscopy
(Bruker E500, Germany). The total organic carbon (TOC) of samples
was measured by a TOC analyzer (Analytik Jena Multi N/C TOC/TN,
Germany).

2.4. Photoelectrochemical measurement

The photoelectrochemical measurements were carried out on
an electrochemical workstation (CHI 660e) using a homemade
microfluidic reactor equipped with a quartz window as the pho-
toelectrochemical cell. 1 M Na;SO4 aqueous solution was used as an
electrolyte. Ag/AgCl and Pt wire were used as reference and counter
electrodes, respectively. The working electrodes were prepared by
dripping 400 puL of Au/TiO, dispersion (0.5 mg/mL) onto the GDL to
form an area of 1 cm?. For the triphase photocurrent test, the Au/
TiO,-immobilized GDL was directly used as the working electrode.
For the diphase photocurrent test, the GDL of the working electrode
was uniformly coated with vacuum silicone grease to diminish gas
diffusion from the gas phase. The photocurrent tests were carried
out at a potential of —0.211 V vs. Ag/AgCl (0.4 V vs. RHE) with
chopped irradiation every 30 s.

2.5. Photocatalytic measurements

A 365 nm LED lamp (PLS-LED100C, PerfectLight, China) equip-
ped with a A < 400 nm filter (Xujiang Electromechanical Plant,
Nanjing, China) was used as the light source. For the tests in a batch
reactor, the as-prepared Au/TiO, immobilized GDL was placed onto
the top of the liquid surface for the triphase system, and the as-
prepared Au/TiO, immobilized quartz plate was placed into the
liquid phase for the diphase system. Before light irradiation, the
reactor was placed in the dark for 30 min to establish an adsorption
equilibrium. The photocatalytic aerobic oxidation reaction time was
120 min, during which approximately 0.5 mL solution was
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withdrawn with a pipette at every 20 min intervals. For the testin a
flow reactor, a quartz beaker containing 10 mL BPA solution and a
homemade flow cell was used as the photo-reactor. The as-
prepared Au/TiO, immobilized GDL was fixed between the
aluminum alloy bracket and the serpentine liquid flow path with
the catalyst layer on the side close to the liquid. At intervals, the
outlet solution was collected for further testing. Afterward, the
concentration of BPA was detected by the intensity of the charac-
teristic absorption peak at 276 nm. Moreover, a calibration curve
(Fig. S1) was prepared by the same method in 10, 20, 30, 40, 50, and
60 mg/L of pre-defined BPA stock solutions. The degradation per-
formance of BPS and BPAF in the triphase photocatalytic system for
BPS and BPAF were tested by the same method.

3. Results and discussion

The concept is schematically shown in Fig. 1a. The triphase
system was constructed by placing Au/TiO, immobilized GDL onto
the top of the BPA solution phase. In this way, oxygen in the air can
enter the gas-liquid-solid triphase interface through the porous
GDL and then reacts with photo-excited carriers on Au/TiO; for ROS
generation and BPA oxidation. The cross-sectional scanning elec-
tron microscope (SEM) image in Fig. 1b illustrated the configuration
of the immobilized Au/TiO; on GDL. The thickness of photocatalyst
Au/TiO, was estimated to be 1.0 + 0.2 pm from the energy-
dispersive X-ray spectroscopy mapping result of Ti and C elements
in the selected region (Fig. 1c). The enlarged SEM image in Fig. 1d
shows the top-view morphology of carbon nanoparticles on GDL,
which possesses a water contact angle (CA) of 142° showing hy-
drophobic property. After immobilization of the Au/TiO, layer, the
water CA sharply dropped to nearly 0° because of the super-
hydrophilic property of nanosized Au/TiO, shown in Fig. 1e. More
structure details of the Au/TiO, photocatalysts layer were further
investigated. As shown in the X-ray diffraction pattern (Fig. S2), the
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photocatalysts used in our study were composed of anatase and
rutile TiO,. Only a faint diffraction peak of Au was observed at about
38°, probably because of the low Au content [23]. The relative in-
tensity of anatase and rutile phases was estimated to be 4/1, which
was essentially equal to that found for the pristine TiO, support,
thus leading to the conclusion that the structure of TiO, did not
undergo significant changes throughout the synthetic processes.
From TEM images (Fig. S3), high-angle annular dark-field scanning
TEM (HAADF-STEM) image (Fig. 1f), and energy-dispersive X-ray
spectroscopy element mapping (Fig. 1g), the size of isolated TiO;
particles was about 30 nm, and the size of Au particles was around
5—10 nm. The size distribution of Au nanoparticles is shown in
Fig. S4. The lattice spacing of 2.36 A and 3.52 A supports the (111)
planes of Au and the (101) planes of anatase TiO,, respectively.
Diffuse reflection spectra of both pristine TiO, and Au/TiO; nano-
particles displayed in Fig. S5 revealed a strong light absorption in
the UV light region. Hence, a 365 nm light source (Fig. S6) was used
to evaluate photocatalytic BPA degradation efficiency. Moreover,
we found that Au/TiO; can produce ROS with free radical capture
experiments (Fig. S7).

First of all, carbon-based GDL and polytetrafluoroethylene GDL
have similar catalytic performance (Fig. S8), indicating that the GDL
substrate has little effect on photocatalytic performance. As shown
in Fig. 2a, a degradation percentage of more than 60% was achieved
over Au/TiO,-based on the triphase system within 120 min UV
irradiation at 40 mW/cm?. While for a diphase system, where Au/
TiO, was immobilized onto a quartz substrate immersed in the bulk
liquid phase, BPA was approximately not degraded under the same
conditions. Another diphase control system was performed by
immersing Au/TiO, loaded GDL into the water phase and got a
similar result (Fig. S9). It is hypothesized that the noticeable BPA
degradation efficiency difference between triphase and diphase
systems is mainly because of the interfacial oxygen diffusion-
controlled charge separation and aerobic oxidation processes.

Fig. 1. Structural characterization of the Au/TiO,-immobilized GDL. (a) Schematic illustration of the triphase photocatalytic system and enlarged view of the gas-liquid-solid triphase
reaction interface. (b) Cross-sectional SEM image of Au/TiO,-immobilized GDL. (¢) Corresponding EDS mapping of Au/TiO,-immobilized GDL. (d) Top-view SEM image of carbon black
GDL. (e) Top-view SEM image of immobilized Au/TiO, layer. Inserts in (d) and (e) show photographs of water droplets on each sample. (f) HAADF-STEM image of Au/TiO,. (g) EDS
element maps for Ti, O, and Au. EDS, energy-dispersive X-ray spectroscopy; GDL, gas diffusion layer; SEM, scanning electron microscopy.
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Fig. 2. (a) Photocatalytic aerobic oxidation of BPA in the triphase system and diphase system under the irradiation of UV light, light intensity = 40 mW/cm?. (b) Photocurrent
density comparison between triphase system and diphase system. (c) BPA degradation performance at different oxygen concentrations. (d) Schematic diagram of two phases
immersed in the liquid phase. (e) Modeled oxygen diffusion in diphase system where the catalysts are immersed in liquid, oxygen consumption rate = 5 mM/s. (f) Corresponding

oxygen concentration in the triphase system (data collected from (e)). (g) Schematic diagram

of gas-liquid-solid triphase photocatalysis system. (h) Modeled oxygen diffusion in the

triphase system where the catalysts are at the gas-liquid boundary, oxygen consumption rate = 5 mM/s. (i) Corresponding oxygen concentration in the triphase system (data

collected from (h)). BPA, 2,2-bis(4-hydroxyphenyl)propane; UV, ultraviolet.

Therefore, diffusion-dependent photocurrent tests were first car-
ried out. As illustrated in Fig. 2b, both the diphase and triphase
systems show negligible dark currents. Negative photocurrent
occurred under irradiation, indicating a photo-induced charge
separation and oxygen reduction process over Au/TiO, photo-
cathode. For the diphase system, the photocurrent intensity
dramatically reduced from about 18 pA/cm? to near-zero within
each 30 s chopped irradiation, indicating a severe oxygen diffusion-
limited process owing to the slow oxygen mass transfer process in
the liquid phase. On the contrary, the triphase system kept a
photocurrent intensity at about 35 pA/cm? without obvious decay,
suggesting a non-diffusion limited charge separation for oxygen
photoactivation, which can be ascribed to the fast supply of oxygen
molecules from the gas phase. Furthermore, by using gas sources
with different O2/Ar volume ratios, we found that the triphase
system exhibited good tolerance to the gas-phase oxygen concen-
tration for photocatalytic BPA oxidation and the removal of TOC
(Figs. 2c and S10). Even for an oxygen concentration as low as

0.45 mM (1% volume fraction), the triphase system can maintain a
BPA degradation percentage of more than 30%.

To analyze the influence of interfacial oxygen mass transfer and
consumption on the local oxygen concentration of photocatalysts
during photocatalysis, the local concentrations of O; in triphase and
diphase systems were modeled in COMSOL 5.4 [24,25]. Three-
dimensional geometric models (500 pum x 500 um x 1000 pum)
were built for the two systems (Fig. S11). For the diphase system,
the model was composed of a photocatalysts layer with a thickness
of 1 um sandwiched in the middle of the water phase (schemati-
cally shown in Fig. 2d). For the triphase system, the same photo-
catalysts layer was sandwiched between the GDL and the water
phase (schematically shown in Fig. 2g). A porous domain displayed
in Fig. S12 with Bosanquet effective diffusivity was used for the GDL
to calculate its effective diffusivity [26], which diminishes the
effective gas diffusivity due to Knudsen diffusivity. An initial oxygen
concentration of 0.26 mM was set for both systems according to the
saturated oxygen solubility in the water phase. The oxygen
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consumption rate region from 0 to 10 mM/s was estimated by the
oxygen consumption rate for photodegradation of BPA in the tri-
phase system (about 5 mM/s). As the simulated results are shown
in Fig. 2e and f, the local oxygen concentration of the photocatalysts
layer in the diphase system dramatically decreases as the oxygen
consumption rate increases. On the contrary, the triphase system
remains a high oxygen concentration in the local area of the pho-
tocatalysts layer, suggesting that the oxygen supply through the
GDL is sufficient to meet the demand for oxygen consumption
during the photocatalytic aerobic oxidation of BPA even in diluted
conditions (Fig. 2h and i).

The effect of the initial concentration of BPA was further
investigated and displayed in Fig. 3a. Au/TiO; showed 84%, 78%,
76%, 69%, and 64% degradation of BPA with 20, 30, 40, 50, and
60 mg/L initial concentration, respectively. This phenomenon
revealed that the catalytic efficiency of the catalyst was decreased
with increasing the initial concentration of BPA as a result of the
shading effect for light [27]. The pseudo-first-order kinetic equation
was used to describe the kinetics of the photocatalytic degradation
of BPA. The degradation rate constants can be calculated by the
following formula:

C
—lnc—0 =kt

where k and t are the rate constant (min~!) and reaction time (min),
C and Cp are BPA concentration at a specific moment and the initial
concentration of BPA, respectively. As the initial concentration of
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BPA was increased, the rate constant was decreased (Fig. 2b) and
found to be 0.0084 min~! for an initial concentration of 60 mg/
L (Table S1). Furthermore, the degradation of BPA accelerated
significantly with the increase of light intensity. When the light
intensity was increased from 5 mW/cm? to 200 mW/cm?, the
degradation percentage was increased from 20% to 85% (Fig. 3c),
and the rate constant was also nearly increased tenfold from 0.0018
min~! to 0.017 min~! (Fig. 3d and Table S2). It is worth mentioning
that the rate of photocatalytic aerobic oxidation for BPA degrada-
tion reached 0.425 mg/L/min, which is much higher than that re-
ported in most literature under the same conditions [28—30].

For previous laboratory research on the photooxidation of pol-
lutants, the stability evaluation of photocatalysts often requires the
recycling of the photocatalytic nanomaterials from the water phase,
which is cumbersome and difficult to achieve in practical applica-
tions. The construction of a continuous flowing photocatalytic
system has the advantages of high operational safety, high pro-
duction efficiency, and simple post-reaction processing and is
especially suitable for potential large-scale industrial applications
[31]. Consequently, the stability test of the triphase system was
carried out in a homemade flow reactor. The flow reactor
comprised of three components: aluminum alloy back frame with
square through channels, serpentine water flow path, Au/TiO,
immobilized GDL, and quartz window (Figs. 4a, b, and S13). The
water flow rate was controlled by a peristaltic pump. Quartz win-
dow ensures that the UV light passes through the water layer to
reach the surface of the photocatalysts. As shown in Fig. 4c, BPA can
be degraded, and the reaction rate can be greatly improved by
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Fig. 3. (a) Photocatalytic aerobic oxidation for BPA degradation with different initial concentrations, light intensity = 40 mW/cm?. (b) The pseudo-first-order fitting of (a). (c) BPA
degradation activity under UV irradiation with different light intensities. (d) The pseudo-first-order fitting of (c). BPA, 2,2-bis(4-hydroxyphenyl)propane; UV, ultraviolet.
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Fig. 4. (a) A photograph of the homemade triphase flow reactor. (b) Schematic illustration of the triphase flow photocatalytic system. (c¢) Time and UV intensity-dependent
photocatalytic aerobic oxidation for BPA degradation based on the triphase flow reactor. UV, ultraviolet.

increasing the UV light intensity. As the light intensity gradually
increased from 20 mW/cm? to 200 mW/cm?, the degradation
percentage of BPA increased from 10% to 60%. For better justifica-
tion and understanding of the changes that may occur on catalyst
structure, the SEM (Fig. S14) and XPS (Fig. S15) characterization of
the catalyst after 50-h stability test was also carried out, showing
that the structure and morphology of the catalyst and the GDL were
not damaged, which may be the reason for its stable performance.
The triphase photocatalytic organic pollutant degradation system
also shows excellent removal performance for BPS and BPAF
(Fig. S16).

4. Conclusion

In summary, we have constructed a gas-liquid-solid triphase
photocatalytic system based on Au/TiO, nanoparticles to accom-
plish efficient photocatalytic aerobic oxidation for BPA degradation.
This triphase system realized the rapid and continuous supply of
reactant oxygen, thus promoting the charge separation and oxygen
activation processes over photocatalysts for the effective photo-
catalytic aerobic oxidation of BPA. The interfacial oxygen mass
transfer process during the reaction was analyzed through finite
element simulation and diffusion-dependent photocurrent, which
may become reliable guides for the research on the mass transfer
issue for aerobic oxidation reactions. Furthermore, investigation on
long-time operation stability for a flow triphase photocatalytic
reactor demonstrates the bright prospects of this triphase system
for the potential large-scale photocatalytic applications.
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