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Abstract: Photocatalytic Membrane Reactors (PMRs) are green and promising technologies for sustainable
applications. The recent scientific literature on PMRs is reviewed with a particular focus on the photocatalytic hydrogen
production from water splitting, CO, conversion to solar fuels (CH;OH, C,H;OH, CH, and HCOOH) and organic
synthesis such as oxidation (benzene to phenol, cyclohexane to cyclohexanol, ferulic acid to vanillin) and reduction
reactions (acetophenone to phenylethanol). Different types of PMRs, synthesis of various photocatalytic membranes and
modification of some semiconductors, to improve selectivity and yield also under visible light, are discussed. The
described results show that combination of photocatalysis and a membrane process to build PMRs is a promising
approach in view of large-scale application and use of solar energy.
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1. INTRODUCTION

Traditional industrial processes for making
chemicals, often do not meet the current requirements
for sustainability in terms of resources, environmental
impact and energy efficiency, which are necessary
characteristics for a “green” process [1]. Indeed, they
frequently use toxic and hazardous substances as
catalysts or solvents [2-4]. Thus, the development of
innovative environmentally friendly chemical
technologies and processes has become one of the
most important challenge for chemical researchers in
the last decades [5].

Heterogeneous photocatalysis is a chemical
process which can be classified in the category of the
so-called advanced oxidation processes (AOPs). It is
based on the use of light, as driving force for chemical
reactions, and of a semiconductor (the photocatalyst)
to generate the oxidizing/reducing species. This
process has been extensively used in the last four
decades, since 1972 when Fujishima and Honda [6]
discovered the photocatalytic water splitting of water on
TiO, electrodes.

The main advantage of photocatalysis, making it a
potentially greener process, is the photonic activation
mode of the photocatalyst [7] which creates, in the
electronic structure of these miconductor, a conduction
band (CB) and a valence band (VB), separated by a
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band gap of energy (Eg). When photons with energy
(hv) equal to or higher than the band gap energy level
(Eg) excited semiconductors, valence electron (e)
pass from VB to CB, giving the formation of a positive
hole (h*) in the VB. The so produced electron/hole
couple can undergo two different fates: i) the couple
can quickly recombine releasing the accumulated
energy as heat or photons; ii) the couple can migrate to
the surface of the semiconductor where the promoted
electron and the hole can, respectively, reduce and
oxidize the adsorbed substrates.

Photocatalytic processes permit to operate catalytic
processes under mild operating conditions (ambient
temperature and pressure) in short reaction times by
using very few auxiliary additives [8, 9]. Besides,
photocatalysis  avoids the use of strong
oxidants/reducing agents and of heavy metal catalysts,
by wusing safer photocatalysts (e.g. TiO,) [10].
Furthermore, photocatalysis permits the use of
renewable solar energy, which is an important feature
in terms of global sustainability [11, 12], and it can be
combined with other physical and chemical
technologies (e.g. membrane separations). These
characteristics give good changes to meet the
principles of green chemistry.

Because the photogenerated active species are
capable to fully degrade (i.e. mineralize) efficiently
almost every organic pollutant, in the last decade
photocatalytic processes have been mainly applied in
the field of environmental remediation [13-15]. Despite
that, in last decade some studies have been carried out
on the application of photocatalysis for synthesis such
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as selective reduction and oxidation [16-18], hydrogen
production [19-21] and CO, conversion [22, 23] to
develop, in perspective, environmentally benign
synthetic processes. These studies demonstrated that
interesting selectivity can be obtained by using
photocatalytic processes in comparison to conventional
methods by appropriately selecting some photocatalytic
parameters (e.g. semiconductor surface, excitation
wavelength, etc.).

In view of large-scale application of photocatalysis it
is important not only increase the overall process
efficiency (quantum efficiency, product yield, etc.), but
also to efficiently recover the photocatalyst from the
reaction environment [24, 25]. Photocatalytic
Membrane Reactors (PMRs) represent a very
promising approach to obtain this requirement.

A PMR is a device, which couples photocatalysis
and membrane separation to obtain a synergistic effect
in a system where the chemical transformation, the
recovery and reuse of the photocatalyst, the separation
of substances from the treated solution and/or the
recovery of the reaction products occur simultaneously.
Thus, it can be affirmed that the implementation and
use of PMRs represents a promising approach in view
of large-scale application of photocatalysis.

Two main configurations of PMRs can be
distinguished, depending on photocatalyst
accommodation: i) the so-called slurry photocatalytic
membrane reactors, where the photocatalyst is
suspended in the reaction mixture; ii) the PMRs with
photocatalyst immobilized in/on a substrate acting as a
membrane (photocatalytic  membrane). These
configurations present specific limitations and
advantages depending on the specific application.

The present work gives a critical overview of the
recent state-of-the art of PMRs in hydrogen production,
CO, conversion and organic synthesis with a particular
focus on the scientific literature of the last years. Some
case studies are also discussed in the field of
photocatalytic hydrogen production, photocatalytic CO,
conversion to valuable products and photocatalytic
organic synthesis.

2. HYDROGEN PRODUCTION FROM WATER
SPLITTING IN PHOTOCATALYTIC MEMBRANE
REACTORS

In the last years, the interest for decreasing the
dependence on fossil fuels increased. Currently, the
main technologies for hydrogen production are (i) the

steam reforming of hydrocarbons, (i) the
thermochemical processes in which hydrogen is
released from organic materials such as fossil fuels
and biomass using heat and chemical reactions, and
(i) the splitting of water into hydrogen and oxygen by
electrolysis or solar energy [26].

In literature, high amount of hydrogen was produced
by ethanol steam reforming (ESR). The bioethanol, is
currently considered as green ethanol produced from
biomass by biological processes. Almost 70% of the
hydrogen produced during the bioethanol steam
reforming reaction was recovered by lulianelli et al. [27]
with a purity higher than 99% by using a membrane
reactor for producing high grade hydrogen, reaching
60% of ethanol conversion (versus ~ 40% of the
equivalent conventional reactor) at 400 °C, 2.0 bar and
at space velocity of 1900 h™.

Among the most sustainable methods for hydrogen
production, today the water splitting by using solar
energy is a very challenging approach. Photocatalytic
water splitting is an important pathway for producing
hydrogen, which is a promising alternative source of
clean and renewable energy [28-33]. To achieve high
hydrogen conversion efficiency under solar irradiation,
various kinds of photocatalysts have been developed
through reasonable engineering strategies. Recently
the attention to develop PMRs combining
photocatalytic water splitting with membrane separation
has grown. Bipolar membranes (BPMs) have been
used as efficient separators in water-splitting cells [28,
29, 34]. BPMs consist of an anion-exchange
membrane (AM) and a cation-exchange membrane
(CM), that are permselective to anions and to cations,
respectively, with an interfacial layer between them
[35]. Catalysts have been included in the BPM
interlayer to facilitate water dissociation, to reduce
overpotential, and improve energy efficiency [36].
Inorganic nanomaterials are considered important
catalysts to facilitate water dissociation. It is foreseen
that these systems can help in planning new
configurations of PMRs.

The most widely used semiconductor for
photocatalysis is TiO,. Nevertheless, it is well-known
that TiO, photocatalyst is photoactive only in the UV
range and its activity is strongly influenced by the
recombination of photogenerated electrons and holes
[4]. To limit these problems and to improve the
photocatalytic activity, numerous strategies have been
proposed by several authors such as the introduction of
doping ions, the fabrication of nanostructured
semiconductors for photocatalysis, including
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nanosheet, nanotube, and nanorod, various fabrication
routes for TiO, nanotubes such as hydrothermal,
anodization, and template methods [37-41]. For this
purpose, Hattori et al. developed an all-electrochemical
technique for fabricating a bilayer structure made of a
titanium dioxide (TiO,) nanotube array (TNA) and a
palladium film (TNA/Pd membrane). The Pd fiim was
deposited by electroless plating on the TNA surface
prepared by anodizing a titanium foil [38]. The authors
reported that using the TNA/Pd membrane the amount
of hydrogen produced per hour from the
methanol/water mixture was estimated to be 0.37 mol
h™'. The H, production rate per unit area of the
membrane was also calculated to be 0.21 molh™ cm™
in the initial 2 h of UV illumination.

Another strategy to improve the TiO, photocatalyst
activity was reported, very recently, by Su et al. [39].
They used a new method, to allow the control of the
pore size and doping level, that consists in the
fabrication of Al- and Zn-doped TiO, nanotubes by
atomic layer deposition (ALD) combined with
polycarbonate (PC) membrane as the template [40,
41]. The bilayers were alternately deposited on the PC
membrane template by ALD with various cyclic
sequences. Results showed that, increasing the Al
doping, charge recombination and hydroxide radical
formation were improved, reducing the photocatalytic
activity of TiO,. In contrast, the photocatalytic activity
was enhanced at a Zn doping ratio of 0.01, obtaining a
hydrogen production rate from water splitting 6 times
higher than that of commercial P25 TiO, under UV light
(2.66 mmol g'1h'1 vs 0.45 mmol g'1h'1 respectively).

In recent vyears, the development of new
photocatalysts such as graphene quantum dots
(GQDs) has attracted growing attention because of
their high quantum effect and large specific surface
areas [42]. Liu et al. [29] reported the fabrication of a
sandwich GQDs—-Cu,0/BPM with GQDs—Cu,0 catalyst
inside the interlayer. The authors observed that GQDs—
Cu,O decreased membrane impedances under
sunlight irradiation and that GQDs-Cu,O/BPM
minimized pH gradient formation.

Very recently Zhong et al. [43] have designed and
fabricated the first monolithic photomembrane of
CdS/ZnO nanocage arrays grown into the interspaces
of multilayered reduced graphene oxide (rGO)
nanosheets (CdS/ZnO/rGO). The monolithic
CdS/ZnO/rGO photomembrane gave full advantage of
the multiple roles of rGO nanosheets, such as
photosensitizer, conductive medium, support and soft

substrate, and guaranteed the intimate integration of
ZnO with CdS and rGO in a well-defined architecture.
The outstanding photocatalytic (PC) and
photoelectrochemical (PEC) performances of the
CdS/ZnO/rGO membrane mainly originates from the
good integration of CdS, ZnO and rGO, resulting in the
necessary light harvesting, efficient charge separation,
charge transport and charge utilization of the overall
PC process. It was found a photocatalytic H,
generation activity of 0.79 pmol cm? h' and a
photocurrent response of 250 pA cm? even under
near-infrared light (A=700) irradiation, a striking feature
rarely achieved in prior arts. Furthermore, multiple
heterogeneous interfaces, such as CdS/ZnO and
ZnO/rGO, can also promote the separation of
photogenerated charge carriers of rGO nanosheets
and enhance rGO photoactivity.

Recently, Ratlamwala et al. [44] reported a
parametric study performed to investigate the effects of
variation in current density, temperature and electrode
distance on hydrogen production rate, cost of hydrogen
production and exergy efficiencies of the photoreactor.
The hybrid photocatalytic hydrogen production reactor
consisted of two half-cells under solar light irradiation.
A mixture of CuCl, HCI, and water was fed to the anode
half-cell in which titanium dioxide was used as
electrode, ZnS was used as a photocatalyst and Na,S
was used as electron donor/hole scavenger. The
positive hydrogen ions permeated through the
membrane while electrons, through the electrical
circuit, reached the second half-cell of the hybrid
photocatalytic reactor (cathode side). The hydrogen
production rate and hydrogen production cost
increased from 1.28 to 1.47 L s and 3.28-3.36 C$ kg'1,
respectively, increasing the reactor temperature from
290 to 340 K. Instead, the exergy efficiency of the
hybrid photocatalytic hydrogen production reactor
decreases from 5.25 to 3.9% at ambient temperature.

The use of solar energy in generating hydrogen
comes with the benefits of low greenhouse gas
emissions and low operation cost. The photocatalytic
hydrogen production reactor studied by Marino et al.
[45] described the one-step hydrogen and oxygen
evolution through a PMR, which mimics the Z-scheme
mechanism. Au/CeO; is used as photocatalyst leading
to O, formation via water oxidation, and Au/TiO, as
photocatalyst, which promotes H, formation via water
reduction (Figure 1). The aqueous suspensions
containing the two photocatalysts were separated by a
membrane able to transport electrons via a redox
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Figure 1: Diagram of the Z-scheme overall water splitting using Au/CeO- as a photocatalyst for oxygen generation, Au/TiO, for

hydrogen generation, and Fe*/Fe®* as a redox couple [45].

couple (Fe*/Fe®") acting as an electron redox
mediator. The authors reported that by using 5 mM of
Fe®**concentration the best results in terms of hydrogen
and oxygen evolution were obtained. Hydrogen and
oxygen were produced in stoichiometric amounts under
visible light irradiation. The optimal percentage of Au-
loading on titanium dioxide for hydrogen and oxygen
generation was 0.25 wt. %.

Su et al. used a twin reactor to separate evolution of
hydrogen and oxygen during photocatalytic water
splitting using a redox mediator in a Z-scheme
approach (Figure 2) [46]. The separation of H, and O,
evolution during the photocatalytic water splitting is
very important because it avoids the explosion
possibility due to direct contact of H, and O, and
hydrogen-purification cost. Photocatalytic tests were
carried out in a reactor divided by a Nafion membrane
into two half-cells where CuFeO, and Bi,TiO; were
employed as photocatalyst for hydrogen and oxygen
generation, respectively. In this reactor, in addition to
rGO, branched copper wires were included to facilitate
electron transfer between the two photocatalysts.
These photocatalysts were capable of extending the
range of the visible-light for the overall water splitting.
Instead, the role of rGO was as a collector extender for
electron conduction in the Z-scheme photocatalytic
water splitting system. Branched copper wires were
employed to improve electron collection from the
reduced graphene oxides in the twin reactor. The
evolution rate of hydrogen and oxygen in this Z-
scheme was 2.23 and 1.14 mmol h'1, respectively,
which is close to the stoichiometric ratio of 2:1.
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Figure 2: Conceptual Z-scheme of the twin reactor for overall
water splitting reaction. Elaborated from ref. [46].

Other less recent methods for hydrogen production,
present in literature, are summarized in the Table 1 and
more details can be found in ref. [28].

3. CONVERSION OF CO; IN PHOTOCATALYTIC
MEMBRANE REACTORS

Membrane reactors technology represents a
promising tool for the CO, capture and reuse by
conversion to valuable products. The reuse of emitted
CO, as a raw feedstock to promote energy bearing
products is attracting considerable attention
[33, 53-57].

In industry, CO, is widely used for Sabatier reaction
[68, 59] and reverse water—gas shift (RWGS) reaction.
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Table 1: Comparison of some Studied Photocatalytic Processes for H, Production
Type of . . Process Yield,
Type of Process Products Type of Photocatalyst Reactor Configuration Productivity Selectivity Reference
Photocatalytic water H,and O Z-scheme with TiO, and Two chambers slurry 1.3 and 2.8 umol h™' for [47]
splitting 2 2 Pd/TiO, photoreactor 0O, and H,
Photocatalytic ) ) . a2
o H, TiO2-Nafion-Pt Photocatalytic membrane 69 uL h™ cm [48]
methanol oxidation
Photocatalytic water i~ . Twin reactor system using | 0.65 and 0.32 ymol h™' g’
splitting Hzand O, PUSFTiOs:Rh and BIVO, a Nafion membrane of photocatalyst [49]
Photocatalytic water TiO, thin film and Pt H-type photocatalytic 0.088 and 0.043 ymol h”
=) H. and O, , [50]
splitting particles reactor for H, and O,
. Two chamber -1
Photocatalytic water ) ’ 100 and 26 pmolh™ for
splitting H, and O, TiO, and Pt photocatalytic membrane H, and O, respectively [51]
reactor
. . -1
Photocatglytlc water H, and O, RU/SFTiOs:Rh and BiVO, Z-scheme photocatalytic 110and 43 yL h ‘for H, 52]
splitting membrane reactor and O, respectively

Regarding the Sabatier reaction, CO, reacts with H; to
form CH4 and H,O at 300-400 °C. As for the RWGS
reaction, CO; firstly reacts with H, to form CO and H,0,
then CO can be easily converted into hydrocarbons by
the Fischer-Tropsch reaction. However, both reactions
require high temperature and high pressure to reduce
CO; into hydrocarbons. Another way to reduce CO; is
the dry reforming of methane (DRM), which allows the
conversion of CO, producing syngas. Usually it occurs
at 500-800 °C in presence of dehydrogenation catalysts
such as Ni, Pt, Ce, Ru, etc [56]. The conversion of CO,
can be carried out also in electrochemical membrane
reactors in which ion exchange membranes (IEMs)
separate anode and cathode chambers. Despite the
great potential, the electrochemical conversion of CO,
is still limited because the increase of the energy
efficiency is primarily hindered by high over potentials
for CO, reduction. Moreover, significant technological
progresses are still needed in order to make the CO,
conversion economically viable. There is growing
concern for the development of efficient PMRs using
renewable and sustainable energy sources, such as
solar irradiation [60]. Photo-hydrogenation of carbon
dioxide could convert CO, by using solar energy under
ambient temperature and pressure into desirable
and sustainable solar fuels, such as methanol
(CH30H), methane (CH,4), and formic acid (HCOOH)
[65, 61]. Methanol production is considered as a
relevant advance over the existing literature results
which mostly propose CH,;, CO and HCOOH, as the
main reaction products of CO, reduction [62]. The
possibility of converting CO, to liquid fuels has in fact a
great potential because they can be stored and

transported in easier way in comparison to gaseous
fuels [63].

In recent years the photocatalytic reduction of CO,
has been widely studied by using different
photocatalysts [64-70] immobilized into a polymeric
membrane to improve the recovery of the catalyst and
the control of the contact time between species in the
solution and the catalyst.

Xiong et al. [71] studied the photocatalytic
hydrogenation of CO, into hydrocarbons by using H,
produced from photocatalytic water splitting in a novel
twin reactor. Further modifications of the twin reactor
were carried out in order to optimize the photocatalytic
process in the gas and liquid phases. To improve the
photo-hydrogenation performance in the reactor
Pt/TiO, and Cu/TiO, were used as photocatalysts. The
results indicated that H, produced from water splitting
effectively enhanced the CO, hydrogenation in the gas
phase by using Pt/TiO, and Cu/TiO; as photocatalysts.

A new type of material that can be used to
synthesize membranes is a natural biopolymer such as
chitosan. Zhao et al. prepared a CdS/NH»-UiO-66
hybrid membrane and tested it in the photocatalytic
conversion of CO, under visible light irradiation [57].
The highest, adsorption of CO, obtained by using
semiconductor/Metal-organic  frameworks  (MOFs)
hybrid membrane caused an exceptional photocatalytic
activity compared to the CdS membrane, NH,-UiO-66
membrane, and CdS/NH,-UiO-66/chitosan mixed
powder. Moreover, by incorporating MOFs and
semiconductors into membranes the ftransfer of
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electrons and inhibition of the recombination of
electron—hole pairs in the hybrid membrane, enhances
the activity for the CO, photocatalytic reduction.

Metal organic frameworks (MOFs) have recently
gained attention as potential alternatives to TiO,
catalysts, due to their high porosity and surface area,
and good adsorption capacities for CO, [72-75]. Maina
et al. [72] studied a membrane reactor utilizing
semiconductor nanoparticles and MOF for CO,
conversion. Semiconductor nanoparticles-doped ZIF-8
membrane reactors were fabricated using rapid thermal
deposition (RTD), and their photocatalytic efficiency
toward CO, conversion was investigated under UV
light. They demonstrated that the TiO, and Cu-TiO,
doped ZIF-8 membrane exhibited higher catalytic
efficiency toward CO, conversion as compared to the
pristine ZIF-8 membrane (methanol yield increased by
70%), and the product yield can be controlled
depending on the composition and the dosage of the
semiconductor nanoparticles.

Conversion of CO, usually produces a mixture of
products that may include methanol, carbon monoxide,
methane among others. Very recently Maina et al. [53]
studied the photo/electrocatalytic conversion of carbon
dioxide by controlling the selectivity of the process to
yield a specific product. For this purpose, the authors
used metal organic frameworks (MOFs) derived carbon
catalysts that had the potential to facilitate selective
CO, conversion, thanks to their regular microporous
structure, and to enhance chemical stability and
electrical conductivity as compared to the precursor
MOFs. MOF-derived hybrid carbon photo-
electrocatalytic reactors were fabricated on the surface
of macroporous metal support, by direct carbonization
of the metal supported MOF membranes. The
electrocatalytic performance increased with the
carbonization. Samples carbonized at 700 °C
produced up to 9 times higher methanol yield as
compared to non-carbonized membranes. By
exchanging between electrocatalysis and
photocatalysis, the product selectivity could also be
tuned from methanol, to CO or a mixture of both.

Chen et al. [61] studied the photo-reduction of CO,
over 1 wt. % Pt/CuAlGaO, photocatalyst under different
H, partial pressures. The products obtained were:
methanol in major amount in the liquid and gas-liquid
phases and methane that was the only product in the
gaseous phase. The maximum total hydrocarbons
amount (8.302 pmol g'1) was achieved by operating in
the gas-liquid phase.

Another approach to convert CO; into liquid fuels
such as methanol and ethanol was studied by Pomilla
et al. [76] by using a photocatalytic membrane with
exfoliated C3N,4 incorporated into a Nafion matrix. The
photocatalytic tests were conducted in a PMR under
UV-VIS irradiation. The photocatalytic membrane was
used in a continuous photocatalytic reactor by using
H,O as reducing agent. The membrane module was
continuously fed with CO, and H,O by means of a
mass flow controller and an HPLC pump, respectively.
The authors reported that the PMR converted at least
10 times more carbon than the system without the
membrane. These results were ascribed to the better
dispersion of the photocatalyst, which was embedded
in the Nafion matrix. Alcohol production was promoted
by the low contact time obtained thanks to the fast
removal of the reaction mixture from the reacting
volume, which limited oxidation and/or secondary
reactions. On the contrary, the slow removal caused a
partial oxidation of MeOH and EtOH, favoring HCHO
production. In all cases, a water defect corresponded to
a larger HCHO production, reaching a flow rate of 27
UMol Geatayst | ' at a H,O/CO, feed molar ratio equal
to 0.5. The highest MeOH and EtOH selectivity were
54.6% and 45.4%, respectively, at H,O/CO, feed molar
ratio equal to 5 and contact time of 2 s. Alcohol (MeOH
+ EtOH) production rate of 32.8 umol gcata|yst'1 h™' was
obtained at the best operating conditions.

A new PMR system for the synthesis of methanol
from CO, was developed by Chakrabortty et al. [54].
They studied a novel membrane integrated scheme
using a new generation graphene (hydrogen exfoliation
graphene (HEG)) based nanocomposite materials.
Simultaneous catalyst recycling was obtained by using
a flat-sheet cross flow membrane integrated system.
This system permitted to obtain high yield methanol
production with a maximum productivity. A
heterogeneous photocatalyst was developed by using
a sono-chemical assisted sol-gel method by
maintaining a weight ratio of 1:2:3 for hydrogen
exfoliation graphene, titanium oxide and copper
sulphate.

Methanol synthesis and purification were carried out
in a commercially fabricated stirred set annular type
Pyrex reactor enabling 250-Watt high pressure UV
lamp. The designed lamp permitted to perform the
photocatalytic reduction experiments in batch mode at
three different wavelengths, i.e. 250, 305 and 365 nm.
The photocatalyst was kept suspended in 500 ml of de-
ionized (Dl) water. The membrane assisted
downstream was performed in flat-sheet cross-flow
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microfiltration modules with effective separation surface
area of 0.01 m? for each membrane. The permeation of
the product stream along with photocatalyst content
through membrane module was promoted by using a
peristaltic pump.

Approximately, a productivity of 134 g L"h"and a
yield of 40 mg gca{1 were found after 3 h of illumination
under UV in the annular type Pyrex reactor at an
optimum catalyst dosage of 10 g L™, CO, flow rate of 3
L min™, pH of 3, and process temperature of 50 °C.
HEG not only enhanced the photo catalytic activity as
well as increased the ability of adsorption of feed
substrate through its high surface area. An appropriate
choice of the cross flow microfiltration membranes in
flat-sheet modules allowed catalyst recycle and first
stage product purification.

In a recent work, Alsayegh et al. [55] presented a
new approach that permitted to produce methanol by
direct hydrogenation of CO, using H, produced by
photocatalytic water splitting. The conceptual scheme
of the process consisted of four units: a CO, capture
unit, a photocatalytic reactor, a membrane separation
unit, and a methanol synthesis loop based on direct
CO, hydrogenation. In this study hydrogen is produced
in a photoreactor without membrane which is used,
instead, to separate hydrogen from oxygen. Despite
this work does not describe a PMR process, the
developed techno-economic analyses clearly identify
the potential of integrated carbon dioxide capture and
reuse and renewable feedstock production to produce
value-added commodity chemicals and highlights the
opportunities for the scientific community to advance
the field.

Other less recent methods, present in literature for
CO; conversion, are summarized in Table 2 and more
details can be found in ref. [76].

4. ORGANIC SYNTHESES IN PHOTOCATALYTIC
MEMBRANE REACTORS

The recent review literature is very poor on this
subject. Below the state of the art of few papers
present in literature in the last years is reported.
Considering that traditional industrial processes
employed for the synthesis of organic substances are
becoming unsustainable in terms of resources and
environmental impact, in the last years the application
of photocatalytic reactions to organic synthesis has
attracted high interest [4, 25, 33, 60, 80-83].

An important oxidation reaction widely studied in
photocatalysis is the benzene oxidation to phenol.
Despite phenol is an important chemical intermediate
for the synthesis of petrochemicals, agrochemicals,
and plastics, this product is obtained principally by the
three-step cumene process that represents some
limitations due to the multi step character and the
production of an explosive intermediate to manage
(cumene hydroperoxide) [4, 25]. Several studies have
been performed in recent years with the purpose to
develop more efficient and environmentally benign
processes [4, 24, 84-88]. To limit the above mentioned
problems an alternative route is the phenol production
by a one-step direct benzene photocatalytic-oxidation
process. This is a “green process” because light and a
photocatalyst are used to generate OH- radicals to
oxidize benzene [4, 25, 88]. The disadvantages of this
reaction are that phenol is more reactive than benzene,
and by-products can be formed [85, 88]. To limit this
problem, some authors have used a PMR with the
suspended photocatalyst to perform phenol separation
simultaneously to the photocatalytic reaction [89].

Another interesting photocatalytic reaction of green
chemistry is the cyclohexane oxidation to cyclohexanol
(A) and cyclohexanone (K) (the mixture of both is

Table 2: Comparison of some Existing Photocatalytic Processes for CO, Conversion

Photocatalyst Type of Products Reactor Configuration Productlv!t1y -1 Reference
meI gcatalyst h

CsN4 3%Cu/TiO, CH3;0OH and HCOOH batch 102 [77]

0.9-17.9

C:N, embedded in a Nafion ) 0.3-14.9
membrane CH30H, C,Hs0OH, HCHO, acetone continuous 0-27 [76]

0-1.8
TiO, embedded in a Nafion . _

membrane CH;0H continuous 12.6-45 [78]
CdIn,S4/C3N,4 20 wt % CH3;OH continuous 42.7 [79]
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called KA oil) with the use of clean and low-cost
molecular oxygen as the oxidant and solar light as the
driving force [90]. The obtained products are important
intermediates to fabricate nylon-6 and nylon-66. To
improve the photocatalytic system for cyclohexane
oxidation, Zhao et al. [90] used a PMR with the C-
doped Cr,O3/NaY composite membrane supported on
stainless steel mesh. They prepared C-doped Cr,0O3
photocatalyst on the upper surface of NaY zeolite
membrane using a chromium-containing MOF as
precursor. This composite membrane included three
layers with different functions: (i) the stainless-steel
mesh, used as support, was at the bottom, (ii) the NaY
membrane, used as adsorbent, was in the middle, (iii)
and C-doped Cr,03 used as photocatalyst was on the
top. The results showed a production rate of KA oil
substantially enhanced using the C-doped Cr,O3/NaY
powders over the composite membrane compared to
the photocatalytic activity of C-doped Cr,O;. This
enhancement was caused by the adsorption of the
products on the NaY membrane with high surface
areas and polarity.

A photocatalytic oxidation reaction, instead of the
classical chemical routes, has been studied by many
authors for the synthesis of vanillin that is widely used
in food, cosmetic, pharmaceutical, nutraceutical and
fine chemical industries [83, 91-96]. When
photocatalysis is coupled with pervaporation (PV) the
recovery of the product of the partial oxidation of the
aromatic alcohol prevents its degradation, thus
enhancing the rate, the selectivity and the yield.

Different TiO, samples as photocatalysts were
tested by Augugliaro et al. [83] in the photocatalytic
oxidation of trans-ferulic acid, isoeugenol, eugenol or
vanillyl alcohol to produce vanillin in aqgueous medium.
The used system for the photocatalytic tests was
constituted by two different batch systems: cylindrical
and annular photoreactor. In the photo-oxidation tests,
conducted at room temperature, the selectivity to
vanilin ranged from 1.4 to 21 mol % with a
transmembrane flux about 3.31 g h™' m™. The use of a
non-porous PEBAX® 2533 membrane allowed the
complete removal of the heterogeneous photocatalyst.
Vanillin vapors were recovered as crystals with a high
degree of purity (299.8%) by downstream freezing in a
liquid nitrogen trap.

An interesting integrated photocatalytic/PV system,
AROMA (Advanced Recovery and Oxidation Method
for Aldehydes) process, was developed by Camera-
Roda et al. [93]. The results obtained in the integrated

photocatalytic/PV system, evidenced that coupling the
photocatalytic oxidation with the PV unit permitted to
obtain enhanced yield (6% vs. 3.9%)and conversion
(35% vs. 22%) compared to the ones obtained in batch
without the membrane. In a more recent work, Camera-
Roda et al. [94] improved the membrane performances
in the pervaporation reactor to enhance the vanillin
yield by using PEBAX membranes. The enrichment
factor of vanillin and the resistance to water permeation
increased with the membrane thickness, on the
contrary, the resistance to vanillin permeation remained
low. The vanillin flux and the enrichment factor were
improved by raising the temperature. The pH had a
minor influence on the rejection of the substrate, which
remained high also at low pH, when the substrate in
solution was not dissociated.

Among different chemical reactions, also reduction
processes, such as the reduction of carbonyl
compounds in the corresponding alcohols, have an
important role in organic synthesis [4]. Despite this,
only few works have performed until now on the use of
a PMR in reduction reactions such as photocatalytic
transfer hydrogenation of acetophenone (AP) [80-82].

The possibility to conduct reduction reactions in a
PMR was studied very recently by Molinari et al. [81,
82]. Acetophenone was chosen as a model substrate
for hydrogenation of aromatic ketones because its
reduction product, phenylethanol, is used as a building
block for the synthesis of bioactive compounds.

In view to develop a green and environmental
benign process, the photocatalytic hydrogenation of
acetophenone to phenylethanol was conducted in a
photocatalytic membrane reactor by using water as
solvent, formic acid as hydrogen and electron donor,
commercial TiO, and homemade Pd/TiO, as
photocatalysts [82], under UV and visible light.
Photocatalytic tests were performed in PMRs with
different substrate addition methods, obtaining the best
performance of this system when the acetophenone
was used as both solvent and reactant (substrate). This
PMR, schematized in Figure 3, consisted of a biphasic
membrane contactor coupled with the batch
photoreactor, with a volume of recirculating solution of
725 mL, immersed in a thermostatic bath. The
membrane contactor was constituted by two
compartment cells (each one with a volume of 125 mL)
separated by a flat sheet polypropylene membrane.
The first compartment contained the aqueous phase
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Figure 3: Scheme of the membrane contactor integrated with the batch photoreactor: (a) argon cylinder; (b) photoreactor; (c)
medium pressure Hg lamp with cooling jacket; (d) magnetic stirrer; (e) peristaltic pump; (f) degassing system; (TC) temperature

controller [82].

that was withdrawn from the photoreactor to the
membrane contactor by means a peristaltic pump.
Then, the aqueous phase returned back in the
photoreactor by gravity. The second one contained
acetophenone, acting as both the organic extracting
phase and the substrate reservoir, maintained under
mechanical stirring. The phenylethanol produced in the
aqueous phase was preserved from successive over-
hydrogenation, with an improvement of process
selectivity because it permeated through the
membrane and then dissolved into the organic
extracting phase. The use of a membrane extractor
instead of a ftraditional liquid/liquid extraction unit
prevent the physical mixing between the organic and
the aqueous phases, and allowed a continuous
extraction process.

The results showed that extraction of phenylethanol
in the organic extracting phase simultaneously to the
reaction, allowed an improvement of the efficiency of
the photocatalytic reaction compared to the batch
reactor (productivity 444 mgg ' h ' vs. 296 mgg
h '1), thus enhancing the process selectivity. The
photocatalytic activity in the PMR under visible light
irradiation was improved five times by a simple doping
of the commercial TiO, photocatalyst with Pd, using
deposition precipitation method (productivity 22.0 mg
g h™"). In this PMR the separation was given by the
distribution of a component between two immiscible

phases, where the solubility of that component
(phenylethanol) is different, for this reason it can be
classified as an L-L membrane contactor.

To improve the heterogeneous transfer
hydrogenation of AP under UV and visible light, in
batch and in a membrane reactor, very recently,
Lavorato ef al. [81] synthetized different photocatalysts
of TiO,-loaded faujasite (FAU) zeolite and
Pd/TiOo/FAU. The photocatalytic activity of FAU TiO,
samples was implemented extending the visible light
activity by further modification by doping the
photocatalyst with Pd by deposition precipitation
method followed by chemical reduction. Then they
were characterized by transmission electron
microscopy (TEM), N, adsorption-desorption at 77 K
for specific surface (BET) area determination and
atomic absorption spectroscopy (AAS). The activity of
the synthesized photocatalysts, compared to bare and
suspended FAU crystals as reference, was screened
under visible and UV light in batch tests. Then the best
samples were tested in the photocatalytic membrane
reactor evaluating productivity, produced phenylethanol
and extracted phenylethanol in the organic phase. The
authors reported that the incorporation of Pd into a
TiO,-functionalized faujasite framework not only
improved the catalyst activity in the visible light region
but enhanced also the absorption properties of the
catalyst. Although the transition metal increases visible
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light utilization, the zeolite matrix acts as support for
both TiO, and Pd metal particles, which were
homogeneously dispersed in the matrix and contributed
to delay charges recombination by a mechanism of
electron hopping within the framework. The final
properties of the catalyst were strictly related both to
the initial amount of TiO, precursor used in the
synthetic procedure and to the presence of solvent
during the ion exchange process. The best results in
terms of highly homogeneous dispersion of TiO,
semiconductor particles on the zeolite surface, highest
BET area and porous volume values, were obtained in
the sample TF10P, prepared by using the lowest
amount of TiO, precursor and isopropanol as solvent.
Consequently, the TF10P sample showed the best
performance in the batch photoreactor under UV light
thanks to the synergic coupling of TiO, and FAU. This
one was obtained with a homogeneous and stable
dispersion of the photocatalyst on the support FAU
particles, thus allowing a more effective utilization of
light and the efficient charge-transfer to the substrate
molecules. Doping the TF10P sample with Pd gave the
photocatalyst Pd_TF10P which was active in the visible
light. The productivity obtained in the membrane
reactor was higher in this work compared to a previous
work [82] of the same authors (productivity 99.6 mg
gTiO; ' h™" vs. 22 mg gTiO,' h™"). The photocatalytic
membrane reactor had an extraction percentage of
phenylethanol from the reactive phase to the organic
phase of ca. 25%.

The results reported by Molinari et al. and Lavorato
et al. [81, 82] evidenced that, by appropriately coupling
the photocatalytic process with a membrane separation
unit, increased system performance were achieved in
terms of both overall efficiency and sustainability.

5. CONCLUSION

Photocatalytic processes can be applied to a wide
range of substances in gaseous, solid or aqueous
phase providing a “green” way for organic synthesis
and hydrogen production. The photocatalytic hydrogen
production from water splitting, the conversion of CO,
to solar fuels, photocatalytic oxidations for the
synthesis of KA oil, vanillin and phenol and reduction
reactions for the production of phenylethanol,
described in this review, are some examples of
different applications of photocatalytic membrane
reactors developed in last years. In perspective,
modification of various semiconductors and new

preparation methods of photocatalysts  and
photocatalytic membranes, also of composite type, can
improve the vyield of the desired product and can
increase the photocatalytic activity, also under visible
light, allowing the use of renewable solar energy.
Integration of the photocatalysis with a membrane
process in the Photocatalytic Membrane Reactors
(PMRs), with novel type of configurations, can improve
the synergy of both technologies and make a potent
technology to produce chemicals. Despite the recent
literature is still poor on studies of PMRs in organic
synthesis, the described oxidation and reduction
reactions show that use of different types of PMRs,
membranes and photocatalysts (as such or modified)
permit to carry out organic reactions with improved
system performance compared to the cases where the
membrane is not used. The design and construction of
photocatalytic membrane reactors for a wide range of
practical applications, including hydrogen production
from water spliting, CO, conversion and organic
synthesis, can open the way toward the industrial use
of the solar radiation as energy source in chemical
reactions using eco-friendly processes.
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