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 PMRs represent  a green system for water treatment as well as for organic synthesis 

 In PMRs the photocatalyst can be both in suspension and entrapped in/on a support. 
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Abstract 29 

Hybrid processes combining membrane separation and heterogeneous photocatalysis represent 30 

an exciting technology because each technique complements the advantages and overcomes the 31 

challenges of the other. This combination gives plants set-up named Photocatalytic Membrane 32 

Reactors (PMRs). PMRs can be designed in two configurations: reactors in which the catalyst is 33 

suspended in the reaction mixture and reactors that utilize the photocatalyst 34 

immobilized/deposited on membrane surface, giving a photocatalytic membrane. PMRs allow to 35 

perform a variety of chemical reactions (e.g. degradation or synthesis of organic compounds) and 36 

separation in one step thus minimizing environmental and economic impacts in agreement with 37 

the Green Chemistry principles. 38 

Different PMR configurations (pressurized, submerged, with photocatalytic membrane, 39 

photocatalytic reactors with membrane distillation, with membrane dialysis, with a pervaporation 40 

membrane) have been applied in water treatment for degradation of different organic pollutants 41 

(such as dyes, pharmaceuticals and other pollutants) and in the synthesis of organic compounds 42 

(such as phenol, vanillin and phenylethanol). The main experimental results of the different 43 

applications will be described and critically examined in this review. 44 

 45 

Keywords: Photocatalytic membrane reactor; Photodegradation of pollutants; Photosynthesis of 46 

organic compounds; Pressurized membrane photoreactors; Submerged membrane photoreactors; 47 

Photocatalytic membrane contactors. 48 

 49 

1. Introduction 50 

Heterogeneous photocatalysis is an advanced oxidation process (AOP) based on the use of light 51 

and a semiconductor (the photocatalyst) to generate the oxidizing/reducing species. It has been 52 

extensively studied since about four decades, when Fujishima and Honda [1] discovered the 53 

photocatalytic splitting of water on TiO2 electrodes. 54 

It has been object of a large amount of studies related to environment recovery by the total 55 

degradation to innocuous substances of organic and inorganic pollutants [2, 3], the removal of 56 

toxic metals, and for synthesis [4]. It is a discipline that includes a large variety of reactions [5]: 57 

partial or total oxidations, metal deposition, water detoxification, gaseous pollutant removal, 58 

bactericidal action [6-8], and, recently, dehydrogenation and hydrogenation (e.g. hydrogen 59 

transfer) [5].  60 
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The main difference of photocatalysis compared to conventional catalysis is the photonic 61 

activation mode of the catalyst, which replace the thermal activation [6]. The electronic structure 62 

of a semiconductor is characterized by a conduction band (CB) and a valence band (VB) separated 63 

by a band gap of energy (Eg). When semiconductors are excited by photons with energy (h ) equal 64 

to or higher than their band gap energy level (Eg), valence electrons (e ) are promoted from VB to 65 

CB, thus leaving a positive hole (h+) in the VB.  66 

For a generic semiconductor (SC), this step can be expressed as: 67 

 68 

SC + h   SC (e + h+)      (1)69 

 70 

In the absence of suitable electron and/or hole scavengers, the photo-generated electrons and 71 

holes can recombine in bulk or on surface of the semiconductor within a very short time, releasing 72 

energy in the form of heat or photons. Electrons and holes that migrate to the surface of the 73 

semiconductor without recombination can, respectively, reduce and oxidize the adsorbed 74 

substrate. 75 

The overall photocatalytic process can be summarized in four steps: i) absorption of light followed 76 

by the separation of the electron hole couple; ii) adsorption of the reagents; iii) redox (reduction 77 

and oxidation) reaction; iv) desorption of the products. 78 

Thanks to favorable energetic of its band structure, relatively high quantum yield, stability under 79 

irradiation and low cost and availability, TiO2 represents the archetypical photocatalyst, virtual 80 

synonym for photocatalysis. Nevertheless, this material does not present photo-response under 81 

visible light illumination because of its wide band gap, taking advantage of only less than about 5% 82 

of the solar energy. Thus its potential as a green technology cannot be entirely fulfilled. In the last 83 

years a great number of new photocatalysts have been synthesized and tested as possible 84 

alternatives to TiO2 [9, 10] particularly in view of solar application.  85 

Because of the highly unselective reactions involved in the photocatalytic processes, these ones 86 

have been widely studied in remediation processes, in which organic and inorganic pollutants in 87 

liquid and gas phases are totally degraded to innocuous substances. However, in last decade some 88 

studies have been carried out on the application of photocatalysis for synthesis such as selective 89 

reduction and oxidation. These studies demonstrated that high selectivity could be obtained in 90 

photo-oxidation and photo-reduction processes in comparison to conventional methods by 91 

appropriately selecting or modifying some photocatalytic parameters, as the semiconductor 92 
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surface or the excitation wavelength. In this framework, the photocatalytic oxidation of organic 93 

compounds has been largely studied because the most common semiconductors have VB edges 94 

more positive than oxidation potentials of most organic functional groups [11]. Instead, 95 

photocatalytic reductions are less frequently found, because the reducing power of a CB electron 96 

is significantly lower than the oxidizing power of a VB hole [2, 12]. 97 

Important characteristics of photocatalysis, making it in agreement with the Green Chemistry 98 

principles, consist in the mild operating conditions (ambient temperature and pressure, very few 99 

auxiliary additives and short reaction times) and in the possibility to abate refractory, very toxic 100 

and non biodegradable molecules [13, 14]. Besides, photocatalysis: i) avoids the use of 101 

environmentally and unhealthy dangerous heavy metal catalysts by using safer photocatalysts 102 

(mainly TiO2); ii) avoids the use of strong oxidants/reducing agents; iii) permits the real destruction 103 

of the contaminants with the formation of innocuous by-products; iv) can be applied to a wide 104 

range of substrates in aqueous, solid and gaseous phase; v) is applicable to solutions at low 105 

concentrations; v) offers a good alternative to the energy-intensive conventional treatment 106 

methods; vi) permits to use renewable solar energy; vii) can be combined with other physical and 107 

chemical technologies (e.g. membrane separations). 108 

Despite the above mentioned advantages, use of photocatalytic processes in the industry is still 109 

limited for three different reasons [15]: i) recombination of photo-generated electron/hole pairs 110 

which dissipate their energy as heat; ii) fast backward reaction; iii) difficulty to employ visible light,111 

limiting the effectiveness of utilization of solar energy. The latter involves significant energy 112 

consumption for artificially irradiating the system, having an important impact on the economic 113 

competitiveness of the process. The main approaches studied to solve these problems, enhancing 114 

the photocatalytic activity and promote the visible light response, consist in: i) addition of electron 115 

donors or electron scavengers, able to react irreversibly with the photo-generated VB holes or CB 116 

electrons, respectively; ii) doping of the semiconductor with a noble metal (e.g. Pt, Au, Pd, Rh, Ni, 117 

Cu, Ag) so that photo-promoted electrons can be transferred from CB of the semiconductor to 118 

metal particles deposited on its surface, thus avoiding electron-hole recombination; iii) dye 119 

sensitization.  120 

An important aspect to be considered in view of large scale applications is the recovery of the 121 

catalyst from the reaction environment. Photocatalytic Membrane Reactors (PMRs) represent a 122 

very promising approach to obtain this requirement. 123 
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A PMR can be defined as a device existing in various configurations which combine a photocatalyst 124 

125 

which improve the potentialities of classical photoreactors (PRs) and those of membrane 126 

processes (separation at molecular level) giving a synergy for both technologies thus minimizing 127 

environmental and economical impacts [4, 16]. The membrane permits continuous operation in 128 

systems in which the recovery of the photocatalyst (immobilized or in suspension), the reaction 129 

and the separation of the products simultaneously occur. Higher energy efficiency, modularity and 130 

easy scale up are some other potential advantages of PMRs. 131 

PMRs can be built in two configurations: (i) PMRs that employ powdered TiO2 suspended in the 132 

reaction mixture and (ii) PMRs that utilize TiO2 immobilized on a substrate material (e.g. 133 

glass, quartz, mesoporous materials, stainless steel or polymers) acting as a membrane.  134 

Based on the greater available active surface area compared to immobilized system, the 135 

configurations with suspended catalyst have been largely used in literature, founding them more 136 

efficient than that using immobilized catalysts [17-20]. 137 

 In a PMR the membrane can assume many roles. The appropriate choice of the membrane 138 

(material and type) and membrane module configuration is mainly determined by the type of 139 

photocatalytic reaction. First of all, it is important to choose a membrane with complete catalyst 140 

rejection thus maintaining it in the reaction environment. Besides, when the process is used for 141 

the degradation of organic pollutants, the membrane must be able to reject the substrates and 142 

their intermediate products, which otherwise pass in the permeate. Thus the residence time of the 143 

molecules to be degraded in the photocatalytic step is increased, guarantying the complete 144 

degradation of recalcitrant substances. When the photocatalytic process is used as a synthetic 145 

pathway, the main objective of the membrane can be the selective separation of the product, e.g. 146 

minimizing its successive oxidation which leads to undesirable by-products.  147 

In the present paper the application of different PMR configurations (pressurized, submerged, 148 

with catalytic membrane, photocatalytic membrane contactor) in water treatment for degradation 149 

of organic pollutants (e.g. dyes, pharmaceutical compounds and other pollutants) and in the 150 

synthesis of organic compounds (e.g. phenol, vanillin and phenylethanol) will be critically 151 

examined and discussed. 152 

 153 

2. Photodegradation of organic pollutants in water 154 
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Our modern life-style has led to the presence of various synthetic compounds in aqueous 155 

effluents, resulting in environment pollution. As a consequence environmental laws and 156 

regulations have also become more stringent in order to protect both human health and the 157 

environment and they will become more and more restrictive in the next years.  Various directives 158 

suggest using the green chemistry concepts and clean technologies inside the manufacturing 159 

processes to protect the environment. Conventional chemical (e.g. adsorption, chemical oxidation) 160 

and biological treatments to clean-up water often fail to remove the majority of organic pollutants 161 

because of their high resistance (recalcitrant compounds), resulting in high concentrations 162 

discharged in treated effluents. Thus, there is a need for the development of new technologies 163 

that can remove these emerging hazardous compounds in water and wastewater.  164 

In this context photocatalytic processes represent a promising alternative green process [21-23] 165 

since, as consequence of the highly unselective reactions involved in the photocatalytic processes, 166 

a wide range of organic pollutants can be totally degraded (i.e. mineralized) in very small and 167 

harmless species (Equation (2)), minimizing the use of chemicals and avoiding sludge production 168 

and its disposal.  169 

 170 

 (2)171 

 172 

Photocatalytic processes have been reported in literature for the mineralization of different 173 

compounds as dyes [24-26], pesticides and herbicides [27, 28], pharmaceutical compounds [29-174 

32], hormones [33], various toxic organic molecules [34-36]. 175 

In the following section PMRs applications in the removal of organic pollutants from water will be 176 

presented and critically discussed. 177 

 178 

2.1 PMRs in the photodegradation of Azo Dyes in aqueous media  179 

Dyes are organic compounds used in textile, food and drug industries, and their abatement 180 

represents one of the main problems in the treatment processes because generally they are very 181 

stable toxic compounds [37-39]. Some authors stated the wastewater produced by the textile 182 

industry as the most polluting among the industrial sectors [40-42]. It has been estimated that 183 

during the dyeing process the losses of colorants to the environment can reach 10 50% of the 184 

initial one. Azo-dyes represent the most common dyes actually employed in textile industries and 185 

a relevant problem is related to the presence of these chemicals in the environment because some 186 
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azo dyes can show toxic effects, especially carcinogenic and mutagenic events [43]. In order to 187 

meet the limitation imposed by the current legislation, the aqueous effluents coming from 188 

industrial plants that use dyes in their processes are usually treated by physical-chemical, 189 

oxidative or, most commonly, active sludge biochemical processes [44]. Homogeneous oxidation 190 

treatments are generally effective towards the destruction of the chromophore structures and the 191 

water discoloration, but a complete mineralization of the dye is often not achieved.  192 

In Table 1 various experimental works regarding the application of PMRs in the photodegradation 193 

of dyes contained in aqueous systems are summarized. Some of them are based on the use of 194 

slurry type photoreactors, in which the photocatalyst is suspended in the reaction environment, 195 

other on the use of the photocatalyst immobilized in/on the membrane thus forming a catalytic 196 

membrane.   197 
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Table 1: Experimental works on the application of PMRs in the photodegradation of dyes contained in aqueous media.198

Photocatalyst(*) (**) Membrane Irradiation Pollutant (***) Main Results Drawbacks Ref

TiO2-P25 Susp PES NF UV
CR

PB

99%/45% dye removal (CR/PB) 

30 L m-2 h-1 permeate fluxes

TMP = 3.5-7 bar

Low PB rejection

Membrane fouling causing a 60% 

flux decline during continuous run

[45]

ZnO 

nanoparticles
Susp NF or UF UV

Industrial 

wastewater from 

printing presses

100% color removal, 100% turbidity 

reduction, 100% suspended solid 

rejection with NF membrane

ca 13 L m-2 h-1 permeate fluxes

TMP = 6 bar

Membrane fouling causing a 65% 

flux decline 

Permeation of photocatalyst and 

dye molecules with UF membrane

[46]

TiO2-P25 Susp HFM-UF UV MB
95% degradation, 64% mineralization

98% and 74% dye and TOC removal 

Progressive performance

degradation due to TiO2

agglomeration 

[47]

TiO2 (AV-01) Susp HFM-MF UV AR1

100% color removal, ca. 76% COD 

removal, ca. 60% TOC removal

40 L m-2 h-1 critical flux, TMP = -0.105 

bar

0.5 h-1 back-flushing frequency for 5 min 

at -40 l m-2 h-1 to control fouling

Dead end filtration mode

Rapid flux decline due to

TiO2 particles deposition on the 

membrane

[48]

TiO2 Imm Ceramic UF UV DB168

72% degradation, 82% dye removal

82 L m-2 h-1 permeate flux

TMP = 0.5 bar

Not complete dye degradation [49]

N doped TiO2

GO doped TiO2

Imm Ceramic UF 
UV 

Visible

MB 

MO

N-TiO2 membrane under UV 

57% and 29% MB and MO rejection 

38.18 and 34.31 L m-2 h-1 permeate flux

TMP = 4.6 and 3.7 bar 

Two or more permeate recycle 

needed to obtain satisfactory 

rejections. Dead end filtration 

mode. Synthetic effluent.

[50]
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N doped TiO2 Imm Ceramic UF UV 4BS

99% dye removal

25 L m-2 h-1 permeate flux 

TMP = 4 bar

Rapid formation of cake layer due 

to the dead end filtration mode. 

Poor photo activity under vis 

light.

[51]

TiO2-P25

Lab made TiO2

GO doped TiO2

Imm UF cellulose 
UV

Visible
MO

GO doped TiO2

65% degr., 31% miner. (UV)

19% degr., 9% miner. (Visible)

90 and 81 L m-2 h-1 permeate flux under 

UV and visible light

Dead end filtration mode

NaCl leads to a slight decrease in 

dye degradation 

Lower photocatalytic efficiency

compared to suspended 

photocatalyst  

[52]

Alginate-TiO2

fibers
Imm

-alumina 

UF tube
UV MO

40% dye removal during continuous flow 

experiments

5.8-7.9 L m-2 h-1 permeate flux

TMP = 14 bar

Gradual degradation of alginate-

TiO2 fibers. 

High dye concentration in the 

permeate 

[53]

Ag/TiO2

nanofiber
Imm Glass filter Solar light MB

80% degr., 80% miner.  (30 min); 

complete miner. (80 min)

ca. 7 L m-2 h-1 permeate flux 

TMP = 0.5 bar

Bench scale level

Dead end filtration mode 

Results obtained with synthetic 

effluent

[54]

TiO2-P25 Susp DCMD

AR18 

AY36

DG99

No fouling: TiO2

flux (14.2 L m-2 h-1)

100% rejection of the Dye

Lower permeate flux and higher 

energetic consumption of MD 

with respect to NF and UF

[55, 56]

(*) GO: Graphene Oxide. (**) susp: suspended; imm: immobilized. (***) CR : Congo Red; PB: Patent Blue; AR1: Acid Red 1; MB: Methylene Blue; DB168: Direct black 168; 4BS: 199
Direct Fast Scarlet 4BS; MO: Methyl orange; AR18: Acid Red 18; AY36: Acid Yellow 36; DG99: Direct Green 99. 200
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2.1.1. Suspended photocatalyst into slurry type photoreactor 201 

Molinari et al. [45] studied the photo-degradation process of Congo Red (CR) and Patent Blue (PB) 202 

in a suspended PMR using TiO2-P25 as the photocatalyst and NTR 7410 NF membrane to maintain 203 

the photocatalyst in the reaction environment. The results, obtained during continuous tests with 204 

CR, reported in Fig. 1, show that use of the nanofiltration (NF) membrane was beneficial because it 205 

acted as a barrier for both the catalyst and the substrate. Indeed the obtained permeate 206 

contained a very low concentration of CR (ca. 0.1%) with respect to 500 mg/L of the feed. Thus it 207 

was demonstrated that it is possible to successfully treat highly concentrated solutions of dyes by 208 

means of a continuous process, which is an important feature of a PMR. Permeate flux throughout 209 

the run decreased from the initial value of 74.2 L m-2 h-1 to the value of 29.8 L m-2 h-1, because of 210 

membrane fouling, that is the principal drawback of the proposed PMR.  211 

 212 

 213 

Fig. 1. Congo Red concentration of in the retentate and in the permeate versus time: ( ) retentate; 214 

( ) permeate. (V = 500 mL; T = 303 K; C0 = 0 mg L-1; C(O2) = 22 ppm; TiO2 amount = 1 g L-1; Cfeed = 215 

500 mg L-1; initial permeate flux: Jp,in = 74.2 L m-2 h-1; final permeate flux: Jp,fin = 29.8 L m-2 h-1; 216 

lamp: 125W medium pressure Hg immersed lamp; initial pH 6.42, P = 3.5 bar), elaborated from 217 

Molinari et al. [45]. 218 

 219 

The lower performance obtained in the case of PB degradation (the permeate contained ca. 11% 220 

of PB amount with respect to the feed) clearly evidenced that the used NF membrane was not the 221 

best choice for this substrate. Then the right choice of the membrane is a key step to increase 222 

PMR performance.  223 
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A different photocatalyst, ZnO nanoparticles self-synthesized via precipitation method, was tested 224 

by Hairom et al. [46] in a suspended PMR for industrial dye wastewater treatment. Both NF and 225 

ultrafiltration (UF) membranes (Polypiperazine amide NF membrane Trisep TS40 and Polyamide 226 

UF membrane Trisep GMSP, from GE Osmonics, USA) were tested and their performances in 227 

obtaining cleaner water production and ZnO nanoparticles retaining were compared. The results 228 

evidenced that an industrial wastewater from printing presses was successfully treated in the 229 

proposed system. Operating pH played a significant role in controlling the photocatalytic efficiency 230 

and fouling behavior in the PMR system. pH 11 and 0.1 g L-1 of ZnO loading were the optimum 231 

operational condition. A severe fouling was observed at pH 2, 7 and 8 because of the weak 232 

electrostatic repulsion between the membrane surface, ZnO particles and the dye in the 233 

wastewater being all the pHs near to their isoelectric point. The NF membrane gave the best 234 

performance in terms of color removal (100%), chemical oxygen demand (92%), turbidity 235 

reduction (100%) and total suspended solid rejection (100%). A 65% normalized flux reduction was 236 

obtained, because of photocatalyst accumulation on membrane surface. Worse performance was 237 

obtained by using the UF membrane owing to the permeation of nanosized ZnO and dye 238 

molecules across the membrane pores. 239 

Both Molinari et al. [45] and Hairom et al. [46] observed a 60-65% flux decline in their 240 

experiments. Then the PMR with photocatalyst in suspension could be interesting by an 241 

application point of view for the decontamination of highly concentrated effluents produced in the 242 

dyes-related industries once the problems related to membrane fouling, mainly caused by the 243 

photocatalyst deposition on the membrane, will be opportunely minimized.  244 

The use of a hollow fiber membrane (HFM) and membrane back-flushing represents a useful 245 

approach to overcome this problem. In 1999 Sopajaree et al. [47] tested the possibility to 246 

integrate a slurry-based heterogeneous photoreactor with a pressurized HFM-UF unit, for the 247 

degradation of Methylene Blue (MB) by using TiO2 Degussa P25. Complete photocatalyst 248 

separation from treated effluent was observed, evidencing that the used HFM-UF unit permitted 249 

to maintain the photocatalyst into the reacting environment. The progressive flux decrease 250 

observed during the operation, due to photocatalyst deposition on the membrane, was controlled 251 

by membrane back-flushing.  252 

A satisfactory dye removal was obtained (98%), but a 26% of total organic carbon (TOC) passed in 253 

the permeate, since some photodegradation intermediate crossed the membrane. Besides, a 254 

systematic decrease of photocatalytic performance was observed during subsequent cycles of 255 
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operation (86% and 42% MB and TOC removal, respectively, after the 10th cycle of operation). 256 

Dynamic light scattering measurements demonstrated the caking of suspended TiO2 during the UF 257 

process and the subsequent re-dispersion stage promoted agglomeration of the TiO2 particles, 258 

resulting in progressive diminution of the photocatalytic activity.  259 

The performance of HFM systems can be enhanced by operating in de-pressurized mode, i.e. the 260 

permeate is sucked inside HFM and the catalyst deposition is reduced with air bubbling and 261 

membrane back-flushing.  On the basis of this Kertèsz et al. [48] tested a PMR, obtained by 262 

integrating a photoreactor with a submerged HFM module, in the photocatalytic degradation of 263 

Acid Red 1 (AR1) in an aqueous dispersion of TiO2. Wastewater containing AR1 was successfully 264 

decolorized, validating the feasibility of the proposed system in treating industrial wastewaters 265 

containing dyes. Complete photocatalyst recovery was obtained. The rapid flux decline, caused 266 

also by the dead-end filtration mode, was controlled by air bubbling, thus achieving a dual 267 

purpose: oxygen saturation, which promotes photodegradation reactions, and TiO2 particles 268 

removal from the surface of the fibers [57-59]. A sustainable permeate flux of 40 L m  h  was 269 

found for the investigated system. Below this value reversible membrane fouling was detected, 270 

which was easily removed by membrane back-flushing with the permeate, while above this value 271 

irreversible fouling was observed. Fouling of the submerged membrane can be controlled (not 272 

avoided) by optimizing the operating parameters and, in particular, membrane back-flushing 273 

parameters, i.e. frequency, duration and intensity. Membrane back-flushing also allows 274 

maintaining the required catalyst concentration in the reaction mixture.  275 

When a PMR with suspended photocatalyst is employed, the overall plant set-up can be divided in 276 

two zones: i) the photocatalytic reactor zone (i.e. the photoreactor) where the photocatalyst is 277 

irradiated and the photocatalytic reaction takes place; ii) the membrane separation zone (i.e. the 278 

membrane separation unit) where the confining of the photocatalyst and of the un-reacted 279 

substrate in the reactor happens. On the basis of this, the distribution of the PMR's volumes 280 

between these two zones is another important design parameter that needs to be optimized [45, 281 

48]. 282 

Summarizing, the use of PMR systems with suspended photocatalyst could be interesting by an 283 

application point of view, for the decontamination of industrial dye wastewater because the 284 

membrane permits: i) the separation and reuse of the photocatalyst; ii) the control of the 285 

residence time of the pollutant and its photodegradation intermediate in the photoreactor, thus 286 

obtaining dye mineralization and high quality permeate; iii) the operation in continuous mode 287 
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[60]. Besides, considering the accessible active surface, systems with suspended catalyst are 288 

potentially more efficient than immobilized systems, as reported in literature [17-20]. 289 

Despite these achievements, the slurry-type membrane systems possess some drawbacks, such 290 

us:  291 

i)  fouling, which main consequences are permeate flux decline and stacking and accumulation 292 

of the photocatalyst nanoparticles on the membrane surface, also resulting in decreasing the 293 

performance of the photocatalytic degradation;  294 

ii)  requirement of additional time and expensive treatment (usually filtration) if the separation 295 

and recovery of the photocatalyst particles from the retentate is required;  296 

iii) light scattering by both catalytic particles and dissolved organic compounds present in the 297 

slurry.  298 

However, the use of submerged membrane modules, coupled with air bubbling and membrane 299 

back-flushing, seems to be a valuable choice to limit very well membrane fouling effects. 300 

 301 

2.1.2. Immobilized photocatalyst in/on the membrane (Photocatalytic membrane) 302 

Photocatalyst immobilization, by obtaining a photocatalytic membrane (PM), swapping from the 303 

conventional slurry-type systems, could improve the performance of purification technology based 304 

on coupling photocatalysis and membrane filtration in view of real applications. In such a system, 305 

the membrane has the simultaneous task of supporting the photocatalyst as well as acting as a 306 

selective barrier for the species to be degraded. 307 

However, some drawbacks of PMs are: i) moderate loss of photoactivity also related to the low 308 

photocatalyst availability to irradiation; ii) necessity to irradiate the surface of the membrane, 309 

resulting in technical difficulties and in possible membrane photodegradation; iii) restricted 310 

processing capacities owing to mass transfer limitations and iv) unsatisfactory system lifetime 311 

owing to the possible catalyst deactivation and wash out. Then it is fundamental to manufacture 312 

systems with opportune porosity and effective dispersion of the catalyst particles. 313 

About 30 years ago, Anderson and co-workers [61, 62] published pioneering feasibility studies of 314 

concurrent membrane separation and photocatalytic oxidation using supported TiO2-based 315 

membranes.  316 

More recently, Molinari et al. [45] considered the possibility to entrap the photocatalyst in a 317 

polymeric membrane, finding a lower efficiency with respect to the suspended configuration, 318 

because the presence of the polymer around the particles of catalyst reduces the effective surface 319 
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area. Another disadvantage of the system with photocatalyst entrapped in polymeric membranes 320 

 321 

Inorganic membranes are preferable over the conventional polymeric materials, owing to their 322 

excellent thermal, chemical, and mechanical stability. Zhang et al. [49] successfully prepared 323 

TiO2/Al2O3 composite membranes with photocatalytic capability by the sol gel technique. The 324 

obtained PMs permitted to obtain 82% removal efficiency of Direct Black 168 after 300 min of 325 

continuous operation under UV irradiation. The TiO2/Al2O3 composite PMs permitted 326 

photocatalytic reaction and separation simultaneously, obtaining a high permeate flux (82 L m-2 h-327 
1) by using a low pressure (0.5 bar), thanks to the high porosity and pore size of the membrane, 328 

but the permeate quality was not excellent. 329 

The necessity to develop visible-light-active photocatalytic systems represents another 330 

fundamental key point in view of large scale application of PMR systems, permitting the use of a 331 

greener light source (the sun). Athanasekou et al. [50] prepared highly active photocatalytic 332 

ceramic UF membranes testing they in a photocatalytic device operating in continuous dead-end 333 

flow conditions under near-UV/vis and visible light irradiation. Methylene blue (MB) and methyl 334 

orange (MO) were the tested azo-dyes. Nitrogen doped TiO2 (N-TiO2), grafene oxide doped TiO2 335 

(GO-TiO2) and organic shell layered TiO2 were deposited on the external and internal surface of UF 336 

mono-channel monoliths by dip-coating. Better results were achieved with the N-TiO2 membrane 337 

(57% and 29% degradation against MB and MO, respectively) under UV irradiation. These results, 338 

unsatisfactory by an environmental point of view, evidenced that the used UF membrane is not 339 

adequate for dye rejection, despite the photocatalyst deposition.  340 

The GO-TiO2 membrane appeared the best one in terms of energetic cost of the process, since for 341 

MB it provided 63% of the rejection of N-TiO2 membrane while consuming only 28% of the 342 

respective energy. So a higher dye rejection can be achieved with a lower power energy 343 

consumption by recycling the permeate of the GO-TiO2 membrane two or more times. However 344 

more recycling of the permeate to obtain rejection similar to that one obtained by 345 

NF/photocatalytic systems can be a drawback.  346 

Wang et al. [51] prepared and tested a more efficient N-TiO2 ceramic composite PM. It was 347 

synthesized with the dip coating method, as reported by Athanasekou et al. [50], but the coating 348 

process was repeated 7 times, so that composite membranes with an average pore size of about 2 349 

nm, which is adequate for dye capture, were synthesized. SEM and XRD analyses showed that N 350 

doping, inhibiting the growth of TiO2 crystal grains, permitted to obtain smaller TiO2 nanocrystals 351 
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with a huge surface and an interfacial area, which improved the catalytic activity. During the 352 

filtration experiments, carried out in dead end mode under UV light, a good permeation flux (25 L 353 

m-2 h-1, over 96% of pure water flux), very high dye rejection (close to 99%) and good membrane 354 

stability after several time reuse were obtained. Although those results, rapid formation of cake 355 

layer, also due to the dead end filtration mode and concentration polarization, which also caused356 

dye rejection decline, were observed. Besides, the N-TiO2 composite membranes showed poor 357 

photoactivity under visible light.  358 

Since real industrial effluents (e.g. from textile or printing industry) usually contain salts and 359 

dissolved organic matter together dyes, the effects of these substances on photocatalytic 360 

membrane performances have also to be considered. Potential effects of salts and dissolved 361 

organic matter presence on system performance can be: i) decrease of photocatalytic 362 

performance; ii) increase of membrane fouling.  363 

From this consideration, Pastrana-Martinez et al. [52] studied the effect of dissolved NaCl on 364 

photocatalytic membrane performance. Three photocatalysts, i.e. commercial TiO2 P25, lab-made 365 

TiO2 and GO-TiO2, were immobilized on a flat sheet cellulose membrane. Obtained PMs, named 366 

M-P25, MTiO2 and M-GOT, were tested in the degradation and mineralization of MO under both 367 

near UV-Vis and visible light irradiation working in dead end continuous mode. Distilled water 368 

(DW), simulated brackish water (SBW, 0.5 g L-1 NaCl) and seawater (SW, 35 g L-1 NaCl) were 369 

considered as aqueous matrixes. The results, summarized in Table 2 in the case of DW, show that 370 

the M-GOT system was the best one. M-P25 and M-TiO2 membranes were practically inactive 371 

under Visible light, while the addition of GO, decreasing the band gap, results in a moderate visible 372 

light activity. The presence of NaCl (0.5 g L-1) lead to a slight decrease in MO degradation, 373 

regardless of the membranes employed, since Cl- ions acted as holes and hydroxyl radical 374 

scavengers. However, M-GOT system remained the better one, with 52 and 13% MO degradation 375 

for near UV-Vis and Visible light irradiation, respectively.  376 

 377 

Table 2: Photocatalytic degradation of MO in distilled water (DW) in continuous mode under near 378 

UV-Vis and visible light irradiation (data from [52]). 379 

 MO degradation (%) 

Light irradiation M-P25 M-TiO2 M-GOT 

Near UV-Vis 51 39 65 

Visible 5 4 19 
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 380 

Despite these encouraging results, the authors underline that slurry-type photoreactors posses 381 

higher catalytic efficiency in comparison with the tested photocatalytic membranes, as reported 382 

also in other works [63, 64]. 383 

An interesting and promising approach, in view of enhancing the photocatalytic activity of PM, is 384 

based on the implementation and use of fiber based membranes.  385 

Those systems, thanks to their enhanced porosity and effective dispersion and stabilization of the 386 

catalyst nanoparticles, could represent a radical solution to the previous reported intrinsic 387 

problems of photocatalytic membranes. On this concept, Papageorgiu et al. [53] proposed and 388 

tested Ca alginate polymer fibers to effectively disperse and stabilize TiO2 P25 in their matrix. 389 

Properties like the high transparency of the alginate matrixes and the possibility to induce 390 

extended porosity make the Ca alginate polymer fibers good candidate to be used in 391 

photocatalytic applications. 392 

The Ca alginate/TiO2 fibers were prepared by the dry/wet spinning process in a spinning set-up. 393 

Batch tests were performed to evaluate their photocatalytic performance using 100 cm of the 394 

fibers cut in 10 cm pieces placed in a glass tube containing a MO solution. The results showed that 395 

Ca alginate/TiO2 fibers possess higher efficiency for the removal of MO from polluted water than 396 

bulk TiO2 powder, because of their high surface area and their good MO adsorption capacity 397 

combined with the excellent dispersion and stability of the TiO2 nanoparticles into the biopolymer 398 

matrix. A gradual degradation of the Ca alginate/TiO2 polymer fibers, caused by the attack of the 399 

 400 

Continuous flow experiments were carried out by coupling the composite Ca alginate/TiO2 porous 401 

fibers with a photocatalytic UF membrane obtained by deposition of TiO2 nanoparticles, grown 402 

with the Chemical Vapor Deposition (CVD) method, on both the surfaces of a -alumina UF 403 

support. In Fig. 2 the hybrid photocatalytic/UF experimental set-up is reported. It consists of three 404 

concentric tubes placed in the vertical direction. The inner tube is the photocatalytic UF 405 

membrane. The intermediate and external tubes are made of Plexiglas, and define an outer flow 406 

channel (the annular space between the tubes) where polluted water is fed in the lumen of the 407 

transparent Ca alginate/TiO2 polymer fibers. 408 

 409 
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 410 

Fig. 2. Schematization of the photocatalytic membrane system used in the hybrid 411 

photocatalytic/ultrafiltration tests [53]. 412 

 413 

Obtained results showed that the presence of TiO2/Ca alginate fibers (not permeable) as 414 

pretreatment stage of the photocatalytic UF membrane led to an enhancement of the MO 415 

removal efficiency with respect to the use of the PM alone. Thanks to the presence of the 416 

membrane, the degraded biopolymer was retained into the retentate. Besides, the addition of 417 

these fibers in the process increased the permeate flux across the membrane, resulting in an 418 

increased recovery rate at steady state. Despite the above mentioned advantages, dye removal 419 

was low (40%). 420 

Degradation of the TiO2/Ca alginate fibers and poor dye removal are some aspect to be solved in 421 

view of industrial application, since they affect both permeate quality and photocatalytic system 422 

lifetime. Despite these important limitations, the development of TiO2 nanofiber eliminated the 423 

problem of particles agglomeration which is a bottle neck in photocatalysis with TiO2 powder 424 

because it is detrimental to the preservation of particle size, surface area and its reusable life-425 

span. 426 

To increase the photocatalytic performances of TiO2 nanofiber and the photocatalytic response 427 

under visible light, metal doping of TiO2 photocatalyst can be considered. This photocatalyst 428 

modification also enhances the photo-efficiency owing to the efficient electron-hole separation 429 



18
 

[65-67]. Liu et al. [54] tested a Ag/TiO2 nanofiber photocatalytic membrane in photocatalytic 430 

disinfection and degradation applications. During the first step of preparation, Ag nanoparticles 431 

with size around 50 nm were successfully deposited on the surface of electrospun TiO2 nanofibers.432 

A vacuum filtration of Ag/TiO2 nanofiber suspension on a glass filter and a hot press process 433 

permitted to obtain the photocatalytic membrane. The results evidenced that the proposed 434 

method permitted to obtain a photocatalytic membrane in which both membrane fouling and loss 435 

of catalyst efficiency were avoided. The latter was obtained since Ag nanoparticles were 436 

homogeneously dispersed on TiO2 nanofibers, while maintaining sufficient active sites, as shown 437 

by the BET specific surface area of Ag/TiO2 nanofibers which increased from 85.6 m2/g (pure TiO2438 

nanofibers) to 102.3 m2/g. 439 

The photocatalytic property of the Ag/TiO2 nanofiber membrane was investigated in the 440 

degradation of the dye MB under solar irradiation. The results, summarized in Table 3, show that 441 

the Ag/TiO2 nanofiber membrane posses significantly enhanced photocatalytic activity under solar 442 

irradiation with respect to pure TiO2 nanofiber membrane and commercial P25 deposited 443 

membrane. 30 min solar irradiation could remove nearly 80% of MB, and complete mineralization 444 

was achieved after 80 min. This result evidence that the decreased photocatalytic activity due to 445 

mass transfer limitation classically linked to photocatalyst immobilization was avoided by using 446 

nanofiber membranes, because of the high specific surface area. 447 

 448 

Table 3: MB degradation rate constant under solar irradiation by using different TiO2 based 449 

photocatalytic membrane (data from [54]).  450 

 MB degradation 
rate constant 

(min-1) 
P25 membrane 0.0076 

TiO2 nanofiber membrane 0.0137 

Ag/TiO2 nanofiber membrane 0.0211 

 451 

The Ag/TiO2 nanofiber membrane showed an excellent reusability, since no photocatalytic 452 

degradation activity was observed after five successive photodegradation tests. Meanwhile, the 453 

excellent intrinsic antibacterial capability of Ag/TiO2 nanofiber membrane could be beneficial for 454 

the membrane biofouling control, which is an important feature in view of real applications. 455 

 456 
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2.1.3. Coupling of photocatalysis and membrane distillation 457 

The previous reported effects of membrane fouling, representing intrinsic limits of the 458 

conventional slurry-type systems, can be avoided by coupling photocatalysis and membrane 459 

distillation (MD). MD is a separation process based on the principle of vapor liquid equilibrium in 460 

which: i) the non-volatile components (e.g. ions, macromolecules, etc.) are retained on the feed 461 

side; ii) the volatile components pass through a porous hydrophobic membrane and then they 462 

condense in a cold distillate (usually distilled water).  463 

Mozia et al. [55, 56] studied the possibility to use a PMR obtained by integrating photocatalysis 464 

and direct contact membrane distillation (DCMD) for degradation of different azo dyes (Acid Red 465 

18 (AR18), Acid Yellow 36 (AY36) and Direct Green 99 (DG99)) contained in aqueous solution, by 466 

using TiO2-P25 and a membrane module equipped with 9 polypropylene capillary membranes 467 

(effective area 0.014 m2). 468 

The results evidenced that the presence of TiO2 in the feed solution did not affect the permeate 469 

flux (0.34 m3 m-2 d-1, which is the same obtained by using ultrapure water as feed) regardless of 470 

TiO2 concentration and dye applied. 471 

The results of degradation tests, reported in Fig. 3, show the highest effectiveness of 472 

photodecomposition was obtained in the case of AR18, while the most difficult compound to be 473 

degraded was AY36, having the lowest molecular weight.  474 

 475 

 476 

Fig. 3. Photodegradation of Acid Red 18, Acid Yellow 36 and Direct Green 99 in the PMR obtained 477 

by coupling photocatalysis and DCMD (evaluated at 5 h hours, data from [56]).  478 

 479 

Acid Red 18 Acid Yellow 
36

Direct Green 
99

0.1 g/L 71.67% 32.67% 14.73%
0.3 g/L 100.00% 32.67% 65.22%
0.5 g/L 100.00% 41.47% 80.54%
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Complete rejection of the dye and other non-volatile compounds (organic molecules and inorganic 480 

ions) was achieved. Some volatile compounds crossed the membrane, as indicated by Total 481 

Organic Carbon (TOC) measurements, into the distillate. However, the amount of these substances 482 

remained in the range 0.4-1.0 mg L-1, meaning that the product (distillate) was practically pure 483 

water. Then the hybrid process coupling the photocatalysis and DCMD can be a very promising 484 

method for the removal of organic compounds, such as azo dyes from water, since the MD 485 

membrane is a very effective barrier for the catalyst particles as well as the non-volatile 486 

compounds present in the feed solution. 487 

Similar results were obtained by Huo et al. [21] in the removal of MO from aqueous solutions by 488 

using BiOBr photocatalyst under visible light irradiation. The prepared hierarchical flower-like 489 

BiOBr microspheres showed high efficiency for MO photodegradation, thanks to their large 490 

specific surface area, their visible-light absorbance and the lower recombination of photo-491 

generated electrons and holes. Both the organic pollutants and the catalyst were retained feed 492 

side, resulting in a high quality permeate. The water flux was constant during the 493 

photodegradation experiments and no membrane fouling was observed. 494 

The results obtained by Mozia et al. [55, 56] and Hou et al. [21] evidenced that coupling 495 

photocatalysis with MD offer the advantage of reducing the significant fouling compared with 496 

pressure driven membrane processes, such as UF and NF.  497 

One of the most severe obstacles for the full-scale implementation of the DCMD systems is high 498 

energy demand for heating the feed solution, representing a cost item not negligible compared to 499 

other process costs. When comparing the coupling of photocatalysis with MD vs. pressure driven 500 

process, the pumping costs of the latter have to be compared with the energy cost of MD, also 501 

considering its advantages in terms of fouling reduction. On this aspect, to the best of our 502 

knowledge, there are no data in literature. 503 

It should be also mentioned that MD is still a process under development. Therefore, today the 504 

pressure driven membrane processes have more potential full scale applications than MD. 505 

 506 

2.2. PMR in the photodegradation of pharmaceuticals in aqueous media  507 

In the last years the interest for the presence of pharmaceutically active compounds (PhACs) and 508 

their metabolites in waterways has increased significantly not only because of the threat posed to 509 

health and safety of the aquatic life but also due to their continuous accumulation in aquatic 510 

environment and development of antibiotic-resistant microbial strains [68-70]. These compounds511 
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reach the aquatic environment as refusals of the hospital structures, pharmaceutical industries, 512 

municipal sewage treatment plants, as well as residues of their use in agriculture and breeding 513 

[71, 72]. Several investigations [73, 74] showed that PhACs and their active metabolites are not 514 

completely removed during conventional wastewater treatments and they are detectable in the 515 

environment with concentration levels up to the g L  [75, 76]. These amounts are lower than 516 

maximum concentrations reported for typical industrial contaminants, but their toxicological 517 

chronic effects, due to the continuous exposure, are unknown. On this basis, the demand for 518 

developing efficient systems, alternative to the traditional purification methods, to remove PhACs 519 

from water has assumed a great research interest [77]. PMRs could represent a useful solution to 520 

this problem. 521 

In Table 4 some PMR applications in the photodegradation of pharmaceuticals contained in 522 

aqueous media are summarized. 523 

  524 
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Table 4: PMR applications in the photodegradation of pharmaceuticals contained in aqueous media.525

Photocatalyst(*) (**) Membrane Irradiation Pollutant (***) Main Results Drawbacks Ref

TiO2-P25 Susp
NF 

membrane 
module

Sunlight LIN

R% = 93.64-97.78% depending on drug 
concentration.

By operating in continuous, very low 
concentration of both substrate and 

intermediates in the permeate

TOC accumulation in the reacting 
volume due to incomplete drug 

mineralization.
[78]

TiO2-P25 Susp NF UV
FUR
RAN

R% = 10 60% and 5 30% for FUR and 
RAN, respectively, in the dark.

No drugs rejection during 
photocatalytic tests: inadequacy 

of the membrane
Tests carried our only in 

recirculation regime

[29]

TiO2-P25 Susp NF or UF UV
GEM
TAM

Pressurized system: 
100% GEM removal; 60% drug miner.; 

permeate flux 38.6 L h m (6 bar)
Depressurized system: 

100% catalyst rejection, permeate flux of 
65.1 L h m (vacuum 0.133 bar)

Pressurized system: 
inadequacy of the membrane 

Membrane fouling
Depressurized system:

inadequacy of the membrane

[16]

TiO2-P25 Susp SPMR UF UV
33 trace organic 

contaminants

For 18 compounds >95% removal
For 14 compounds 50%-88% removal 

For 1 compound no degradation

The presence of organic matter 
into the aqueous matrix affect the 

photodegradation efficiency
[79]

TiO2-P25 Susp SPMR UF UV DCF

Long term operation (72 hours) 
at 15 L h-1 m-2 constant permeate flux.

With Ultrapure Water matrix: 99.5% DCF 
degradation; 66% TOC mineralization.
Practically constant TMP (-0.14 bar), 

regardless of the water matrix, thanks to the 
developed back-flushing protocol (1 min 

backwashing after 9 min filtration)

Feed-water characteristics 
influence the photocatalytic 
efficiency: organic species 

compete with the drug, inorganic 
ions act as hole scavenger.

[80]

TiO2-P25
Lab made TiO2

GO doped TiO2

Imm UF
UV

Visible
DPH

GO doped TiO2

73% degr., 35% miner. (UV)
28% degr., 19% miner. (Visible)

90 and 81 L m-2 h-1 permeate flux under UV 
and visible light 

Dead end filtration mode
NaCl leads to a slight decrease in 

drug degradation 
Suspended photocatalyst shows 
higher photocatalytic efficiency

[52]
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TiO2 Imm MF
UV-A 

sunlamp

MB
DCF
IBU

Hydrophilic TiO2/PVDF (120 min)
100% MB degr.; 50% IBU degr.; 

55% DCF degr.
The adsorption properties of the 

Photocatalytic Membranes were predominant
Membrane reusability

Dead end filtration mode
Incomplete drug degradation

No data on flux and membrane 
fouling during pollutant 

photodegradation

[81]

TiO2 nanotubes Imm MF UV DCF
TiO2 nanotubes stability on the membrane 

94% DCF degr. (240 min, static tests)
100% DCF degr. (18 days, dead-end tests)

Degradation rate constant with 
the dead-end flow mode 100 

times lower when compared with 
the static experiment (0.085 10-3

vs. 9.96 10-3 min-1): the 
experimental setup of the dead 

end experiment needs to be 
optimized

[82]

TiO2

Nanofiber (NF)
Imm SSF UV CMD

89% drug degr. at 10 L m2 permeate flux
the photocatalytic efficacy of SSFs was 

inversely proportional to permeation flux
because of decreased contact time

Dead end filtration mode
Low drug degradation at higher 
permeate flux (64% and 47% at 

20 and 50 L h-1 m-2)
3-8% weight TiO2 NFs loss after 
sonication (40 kHz) treatment for 

30 min

[63]

TiO2-P25 Susp DCMD IBU

100% and 99.4% IBU degr., 95.8 and 94.0 % 
IBU miner. after 5 hours by operating in 
batch and continuous mode, respectively. 

100% IBU removal

Energy consumption [83]

TiO2-P25 Susp DCMD DCF
100% DCF degr, 82.5-100% drug miner.
depending on initial drug concentration

Energy consumption [23]

TiO2-P25 Susp DCMD
DCF, 
IBU
NAP

Primary effluent: 100% DCF degr., 73% IBU 
degr., 90% NAP degr., miner < 14%

Secondary effluent: 100% DCF degr., 93% 
IBU degr., 94% NAP degr., miner < 23%

Owing to membrane fouling, 
primary effluent should be pre-

treated.
Energy consumption

[84]

(*) GO: Graphene Oxide; (**) susp: suspended; imm: immobilized. (***) LIN: Lincomycin; FUR: Furosemide; RAN: Ranitidine; .GEM: Gemfibrozil, TAM: Tamoxifene; DCF: 526

Diclofenac; IBU: Ibuprofen; DPH: Diphenhydramine; MB: Methylene Blue; CMD: Cimetidine; NAP: Naproxen.527

SPMR: Submerged Photocatalytic Membrane Reactor; SSF: Stainless Steel Filter; DCMD: Direct Contact Membrane Distillation.528
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2.2.1. Suspended photocatalyst into slurry type photoreactor 529 

Augugliaro et al. [78] studied the degradation of Lincomycin (LIN) in aqueous suspensions of TiO2-530 

P25 irradiated by sunlight. The proposed PMR, obtained by coupling the solar PR with catalyst in 531 

suspension with a NF membrane module, increased LIN degradation with respect to the slurry PR 532 

alone. Rejections of 93.64% and 97.78% were obtained for DK2540C membrane by using an initial 533 

concentration of LIN of 25 and 75 M, respectively. Lower rejections (82.6% and 91.3%) were 534 

obtained by using the DL2540C membrane under the same experimental conditions.  535 

The data collected by using the PMR in continuous mode (Fig. 4) indicated that the presence of the 536 

membrane allows reducing both the substrate and intermediates down to very low concentration 537 

levels in the permeate (open symbols). A TOC accumulation in the system throughout the runs was 538 

observed, with an extent depending on solar irradiance and initial lincomycin concentrations. This 539 

trend was explained by considering that under the experimental conditions used, the amount of 540 

photons entering the system per unit time is not sufficient to mineralise the drug fed in the 541 

photoreactor per unit time. 542 

 543 

 544 

Fig. 4. Lincomycin concentrations versus the cumulative photon energy, E, for runs carried out in 545 

continuous regimen by using the PMR. Full symbol: retentate; open symbol: permeate [78]. 546 

 547 

One year later, Molinari et al. [29] studied the photodegratation of PhACs in a continuous 548 

recirculation slurry PMR by using TiO2-P25 as the catalyst and a laboratory NF unit equipped with 549 

different membranes. The influence of operating pH on the degree of adsorption of various PhACs 550 

onto the catalyst surface was studied, evidencing the importance of this parameter, affecting the551 

hydrophilic/hydrophobic character of the catalyst. The rejection values obtained in the PMR 552 

system by using the NTR 7410 membrane were in the range between 10 60% and 5 30% for 553 

furosemide and ranitidine, respectively, in the dark, evidencing that the chosen membrane was 554 
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not adequate to retain the drug in the reaction environment. No rejection of PhACs was observed 555 

during the photodegradation test conducted in the presence of light, photocatalyst and oxygen, 556 

showing that the membrane is only able to confine the photocatalyst. These results confirm that 557 

the right choice of the membrane is a key step for PMR development.  558 

In a successive work the same authors [16] studied the photodegradation of two pharmaceuticals 559 

(Gemfibrozil (GEM) and Tamoxifen (TAM)) using suspended TiO2-P25 as catalyst in pressurized and 560 

depressurized PMR configurations. Commercial flat sheet NF membranes NTR 7410 with exposed 561 

membrane surface area of 19 cm2 were used in the photocatalytic tests in the pressurized PMR. 562 

Commercial capillary polyethersulfone (PES) membranes, assembled in a module with exposed 563 

membrane surface area of 4.19×10  m2, were used in the depressurized PMR. 564 

In the pressurized system, a good operating stability was observed by operating in continuous 565 

mode in the degradation of GEM, reaching a steady state in ca. 120 min, with a complete removal 566 

of the drug, 60% mineralization and constant permeate flux of 38.6 L h  m  (TMP = 6 bar) that 567 

remained constant until the end of a run. A TOC rejection of about 62% at steady state confirmed 568 

the need to identify a membrane with higher rejection to the intermediate products. Catalyst 569 

deposition on the membrane surface and fouling caused a flux decline during the photocatalytic 570 

process. A washing of membranes with an enzymatic detergent was enough to restore the flux at 571 

acceptable values. 572 

In the case of TAM degradation test the membrane was not able to reject significantly it and its 573 

degradation intermediates which were also found in the permeate. 574 

The depressurized system, developed to control membrane fouling, was built by changing the 575 

pressurized permeation cell with the depressurized permeation system schematized in Fig. 5. The 576 

oxidant was fed by means of oxygen bubbling in the permeation module, having the dual purpose 577 

previously described [48]. Obtained results evidenced that the membrane retained only the 578 

catalyst in the reaction environment, while GEM and its oxidation products moved in the 579 

permeate. However, the submerged PMR permitted to obtain a steady-state flux of 65.1 L h  m580 

at a vacuum of 0.133 bars, higher than those obtained operating with the pressurized module, 581 

showing it interesting for application purposes, provided a suitable permselective membrane 582 

versus the substrate, is used. 583 

 584 
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585

Fig. 5. Scheme of the depressurized permeation cell with submerged membranes [16].586

587

Based on the same approach, Fernandez et al. [79] tested a submerged photocatalytic membrane 588

reactor (SPMR) with air bubbling in the photocatalytic degradation and removal of 33 trace 589

organic contaminants (TrOCs), including drugs, analgesics, antibiotics, surfactants or herbicides,590

from aqueous media. Obtained results showed that there was a group of 18 compounds that were 591

completely degraded (>95% removal). Another group of 14 compounds showed removal 592

percentages in the range 50%-88%. The last compound, which is a flame retardant tris(2-593

chloroethyl) phosphate (TCEP), was not degraded from photocatalysis. It was found that these 594

results were strictly correlated with the kinetic of photodegradation of those compounds. In 595

particular all compounds having kinetic constant (k) values higher than 0.0544 min-1 were596

effectively removed in the PMR with an extent following the same trend of k value.597

In running some membrane plants a practical requirement is operating at constant permeate flow 598

rate, thus continuously treating a constant feed flow rate. In that case, usually TMP is 599

progressively increased to compensate the increase of membrane resistance due to membrane 600

fouling, till reaching a limit of TMP. Sarasidis et al. [80] demonstrated that an appropriate 601

membrane back-flushing protocol can avoid this trend. The performance of a laboratory pilot 602

SPMR operating in continuous mode in the degradation of Diclofenac (DCF) was evaluated. The 603

submerged UF membrane module consisted of 136 hollow fibers with a total surface area of 0.097 604

m2. It was operated under constant permeate flux (15 L m-2 h-1), with air bubbling and periodic 605

membrane back-flushing. Long-term continuous experiments lasting three days were carried out.606

The operating pH showed an important influence on system performances. At steady state607
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conditions, which was reached after about 1-2 hours, pH = 6 and TiO2 = 0.5 g L-1, DCF degradation 608 

and TOC mineralization was 99.5% and 66%, respectively, while no loss of TiO2 particles into the 609 

permeate was recorded. The observed incomplete mineralization may be attributed to the 610 

formation of degradation products that are recalcitrant to further decomposition. The PMR 611 

system was submitted to an automatic periodic membrane backwashing (1 min backwashing after 612 

9 min filtration), which effectively controlled membrane fouling, thus permitting stable continuous 613 

operation. Indeed the operating TMP remained practically constant during the 72 hour of 614 

operation at constant permeate flux. 615 

Since water quality can strongly affect the performance of TiO2 photocatalytic process [85], both 616 

Fernandez et al. [79] and Sarasidis et al. [80] studied the influence of water matrix on the 617 

performance of photocatalytic degradation and removal in PMR. Fernandez et al [79] carried out 618 

some experiment with the 33 TrOCs dissolved in an organic-based model water solution 619 

containing humic acids (HA), bovine serum albumin (BSA) and low viscosity sodium alginate (NaA), 620 

providing a final TOC concentration of 5.6 mg L-1. The results showed that the presence of organic 621 

matter within the feed matrix generally caused a decrease in the removal efficiency. Sarasidis et 622 

al. [80], considering ultrapure water (UW), tap water (TW), and groundwater (GW) also found 623 

significant differences, evidencing the important role of feed-water characteristics (i.e. presence of 624 

organic and inorganic scavengers) on process effectiveness. The TMP remained practically 625 

constant during the long-term continuous operation of the PMR system (72 h), regardless of the 626 

water type, confirming the effectiveness of the developed automatic backwashing protocol. 627 

The observed decreased removal efficiency in the presence of other organic and inorganic species 628 

in the aqueous matrix was caused by various phenomena. In particular, the additional organic 629 

species present in the natural water matrices may compete with drug or other molecules to be 630 

degraded for active TiO2 surfaces and OH  attack and may contribute to light attenuation in the 631 

photoreactor. Moreover, the presence of specific inorganic ions may result in a partial 632 

deactivation of the TiO2 nanoparticles. Ions as Cl-, HCO3
-, NO3

- and SO4
2- detected in groundwater 633 

and tap water, can act as hole scavenger, competing with the production of OH radicals. These 634 

findings highlight the need for good knowledge of feed water properties to successfully design a 635 

PMR treatment process for effectively removing organic micropollutant from aqueous media.  636 

Summarizing, these results confirm that PMRs can be of interest in the removal of PhACs from 637 

water because they allow the recovery and reuse of the catalyst, permit to achieve a continuous 638 

process and, if a suitable membrane is found, it is possible to retain the pollutant and its 639 
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degradation products in the reaction environment. The operating pH is an important parameter in 640 

the heterogeneous photocatalytic process, as it may affect i) the surface charge of the 641 

photocatalyst and then its interaction with the substrate and ii) the size of catalyst aggregates as 642 

well as the positions of conductance and valence bands. So it must be to appropriately selected.  643 

The need to study strategies to avoid membrane fouling caused by the use of pressure as driving 644 

force, as reported in the case of dyes abatement, is also confirmed. Submerged membrane with 645 

air/oxygen bubbling and the development of an appropriate backwashing protocol represents an 646 

interesting approach to limit this problem. 647 

 648 

2.2.2. Entrapped photocatalyst into photocatalytic membrane 649 

In comparison with the works published on the study of PMs for removal of organics like textile 650 

dyes, only few studies are available on use of this technique for remediation of PhACs.  651 

In their work Pastrana-Martinez et al. [52] also considered the photocatalytic degradation of a 652 

pharmaceutical compound, diphenhydramine (DPH). Obtained results evidenced that the M-GOT 653 

and M-P25 are very active PM, presenting comparable efficiencies under UV-Vis irradiation in 654 

terms of DPH removal during the first photocatalytic cycle (ca. 73% in DW and ca. 60% in SBW). A 655 

lower DPH removal was obtained by using the M-TiO2 PM (43% in DW and 39% in SBW). 656 

Concerning  to the visible irradiation, as observed in the case of the dye MO, the M-GOT system 657 

was the best one, with a photocatalytic degradation of ca. 28%. TiO2 based membranes (M-P25 658 

and M-TiO2), showed a very low activity (ca. 5%) since TiO2 is not active under visible irradiation, 659 

while the addition of GO, decreasing the band gap, promote the visible light activity. Also in this 660 

case the presence of NaCl (0.5 g L-1) leads to a slight decrease in DPH degradation since Cl- ions 661 

acted as holes and hydroxyl radical scavengers. 662 

As previously reported, an important aspect to take into consideration when preparing PMs, is 663 

represented by the necessity to obtain an effective dispersion of the catalyst particle into the 664 

membrane, thus limiting the intrinsic limitation of such systems. Some preparation methods (e.g. 665 

dip coating) usually result in the formation of nanoparticles agglomerates on the membrane, 666 

having an important effect on membrane activity reduction [86, 87]. Fisher et al. [81] proposed a 667 

new and straightforward method for preparing photoactive MF membranes by direct synthesis of 668 

TiO2 nanoparticles on the surface of two hydrophilic membranes (PES, PVDF) and one hydrophobic 669 

membrane (PVDF) by hydrolysis of titanium tetraisopropoxide (TTIP). To do this, a wet (water) 670 

membrane was dipped in a TTIP/ethanol solution. As the water film on the membrane surface 671 
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initiates the hydrolysis, TiO2 nanoparticles grown on the membrane surface. Operating in this way 672 

a layer of non-aggregated TiO2 nanoparticles strongly bounded to the membrane surface was 673 

directly built on site.  674 

The fouling behavior of the membrane was evaluated by cyclic permeation tests of BSA solution. 675 

Obtained results showed improved fouling resistance of the hydrophilic TiO2/PVDF membrane 676 

compared with the untreated membranes. 677 

The three PMs were tested in the photodegradation of methylene blue (MB), ibuprofen (IBU) and678 

diclofenac (DCF). Obtained results are summarized in Table 5 in terms of pollutant degradation 679 

after 120 min of photodegradation. In the case of MB better performance was obtained by using 680 

the hydrophilic TiO2/PVDF, despite the lower TiO2 content with respect to the TiO2/PES (see Table 681 

5), because of the higher rate of adsorption indicating an higher affinity of the membrane towards682 

MB. The hydrophobic PVDF modified membrane was the worst, because of the lower contact with 683 

water dissolved MB. Then the adsorption properties were most determinant than the TiO2 684 

content. Lower degradation rates were obtained by degrading DCF and IBU, because of the higher 685 

amount contained in water, resulting in high drug concentration in the treated water. Two or 686 

more permeate recycle were need to obtain acceptable permeate quality, as observed by 687 

Athanasekou et al [50] in the case of dyes. No fouling studies during photodegradation tests were 688 

reported.  689 

The TiO2/PES membrane was reusable, as demonstrated during 5 successive cycles of complete 690 

degradation of MB. The photocatalytic activity was fully maintained and no damage of the 691 

polymeric support happened, since the TiO2 layer totally covers the support acting as a protector692 

from UV light [88]. 693 

 694 

Table 5: Pollutant degradation after 120 minutes of tests for the three different membranes (initial 695 

concentrations: MB = 3.2 mg L-1; DCF = 25 mg L-1; IBU = 100 mg L-1) [81] 696 

Photocatalytic Membrane TiO2 content (%) Degradation (%) 

  MB IBU DCF 

TiO2/PES 0.809 70 44 68 

Hydrophilic TiO2/PVDF 0.092 100 50 55 

Hydrophobic TiO2/PVDF 0.345 15 / / 

 697 
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The use of TiO2 nanotubes is also expected to be a promising solution to overcome the intrinsic 698 

drawbacks of PMs, because of their high surface-area-to-volume ratio, short distance for charge 699 

carrier diffusion and high photon-collection efficiency [89, 90]. On this basis, Fisher et al [82] also 700 

proposed the preparation of nanotubular TiO2 PES membranes, obtained by an appropriate 701 

procedure of assembly and crystallization of TiO2 nanotubes on the membrane, and tested the 702 

prepared membrane in the degradation of DCF under UV light. A complete TiO2 nanotubes 703 

stability on the PES membrane was found. During static photodegradation tests, a 94% DCF 704 

degradation (initial concentration of 5 mg L-1) was obtained after 240 min, while by operating in 705 

dead-end flow mode, a 100% DCF degradation was obtained after 18 days, evidencing a lower 706 

degradation rate constant when compared with the static experiment (0.085·10-3 vs. 9.96·10-3 min-707 
1). This considerable difference was due to the different surface of membranes and volume of the 708 

solution to be treated, as well as to the consideration that only 20% of the solution was irradiated 709 

during the cross-flow tests, leaving 80% unused in the flask and tubes. Then, in order to yield 710 

higher degradation rates, the experimental setup of the dead end experiment needs to be 711 

optimized.  712 

Another interesting approach to overcome the intrinsic limitation of PMs consists in developing 713 

nanofiber based PMs. Indeed, as previously reported, among various physical forms (e.g. film, 714 

particle, etc.) TiO2 nanofiber has lower self-agglomeration tendency and can provide a larger 715 

effective (i.e. photoactive) surface. On this topic, Ramasundaram et al. [63] prepared and tested 716 

TiO2 nanofibers (TiO2-NFs) integrated stainless steel filter (SSF) in the photodegradation of the 717 

drug cimetidine (CMD). The photoactive SSF was prepared by the following steps (see Fig. 6): i) 718 

preparation of a free-standing TiO2-NFs layer by the electro spinning technique; ii) bonding of this 719 

TiO2-NFs layer to SSF surface through a hot pressing process with a PVDF-NFs interlayer as a 720 

binder.  721 

The thickness of the binding layer influences both the stability and the photocatalytic activity of 722 

the prepared photocatalytic SSFs. The stability was determined by covering the SSF with five 723 

different thicknesses of PVDF-NFs layer (12, 22, 32, 42, and 64 m). These samples were immersed 724 

in water, subjected to sonication (40 kHz) treatment for 30 min. The percentage of weight loss 725 

after sonication were 5, 8, 3, 1, and 4 wt.%, respectively. Then, 42 m thickness was the optimum 726 

for binding TiO2-NFs firmly to the surface of SSF. 727 

 728 
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 729 

Fig. 6. Overall preparation process followed to integrate TiO2 NFs on SSF using PVDF binder layer 730 

[63] 731 

 732 

Photocatalytic tests were carried out in dead-end filtration mode. When the thickness of TiO2-NFs 733 

increased from 10 to 29 m, the photodegradation of CMD increased from 42% to 90%. A further 734 

increase of the thickness of the TiO2-NFs layer did not had significant effect on drug degradation, 735 

probably caused by limited light penetration. 736 

The photocatalytic efficiency of the photocatalytic SSFs varied also by changing water flux. CMD 737 

photodegradation were found to be 89%, 64%, and 47% at flux conditions of 10, 20 and 50 L h-1 m-738 
2, respectively, indicating that photocatalytic efficacy of the photocatalytic SSFs toward the 739 

oxidation of CMD was inversely proportional to permeation flux. This trend was ascribed to the 740 

reduction in contact time between the drug molecules and TiO2 layer when the flux increases.  741 

 742 

2.2.3. Coupling of photocatalysis and membrane distillation 743 

In 2012 Mozia et al. [83] used their hybrid photocatalysis DCMD system for removal of ibuprofen 744 

(IBU) from tap water. IBU photodegradation of ca. 91.5% and 100% were obtained after 1 h and 5 745 

h of the process, respectively, by operating in batch mode, and ca. 80% and 99.4% in continuous 746 

mode. The distillate did not contain IBU in both the operating modes, corresponding to a 100% 747 

IBU removal. TOC in the distillate after 5 h was approximately 1.1 mg and 1.6 mg, for continuous 748 

and batch mode, respectively. Then the influence of the operation mode on the quality of the 749 

treated water and on drug mineralization was not significant. Because of the higher potential for 750 

large scale application, the coupled PMR/DCMD system, operated in the continuous flow mode, is 751 

recommendable.  752 

Membrane fouling in the PMR/DCMD during long term process (315 h) operating in continuous 753 

was also studied, by monitoring the distillate flux. The results, summarized in Fig. 7, evidence an 754 
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increase of distillate flux decline during the experiments. After 54 h the flux decreased for ca. 7% 755 

compared to pure water flux (272 L m-2 d-1 vs. 294 L m-2 d-1), whereas after 188 h a flux of 41 L m-2756 

d-1 was detected, corresponding to an 86% flux decline. This trend was caused by a deposit layer 757 

(calcite and aragonite crystals) formed on the membrane surface. A cleaning with HCl solution 758 

allowed to dissolve the CaCO3 scale deposit and to recover the flux. However, about 70 h after 759 

washing with HCl solution, the flux started decreasing with a similar trend as before cleaning. 760 

 761 

 762 

Fig. 7. Distillate flux decline versus the time during long term operation of PMR/DCMD in 763 

continuous mode (data from [83]). 764 

 765 

In a successive work the same authors [23] applied the PMR/DCMD system in the removal of 766 

diclofenac (DCF) from water, obtaining similar results in terms of DCF decomposition (ca. 100%) 767 

and mineralization, with values in the range 82.5 100% depending on initial drug concentration, 768 

being the highest for the lowest DCF concentration. The distillate did not contain DCF as well as its 769 

photodegradation products (TOC ca. 0.8 mg/L), confirming the effectiveness of membrane 770 

distillation in obtaining a distillate of optimal quality, higher than that one obtained by coupling 771 

photocatalysis with pressure driven membrane processes.  772 

Since, as previously reported, the water quality strongly affects the performance of TiO2 based 773 

photocatalytic process, the same approach (PMR/DCMD) was tested [84] in the removal of a 774 

mixture of diclofenac (DCF), ibuprofen (IBU) and naproxen (NAP) sodium salts from different 775 

aqueous matrices: ultrapure water (UW), tap water (TW), primary effluents (PEs) and secondary 776 

effluents (SEs) of municipal wastewater treatment plant. When PEs were used as feed, DCF was 777 

removed completely, IBU amount decreased for 73% and NAP for 90%. In the case of SEs, DCF, IBU 778 
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and NAP concentrations decreased by 100%, 93% and 94%, respectively. Mineralization did not 779 

exceed 14% for PEs and 23% for SEs. No drugs were found in the distillate. Thus the hybrid 780 

PMR/DCMD system can be an effective technology for the removal of PhACs from SE and PE. 781 

Nevertheless, owing to membrane fouling, the latter should be pre-treated before to be fed in the 782 

hybrid system. 783 

Summarizing, the results obtained by Mozia et al. [23, 83, 84] by applying the PMR/DCMD system 784 

confirmed that this system represents a promising method also for treatment of waters containing 785 

PhACs. MD separates efficiently both TiO2 particles and organic contaminants present in feed 786 

solution and presents lower fouling problem compared to pressure driven membrane processes. 787 

The relatively low distillate flux, which represents a limit in the case of dye, considering that drugs788 

are a more recalcitrant class of organic pollutants, assured the required residence time of 789 

contaminants in the photoreactor thus giving high photodegradation efficiency. The high energetic 790 

consumption of MD represents an important cost item to be considered when comparing 791 

PMR/DCMD process with PMR/UF or PMR/NF, also considering the high quality of membrane 792 

distillate and the lower MD fouling. 793 

 794 

2.3. Comparison between PMR application in the photodegradation of dyes and 795 

pharmaceuticals in aqueous media 796 

The results described in the previous sections clearly demonstrate that PMRs were successfully 797 

applied in the photodegradation of both dyes and PhACs contained in aqueous media, both in the 798 

case of suspended and immobilized TiO2.  799 

The difficulties encountered in developing efficient PMRs are similar, regardless the type of 800 

organic pollutant. In the case of slurry configuration of PMRs, particular attention has to be 801 

devoted to prevent membrane fouling, which causes a decrease of membrane permeability and 802 

accumulation of the photocatalyst nanoparticles on the membrane surface. Also light scattering by 803 

catalyst particles and dissolved organics has to be considered. Besides it is important to have good 804 

knowledge of feed water properties, because they affect PMR performance. The use of SPMRs 805 

with air bubbling and adequate membrane back-flushing represents an interesting approach to 806 

minimize these difficulties.  807 

In the case of photocatalytic membranes, the moderate loss of photoactivity, the possible 808 

membrane photodegradation because of direct light irradiation, the mass transfer limitations and 809 

the possible catalyst deactivation and wash out represent factors to be appropriately considered. 810 
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The preparation of PMs, with opportune porosity and pore size and effective dispersion of the 811 

catalyst particles, represents a solution to previous drawbacks. 812 

The same parallelism was observed in the case of DCMD/photocatalysis hybrid system. 813 

The implementation of a PMR system is not significantly influenced by the type of pollutant 814 

considered, while it is fundamental to consider the intrinsic limitation of the chosen PMR 815 

configuration. Another difference is related to the recalcitrant character of the organic pollutants 816 

to be degraded:  higher the recalcitrant character, higher the required residence time of 817 

contaminants in the photoreactor and/or the contact time with the photocatalyst to give 818 

satisfactory photodegradation efficiency. On our point of view, SPMRs can have, at present, 819 

greater perspective of industrial applications. Indeed, use of commercial membranes suitable also 820 

for non photocatalytic applications and possibility to separate the reaction zone and the 821 

separation zone are two important design aspects. 822 

 823 

2.4. Submerged photocatalytic membrane reactor (SPMR) for removal of other organic 824 

pollutants 825 

Natural organic matter (NOM) is widely distributed in soil, natural water, and sediments and 826 

consists of a mixture of the decomposition products of plant and animal residues [91]. Fulvic acid 827 

(FA) represents more than 70% of NOM in surface waters [92]. Consequently control of FA is 828 

important in treating the surface water.  829 

As evidenced in the previous sections, the major problems in PMRs, coupling slurry type 830 

photoreactors and pressure driven membrane processes, are related membrane fouling, which is 831 

emphasized when treating natural waters, because of the presence of dissolved NOM. On this 832 

basis, Fu et al [57] studied the photodegradation of FA by using synthesized nanostructured 833 

TiO2/silica gel photocatalyst particles in the SPMR schematized in Fig. 8.  834 

 835 
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 836 

Fig. 8. Schematic diagram of the SMPR system: (a) feed tank; (b) feed pump; (c) thermostated 837 

jacket photoreactor; (d) UV lamp; (e) suction pump (elaborated from [57]). 838 

 839 

The optimal conditions for FA removal were 0.5 g L-1 photocatalyst concentration, 0.06 m3 h-1 840 

airflow and acidic conditions.  841 

An increase of permeate flux was observed by using nano-structured TiO2 instead of bare TiO2 P25 842 

powder, evidencing that the use of nano-structured TiO2 resulted in reduction of fouling problems.843 

A similar approach was applied by Zheng et al. [93] for virus removal from aqueous media. They 844 

used the experimental set-up schematized in Fig. 9, operated under constant flux mode. 845 

Bacteriophage f2 (mean size of 25 ± 1 nm), which is similar in size to the human enteric virus, was 846 

used as the model virus. Nano-TiO2 P25 was used as the photocatalyst. The influences of filtration 847 

flux and permeation mode (continuous or intermittent) were tested. 848 

 849 
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 852 

Fig. 9: Schematization of the SPMR employed by Zheng et al. [93] (reactor total volume = 12.75 L; 853 

4 W UV-C (254 nm) lamp; flat-sheet PVDF membrane (pore size 0.15 m, membrane area 0.03 854 

m2); aeration rate 10 L min-1; PLC: control system; feed temperature 20 25 °C). 855 

 856 

The optimal operating condition was determined to be the intermittent suction mode with a 857 

filtration flux of 40 L m-2 h-1. Above this value irreversible fouling was observed, as reported also by 858 

Kertèsz et al. [48] in their system. 99.999 % virus removal on average after 24 h of continuous 859 

operation was obtained, evidencing that the SPMR permitted virus inactivation thanks to the 860 

action of  and to the membrane, which acted as a barrier for both photocatalyst and virus.  861 

Summarizing, the results obtained by Fu et al. [57] and Zheng et al. [93] demonstrated that a 862 

SPMR, operated with fine-bubble aeration and membrane backflushing, is able to remove  863 

different organic pollutants from waters limiting the problems related to membrane fouling. 864 

 865 

2.5. Coupling of photocatalysis with dialysis  866 

Starting from the main limit of the MD/photocatalysis hybrid system proposed by Mozia et al. [23, 867 

55, 56, 83, 84] that is the significant energy requirement to reach evaporation, Azrague et al. [94]868 

proposed the combination dialysis/photocatalysis to mineralize organic compounds contained in 869 

artificial turbid waters obtained by using bentonite.  870 

The dialysis membrane, separating the polluted turbid water compartment from the 871 

photocatalytic compartment, acts as barrier for the photocatalyst particles and allows to extract 872 

the organic compounds (2,4-dihydroxybenzoic acid (2,4-DHBA) in this study) from the turbid water 873 

thanks to the concentration difference between the two compartments. The absence of TMP 874 

avoids fouling. Besides, the membrane permits: i) to maintain the TiO2 in the photocatalytic 875 
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compartment avoiding a final filtration stage, and ii) to keep the bentonite away from the 876 

photoreactor, thus avoiding the light scattering from bentonite particles. Another aspect to be 877 

remarked is that the membrane module is not irradiated, so that the membrane cannot be 878 

degraded in any way. These advantages, combined with the complete removal of 2,4-DHBA, 879 

demonstrate the effectiveness of the proposed PMR combining photocatalysis and dialysis. The 880 

design of a PMR working in a continuous mode should be also possible. 881 

 882 

2.6. Coupling of photocatalysis with pervaporation 883 

In 2007 Camera-Roda and Santarelli [95] tested the integration of photocatalysis with 884 

pervaporation (PV), demonstrating that such an approach permits to improve the efficiency of the 885 

detoxification of water streams containing recalcitrant organic pollutants (as 4-chlorophenol (4-886 

CP) used as model pollutant) at a low concentration. 887 

In PV, separation is based on the relative volatility of the components in the mixture and also 888 

depends on the relative affinity of the components with the solid matrix of the membrane. Thus 889 

the choice of membrane material is important to obtain a selective separation of the molecules. 890 

In the experimental set-up utilized, a diaphragm pump continuously recycled the water to be 891 

treated to an Annular Photocatalytic Reactor (APR). At the exit of the APR, the water fed one or 892 

two plane PV modules containing organophilic membranes (membrane surface area = 160 cm2) 893 

through which the organic components permeate selectively, thanks to the vacuum (6 mbar) that 894 

is kept downstream. The retentate comes back in the photoreactor. The temperature is kept 895 

constant and oxygen is continuously supplied inside the photoreactor maintaining a constant 896 

concentration of 8 mg L-1 in the system. 897 

The results, summarized in Fig. 10, show that the rate of disappearance of 4-CP is highly improved 898 

by using the integrated system thanks to the synergy between photocatalysis (PC) and PV resulting 899 

in a process intensification. Practically PV positively influences PC as the membrane continuously 900 

removes some intermediate products that could slow down the rate of the photocatalytic 901 

reaction. Concurrently, the PV step takes advantage from the PC since the latter transforms the 902 

weakly permeable 4-CP into organic compounds that PV can remove at a high rate, i.e. 903 

hydroquinone and especially benzoquinone. 904 

represents the arithmetic sum at each time of the removals given by PC and PV acting alone. This 905 

curve represents the degradation of the two processes in the case they would operate in series, 906 

without integration, and is always higher than the curve representing the integrated process, 907 



38
 

because it does not consider the synergistic effect. Thus the synergy between PC and PV is 908 

demonstrated. 909 

 910 

 911 

Fig. 10. 4-chlorophenol (4-CP) concentration versus time in the integrated photocatalysis-PV 912 

process (data from [95]). 913 

 914 

Process intensification by synergistic effect depends on the optimization of the ratio between the 915 

characteristic rates of the PC and PV processes. To maximize the synergistic effect, the rates of the 916 

two processes should be balanced, as if one of the two has a characteristic rate much higher than 917 

that of the other one, then only the latter can significantly benefit of the integration. 918 

This approach, despite the above mentioned results, possesses the following significant 919 

drawbacks: i) the concentration of 4-CP in the retentate after 30 hours of the hybrid process is 920 

equal to ca. 50% of the initial one, resulting in ca. 50% 4-CP degradation; ii) the photodegradation 921 

intermediates, i.e. hydroquinone and especially benzoquinone, are removed at a high rate by PV, 922 

resulting in unsatisfactory mineralization; iii) the permeate solution, containing this by-product, 923 

need to be opportunely treated. 924 

 925 

3. Photocatalytic membrane reactors in the synthesis of organic substances 926 

Traditional industrial processes employed for the synthesis of organic substances are becoming 927 

even more unsustainable in terms of resources and environmental impact [5, 13, 14, 96, 97]. 928 

On the basis of this, the application of photocatalytic reactions to organic synthesis has attracted 929 

high interests to develop, in perspective, environmentally benign synthetic processes [10]. 930 

Heterogeneous photocatalysis, based on the use of a solid semiconductor, is a discipline that 931 

includes a large variety of reactions. Among them reduction and oxidation processes play an 932 
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important role in the production of a wide range of chemicals and precursors in the synthesis of 933 

organic compounds with high added value such as drugs, vitamins, fragrances, etc. 934 

Despite the great potentiality of the photocatalytic process and the important advantages that can 935 

be achieved by its coupling with a membrane separation system, to the best of our knowledge 936 

there are no photocatalytic synthesis of organic compounds such as oxidation or reduction 937 

reactions coupled with PMRs beyond those that will be presented in this review. 938 

One example of oxidation reaction carried out in PMR is the one-step conversion of benzene to 939 

phenol showing the possibility to use a photocatalytic reaction coupled to product separation by 940 

means of a membrane contactor [4]. The choice of a membrane permeable to phenol is crucial 941 

because it is more reactive than benzene and its permeation from the reacting solution avoids its 942 

oxidative degradation. The same general approach has been used in the partial oxidation of ferulic 943 

acid to vanillin (VA) [98]. In this case the utilization of a highly selective PV membrane allows the 944 

continuous recovery of VA by PV. One of the first examples of reduction reaction carried out in 945 

PMR is the hydrogenation of acetophenone to produce phenylethanol, a compound of wide 946 

industrial interest [99]. It was found that use of a membrane reactor improves the efficiency of the 947 

photocatalytic reaction compared to a batch reactor thanks to the extraction of phenylethanol in 948 

the organic extracting phase. Common benefits of the above integrated processes are the 949 

complete retention of the photocatalytic powder in the reacting medium, high degree of 950 

purification of the product simultaneously to the reaction, thus enhancing the productivity, yield 951 

and selectivity. 952 

In these systems, the choice of the membrane module configuration is mainly determined by the 953 

type of photocatalytic reaction and the membrane can assume many roles, as catalyst recovery, 954 

separation of the products, rejection of the substrate, etc. Besides, when the photocatalytic 955 

process is used as a synthetic pathway the use of an appropriate membrane [100, 101] can allow 956 

the selective separation of the product minimizing its degradation. Although these potentialities, 957 

the research in the field of PMRs remains still low for photocatalytic reduction. 958 

In the following the above mentioned processes will be described and discussed with greater 959 

details. 960 

 961 

3.1 PMR in partial oxidation: Conversion of Benzene to Phenol 962 

The one-step synthesis of phenol is of industrial interest. It is an important intermediate for the 963 

synthesis of petrochemicals, agrochemicals, and plastics with high production on a worldwide 964 
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basis [102, 103]. Today, most of the worldwide phenol productio965 

966 

explosive intermediate to manage (cumene hydroperoxide), large amount of acetone as by-967 

product and a multistep character, making it difficult to achieve high phenol yield compared to 968 

benzene [104, 105]. 969 

The search for new routes for phenol production based on the one-step direct benzene oxidation 970 

became more intensive in the last decade. Among the various routes, the photocatalytic approach 971 

is 972 

973 

attractive process, such as use of safer catalysts, e.g. TiO2 which is a component of 974 

pharmaceuticals and toothpastes; use of mild oxidants (molecular oxygen); possibility to work in 975 

mild conditions running reactions closer to room temperature and pressure; request of very few 976 

auxiliary additives; no production of harmful chemicals. However this reaction is little selective 977 

because phenol is more reactive than benzene and by-products can be formed [106-115]. To limit 978 

this problem, the use of Photocatalytic Membrane Contactor (PMC), that permits the combination 979 

of membrane separation and photocatalytic reaction in one device, reduces the formation of by-980 

products. Indeed, the main advantage in using a membrane in this system is the separation of 981 

phenol from the reaction mixture permitting to obtain improvements of yield and selectivity 982 

limiting side catalytic reactions. On the basis of this Molinari et al. 2009 [4] studied the direct 983 

benzene conversion to phenol in a hybrid photocatalytic membrane reactor using TiO2 as 984 

suspended catalyst. In this system the simultaneous phenol separation is performed by using 985 

benzene as both reactant and extraction solvent and a polypropylene membrane to separate the 986 

organic phase from the aqueous environment. The reaction performed is the following:  987 

 988 

          (3)989 

 990 

Preliminary experimental tests to study the effect of different parameters on this reaction showed 991 

that the phenol production did not depend on the unsolved substrate but from the little 992 

solubilised amount, evidencing the need to use a system that provides continuously benzene in 993 

order to maintain a constant concentration in the aqueous ambient (the biphasic membrane 994 

contactor). The photocatalytic reaction rate depends on the catalyst concentration, as shown in 995 

Fig. 11. Increasing the catalyst concentration the reaction rates increase although with a 996 
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concentration of 1.0 g L-1 a quick degradation of phenol is observed after 180 minutes. Thus it is 997 

preferable to use a lower catalyst concentration and this limits also the fouling phenomena. 998 

 999 

 1000 

Fig. 11. Phenol concentrations versus the time at different catalyst amount (pH = 5.5, Intensity = 1001 

6.0 mW cm-2, T = 25 °C) [4]. 1002 

 1003 

 Alkaline pH allowed to obtain a higher phenol concentration (20.2 vs 15.0 ± 0.5 mg L-1 in acidic 1004 

conditions) caused by a lower phenol adsorption on the catalyst surface which reduced its 1005 

degradation. Indeed at alkaline pH both TiO2 and phenol (dissociated as phenolate) are negatively 1006 

charged. 1007 

To verify the efficiency in terms of flux and extraction degree of phenol in the organic phase, 1008 

extraction and transport tests were carried out. Obtained results (Fig. 12) showed that use of 1009 

benzene as organic phase in the role of solvent (other than substrate) allowed the separation of 1010 

phenol from the aqueous ambient with a partition coefficient (KD) which reached a value of 2.1, 1011 

providing also a constant restocking of substrate (about 200 mg L-1) in the aqueous phase. 1012 

 1013 

 1014 
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 1015 

Fig. 12. Phenol concentration in aqueous and organic phases and benzene concentration in the 1016 

aqueous phase during the transport tests without photocatalysis (initial phenol concentration in 1017 

the aqueous phase 10 mg L-1) [4]. 1018 

 1019 

On the basis of the obtained results, a PMR set-up was built (Fig. 13) by connecting a 1020 

photocatalytic section with a separation zone by means of a peristaltic pump (4). The 1021 

photocatalytic section was constituted by a batch reactor (2) containing the aqueous acidic 1022 

solution with the catalyst (TiO2) in suspension, equipped with a Pyrex glass jacket surrounding it 1023 

which allowed to maintain the system at a temperature of 25 °C. Above the reactor a 500 W 1024 

medium pressure Hg lamp (3) (light intensity = 6.0 mW cm-2, UV-vis range: 240-440 nm, maximum 1025 

1026 

contactor immersed in a thermostatic bath (5). It was constituted by two compartment cells (V = 1027 

130 mL) separated by a hydrophobic flat sheet polypropylene membrane with an exposed surface 1028 

area of 28.3 cm2. The first compartment (6) contained the aqueous reactive phase coming from 1029 

the photoreactor. The second compartment (7) contained an organic phase (only benzene) 1030 

mechanically stirred by a motor, acting both as stripping solution and reagent.  1031 

 1032 
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 1033 

Fig. 13. Scheme of the experimental set-up:  photocatalytic reactor (a) coupled with the 1034 

membrane contactor (b) (1: batch reactor, 2: UV lamp, 3: magnetic stirrer, 4: peristaltic pump) [4]. 1035 

 1036 

In this system benzene was used as both substrate and extracting agent, avoiding the use of other 1037 

organic solvents. It permeated through the membrane and solubilised in the aqueous phase, 1038 

where its photocatalytic conversion to phenol took place. Subsequently the phenol produced 1039 

during the photocatalytic tests diffused into the organic phase (benzene). Therefore the PMR 1040 

allowed to obtain phenol production and its separation simultaneously to limit further oxidation to 1041 

some by-products, like benzoquinone, hydroquinone and other oxidized molecules.  1042 

The reduction of pH to 3.1 did not influence significantly the phenol flux Jorg,Ph with a value of 1.27 1043 

mmol h-1m-2 with respect to 1.06 mmol h-1m-2 at pH 5.5 (Table 6). Nevertheless, the most acidic 1044 

condition permitted to control the selectivity towards the intermediates, allowing to obtain a 1045 

lower formation and extraction of these oxidation by-products. 1046 

 1047 
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Table 6. Comparison of the results obtained in the photo-oxidation experiments in the PMC at pH 1052 

3.1 and 5.5 [4]. 1053 

 Caq,Ph 

(mg L-1) 

Corg,Ph 

(mg L-1) 

QE 

(%) 

Jorg,Ph 

(mmol h-1 m-2) 

pH 3.1 16.27 19.04 17.86 1.27 

pH 5.5 13.05 17.84 20.25 1.06 

 1054 

The productivity of the system decreased by one order of magnitude by increasing the catalyst 1055 

concentration from 0.1 to 1.0 g L-1 because at the highest catalyst concentration the phenol 1056 

produced was photodegraded. 1057 

As reported by several studies [116, 117], dissolved metal ions influence the photocatalytic 1058 

reactions because, when they are used in their higher oxidation state, they act as photoelectron 1059 

acceptors preventing the charge carrier recombination (Mn+ (n-1)+). Moreover, the reduced 1060 

species can react with H2O2, formed during the reaction [118, 1191061 

photo-Fenton reaction (M(n-1)+ + H2O2
n+ -). Using salts dissolved  in the aqueous 1062 

phase and iron(III) as dissolved metal ion a positive effect was observed with a phenol flux in the 1063 

organic phase almost two times greater than those measured without salts as a consequence of 1064 

the enhanced ionic strength [120, 121]. 1065 

Summarizing, the possibility to combine heterogeneous photocatalysis with membrane processes 1066 

using a PMR represents a very promising technology of great research and industrial interest, 1067 

although much studies are still needed before taking advantage of their potentiality at industrial 1068 

level. 1069 

 1070 

3.2 PMR in partial oxidation: Conversion of Ferulic acid to vanillin 1071 

Vanillin (VA) is one of the most important aromas with an annual world production of about 1072 

12,000 t [122-124] and it is widely utilized as a flavoring or functional ingredient in food, cosmetic, 1073 

pharmaceutical and nutraceutical products [125]. Currently this aromatic aldehyde is mostly 1074 

synthesized by chemical routes from lignosulfonates of the paper and pulp industry or from 1075 

guaiacol of petrochemical derivation, but, in these last years the final consumers of VA are 1076 

becoming more interested in natural products [126, 127] motivating the searcher to find a eco-1077 

friendly alternative synthesis of VA. Recently some authors [98, 128, 129] proposed a 1078 

photocatalytic synthesis of VA, demonstrating that it can be obtained by the photocatalytic 1079 
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reaction of some precursors, also of natural origin. However, VA is easily degraded into other 1080 

chemicals. To limit this problem some researchers [98, 129-134] studied a system to enhance  the 1081 

yield of aromatic aldehyde, by coupling the reaction with a membrane separation in a 1082 

pervaporation photocatalytic reactor (PVPR), so that the produced aldehyde can be recovered 1083 

during the synthesis to prevent its degradation. Böddeker and coworkers [132-134] demonstrated 1084 

that membranes in polyether-block-amide (PEBA) are very suitable for pervaporating low volatility 1085 

aromatics [132] and, in particular, VA [135]. Brazinha et al. [135] analyzed the PV of VA and ferulic 1086 

acid with polyoctylmethylsiloxane (POMS) membranes, giving an explanation to the high 1087 

separation factor of VA with respect to ferulic acid.  1088 

Camera-Roda et al. [129] demonstrated that the yield of the production of aromatic aldehydes 1089 

and, specifically, of VA [98] can be enhanced by the coupling of PV with the photocatalytic 1090 

reaction in the AROMA (Advanced Recovery and Oxidation Method for Aldehydes) process [136, 1091 

137]. When photocatalysis is coupled with PV or dialysis, the recovery of the product of the partial 1092 

oxidation of the aromatic alcohol enhances the rate, the selectivity and the yield. The AROMA  1093 

process presents an additional list of positive features: straightforward coupling, mild conditions, 1094 

-continuous (higher productivity) and 1095 

possibility of operating in a continuous, satisfactory purification of the product, absolute removal 1096 

of the powders from the product, no effect of the possible fouling, easy control, modularity, it can 1097 

be applied to the photocatalytic synthesis of a probably large number of aromatic compounds. 1098 

Augugliaro et al. [128] reported the photocatalytic oxidation of trans-ferulic acid, isoeugenol, 1099 

eugenol or vanillyl alcohol to produce VA in aqueous medium by using different TiO2 samples as 1100 

photocatalysts. Photocatalytic tests were carried out in two different batch systems: a cylindrical 1101 

and an annular photoreactor (APR). The authors reported selectivity to VA ranging from 1.4 to 21 1102 

mol% during the photo-oxidation tests conducted at room temperature. At the end of the 1103 

photocatalytic runs of trans-ferulic acid oxidation conducted in the APR, the VA produced was 1104 

recovered from the aqueous suspension by PV using a non-porous PEBAX® 2533 membrane. This 1105 

system allowed to obtain also the complete removal of the heterogeneous photocatalyst. They 1106 

reported that: i) this type of membrane was very selective towards VA, with a transmembrane flux 1107 

about 3.31 g h  m ; ii) in the proposed coupled photocatalysis-PV system the continuous removal 1108 

of the produced VA from the irradiated suspension avoided its subsequent oxidation, thus 1109 

increasing the process selectivity. Other important advantage obtained in the proposed system is 1110 

that the permeated VA 1111 
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by freezing downstream in a liquid nitrogen trap, without the necessity to use complex extraction 1112 

and re-crystallization procedures. 1113 

Camera Roda et al. [129] conducted the photocatalytic tests in a set-up showed in Fig. 14 where 1114 

the coupling of the two processes was achieved by recirculation in a closed loop of the retentate 1115 

from the PV modules into the photoreactor and back to PV. The permeate from the PV module, 1116 

collected by condensation of the permeated vapours, represents the product stream. 1117 

 1118 

 1119 

 1120 

Fig. 14. Scheme of the photocatalytic-pervaporation set-up: (1) thermostated tank; (2) circulation 1121 

pump; (3) UV lamp; (4) annular photocatalytic reactor; (5) pervaporation unit; (6) optional feed 1122 

make-up; (7) liquid nitrogen trap; (8) product stream; (9) incondensable (elaborated from [129]). 1123 

 1124 

During preliminary batch photocatalytic tests aldehydes produced are competitive with their 1125 

corresponding alcohols for the active sites of the semiconductor and then they are degraded by 1126 

photocatalysis. To extract the product to limit its degradation, some tests were performed in the 1127 

integrated system (see Fig. 14). In Table 7 the obtained results are compared.  Coupling of PV with 1128 

the photocatalytic partial oxidation of a benzyl alcohol to benzaldehyde the yield of the process 1129 

and the conversion are enhanced thanks to the continuous recovery of the desired aldehyde, in 1130 

spite of the little decrease of the selectivity.  1131 

 1132 

 1133 

 1134 

 
 
 
 

(1) 

(2) 
(3) 

(4) 

(5) 

Permeate 

(6) 

(7) 

(8) 

(9) 



47
 

Table 7. Conversion, selectivity and yield with and without pervaporation during the 1135 

photocatalytic conversion of benzyl alcohol to benzaldehyde (Operating condition: volume of the 1136 

recirculating slurry = 600 mL, catalyst concentration = 0.27 g L-1, temperature = 60 °C, irradiation 1137 

time = 8 hours, data from [129]). 1138 

Operating mode Conversion (%) Selectivity (%) Yield (%) 

PC with PV    
PC without PV    

 1139 

A good integration was achieved even performing photocatalysis and PV in two separate 1140 

apparatus, provided that the reacting solution is continuously recycled at a sufficiently high flow 1141 

rate. Additional advantages obtained thanks to this coupling are: i) higher purity of the recovered 1142 

aldehyde; ii) complete removal of the heterogeneous photocatalyst; iii) semicontinuous 1143 

production; iv) possibility to maintain mild operative conditions. 1144 

In a recent work, Camera-Roda et al. [131] improved the membrane performances in the PV 1145 

reactor to enhance the VA yield. They quantified, by process simulation, the effect of the 1146 

enrichment factors and of the permeate flux on the yield in a PV reactor, where VA was produced 1147 

from ferulic acid and subsequently investigated the methods to enhance these PV performances 1148 

(enrichment factors and permeate flux) on the basis of the results obtained by process simulation.  1149 

The study of the VA pervaporation with PEBAX membranes showed that a viable method to 1150 

enhance the enrichment factor of VA is to increase the membrane thickness, since the resistance 1151 

to VA permeation remains low while the resistance to water permeation increases. An 1152 

improvement of the enrichment factor can be obtained also by raising the temperature, with the 1153 

additional positive effect of increasing the VA flux. The pH has a minor influence on the rejection 1154 

of the substrate, which remains high also at low pH, when the substrate in solution is not 1155 

dissociated. 1156 

Contrariwise, the permeation of VA is affected by pH. In fact, permeation of VA is relatively high if 1157 

VA is not dissociated (pH < 6.5), but it decreases at pH = 7.9 when VA is partially dissociated and 1158 

becomes particularly low when VA is completely dissociated at pH = 10.3. However the real reason 1159 

for the very high rejection of the substrate (ferulic acid) and of most of the by-products is the low 1160 

volatility of these compounds.  1161 

Summarizing the results obtained by all these authors showed that VA production can be highly 1162 

enhanced in a PV reactor, where PV recovers VA directly from the reacting solution, thus limiting 1163 

any further degradation. 1164 
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 1165 

3.3 Reduction reactions in a PMR: conversion of acetophenone to phenylethanol   1166 

The possibility to use a PMR in reduction reactions was studied very recently by Molinari et al. [99] 1167 

in the photocatalytic hydrogenation of acetophenone to phenylethanol under UV and visible light.  1168 

Acetophenone has been used as a model substrate for hydrogenation of aromatic ketones in many 1169 

studies [138]. The reduction product, phenylethanol, is used as a building block for the synthesis of 1170 

bioactive compounds such as agrochemicals, pharmaceuticals, and natural products. Indeed, it is a 1171 

high-value aroma compound with a rose-like odor that is widely used in flavor and fragrance 1172 

compositions [139]. For most applications natural flavors are preferred, but, owing to limited 1173 

natural resources of phenylethanol, more production of this compound is required [99].  1174 

To make a cheaper and green process the authors used water as solvent, formic acid as hydrogen 1175 

and electron donor, that is converted into carbon dioxide (CO2) and hydrogen (H2) making the 1176 

reaction irreversible [140, 141]. Commercial TiO2 as semiconductors and UV light were used to 1177 

carry out the reaction:  1178 

 1179 

O

CH3 H
O

OH

CH3

OH

CO2+
TiO2, UV-light

+

    (4)1180 

 1181 

Solar light contains only 5% of UV radiation. Therefore for any practical application, the 1182 

photocatalytic system should operate also under visible light. On this basis, to increase the 1183 

efficiency of TiO2 under visible light, the authors synthesized titanium dioxide doped with 1184 

palladium (Pd/TiO2) by deposition precipitation method. 1185 

The preliminary tests, conducted in a batch photoreactor to study the influence of some operating 1186 

conditions on system performances, showed the best results in terms of phenylethanol yield 1187 

(4.7%) in the following conditions: i) 1.5 g L-1 of TiO2; ii) pH = 7.5; iii) [HCOOH] = 1.97 M.  1188 

Acetophenone reduction was also performed in a PMR, where the photocatalytic process and the 1189 

separation process allow simultaneously. The tests in the PMR were performed in the 1190 

experimental set-up schematized in Fig. 15 where the reaction loop is isolated from contact with 1191 

air. The plant was built by coupling a biphasic membrane contactor (MC) with an APR that consists 1192 

of a cylindrical pyrex glass reactor with an immersed lamp. The AP, whose volume was 500 mL, 1193 

was equipped with 3 outputs in its top section for sampling the suspension, for blowing argon and 1194 
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for degassing air at beginning of the reaction. A peristaltic pump withdraws the aqueous reacting 1195 

solution from the photocatalytic zone to the separation zone. Then the aqueous phase comes back 1196 

in the photoreactor by gravity. The MC, immersed in a thermostatic bath was maintained at the 1197 

same temperature of the photoreactor. It was constituted by two compartment cells (each one 1198 

with a volume of 130 mL) separated by a flat sheet polypropylene membrane with an exposed 1199 

membrane surface area of 28.3 cm2. The first compartment contains the aqueous reacting phase 1200 

coming from the photoreactor, while the second one contains an organic extracting phase 1201 

mechanically stirred by a motor. The phenylethanol produced in the aqueous reacting phase 1202 

diffuses through the membrane and then dissolves into the organic extracting phase, where it is 1203 

protected by successive over-hydrogenation, which can result in an enhancement of process 1204 

selectivity. The use of a membrane extractor instead of a traditional liquid/liquid extraction unit 1205 

avoids physical mixing between the organic and the aqueous phases, and allows a continuous 1206 

extraction process. 1207 

 1208 

 1209 

Fig. 15. Scheme of the membrane contactor integrated with the annular photoreactor: (a) argon 1210 

cylinder; (b) annular photoreactor; (c) medium pressure Hg lamp with cooling jacket; (d) magnetic 1211 

stirrer; (e) optional syringe pump for substrate feeding; (f) peristaltic pump; (g) degassing system; 1212 

(TC) temperature controller [99]. 1213 

 1214 

The results obtained during the photocatalytic hydrogenation tests on acetophenone in the PMR 1215 

compared with that one obtained under the same operating conditions in the batch system 1216 

showed that using the PMR the substrate conversion, yield, produced amount of phenylethanol 1217 
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and overall phenol productivity improve. This behaviour is caused by the simultaneous extraction 1218 

of phenylethanol in the organic phase that shifts the reaction forward to the product. Moreover, 1219 

the extraction of phenylethanol from the reactive phase allows to avoid a subsequent reduction 1220 

reaction of the extracted product enhancing the selectivity value. 1221 

During the experimental tests conducted in the PMR under UV light, the influence of various 1222 

reaction parameters such as different substrate feeding mode, addition of triethylamine, and 1223 

different flow rates were investigated in order to improve the phenylethanol productivity and its 1224 

extraction percentage into the organic extracting phase. 1225 

The feeding modes of the substrate were: i) drop by drop by the syringe pump; ii) dissolved in n-1226 

heptane; iii) reactant and organic extracting phase. The most efficient system was found to be the1227 

membrane reactor in which the acetophenone was used as both substrate and organic phase 1228 

(276.20 µmol of phenyl ethanol generated, 4.44 mgprod gcat
-1h-1 phenylethanol productivity, 21.91% 1229 

extraction percentage). This system permitted to obtain both the best substrate solubilisation in 1230 

the reacting phase and the best product extraction in the organic phase (Fig. 16). Furthermore, by 1231 

using n-heptane as solvent the final organic phase was mainly constituted by three components 1232 

(acetophenone, phenylethanol and heptane) whilst by operating in the reactant and extractant 1233 

mode the final organic phase was mainly constituted by two components (acetophenone and 1234 

phenylethanol). This makes easier the subsequent product recovery. Moreover acetophenone is 1235 

less volatile than heptane (boiling point 202 °C versus 98-99 °C), thus allowing to perform the 1236 

reaction for long irradiation time by working continuously.  1237 

 1238 

 1239 

Fig. 16. Phenylethanol concentration in the organic phase vs. time by using the membrane 1240 

photoreactor with different substrate feeding mode: syringe pump ( ), acetophenone dissolved in        1241 

n-heptane ( ), acetophenone as reactant and extractant ( ) [99]. 1242 

0

100

200

300

400

500

0 1 2 3 4 5 6 7
Time (h)



51
 

 1243 

Tests conducted under visible light showed that TiO2 was not active under visible light irradiation, 1244 

while doping the commercial catalyst with Pd the concentration of phenylethanol in the organic 1245 

phase increased linearly during the photocatalytic test (Fig. 17). 1246 

 1247 

 1248 

Fig. 17. Phenylethanol extraction in the organic phase vs. time by using TiO2 ( ) and Pd/TiO2 ( ) 1249 

under visible light and TiO2 under UV light ( ) [99]. 1250 

 1251 

The superior activity of this Pd/TiO2 was determined considering the phenyethanol production by 1252 

using Pd/TiO2 that was higher than the amount of desired product obtained in all tests conducted 1253 

under UV light. The Pd/TiO2 was active under visible light producing a greater amount of 1254 

phenylethanol (1371 µmol) and giving a productivity (22.02 mgprod gcat
-1h-1) five times higher than 1255 

that obtained by using the bare TiO2 under UV light for the photocatalytic hydrogenation of 1256 

acetophenone conducted in the same PMR system. 1257 

Summarizing, the results evidenced that use of a PMR, coupling the photocatalytic reduction with 1258 

a membrane separation system, allows to improve substrate conversion, yield, produced amount 1259 

of phenylethanol and the overall phenol productivity. Indeed the use of Pd/TiO2 photocatalyst 1260 

permitted to efficiently carry out the photocatalytic hydrogenation of acetophenone to 1261 

phenylethanol under visible light. This approach will allow to make a green and sustainable 1262 

process. 1263 

 1264 

4. Conclusion 1265 
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Photocatalytic Membrane Reactors (PMRs) have been experimented with interesting results in the 1266 

photodegradation of organic pollutants as well as in the synthesis of organic compounds by partial 1267 

oxidation or partial hydrogenation.  1268 

PMRs, thanks to the selective properties of the membrane, permit to achieve continuous 1269 

operation in a system that allows not only the recovery and reuse of the photocatalyst (in 1270 

suspension or immobilized) but also enhance the residence time of the substrate(s) to be 1271 

converted (total or partial oxidation or reduction) and allows a selective separation of the 1272 

product(s).  1273 

The various described configurations of PMRs can influence the performance of the photocatalytic 1274 

systems and control the catalyst activity, the fouling, the selectivity and the rejection of the 1275 

membrane. 1276 

In the PMR configurations using suspended photocatalyst, the photocatalytic zone can be 1277 

separated by the separation zone, giving some important advantages like the possibility to use 1278 

commercial membranes/modules. Membrane fouling and light scattering represent the most 1279 

important aspect to be taken into account, affecting the photocatalytic performance of the 1280 

system. In the case of photocatalytic degradation processes, the use of a submerged 1281 

photocatalytic membrane reactor (SPMR) with air bubbling and adequate membrane back-1282 

flushing represents the configuration showing, at the present, greater perspectives at large scale 1283 

level. 1284 

In the case of PMRs with immobilized photocatalyst, the preparation of photocatalytic membrane 1285 

systems, with suitable pore size and effective dispersion of the catalyst particles, represents an 1286 

important challenge to contrast the loss of photoactivity related to both the low photocatalyst 1287 

availability to irradiation and mass transfer limitations. In this system the irradiation of the 1288 

photocatalytic membrane is required, which can result in membrane and/or photocatalyst 1289 

degradation. The use of TiO2 nanoparticles immobilized in/on inorganic membranes represents an 1290 

interesting approach responding to these requirements. 1291 

SPMRs can have, at present, greater perspective of industrial applications. Indeed, use of 1292 

commercial membranes and possibility to separate the reaction zone from the separation zone 1293 

are two important design aspects. 1294 

The results obtained on the synthesis of organic compounds such as phenol, vanillin and 1295 

phenylethanol in PMRs show further applications and perspectives of this type of hybrid process.1296 
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The possibility to use the Sun as a cheap and clean source of light has to be considered in view of 1297 

developing photocatalysts working with visible light thus making a more sustainable process. 1298 

PMRs can be considered a 1299 

organic synthesis, although additional studies are still needed to take advantage of their 1300 

potentiality at industrial level. 1301 

 1302 

5. List of symbols 1303 

AOP:   Advanced Oxidation Process 1304 

APR:   Annular Photocatalytic Reactor 1305 

AR1:   Acid Red 1 1306 

AR18:   Acid Red 18 1307 

AROMA:  Advanced Recovery and Oxidation Method for Aldehydes 1308 

AY36:  Acid Yellow 36 1309 

BET:  Brunauer Emmett Teller 1310 

BSA:  Bovine Serum Albumin 1311 

CB:   Conduction Band 1312 

CMD:  Cimetidine 1313 

4-CP:  4-chlorophenol 1314 

CR:   Congo Red 1315 

CVD:  Chemical Vapor Deposition 1316 

DCF:  Diclofenac 1317 

DCMD:  Direct Contact Membrane Distillation 1318 

DG99:  Direct Green 99 1319 

2,4-DHBA:  2,4-dihydroxybenzoic acid 1320 

DPH:   Diphenhydramine 1321 

DW:  Distilled Water 1322 

Eg:   Band gap energy level 1323 

GEM:   Gemfibrozil 1324 

GO:  Graphene Oxide 1325 

GO-TiO2: Graphene Oxide doped TiO2 1326 

GW:   Groundwater 1327 

HA:   Humic Acids 1328 
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HFM:   Hollow Fiber Membrane 1329 

IBU:   Ibuprofen 1330 

KD:   Partition coefficient 1331 

LIN:   Lincomycin 1332 

MB:   Methylene Blue 1333 

MC:   Membrane Contactor 1334 

MD:  Membrane Distillation 1335 

MO:    Methyl Orange 1336 

NaA:   Sodium Alginate 1337 

NAP:   Naproxen 1338 

NF:   Nanofiltration 1339 

NOM:   Natural Organic Matter 1340 

N-TiO2:   Nitrogen doped TiO2 1341 

PhACs:  Pharmaceutically Active Compounds 1342 

PB:   Patent Blue 1343 

PC:   Photocatalysis 1344 

Pd/TiO2:  Palladium doped TiO2 1345 

PE:  Primary Effluent 1346 

PEBA:   Polyether-Block-Amide 1347 

PES:  Polyethersulfone 1348 

POMS:   Polyoctylmethylsiloxane 1349 

PM:   Photocatalytic Membrane 1350 

PMC:   Photocatalytic Membrane Contactor 1351 

PMR:    Photocatalytic Membrane Reactor 1352 

PR:    Photoreactor 1353 

PV:   Pervaporation 1354 

PVDF:  Polyvinylidene fluoride 1355 

PVDF-NFs: Polyvinylidene fluoride nanofibers 1356 

PVPR:   Pervaporation Photocatalytic Reactor 1357 

SBW:  Simulated Brackish Water 1358 

SC:   Semiconductor 1359 

SE:   Secondary Effluent 1360 
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SEM:  Scanning Electron Microscopy 1361 

SPMR:  Submerged Photocatalytic Membrane Reactor 1362 

SSF:   Stainless Steel Filter 1363 

SW:  Seawater 1364 

TAM:   Tamoxifene 1365 

TCEP:   Tris(2-chloroethyl) phosphate 1366 

TiO2-NFs:  TiO2 nanofibers 1367 

TMP:   Transmembrane Pressure 1368 

TOC:   Total Organic Carbon 1369 

TrOCs:   Trace Organic Contaminants 1370 

TTIP:   Titanium Tetraisopropoxide 1371 

TW:   Tap Water 1372 

UV:   Ultraviolet radiation 1373 

UW:   Ultrapure Water 1374 

UF:   Ultrafiltration 1375 

VA:   Vanillin 1376 

Vis:  Visible radiation 1377 

VB:   Valence Band 1378 

XRD:  X-ray Powder Diffraction 1379 

 1380 
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