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Graphical abstract 

 

Highlights 

 UV-vis N-doped TiO2 was deposited by sol-gel onto Al2O3 microfiltration membranes. 

 Coating decreased permeability by 50 and 12% for 200- and 800-nm Al2O3 membranes. 

 Flow through membrane results in higher reaction rates compared to flow on top. 

 Higher vis photocatalytic activity for N-doped TiO2 vs. non-doped TiO2 membranes. 

 Mass transfer is a critical parameter for the design of immobilized PMR. 

 

Abstract 

Commercial α-Al2O3 photocatalytic membranes with a pore size of 200 and 800-nm were 

coated with N-doped TiO2 photocatalytic film using a sol-gel technique for concurrent bottom-up 

filtration and photocatalytic oxidation. X-ray diffraction confirmed that the deposited films are in 

the form of anatase. The concentration of N found by X-ray photoelectron spectroscopy was in 
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the range of 0.3–0.9 atomic percentage with 78–84% coverage. Membrane permeability after 

coating decreased by 50% and 12% for the 200- and 800-nm membrane substrates, respectively. 

The impact of operational parameters on the photocatalytic activity (PCA) of the N-doped TiO2-

coated membranes was examined in a laboratory flow cell based on degradation of the model 

micropollutant carbamazepine, using a solar simulator as the light source. The significant gap in 

degradation rate between flow through the membrane and flow on the surface of the membrane 

was attributed both to the hydraulic effect and in-pore PCA. N-doped TiO2-coated membranes 

showed enhanced activity for UV wavelengths, in addition to activity under visible light. 

Experiments of PCA under varying flow rates concluded that the process is in the mass-transfer 

control regime. Carbamazepine removal rate increased with temperature, despite the decrease in 

dissolved oxygen concentration.  

  

Keywords: N-doped TiO2; Water treatment; In-pore degradation; Ceramic membrane; 

Photocatalytic membrane reactor (PMR) 

 

 

1. Introduction 

 

The use of semiconductors in combination with sunlight irradiation (i.e. photocatalysis) for 

the treatment of water and wastewater is classified as a heterogeneous advanced oxidation 

process. The main limitations of TiO2 are a relatively wide band gap (3.2 eV for anatase [1]), 

resulting in about 5% spectral overlap between its absorbance and sunlight emission (λ < ~390 

nm), and recombination of the generated electron–hole pairs. Non-metal doping of TiO2, using 

N, might produce enhanced UV and visible light (vis) activity [2–4]. The isolated narrow N band 



4 

 

formed above the TiO2 valence band is believed to facilitate vis absorption by acting as a 

stepping stone for excited electrons [5]. While there is some debate on how the activity is 

increased, this shift may enable the design of solar photocatalytic reactors for water treatment.  

Photoreactors operated with slurry photocatalysts may result in catalyst leaching and settling, 

and require separation/recycling of the catalyst from the treated water which is an inconvenient, 

time-consuming and expensive process. In addition, light penetration can be limited due to light 

absorption and scattering by the catalyst. Alternative photoreactors are based on the 

photocatalyst fixed on various carrier materials at different configurations such as fixed-bed 

[6,7], rotating-disk [8], falling-film [9], (multi)annular/immersion, optical fiber/hollow tube, 

monolith, microreactor [10] and photocatalytic membranes [11–15]. In the photocatalytic 

membrane reactor (PMR) hybrid configuration, the catalyst is embedded, and thus immobilized, 

in a membrane matrix and activated by direct illumination of the membrane. TiO2 immobilized 

on membranes provides photocatalytic degradation and filtration concurrently [16].  

Core parameters influencing photocatalytic efficiency are catalyst loading/coated surface 

area, water pH and quality (organic/inorganic), temperature, dissolved oxygen (DO), 

contaminant concentration and type, and light intensity [10,17–19]. Moreover, maximized light 

utilization and mass transfer are critical as immobilization reduces the active surface area and the 

reactants' contact with the catalyst. As the hydroxyl radicals produced have a very short lifetime, 

photocatalytic oxidation of pollutants (reactants) will only occur on or close to the surface [20]. 

For surface reactions, mass transfer may limit the reaction, especially as transport is by diffusion 

[6,8,21]. 

Although the use of renewable solar energy is attractive from an energy point of view, most 

of the PMRs in the literature are activated by UV light [16]. Ke et al. [22] were the first to report 
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a PMR with vis activity using Ag-doped zeolite coated on alumina membranes. These 

membranes were more efficient than TiO2 membranes at degrading methylene blue under both 

UVA (λ = 365 nm) and vis (λ > 420 nm). Others have fabricated various vis-activated 

photocatalytic membranes, demonstrating the degradation of different organic dyes [23–27]. Cao 

et al. [28] were the first to fabricate C, N-doped TiO2 membrane on porous alumina support; 

however, the photocatalytic activity (PCA) was only tested on unsupported films, in batch 

operation. Nearly complete degradation of methyl orange dye was obtained after four hours 

irradiation with vis light. However, upon excitation, organic dyes have a tendency to act as 

photosensitizers, making it difficult to attribute their degradation to a purely photocatalytic effect 

[29]. Photocatalytic degradation of persistent pollutants may prove more environmentally 

insightful compared to degradation of dye compounds. 

In this research, N-doped TiO2 coatings were deposited via sol-gel on commercial α-Al2O3 

membranes and characterized for their surface morphology, crystal structure, elemental 

composition and permeability. Several groups have reported fabrication of ceramic TiO2/Al2O3 

composite membranes with a hierarchically porous architecture and photocatalytic activity by 

sol-gel technique [30–33]. Porosity gradient is used to increase water permeability of the 

separative layer. Another factor in composite membrane fabrication is the integrity of the active 

layer to preserve the separation function over time. Choi et al. [30] found that at least three 

coating layers were needed to prevent cracks and pin-holes in the TiO2/Al2O3 composite 

membranes. However, ultrafiltration membrane synthesis by sol-gel method allows fabrication of 

layers with a pore size of up to ~50 nm [34]. The advantage of the proposed herein sol-gel 

method (pipette “drop-coating”) is the simplicity of applying the coating on a commercially 

available microfiltration membrane.  
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To date, there have been no reports on the degradation of environmentally persistent 

pharmaceutical water relevant contaminant as carbamazepine specifically by an immobilized 

PMR induced by uv-vis light active N-doped TiO2. The goal of this study was to examine the 

PCA of immobilized N-doped TiO2 membranes by following carbamazepine (CBZ) degradation, 

and to determine the impact of physical and operational parameters such as operation mode 

(surface vs. in-pore PCA), wavelength dependence, flow rate and temperature on the PCA. CBZ 

is a widely used antiepileptic drug that is known to resist degradation in conventional water and 

wastewater treatments [35,36].  

 

2. Experimental 

 

2.1. Materials and reagents 

 

A CBZ standard (>99% purity) was obtained from Sigma-Aldrich and LC–MS-grade 

methanol and water were sourced from Bio-Lab Ltd. (Jerusalem, Israel). All chemicals were 

used as obtained and a stock solution of CBZ was prepared by dissolving it in deionized (DI) 

water (Direct-Q3 UV system, Millipore-France) at a concentration of 50 mg l-1. Stock solutions 

of sodium phosphate monobasic (12 g NaH2PO4 in 1 l water) and sodium phosphate dibasic (14.2 

g Na2HPO4 in 1 l water) from Sigma Aldrich (Germany) were used together to make a pH 7 

buffer.  

 

2.2. Preparation of N-doped TiO2 thin-film coatings on membranes  
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Commercial flat α-Al2O3 microfiltration membranes with a nominal pore size of 200 and 

800 nm (Nanostone Water, formerly KSM Water GmbH) were selected as the substrates for the 

N-doped TiO2 coating. The membrane sheets were cut to give an effective filtration area of 2.2 x 

4.2 cm2, with a thickness of 6.6 and 3.8 mm for the 800- and 200-nm membranes, respectively.  

N-doped TiO2 coatings were prepared by sol-gel deposition as previously described [37,38]. 

Briefly, tetrabutyl orthotitanate and triethanolamine were dissolved in isopropanol followed by 

vigorous stirring for few minutes. Then ammonium hydroxide was added and the solution was 

vigorously stirred for 30 min at room temperature. Before the solution was deposited, the 

substrates were carefully cleaned by ultrasonic treatment with citric acid (0.1 M, at 80 °C) and 

then acetone (at room temperature), and finally air-dried for 24 h. The N-doped TiO2 coatings 

were applied by a drop-coating method using a pipette (2.5 ml corresponding to 0.12 ml cm-2 of 

membrane area). A 1 ml of solution was deposited at the sample center using a graduated 

Eppendorf pipette. The solution quickly spread out on the surface forming a homogeneous film. 

In a few seconds it is absorbed. Afterwards another 1 ml of solution was deposited in the same 

manner and finally, the last 0.5 ml was deposited, followed by annealing at 450 °C for 1 h. 

Preparation of non-doped TiO2 coatings followed a previously described procedure [38]. 

 

2.3. Membrane characterization 

 

2.3.1. Surface analysis 

X-ray photoelectron spectroscopy (XPS) analysis was carried out using a ThermoFisher 

Scientific Thetaprobe spectrometer with Al Kα monochromated radiation at a power of 140 W, 

spot size of 400 μm and a take-off angle of 37º (relative to the surface normal). Survey spectra 



8 

 

were acquired using a 0.4-eV channel width, 50 ms channel-1, 0–1350-eV spectrum width, 2 

scans, and a pass energy of 300 eV. The high-resolution XPS spectra of individual elements were 

acquired using a 0.2-eV channel width, 50 ms channel-1, 50 eV pass energy. The aliphatic C peak 

at 285.0 eV was used as a binding-energy reference. Curve fitting was performed with the 

ThermoFisher Scientific Avantage software after subtraction of a Shirley background and 

quantification using the instrument-modified Wagner sensitivity factors. Coverage of the Al2O3 

substrate by the TiO2 film was calculated from the atomic percentages (at.%) of titanium and 

aluminum, and normalized by the atomic densities in the two solids, as detailed in Grilli et al. 

[39]. 

 

2.3.2. Permeability 

The membrane water permeability for water was determined by measuring the pure water 

flux in a pressure-step test experiment. N2 (99.999%) was used to force DI water from a 5-l 

holding tank into the membrane pressure cell, operated in by dead-end filtration mode. The 

accumulated permeate water weight with time was recorded by the Balint software and the clean 

water flux was calculated (Eq. 1). A pressure regulator (Precision, SMC, Japan) was used to keep 

the pressure constant throughout the experimental procedure. The temperature of the filtered 

water was monitored by a thermocouple (Rapid Inc., UK).  

             (1) 

where A is the membrane surface area and  is the water density. 

 

2.4. Photocatalytic activity test of N-doped TiO2-coated Al2O3 membrane 
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The PCA of the coated membranes was determined with a custom-made, versatile PMR for 

concurrent filtration and solar photocatalytic degradation as detailed in Fig. 1. The flow cell was 

a laboratory-scale system for concurrent filtration and solar photocatalytic degradation used in 

recirculating semi-batch operation mode, operated in two flow configurations (FC), 

schematically shown in Fig. 1 as FC1 and FC2, and placed under light from a solar-simulator. 

The filtered and irradiated area of the filtration cell was 2.2 x 4.2 cm2. A quartz cover was placed 

above the membrane to ensure a uniform water height of 6.5 mm above the membrane and to 

seal the chamber. A 200-ml feed solution of 1 mg l-1 CBZ (4.24 x 10-3 mM, pH 7) was 

recirculated through the system for 30 min to ensure an adsorption/desorption equilibrium of 

CBZ on the membrane in the dark prior to irradiation. In the FC1 flow configuration, the feed 

solution was then filtered from the bottom up (i.e. uncoated) to the photocatalytically coated side 

of the membrane in a dead-end filtration mode. Hence, only the permeate was exposed to the 

photocatalytic effect. Treated water was collected on the permeate side and pumped back into the 

feed bottle, for a total irradiation time of 2 h. The advantage of filtering from the support side is 

that the photocatalytic layer is less exposed to surface fouling, which may shade the 

photocatalytic effect. Only molecules smaller than the pore size will pass to the permeate side 

and consequently be subjected to the photocatalytic degradation. The reasoning for the flow 

direction to the PMR can be found in Appendix A.  In the FC2 flow configuration, the feed water 

flowed on the coated membrane surface without membrane permeation. The filtration flow 

during the experiments was driven by a peristaltic pump with the exception of the Al2O3 

membrane with a pore size of 200 nm. For these membranes, the feed solution was driven 

through the membrane by compressed air, connected to a sealed feed bottle at a pressure 
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corresponding to the desired flow rate. The dilution ratio in the experimental system (i.e. 

illuminated volume vs. total volume) was 0.04.  

A solar simulator was used as the light source to ensure controlled irradiation conditions for 

the PCA experiments. A 300-W ozone-free xenon arc lamp was used with a 1.5 Global air mass 

(AM) filter (Newport, full spectrum 300 W, 50.8 mm x 50.8 mm, USA). Incident spectral 

irradiance before each experiment was measured by a spectroradiometer (International Light, 

ILT 900R, USA). The integrated incident irradiance was 1.4, 55.0 and 712.3 W m-2 for the UVB 

(280 nm–320 nm), UVA (320 nm–400 nm) and vis (400 nm–700 nm) ranges, respectively. The 

PMR’s efficiency was also tested using two long-pass (LP) filters (Newport, USA) which 

allowed screening out specific wavelengths: (i) all wavelengths below 320 nm (320LPλ  <320 

nm); (ii) all wavelengths below 400 nm (400LP λ  <400 nm), (iii) all wavelengths below > 280 

nm (no LP filter) (λ <280 nm). The temperature was measured using a type T thermocouple 

connected to a dual-input thermometer (CHY 502A, Taiwan) submerged in the feed water and 

inserted into the irradiated chamber. The oxygen concentration inside the feedwater chamber was 

monitored using a DO meter (WTW Multi 3410, Germany).   

 

Fig. 1 

 

2.5. Chemical analysis 

 

The CBZ concentration was determined by high-performance liquid chromatography 

(HPLC) (Agilent, model 1100), using a phenyl reverse-phase column (ACE-RP, 2.1 mm × 250 

mm, 5 µm). The mobile phase consisted of water (A) and methanol (B) and the detection 
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wavelength was 286 nm. The flow rate was specificied to be 0.5 ml min-1, the temperature set to 

40 ºC, and the injected volume 100 µl. The mobile-phase eluent gradient started with 60% of 

eluent A, followed by a 2 min linear gradient to 10% eluent A, 4 min isocratic elution and a 2 

min linear gradient back to 60% eluent A, maintained for 5 min to equilibrium.  

 

3. Results and Discussion 

 

3.1. Membrane characterization 

 

3.1.1. Surface characterization of the N-doped TiO2-coated membranes  

 The deposited film did not have a structure which was clearly distinguishable by SEM 

micrographs from the substrate membrane (Fig. A.1 and A.2). The XRD patterns for the N-

doped TiO2-coated membranes (Fig. A.3) confirmed that the films deposited on the two 

membranes are in the form of anatase, as shown by the intense (101), (103), (112), (200), (105) 

and (211) peaks. The average grain size, calculated from the (200) peak, was 12 nm for the 200-

nm membrane and 17 nm for the 800-nm membrane. The other XRD peaks corresponded to Al 

and Zr, plus a mixed Al/Zr oxide phase, as seen for the uncoated membranes (Fig. A.3). 

The surface elemental composition of both of the N-doped TiO2-coated membranes 

obtained by XPS analysis is given in 
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Table 1. The different Al concentrations for the 200- and 800-nm membranes confirmed that the 

film is not continuous in either case, leaving some of the membrane exposed. The surface 

coverage was estimated based on the XPS Ti and Al concentrations [39]. The surface-coverage 

values calculated in this manner do not take into account any local variations in the thin-film 

coverage or the specific active surface area exposed (e.g. due to high surface roughness or 

porous structure). The surface roughness could lead to an over-estimation of the N-doped TiO2 

coverage, as a result of shadowing of the incoming X-ray beam and obstruction of outgoing 

electrons by the coating. Hence, the limitations of this approach should be noted; nevertheless, 

assuming the roughness of the samples is similar, it provides a useful indicator of relative surface 

coverage between the coatings deposited on the different membranes. The results show that there 

is an approximate N-doped TiO2 surface coverage of 84% for the 200-nm membrane and 78% 

for the 800-nm membrane. Hence, there is no substantial difference in coverage as the membrane 

pore size increases, but the slightly higher coverage for the 200-nm membrane might be 

explained by a greater loss of sol-gel solution through the larger pores of the 800-nm membrane.  

There is no obvious method of depositing a ‘uniform’ sol-gel layer onto a substrate which 

exhibits an extreme surface morphology due to its high porosity. This coverage will not be 100 

% conformal, but since the sol-gel annealing process will also lead to cracks appearing in the 

coating, this is not considered to be a substantial drawback. This process is performed just one 

time, so there was no intention to build up the coating thickness through repeating this process in 

a ‘multi-layer’ fashion. In order to build a thicker film on the membrane surface, a quick and low 

temperature annealing process would have to be performed after each deposition to allow a 

solidification of each film. However, the permeability would be strongly affected. Results of this 

study showed that applying the more conventional dip-coating technique produced substrates 
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with poorer uniformity while the drop-coating resulted in a better uniformity and is easily 

applied, even for larger surfaces, while dip-coating requires higher solution volume.  

The N 1s photoelectron peaks for both membranes are shown in Fig. 2. The spectra can 

be fitted with three or four peaks, contributing 0.1–0.3 at.% each (plus one peak for the Mo 3d 

transition for the 200-nm membrane only). Assignment of N peaks is not straightforward and 

there is disagreement in the literature regarding this issue. However, it is generally accepted that 

the peak at approximately 396 eV corresponds to N substituting O in the TiO2 phase. Baker et al. 

[40] recently showed that the peak at approximately 400 eV is present on many surfaces due to 

the presence of N-containing organic contamination, but a peak at a similar binding energy can 

also occur due to the presence of interstitial NO- species in the bulk [41]. Furthermore, the peak 

at approximately 402 eV is associated with surface contamination [40]. It should be noted that on 

the uncoated surfaces, the N 1s peak for both the 200-nm and 800-nm membranes had only two 

components, at approximately 400 and 402 eV (data not shown exemplified for 800-nm 

membrane in Fig.A.5). The final component, at approximately 398 eV, most probably 

corresponds to interstitial N in the TiO2 phase [42]. Hence, in the thin N-doped TiO2 film on the 

200-nm membrane, N is present as both substitutional and interstitial N (and possibly interstitial 

NO-), whereas in the thin film formed on the 800-nm membrane, the N is present as interstitial N 

(and possibly NO-). The reason for the different doping of the thin films on the different 

substrates is not known, but may be associated with different behavior/evolution of the sol-gel 

molecular structure when deposited onto the membranes with different pore sizes. Traces of 

other metals were detected as contaminants.  
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3.1.2. Permeability 

 Permeability of the 200-nm and 800-nm membranes was measured to evaluate the 

integrity and properties of the membranes before and after deposition of N-doped TiO2 film. Fig. 

3a and 3b show the pure water flux as a function of pressure for the 200- and 800-nm membrane, 

respectively. The data shows a linear dependence and the water permeability is given by the 

gradient of the line. The pure water permeability for the uncoated 200-nm membrane was 3800 ± 

17% L m-2  h-1 bar-1 (LMH bar-1), and 1900 ± 15% LMH bar-1 for the coated membrane. For the 

uncoated 800-nm membrane, the water permeability was 21,000 ± 6% LMH bar-1, and 18,500 ± 

4% LMH bar-1 for the coated membrane. The membrane permeability decreased by ~50% after 

coating deposition for the 200-nm, while in the case of 800-nm, this decrease was ~12%. Choi et 

al. [43] also investigated the permeability for sol-gel deposited TiO2 films onto 100 nm pore size 

Al2O3 membrane substrates and reported similar results. They reported a continuous reduction in 

membrane permeability as a function of coating layers, with a 40% decrease in permeability for 

three coating layers, corresponding to a coating thickness of ~0.9 μm. To summarize, sol-gel N-

doped TiO2 thin films were not distinguishable in the SEM micrographs for either membrane. 

However, the sol-gel solution has clearly penetrated the membrane pores and due to 

accumulation may cause a partial blockage. This phenomenon was confirmed by a significant 

decrease in the permeability of those membranes. The 800-nm membrane substrates showed an 

insignificant loss in permeability, this improvement in performance probably being due to a more 

uniform distribution and thickness of the sol-gel coating within the pores.  
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3.2. Surface recirculation on top versus through the photocatalytic membrane 

 

 One of the key reasons for using membranes as a coating substrate is the possibility of 

increasing PCA due to enhanced contact between pollutant and surface. The effect of 

recirculating through the photocatalytic membrane (filtration, FC1) as opposed to recirculating 

the water on the surface of the photocatalytic membrane (FC2) was examined (Fig. 4). The 

overall degradation rate of CBZ was represented by a first-order kinetic model (Eq. 2) for the 

case of low pollutant concentration. Under the experimental conditions, CBZ degradation with 

time followed first-order kinetics with a regression coefficient above 99% (data not shown).  

            (2) 

where Vt is the total water volume and Airr is the external area of the irradiated catalyst, Cb is the 

pollutant concentration in the bulk, ko is the first-order observed rate constant. 

 Integration of Eq. 2 (with the restriction of C = C0 at t = 0, with C0 being the initial 

concentration in the bulk solution and t the reaction time) will lead to the following relation:   

           (3) 

where ko’ is the observed first-order rate constant normalized by irradiated catalyst area to total 

volume ratio. 

 Direct photodegradation of CBZ (using uncoated Al2O3 membranes) after 120 min 

exposure was negligible (<1%, Fig.A.7). CBZ showed negligible adsorption to the N-doped 

TiO2-coated membranes in the dark. After 120 min irradiation, both 200-nm and 800-nm coated 

membranes showed similar CBZ-degradation rates for flow through the membrane, with 

observed rate constants of 0.0087 ± 0.0005 and 0.0089 ± 0.0009 l m-2 min-1, respectively. These 

values correspond to 125 ± 9 mg m-2 specific CBZ removal (i.e. the cumulative CBZ removal per 
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unit area of membrane) by the PMR within the 120 min experimental time (see Fig. 4 inset on 

the right). Recirculating the CBZ solution on the surface of the membranes (i.e., without 

membrane permeation) resulted in the rate constant being substantially reduced (by ~90%). One 

reason for this difference is improved mixing of the water on the coated membrane surface 

caused by the flow through the porous material, increasing the contact of molecules with active 

sites and therefore decreasing the mass-transfer limitation. However, tThe significant gap in 

degradation rate between flow through the membrane and flow on the surface of the without 

membrane permeation cannot be attributed to the hydraulic effect alone and probably arises from 

in-pore PCA. It is impossible to determine the exact surface area available for PCA for a 

complex structure of the asymmetric membrane; however, this hypothesis can be logically 

elucidated. When a system is operating with feed water flowing on the coated surface (water 

height 6.5 mm), only the molecules at close proximity to the surface (i.e. in the boundary layer) 

can react at the active sites. The molecules can reach the surface either by diffusion or by 

dispersion due to complex flow pattern resulting from extreme membrane surface morphology. 

Molecules flowing outside the boundary layer will by-pass the photocatalytic process and result 

in the observed low efficiency. However, membrane permeation provides a more effective 

contact between the reactants and the catalytically active sites by introducing forced transport of 

reactants by convection inside owing to membrane high tortuosity. In this configuration, the 

molecules are flowing in a channel at an average distance of ~400 nm (e.g. for the 800 nm 

membrane) from the channel wall. Therefore, the interaction of molecules with active sites inside 

the pores is more probable. This configuration allows one to minimize the mass transfer 

resistances between the bulk of the fluid and the active surface. As a consequence of the forced 

transport of reactants by convection inside the pores, in addition to transport by diffusion, an 
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increased reaction rate can be achieved. Therefore, the most plausible explanation for the 

significant increase in pollutant degradation is the additional utilization of the coated pore walls 

(in a thin upper layer). The photons emitted from the solar simulator are collimated and therefore 

if the membrane had an ideal porous body with cylindrical and parallel pores, the photons would 

pass through the membrane without excitation of the pore walls. In this case, the active surface 

area could be estimated as the external surface area subtracting the voids. However, the 

membrane in this work has an asymmetric pore structure hence the photons can be absorbed by 

the pore walls and contribute to the PCA. Although it is impossible to directly calculate the 

radiative transfer at a local scale; however, a porous material cannot be considered as not 

penetrable to radiation. The radiation is anticipated to gradually absorb and scatter in the material 

as a function of the porous structure. Thus, the total PCA of a PMR configuration is divided to 

surface and in-pore PCA as can be seen in the pie chart of Fig. 4 inset where surface PCA 

component is responsible for only ~10% out of total PCA.   

 The results presented here are consistent with the results reported by Tsuru et al. [44], 

who used a photocatalytic membrane for decomposition of methanol (during gas filtration) and 

found that it was more efficient when operated in a filtration mode compared to just surface 

flow. Wang et al. [14] also demonstrated a lower decomposition rate of Acid Red 4 for cross-

flow versus dead-end operation using TiO2 supported on a porous ceramic tube. They attributed 

the effect to poor mechanical mixing, a lower contacting surface area and stagnant regions above 

the membrane. 

 The difference in N doping between coated 200- and 800-nm membranes (section 3.1.1) 

did not seem to affect the PCA. The coated 200- and 800-nm membranes were comparable in 

terms of CBZ degradation. However, the permeability tests reported in section 3.1.2 showed a 
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reduction in the permeability by ~50% for the coated 200-nm membrane. Hence, these 

membranes may function less well in a low-pressure system (i.e., max pressure 0.5 bar) when 

fouling and cake formation are taken into account. Based on the results shown here, it is clear 

that N-doped TiO2 coating should be deposited onto an Al2O3 membrane with a sufficient pore 

size (800 nm here) to enable sufficient hydraulic permeability. Consequently, the physical and 

operational parameters were examined for the N-doped TiO2-coated 800-nm Al2O3 membranes. 

 

 

3.3. Visible light activity of the N-doped TiO2- versus TiO2-coated membranes 

 

 The effect of different wavelengths on the PCA of N-doped TiO2 versus TiO2 was 

examined using two LP filters inserted into the solar simulator. Specifically, the examined 

wavelength ranges were: λ > 280 nm (no filter, full spectrum), λ > 320 nm (UVA + vis) and λ > 

400 nm (vis). The transmittance for the solar simulator incident irradiation (with and without the 

selected filters) as a function of wavelength is given in Fig. A.8. Fig. 5 presents the CBZ-

degradation rate constant under the full spectrum, UVA + vis and vis by the two coating types. 

When applying the full spectrum, the N-doped TiO2-coated membranes produced a significantly 

higher (by > 100 %) degradation rate than undoped TiO2-coated ones, with rate constants of 

0.0085 ± 0.0004 l m-2 min-1 and 0.0040 ± 0.0007 l m-2 min-1, respectively. The dependence of 

TiO2 and N-doped TiO2 on wavelength is best understood by the contribution of each spectral 

range to the total degradation of CBZ, as summarized in  

 

Table 2. While the UVB and UVA parts of the spectrum make equal contributions to TiO2 

activity, most of the N-doped TiO2 activity is contributed by UVA. Finally, only the N-doped 

TiO2-coated membranes showed PCA in the visible region, with this visible light contributing 

17% of the total activity, as opposed to TiO2 which was within the limit of measurement error 

and could therefore be regarded as negligible. 
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 The UVB photons have energy greater than the TiO2 band-gap and can hence directly 

promote electrons to excited states of the conduction band. These states show a lower electron–

hole recombination rate in comparison to those excited by photons in the UVA range [45]. Hence 

the reduction in degradation rate when filtering out UVB wavelengths was expected, even 

though it constituted only ~2% of the total UV radiation. However, doping TiO2 with N is 

assumed to reduce recombination [46]. Therefore, more efficient utilization of wavelengths in 

the UVA range resulted in enhanced efficiency. Wang et al. [46] proposed that the vis activity of 

N-doped TiO2 originates from single-electron-trapped oxygen vacancy intrabands, while the 

dopant N atoms/species function to prevent photoinduced electrons and holes from recombining. 

 The enhanced UV–vis-driven PCA of N-doped TiO2 has been confirmed in many studies, 

although the origin of this activity is subject to debate.  Asahi et al. [2] claimed that the doped N 

atoms act to narrow the band gap of TiO2, making it capable of absorbing visible light and hence 

exhibiting vis-driven photocatalysis. Irie et al. [3] argued that an isolated narrow band is formed 

above the valence band which is responsible for the visible response by promoting electrons 

from this interband state to the conduction band. However, Ihara et al. [47] insisted that it is only 

oxygen vacancies that contribute to the vis activity and that the doped N atoms only enhance the 

stabilization of these oxygen vacancies. Mohamed et al. [48] has reported on the enhanced 

photocatalytic response of N-doped TiO2 nanorods assembled microspheres towards phenol 

degradation under UV and vis light irradiations. In contrast, the undoped TiO2 samples were able 

to degrade phenol under UV light alone. Larumbe et al. [49] conducted a comparative study on 

undoped, N and Fe doped TiO2 nanoparticles and found 0.3%N-doped TiO2 as superior for 

methyl orange degradation under both UV and vis light. Increase in N content in the samples to 

0.7% displayed poor response under both UV and vis light in spite of the reduction in estimated 
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band-gap energy. In contrast to Wang et al. [46], the negative effect of increasing N content was 

assigned to the increase in oxygen vacancies acting as recombination centers. 

 

 

3.4. Flow-rate dependence 

 

 The effect of flow rate on PCA was examined by recirculating the water inside the 

system at different flow rates. Once the catalyst is activated by the incident light, maximum 

contact between the active sites and the target molecules must be achieved. Hence, the mass-

transfer limitation between molecules in the fluid and solid catalytic surface must be considered. 

In external mass transfer, the target pollutant must diffuse from the bulk fluid to the 

photocatalytic surface where it is adsorbed and it reacts, while internal mass transfer can be 

neglected for the case of thin films. The observed degradation-rate constant in fact includes mass 

transfer and intrinsic kinetic reaction-rate constants according to the correlation in Eq. 4 [50–52]. 

However, finding the various coefficients were not the focus of this work. 

           (4) 

where kr is the reaction-rate constant, K is the Langmuir–Hinshelwood (L–H) adsorption 

coefficient, km is the external mass-transfer coefficient. 

 The effect of increasing flow rate on CBZ degradation rate was examined at 0.5, 1, 4 and 

8 l h-1 (Fig.  6). The CBZ degradation-rate constant increased with increasing flow rate, thereby 

confirming that the process is in the mass-transfer control regime. The increase in the 

degradation rate constant reached a maximum value at 4 l h-1, followed by a decrease and greater 

variation at 8 l h-1. This decrease at high flow rates was not expected since the reaction-rate 



21 

 

constant would have been expected to further increase or reach a plateau when the reaction was 

no longer diffusion-limited. However, at high flow rates, physical factors that depend on the 

properties of the membrane can affect the reaction rate. A possible explanation for the observed 

behaviour is an increase in membrane resistance with increasing velocity, causing the water to 

randomly bypass the more densely coated pore channels resulting in a reduction in the active 

area. Hence, the substrate properties play a crucial role in process planning and optimization of 

performance. 

 Similar results were found by Lin and Valsaraj [53], who used a photocatalytic reactor 

made up of a ceramic multichannel monolith as a support for TiO2 and monitored the 

degradation of o-dichlorobenzene and phenanthrene. The effect of water-flow velocity was 

investigated and the operation was shown to be in the mass-transfer control regime. Therefore, 

increasing the flow velocity, and thus the Re number, could reduce the external-mass-transfer 

resistance. Duran et al. [21] used a test setup that allowed flow along the photocatalytic surface. 

The mass-transfer limitation disappeared at Re > 2600, i.e., when the flow was no longer 

laminar.   

For the case of a batch operated system, increasing photocatalytic efficiency can be 

achieved through improved mass transfer of the pollutant to the coated surface using higher flow 

rate. However, the additional operational costs must be weighed in relation to the increase in 

process efficiency. For the case of a system operated in a continuous mode (e.g. as a plug flow 

reactor), elongation of the residence time (i.e. lower permeate flux) enhances the degradation 

efficiency of organic pollutants and leads to an improvement of permeate quality. As 

photocatalytic efficiency of immobilized systems is still limited by the available photocatalytic 
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active area, longer residence time may not be a sufficient solution, hence introducing a 

circulation stream with flux increase can still be a viable option.  

 

 

3.5. Temperature effect on PCA 

 

Permeate flowing in a thin layer (e.g. a few millimeters) above the membrane can be 

subjected to significant temperature changes. It is therefore important to examine the impact of 

temperature on PCA. Temperature effects on the photocatalytic reaction have been detailed by 

Herrmann [54]. In general, the sequence of steps involved in converting reactants to products is: 

(1) transfer of the reactant from the bulk fluid to the catalytic surface; (2) adsorption of the 

reactant at the catalytic surface; (3) reaction in the adsorbed phase; (4) desorption of adsorbed 

product(s); (5) transfer of the products from the solid into the bulk fluid. Although the 

photocatalytic process is triggered by photonic activation, and does not require heating, the 

observed first-order rate constant still depends on temperature through the L–H adsorption 

coefficient K (Eq. 4), which varies with temperature according to van’t Hoff’s law [29]. 

 This effect was examined by heating or cooling the feed solution using a temperature-

controlled circulating water bath (MRC BL-30, Israel). The temperature was set to 20 oC or 45 

oC and the flow rate was set to 1 l h-1. The temperature and the DO concentration were monitored 

throughout the irradiation experiment. The initial DO values at 20 °C and 45 °C were 9.4 and 6.7 

mg l-1 respectively, as an increasing temperature resulted in a decrease in the initial DO 

concentration due to the reduced solubility of O in water (Fig. A.9). Furthermore, a small 

decrease in DO concentration (<10%) was observed after 30 min for both temperatures and then 
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remained constant, suggesting that O adsorption to the catalyst had reached saturation. Thus, the 

concentration of O is not necessarily a limiting factor at these temperatures. O does not seem to 

compete with other dissolved species during the adsorption on TiO2 since oxidation and 

reduction occur at different locations [55]. Moreover, DO acts as an electron acceptor and 

therefore decreases electron–hole recombination on the catalyst and also may be involved in the 

formation of other oxidative species (e.g. superoxide, hydrogen peroxide).  

 The experiment performed at 45 °C resulted in ~40% increase in the degradation-rate 

constant compared to the experiment performed at 20 °C (Fig. 7). This result is in good 

agreement with the theory described above. The CBZ stability at 45 °C was examined by 

repeating the experiment using an uncoated membrane, which showed a negligible effect within 

error limits. The lower DO concentration at 45 °C did not result in a reduction of the CBZ-

degradation rate, suggesting that the adsorption/desorption equilibrium of CBZ is a more 

significant limiting factor than DO. Similar results have been reported in the literature. Mozia et 

al. [56] found a linear correlation between the photocatalytic degradation-rate constant of the azo 

dye, Acid Red 18, at reaction temperatures in the range of 20–60 °C. Increasing the temperature 

from 20 °C to 50 °C resulted in a 17.5% increase in the reaction rate, whereas above 60 °C, a 

decrease was observed. They also observed that although the DO concentration in the water 

decreases with increasing reaction temperature, the effectiveness of the photocatalytic 

degradation increases. A similar relationship was obtained by Chen and Ray [57], who attributed 

the increase in the rate constant for a temperature rise of 10 °C to 50 °C to the increasing 

collision frequency of molecules in solution. 
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4. Conclusions 

 

Highly efficient UV–vis-active N-doped TiO2 coatings were successfully deposited by sol-

gel (using pipette “drop-coating” method) onto commercial Al2O3 microfiltration membranes. 

Surface characterization revealed a coating with anatase structure and N content in the range of 

0.3–0.9 at.%, predominantly located at interstitial sites in the TiO2. Good surface coverage 

(~80%) was achieved by the proposed method. Using commercial microfiltration membrane as a 

substrate for a thin film coating, instead of building an independent separative layer, does not 

significantly compromise membrane permeability and will still allow operation at low 

transmembrane pressure. However, as applied as a single layer, coating’s integrity under 

continuous operation in field conditions must be evaluated.  

The porous structure of the membrane can provide a significant improvement in PCA compared 

to smooth coated surfaces. Recirculating the treated water through the photocatalytic membrane 

(filtration) resulted in a significantly higher (by ~90%) CBZ reaction rate, this was attributed to 

“in-pore” PCA due to increased contact of molecules with the active sites caused by the flow 

through the porous material. More importantly, N-doped TiO2 Al2O3 membranes were especially 

active under UVA and possess vis PCA which accounts for 17% of the total PCA, allowing more 

efficient utilization of solar light. The CBZ-removal rate increased with temperature, despite the 

decrease in DO concentration. A disadvantage of coated PMRs is that the effective water 

cleaning process is controlled by diffusion of pollutants to the catalytic surface. Increasing the 

mass transfer via an increase in water flux was found to be limited by membrane properties. Yet, 

optimization through elongation of the process residence time should be considered due to the 
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additional operational costs of increasing water flux to the system. While planning a full scale 

system, a threshold for a degradation of a standard pollutant should be introduced for 

quantification of all available options. 
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Fig. 1. Schematic diagram of a laboratory PMR system and flow configurations (FC1 – flow 

through the membrane and FC2 – flow without membrane permeation) used for concurrent 

filtration and solar photocatalytic degradation via recirculating semi-batch operation mode. 

 

 

 

 



31 

 

 

 

Fig. 2. High resolution N1s XPS spectra from the N-doped TiO2 coated 200 nm and 800 nm pore 

size membranes 
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Fig. 3. Clean water flux as a function of pressure for a) Al2O3 200 nm and b) Al2O3 800 nm 

membranes 

 

a b 
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Fig. 4. CBZ degradation rate constant for two operation modes (Q=0.5 l h-1): bulk flow through 

and surface flow over N-doped TiO2 coated membranes: Al2O3 (200 nm) and Al2O3 (800 nm) 

(The insets depicts: on the left, the surface versus in-pore PCA components and on the right, the 

specific CBZ removal of FC1 and FC2). 
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Fig. 5. CBZ removal by N-doped TiO2 and TiO2 coated membranes when exposed to the full 

spectrum (UVB+UVA+ vis), using a 320LP filter (UVA+ vis) and using a 400LP filter (vis) 
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Fig.  6. The CBZ degradation rate constant as a function of flow rate 
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Fig. 7. CBZ degradation as a function of time at two feed solutions temperatures, T=20°C and 

T=45°C 
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Table 1: XPS-determined surface composition of the N-doped TiO2-coated 200-nm and 800-nm 

pore size membranes. 

Element C O Ti Al N Si Zr Mo Cu Ca Mg F 

Concentration 

(at.%) 200 nm 

12.6 62.7 18.2 5.1 0.9 - 0.4 0.2 - - - - 

Concentration 

(at.%) 800 nm 

8.8 63.2 15.5 7.2 0.3 3.0 - - 0.2 0.2 1.1 0.5 

 

 

 

Table 2: Summary of percent contribution to CBZ degradation by UVB, UVA and visible (vis) 

ranges of the solar spectrum. 

Coating type TiO2 N-doped TiO2 

Spectrum range UVB UVA vis UVB UVA vis 

% contribution out of total 

activity (i.e., full spectrum) 

50 44 6 5 78 17 

 

 


