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ABSTRACT Titania has already proven its added value for air and water treatment. The higher 

the surface-to-volume area, the better the performance of the TiO2 photocatalyst. These 

nanoparticles are typically applied in a slurry form. The use of titania nanoparticles in 

suspension has, however, multiple disadvantages such as a high turbidity and complex recovery 

of the photocatalyst after use. Therefore, immobilization of titania nanoparticles on a porous 

support such as a nanofibrous membrane, can be highly valuable for water treatment. These 

TiO2 functionalized nanofibrous membranes may be used not only in a membrane separation 

reactor, but also in a contact reactor. In this study, TiO2 nanoparticles were immobilized on 

both polymer (polyamide 6) and ceramic (silica) nanofibrous membranes. Polymer nanofibers 

are chosen as they are the state-of-the-art material, silica nanofibers on the contrary are less 

studied but show additional advantages due their excellent chemical and thermal stability and 

can thus offer a clear benefit for a wider range of applications. Two immobilization techniques 

were used, namely inline functionalization and dip-coating. Inline functionalization showed to 

be the preferred method for polyamide 6 nanofibrous membranes, dip-coating for silica 

nanofibrous membranes. Complete degradation of isoproturon, an actual concern in water 

treatment, is shown. Even the widely available commercial TiO2 nanoparticles allowed for a 

complete isoproturon removal as the result of a correct immobilization process on nanofibrous 

materials. This clearly opens up the high value of TiO2 functionalized nanofibrous membranes 

for organic (micro)pollutants removal.  

KEYWORDS TiO2 nanoparticles, photodegradation, polyamide nanofibers, silica nanofibers, 

isoproturon 

1. INTRODUCTION 

Titania, a well-known photocatalyst, is widely used because of its great availability, low cost, 

non-toxicity, chemical and thermal stability [1]. One of the most interesting properties of titania 
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is its photocatalytic activity under UV irradiation, producing highly oxidative hydroxyl radicals 

capable of oxidizing many organic (micro)pollutants [2]. This results in many applications such 

as self-cleaning surfaces, antibacterial surfaces, air purification and water purification [3–6]. 

Since many of the applications rely on surface related phenomena, a high specific surface area 

is desired as it enhances the performance of the photocatalyst. TiO2 nanoparticles are thus 

known to show greater photocatalytic properties compared to their bulk counterpart [7,8].  

Phenylurea herbicides are generally applied for agricultural applications. Isoproturon is one 

of the most used herbicides in Europe and due to its water solubility, low chemical and 

biological degradation it contaminates surface and ground water [9,10]. Heterogenous 

photocatalysis using TiO2, has been considered as highly promising for waste water treatment 

and degradation of these herbicides [11,12]. Additionally, removal of organic components 

present in industrial, highly acidic effluents remains a major issue as well, which can also be 

tackled using TiO2. Photocatalytic reactor configurations for water treatment can be classified 

into two types depending on the state of the photocatalyst: reactors with suspended 

photocatalyst particles (slurry reactors) (1) and reactors with immobilized photocatalyst 

particles (2). A major disadvantages of slurry type reactors (type 1) is the additional post-

separation step of the photocatalyst. An increased interest is thus seen in immobilizing the TiO2 

nanoparticles on a porous, inert support [13–17].   

Nanofibrous membranes, obtained via the electrospinning process, have a high specific 

surface area, high porosity and small pore sizes. These unique properties make these non-

woven membranes ideal for a wide range of filtration applications [18]. Moreover, they show 

to be an ideal highly porous support for immobilization of TiO2 nanoparticles. Via the 

electrospinning process both polymeric as ceramic nanofibrous membranes can be produced 

[19–21]. Polymer nanofibrous membranes functionalized with TiO2 nanoparticles have already 

shown to be promising for photodegradation of dissolved organic matter, humic acids and 
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bacteria [3,22,23]. Ceramic membranes, although less exploited so far, have many advantages 

over polymeric membranes for filtration applications, since they have typically superior 

thermal properties, and a better resistance against corrosion and chemicals [24]. These 

membranes can thus be used for highly acidic effluents. Silica nanofibers have recently shown 

their added value for removal of heavy metal ions and dyes via sorption [25–27]. So far they 

have not yet been exploited to study the removal of micro pollutants. Functionalization of these 

nanofibrous membranes with TiO2 nanoparticles results in an added functionality for 

removal/degradation of organic components. Additionally, functionalization with TiO2 

prevents fouling of the membranes, which is a major concern in membrane use for water 

treatment [24,28]. Thus TiO2 functionalized ceramic nanofibers will be exploited here for the 

removal of micro pollutants. 

The simplest approach for functionalization with TiO2 nanoparticles is the addition of a 

chosen amount of the particles to the solution prior to electrospinning, namely inline 

functionalization. An alternative method is post-functionalization, where the membranes are 

functionalized with TiO2 after production. In this study, the dip-coating process will be studied 

as a post-functionalization method. Both functionalization methods have their advantages and 

disadvantages. Inline functionalization is an easy and straightforward, one-step 

functionalization method, resulting in TiO2 nanoparticles which are distributed inside the 

nanofibers. Dip-coating, on the contrary, is a two-step process resulting in the presence of the 

nanoparticles on the surface of the nanofibers and making them more accessible to the 

pollutants. Three challenges are encountered during surface modification, being uniformity, 

coating without affecting the pore sizes and possibility for industrial upscaling [18]. 

In this work, commercial Degussa P25 TiO2 nanoparticles are immobilized in and on a highly 

porous nanofibrous support. Commercial Degussa P25 TiO2 nanoparticles have already proven 

their value as photocatalyst for water treatment, but proper immobilization remains vital as it 
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increases the applicability of these nanoparticles. Therefore, in this study both polymeric 

(polyamide 6) and ceramic (silica) nanofibrous membranes are functionalized with these TiO2 

nanoparticles. First, the TiO2 loading of inline and dip-coated nanofibrous membranes are 

quantified using TGA, XRD and ICP-OES. Next, the photocatalytic behavior is tested by 

decoloring of methylene blue, an ideal test compound for a first screening of the produced 

membranes and their degradation efficiency. Finally, the true degradation potential of micro 

pollutants is tested on isoproturon using a basic set-up. Both UV-Vis spectroscopy and LC-MS 

are used for evaluation of the degradation of the pollutants. The removal of isoproturon is a 

real concern in water treatment today in view of discharge to the environment and has not yet 

been solved adequately. It is believed that commercial TiO2 nanoparticles may be highly 

valuable when immobilized on porous polyamide or silica nanofibrous membranes for removal 

of various organic (micro)pollutants. Moreover, these membranes are applicable in various 

water treatment set-ups such as contact reactors or membrane separation reactors.  

 

2. EXPERIMENTAL SECTION 

2.1 Materials. Titanium (IV) oxide (Degussa P25) was obtained from Sigma-Aldrich. It is a 

standard material in the field of photocatalytic reactions, having a primary particle size of 21 

nm and a specific surface area of 35-65 m2/g. The sol-gel precursor tetraethoxysilane (TEOS, 

reagent grade 98%) and hydrogen chloride (HCl, 37%) used as catalyst for the sols, were both 

obtained from Sigma-Aldrich and used as received. The solvent absolute ethanol was obtained 

from Fiers. Polyamide 6 (PA 6) pellets were provided by Sigma-Aldrich and used as received. 

The solvents formic acid (98 v%) and acetic acid (99.8 v%) were supplied by Sigma-Aldrich. 

The dye methylene blue and the herbicide isoproturon were also provided by Sigma-Aldrich.  

2.2 Electrospinning of nanofibers. Polyamide solutions for electrospinning were prepared 

by dissolving 13 wt% and 16 wt% of PA 6 in a 50:50 v% formic acid:acetic acid solvent 
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mixture. The sols were prepared using the methodology described in previous work [29–31]. 

The sols were prepared from a mixture of TEOS:ethanol:H2O:HCl with a molar ratio of 

respectively 1:2:2:0.01. Firstly, TEOS and ethanol were mixed. Secondly, aqueous HCl was 

added to the solution under vigorous stirring. After completion of the hydrolysis reactions 

(exothermic process) the sols were heated under stirring at 80°C. An Allihn set-up was used 

allowing the ethanol to reflux during 16 h. Finally, a rotary evaporator was used to evaporate 

the ethanol until a desired sol viscosity, in between 100 and 200 mPa.s, was reached.  

Prior to electrospinning the viscosity of the solutions was measured using a Brookfield 

viscometer LVDV-II. The electrospinning experiments were executed on a mononozzle set-up 

with a rotating drum collector. For the electrospinning of the 16 wt% polyamide solutions a 

tip-to-collector distance (TCD) of 6 cm was used, a flow rate of 2 mL h-1 and a voltage in 

between 21 and 25 kV. The electrospinning of the 13wt% PA 6 solution was carried out with 

a TCD of 10 cm, flow rate of 0.5 ml h-1 and a voltage in between 20 and 25 kV to obtain a 

stable process. For the electrospinning of the silicon oxide sols the TCD was fixed at 15 cm, 

the flow rate at 1 mL h-1 and the voltage was adjusted in between 20 and 24 kV to obtain a 

stable electrospinning process. All the experiments were executed at a relative humidity of 34% 

RH ± 10% of and a room temperature of 22°C ± 2°C. Nanofibrous membranes with a density 

of ± 10 g/m2 were obtained. 

2.3 Functionalization of nanofibers. Inline (IL) functionalization was carried out by adding 

varying amounts of TiO2 nanoparticles to the electrospinning solutions prior to electrospinning. 

For the lower TiO2 loadings (0.2 wt% - 5 wt%), TiO2 powder was added after preparation of 

the electrospinning solutions, the solutions were first stirred with a magnetic stirrer during 0.5 

h and next ultrasonicated for 0.5 h, resulting in a homogenous dispersion of the nanoparticles. 

These low TiO2 loadings had no influence on the electrospinning process. Electrospinning of 

the higher TiO2 load (35 wt%) was only possible when the amount of PA 6 in the formic 
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acid/acetic acid solutions was lowered from 16 wt% to 13 wt% PA 6. To prepare the 35 wt% 

TiO2 inline functionalized PA 6 solution, the TiO2 nanoparticles were first homogenously 

mixed in the solvent mixture by ultrasonication, next the polymer pellets were added and the 

solution was stirred for 6h. The electrospinning parameters were optimized as described above. 

The amount of TiO2 added is expressed as a weight percentage relative to the total weight of 

polyamide 6 and TiO2, or silica and TiO2. To indicate the relative amounts of TiO2 added to 

the silica nanofibers it was assumed that complete crosslinking of the TEOS took place 

resulting in a SiO2 network.  

Aqueous TiO2 nanoparticle suspensions (0.12 mol L-1, 0.34 mol L-1 and 0.5 mol L-1) were 

dip-coated on the nanofibrous membranes at room temperature and at a coating speed of 102.8 

mm/min, using a computer controlled dip-coating unit (KSV Instruments). Dip-coating was 

carried out in a clean room facility (class 100 000/1000). Samples dip-coated (DC) with a 0.12 

mol L-1 and 0.5 mol L-1 TiO2 aqueous suspension were immersed for 3 min. Samples dip-coated 

with a 0.34 mol L-1 TiO2 aqueous suspension were immersed for 10 min. Both hydrophobic as 

well as hydrophilic silica nanofibrous membranes were dip-coated. Hydrophilic membranes 

functionalized via dip-coating are denoted with a H. The as-coated membranes were first dried 

at room temperature for 24 h, after which the samples were cured during 30 min at 100°C.  

2.4 Characterization of nanofibrous membranes. The morphology and the diameters of 

the nanofibers were examined using a FEI Quanta 200 F Scanning Electron Microscope (SEM) 

at an accelerating voltage of 20 kV. Prior to analysis the samples were coated using a sputter 

coater (Emitech SC7620, Au coating). Image J software was used to determine the nanofiber 

diameters by taking an average of 50 measurements per sample. Thermogravimetric analysis 

of the TiO2 functionalized PA 6 membranes were performed on a Netzsch STA449 FR Jupiter 

set-up. The samples were heated at a rate of 10°C min-1 from room temperature to 800°C under 

air.  
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Details on Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis, 

X-ray Diffraction (XRD) analysis and Tauc plot construction are given in the Supporting 

information. 

2.5 Photocatalytic activity test. The photocatalytic activity of the membranes was evaluated 

by photodegradation of aqueous solutions of both methylene blue (4.2 mg L-1) and isoproturon 

(5 and 10 mg L-1) under UV irradiation. Methylene blue (MB) was simply dissolved in distilled 

water, isoproturon was first dissolved in aceton at a concentration of 1000 mg L-1. This solution 

was then diluted with distilled water to a concentration of 5 or 10 mg L-1. A schematic diagram 

of the used set-up is given in Figure 1. For each type of membrane, three samples were tested 

simultaneously. The samples were fixed in a sample holder and immersed in a tempering 

beaker (15 °C) containing the MB or isoproturon solution. The samples were illuminated from 

a distance of 13 cm by a 300 W Osram Ultra-Vitalux lamp, emitting radiation (mainly UV-A, 

similar to sunlight) with an intensity of about 5 mW/cm2. The light emission profile of the 

Osram Ultra-Vitalux lamp is shown in Figure S1. To stabilize the power of its emission 

spectrum the lamp was switched on 1 h before starting the photocatalytic test. To ensure the 

attainment of the ad/absorption equilibrium the samples were immersed in the solutions 24 h 

prior to the photocatalytic test. The methylene blue decoloring and isoproturon degradation 

were followed by measuring the transmission spectra of the solutions after 0 h, 1 h, 2 h, 4 h, 6 

h using a Perkin-Elmer Lambda 900 UV-Vis spectrophotometer or via Liquid Chromatography 

– Mass Spectrometry (LC-MS). The photocatalytic degradation rate of various organic 

compounds over TiO2 usually follows pseudo first-order reaction kinetics, which is described 

by equation (1). C is the concentration of MB or isoproturon after a specific UV irradiation 

time t, C0 is the initial concentration and k is the rate constant of the reaction.  

ln (
𝐶

𝐶0
) =  −𝑘𝑡        (1) 
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Figure 1 Schematic diagram of photocatalytic set-up 

The LC-MS system consisted of a Surveyor HPLC coupled to a Quantum Discovery mass 

spectrometer (both from Thermo-Scientific, San Jose, CA, USA) equipped with an 

electrospray-source (ESI), operated in full scan positive ionization mode. Prior to analysis, 

samples were diluted twice with methanol (MeOH). Subsequently 1 µL was injected. 

Separation was performed on an Omnispher C18 column 50 x 3 mm (3 m particle size) 

protected with a guard column 10 x 2 mm (both from Varian, Sint-Katelijne-Waver, Belgium). 

The mobile phase consisted of water and MeOH, both containing 0.1% acetic acid and 1mM 

ammonium acetate. A gradient program was used to elute the isoproturon. After analysis the 

protonated molecular ion of isoproturon (m/z 207) was extracted from the chromatograms and 

peak heights were plotted in function of time.  

3. RESULTS AND DISCUSSION 

3.1 Characterization of TiO2 functionalized membranes 

An in-depth characterization of the nanofibrous membranes and their TiO2 loading is 

indispensable for a correct interpretation of the photocatalytic behavior of the produced 

membranes. The influence of the TiO2 addition on the resulting nanofiber morphology was 
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evaluated via SEM, Figure 2. Uniform membranes were obtained (Figure 2 a,b) and fiber 

diameters of 222 ± 49 nm were measured for inline (IL) functionalized 2.5 wt% TiO2 PA 6 

membrane, being in line with PA 6 nanofibers without TiO2 loading, 198 ± 47 nm, and previous 

research [3,32]. Smaller diameters, 98 ± 17 nm, were measured for the 35 wt% PA 6 sample, 

since a lower concentration of polymer was present in the solution [33,34]. The presence of 

TiO2 is not visible for the low amounts (Figure 2 a), opposed to the 35 wt% PA 6 sample for 

which the TiO2 particles are clearly visible, with the formation of clusters or beads (Figure 2 

b).   

Inline functionalization of the silicon oxide sols was possible up to 2 wt%. SEM images are 

shown of 0.2 wt% and 2 wt% TiO2 loaded silica nanofibers. These samples have diameters of 

346 ± 44 nm and 321 ± 165 nm, which are again largely unaltered compared to non-

functionalized silica nanofibers (302 ± 83 nm) prepared in this work and in previous research 

[29,30]. At a TiO2 loading of 2 wt% beads started to become present in the resulting nanofibers. 

It was not possible to further increase the TiO2 loading of these membranes by inline 

functionalization when the same sol preparation procedure was used.  

Post-functionalization via dip-coating (DC) was examined since it allows deposition of TiO2 

nanoparticles only at the surface of the nanofibers. This makes the TiO2 nanoparticles more 

accessible to the pollutants in the water. However, blocking of the pores of the membranes may 

be a drawback together with the easier wash-out of TiO2. Again the membranes were screened 

using SEM and the comparison was made between PA 6 and silica nanofibrous membranes. 

For the polyamide 6 membranes an increased loading is seen with increasing concentration of 

the solution used for dip-coating (Figure 2 c,d), which was also confirmed with TGA (Table 

1). Moreover, the pores of the PA 6 membranes seem to become blocked upon 

functionalization with a 0.5 M TiO2 solution. Due to their low affinity for polyamide the TiO2 
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nanoparticles tend to form clusters and upon increasing concentration these clusters block the 

pores of the membranes.  

Dip-coating of the silica nanofibers also resulted in an increased loading with an increasing 

concentration of the dip-coating solution. The silica nanofibers can change their hydrophilicity 

in time [31]. Therefore, both hydrophobic and hydrophilic samples were dip-coated, which 

resulted in a significant difference in TiO2 loading (Figure 2 f,g and Table 1). Due to their high 

affinity for silica, the TiO2 nanoparticles are much better distributed along the nanofibers 

compared to polyamide 6, resulting in only a minimal pore blocking of these silica 

nanomembranes. This is an important advantage if membrane separation reactors are aimed for 

as a pore blocking is too be minimized for an optimal reactor performance. 

 

Figure 2 SEM images of polyamide 6 inline functionalized with (a) 2.5 wt% and (b) 35 wt%,  

post-functionalized polyamide 6 membranes with (c) 0.12 mol L-1 and (d) 0.5 mol L-1 TiO2 

solution, silica inline functionalized with (d) 0.2 wt% and (e) 2 wt%, and silica post-

functionalized with 0.34 mol L-1 TiO2 solution as (f) hydrophobic membrane and (g) 

hydrophilic membrane.  

Table 1 Quantification of TiO2 loading for PA 6 and silica nanofibrous membranes 

functionalized inline or via dip-coating via ICP-OES and TGA (TiO2 quantification is not 
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possible via calculation for dip-coated membranes, TGA is not a valid tool for TiO2 

quantification of silica membranes) (IL: inline, DC: dip-coating and H: hydrophilic, the amount 

of TiO2 added is expressed as wt% for IL samples, for the DC samples the concentration of 

TiO2 in the coating solution is denoted in M (mol L-1) ). 

 Calculated 

amount  

(mg Ti g-1 

sample) 

ICP-OES  

(mg Ti g-1 

sample) 

TGA (mg Ti g-1 

sample) 

PA 6 IL 0.5 wt% 3 3.72 - 

IL 2.5 wt% 15 - 31.2 

IL 5 wt% 29 41.2 45 

IL 35 wt% 200 - 187 

DC 0.12 M - 39.1 42 

DC 0.5 M - - 61.7 

Silica IL 0.2 wt% 1.12 0.843 - 

IL 2 wt% 11 8.81 - 

DC 0.12 M - 8.89 - 

DC 0.34 M - 23.5 - 

H DC 0.34 M   - 143.1 - 

 

Quantification of the amounts of Ti/TiO2 present in or on the nanofibers was carried out 

using multiple techniques. TGA was used for PA 6 membranes, XRD was used for silica 

membranes and ICP-OES was used for both. An overview of the results obtained via ICP-OES 

and TGA are shown in Table 1. The amounts of TiO2 present in the inline functionalized 

membranes was, as expected, in line with the calculated amounts. With increasing 

concentration of TiO2 in the dip-coating solutions, an increase in TiO2 loading on the 

membranes was measured, which was also confirmed via SEM (Figure 2 c,d). Via XRD an 

amount of 2.19 wt% TiSiO4 was determined for the 2 wt% inline functionalized silica 

membrane, being in line with the calculated amounts and ICP-OES results. A substantial higher 
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TiO2 loading through dip-coating was noted for the hydrophilic silica samples over the 

hydrophobic samples.  

In summary, successful functionalization of both PA 6 and silica nanofibrous membranes 

was carried out using both inline functionalization and dip-coating and their TiO2 load was 

quantified. The photocatalytic behavior of these membranes is evaluated next to identify the 

most promising membranes for isoproturon degradation.  

3.2 Photocatalytic behavior of TiO2 functionalized membranes 

The photocatalytic behavior of the TiO2 functionalized nanofibrous membranes was 

evaluated subsequently via Tauc plots and the decoloring of methylene blue. The properties of 

the TiO2 semi-conductor present in the samples was verified by plotting their Tauc plot (Figure 

3), following the method reported by Lόpez et al [35]. The estimated band gap energies (Eg) 

were all in the range 3.18  - 3.30 eV, which is close to the value of 3.2 eV being extensively 

reported for the commercial P25 TiO2 nanoparticles [35]. UV-A light, emitted by the chosen 

Osram Ultra-Vitalux lamp, is thus sufficient to overcome this band gap energy. It can be 

concluded that the properties of the semi-conductor do not change by incorporation in both the 

PA 6 and silica nanofibrous membranes.  

 

Figure 3 Tauc plot illustrating the band gap of the TiO2 semiconductor present in the different 

samples: PA 6 membranes (a) and silica membranes (b) being close to 3.2 eV. (IL: inline, 

DC:dip-coating and H: hydrophilic); the amount of TiO2 added is expressed as wt% for IL 
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samples, for the DC samples the concentration of TiO2 in the coating solution is denoted in M 

(mol L-1). 

The photocatalytic activity of the functionalized PA 6 and silica nanofibrous membranes was 

further characterized by their decoloring of a methylene blue (MB) solution. The decoloring of 

MB is typically used as a probe to demonstrate the activity of a photocatalyst. Since it is 

generally accepted that the decoloring of MB follows a pseudo first-order kinetic mechanism, 

the photocatalytic activity of the samples was calculated from the logarithmic plots of the 

pseudo first-order degradation rate of the MB solutions in contact with the functionalized 

membranes (Figure 4). The photolysis of MB under UV light without sample present and the 

decoloring of the MB solution by non-functionalized samples is also plotted, to demonstrate 

clearly the influence of the added TiO2 nanoparticles. The rate constants and t90 values given 

in Table 2 indicate the differences in photocatalytic activity of all samples.  

Use of non-functionalized membranes resulted in a low removal of MB attributable to a 

combined effect of MB photolysis and MB ab-/adsorption. The inline addition of TiO2 to the 

PA 6 samples resulted in a significant increased removal due to degradation by the 

photocatalyst. Yet, the inline addition of TiO2 to the silica membranes did not significantly 

change the removal rate compared to non-functionalized samples. This can be explained by the 

shielding of TiO2 by the silica [36–38]. However, very interesting, the rate constants of dip-

coated samples are significantly higher than those of inline functionalized samples for both PA 

6 and silica. Via TGA and ICP-OES it was quantified that the 0.12 M DC samples had the same 

TiO2 loading as the inline functionalized samples with 5 wt% (for PA 6) and 2 wt% (for silica) 

(Table 1). The presence of TiO2 only at the surface of the nanofibers resulted thus, as expected, 

in a higher degradation rate. Comparing the MB decoloring results to literature, although not 

always straightforward due to various testing conditions used, it can be stated that both inline 
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and post-functionalized PA 6 membranes are in line with the results of Daels et al [23] and 

even better than results obtained by Pant et al [39] and Kasanen et al [40].  

 

Figure 4 Photolysis of methylene blue solution under UV and removal of aqueous methylene 

blue solution as a function of time by non-functionalized and TiO2 functionalized (IL: inline, 

DC: dip-coating) PA 6 (a) and silica (b) nanofibrous membranes; the amount of TiO2 added is 

expressed as wt% for IL samples, for the DC samples the concentration of TiO2 in the coating 

solution is denoted in M (mol L-1). 

Table 2 Degradation rate constants of aqueous MB solutions in contact with TiO2 

functionalized PA 6 and silica nanofibrous membranes determined via UV-Vis spectroscopy 

(IL: inline, DC:dip-coating; the amount of TiO2 added is expressed as wt% for IL samples, for 

the DC samples the concentration of TiO2 in the coating solution is denoted in M (mol L-1). 
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 k  

[min-1] 

R2 t90 [h]  k  

[min-1] 

R2 t90 [h] 

MB photolysis 0.0008 0.99 48.2 MB photolysis 0.0008 0.99 48.2 

PA 6 0.0014 0.99 38.4 Silica 0.0008 0.99 48.2 

PA 6 IL 2.5 wt%  0.0062 0.99 6.5 Silica IL 1 wt%  0.0009 0.99 38.9 

PA 6 IL 5 wt%  0.0068 0.99 5.5 Silica IL 2 wt% 0.0017 0.99 19.5 

PA 6 DC 0.12M 0.0089 0.99 4.3 Silica DC 0.12M  0.0053 0.96 6.8 

PA 6 DC 0.5M   0.0133 0.98 2.9 Silica DC 0.5M  0.0056 0.99 6.6 

 

When evaluating both the photocatalytic results and the morphology/pore blocking of the 

membranes after functionalization it can be stated that inline functionalization is preferred for 

PA 6, since pore blocking is a major concern for PA 6 dip-coated membranes. Moreover, inline 

functionalization results in sufficiently high removal rates. In contrast to PA 6, dip-coating of 

the silica samples resulted in membranes where no pore blocking was noticed and high removal 

rates are seen, making post-functionalization thus preferred for silica nanofibrous membranes. 

Inline functionalization of silica is no valuable option for the decoloring of MB, due to the 

shielding effect of the silica. This now allows to test the potential of the best membranes for 

their removal of the contaminant isoproturon which is a current challenge during water 

treatment.  

3.3 Degradation of isoproturon 

Isoproturon degradation by both PA 6 and silica nanofibrous samples, functionalized with 

TiO2 nanoparticles, was followed via both UV-Vis spectroscopy and LC-MS. Sharma et al 

found that the degradation of isoproturon also followed pseudo first-order kinetics [41,42]. 

Therefore, the photocatalytic activity was again calculated from the logarithmic plots of the 

pseudo first-order degradation rate of the isoproturon solutions in contact with the 

functionalized membranes. The logarithmic plots based on both UV-Vis spectroscopy (Figure 

5) and LC-MS (Figure 6) are given and compared.  
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A clear increase in isoproturon removal was seen upon functionalization with TiO2 for both 

PA 6 and silica nanofibrous membranes (Table 3). The same trends were seen as for the MB 

decoloring. The functionalization of both PA 6 and silica samples with a substantial increased 

TiO2 loading was further optimized using inline functionalization for PA 6 (inline 35 wt%) and 

via dip-coating for silica nanofibrous membranes (hydrophilic silica, 0.34 M TiO2, 10 min 

immersion time) to obtain even better degradation rates. Comparing the different PA 6 samples 

it is seen that inline functionalization with 2.5 wt% resulted in an increased removal compared 

to non-functionalized samples, furthermore dip-coating with 0.12 M solution even further 

increased the removal. The highest removal rate was obtained using the 35 wt% inline 

functionalized PA 6 samples, being the PA 6 sample with the highest TiO2 load. Silica samples 

inline functionalized with TiO2 did not result in a higher removal rate compared to non-

functionalized samples, similar to MB decoloring. Again confirming that inline 

functionalization of silica nanofibrous membranes with TiO2 is not the preferred method for 

organic components removal. Functionalization of these silica membranes using dip-coating 

resulted in much higher degradation rates, resulting in the fastest removal of isoproturon for 

the hydrophilic dip-coated sample, which is the sample with the highest TiO2 load. This sample 

gave the best overall rate constant of all tested samples and therefore it was studied more in-

depth using LC-MS (Figure 6 a). Complete removal of isoproturon is seen after 24 hours using 

a straightforward test set-up. Moreover, to the best of our knowledge this is the first study 

reporting on TiO2 functionalized nanofibrous membranes for isoproturon removal. 
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Figure 5 Photolysis of isoproturon solution under UV and removal of aqueous isoproturon 

solution as a function of time by non-functionalized and TiO2 functionalized (IL: inline, DC: 

dip-coating and H: hydrophilic) PA 6 (a) and silica (b) nanofibrous membranes based on UV-

Vis spectroscopy; the amount of TiO2 added is expressed as wt% for IL samples, for the DC 

samples the concentration of TiO2 in the coating solution is denoted in M (mol L-1). 
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Table 3 Degradation rate constants of aqueous isoproturon solutions in contact with TiO2 

functionalized PA6 and silica nanofibrous membranes determined via UV-Vis spectroscopy 

and LC-MS. (IL: inline, DC: dip-coated and H: hydrophilic); the amount of TiO2 added is 

expressed as wt% for IL samples, for the DC samples the concentration of TiO2 in the coating 

solution is denoted in M (mol L-1). 

 k  

[min-1] 
R2 

t90  

[h] 
 

k  

[min-1] 
R2 

t90 

[h] 

UV-Vis        

Isoproturon 

photolysis 
0.0003 0.98 127.8 

Isoproturon 

photolysis 
0.0003 0.98 127.7 

PA 6 0.0004 0.94 127.8 Silica 0.0005 0.97 76.4 

PA 6 IL 2.5 wt%   0.0006 0.99 64 Silica IL 2 wt%  0.0005 0.98 76.5 

PA 6 DC 0.12M  0.0011 0.99 38.5 Silica DC 0.12M  0.0011 0.91 41.9 

PA 6 IL 35 wt%  0.0013 0.97 38.4 Silica DC 0.34M  0.0013 0.99 38.3 

    Silica H DC 0.34M  0.0025 0.99 12.8 

LC-MS        

PA 6 DC 0.12M  0.0015 0.97 19.5 Silica DC 0.12M  0.0012 0.97 37.8 

PA 6 IL 35 wt%  0.0016 0.99 19.2 Silica H DC 0.34M  0.0028 0.99 13.1 

 

Comparing the rate constants obtained via UV-Vis spectroscopy and LC-MS similar results 

are obtained, with LC-MS resulting in an even slightly higher degradation rate. Indeed a small 

underestimation of the degradation rate using UV-Vis spectroscopy can be explained by the 

presence of degradation products absorbing in the same UV region of the electromagnetic 

spectrum as isoproturon. However, UV-Vis spectroscopy can clearly be a viable fast, easy 

accessible method to demonstrate the removal of isoproturon in time.  

Thus, optimization of inline functionalized PA 6 samples and dip-coated silica samples 

results in a significant and even complete removal of isoproturon in time. In this research, a 

basic set-up was used to characterize the isoproturon degradation, to demonstrate the large 
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potential of these Degussa P25 TiO2 functionalized nanofibrous membranes for advanced water 

treatment. These membranes might be used for various organic (micro)pollutants and they are 

applicable in both membrane separation reactors and contact reactors. PA 6 is the most 

economical option in non-harsh conditions. However, a slightly slower removal of isoproturon 

was noted for PA 6 nanofibrous membranes functionalized with TiO2 (inline 35 wt%) 

compared to silica (hydrophilic, DC 0.34 M). The best removal rates were obtained with 

hydrophilic silica nanofibrous membranes functionalized via dipcoating. In addition to the high 

potential for the degradation of micro-polluants, the ceramic silica nanofibrous membranes 

offer a high chemical and thermal resistance making them also promising materials for other 

effluent treatments such as highly acidic effluents. 

No other reports on nanofibrous supports for isoproturon removal were found, nevertheless 

limited research has been carried out on immobilized titanium dioxide on inert non-porous 

substrates. Verma et al immobilized Degussa P25 nanoparticles on an inert glass sheet support, 

resulting in only 70% removal of isoproturon after 420 hours of exposure to sunlight [43]. The 

best result on a non-porous support was reported by Losito et al [44]. Titanium dioxide-

poly(vinylidenefluoride) (TiO2-PVDF) was deposited on glass substrates by casting or spin-

coating, giving 70% up to 90% removal in 5 hours, being in the same order as the 60% removal 

in 6 hours of our best sample. Our results thus confirm the potential of TiO2 to remove micro 

pollutants such as isoproturon. Moreover, a correct immobilization on a nanofibrous matrix 

results in a functionalized highly porous material, ideal for future reactor set-up design.  
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Figure 6 Removal of aqueous isoproturon solution as a function of time by hydrophilic silica 

nanofibrous membrane dip-coated with 0.34 M TiO2 solution (a), removal of aqueous 

isoproturon solution as a function of time by non-functionalized and TiO2 functionalized PA 6 

and silica nanofibrous membranes based on LC-MS measurements (b). (IL: inline, DC: dip-

coating and H: hydrophilic); the amount of TiO2 added is expressed as wt% for IL samples, for 

the DC samples the concentration of TiO2 in the coating solution is denoted in M (mol L-1). 

4. CONCLUSIONS 

Functionalization of polyamide 6 and silica nanofibrous membranes with TiO2 nanoparticles 

was optimized via both inline functionalization and dip-coating. Inline functionalization with 

increased amounts of TiO2 showed to be the best functionalization method for PA 6, since dip-

coating results in pore blocking. For silica, on the contrary, dip-coating was the preferred 

functionalization method, avoiding shielding of the TiO2 by the silica shell. Immobilization of 
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these nanoparticles on these porous supports resulted in highly photocatalytically active 

membranes, which was verified via their Tauc plots and demonstrated via methylene blue 

decoloring. Finally, complete removal of isoproturon, a real concern in current water treatment 

progresses, was established using a basic set-up. By functionalizing a highly porous and 

flexible support with commercial available TiO2 nanoparticles, advanced materials were 

produced showing a high potential to be used for removal of organic (micro)pollutants. 

Moreover, these membranes can be applied in both membrane separation reactors as contact 

reactors. PA 6 is assumed to be the most economical and efficient option for non-harsh 

environments. Silica nanofibrous membranes, on the other hand, can be highly valuable for 

removal of organic species in industrial, highly acidic effluents.  

 

Supporting Information. Additional information on ICP-OES analysis, XRD analysis and 

Tauc plot construction. Emission spectrum of Osram Ultra-Vitalux lamp.  
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ICP-OES analysis. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

was carried out to quantify the amount of titanium present in or on the membranes. To ± 10 mg 

of TiO2 functionalized PA 6 nanofibrous samples, 4 mL of concentrated HNO3 and 1 mL of 

concentrated H2SO4 was added, followed by an acid digestion in a Milestone MLS-1200 

microwave oven. After digestion, 100 µL of the internal standard (IS) was added to 500 µL of 

the obtained solution, and further diluted to a volume of 10 mL with milli-Q water. To ± 20 

mg of TiO2 functionalized silica nanofibers 2 mL of concentrated HNO3 and 1 mL of 

concentrated HF was added. This was followed by an acid digestion in closed Savillex beakers 

(24 hours at 90 °C). Next, the samples were evaporated and again dissolved in 2 mL of 10 % 

HNO3, followed by an appropriate dilution for each sample (Silica 0.2 wt%: 1 mL of sample + 

100 µL IS – dilution to 10 mL with 1 % HNO3, silica 2 wt % and silica DC 0.12M: 500 µL of 

sample + 100 µL IS – dilution to 10 mL with 1 % HNO3). Analysis of all samples was carried 

out with an ICP-OES (Spectra Arcos). 

XRD analysis. Previous to the X-Ray Diffraction (XRD) analysis, the sample were heated 

to 1000 °C for 4 hours. The samples were milled and side-loaded into the sample holder. The 

XRD data were collected on a Thermo Scientific ARL X’tra Diffractometer equipped with a 

Peltier cooled detector. Samples were measured in θ-2θ geometry over an angular range of 5-

70 °2θ (CuKα radiation) using a 0.02 °2θ step size and 1 s/step counting time. The Rietveld 

method for whole-powder pattern fitting was used to investigate the ratios of the crystalline 

phases (SiO2 vs TiSiO4). Topas Academic V4.1 software was used for Rietveld refinement 

[Coelho, A.A., Topas Academic version 4.1. 2007.]. The refined parameters were the 

measurement specific or sample displacement error, a cosine Chebyshev function of 12 

polynomial terms for background correction, phase specific scale factors, unit cell parameters 

and Lorentzian peak shape broadening parameters.  



 S3 

Tauc plot construction. Diffuse reflectance spectra of the functionalized samples with an 

integrating sphere were collected with a Lambda 900 UV-Vis spectrophotometer (Perkin-

Elmer). The non-functionalized samples were used for the background spectra. Out of these 

spectra a Tauc plot was made using the method described by Lόpez et al [35]. The optical 

absorption data near the band edge can be used to determine the optical band gap of a crystalline 

semiconductor:  

𝛼ℎ𝜈 = 𝐴 (ℎ𝜈 − 𝐸𝑔)𝑛     (1) 

With 𝛼 the absorption constant, ν the light frequency [s-1], Eg the band gap energy [eV], h 

the Planck constant [J.s] and A is a proportionality constant. n determines the characteristics of 

the transition in the semi-conductor. For commercial Degussa P25 TiO2 nanoparticles, the use 

of equation (1) with n = 2  for indirect allowed transitions is suggested [35]. The absorption 

constant 𝛼 is proportional with the Kubelka-Munk function F(R), with R the reflectance:  

𝐹 (𝑅) =  
(1−𝑅)2

2𝑅
   (2) 

The values of the band gap energy can be determined by the construction of the Tauc plot by 

plotting (F(R)*hν)1/n as a function of hν (photon energy). The band gap energy is then 

determined by extrapolating the straightest line to the hν axis intercept.  
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Figure S1 Light emission spectrum of Osram Ultra-Vitalux lamp 

 

 


