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Abstract 

Membranes remove contaminants from drinking water, but require routine cleaning with harsh 

chemicals that are less conveniently accessed, handled, and disposed of in remote communities. 

This work demonstrates a non-chemical solar cleaning alternative using simulated sunlight that 

has been conveniently directed through a light-transmitting porous glass substrate to a thin 

TiO2 photocatalytic membrane coating. Dead-end filtration of non-potable water with routine 

chemical-free backwashing showed the solar cleaning provided a 4.5-fold extension to the time 

needed before a chemical clean, as well as a 50% reduction in filtration pump electricity 

demand. These improvements were attributed to formation of hydroxyl radicals and subsequent 

oxidation of organic foulants, as well as the well-known photocatalytic superhydrophilic 

surface stimulation of TiO2 surfaces. Both effects acted together to reduce irreversible surface 

attachment of organic foulants. Size exclusion chromatography (SEC) indicated the effect only 

targeted the organic molecule-membrane surface interaction as little change was observed to 

bulk organics profiles. Substrate light transmission onto photocatalytic membrane surfaces 

demonstrated in this work could be successfully applied as a membrane cleaning method during 

water treatment in remote communities. Future explorations can be made into potential for 

enhanced disinfection and anti-fouling functions on wider ranges of organic contaminated 

water supplies.  

 

Keywords 
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Synopsis 

A demonstration of sunlight facilitated photocatalysis and through-substrate light transmission 

as an alternative method for cleaning membranes during water filtration. 

 

1.  Introduction 

While membrane technology is now widely applied to improve the quality and safety of 

drinking water supply, further innovative solutions are still required, for example, in remote or 

disadvantaged communities which must consider the lack of resources, expertise as well as 

reliable transport and communication networks 1. Membrane filtration can be sustainably 

adopted for most of the remote water treatment needs if the use of one of its biggest 

consumables needed to combat fouling from water born contaminants, cleaning chemicals, is 

minimised or eliminated 2. 

Adopting fouling controls that minimise chemical use could lead to practically viable 

applications of membrane technologies for providing clean water to remote communities. 

Among these fouling control methods are operational interventions which contribute in 

removing the fouling layer, such as physical cleaning of the membrane, backwashing and 

relaxation of the filtration process, as well as fabrication interventions such as modification of 

the membrane surface 3. In spite of these interventions, foulants strongly bound to membrane 

surfaces eventually need to be removed through intensive chemical cleaning routines, such as 

frequent (hourly-weekly) chemically enhanced backwashing (CEB) and less frequent 

(quarterly-annually) and more intensive clean-in-place (CIP) procedures 4. Fouling control is 

also important for keeping filtration resistance low, thus reducing the energy needed by pumps 

to drive water through the filtration system 5. 

Modification of the membrane surface is aimed at tuning the surface to have less propensity 

for fouling. This is usually achieved by introducing hydrophilic functionality as a passive 
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means to prevent organic foulant deposition 3. Active fouling reduction is a more advanced 

means of reducing fouling with enhanced user controllability to reduce maintenance. This can 

be achieved by controlled switching of surface chemistry, for example by changing operation 

temperature 6 or by targeted surface reactions to foulants 7. Active anti-fouling functionality 

can also be introduced to the membrane by modification of its surface with photocatalytically 

active titanium dioxide (TiO2) 
8-10. Such surfaces have the so-called “self-cleaning” property, 

because they are capable of preventing fouling through photocatalytic reactions and induced 

superhydrophilicity during exposure to light energy of the correct wavelength and intensity 11, 

12, including sunlight. Induced super hydrophilicity is initiated when, upon irradiation, a photo-

generated hole weakens the binding energy between a Ti atom and the lattice oxygen atom. 

This allows water molecules adsorbed to the membrane surface to break the weakened Ti–O–

Ti bonds, forming two new Ti–OH bonds 13. With more water molecules adsorbing to the 

hydroxyl group through van der Waals forces and hydrogen bonding, the surface becomes even 

more hydrophilic, achieving superhydrophilic status, which increases hydrophobic 

contaminants anti-fouling 14. Induced superhydrophilicity also reduces membrane resistance to 

water permeation, contributing to lowering of pump energy requirements for water filtration. 

Photocatalytic membranes have shown superior anti-fouling properties and ability to degrade 

pollutants and disinfect water through a series of photocatalytic oxidation reactions initiated by 

reactive oxygen species (ROS) 13. ROS include hydroxyl and superoxide radicals, where the 

former is a powerful oxidant capable of degrading even some of the most recalcitrant organic 

water pollutants 15, 16. The hydroxyl radical is capable of oxidising aromatic and olefinic 

compounds through addition to carbon double bonds, and aliphatic compounds through 

hydrogen abstraction from carbon-hydrogen bonds 17. 

Practical limitations and inefficiencies, however, have been identified in the traditional way 

that light is supplied to the photocatalytic membrane surface, especially while contained within 
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a membrane module 18, 19. These issues include light attenuation by the concentrated feed 

stream, and the practical limitations of where to place artificial light sources inside the module, 

such as light emitting diodes (LEDs) and ultra-violet (UV) lamps. Introducing natural sunlight 

faces similar practicality issues. In an attempt to resolve the membrane and module limitations, 

we showed how light transmitting sintered glass membrane substrates can be adopted to solve 

these challenges 20, 21. Light conducting substrates are new to membrane science, and could 

give the possibility of solving the challenge of introducing a light source from outside the 

module (e.g. sunlight or artificial UV source) to the catalyst coating, whereby light directed 

from the outside (towards the end and/or side) of the membrane element enclosed in a 

transparent (glass or polymer) housing allows light to be transmitted through the substrate 

along its entire length while simultaneously distributing light (e.g. by light scattering) to the 

entire membrane’s photocatalyst coating. This is especially viable in the industry standard 

ceramic membrane monolith format, where its end and sides can be simply exposed to the sun 

within a transparent housing to “illuminate” the entire substrate and distribute/scatter light to 

the entire photocatalytic membrane surface. However unlike the current generation of opaque 

membrane materials, light-transmitting substrates must also satisfy the required mechanical 

strength property, thus currently limiting them to transparent materials such as glass or specific 

transparent polymers. Our prior work validated this concept using a 365 nm UV LED light 

source, which is within the specific wavelength range needed to activate the photocatalytic 

reactions by TiO2, on readily available porous glass discs which we coated with sintered 

commercial TiO2 particles. UV light was effectively distributed to the TiO2 coating over porous 

glass via a quartz window mounted on the permeate side, and led to significant improvement 

to filtration performance in the presence of model foulants 21. However, for proving the real 

potential, the concept must now be demonstrated for real solar application where UV 

proportion in natural sunlight is minor. Further, a real surface water mimicking a possible 
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supply to a remote community must be demonstrated since fouling can be more complex than 

what model fouling testing can initially verify. This paper therefore presents the first test of the 

membrane’s anti-fouling performance using sunlight from a solar simulator while treating a 

real, non-potable surface water source.  

In order to continue exploring the effect from our previous UV light validation, we extended 

our investigation in the present study by an analysis of the hydroxyl radical generation, being 

evidence to photocatalytic activity that can be responsible for degrading surface attached 

organic foulants. Further, high performance size exclusion chromatography (HPSEC) was 

utilised to characterise the dissolved organic matter (DOM) in feed and treated water samples 

to not only understand their organic component profile, but to help explain the anti-fouling 

behaviour. HPSEC isolates the components of DOM that are ubiquitous in surface and ground 

water into its fractions containing biopolymers, humic and fulvic acids with relatively high 

apparent molecular weight (AMW), as well as other lower AMW compounds that include 

proteins and carbohydrates 22, 23.  

As complete mineralisation of DOM compounds into carbon dioxide and water is practically 

impossible 24, 25, degradation to lower AMW compounds occurs. The size of DOM compounds 

can be an important factor that influences the type and extent of fouling 26, 27. The extent of the 

effectiveness of photocatalysis in membrane fouling control can therefore be determined by 

measuring the AMW of the feed, permeate and reject by HPSEC. Monitoring the AMW of 

DOM is also important because it strongly influences the reactivity of DOM in aquatic systems 

22. Therefore, another key feature of this study involved exploring how photocatalytic action 

could impact DOM and membrane performance to gain a clearer understanding of how the 

novel photocatalytic membrane provides beneficial operation. 
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2. Materials and methods 

 

2.1. Chemicals 

All chemicals used were analytical grade and used as received. A list of the chemicals used is 

given in SI Text S1.  

 

2.2. Membrane fabrication and measurement of optical properties 

The membranes were prepared via dip coating sintered glass substrates with a suspension of 

Degussa P25 TiO2 in water and sodium alginate, followed by air drying and sintering, which 

is a known to be a durable inorganic particle bonding method 56. The method is described in 

detail in previously reported work 21. In brief, the method involved mixing 5 g TiO2 powder 

with 60 mL water and 0.4 g sodium alginate to act as a binder, followed by high-speed 

homogenisation and sonication to remove lumps and air bubbles. The sintered glass substrates 

were then mechanically dipped into the suspension, followed by air drying for 12 h and heating 

in a muffle furnace to 450° C at a rate of 1° C/min. Cooling was at the same slow rate to prevent 

cracking, followed by washing in DI water and drying at 80° C for 2 h. Successful uniform 

coating of TiO2 on the substrate was confirmed by a combination of gravimetric and visual 

inspections, as well as scanning electron microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS), as reported in previous work 20, 21. 

The spectra of light between 340 nm and 400 nm passing through the substrate were obtained 

using a Maya 2000 PRO radiometer from Ocean Insight (Tampa, FL, USA). 
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2.3. Water source and membrane filtration experiments 

Surface water was sampled from Boulder Creek, Boulder Colorado, USA, at a depth of 10-20 

cm below the water surface. Visually, the collected water appeared largely clear and colourless, 

with visibly large particle suspensions. No obvious odour from the water was detected. Samples 

were coarse filtered through 1.5 µm Whatman glass fibre filters to remove large particulates, 

and stored in amber bottles at 4°C. The water was used within 3 days of collection. The water 

was warmed to ambient temperature and shaken to resuspend any sediments prior to being 

used. Filtration experiments were conducted in a custom-made stainless steel filtration module 

with a quartz window on the permeate side to allow entry of sunlight. Dead-end filtration of 

the feed water was conducted at 24°C at constant flux of 300 L/m2/h with backwashing every 

hour using 15mL of permeate. The filtration experiments are described further in SI Text S2. 

The membrane’s anti-fouling ability was evaluated by recording the trans-membrane pressure 

(TMP). TMP was monitored and presented as relative pressure, P/P0, being the ratio of the 

present TMP to the TMP measured at time zero of the test. The hydraulic cleaning efficiency 

(HCE) and the hydraulically irreversible fouling index (HIFI) were also calculated using the 

method in SI Text 7. HCE gives a measure of the fouling that is reversed by the hydraulic 

backwashing process 28, while HIFI is a measure of fouling that is not reversed by either 

hydraulic backwashing or the photocatalytic processes taking place on the membrane surface 

21, 28. 

Following a previously developed method on a Metawater ceramic membrane monolith pilot 

plant fed with secondary treated waste water 4, the reduced chemical consumption of the 

photocatalytic membrane system can be determined by a calculation of the time to a chemical 

clean when TMP reaches a certain threshold, which would trigger a clean-in-place (CIP) event 

in a real plant.  This is the time taken for TMP to reach 150 kPa, representing the average 

maximum pressure rating of the dead-end filtration feed pump used in the reported pilot plant 
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trial. The time to chemical clean was calculated by plotting the TMP values just after each 

backwashing event against time, then calculating the time needed to reach 150 kPa through 

linear regression and extrapolation to this target threshold pressure. 

The reduced pump energy consumption of the solar-activated membrane was also compared to 

the pump energy consumption during filtration without solar activation. The specific electrical 

energy consumption of the pump, E (kWh/m3) calculated according to the method described in 

SI Text S3, was used to compare different operating modes. 

 

2.4. Quantification of hydroxyl radicals 

The concentration of hydroxyl radicals produced by the photocatalytic membranes in the 

different configurations was determined indirectly by using para-chlorobenzoic acid (pCBA) 

as a probe compound. The experimental method is given in SI Text S4. 

 

2.5.Water samples analysis 

Total organic carbon (TOC) for the water samples was measured by a Sievers M5310C 

Laboratory TOC Analyser. The conductivity of water samples was measured using an Orion 

Versastar Pro Advanced Electrochemistry Meter form Thermo Scientific. The turbidity of 

water samples was measured by a HACH 2100N Turbidimeter. The turbidity is reported in 

accordance with the United States Environmental Protection Agency (EPA) Method 180.1 31, 

32. Colour and specific UV absorption at 254 nm (UV254) were measured by a HACH DR5000 

spectrophotometer. 
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2.6. Carbon concentration measurements and mass balance calculations 

Carbon concentrations were determined from TOC data. Each sample was first filtered through 

a 0.45 µm disposable syringe filter prior to injection to prevent clogging of the TOC analyser. 

A series of equations were applied to determine, by mass balance, the percentage of carbon 

that was retained on the membrane, and whether the carbon was retained reversibly or 

irreversibly. These carbon mass balance equations are given in the Supplementary Information 

(SI) (Equations S6-S15). 

 

2.7. Size exclusion chromatography 

An Agilent Technologies 1200 HPLC with a SEC column, a fluorescence detector (FLD), a 

diode array detector (DAD) and a Sievers M9 Portable TOC Analyser was used to analyse the 

fraction of organics in water before and after filtration events. The analytical method was 

adopted from previous work 33, and briefly described in SI Text S5. A DAD was used to 

measure absorbance at a fixed wavelength of 254 nm to characterise DOM chromophores as a 

function of AMW 26. The method for determination of AMW is given in the SI Text S6. 

Fluorescence was used for the detection of Peak C fluorescent compounds at excitation 

wavelength of 350 nm and an emission wavelength of 450 nm. Peak C fluorescence refers to 

the NOM fluorescence signal that occurs in the excitation range of 320-365nm, and emission 

range of 420-470nm. It has been found to commonly occur across a diverse range of NOM 

samples from aquatic environments, and is related to the presence of humic substances (in both 

fresh and marine water samples) 34 and protein-like fluorophores 35.  
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3.  Results and discussion 

 

3.1. Membrane substrate optical properties 

Figure 1 (a) presents the transmittance of light coming from the solar simulator, through the 

quartz window fixed in the membrane module as well as the porous glass membrane substrate. 

The spectral irradiance of the solar simulator, emitting at 23% of full capacity, (equivalent to 

0.35 Suns), is shown in Figure 1 (b). These experiments therefore utilize irradiance levels 

similar to sunlight indirectly shining into the module window. The quartz window is highly 

transparent (>80%) to UV light in the measured spectral range. The sintered glass substrate is 

largely as transparent as the quartz window in the shorter wavelengths below 355 nm but drops 

to around 10% above 370 nm. This is sufficient for purposes of this study because wavelengths 

below 385 nm (3.2 eV) correspond to the band gap energy of the anatase phase in Degussa P25 

TiO2 
37, 38. Photocatalyst activation requires energy equal to or greater than the band gap energy, 

therefore the higher transparency of the sintered porous glass substrates in the range of 340 – 

355 nm (3.6 – 3.5 eV) is desirable. However, the irradiance measured through the porous glass 

(that would be delivered to the photocatalyst coating) was highest for the longer wavelengths 

(Figure 1 b), due to the increased output of the solar simulator at higher wavelengths. This is 

consistent with the spectrum of solar radiation, which is 4-5% UV and more than 90% visible 

light and infrared radiation 39. This is the key novelty for the work presented here, where the 

enabling feature of this new membrane concept using natural sunlight to reduce chemical use, 

needs to be demonstrated. 
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(a) 

 

(b) 

Figure 1. The transmittance of the quartz window and sintered porous glass membrane to 

indirect light (0.35 suns) from the solar simulator (a) and the spectral irradiance of light through 

the quartz window and wet porous glass substrate, being the light expected to arrive at the 

membrane’s photocatalytic layer (b). 

 

3.2. Membrane fouling during surface water filtration 

Figure 2 shows the normalised pressure-time profiles of the TiO2 coated membrane without 

solar irradiation (C-OFF) and under partial (0.35 suns) solar radiation (C-ON). A high TMP 

rise during filtration without solar irradiation occurred compared to when solar irradiation was 

present. Just before backwashing, the maximum TMP without solar irradiation was at least 2-

fold more than the corresponding TMP with solar irradiation. The beneficial effects of solar 

irradiation are reflected in the HIFI values of 0.0001 m2/L and 0.0008 m2/L with and without 

irradiation, respectively. The 8-fold reduction in HIFI confirms the sunlight’s effectiveness to 

minimise the irreversible fouling of the membrane. These HIFI values show better values from 

previously reported work on bovine serum albumin (BSA) filtration with the same membrane, 

where the HIFI was 3-fold lower with UV-LED irradiation 21. Moreover, the BSA solution 
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TOC concentration was about half compared to TOC of the water samples used in the current 

work (Table 3). In comparing our HIFI to prior work, others reported much higher values, for 

example 0.0297 m2/L obtained from surface water filtration with a commercial single channel 

tubular ceramic membrane with 0.20 μm sized pores, 40 and 0.0023 m2/L obtained for utility 

raw water filtration with a hollow fibre polyvinylidene fluoride (PVDF) membrane with 0.05 

μm sized pores 41. The significant reduction in filtration resistance was attributed to the already 

higher hydrophilicity of TiO2 
42 (without light), then due further to induced surface 

superhydrophilicity upon solar irradiation, seen by others through a reduction in the water 

contact angle 43. 

 

 

Figure 2. Normalised pressure-time profiles for the filtration of surface water of the TiO2 coated 

glass membrane in dark (C-OFF) and with 0.35 suns simulated sunlight (C-ON) with periodic 

(hourly) backwash at an operating flux of 300 L/m2/h and temperature of 24°C. P is the TMP 

at the selected time interval and P0 (12.0±2.0 kPa) is the initial TMP. 

 

Both operating conditions showed high hydraulic cleaning efficiency (HCE) values of the 

membrane in both instances when solar irradiation was provided (95±2%) and when it was not 
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(95±1%). These values are comparable to those we previously obtained for BSA filtration with 

UV light emitting diode (LED) irradiation (92±2% and 96±2%, respectively) 21, and could be 

attributed to the already known hydrophilic property of TiO2.  

Time to chemical clean (TtCC) was used to further investigate which aspect of filtration was 

improved with solar irradiation. TtCC values, calculated from the method described in Section 

2.3, are shown in Table 1. With solar irradiation TtCC was 8.8 days, compared to just 2.0 days 

without solar irradiation. Chemical cleaning on a real plant, for example with chemically 

enhanced backwashes (CEBs), are often adopted on daily to weekly basis to maintain low TMP 

over longer periods before shutting down the plant for an intensive CIP. In our case, solar 

irradiation has postponed any use of chemicals (CEB or CIP) by 4.5-fold using this measure. 

To postpone chemical cleaning even longer, the photocatalytic membrane in this study could 

be operated at a lower flux but would need further testing to verify in the given context of feed 

water properties and practical access to cleaning chemicals. Also, since sunlight availability is 

limited by time of day and weather, further work would be needed to develop operational 

routine for the specific context (e.g., filtering 24 h a day and using sunlight when available to 

offset chemicals versus filtering only when sunlight available). 

The improvement from sunlight application was also quantified in terms of filtration energy 

saving. As shown in Table 1, when the energy consumed by the pump alone for filtration is 

considered (Equation S2), the solar activated TiO2 coated membrane had an energy 

consumption of 0.01 kWh/m3 compared to 0.02 kWh/m3 when it was not irradiated with solar 

radiation. The values do not take into account other energy consuming components such as 

backwashing and air compressors, since the setup used manual backwashing. As a reference to 

the calculated values, the energy consumption compares closely to previously reported values 

for practical MF systems in the range of 0.09-0.1 kWh/m3 44, although these have considered 

the full MF process energy requirements. Backwashing may be the additional contributor to 
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MF plant electrical energy required, which should be in turn lower with a less fouled 

membrane. The reduced energy from solar cleaning is therefore indicative of the potential for 

overall plant reduced electrical energy consumption. 

 

Table 1. Operating flux, time to chemical clean (TtCC) and pump electricity demand values 

of the coated membrane without and with solar radiation. 

Solar Status Flux (L/m2/h)  TtCC (days) 

Pump electricity 

demand (kWh/m3) 

C-OFF 300 2.0 0.2 

C-ON 300 8.8 0.1 

 

3.3. Hydroxyl radical analysis to confirm photocatalytic effect 

The calculated concentrations and rate of production of hydroxyl radicals are shown in Figure 

3 (a) and Figure 3 (b) respectively. Because the method of quantification of hydroxyl radicals 

is an indirect method, which actually measures the removal of pCBA, some amount of radicals 

is shown to have been formed for configurations where the conditions were not suitable for 

photo-induced hydroxyl radical formation (i.e. dark conditions). These are abbreviated C-OFF 

(coated membrane-light off) when the membrane is not illuminated with light and B-OFF (bare 

membrane-light off) when the uncoated substrate is not illuminated. Apparent hydroxyl radical 

concentration based on pCBA concentration reduction by the coated membrane without solar 

irradiation is 1.0 x 10-15 M. The apparent radical formation in these instances could be due to 

adsorption of pCBA onto the membrane surface, or physical rejection. It has been shown in 

previous studies that some adsorption on photocatalyst and substrate surfaces occurs prior to 
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photocatalytic oxidation 45, 46. The non-illuminated experiments serve as controls to determine 

the extent of pCBA reduction due to non-photocatalytic processes. Radical formation would 

be expected on the illuminated coated membrane (C-ON) due to the photocatalytically active 

TiO2. Previous studies found that pCBA degradation through direct photolysis proceeds slowly 

compared to the advanced oxidation degradation pathway 47. Observed pCBA degradation 

would therefore be expected to be a result of photocatalysis rather than photolysis. When the 

experimental controls have been taken into consideration (light off and absence of 

photocatalyst), the steady state concentration of hydroxyl radicals produced by the membrane 

through the photocatalytic process in the presence of light is 3.5 x 10-15 M (determined by 

subtracting the control concentration from the observed hydroxyl concentration during C-ON 

conditions). Figure 3 (b) also shows a 3-fold higher rate of production of radicals from the TiO2 

surface under illuminated conditions compared to dark conditions. Steady concentrations of 

hydroxyl radicals were achieved after about 30 minutes of filtration. In comparison, these 

steady state concentrations of hydroxyl radicals are an order of magnitude lower compared to 

other advanced oxidation systems ranging from 3.1 x 10-14 M to 1.0 x 10-13 M. At these 

concentrations, hydroxyl radicals were capable of inactivating adenovirus (4 log) 30, 

transforming aliphatic, aromatic and olefinic DOM moieties 17 and degrading pCBA in water 

matrix low-carbon tap water and well water 48. With further optimisation in the current setup 

(such as using custom fabricated transparent porous glass and/or means to better direct light to 

membrane window), it may be possible to achieve these prior reported radical concentrations. 

However, the result still addressed our primary aim which was to confirm OH radical formation 

when partial sunlight is distributed to the photocatalyst via the porous glass substrate, and thus 

allows us to conclude that photocatalytic activity is indeed present, and produced OH radicals 

are sufficient in production to greatly assist with membrane cleaning. 
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(a) 

 

(b) 

Figure 3. Steady state concentration of generated hydroxyl radicals (a) and the pseudo first 

order reaction rate (b). These were obtained using a 0.6 mg/L solution of pCBA as a probe 

compound at a flux of 300 L/m2/h and room temperature. The abbreviations stand for coated 

membrane-light OFF (C-OFF), coated membrane-light ON (C-ON), bare membrane light OFF 

(B-OFF) and bare membrane light ON (B-ON).  

 

3.4. Evaluation of water quality 

The water samples were analysed for turbidity, specific UV absorbance at 254 nm and TOC as 

well as characterisation through HPSEC. 

 

3.4.1. Turbidity and UV254 

Table 2 shows the turbidity and UV254 values of the various water samples. The TiO2 coated 

membrane removed at least 94% turbidity in permeate compared to 39% for the bare substrate. 

All the backwash samples had more turbidity than their respective permeate samples, but the 

backwash turbidity in all cases (except B-OFF which was similar) were never higher than the 

initial (feed) where an increase may be expected. This may be due to compaction of the solids 
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due to filtration. In terms of UV254, this measure correlates to the aromatic content of the 

organic molecules present in the feed water 49. The coated membrane reduced UV254 

absorbance by 26%, being higher than at least 3% reduction for the bare substrate, which is 

understandable considering the pore size of the coarse filter of 1.5 µm used to pre-treat the 

samples prior to storage was similar to the bare substrate. Meanwhile, backwash UV254 

absorbance increased uniquely for the coated membrane compared to the permeate used to 

produce the backwash, indicating the return to solution of the rejected soluble organics because 

of backwashing, as detected by this method.  

However, these results are mostly showing the basic filtration differences between the coated 

and uncoated membranes. No appreciable differences to the samples could be seen as a result 

of solar irradiation (ON vs OFF). This is a unique finding, since photocatalytic effects on the 

bulk solution organics is often first observed by a decline in UV254 light absorbance 4. Deeper 

analysis into the water quality will now be considered to assess how the light assisted with 

reduced TMP rise as observed in Figure 2. 

 

Table 2. Turbidity and UV254 values of sampled and filtered water. Error ranges are the 

standard error calculated from experimental data 

Membrane 

Initial 

Turbidity 

(NTU) 

Permeate 

Turbidity 

(NTU) 

Backwash 

Turbidity 

(NTU) 

Initial 

UV254 

(A.U) 

Permeate 

UV254 

(A.U) 

Backwash 

UV254 

(A.U)  

C-OFF 3.2±0.1 0.20±0.01 0.80±0.01 0.090 0.064±0.001 0.093±0.001 

C-ON 3.3±0.1 0.15±0.01 1.0±0.1 0.090 0.067±0.001 0.087±0.001 

B-OFF 3.3±0.1 2.1±0.1 3.4±0.1 0.091 0.084±0.003 0.086±0.001 

B-ON 3.3±0.2 2.0±0.1 2.3±0.02 0.091 0.088±0.002 0.088±0.001 
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3.4.2. Total organic carbon rejection 

Table 3 shows the TOC values of the feed, permeate and backwash for the coated and bare 

membranes, with and without solar irradiation. Generally, similar behaviour can be seen in 

terms of rejection and some return to solution in the backwash as was observed through 

turbidity and UV254 absorbance in Table 2, with slight changes associated with solar 

irradiation observed from the concentration values.  

Looking more closely at TOC, using the carbon mass balance equations (Equations S6-S15), 

the percentage of carbon removed by the membrane shown in Figure 4 (a), and the carbon 

contribution to both reversible and irreversible fouling shown in Figure 4 (b) were calculated. 

The membrane removed 24% of the carbon from the feed, with the amount rising to 30% with 

solar irradiation. The removal values are statistically different as determined by a student's 

paired t-Test (p = 0.8). It appears that modification of the substrate with TiO2 helped to improve 

the hydrophilicity of the surface, which helps in rejecting hydrophobic foulants arriving at the 

membrane surface. The bare uncoated substrate rejected only 9% of carbon whether there was 

solar irradiation or not. This was due to the substrate’s larger mean pore size of 1.4 µm 

compared to 0.53 µm for the coated membrane, as previously reported 21. In addition, as 

mentioned previously, the coarse filter used to pre-treat the samples had a similar pore size of 

1.5 µm.  

Retained carbon attributed to lost/irreversible/undissolved carbon (MIL) carbon was largest for 

the bare substrate, accounting for more than 0.93 mg C/mg CF (mg of carbon per mg of carbon 

fed to the membrane) of retained carbon type, as shown in Figure 4 (b). The importance of 

solar irradiation and subsequent photocatalysis in increasing carbon that can be recovered after 

retention (and indicate reduced carbon material fouling) can be seen for the TiO2 coated 

membrane. Even though in both instances the coated membrane had higher carbon removal 

than the bare membrane, without solar irradiation, the normalised lost carbon (MIL) was 0.93 
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mg C/mg CF, decreasing to 0.73 mgC/mgCF with solar irradiation. Lost carbon is the sum of 

carbon retained irreversibly on the membrane and that which did not redissolve, and recovered 

carbon makes up the redissolved part of reversible carbon fouling, thus the values give an 

indication of the extent of irreversible carbon fouling. 

 

Table 3. TOC values of sampled and filtered water. Error ranges are the standard error 

calculated from experimental data. 

Membrane Initial TOC (mg/L) Permeate TOC (mg/L) Backwash TOC (mg/L) 

C-OFF 13.9±0.1 10.5±0.1 11.0±0.1 

C-ON 13.9±0.1 9.8±0.1 14.6±0.1 

B-OFF 13.8±0.1 12.6±0.2 12.7±0.2 

B-ON 13.9±0.1 12.6±0.2 12.8±0.2 
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(a) 

 

(b) 

Figure 4. TOC rejection (a) and the contribution of redissolved reversible carbon (MRR) and 

lost/irreversible/undissolved carbon (MIL) to total retained carbon (MRT), normalised to the 

amount of carbon fed to the membrane (b). p = 0.8, calculated through Student's paired t-Test, 

with a two-tailed distribution. 

 

3.5. High performance size exclusion chromatography (HPSEC) 

The components of the water samples were separated by the column into two main fractions, 

as presented in Table 4. From literature, Fraction I (33-5 kDa) consists of biopolymers and 

Fraction II (5-0.4 kDa) consists of humic substances and building blocks 36. 

 

Table 4. Fractions of organics separated by the HPSEC column according to their apparent 

molecular weight (AMW) 

Fraction Maximum AMW (kDa) Minimum AMW (kDa) Elution time (minutes) 

I 33 5 20 – 33 

II 5 0.4 33 – 49 
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3.5.1.  HPSEC-TOC 

The HPSEC-TOC results of water samples run with the TiO2 coated (C) and uncoated (B) 

membrane, with and without solar radiation (ON and OFF) are shown in Figure 5. The coated 

membrane with smaller pore size had significant TOC rejection (~80%) compared to the bare 

substrate (~0%) (Figure S2), and there was a progressive decrease in the percentage TOC 

rejection from the larger Fraction I (Light off = 86%, Light on = 76%) to the smaller Fraction 

II (Light off = 77%, Light on = 72%) due to size-controlled retention on the membrane surface. 

The backwashes also had relatively lower TOC values because as concluded earlier from 

compaction, some carbon was in particle form (visible from experiment) and did not redissolve 

and was removed by the 0.45 µm sample filtration in the TOC method. 

From the results of C-OFF, the molecular weight cut off (MWCO) of the membrane was 

determined to be 21 kDa. This corresponds to a mean pore size of ~0.5 µm 50, which is 

agreement with the pore size we previously obtained through porometry 21 classifying the 

coated membrane in the MF range often used for water filtration 51, 52. Improved substrates, 

smaller pore size and thinner membranes could be developed in future work, where the same 

light conducting glass substrate concept could be enhanced with improved transmittance and/or 

extended other applications such as photocatalytic coatings on ultrafiltration (UF) membranes 

[11, 14].  

The results showing minimal change to MW profile of the TOC indicate that the benefit of 

photocatalysis in the current process is not associated to changes in bulk solution organics. 

Changes in hydrophobicity of the DOM, as seen in previous studies 17, could also have 

contributed to reduced fouling. In a previous study, it was established that even though 

transformation of DOM by hydroxyl radicals occurs, it does not translate to significant 
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dissolved organic carbon (DOC) removal 17. Instead, DOM structures are transformed to lower 

molecular weight organic compounds such as ketones, alcohols, carboxylic acids and final 

products such as formic acids, acetic acids and oxalic acids. 53. It is possible to pick up these 

transformations using spectral indices such as UV254 and fluorescence, but a comprehensive 

identification would require mass spectrometry 54. Our results confirm that membrane rejection 

is the primary cause of less TOC in permeate, rather than any effect from solar irradiation (and 

in turn photocatalysis). Instead, there appears to be a harder to measure altered organic-

membrane surface chemistry interaction that assists reducing fouling. 

 

Looking at the backwash C-ON profile shown in Figure 5b, it displays a shift in AMW 

distribution compared to the C-OFF profile. The C-OFF profile contains a shoulder near the 

high AMW end of the Fraction II region (elution time ~38 minutes) while the C-ON profile 

contains a shoulder peak near the low AMW end of the Fraction II region (elution time ~45 

minutes). This suggests the transformation of DOM molecules from higher to lower AMW, 

induced by photooxidation in the presence of solar radiation. Unlike the permeated DOM 

which showed little change from solar irradiation, the DOM caught at the membrane surface 

are continuously exposed to photooxidative processes, leading to reaction and observable 

transformations.  
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(a) 

 

(b) 

Figure 5. HPSEC-TOC chromatograms of permeate (a) and collected backwash fraction (b). 

T0 refers to signal from the feed. 

 

3.5.2.  HPSEC-fluorescence and UV254 detection 

The absorbance and fluorescence profiles of the water samples are shown in Figure 6. 

Fluorescence peaked at 1.4 kDa, with the feed solution profile dropping little in magnitude for 

the uncoated membrane permeate, but dropped substantially for the coated membrane permeate 

while maintaining a similar profile shape (i.e. peak still at 1.4 kDa). Solar irradiation had little 

influence on the permeate fluorescence profile shape and magnitude. Like the prior 

observations on organics, this is an indication that rejection, rather than oxidation, was the 

likely cause of the decreased fluorescence in permeate. This means that solar irradiation had 

no influence in the materials detected by fluorescence, used to measure the rejection of the 

fluorescent, non-biopolymer fractions of the water samples, in particular humic-like substances 

(Fraction II), which emit and absorb at the selected excitation (350 nm) and emission 

wavelengths (450 nm) 36.  
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Like fluorescence, there was no clear shift in MW observed in the UV254 absorbance profiles. 

The fact that a shift is only seen in the TOC backwash profile (and not the UV254 and 

fluorescence backwash profiles) suggests that transformations occurred with molecules that are 

not optically active (do not absorb or fluoresce light, i.e., likely less aromatic and more aliphatic 

in nature). However, there is a slight increase in the UV254 absorbance for the permeate with 

solar irradiation, implying there may be an effect to enhance diffusion of molecules in Fraction 

II. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6. HPSEC-UV254 chromatograms of permeate (a) and collected backwash fraction (b) 

as well as HPSEC-Fluorescence chromatograms of permeate (c) and collected backwash 

fraction (d). The abbreviations stand for coated membrane-light OFF (C-OFF), coated 

membrane-light ON (C-ON), bare membrane light OFF (B-OFF) and bare membrane light ON 

(B-ON). T0 refers to signal from the feed. 
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3.6. Assessment of behaviour of organic fractions to rejection, fouling, and diffusion 

through the membrane 

Through HPSEC, the coated membrane was found to be in the MF category and also revealed 

humics may be facilitated to permeate the membrane due to light activation related to their 

varying degrees of heterogeneity, with both hydrophobicity and hydrophilicity occurring in 

these compounds 49, coupled with a proposed increased membrane hydrophilicity. However 

more significantly, a shift to lower MW was observed on the TOC backwash profile under 

solar radiation, where organics were exposed to reactions for longer times and therefore 

transformations were more measurable and demonstrated reduced organics adhesion to the 

membrane surface from solar irradiation.  

This transformation can occur by advanced oxidation on the surface, confirmed by 

measurement of hydroxyl radicals being a quantitative contribution of the radical to the reaction 

rates with DOM 17. DOM is a complex mixture of compounds with different reactivities to 

HO•, but the overall reaction rate constant for the reaction of HO• with DOM has been 

experimentally determined to be k = (1.39–4.53) × 108 M−1 s−1 DOM 17. Complete 

transformation of DOM would require hydroxyl radical reaction with other targeted groups 

such as oxalate, formate and acetate. For example, the rate constant for HO• reaction with 

oxalate is reported to be 4.7 × 107  M−1 s−1, with acetate it is 7.3 × 107  M−1 s−1, and with formate 

groups is 3.2 × 109  M−1 s−1 17. This shows that the transformation of organic carbon that 

continuously arrives at the membrane surface is not straightforward but also dependent on 

many different reactions with different rate constants and intermediates. Moreover, the 

estimated contact time of 80 ms (calculated from Equation S16) would not allow significant 

DOM transformation at the measured concentration of generated hydroxyl radicals and rate 

constant. Such transformations would require more contact time or increased hydroxyl radical 

generation through a combination of measures such as multiple pass filtration, reduced flux, 
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increased thickness of TiO2 layer and more solar radiation arriving at the TiO2 layer. In 

previous work, through light ON and OFF cycles, we were able to demonstrate that anti-fouling 

conditions were only maintained when light was ON, confirming the importance of 

photocatalysis in the membrane operation 21. 

Using the results from this study, the overall effect to the beneficial performance of the 

membrane is represented graphically by the mechanisms in Figure 7. This includes 

representation as a practical setup within an inside-out dead-end filtration system that is typical 

of current commercial ceramic membrane monoliths. Combined effects of surface 

photocatalysis and enhanced hydrophilicity greatly reduces resistance during filtration as water 

molecules dominate the foulant-membrane interface, and increase regular backwash efficiency 

with minimised irreversible fouling. Water would especially work as a good solvent for 

washing off hydrophilic components.  
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Figure 7. Visual representation of a concept solar irradiated porous glass monolith channel 

coated with photocatalytic membrane within a transparent side and end housing. Expanded 

view of membrane surface shows the beneficial effects of receiving light via the glass substrate 

to the photocatalyst membrane surface, which include changes to surface chemistry and attack 

of organic compounds by hydroxyl radicals. 

 

While the novelty of this work focussed on demonstrating the viability for solar cleaned 

membranes to filter non-potable water using the innovative light transmitting substrates, 

several effects could be further explored to not only understand and confirm the dominant 

positive effects such as light-stimulated hydrophilicity observed by others as compared to 

organic-membrane surface oxidations, but also the possibility for even more beneficial effects. 

Stability of the TiO2 may be of concern, but the P25 material is known to have high stability 
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to typical surface water properties 56. In our own work, the thickness of the TiO2 coating of 

about 15 μm was preserved as shown in SEM images at the conclusion of experimental work 

21, indicating no significant loss of the coating. In terms of more valuable features of this 

technology, the novel photocatalytic membrane may lead to favourable reactions on the 

particles attached to the membrane surface, such as disinfection of pathogens that are rejected 

in the backwash and understanding anti-fouling behaviour with varying proportions of 

hydrophobic and hydrophilic organic fractions. Further work to explore these and more effects 

is warranted. The sustainability of cleaning cycles triggered with sunlight availability would 

also be a good next step in the development of the membrane system. 

 

4. Conclusions 

This work successfully demonstrated the potential for reduced chemical and energy 

consumption in membrane water treatment by adopting solar-activated photocatalysis in a 

light-transmitting membrane. The specific findings from this work were: 

 Even though transmission light through the membrane substrate was about 10% on 

average, it was sufficient to facilitate production of a photocatalytic response on the 

membrane surface; 

  Photocatalytic activation resulted in significant reduction in filtration resistance and 8-

fold reduction in irreversible fouling, leading to halving of pump energy consumption 

during filtration. More importantly, a potential for reducing the frequency of time to 

CIP from 3 months to more than a year was demonstrated. This time to CIP frequency 

reduction could be achieved by simply exposing the photocatalytic membrane to the 

sun, without any CEBs during the entire operation;  
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 The membrane has potential for adoption in remote communities where use of 

chemicals in water treatment is a challenge, whereby sunlight helps to maintain the 

functionality of the membrane and producing clean water for the community; and  

 Further work is justified to precisely identify the demonstrated antifouling effects, 

correlated in this work to two key effects, 1 – oxidation of surface attached organic 

foulants confirmed in our work to be likely by hydroxyl measurements, and 2 – 

superhydrophilicity activated by photocatalysis reported by others. These could lead to 

discovery of more useful features such as in-situ disinfection of surface-attached 

pathogens and antifouling/separation behaviour as a function of the fraction of 

hydrophobic to hydrophilic organics.  

 

Supporting Information 

This material is available free of charge via the internet at http://pubs.acs.org. 

 Chemicals used in the experiments (Text S1), filtration setup (Text S2), schematic 

representation of the filtration system (Figure S1), pump power demand (Text S3), 

quantification of hydroxyl radicals (Text S4), size exclusion chromatography method (Text 

S5), apparent molecular weight calibration method (Text S6), fouling indices calculations (Text 

S7), carbon mass balance equations ( Text S8), contact time calculation (Text S9), rejection 

percentage based on HPSEC (Text S10 and Figure S2), and HPSEC chromatograms of 

permeate and collected backwash fractions (Figure S3). 
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