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ABSTRACT 

Optimization of UV and bacteriophages as an alternative chemical-

free approach for membrane cleaning 

Thesis by 

Yevhen Myshkevych 

 

Anaerobic membrane bioreactors (AnMBR) have been established as an efficient 

method of wastewater treatment to obtain high-quality effluent with low energy 

consumption. However, membrane fouling leading to flux reduction and an 

increase in operational costs can negate potential benefits associated with 

AnMBR. Today’s conventional membrane cleaning process includes physical 

and chemical approaches, both of which have their own drawback. For this 

reason, the biological approach was proposed as an alternative to dangerous, 

energy-consuming, and environmentally unsafe treatment techniques. The 

combination of UV-C and bacteriophage offers an alternative chemical-free 

approach for biofouling control. This dissertation aims to test the different order of 

using UV-C and bacteriophage to clean anaerobic membrane. This dissertation 

also demonstrates a proof-of-concept to achieve semi-online cleaning using UV-

C and bacteriophage, thus increasing the feasibility of described technology. As 

a result of this work, it was shown that preliminary UV exposure enhances 

bacteriophage propagation into thick biofilms, and that the bacteriophages are 

able to affect total cell number and extracellular polymeric substances (EPS) 

compared to the control. Compared to the control, the semi-online cleaning 
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strategy also resulted in a membrane that took a longer time for the 

transmembrane pressure to increase in the next operation cycle after cleaning.   
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1.Introduction 

Anaerobic membrane bioreactors (AnMBR) are an energy-efficient 

biotechnology for industrial and municipal wastewater treatment (1). The effluent 

obtained after AnMBR treatment has low turbidity, has lower bacterial 

contamination and retains ammonium and phosphate, which in turn is suitable as 

a liquid fertilizer for agriculture or urban landscaping (2). AnMBR has a low 

energy consumption due to elimination of aeration. This can help save up to 75% 

of energy costs compared to conventional wastewater treatment technology (3). 

Anaerobic fermentation converts organic carbon in wastewater to biogas that, in 

turn, can be converted into electrical and heat energy. Anaerobic processes are 

also characterized by a lower sludge production rate compared to aerobic ones. 

Finally, the combination of membrane and anaerobic fermentation is reported to 

significantly reduce the required footprint for the wastewater treatment process 

as it eliminates the need for clarifiers (5, 6). Thus, the generation of high-quality 

effluent while minimizing treatment costs, makes this technology potentially 

economically viable (1, 4).  

But, like any other system, AnMBR has its disadvantages too. The 

bottleneck of this technology is membrane fouling. Among the variety of fouling 

types, biofouling has a crucial effect on the membrane clogging due to unwanted 

microorganisms and their extracellular polymeric substances (EPS) deposition 

(7). This leads to a rapid transmembrane pressure (TMP) increase and 

corresponding effluent flux decrease. In turn, higher energy consumption needs 

to be imposed to maintain constant flux (8) or membrane replacement has to be 
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done frequently. Membrane and energy costs are estimated to account for 10-

30% of the total MBR operation costs (17). Fast biofouling would lead to more 

frequent membrane change and, thus increase in operational costs of the 

AnMBR system. 

To effectively alleviate membrane biofouling, it is crucial to understand the 

main biofouling constituents on an anaerobic membrane. In a recent publication, 

it was shown that AnMBR biofilm microbial community is assembled based on 

random stochastic events. Nevertheless, the authors have identified core genera 

(e.g. Methanobacterium and Acinetobacter) to be present in relative abundance 

on membrane that deviated from the neutral assembly model (9). It might 

indicate that they can play an important role in membrane biofilm formation. This 

observation also meant that these genera can be targeted and eliminated in 

order to mitigate biofouling.  

There are two main approaches to reduce membrane fouling. First, the 

usage of physical means (this includes: high recirculation rate, gas scouring, 

backwashing and sonication). The second approach includes chemical 

application. Commonly used chemicals for membrane biofilm cleaning procedure 

are citric acid and sodium hypochlorite (6). Physical cleaning is considered to be 

more effective against reversible foulant layer (10), while chemical cleaning is 

mainly used to remove irreversible foulant layers (11). However, the use of 

chemicals can lead to potential health, safety and environmental concerns due to 

the formation of carcinogenic and hazardous chemical byproducts (18, 19). Also, 

the use of the chemicals in large concentrations can affect the membrane 
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integrity (12, 13). Some bacteria species (e.g. Acinetobacter) are also strongly 

resistant to chemical disinfectants (14), and considering that they form the core 

bacterial group in anaerobic membrane biofilm and play a key role in biofilm 

formation, long term use of chemical cleaning agents may not be effective. 

Due to abovementioned difficulties, new methods of biofouling control have 

been developed. Biological approach for biofouling control demonstrated 

promising potential based on previous works. (15, 16). Bacteriophages constitute 

as one of potential biological approaches that can be further examined for its 

applicability to clean AnMBR membrane. Bacteriophages are viruses that infect 

and kill living bacteria after replication and cell lysis as a part of their life cycle. 

Certain bacteriophages also produce enzymes, that can provoke EPS biofilm 

matrix degradation (20). There are two types of enzymes which can affect EPS 

substances. The first type includes soluble enzymes that target host bacterial cell 

wall during the cell lysis as a part of bacteriophage life cycle (36, 37, 38). Despite 

being used for cell lysis, these enzymes are reported to show efficiency in 

degrading EPS substances (39). The second type of enzymes are proteins 

present on the tail of the virus particle helping the penetration of the host bacteria 

cell wall (37,38). Efficacy of this type of enzymes was also shown, despite the 

fact that these enzymes are restricted to highly localized activity (40). It was 

reported that both types of depolymerase enzymes are playing a significant role 

in having an efficient infection within the biofilm due to leading to increase in 

biofilm sensitivity to phage infection (41). Besides, previous studies report that 

bacteriophages could be quite resilient to environmental factors like pH, salinity 
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and temperature (21). Because of these advantages, phages have already been 

used to control biofouling, but due to high specificity, their efficacy has been 

proved against single-species biofilms only (22, 23, 24). Despite being effective 

against single-species biofilm, bacteriophages did not show sufficient efficacy for 

biofouling reduction in complex biofilms (21) like those that can establish on the 

membrane surfaces in bioreactors treating municipal wastewater.  

There is, therefore, a need to further improve the efficacy of bacteriophages 

against membrane biofilm. Previous work included experiments that applied 

bacteriophages and UV-C irradiation for membrane biofouling control (31). It was 

shown that UV-C (254 nm) imposes germicidal effect by damaging DNA. Most 

common DNA damage forms induced by UV-C are cyclobutane pyrimidine 

dimers and single and double-stranded DNA breaks. Due to its high efficiency 

and low environmental impact (compared to chemical treatment byproducts), this 

technology was already tested for wastewater pretreatment (27) and effluent 

disinfection (26). UV exposure has shown itself as a promising technology in 

many different aspects: antibiofilm effect has been shown within the water 

distribution systems (28, 29) and for biofilm growth control and cleaning (31). It 

was also proven that UV-C irradiation and bacteriophage used to tackle 

membrane biofouling, have an additive action against the biofilm matrix (31).  

In the previous work, conducted by Scarascia and co-workers, it was shown 

that combination of UV and bacteriophage cleaning techniques results in high 

efficiency for total and alive bacterial cell number and EPS substances removal 

(31).  It was also hypothesized that UV-C can enhance the efficiency of 
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bacteriophage against biofilm matrix by inducing the phages to switch into a lytic 

mode (30,31). As a result of the experiment, it was found out that bacteriophages 

are also sensitive to UV irradiation. One of the goals of this dissertation was to 

find an optimal combination of UV and bacteriophage cleaning techniques to 

achieve the maximum membrane cleaning efficiency for offline membrane 

treatment for different extent of membrane biofouling.  

 

Fig.1 Mechanism of bacteriophage and UV cleaning techniques (31) 

 

Another goal of this research was to develop and implement a system that 

would give an opportunity to conduct the cleaning without membrane extraction. 

As it was mentioned before, 10-30% of operating cost of MBR is due to 

membrane fouling and replacement. Therefore, developing a semi-online 
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cleaning system will decrease overall MBR operation cost and make this 

technology even more attractive. For that reason, we created a module that 

allows UV-C radiation to penetrate the membrane case wall and demonstrate the 

efficacy of this approach to clean the membrane in semi-online mode. 
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2.Materials and methods 

2.1 Reactor setup and operation 

AnMBRs used in this dissertation (Appendix. Fig.S1) were operated using 

real wastewater collected from KAUST wastewater treatment plant (WWTP). 

Average COD level fluctuated in a range from 170mg/L to 250 mg/L. Two 

reactors (called R1 and R3 respectively) have an operating volume of three and 

two liters, respectively. These reactors were operated at 35o C, pH = 7 and no 

sludge was wasted during the experiment. Each reactor had two microfiltration 

(MF) polyvinylidene difluoride (PVDF) membranes (0.3 µm pore size GE 

Osmonics, Minnetonka, MN) attached to them in series (Appendix. Fig.S1). The 

membranes were run in cross-flow mode with a stable flux ranging from 7 to 8 

L/m2/h. Membranes were harvested and analyzed at different points of 

transmembrane pressure (TMP) i.e., at 20 kPa, 40kPa, 60 kPa and 80 kPa, 

which represent different stages of biofouling. Effluent water quality was 

monitored weekly to ensure performance of both AnMBRs. 

 

2.2 Membrane harvesting and offline cleaning treatment applications 

After the TMP reached abovementioned values, the membranes were 

harvested for further cleaning and analysis. Pumps connected to the AnMBR 

were stopped, the membrane cases were disconnected from the system and 

then disassembled to extract the membrane. This approach would be referred to 

as “offline cleaning” in this dissertation. After membrane extraction, both ends of 
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the membrane were cut to get rid of non-homogeneous biofilm sections. After 

that, the membrane was aseptically cut into squares two by two centimeters and 

were exposed to different treatment techniques (i.e., control, UV, bacteriophage, 

and different permutations of combined UV and bacteriophage). Membrane 

pieces were placed in small sterile Petri dishes filled with PBS (1X) for UV-С 

treatment (called UV) and control, and “PBS + Phage solution” for bacteriophage 

treatment (called B), UV+B and B+UV treatments. UV+B and B+UV represent 

different order of treatment application. For UV+B, the membrane was exposed 

to UV for six minutes (total irradiance = 200 mJ/cm2) first and then being exposed 

to phages (multiplicity of infection (MOI) = 1; 1 ml of each bacteriophage, which 

includes: Acinetobacter modestus (A. modestus), Acinetobacter junii (A. junii) 

and Acinetobacter seohaensis (A. seohaensis). In the case of B+UV, the 

membrane pieces were exposed to UV twice at the 3h and 6h time points after 

the beginning of the experiment. Each UV exposure was done for 3 minutes 

under the same conditions as B+UV treatment (100 mJ/cm2). As a control, we 

considered an untreated membrane in 1X PBS solution that was kept at room 

temperature in dark place (to exclude UV interference) for 6h. Unless specified, 

all the cleaning process has been done over a duration of 6 h and MOI of 1 used 

in instances when phages were applied. After membrane extraction and 

cleaning, we proceeded to bacteriophage plaque counting (described in section 

2.3) and biofilm characterization assays (based on procedures detailed in section 

2.4) to evaluate the efficacy of membrane cleaning techniques.  
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2.3 Bacteriophage plaque counting after the treatments 

After every experiment of offline cleaning, which included cleaning of 

membranes with different biofilm thickness (biofilms represented by TMP = 20 

kPa; 40 kPa; 60 kPa and 80 kPa), the overall phage amount was estimated. To 

do that, after every treatment, 1 mL of liquid was collected and filtered through 

0.22 µm filter to remove bacterial cells. Following that, the dilutions within 10-3 to 

10-5 folds were done in SM buffer (5.8 g/L NaCl, 0.975 g/L MgSO4, 50 mL/L 50 

mM Tris-Cl at pH 7.5). 20 µL of the diluted suspension was then added to 100 µL 

of individual bacterial culture (namely, A. modestus, A. junii or A. seohaensis). 

The presence of plaques was enumerated by double-layer method (32) and was 

compared to the known number of phages that were added for the treatment.  

 

2.4 Biofilm analysis and characterization 

The biofilm structure was analyzed for its (i) total cell number, (ii) and 

protein and polysaccharides concentration.  

To obtain the cells from membrane biofilm, the treated membrane was 

removed from working solution, washed and put in 3 mL of fresh PBS (1x). After 

that, the membrane was sonicated for 5 min at 25% amplitude with 5 s pulsating 

step. Q500 sonicator (Qsonia, Newton, CT, US) was used. The leftovers of 

biofilm were scraped with sterile inoculation loop. Following that, the liquid 
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containing the biofilm was mixed by pipetting up and down to ensure dissolving. 

An aliquot of 150 µL was used for further analysis. For total cell number, SYBR 

green (Thermo Fisher Scientific, Walthman, MA, US) was used as a stain. Before 

staining, the samples were diluted to 10-1 fold and kept in 37o C incubator for 15 

minutes. Stain wes added to samples based on manufacturer’s protocol. The 

stained samples were then placed in incubator again for 15 minutes. After the 

staining was complete, series of dilutions was conducted. The samples were 

diluted 10-3 fold. Following the dilution, BD Accuri flow cytometer (BD Bioscience, 

Franklin Lakes, NJ) was used. For that, stained samples were transferred to the 

96-well plate. Samples had triplicates of 200 µL each. For flow cytometry, 50 µL 

of each well sample were injected to enumerate cell number at medium flow rate. 

After that, the cell concentration was calculated per mL of the initial sample. 

To evaluate treatment influence on EPS, proteins and polysaccharides were 

measured as described in the previous study (33). First, 2 mL of liquor was 

filtered through 0.22 µm filter to get rid of bacteria. Total Protein kit (Sigma-

Aldrich, St. Luis, MO, US) with bovine serum albumin (BSA) as a standard 

(Sigma-Aldrich, St. Luis, MO, US) was used to quantify protein concentration. To 

do that, the reagents from the kit were added to 96-well plate containing 

triplicates of sample according to the manufacturer’s protocol and well mixed for 

30 min at 100 rpm and 25o C. The sample was read using spectrophotometer at 

the wavelength of 710 nm.    

Phenol-sulfuric acid method with D-(+)-Glucose (Sigma-Aldrich, St. Luis, MO, 

US) as a standard was used to quantify polysaccharides (34). 1 mL of the sample 
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was mixed with 1 mL of 5% phenol and 5 mL of H2SO4 (95%) and incubated in 

room temperature for 20 minutes. After the incubation, samples were read for its 

colorimetric value using spectrophotometer at OD = 490 nm. 

 

2.5 Semi-online cleaning treatment application 

Besides demonstrating a system for offline cleaning, this dissertation aims 

to develop the optimal UV and bacteriophage cleaning approach in a semi-online 

mode. This would give an opportunity to control the biofouling without extracting 

the membrane from membrane case. To facilitate this goal, a new membrane 

case was designed. An old membrane case was taken as the base (Appendix. 

Fig. S2) but modified with 4 mm quartz glass. Quartz allows UV-C (254 nm) to 

penetrate through the case wall.  

After the membrane encased in new case reached ca. 40 kPa, pumps 

connected to the AnMBR were stopped and the water inside the case was 

discarded. The membrane inside the case was then exposed to UV for 3 min 

(100 mJ/cm2). After that, 50 mL of bacteriophage working solution at MOI = 0.1 

was added. For this treatment, we were using MOI of 0.1, as previous work (31) 

showed no significant differences in growth control for A. modestus and A. junii at 

MOI of 0.1 and 1. (Appendix. Fig.S3). The phage working solution was exposed 

to the membrane for 5 h in absence of UV. After 5 h, the membrane along with 

phages were exposed to UV for the second time for 3 min. The UV lamp was 

switched off and the membrane further incubated for an additional 1 h with the 
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phages present. The phage working solution inside the membrane case was then 

discarded and a backflush procedure was conducted using 25 mL of milliQ (MQ) 

water. The backflush was conducted thrice to ensure the removal of 

bacteriophages. After that, the module was attached back to AnMBR and pumps 

were turned back on to allow continuous operation. As a control, separate 

membrane encased inside another case was used also for control cleaning when 

it showed the same TMP of ca. 40 kPa. Instead of bacteriophage working 

solution, MQ water was used to clean the membrane with the same semi-online 

approach described earlier.  

 

2.6 Statistical analysis 

Statistical differences for the parameters at different conditions were 

evaluated through one-way ANOVA with significance level set at 95% confidence 

level (p<0.05). 
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3.Results and Discussion 

3.1 PFU analysis 

In order to prove bacteriophage efficiency, plaque forming unit (PFU) 

analysis was conducted to ensure bacteriophage activity and ability to infect 

target microorganisms. For all three bacteriophages (A. modestus phage, A. junii 

phage and A. seohaensis phage), there was no propagation detected when 

exposed to biofilm harvested at 20 kPa with or without UV-C (Fig. 3.1). This 

might happen due to the fact that the biofilm at TMP = 20 kPa is considered to be 

a young biofilm that does not contain sufficient number of target microorganisms 

for phages to propagate. In turn, this leads to inability of phages to propagate 

and thus to phage number decrease over time.  

 

Fig 3.1 Plaque count after membrane biofilm harvested at 20 kPa, exposed to 

bacteriophages only (B) and UV and bacteriophage (UV+B) treatments; Red line 
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on all the figures used in this dissertation shows the initial phage stock 

concentration. 

In contrast, biofilm harvested at TMP = 40 kPa showed a great increase in 

PFU concentration for A. modestus and A. junii phages compared to the initial 

spiked concentration. When bacteriophages are spiked first and then exposed to 

UV-C (i.e., B+UV treatment), all three phages were unable to propagate despite 

having the optimal bacterial host numbers (Fig. 3.2). A different order of pairing 

the UV and bacteriophage was thus adopted in the form of UV+B, in which the 

initial dose of UV was done in the absence of bacteriophage. In this manner, it 

was observed that all A. modestus and A. junii phages are now able to propagate 

beyond the initial spiked amount. 

 

Fig 3.2 Plaque count after membrane biofilm harvested at 40 kPa, exposed to 

bacteriophages only (B), preliminary UV and unexposed bacteriophage (UV+B) 
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and bacteriophage exposed to UV (B+UV) treatments; Red line on all the figures 

used in this dissertation shows the initial phage stock concentration. * mark 

represents statistical difference in results after different treatments (* represents 

p-value < 0.05, ** represents p-value < 0.01, *** represents p-value < 0.001). 

For biofilm represented by TMP = 60 kPa, only A. junii phage was able to 

propagate when UV+B treatment was performed. Such result could be explained 

by the fact that this type of biofilm is too dense for bacteriophages to attach to 

target host and actively propagate. In case of A. junii, one of the possible 

explanations might be UV influence on biofilm. The UV can loosen the biofilm 

and enable bacteriophage infection, which in turn leads to bacteriophage 

concentration increase. A similar trend was observed for A. modestus and A. 

seohaensis phages (Fig 3.3). Despite the fact A. modestus and A. seohaensis 

phages showed a decrease in concentration compared to the initial spiked 

amount, a higher phage concentration was detected in the sample after the 

biofilm was first exposed to UV before bacteriophages were introduced (Fig 3.3).  

PFU concentrations for A. modestus and A. seohaensis phages obtained from 

after B treatments were statistically different compared to those obtained from 

UV+B treatments (p<0.001).  
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Fig 3.3 Plaque count after membrane biofilm harvested at 60 kPa, exposed to 

bacteriophages only (B), UV and unexposed bacteriophage (UV+B) and 

bacteriophage exposed to UV (B+UV) treatments; Red line on all the figures 

used in this dissertation shows the initial phage stock concentration. * mark 

represents statistical difference in results after different treatments (* represents 

p-value < 0.05, ** represents p-value < 0.01, *** represents p-value < 0.001). 

 

Due to the fact that it took a long time for a thick biofilm to grow, only one 

membrane biofilm characterized with TMP = 80 kPa was processed. Therefore, 

we prioritized this sample to provide further data that will demonstrate if the order 

of UV and the bacteriophage pairing will affect PFU count (Fig. 3.4). This set of 

data reiterated earlier observations shown in Figures 3.1 through 3.3 that the 
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UV+B is able to allow better propagation of phages, which would render a more 

effective infection of the bacterial hosts in the membrane biofilm. 

 

 Fig 3.4 Plaque count after membrane biofilm harvested at 80 kPa, exposed to 

UV and unexposed bacteriophage (UV+B) and bacteriophage exposed to UV 

(B+UV) treatments; Red line on all the figures used in this dissertation shows the 

initial phage stock concentration. * mark represents statistical difference in 

results after different treatments (* represents p-value < 0.05, ** represents p-

value < 0.01, *** represents p-value < 0.001). 

As it can be seen from all samples, biofilm represented by 40 kPa TMP 

turned out to be optimal for bacteriophage propagation, while at 20 kPa 

membrane biofilm, none of the phages used were able to propagate. Biofilms 

represented by 60 and 80 kPa TMP are too dense for bacteriophage to 

propagate unless the biofilm is loosened with preliminary UV-C exposure. It was 
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also shown that phages were sensitive to UV-C. For all membrane biofilm 

conditions, all bacteriophages that were exposed to UV tended to decrease the 

PFU concentration. In contrast, having the biofilm exposed to the initial UV 

fluence first before spiking in the phages and then having these phages be 

exposed to a weaker UV fluence was more effective in allowing phage 

propagation. 

 

3.2 Bacterial cell analysis 

All treatments (i.e., B, UV, UV+B or B+UV) showed statistical differences in 

total cell number compared to the control. Despite bacteriophages were not able 

to propagate in biofilm characterized by TMP = 20 kPa, all three cleaning 

methods which include bacteriophage treatment, namely bacteriophage only (Fig 

3.5, p<0.0001), B+UV (Fig 3.5, p<0.0001) and UV+B (Fig 3.5, p<0.0001) showed 

efficiency in decreasing total cell number in the biofilm but UV was the most 

effective in decreasing the total cell numbers. This could be explained by the fact 

that the biofilm is considered to be young and the number of target bacteria is 

lower than that needed for efficient phage propagation and to outcompete the UV 

efficacy. 
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Fig 3.5 Total number of cells for biofilm associated with 20 kPa TMP. * mark 

represents statistical difference in results after different treatments (* represents 

p-value < 0.05, ** represents p-value < 0.01, *** represents p-value < 0.001). 

For biofilm characterized by 60 kPa, all treatments showed a statistical 

difference compared to the control. Both combinations of UV and bacteriophage 

treatments surpassed UV only and B only treatments in total cell number 

reduction efficiency: UV+B (Fig 3.6, p<0.05) and B+UV (Fig 3.6, p<0.001). There 

was no statistical difference detected between these two treatments (p = 0.22). It 

can be summarized that to reduce total cell number in dense biofilms, 

bacteriophage or UV-C only treatments are not efficient likely due to poor 

penetration of both agents through the biofilm matrix.   
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Fig 3.6 Total number of cells for biofilm associated with 60 kPa TMP. * mark 

represents statistical difference in results after different treatments (* represents 

p-value < 0.05, ** represents p-value < 0.01, *** represents p-value < 0.001). 

For the biofilm represented by TMP = 80 kPa, the same observation as that 

for 60 kPa was made. Both UV+B (p<0.001) and B+UV (p<0.001) cleanings are 

effective for reducing the total cell number (Fig 3.7) and both cleaning techniques 

did not show the statistical difference in terms of total cell number reduction (p = 

0.09).  
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Fig 3.7 Total number of cells for biofilm associated with 80 kPa TMP. * mark 

represents statistical difference in results after different treatments (* represents 

p-value < 0.05, ** represents p-value < 0.01, *** represents p-value < 0.001). 

 

3.3 Proteins and polysaccharides in biofilm matrix 

For biofilm represented by 20 kPa TMP, none of the treatments were 

effective for protein concentration reduction. Only UV only treatment (Fig. 3.8, 

p<0.0001) resulted in a significant decrease in polysaccharide concentration.   
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Fig 3.8 Protein (A) and polysaccharides (B) concentration in 20 kPa biofilm after 

every treatment. * mark represents statistical difference in results after different 

treatments (* represents p-value < 0.05, ** represents p-value < 0.01, *** 

represents p-value < 0.001). 

In the treatment of the biofilm represented by 40 kPa TMP, bacteriophages 

alone did not prove to be effective treatment technique against proteins (p = 

0.98) and polysaccharides (p = 0.12). In contrast, UV-C only and pairing UV-C 

and bacteriophage treatments, regardless of the pairing order, showed to be 

effective against both components of EPS (Fig 3.9). Nevertheless, there was no 

statistical difference in UV and B permutations in protein (p = 0.99) and 

polysaccharide removal (p = 0.6).   
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Fig 3.9 Protein (A) and polysaccharides (B) concentration in 40 kPa biofilm after 

every treatment. * mark represents statistical difference in results after different 

treatments (* represents p-value < 0.05, ** represents p-value < 0.01, *** 

represents p-value < 0.001). 

60 kPa membrane biofilm treatments, except for bacteriophage only 

treatment, showed statistical difference in protein concentration between 

samples after the treatments and control. Statistical difference was not found 

between different UV and phage permutations for polysaccharide (p=0.95) and 

protein (p=0.99) reduction at 60 kPa TMP biofilm. All treatments were effective in 

reducing the polysaccharide concentration (Fig 3.10): namely B (p< 0.001), UV 

treatment (p<0.0001), UV+B (p<0.0001) and B+UV (p<0.0001).  
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Fig 3.10 Protein (A) and polysaccharides (B) concentration in 60 kPa biofilm after 

every treatment. * mark represents statistical difference in results after different 

treatments (* represents p-value < 0.05, ** represents p-value < 0.01, *** 

represents p-value < 0.001). 

The same did not occur to 80 kPa biofilm. All the treatments turned out to 

be effective against both proteins and polysaccharides, and resulted in showing 

statistical difference in protein and polysaccharide concentrations compared to 

control. There was no statistical difference detected between UV+B and B+UV in 

protein treatment (Fig 3.11), but polysaccharide concentration decreased more in 

case of UV+B treatment (p<0.0001). This might be one more evidence proving 

that preliminary membrane biofilm exposure to UV first before spiking the 

bacteriophages can help to enhance the bacteriophage replication and thus 

increase treatment efficiency. 
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Fig 3.11 Protein (A) and polysaccharides (B) concentration in 80 kPa biofilm after 

every treatment. * mark represents statistical difference in results after different 

treatments (* represents p-value < 0.05, ** represents p-value < 0.01, *** 

represents p-value < 0.001). 

3.4 Semi-online cleaning 

Based on the results from earlier sections, it was noted that membrane 

harvested at 40 kPa responded best to the proposed UV and bacteriophage 

cleaning method. In addition, the optimal order of introducing the cleaning is to 

exposure the membrane biofilm to UV before spiking in bacteriophages for a 

certain duration, and then introduce a short exposure of UV to the 

bacteriophages before allowing the infection process to continue. 

This knowledge is utilized in the next phase of this thesis to demonstrate 

the feasibility of semi-online cleaning. Once the membrane was fouled to 40 kPa 

in the new modified membrane cassette, a UV+B cleaning procedure was 
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performed and the module was then plugged back in the AnMBR system to 

monitor the subsequent TMP regrowth. 

After plugging two cases (treated and control) back to the system, the TMP 

was monitored every day (Fig 3.12). The TMP regrowth occurred 9 days later for 

the UV+B treated membrane compared to control. As both membrane cases 

were connected to the same system, the microbial load was the same, which 

meant that the delay in regrowth is caused by our cleaning treatment. It might 

happen due to lower number of cells and EPS left on the membrane after the 

cleaning, which in turn results in a longer time for TMP to start rising again. 

Alternatively, a previous study by Cheng and coworkers determined that 

Acinetobacter species played a keystone role in the anaerobic membrane biofilm 

development (42). It may be possible that bacteriophages targeting 

Acinetobacter species remain adhered on the membrane and continued to 

impose a detrimental impact on subsequent Acinetobacter attachment and 

hindered its ability to facilitate biofilm formation. 

However, once the initial attachment occurs, the slope of TMP increment 

between the treated and control membrane remains to be quite similar (Fig. 

3.12). Slope calculation showed that TMP regrowth curve for treated membrane 

is steeper compared to control (1.45 and 1.19 kPa/d respectively). It suggests 

that the cleaning efficiency may impose only an effect in the pioneer biofilm 

formation and not on the subsequent biofilm development process. Despite the 

preliminary results show efficiency of bacteriophage usage in AnMBR membrane 

semi-online cleaning process, the problem of bacterial resistance to 
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bacteriophage can emerge in the future. In previous studies, it was shown that 

bacteria can develop resistance to bacteriophages after few rounds of infection 

cycles (43,44). This might result in bacteriophage treatment becoming less 

effective or showing no effect at all. Nevertheless, it was suggested that new 

phages would be always available in nature (45, 46). Overall, to mitigate the 

consequences of abovementioned issue, multiple bacteriophage species that are 

targeting the same bacterial host, might be needed to be applied after several 

rounds of membrane cleaning. Additionally, it is important to keep monitoring the 

biofilm microbial community in order to ensure no changes happening in the core 

biofilm microbiota as it could also result in decreasing efficiency of bacteriophage 

treatment.  

Despite everything abovementioned, this experiment is still in progress and 

a longer duration would be needed to prove the efficiency of this cleaning 

technology.   

 

Fig 3.12 TMP regrowth for control and treated membrane after semi-online 

cleaning was performed.  
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4.Conclusion and Future Work 

The results of this study demonstrated that the combination of UV and 

bacteriophage was able to outcompete the use of either UV or bacteriophages in 

cleaning anaerobic membranes. Specifically, the order of UV and bacteriophage 

treatments has impact on EPS concentration reduction in thick biofilms but 

exhibited no statistical difference in further reducing total cell numbers. 

Membrane harvested at TMP = 20 kPa was not ideal for a proper bacteriophage 

propagation and thus the bacteriophage treatment turned out to be not efficient 

against this biofilm. Instead, our approach may be more suitable for use in 

mature biofilms. Our approach also demonstrated potential to be applied in a 

semi-online cleaning mode, and was able to inhibit the pioneer biofilm formation 

process to result in a longer time being needed for TMP regrowth. 

The milestone of this work was development of a module that can be used 

for semi-online membrane cleanings. This technology can therefore likely help to 

prolong membrane lifetime and decrease AnMBR operation cost. The data 

presented in this work shows the efficiency of combination of UV-C and 

bacteriophage cleaning techniques in delaying the TMP (which represents 

membrane fouling) regrowth (Fig. 3.12). The future work should however include 

a longer duration of TMP regrowth monitoring and reapplying the cleaning 

protocol when TMP reaches 40 kPa to prove that the membrane performance 

can be successfully resuscitated by the proposed cleaning approach. More work 

is also needed to scale-up this cleaning approach to make it feasible in bigger 

AnMBR systems.  
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Appendix 

 

Fig. S1 Scheme of an anaerobic reactor with two MF PVDF membranes 

connected in parallel used in this work. 

 

Fig. S2 Membrane case, modified for semi-online cleaning blueprint. 
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Fig. S3 A. modestus (A) and A. junii (B) growth curves with different 

bacteriophage MOI. 
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