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Abstract

:

Biofouling is a major concern for numerous reverse osmosis membrane systems. UV pretreatment of the feed stream showed promising results but is still not an established technology as it does not maintain a residual effect. By conducting accelerated biofouling experiments in this study, it was investigated whether low fluence UV in situ treatment of the feed using UVC light-emitting diodes (UVC-LEDs) has a lasting effect on the biofilm. The application of UVC-LEDs for biofouling control is a novel hybrid technology that has not been investigated, yet. It could be shown that a low fluence of 2 mJ∙cm−2 delays biofilm formation by more than 15% in lab-scale experiments. In addition, biofilms at the same feed channel pressure drop exhibited a more than 40% reduced hydraulic resistance. The delay is probably linked to the inactivation of cells in the feed stream, modified adsorption properties or an induced cell cycle arrest. The altered hydraulic resistance might be caused by a change in the microbial community, as well as reduced adenosine triphosphate levels per cells, possibly impacting quorum sensing and extracellular polymeric substances production. Due to the observed biofilm attributes, low fluence UV-LED in situ treatment of the feed stream seems to be a promising technology for biofouling control.
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1. Introduction


Many regions worldwide suffer from water scarcity [1,2]. Especially if no conventional water resources are available, water reuse [3], brackish groundwater or seawater desalination are viable approaches to provide alternative water supplies [4,5,6]. In these scenarios, pressure-driven membrane filtration, including nanofiltration (NF) and reverse osmosis (RO), may act as a key process while employing advanced water treatment [5,7]. Membranes are an attractive technology as they can reject both organic and inorganic contaminants as well as remove pathogens [8]. However, fouling, a loss of membrane performance over time, is a significant drawback [9,10].



For many NF and RO applications, the presence of microorganisms and nutrients in the feed stream, especially biofouling, is a major concern [11,12,13,14,15]. Biofouling is defined as an undesired biofilm formation leading to operational challenges, such as a higher pressure drop, a reduction in membrane flux, an increased salt passage and/or a reduced membrane lifetime [15,16,17]. The biofilm is built up in three phases: (1) adhesion and attachment of microorganisms, (2) their growth and (3) a stationary phase [15] (p. 13). Amongst others, the adhesion phase is influenced by the microorganism species, their population density and physiological responses, as well as the concentration and composition of dissolved organic matter in the feed water [18,19].



The biofilm itself consists of microorganisms (usually ≤10% of dry mass) and a matrix known as extracellular polymeric substances (EPS) [20]. Biofilms forming on membrane surfaces comprise a broad microbial community, of which the composition is influenced by the influent water matrix, degree of pretreatment, temperature, and membrane type employed [21]. Furthermore, the biofilm community can change with age [21,22]. Commonly found microorganisms on high pressure membranes include, among others, Alphaproteobacteria (e.g., Order/Family/Genus of Rhizobiales/Bradyrhizobiaceae/Rhodopseudomonas or Sphingomonadales/Sphingomonadaceae/Sphingomonas) [21,23,24,25,26,27,28], Betaproteobacteria (e.g., Burkholderiales/Comamonadaceae/Hydrogenophaga, Polaromonas and Acidovorax) [21,28] and Gammaproteobacteria (Pseudomonadales/Pseudomonadaceae/Pseudomonas or Xanthomonadales/Xanthomonadaceae/Pseudoxanthomonas) [11,21,23,24,28,29,30,31,32,33,34,35,36,37]. Furthermore, de Vries et al. [28] revealed that the community in the feed water and the corresponding biofilm differs. Microorganisms present in the fouling layer are usually only present in a small relative abundance in the feed. The composition of EPS, representing the ‘glue’ of the three dimensional architecture of the biofilms, varies depending on microorganisms themselves, shear forces, temperature, and nutrients [20]. Aside from keeping the microbial cells together, EPS has several functions, allowing intense interactions, cell-cell communication (quorum sensing), the formation of synergistic micro-consortia, adhesion and retaining extracellular enzymes [20]. By keeping lysed cells and DNA in the matrix, it also enables horizontal gene transfer [20]. The EPS biopolymers include proteins, polysaccharides, nucleic acids, lipids and other organic matter fractions such as humic substances [20,38]. The EPS matrix can vary in its concentration, cohesion, charge, sorption capacity and architecture [20]. The morphology can vary in its porosity, as well as being smooth, flat, rough, fluffy or filamentous. Depending on hydrodynamic conditions, nutrient supply, bacterial motility, intercellular communication/quorum sensing or exopolysaccharides and proteins, the biofilm attributes can change [20]. Within quorum sensing, N-acyl homoserine lactones (AHLs) molecules are commonly found [39]. Dreszer et al. rather linked EPS to the hydraulic resistance of biofilms than to the cells alone [40]. Herzberg and Elimelech [41] further revealed that (dead) cells are responsible for an increased salt passage by hindering the back diffusion of salts, leading to a higher osmotic pressure difference on the membrane surface, whereas EPS is mainly responsible for an increased hydraulic resistance.



Currently, there are different approaches to mitigate the unwanted effects of biofouling. These include:




	
Adaption of the equipment, design and operation, such as suitable pretreatment (e.g., ultrafiltration), optimizing hydrodynamic conditions, membrane surface modifications or feed flow reversal,



	
Limitation of the biomass growth conditions by limiting essential resources, such as carbon or phosphorus,



	
Application of cleaning agents, such as sodium hydroxide, monochloramine or other biocidal chemicals [15] (p. 291), [18,42].








Each of the biofouling mitigation strategies has its own strengths and weaknesses. Whereas adaption of the equipment, design and operation, as well as the limitation of biomass growth conditions, can delay and reduce the negative impacts of biofouling, applying cleaning agents has its advantage in removing already-established biofilms. Nevertheless, for cleanings it is important to remove the dead biomass, as this could otherwise lead to fast regrowth, and depending on the used chemical, the membrane might get deteriorated [17,18,31,43,44]. According to Vrouwenvelder et al. [43], biofouling shall ideally be controlled through a combination of single approaches but without the need of cleaning agents. Unfortunately, this might not be possible at the current state. Thus, even though there exist a variety of strategies for biofouling control, through performance losses, higher energy demand, downtimes in production, cleaning chemicals and their disposal, reduced membrane lifespan and other operational problems, biofouling is still associated with high costs [14]. Hence, there still is a great need for alternative, efficient biofouling mitigation strategies.



UV irradiation using mercury vapor lamps is a well-known approach for the inactivation of microorganisms. The inactivation is mainly caused by damage to the DNA through the formation of dimers [45,46,47,48]. Other secondary effects caused by UV irradiation are direct and indirect damage to the cells’ biomolecules by producing reactive oxygen species (ROS) or exiting photosensitizer molecules within or outside the cell [49]. Pullertis et al. [50] investigated the impact of UV disinfection on the microbial community of drinking water and its development during subsequent storage for six days at 7 °C. According to their findings, the community after storage changed significantly. The guanine and cytosine (GC) content of bacterial genomes could be an indicator of UV resistance [50,51,52]. Furthermore, gram-positive and spore-forming organisms could be more UV resistant [50,53,54,55]. Aside from inactivation, in experiments using solar UV and UV-A disinfection, it was reported that adenosine triphosphate (ATP) levels per cell, efflux pump activity, membrane potential and glucose uptake were reduced [56]. Matallana-Surget and Wattiez [57] reviewed that there are several different responses from microorganisms subjected to UV irradiation (DNA damage), including cell cycle arrest, repair pathways, stress responses, damage tolerance and cell death. In general, (solar) UV radiation can lead to protein damage due to oxidative stress, including amino acid modifications, carbonyl group formation and protein-protein cross-links [57].



Taking into account the various effects of UV irradiations on cells, UV disinfection of the feed stream could be a viable strategy to control biofouling. In particular, RO feed water is usually pretreated to a great extent, and hence, it commonly exhibits high UV transmissions, making it ideal for UV disinfection. Studies investigating the potential of UV-disinfection pretreatment used low or medium pressure lamps, with fluences of 20–400 mJ∙cm−2 [58,59,60,61]. In several studies, it could be demonstrated that the UV-disinfection is delaying the build-up of the biofilm in NF or RO membrane systems using river or groundwater as feed in a full-scale application [58,59,60]. Furthermore, biofilms grown during a defined period of time exhibited a lower dry weight and cell number as well as a reduced ATP, protein and polysaccharides content [60]. In addition, Harif et al. [58] recognized a lower specific EPS production per biovolume and an altered microbial community composition. In particular, Harif et al. [58] reported a less diverse community. Especially the Alphaproteobacteria genus of Parvularcula as well as Betaproteobacteria and Chloroflexi exhibited an increased abundance in the UV treated biofilm. Alphaproteobacteria in general were not affected. On the contrary, Nitrospirae and Bacteroidetes were reduced. The reason for a positive effect for biofouling control could be attributed to a reduced viable cell count in the feed stream, as well as a change in the adhesion properties [58,60,62], with the exception of Lakretz et al. [63], who observed a reduced membrane flux with UV pretreatment.



So far, UV irradiation as a pretreatment strategy for high-pressure membrane applications has not been examined in great depth, probably because UV disinfection of the feed stream has no residual effect on the downstream biofilm [42,64]. Yet, it is not clear if the observed changes in the biofilm, such as lower EPS production per biovolume [58], are only linked to a delay of the biofilm formation, as experiments were frequently terminated after a defined period of time [58,59,60] rather than a function of biofouling development.



Moreover, apart from low and medium pressure lamps, recent developments in the semiconductor sector led to the emerged application of UVC light-emitting diodes (UVC-LEDs) [65]. These LEDs offer the opportunity to explore economically new designs and operations for in situ UV treatments as they are compact and robust, potentially more energy efficient with an increased life span, as well as they do not use or potentially release toxic mercury [65,66]. The combination of higher lifetime and energy efficiency with the possibility of new reactor designs are of great interest as this could enable an in situ integration of the LEDs into the pressure vessel of RO systems.



This study aims to elucidate the potential of UVC irradiation using the recently developed UV-LEDs as an in situ pretreatment strategy for biofouling control in RO or NF systems (Figure 1). In contrary to UV studies carried out previously, we will test if low fluences are sufficient to not only delay the biofilm formation but further lead to a reduced hydraulic resistance of the biofilm while approaching a severe biofouling state. To examine the mechanisms behind a change in hydraulic resistance, the biofilm formed will be analyzed for changes in ATP level, EPS composition and microbial diversity. We hypothesize that in addition to a delay of the biofilm formation by inactivating microorganisms in the feed stream, the structure of the biofilm is changed with lasting impacts. If the effect of UV treatment is enduring, it would present an environmentally friendly biofouling control strategy, saving chemicals, energy and costs.




2. Materials and Methods


2.1. UV Reactor and Laboratory Skid for Biofouling Experiments


The flow-through UVC-LED reactor consisted of an LED located directly over a silica glass pipe (7 mm diameter, 50 mm length), covered by an ABS housing. The LED type LEUVA66H70HF00 manufactured by LG Innotek (Seoul, Korea) has its peak wavelength in a range of 270–285 nm (typically 278 nm) with spectrum half width of 10 nm, a view angle of 110° and an optical power of 110 mW [67]. An AMPYR LED30W controller (Lighting & Electronics Jena, Jena, Germany) was used to set the driving current, automatically adapting the needed voltage.



To investigate the potential of in situ UV pretreatment for biofouling control, accelerated biofouling experiments employing membrane fouling simulators (MFS) [15] were performed. A low-pressure RO membrane LOW1 (Oltremare, Fano (PU), Italy) was used, of which an active membrane area of 2 × 12 cm was employed in an MFS (Figure 2). The feed spacer had a height of 20 mil in diamond shape with a porosity of 0.775 and a contact angle of 45°. The UVC-LED reactor was placed in immediate vicinity (<10 cm) of the MFS, thus mimicking an in situ integration in the pressure vessel of an up-scaled system. A “UV-reactor dummy,” simply a silica glass pipe with the same dimensions as used in the UV reactor, was attached to the reference train to ensure the same hydraulic retention times in the system. A detailed description of the skid is presented in the Supplementary Materials Figure S1 and Table S2 [68].




2.2. Accelerated Biofouling Experiments


In order to quantify a delay in the biofilm build-up, a certain termination criterion needs to be defined. As neither the cell number within the biofilm nor the total biomass could be monitored online with the available methods, it was decided to take the feed channel pressure drop (FCPD) as a reference value. In previous studies, it was observed that with increasing biomass the FCPD rises [15,69,70]. Moreover, membrane manufacturers advised taking action against biofouling if an FCPD increase exceeding 15% is observed [15] (p. 22). Even though it might not be possible to link the FCPD directly to the biofilm volume, FCPD is a reasonable criterion to quantify the delay of biofilm formation up to a certain degree of biofouling. In preliminary experiments in the 12 cm long MFS, the plateau phase of the FCPD started at values exceeding 1.5 bar. An arbitrary value of 0.8 bar (67 mbar∙cm−1) was chosen as the terminating criterion to be still in the exponential FCPD increase and to have a sufficient biofilm volume to monitor changes in the biofilm composition.



For the accelerated biofouling experiments, local tap water (groundwater, treated by aeration and sand filtration) under the addition of easily degradable nutrients 1000:200:100 μg∙L−1 of C:N:P [40] was used as feed. Sodium acetate served as a C source, sodium nitrate as an N source and sodium dihydrogen phosphate dihydrate as a P source (all supplied by Merck, Darmstadt, Germany) supplemented to the tap water. The workflow for the biofouling experiments consisted of four basic steps (see Supplementary Materials for a detailed description [68]):




	
Cleaning and sterilization: Membranes were stored at 4 °C in 1% NaHSO3 (Acros Organics, Geel, Belgium) until used [71]. The cleaning of the system included flushing with 0.1% NaOH (Merck, Darmstadt, Germany) to remove organic matter [71]. Sterilization was done by autoclaving at 121 °C for 20 min or soaking in 0.25% H2O2 solution (Merck, Darmstadt, Germany), analogous to [71,72,73,74,75].



	
Reassembling of the skid: After cleaning and sterilization, the skid was reassembled under sterile conditions.



	
Compaction: Before starting each biofouling experiment, a 16-h compaction, using an NaCl solution (Appli Chem, Darmstadt, Germany), was performed and the flux was set to 20 L∙m−2∙h−1 (LMH). Depending on the initial membrane permeability, the feed pressure varied between 3.5 and 6 bar. The crossflow through the MFS is maintained at 4.25 L∙h−1 resulting in an empty channel velocity of 0.116 m∙s−1.



	
Accelerated biofouling phase: Biofouling experiments were performed by using tap water as feed with nutrient dosing to reach a target concentration of 1000:200:100 μg∙L−1 of C:N:P [40]. Temperature was maintained at 15 °C and feed pressure (set in compaction) was kept constant. When an FCPD of 0.8 bar was reached, the experiments were terminated.









2.3. Biofilm Extraction and Analysis


After terminating an experiment, the biofilm was extracted under sterile conditions and analyzed for the parameters shown in Table 1. Biofilm was extracted by cutting the membrane and spacer in a falcon tube containing 30 mL of 0.1 M NaCl and vortexing for 1 h similar as described by Matar et al. [76]. EPS was extracted by ultrasonic treatment [77] and centrifugation [76]. A detailed description is provided in the Supplementary Materials [68].




2.4. Analytical Methods


The methods used for analysis are the following:




	
Total organic carbon (TOC) was analyzed as a non-purgeable organic carbon using the Vario TOC cube analyzer (Elementar Analysensyteme, Langenselbold, Germany) [79]. Biofilm samples were diluted 1:50 prior to analysis.



	
ATP was measured using the BacTiter-Glow assay (Promega, Walldorf, Germany). The manufacturer’s guideline [80] was followed using flat white 96 multiwell plates (Thermo Scientific, Langenselbold, Germany) and the Tecan Infinite M Plex reader (Männedorf, Switzerland). ATP standards were prepared using adenosine 5′-triphosphat disodium salt (Sigma-Aldrich Chemie, Taufkirchen, Germany). As inner filter effects were observed during ATP analysis, each sample was diluted 1:5, 1:10 and 1:20. The luminescence signal was interpolated to an undiluted state and converted to ATP concentrations with the standard curve.



	
Total direct cell counts (TDC) was performed following the procedure of Boulos et al. [81] using the LIVE/DEAD BacLight kit (Thermo Scientific, Langenselbold, Germany). For filtration, the 0.22 µm black polycarbonate filter manufactured by Piper Filter (Bad Zwischenahn, Germany) were utilized. With this kit, it is possible to differentiate cells with intact and damaged cell membrane [81]. Images were taken using the Axioplan 2 imaging employing the Axiocam 503 color camera (Zeiss, Oberkochen, Germany). Cell counting was performed using the Matlab Version (R2018b, Mathworks, Natick, MA, USA) of the CellC software v. 1.2 [79].



	
Protein analysis was done using the modified Lowry protein assay kit (Thermo Scientific, Langenselbold, Germany). Transparent 96 well flat transparent microplates (Greiner Bio-One, Frickenhausen, Germany) were used with the Infinite M Plex reader (Tecan, Männedorf, Switzerland). The protein standard curve was prepared using bovine serum albumin (Thermo Scientific, Waltham, MA, USA).



	
Polysaccharides were quantified using the method described by Masuko et al. [82]. Concentrated sulfuric acid was purchased from Merck (Darmstadt, Germany) and phenol from Sigma Aldrich (St. Louis, MO, USA). Standards were prepared using d-(+)-glucose (Alfa Aesar by Thermo Fisher Scientific, Kandel, Germany). The same multiwell plates and reader as for proteins were utilized.



	
Fluorescence spectroscopy was performed using the Aqualog (HORIBA Jobin Yvon, Bensheim, Germany). Two different kinds of samples were analyzed: once the biofilm sample filtered by 0.45 µm (VWR, Radnor, PA, USA) and the EPS sample unfiltered. Both samples were diluted 1:20 to reduce inner filter effects. Instrument settings are summarized in the Supplementary Materials [68]. QS high precision cell made of quartz SUPRASIL by Hellma (Müllheim, Germany) was utilized as cuvette.



	
For 16S rRNA amplicon sequencing, 1.5 mL of sample was freeze dried, resuspended in 50 µL nuclease-free water (Promega, Walldorf, Germany) and DNA was extracted using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany). The rRNA sequencing was performed by ZIEL—Institute for Food & Health (Freising, Germany) using the primers 341F/806R and a MiSeq Reagent Kit v3 on an Illumina MiSeq benchtop sequencer (Illumina, San Diego, CA, USA). Raw reads were uploaded to the European Nucleotide Archive (ENA) database (PRJEB41202 (ERP124942)).



	
Anion and cation analyses were performed according to Standard Methods [83,84,85,86,87]. Feed water characteristics are presented in Supplementary Materials (Table S1) [68].









2.5. Summary of the Performed Biofouling Experiments


To verify the effects of in situ UVC treatment of the feed stream for biofouling control, in total eight biofouling experiments were performed. The first seven were performed with the maximum UVC-LED driving current of 360 mA, in the eighth experiment only 180 mA was used. The first experiment could not be stopped on time, so one biofilm analysis (except 16S rRNA sequencing) could not be performed. Experiment 3 had operational problems, thus only the biofilm analysis is available for that run. Experiment 7 was run only with intermittent permeate production (4 days with permeate production for membrane conditioning, then only about 2–3 h per day and finally the last hours during FCPD increase). This approach followed a recommendation by Vrouwenvelder et al. [15] (pp. 62–63) to clearly depict the effects of biofouling. They did not observe an influence of permeate production on biofouling, but it might reduce the impacts of other kinds of fouling. Still, this setting was only used once, as the aim of the study is to show the effects on fouling as close to real applications as possible. This resulted in six data sets for the membrane performance and biofilm attributes at a driving current of 360 mA. Table 2 summarizes the settings of these experiments.




2.6. Actinometry


Actinometry using KI/KIO3 was performed to measure the fluence delivered by the UVC-LED reactor to the water. The protocol was adapted from [88,89,90,91] and is shown in greater detail in the Supplementary Materials [68]. A similar but simpler, laboratory-scale skid was set up to perform actinometry experiments; details are given in the supplemental information Figure S3 and Table S3 [68]. The setup used consisted of a water bath, a pump, a flowmeter, a pressure sensor and a needle valve. To perform the actinometry experiments, a 0.6 M KI (Merck, Darmstadt, Germany), 0.1 M KIO3 (VWR, Darmstadt, Germany) and 0.01 M Na2B4O7 10 H2O (Sigma-Aldrich, Taufkirchen, Germany) solution was prepared [89]. The pH of the finished solution was 9–9.2. The solution was adjusted to 23.5 °C in a temperature-controlled water bath, the temperature in the cabinet was set to 15 °C and UVC-LED reactor was turned on for at least 15 min to allow a warm-up period. Within an actinometry experiment, several flow steps were tested, ranging from approximately 1 to 6 L∙h−1 leading to hydraulic retention times in the reactor of 0.7 to 6 s. Samples and blank were taken in triplicates and the absorbance at 352 nm was determined using the DR6000 UV-Vis spectrophotometer (HACH, Düsseldorf, Germany).




2.7. Data Analysis


Outlier analysis for pressure data and calculated permeability (e.g., caused by an emptying of the beaker collecting the permeate) was done based on the interquartile range [92] (p. 14) of a 3 h interval. The detailed procedure is described in the Supplementary Materials [68].



Parallel factor (PARAFAC) modeling was performed using the Matlab based drEEM Toolbox V. 0.5.1 [93] available only at http://dreem.openfluor.org/. Components were identified using the OpenFuor database [94]. The PARAFAC modeling steps and the model itself are given in the supplement information [68]. The model was validated using variance explained, core consistency and split-half analysis [93,95,96].



16S rRNA amplicon sequencing data were processed using the R based DADA2 pipeline (V. 3.11) [97] and DECIPHER package 2.16.1 [98]. SILVA_SSU_r138_2019 was used as database, available online under: http://www2.decipher.codes/Downloads.html. In case a genus could not be assigned with the Silva database, the gene sequence was identified using BLAST [99,100] available online (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the INSDC databases [101]. For testing an overall change in the microbial community, microbial counts were rarefied [102,103] and compared in a distance-based redundancy analysis [104,105] by using the R package vegan 2.5–6 [106]. Dissimilarity was calculated using the Bray-Curtis distance. Furthermore, permutational multivariate analysis of variance using distance matrices (PERMANOVA) [107] using the vegan [106] package were applied to detect differences in the community. To test for differential abundance of single genera, generated count data were processed using the DESeq2 R package 1.28.1 [108], applying the “ashr” shrinkage estimator [109]. Corrections for false discovery rates within the calculations was performed according to Benjamini and Hochberg [110]. For Pearson correlation, data were transformed following the Rhea pipeline, applying a centered log ratio/scaling [111]. Hereby, only species present in 30% of the data and correlations with four data pairs were considered.





3. Results and Discussion


3.1. Characterization of the UVC-LED Reactor


The UVC-LED reactor was characterized three times for the maximum driving current of 360 mA using KI/KIO3 actinometry: before the first experiment with 1.32 mW∙cm−2, after the first three experiments with 1.35 mW∙cm−2 and after five runs with 1.12 mW∙cm−2 (mean = 1.26 mW∙cm−2). With a hydraulic retention time of approximately 1.6 s at a flow of 4.25 L∙h−1, this leads to a fluence of 2 mJ∙cm−2. Comparing the fluence to the study of Jarvis et al. [112], who reported an inactivation rate of 0.171 cm2∙mJ−1 for MS2 phages using a 275 nm LED with an irradiance of 4.9 mW∙cm−2, this would result in a log removal of 0.35. The applied fluence of 2 mJ∙cm−2 is 10 or more times lower compared to the fluences applied for UV disinfection as biofouling control previously reported in the literature [58,59,60,61]. For a setting of 180 mA, no actinometry was performed. However, reducing the current from 360 to 180 mA, according to the datasheet of the LED [67], would result in approximately 42% of the irradiation power (0.85 mJ∙cm−2).




3.2. Impact of UVC Pretreatment on the Biofilm Formation and Hydraulic Resistance


Seven successful biofouling experiments were performed—six at a fluence of 2 mJ∙cm−2, one at 0.85 mJ∙cm−2. A representative time series of the FCPD increase and a drop of the relative membrane permeability after compaction for one of the experiments is depicted in Figure 3. The other biofouling experiments performed showed similar curves (data not shown). The time for the biofilm growth for biofouling experiments is comparable to times reported in the literature [113]. The initial increase of permeability is likely to be caused by the storage in NaHSO3 and H2O2. This increase is similar as reported by Harif et al. [58], who linked it to modified surface properties of the membrane, as they are sensitive to cleaning agents [114]. Nevertheless, no detailed explanation was given. Within the time series of the FCPD increase and permeability decline, a clear distinction between the UV treated and reference line can be seen.



In total, six sets of experiments using the maximum LED driving current are compared for the delay in biofilm formation and the impact of UV irradiation on the hydraulic resistance (Table 3). On average, the membrane filtration experiment with UV pretreatment reached an FCPD of 0.8 bar two days later, which equals 16.5% compared to the non-treated experiment. The drop in hydraulic resistance of the fouling layer, on average, was 3.4 × 1013 m−1 in the experiments receiving a UV treatment. Thus, on average, the hydraulic resistance of the fouling layer was reduced by 48.8% in a pairwise comparison. Only in one experiment (experiment 5), no reduced hydraulic resistance was observed; on the contrary, the UV-irradiated biofilm exhibited an increase by 18%. The delay in biofilm formation, as well as the change in biofilm resistance, is still significant (p < 0.05) for a one tailed non-parametric Wilcoxon signed-rank test. Thus, the UV pretreatment (2 mJ∙cm−2) seems to significantly delay the biofilm formation, as well as reducing the hydraulic resistance of the formed fouling layer in a severe biofouling state.



For the eighth experiment, the driving current was reduced to 180 mA (0.85 mJ∙cm−2) to investigate if there is a certain threshold of UV fluence for a successful biofouling control. Interestingly, in experiment 8, no delay in biofilm build-up was observed (time difference 5 h), but the resistance of the UV-treated biofilm was only 50% of the control. The fluence of 0.85 mJ∙cm−2 does not seem to be enough for delaying the biofilm formation. Hence, it is assumed that the needed fluence for effective biofouling control is up to 2 mJ∙cm−2 for the given UVC-LED reactor.



In total three mechanism are supposed to explain the observed delayed biofilm build-up due to the in situ UV pretreatment:




	
Reduction of viable bacteria in the feed: UV disinfection using UVC light is a process known for its capability to inactivate microorganisms [45,46,47,48]. Inactivation was observed in studies investigating the potential of UV pretreatment for biofouling control [58,60,61]. Li et al. [115] reported that during UV disinfection of Escherichia coli, irradiation using a 278 nm wavelength LED inhibited photoreactivation and dark repair, probably caused by impairment of protein activities.



	
Changed adhesion properties: RO membranes are commonly negatively charged and rather hydrophobic at pH 7 and becoming more hydrophilic with increasing ion concentrations [116]. During UVA disinfection a depolarization of the cells’ membrane potential was observed [56]. Similar effects are assumed to happen while using 278 nm UV-LEDs, with potential effects on the proteins of the cells [115]. On the one hand, a reduction in cell membrane potential would lead to a lower electric repulsion with the membrane which could lead to better adhesion. On the other hand, according to Otto and Silhavy [117], the outer membrane lipoprotein NlpE is required for activation of the cpxR system and a successful attachment of cells to hydrophobic surfaces. In case the NlpE protein of the cell membrane is damaged due to the UV treatment, it could possibly lead to a reduced adhesion. However, the CpxRA system is complex and can be affected by multiple causes [118,119]. Whereas Kolappan and Satheesh [62] observed a reduced attachment of Alteromonas sp. cells to hard surfaces due to UV treatment, Friedman et al. [120] rather linked a reduced viable cell count to a reduced cell abundance on surfaces within their experiments.



	
Cell cycle arrest: Cells experiencing DNA damage might delay or stop the cell cycle to provide more time for DNA repair [57,121]. This delay could further impact the biofilm build-up.








Whereas a change in adhesion properties remains unclear, a reduction of the viable bacteria in the feed and a delay or arrest of the cell cycle seems likely to cause the observed delay in biofouling.




3.3. Membrane Autopsy and Biofilm Analysis


Differences in biofilm composition with and without UV treatment were examined by determining the number of live and dead cells as well as ATP and TOC contents in the biofilm at the end of the biofouling experiment (n = 6). The results for the parameters analyzed are summarized in Figure 4. Values for ATP, TDC and TOC are comparable to values reported in the literature for biofouling [15] (pp. 28, 250). The same is true for proteins and polysaccharides [122]. On average, ATP/TDC values were 3.3 and 4.9 × 10−16 g per cell for UV treated and untreated biofilms, respectively. Those are comparable to the values found in the literature [123,124]. ATP/TDClive was found to be 8.5 and 15.6 × 10−16 g per cell for UV pretreated and untreated biofilms. For the analyzed parameters, a one-tailed Wilcoxon signed-rank test revealed four significant differences. First, the ATP levels seem to be lower in the UV pretreated biofilms (p = 0.016, W = 0). Second, the cell count for cells with membrane damage, referred to as dead cells, is higher without pretreatment (p = 0.031, W = 1), whereas the cells without cell damage did not seem to differ significantly (p = 0.422, W = 9). TDC in general was reduced (p = 0.047, W = 2). As a consequence, the ATP/TDC ratio was also reduced by more than 30% through the UV treatment (p = 0.031, W = 1). TOC, proteins and polysaccharides were reduced on average, but no statistical significance could be revealed. In summary, all of the measured parameters were reduced by UV treatment at the same degree of biofouling (FCPD = 0.8 bar). The results of the biofilm analyses support the observation of a reduced biofilm resistance.




3.4. Fluorescence Spectroscopy and PARAFAC Modeling


A three-component PARAFAC model was built from the fluorescence spectroscopy analysis of the biofilm samples. Details are reported in the Supplementary Materials (Figure S4) [68]. According to its emission and excitation spectrum, Component 1 (C1) could be identified as tryptophan-like (protein) [125,126]. Component 2 (C2) could be characterized as tyrosine-like (protein) [127,128] and component 3 (C3) as humic-like of terrestrial origin [126,129]. For both the filtered and the EPS sample, the maximum fluorescence intensity (Fmax) was very similar (Figure 5). The highest Fmax values were observed for tryptophan- and tyrosine-like proteins. Nevertheless, it needs to be considered that due to possible differences in the quantum yield of the different components, the calculated Fmax values cannot be linked directly to a difference in concentration [130]. Still, for none of the modeled components, a significant difference for the UV pretreated biofilm was revealed. This indicates that the composition of the protein- and humic-like constituents is not changed, or at least no change can be monitored with fluorescence spectroscopy. Perhaps an analysis with LC-OCD as performed in the study of Elhadidy et al. [123] could reveal differences in the molecular size distribution of the EPS.




3.5. 16S rRNA Amplicon Sequencing


16S rRNA amplicon sequencing was used to explore the microbial community in the formed biofilms. An overview of the bacteria families present (considering the 40 most dominant amplicon sequence variants (ASVs)) in the treated and non-treated samples is given in Figure 6. Based on these results, the families Rhodocyclaceae, Pseudomonadaceae, Comamonadaceae and Burkholderiaceae dominate the microbial community. Especially the abundance of Burkholderiaceae and Pseudomonadacea has been observed frequently on membrane biofilms [21,28]. For all samples, the dominating class is Gammaproteobacteria, but it shall be noted that according to a recent study of Parks et al. [131], Betaproteobacteria are now reclassified as an order within the class of Gammaproteobacteria (Burkholderiales [132]). A distance-based redundancy analysis differentiating different treatment conditions is presented in the Supplementary Materials (Figure S5) [68]. A distinction between the treated and untreated samples was not significant after applying an ANOVA test (p = 0.074, F = 2.122). However, analyzing the variance using PERMANOVA and Bray Curtis distance matrices considering different experimental runs (Adonis ~ treatment + run), a significant difference for the runs (p = 0.006, F = 1.918) and treatment (p = 0.021, F = 2.154) was detected. Overall, the microbial community of the biofilms seems to differ.



After investigating the differences in the community composition in general, the DESeq2 analysis was used to determine changes at the ASV level. In total, a difference for five ASVs/species was found (p adjusted < 0.05). Their base mean, log 2 fold change and adjusted p-value are given in Table 4. On the one hand Novosphingobium sp., Acidovorax sp., Sphingomonas sp. and Ralstonia sp. show an increased abundance within the UV pretreated biofilms. On the other hand, Delftia sp., if present, seems to be reduced by UV treatment. The differences in abundance could be explained as the genera being rather UV resistant or UV sensitive. This could be caused by a different GC content in the genomes [50,51,52] or other biological responses to UV light.




3.6. Correlation of Hydraulic Resistance to the Main Biofilm Attributes


To further elucidate the coherences of the hydraulic resistance of the biofilms with the attributes analyzed, a correlation analysis according to Pearson was performed. To illustrate the coherences with the biofilm resistance, correlations with a p value of less than 0.05 and a correlation coefficient larger than 0.5 are summarized in Figure 7. A good correlation between TOC, polysaccharides, ATP content normalized to the cells without membrane damage (ATP/TDClive) as well as for the humic- and protein-like components was found. Whereas Sphingopyxis sp. seem to decrease with hydraulic resistance, the genus of Aquabacterium sp. is found in an increased abundance at higher resistances. Aquabacterium was found in biofilms of drinking water distribution systems [133] and the study of Gao et al. [134] recognized an increasing presence of Aquabacterium at temperatures of 20 and 10 °C. Nonetheless, to the author’s knowledge there is no further information about the EPS production of Aquabacterium and its role in increasing hydraulic resistance within biofilms. Nevertheless, parameters showing a correlation with the resistance were not affected significantly by UV treatment. Significant differences were monitored for ATP-levels, TDC and TDCdead, as well as for the ATP content normalized to the TDC in total (ATP/TDC). However, ATP/TDC and ATP/TDClive are assumed to be highly correlated (r = 0.797, p = 0.002) and as a difference in ATP/TDC was observed for the treated biofilms, it is assumed that ATP/TDC or ATP/TDClive could indicate the mechanisms behind a changed hydraulic resistance of the biofilms. Furthermore, it should be mentioned that when excluding the analysis of experiment 5, a non-parametric one-tailed Mann-Whitney-U-test showed a significant difference for the ATP/TDClive content comparing the treated and the non-treated groups in general (p = 0.018, U = 2). Consequently, it seems that the ATP/TDClive ratio is linked to the resistance and is responsible for the difference observed by UV treatment.



Even though differences in the biofilm composition and correlations for the resistance were detected, the mechanisms behind the change in biofilm attributes are complex. Some key ideas that could be helpful for future research are discussed in the following:




	
Different quantity in EPS production: As reported in the literature [40,122], polysaccharides and proteins are linked to hydraulic resistance. Even though no significant change for EPS content of treated and untreated biofilms could be revealed, a consistent trend for a reduced average in EPS and TOC quantities for the UV pretreated biofilm could be seen (11, 8, 14 and 19% for TOC, TOCEPS, Proteins and Polysaccharides, respectively). A significant difference in EPS quantity could probably not be detected due to the low number of replicates (n = 6) or because there exists an interplay among those parameters, making a simple comparison difficult.



	
Changed EPS composition/quality and biofilm morphology due to changed biodiversity: UV pretreatment seems to alter the microbial community present in biofilms. Interestingly, the genera that showed a significantly differential abundance did not correlate with the biofilm resistance. Furthermore, within the PARAFAC analysis, at least no differences for expression of tyrosine- or tryptophan-like proteins was found. Still, a change in the microbial community could lead to different EPS quality [20]. A difference in EPS composition could also be polysaccharide-related or not be detected with fluorescence measurements.



	
Reduced ATP levels impact quorum sensing or vice versa: The ATP/TDClive ratio correlates with the hydraulic resistance and seems to be changed by the UV treatment. Still the cause for a reduced ATP level and the effects for the biofilm resistance are not clear. Yang et al. [135] observed an ATP reduction over time for UV-irradiated bacteria, especially for medium pressure UV lamps. Thus, cells irradiated and subsequently adhered to the biofilm could exhibit lower ATP levels. Furthermore, different kinds of microorganisms could show different levels of ATP [136]. Jiang and Liu [137] recognized that if ATP production is limited in aerobic granules, the amount of AHL messenger molecules and EPS is reduced. Vice versa, Zhang et al. [138] showed in their study that with increasing concentration of quorum sensing molecules (AHLs), ATP levels rose. The reduced ATP levels in the UV treated biofilms could, therefore, indicate less quorum sensing. Additionally, Zhang et al. [138] observed that ATP needs to be present in a sufficient amount for EPS production. A reduction of quorum sensing could also be caused by an altered microbial community [39,138,139]. Not only microorganisms showing increased AHL production could show a changed abundance, but also those quenching AHL signals. According to the review of Uroz et al. [39], Delftia acidovorans [140], Ralstonia sp.XJ12B [141] and Sphingomonas [142] could degrade or modify AHL signal molecules. Whereas a Delftia strain was found with reduced abundance in the UV treated biofilms, the Ralstonia and Sphingomonas strains were increased. Unfortunately, in this study, it was beyond the scope to directly elucidate how the AHL concentration affects the ATP levels. Nevertheless, AHL expression might not only impact the quantity of EPS but also correlate with the production of tightly and loosely bound EPS [139]. This could possibly affect the resistance of the formed biofilm.



	
Introduction of prophage: Stress conditions, such as DNA damage, are known to lead to prophage induction to biofilms, which can further lead to biofilm dispersal or disruption [118,143]. Biofilm dispersal could not only lead to a delayed build-up but also create a more open structure, leading to lower resistance.








In summary, especially the change of microbial community and ATP/TDClive levels (for the same FCPD) are likely to impact the biofilm structure, but could also add to the delay of biofilm formation. The reasons for reduced ATP/TDClive might be linked to a modified diversity or the effects of the UV treatment itself. Nevertheless, ATP is seen as an indicator for active biomass in general [78] [15] (p. 26).





4. Conclusions


Findings of this study reveal that UV pretreatment using UVC-LEDs in the immediate vicinity of RO membrane surfaces is capable of delaying biofouling already at low fluences. Furthermore, at the same degree of biofouling (same FCPD) the hydraulic resistance of the biofilms is reduced. Inactivation of the cells in the feed stream, a change in the adhesion properties and an induced cell cycle arrest are suspected to cause the delay of biofilm formation. Evidence was found that the hydraulic resistance might be affected by a modified microbial diversity, EPS composition, ATP levels per cells and possibly also quorum sensing. Nevertheless, the mechanisms behind the delayed and changed biofilm formation could not be elucidated with certainty. Further research is needed, especially regarding quorum sensing with respect to ATP and microbial community, to provide more insights into the underlying mechanisms. Analysis of the biofilm structure using confocal laser scanning microscopy or optical coherence tomography would be very helpful to further evaluate the observed effects or stated hypotheses. Measurements of hydrophilicity could contribute to a deeper understanding of the changed biofilm resistance or adhesion properties. In addition, it should be investigated if the observed effects translate to full-scale application over multiple cleaning cycles and several membrane modules in series. In conclusion, the results of the study suggest that in situ pretreatment of the feed stream, using UVC-LEDs in a flexible reactor design (possibly integrating the LEDs in situ in the pressure vessels) could be a promising environmentally friendly technology for biofouling control in RO and other systems.
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Figure 1. Schematic application of UV light-emitting diodes (UV-LEDs) for in situ biofouling control. 
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Figure 2. Schematic drawing of the laboratory scale skid for biofouling experiments (further details of the operation are given in the Supplementary Materials [68]). MFS: membrane fouling simulator; DI: deionized 






Figure 2. Schematic drawing of the laboratory scale skid for biofouling experiments (further details of the operation are given in the Supplementary Materials [68]). MFS: membrane fouling simulator; DI: deionized



[image: Membranes 10 00415 g002]







[image: Membranes 10 00415 g003 550] 





Figure 3. Representative mean feed channel pressure drop (FCPD) increase and mean relative permeability drop over time with and without UV in situ pretreatment for one experiment. Shaded areas represent the 95% confidence intervals. Mean value and confidence intervals are calculated for 1.5 h time period. 
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Figure 4. Summary biofilm parameter. Bar plots showing 95% confidence intervals following a t-distribution (n = 6). Biofilm resistance is plotted for biofilms with a conducted biofilm analysis (n = 5). 
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Figure 5. Maximum fluorescence intensity (Fmax) for the modeled components. Bar plots with 95% confidence intervals following a t-distribution (n = 6). 
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Figure 6. Overview of the relative abundance of the families identified in the treated and non-treated samples. The first number in the sample name represents the treatment condition (2 = untreated, 1 = treated), whereas the second number represents the experimental run. As only the 40 most dominant amplicon sequence variants (ASVs) are plotted, an abundance of 1 is not reached completely. 
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Figure 7. Correlations with biofilm resistance, shaded area representing the 95% confidence intervals. As the values are transformed, no units are depicted on the axis. The x markers in the graphs represent experiment 5, for which no effect of UV treatment for the resistance could be revealed. 
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Table 1. Analyzed biofilm parameters representing different biofilm attributes.
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	Parameter
	Biofilm Property





	TOC/TOCEPS
	Total organic mass/Total EPS



	ATP
	Active biomass [78] [15] (p. 26)



	Total direct cell counts (TDC)
	Dead and living cells



	Proteins and polysaccharides
	EPS composition



	Excitation emission matrix (EEM) using fluorescence spectroscopy
	Differentiation tyrosine- and tryptophan-like proteins



	16S rRNA amplicon sequencing
	Microbial community composition
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Table 2. Summary of experimental settings.
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	Experiment No.
	Line with UV Treatment
	UV Dummy 1
	LED Current [mA]
	Membrane Performance Data
	Biofilm Analysis





	1
	1
	Yes
	360
	Yes
	16S



	2
	1
	Yes
	360
	Yes
	All



	3
	2
	Yes
	360
	No
	All



	4
	1
	No
	360
	Yes
	All



	5
	2
	No
	360
	Yes
	All



	6
	2
	No
	360
	Yes
	All



	7
	1
	No
	360
	Yes, intermittent permeate production
	All



	8
	1
	No
	180
	Yes
	No







1 Silica glass pipe to ensure same hydraulic retention times in the reference line.
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Table 3. Summary of membrane performance for six experiments, applying a fluence of 2 mJ∙cm−2.
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	FCPD Delay
	FCPD Delay
	Difference Hydraulic Resistance
	Difference Hydraulic Resistance





	Mean
	2.0 d
	16.5%
	3.4 1013 m−1
	48.8%



	95% confidence-t interval
	1.0 d
	10.0%
	2.7 1013 m-1
	34.9%



	p-value one sided Wilcoxon signed-rank test
	0.016 *1
	0.016 *1
	0.031 *2
	0.031 *2



	Wilcoxon test statistic W
	21 *1
	21 *1
	1 *2
	1 *2







*1 Testing for increase compared to UV; *2 Testing for reduction compared to UV.













[image: Table] 





Table 4. Summary of DESeq2 results (the arrows in the last column are indicating an increase or reduced abundance due to the UV irradiation).
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	ASV
	Family
	Genus
	Base Mean
	Log 2 Fold Change
	p Adjusted
	Abundance





	45
	Sphingomonadaceae
	Novosphingobium
	139
	25.8
	8 × 10−17
	↑



	46
	Comamonadaceae
	Delftia
	101
	−24.8
	7 × 10−16
	↓



	2
	Comamonadaceae
	Acidovorax *
	21,435
	4.0
	0.01
	↑



	60
	Sphingomonadaceae
	Sphingomonas
	80
	4.5
	0.03
	↑



	4
	Burkholderiaceae
	Ralstonia
	5957
	3.5
	0.03
	↑







* identified by BLAST.
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