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Purple phototrophic bacteria (PPB) can produce single-cell protein from wastewater at high yields. Attached growth as biofilm might generate a high-quality consistent product. This study compared suspended and attached growths of enriched PPB cultures in an outdoor flat plate photobioreactor (FPPBR) treating poultry-processing wastewater. Attached growth showed lower VFA removal efficiencies (95±2.7 vs. 84±6.4%) due to light limitations and low substrate diffusion rates. Nevertheless, similar overall treatment performances and biomass productivities were achieved (16±2.2 and 18±2.4 gCOD•m-2•d-1 for attached and suspended) at loading rates of 1.2-1.5 gCOD•L-1•d-1. The biofilm had higher quality than the suspended biomass, with lower ash contents (6.9(0.6)% vs. 57(16)%) and higher PPB abundances (0.45-0.67 vs. 0.30-0.45). The biofilm (20-50% of the total biomass) might be used as feed and the suspended fraction as fertiliser, increasing the process economic feasibility. Semi-continuous PPB growth outdoors as biofilm is technically feasible, obtaining a superior product without jeopardising process performance.

Introduction

Resource recovery from wastewater using purple phototrophic bacteria (PPB) is gaining momentum. In recent years, the technology has advanced rapidly, moving from lab-scale proof-of-concept setups to pilot/demonstration scale reactors running on real wastewater (Hülsen et al., 2022c[START_REF] Hülsen | Domestic wastewater treatment with purple phototrophic bacteria using a novel continuous photo anaerobic membrane bioreactor[END_REF][START_REF] Puyol | The photo-anaerobic raceway for domestic sewage: cradle-to-cradle design in wastewater treatment[END_REF]. The main benefit of PPB lies on their high C and COD yields (up to 1 g CODbiomass•g CODremoved -1 ; potentially higher than 1 g C•g C -1 depending on the substrate redox state), paired with simultaneous COD and nutrients removal, and the potential to generate a wide range of high value-added products (e.g., polyhydroxyalkanoates (PHAs), single-cell protein (SCP), pigments or fertilisers) [START_REF] Capson-Tojo | Purple phototrophic bacteria for resource recovery: Challenges and opportunities[END_REF]. These features are enabled by their photoheterotrophic metabolism, which uses light as energy source (producing ATP via photophosphorylation) and organic compounds (preferably volatile fatty acids (VFAs)) as source of carbon and electrons [START_REF] Alloul | Dehazing redox homeostasis to foster purple bacteria biotechnology[END_REF].

Efficient photoheterotrophy relies on light availability, particularly within the near-infrared (NIR) spectrum, as the pigments mostly responsible for light harvesting in PPB (bacteriochlorophylls (BChls)) have absorption peaks at wavelengths in the 780-1,040 nm range [START_REF] Saer | Light harvesting in phototrophic bacteria: Structure and function[END_REF]. This exclusive NIR-absorption capability allows PPB enrichment from virtually any wastewater stream (Hülsen et al., 2018a[START_REF] Hülsen | Domestic wastewater treatment with purple phototrophic bacteria using a novel continuous photo anaerobic membrane bioreactor[END_REF][START_REF] López-Serna | Photobioreactors based on microalgaebacteria and purple phototrophic bacteria consortia: A promising technology to reduce the load of veterinary drugs from piggery wastewater[END_REF]. Nevertheless, the need of NIR light also imposes challenges, such as the design of reactors to provide sufficient light for effective growth. This has always been the case for microalgae systems, but stronger NIR-light attenuation compared to ultraviolet-visible (UV-VIS) wavelengths and higher biomass concentrations in PPB cultures further exacerbate the issue of light limitation in PPB reactors [START_REF] Capson-Tojo | Light attenuation in enriched purple phototrophic bacteria cultures: implications for modelling and reactor design[END_REF]Hülsen et al., 2022a), noting that PPB thrive on lower light intensities compared to algae [START_REF] Dalaei | Municipal wastewater treatment by purple phototropic bacteria at low infrared irradiances using a photo-anaerobic membrane bioreactor[END_REF][START_REF] Hülsen | Domestic wastewater treatment with purple phototrophic bacteria using a novel continuous photo anaerobic membrane bioreactor[END_REF]. The economic constraints of artificial illumination necessitate outdoor cultivation systems, using sunlight as energy source [START_REF] Capson-Tojo | Purple phototrophic bacteria for resource recovery: Challenges and opportunities[END_REF], which further aggravates the challenge of efficient light distribution, as light intensities cannot be controlled and are subject to natural cycles (e.g., day/night intervals).

Few studies have researched PPB growth outdoors. Pioneer articles evaluating this option did not focus on wastewater treatment or nutrient recovery, but on the generation of hydrogen and PHA from artificial media [START_REF] Adessi | Sustained outdoor H2 production with Rhodopseudomonas palustris cultures in a 50 L tubular photobioreactor[END_REF][START_REF] Carlozzi | Growth characteristics of Rhodopseudomonas palustris cultured outdoors, in an underwater tubular photobioreactor, and investigation on photosynthetic efficiency[END_REF][START_REF] Carlozzi | Biomass production and studies on Rhodopseudomonas palustris grown in an outdoor, temperature controlled, underwater tubular photobioreactor[END_REF]. A couple of recent articles have studied the performance of outdoor PPB flat plate PBRs (FPPBRs) treating real industrial wastewaters (Hülsen et al., 2022c(Hülsen et al., , 2022b)). Both studies have shown the technical feasibility of the approach, with high organic matter removal efficiencies (over 71% for COD in batch biofilm-reactors and over 90% for VFAs in continuous reactors). In both cases, the removal of nutrients was limited by the availability of biodegradable COD. In continuous reactors, biomass productivities of 25-84 g VS•m -2 •d -1 were achieved (with conservative estimates from COD removal rates of 6.0-24 g VS•m -2 •d -1 ; VS being volatile solids) at hydraulic retention times (HRTs) of 2.1-2.4 d, giving for the first time numbers that could be extrapolated to perform techno-economic analyses (Hülsen et al., 2022c). The produced biomass had an average crude protein (CP) content of 58% and an amino acid profile suitable for feed applications, making it a potential source of SCP.

Phototrophs (e.g., algae) are mostly grown as suspended cultures in high rate algal ponds (HRAPs), because they provide reasonable productivities (6.8-42 g•m -2 •d -1 ) at low capital costs (~40 USD per m 2 in 2014) [START_REF] Richardson | A financial assessment of two alternative cultivation systems and their contributions to algae biofuel economic viability[END_REF]Young et al., 2017). Recent results from PPB open ponds have shown that these systems can provide effective resource recovery from a variety of wastewaters [START_REF] Alloul | Operational Strategies to Selectively Produce Purple Bacteria for Microbial Protein in Raceway Reactors[END_REF][START_REF] García | A systematic comparison of the potential of microalgae-bacteria and purple phototrophic bacteria consortia for the treatment of piggery wastewater[END_REF][START_REF] López-Serna | Photobioreactors based on microalgaebacteria and purple phototrophic bacteria consortia: A promising technology to reduce the load of veterinary drugs from piggery wastewater[END_REF][START_REF] Sepúlveda-Muñoz | A systematic optimization of piggery wastewater treatment with purple phototrophic bacteria[END_REF]. Nevertheless, these studies have also underlined that the combination of poor NIR light penetration, high PPB biomass concentrations, and the need to limit oxygen diffusion (to avoid PPB out-competition (Capson-Tojo et al., 2023, 2021)), might complicate the use of open ponds for PPB growth, especially when considering high PPB abundances. Another challenge that is generally overlooked in suspended cultivations systems (e.g., open ponds or PBRs based on suspended growth) is the accumulation of undesired components within the biomass. These include particulate inerts, heavy metals, xenobiotics, or even pathogenic microorganisms that survive in the suspension. These contaminants are harvested with the generated biomass, reducing the quality of the product (Hülsen et al., 2022c).

A possibility to overcome biomass contamination is growing the biomass as biofilms in PBRs, either as granules or as biofilms attached onto submerged surfaces. As contaminants tend to remain in suspension, this is a simple solution to improve biomass quality.

Attached/biofilm growth can also help to reduce biomass harvesting/dewatering costs, as aggregates settle faster than suspended biomass, and attached biofilms can be directly harvested at much higher concentrations than suspended biomass. Recent studies have proven the feasibility of forming PPB granules under artificial illumination, with settling rates higher than 30 m•h -1 (similar to existing granular technologies) and high removal rates (e.g., 1.1 kg COD•m -3 •d -1 ) [START_REF] Cerruti | Enrichment and Aggregation of Purple Non-sulfur Bacteria in a Photobioreactor for Biological Nutrient Removal From Wastewater[END_REF]Stegman et al., 2021). [START_REF] Hülsen | Application of purple phototrophic bacteria in a biofilm photobioreactor for single cell protein production: Biofilm vs suspended growth[END_REF] grew PPB enriched biofilms onto artificially-illuminated Perspex tubes, obtaining high pollutant removal efficiencies and recovering over 60% of the biomass as biofilm, with productivities up to 15-20 g VS•m -2 •d -1 . With these biofilms, biomass was harvested at 160 g TS•L -1 (vs. below 2-3 g TS•L -1 for common suspended PBRs (Hülsen et al., 2022c); TS being total solids) and had very low ash contents (4.0% vs. 30% in the influent wastewater). Outdoors, a recent study using FPPBRs (run in batch) showed that PPB can be efficiently grown onto reactor walls from industrial wastewaters (Hülsen et al., 2022b). Biomass was consistently harvested at 90 g TS•L -1 , with CP contents of 50-65%, ash contents below 10%, and biofilm areal productivities up to 14 g TS•m -2 •d -1 . A suspended system treating the same wastewater resulted in much more diluted suspended biomass (1.2-2.5 g TS•L -1 ), with much higher ash contents (~30%) (Hülsen et al., 2022c). The main drawbacks that might limit the application of phototrophic biofilm systems are their higher capital costs compared to suspended systems [START_REF] Enzing | Microalgae-based products for the food and feed sector: an outlook for Europe[END_REF], the reduced diffusion of soluble compounds, and light-induced problems, such as photo-inhibition or shading [START_REF] Kesaano | Algal biofilm based technology for wastewater treatment[END_REF]. Despite these limitations, PPB-biofilm systems are still a promising alternative to address the aforementioned challenges, noting that a valuable product forms the basis of the economic feasibility of any PPB-mediated wastewater treatment process. Particularly for PPB-enriched reactors, biofilm systems have the potential to considerably increase the PPB proportion in the harvested biomass, as flanking microorganisms such as fermenters growing in synergy with PPB would remain in suspension (Hülsen et al., 2022c). This is crucial for a consistent biomass quality (e.g., high protein and low ash contents), and therefore for a high market value of the potential SCP product.

This work aimed at systematically studying the differences between suspended and attached PPB growth strategies for wastewater treatment and resource recovery under realistic working conditions. For this purpose, an outdoor demonstration-scale PPB FPPBR (the first of its kind) was operated in continuous regime, fed with real industrial wastewater in an on-site pilot. This article addresses the following questions: (i) how does the biofilm formation impact the FPPBR performance? (ii) are the biomass productivities reduced due to biofilm formation? (iii) is the biomass quality (as SCP source) higher in attached systems compared to suspended? (iv) is NIR-light availability across the FPPBR affected by the presence of biofilm?

Materials and methods

Wastewater source, pretreatment and characteristics

Raw poultry-processing wastewater, produced on-site at a poultry-processing facility in Brisbane (Australia), was used as substrate. The wastewater was a mixture of effluents resulting from feather removal, bird degutting and general cleaning. The wastewater was drawn from an existing grit trap (barely functional) and fed into a 1,000 L intermediate bulk container (IBC), which acted as equalization tank to allow for continuous feeding (the wastewater was only produced during certain hours of the day). From the intermediate IBC, the wastewater was pumped into a second IBC, which functioned as pre-fermentation tank.

The pre-fermented wastewater (FWW), with concentrations of 2,501-2,926 mg TCOD•L -1 , 558-851 mg COD-VFA•L -1 , 137-188 mg N•L -1 and 29-36 mg P•L -1 was used to feed the FPPBR. The wastewater characteristics of the raw wastewater and the FWW during different operational periods (described below, see Table 1) are shown in Table S1 (see Figure S1 (raw wastewater) and Figure S2 (FWW) for the corresponding daily data). A considerable increase in VFAs, NH4 + -N, and PO4 3--P was observed after fermentation.

Flat plate photobioreactor (FPPBR) overview

FPPBR set-up

The systemschematically represented in Figure S3 was set up in Brisbane (Australia), at a poultry processing facility. The raw wastewater from the grit trap was pumped into the intermediary IBC for equalization via a submersible pump (Ryobi 750W Stainless Steel Submersible Pump), working between 11 am and 4 pm (to exclude cleaning events) when water was available (automatic on/off was facilitated via a float switch integrated in the pump). This allowed to obtain a representative sample of the wastewater that could be fed when no wastewater was produced at the facility. The intermediary IBC was equipped with overflows at the bottom (with a U-pipe, to reduce solids accumulation) and the top, directing excess wastewater back into the grit trap. This equalization IBC was necessary to allow a consistent/continuous flow into the pre-fermentation IBC, which was located around 150 m away at an elevation of ~7 m, close to the FPPBR. To feed the pre-fermentation IBC, raw wastewater from the equalization IBC was pumped (using a Mono CP25, NOV Australia Pty Ltd., Victoria, Australia; 25 L•min -1 ) in pulse/pause intervals of 15/75 min between 11am and 6pm (due to head loss caused by height differences, the actual flow rate was ~13 L•min -1 ). This operational approach resulted in a daily flow rate of 910 L•d -1 , obtaining an HRT of 1.0 d in the fermenter. The level in the fermenter was maintained via overflows at the top and the bottom of the container (via a standpipe). The fermenter-IBC was continuously mixed with a top entry agitator (DM-10 Series, FluidPro Pty Ltd, Australia) to avoid the formation of fat layers and the accumulation of sediments. Turbulence at the surface was minimized to reduce oxygen transfer. The FPPBR was fed with FWW (via a pump Mono CP11, NOV Australia Pty Ltd., Victoria, Australia; 11 L•min -1 ) in pulse/pause intervals of 5/85 min for 12 h per day (during daytime).

The FPPBR consisted of 8 modules (1,220 mm x 1,220 mm x 80 mm (L x H x W)) made from 15 mm clear acrylic joined by o-rings. The total length of the FPPBR was 9.8 m, with a working volume of 953 L and an illuminated surface to volume ratio of 21 m 2 •m -3 . The reactor walls and bottom were covered with an UV-VIS absorbing foil (Lee filter ND 1.2 299) to limit light input from non-NIR wavelengths. A polystyrene foam-sheet cover was used. This cover did not provide a gastight seal, and hence there was some atmospheric exchange.

Influent FWW was provided via valves at the bottom of the first two modules. Mixing was provided via a hydro-mechanical device (protected intellectual property), which served also to remove the biofilm when required. The effluent from the FPPBR was collected in a third 1.0 m 3 IBC to allow harvesting of the suspended biomass (via a centrifuge IC45-M, Interfil, Australia). A more detailed description of the FPPBR can be found in Hülsen et al. (2022c) (see also Figure S3 for a schematic representation of the treatment train).

FPPBR operation

No inoculum was needed, as the plant was already running when the experiments started (continuation of the work presented in Hülsen et al. (2022c)). The FPPBR was fed between 6.30 am and 6.30 pm (approximate daytime hours), obtaining an overall influent flow rate of 440 L•d -1 and an HRT of 2.1 d (or 1.0 d considering only the time when light was available).

To study the differences between suspended and attached PPB growth, the FPPBR was operated for 78 days, divided into two operational periods. During Period I (duration of 36 d) the system was operated in suspended growth mode, mechanically resuspending the biofilm every 30 min to avoid attachment of PPB biofilm on the inner walls. As for the mixing system, a precise description of the device used for biofilm wiping cannot be provided due to protected intellectual property. During Period II (duration of 39 d), mixing was provided as in Period I, but the PPB biofilm on the reactor walls was not wiped off. Thus, PPB were allowed to grow attached to the FPPBR inner walls. For biomass collection and to avoid light limitations, the biofilm was harvested via wiping every 3-4 days, which was sufficient to allow a proper biofilm development (Hülsen et al., 2022b). Other than uncontrollable parameters such as weather, irradiance and wastewater characteristics, all operational parameters were equal between periods. It is important to note that due to variabilities in the FWW composition, the organic loading rate (OLR), and the nitrogen and phosphorus loading rates (NLR and PLR) varied (even if the HRT was maintained). The operational conditions for both periods are shown in Table 1, as well as average solar exposures, T, and pH (data over time can be found in Figure S4).

Sample collection for reactor follow-up and light attenuation assessment

Samples of raw wastewater, FWW, FPPBR effluent and attached biofilm were generally taken twice a week (Monday and Thursday), between 10 am and 12 am (usually during zenith time). Biofilm samples were collected using a plastic scraper (before biofilm removal mechanically). The samples were immediately placed in a cooling box with ice and afterwards stored at -20 ºC, prior to further analysis. Samples were analysed for concentrations of total COD (TCOD), soluble COD (SCOD), VFAs, NO2 --N, NO3 --N, NH4 + -N, PO4 3--P, total Kjeldahl nitrogen (TKN; both soluble and total), total phosphorus (TP; both soluble and total), TS, and VS. A detailed description of analytical methods and data analysis can be found in Supporting Information S1.

Two daily cycle studies with a duration of 24 h were carried out at the end of each operational period (days 36-37 and 71-72) to evaluate the dynamic behaviour of the FPPBR during daynight natural cycles. This was performed using an auto sampler (ISCO 3700 C Portable Automatic Sampler, RS Hydro, Stoke Prior, England), taking samples of 200 mL every 1.5 hours for 24 hours. The auto sampler was filled with ice to inhibit further activity before collecting all the samples early on the next morning. The samples were collected using a syringe to take a 50 mL grab sample of the well-mixed 200 mL sample. Afterwards, the samples were transported on ice and stored at -20 ºC before analysis. The same analyses as above were performed.

Photon flux densities (PFD) were measured during Phase II (days 57, 61, 71 and 78) to determine the light attenuation effect of the biofilm layer (and the acrylic wall and UV-VIS absorbing foil; by measuring the PFD at a given distance from an artificial light source, and placing in between either an acrylic plate or the foil). For this purpose, PFDs (expressed in µmol•m -2 •s -1 ) were recorded with a SQ-620 extended range PFD sensor (with a resolution of 0.1 μmol•m -2 •s -1 ), measuring PFD from 340-1,050 nm, coupled to an AT-100 µcache Bluetooth micro-logger (Apogee Instruments, Inc., USA). PFDs were measured before and after wiping the biofilm from the reactor walls (covered with UV-VIS absorbing foil, which absorbs over 90% of light below 790 nm). The sensor was attached to a 1 m metal rod, which allowed its submersion to 50 cm (around half of the reactor depth). Once in place, the sensor was pointed towards the inner reactor wall, and PFDs were registered (carefully placing the sensor right onto the biofilm, without wiping it) and with the sensor resting on the opposite inner wall (8 cm distance between sensor and wall).

Microbial community analysis

Samples of suspended biomass and attached biofilm were collected for analysis of the microbial communities. Samples were taken at days 7, 18, 34 (Period I, suspended only), and 57, 61, 75, 78 (Period II, both suspended and biofilm). These samples were preserved at -80ºC and given to the Australian Centre for Ecogenomics for DNA extraction and 16S Amplicon sequencing, using Illumina Miseq Platform. The universal primer pair 926F (50-AAACTYAAAKGAATTGACGG-30) and the 1392wR (50-ACGGGCGGTGWGTRC-30) primer sets were used [START_REF] Engelbrektson | Experimental factors affecting PCR-based estimates of microbial species richness and evenness[END_REF]. Trimmomatic was used to trim raw paired reads and to remove reads shorter that 190 bp and/or with low quality (with a Phred-33 lower than 20) [START_REF] Bolger | Trimmomatic: A flexible trimmer for Illumina sequence data[END_REF]. The resulting trimmed paired reads were assembled using PANDAseq, with default parameters [START_REF] Masella | PANDAseq: PAired-eND Assembler for Illumina sequences[END_REF]. The removal of adapter sequences was carried out using the FASTQ Clipper from the FASTX-Toolkit [START_REF] Pearson | Comparison of DNA sequences with protein sequences[END_REF].

The generated high-quality joined sequences were analysed via QIIME v1.8.0 [START_REF] Caporaso | QIIME allows analysis of high-throughput community sequencing data Intensity normalization improves color calling in SOLiD sequencing[END_REF], using the open-reference picking strategy for amplicon sequence variants (ASVs)

given by uclust [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF], at 3% phylogenetic distance. Taxonomy was assigned by uclust against the SILVA rRNA database (128_release) [START_REF] Quast | The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools[END_REF]. ASVs with one or two reads were filtered from the ASVs table by command filter_-asvs_from_asv_table.py in QIIME. ASVs were processed according to Hülsen et al. (2018b).

Analytical methods and data analysis

Concentrations of TCOD and SCOD were determined using COD cell tests (Merck, 1.14541.0001, Darmstadt, Germany), and those of NH4 + -N, NO3 --N, NO2 --N and PO4 3--P were measured via flow injection analysis (FIA; QuikChem8000, Hach Company, Loveland, USA). TS and VS concentrations were determined according to APHA 26 . TKN and TP contents were measured by digestion with sulphuric acid, potassium sulphate and copper sulphate as catalysts in a block digester (Lachat BD-46, Hach Company, Loveland, CO, USA), according to [START_REF] Patton | Methods of Analysis By the U.S. Geological Survey National Water Quality Laboratory-Determination of Total Phosphorus By a Kjeldahl Digestion Method and an Automated Colorimetric Finish That Includes Dialysis[END_REF]. Concentrations of VFAs were measured by gas chromatography (GC; Agilent Technologies 7890A GC System, Santa Clara, CA, USA), using a polar capillary column (DB-FFAP Column, Agilent) and a flame ionisation detector (GC/FID). Soluble compounds were determined after filtration through a 0.45 mm membrane filter (Millipore, Millex®-HP, Merck Group, Darmstadt, Germany). CP contents in the biomass were estimated from the NH4 + -N and TKN contents, according to [START_REF] Eding | Design and operation of nitrifying trickling filters in recirculating aquaculture: A review[END_REF].

Daily solar irradiance values (expressed in MJ•m -2 ) were collected from a local weather station operated by the Australian Bureau of Meteorology, located 2.0 km away from the industrial site (http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=193&p_display_type= dailyDataFile&p_startYear=&p_c=&p_stn_num=040917).

Values corresponding to measurements are presented as averages and their variability as standard deviation, represented as 𝑋 ̅ (𝑠 𝑋 𝑖 ), where 𝑋 ̅ is the average value for the data Xi, and 𝑠 𝑋 𝑖 is the corresponding standard deviation. Outputs and calculated parameters are presented as average value, with uncertainty expressed as uncertainty in mean based on a two-tailed t-test (95% confidence, 5% significance threshold), represented as 𝑋 ̅ ±𝐸 𝑋 ̅ , where 𝐸 𝑋 ̅ is the 95% confidence interval. Statistical differences were assessed via ANOVA (after verifying that data were normally distributed and homoscedasticity), carried out using the software R (The R Foundation, version 4.1.2).

Results and discussion

Reactor performance: suspended vs. attached growth

The average removal efficiencies, removal rates and biomass productivities in the FPPBR for each operational period are shown in Table 2 (dynamic effluent characteristics can be found in Figure S5). During Period I (suspended growth), no net removal of organics or nitrogen occurred, as the assimilation into suspended biomass dominated. As previously reported for similar HRTs (Hülsen et al., 2022c), VFA removal was almost complete, with average removal efficiencies of 95±2.7% during Period I (Table 2). Also as previously seen (Hülsen et al., 2022c), a residual fraction of SCOD (non-degradable) remained in the effluent (300-600 mg•L -1 ), limiting the overall SCOD removal (average of 65±7.0%). Again in agreement with previous results, nutrient removal was limited by the availability of biodegradable COD (with removal efficiencies of 56% and 42% for TN and TP; calculated as difference between the total concentration in the influent vs. the soluble nutrient concentration in the effluent (Hülsen et al., 2022c)), which explains the relatively high levels of NH4 + -N and PO4 3--P in the effluent (Figure S5).

When the growth strategy was changed from suspended to attached growth (day 37; Period II), the levels of TCOD, TKN and TP in the effluent decreased (despite an increase in the FWW input solids, see Figures S2 andS5). This was caused by the formation of biofilm, which resulted in the overall removal of TCOD (average of 29±9.7%, see Table 2). Figure 1A shows the absence of TCOD removal during Period I and the TCOD removal due to biofilm growth and attachment during Period II. The almost instantaneous change between both periods suggests that operational changes (i.e., stopping biofilm wiping every 30 min) were responsible for the observed changes (instead of shifts in process response or biological changes). Three-four days were sufficient for the formation of an active biofilm (see Figure S6 for biofilm pictures).

While N and P removal efficiencies were similar between periods, the VFA removal was slightly lower (significantly, p-value of 0.002) in Period II, despite the lower overall OLR during this period (1.5±0.2 and 1.2±0.2 g COD•L -1 •d -1 in Periods I and II, respectively).

Average VFA removal efficiencies (84±6.4% in Period II) and time trends confirm this, identifying that a lower VFA removal was maintained during Period II (Figure 1B). The slightly decreased performance in Period II is confirmed by comparing the SCOD, TKN and TP removal rates, all lower compared to Period I (see Table 2). The lower OLR in Period II could partially explain the reduced removal rates and biomass productivities, but definitely not the lower VFA removal efficiencies. Different hypotheses can explain this observation: (i) the diffusion rate of soluble substrates into the biofilm limited VFA availability and reduced the overall uptake rates, which were close to optimal values due to the low HRT applied (1.0 d during daytime); (ii) the formation of biofilm reduced light availability in the bulk liquid, reducing VFA removal rates due to lack of light in the suspended phase; (iii) a combination of (i) and (ii). The light availability might have been affected by generally lower light intensities during the last days of Period II (Figure S4). These hypotheses will be further discussed in the coming sections.

Results from the cycle studies further confirm that VFA removal was limited during attached growth (Figure 2). While VFA accumulation during night-time was barely detectable during Period I (suspended growth), during attached growth a VFA baseline remained in the reactor even during daytime (50-60 mg COD•L -1 •d -1 ). This obviously resulted in higher VFA concentrations during night-time due to hydrolysis and fermentation of residual organics taking place, while no light was available to consume the produced VFAs. This VFA accumulation impacted the pH in the reactor, up to 7.9 in Period I and always below 7.7 during Period II (see Figure 2).

The measured biomass productivities between both periods were similar (see Table 2 andFigure 3). Note that during attached growth (Period II) the productivities were calculated by measuring the biomass concentrations in the liquid after wiping, with most of the biomass in suspension. We tried to measure/estimate the amounts of produced biofilm, but due to technical complications related to an incomplete biofilm harvesting, we could not do it. In addition, limitations of the wiping system led to underestimating the amounts of produced biomass, as some biofilm was not completely wiped and residual biomass remained on the wiping system. Furthermore, floating biofilm aggregates formed after wiping caused heterogeneities when sampling. This was further confirmed by mass balances over the reactor, which closed accurately for Period I (suspended) and confirmed non-negligible losses of TCOD, TN and TP for Period II (see Table S2). Therefore, the measured productivities could be expected to be slightly higher than those obtained (10-30% according to mass balances).

Regardless of these uncertainties, the measured values do not differentiate between the solids corresponding to biomass and those already present in the influent that remained undegraded.

Therefore, these values overestimate the obtained productivities. To solve this, biomass productivities were also estimated from the amounts of SCOD removed, assuming a biomass yield of 1 g CODbiomass•g CODremoved -1 , common for PPB growing photoheterotrophically [START_REF] Capson-Tojo | Purple phototrophic bacteria for resource recovery: Challenges and opportunities[END_REF]. The estimated productivities were statistically similar between both periods, as the amounts of SCOD removed were also similar (the OLRs were slightly lower in Period II but the SCOD removal efficiencies were indeed higher, due to slightly lower SCOD undegradable fractions in the influent, see Figure S5). The high productivities obtained (measured values of 42±8.8 and 39±9.0 g VS•m -2 •d -1 for each period), even for the estimated productivities (averages of 18±2.4 and 16±2.2 g COD•m -2 •d -1 ), which are underestimations that only consider SCOD removal, are in agreement with previous results from other studies, confirming that PPB can achieve high productivities in outdoor reactors (Hülsen et al., 2022c(Hülsen et al., , 2022b)). The relatively consistent trend in the estimated productivities (up to 25 g COD•m -2 •d -1 ), shown in Figure 3B, confirms the consistency and robustness of the system, keeping a stable performance despite the variable influent characteristics and environmental conditions.

Impact of biofilm on light availability through the reactor

To confirm if the slightly lower performances during Period II (attached growth) were caused by light attenuation due to biofilm formation, the photon flux densities (PFDs) at the inner reactor wall were measured before and after biofilm wiping, at different dates (around noon on days 57, 61, 71 and 78; see Table S3). The results showed that the biofilm absorbs, on average, 61±40% of the incident NIR-light, with variations depending on the value of the incident PFD. This obviously increased the light attenuation effect throughout the reactor, and might explain the lower removal efficiencies and rates during attached growth. To confirm this, the PFDs behind the reactor inner wall (i.e., right behind the biofilm) and at the opposite side were measured before and after biofilm wiping (see Figure 4). The PFDs at the opposite side of the wall were similar before and after biofilm wiping (9.7-12 vs. 11-12 µmol•m -2 •s -1 ; or 1.3-1.6 vs. 1.6-1.7 W•m -2 assuming an average NIR wavelength of 900 nm). Both with and without biofilm, these light intensities would have limited effective PPB growth, reducing the growth kinetics. While this effect is reduced due to the light input from both reactor sides in a FPPBR, and due to refraction, the impact of attenuation through the culture is clear, especially considering that light half saturation constants (KI; value at which kinetics are halved) of 4.6 W•m -2 have been determined for PPB enriched-cultures [START_REF] Capson-Tojo | Light attenuation in enriched purple phototrophic bacteria cultures: implications for modelling and reactor design[END_REF]. Efficient growth at NIR levels of 1.4-3.0 W•m -2 has been reported for enriched cultures adapted to low light intensities, but with slower growth kinetics compared to higher irradiances and at solid retention times (SRTs) of 5 d [START_REF] Dalaei | Municipal wastewater treatment by purple phototropic bacteria at low infrared irradiances using a photo-anaerobic membrane bioreactor[END_REF][START_REF] Puyol | A mechanistic model for anaerobic phototrophs in domestic wastewater applications: Photo-anaerobic model (PAnM)[END_REF]. The main difference between the suspended and the attached system concerns mostly the incident light intensity available right after the wall, which impacts the suspended PPB fraction behind the biofilm. Taking the most extreme case (day 57, Figure 4A), the PFD before biofilm wiping was 23 µmol•m -2 •s -1 (3.8 W•m -2 ) and the value after wiping was 81 µmol•m -2 •s -1 (11 W•m -2 ). 3.8 W•m -2 is already lower than the reported KI values, meaning that right behind the biofilm, the available light was already limiting the PPB uptake rates (but still allowed growth). Due to attenuation by water and suspended biomass, this effect was more pronounced at higher distances from the FPPBR wall (i.e., approaching the FPPBR centre at 4 cm from each wall, which was the darkest point). Considering this, it can be concluded that the proportions of dark volumes in the bulk liquid (along the reactor) were higher during attached operation, which limited the uptake kinetics in suspension, resulting in an incomplete VFA consumption at the applied HRT (2.1 d) and in lower pollutant removal rates (Table 2). This assertion (and the above values) are only applicable under the particular environmental conditions, biomass concentrations, and reactor geometry used in this study. The microbial communities, which are discussed in the coming section, further confirmed light limitation in the bulk liquid (suspended biomass).

Biomass characteristics

The characteristics of the harvested biomass during both periods are shown in Table 3. The benefits of attached growth appear evident when comparing the suspended and attached samples. The concentration of biomass was 50 times higher in the biofilm (90.5(1.3) g TS•L -1 vs. 1.80(0.60) g TS•L -1 ), easing the post-processing requirements of dewatering and drying, or avoiding them entirely, for example when utilising PPB paste as feed base after heat sterilisation. In addition, the biofilm had much lower ash content (6.9% vs. 43%). The latter is a crucial parameter for feeding applications, and, in the case of fish meal substitution, it must be below 20% (personal communication with fish feed manufacturers). Therefore, while the harvested biofilm could be used directly as feed, the suspended biomass from Period I could only be used as fertiliser, a product with a much lower value (i.e., 0.42-0.47 USD•kg -1 vs. 1.5-1.6 USD•kg -1 [START_REF] Capson-Tojo | Purple phototrophic bacteria for resource recovery: Challenges and opportunities[END_REF]).

The characteristics of the suspended biomass after centrifugation are also shown in Table 3.

The contents of ash (10%) were much lower than in the suspended samples because, as in Hülsen et al. (2022c), only the top fraction of the centrifuged biomass was collected.

Therefore, the inert particles (ash) remained in the bottom of the centrifuge, allowing the manual separation of both fractions. This was done because impurity-free biomass was needed for animal feed trials, but obviously this approach would not be feasible in continuous, scaled, systems.

It is important to consider that the differences between the suspended and attached biomasses are particularly noticeable in this study due to the high contents of impurities (e.g., sand, other inerts, metals, undegradable COD, etc.) in the wastewater (see Table S1 and Hülsen et al. (2022c)). The differences in ash contents would be much lower if "cleaner" industrial wastewaters, commonly used for SCP production (e.g., food-processing effluents) had been used as influent to the FPPBR.

Although we could not determine the precise proportion of biomass growing as biofilm due to technical limitations causing incomplete harvesting, results from the mass balances (Table S2) suggest that the biofilm represented at least 20-50% of the total COD. This range is in agreement with data from previous studies, reporting up to 60% of the biomass growing as biofilm (in artificially illuminated lab-scale reactors) [START_REF] Hülsen | Application of purple phototrophic bacteria in a biofilm photobioreactor for single cell protein production: Biofilm vs suspended growth[END_REF] and around 30-75% (in outdoor flat plate batch reactors (Hülsen et al., 2022b)).

The PPB relative abundances in the biomass samples are shown in Figure 5. During Period I, the PPB abundances in suspended samples were of 0.30-0.45. Compared to these values, PPB in the biofilm samples (Period II) accounted for 0.48-0.68 of the total reads. This confirms that PPB attached preferentially, while flanking communities such as fermenters remained in suspension (see fermenter proportions in the suspended samples from Period II, much higher than in the biofilm samples; Figure 5B). Therefore, biofilm growth can be used effectively to increase PPB proportions in the harvested product. The PPB proportions in suspended samples from Period II (0.30-0.32) were lower than in Period I, which can be explained by the partial growth of PPB as biofilm, reducing the amounts of suspended PPB. In addition, this observation further suggest that the lack of light was limiting PPB growth in the bulk liquid during attached growth.

Predominant PPB genera (i.e., Blastochloris sp., Rhodopseudomonas sp. and Rhodobacter sp.) were the same in Period I and Period II and in the suspended and attached fractions, confirming that abiotic factors (i.e., mechanical biomass wiping) were responsible for the performance differences, not biotic alterations. Interestingly, the appearance of other PPB genera in the biofilms, such as Rubribrivax sp. and Thiobaca sp., suggests that some PPB might have more tendency to form biofilm than others. Another explanation could be that these particular genera have different light affinity compared with other PPB.

It must be commented that the presence of methanogens in the samples (particularly in the suspended ones) was a consequence of momentary mixing issues in both the FPPBR and the fermenter IBC, which lead to some extent of solids accumulation. These issues were solved during the operational period, which is why the proportions of methanogens decreased over time as the accumulated solids were washed out.

Implications for practical implementation

This study shows that biofilm-based PPB outdoor reactors can be operated efficiently, with similar performances to those obtained with suspended growth. The increased biomass quality of the attached fraction (20-50% of the total biomass) resulted in a higher value-added product directly applicable, for example, as bulk fish feed [START_REF] Delamare-Deboutteville | Mixed culture purple phototrophic bacteria is an effective fishmeal replacement in aquaculture[END_REF]. This is enabled by the low content of ash in the biofilm, by a sufficient protein content (58% of CP), and by a suitable amino acid profile (Hülsen et al., 2022c). The improved product consistency obtained in biofilm systems is another main advantage, as its quality will not depend on the amounts of undesirables present in the influent, which will remain mostly suspended. In addition, pre-concentration steps are avoided, as the concentration of solids in the biofilm is much higher than in the suspended biomass (90.5 vs. 1.8 g•kg -1 ). Considering that harvesting of suspended phototrophic biomass, such as microalgae, accounts for 20-30% of the total costs, higher TS contents in the biomass are a clear advantage of biofilm reactors [START_REF] Acién | Economics of microalgae production[END_REF][START_REF] Singh | Microalgae harvesting techniques : A review[END_REF].

It is important to consider that in biofilm reactors the product quality will be much less compromised by the composition of the wastewater stream than in suspended systems, as most ash and other undesirable compounds will remain in suspension. Therefore, this approach could be applied with virtually any waste stream, showing an obvious benefit when valorising streams high in minerals (ash), such as piggery or poultry-processing wastewaters.

Recent studies have also shown that both biomass growth and biofilm formation might be affected by nutrient deficiency and thus by the wastewater composition (Shaikh et al., 2023a(Shaikh et al., , 2023b)). Finding wastewater streams with optimal characteristics and allowing to generate a marketable product will be essential for the effective implementation of PPB-based technologies. Obviously, "cleaner" wastewaters will always be better suited to generate clean products, minimizing hazards (e.g., pathogens or toxins) and impurities. For streams with no ash/undesirables, suspended systems might be preferable due to their simplicity and faster kinetics. Dedicated comparisons should be performed.

Efficient PPB biofilm formation in an outdoor semicontinuous FPPBR was achieved here.

Effective growth outdoors is crucial, as artificial illuminations costs are prohibitive [START_REF] Capson-Tojo | Purple phototrophic bacteria for resource recovery: Challenges and opportunities[END_REF]. The performance was not affected by the regular biofilm wiping, which implies that continuous operation is feasible, coupled to the sequential biofilm recovery every three-four days (time required for biofilm development). This process resulted in reasonably high productivities (measured values of 39±9.0 g VS•m -2 •d -1 and estimated values of 16±2.2 g COD•m -2 •d -1 ), higher than those reported for indoors PPB biofilm reactors (7.0-10 g VS•m -2 •d - 1 [START_REF] Hülsen | Application of purple phototrophic bacteria in a biofilm photobioreactor for single cell protein production: Biofilm vs suspended growth[END_REF]) and those from algal biofilm processes (up to 7.6 g TS•m -2 •d -1 [START_REF] Fica | Algae-based biofilm productivity utilizing dairy waste-water: effects of temperature and organic carbon concentration[END_REF]). The formation of a light-driven biofilm (as in Hülsen et al. (2022b)) is another main advantage of this system, as providing constant shear to develop a biofilm would result in excessive energy consumption for shear/mixing. The results presented here also show that abiotic factors were responsible for the differences observed between attached and suspended growth.

Despite its advantages, biofilm PPB systems face challenges. The poor light availability in the bulk liquid due to absorption by the biofilm leads to slower removal rates and lower VFA removal efficiencies, which are also affected by the rates of substrate diffusion through the biofilm. This must be taken into account when designing and operating these systems, as parameters such as HRT, wiping frequency (related to biofilm thickness), reactor width, and OLR will need to be optimised to maximise treatment rates. Another limitation is that biofilm growth only partially removes organics and nutrients, which imposes the need of harvesting the suspended biomass to provide acceptable removal efficiencies (Hülsen et al., 2022c). The collected suspended fraction could be used as slow-release fertiliser [START_REF] Sakarika | Purple non-sulphur bacteria and plant production: benefits for fertilization, stress resistance and the environment[END_REF], and research in this area is ongoing [START_REF] Sakarika | Purple non-sulphur bacteria and plant production: benefits for fertilization, stress resistance and the environment[END_REF]Wu et al., 2020). Another possibility would be to couple PPB biofilm processes with other technologies. In this case, PPB could produce SCP upstream, removing 20-50% of the pollutant loads. This could be used to retrofit existent plants to generate a high value-added product upstream. Post-processing via aerobic polishing, filtration or centrifugation would be done as conventionally applied to such wastewaters, with a reduced load.

Conclusions

Despite the lower VFA removal efficiencies during attached growth, this approach achieved similar overall treatment performances and biomass productivities compared to suspended growth. The harvested biofilm had higher quality than the suspended biomass, with much lower ash contents and higher PPB relative abundances. The collected biofilm (representing 20-50% of the total produced biomass) can be used as feed, resulting in a high value product.

The suspended fraction might be used as fertiliser. Semi-continuous attached growth of PPB in outdoor FPPBRs is technically feasible, generating a product with a high quality without jeopardising process performance. Stegman, S., Batstone, D.J., Rozendal, R., Jensen, P.D., [START_REF] Capson-Tojo | Purple phototrophic bacteria are outcompeted by aerobic heterotrophs in the presence of oxygen[END_REF] 1.

Table 3. Average characteristics of the harvested biomass. Roman numbers refer to operational periods described in Table 1. PPB stands for purple phototrophic bacteria, AB for aerobic bacteria and Metha. for methanogens. 12±6.6 10±2.0 T stands for temperature, HRT for hydraulic retention time, SRT for solids retention time, OLR for organic loading rate, NLR for nitrogen loading rate and PLR for phosphorus loading rate. Numbers in brackets are standard deviations. ± is 95% confidence interval. 1. Not determined due to incomplete recovery of the attached biofilm. TCOD stands for total COD, SCOD for soluble COD, VFA for volatile fatty acids, TKN for total Kjeldahl nitrogen, TP for total phosphorus, TS for total solids and VS for volatile solids. Numbers in brackets are standard deviations. ± is 95% confidence interval. 1. Measured including solids in the influent (overestimation). 2. Values estimated from the SCOD removed, assuming PPB photoheterotrophic biomass yields of 1.0 g COD•g COD -1 (underestimation).
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 1 Operational and environmental conditions in the flat plate photobioreactor during Phase I (suspended growth) and Phase II (attached growth).

	Period	I	II
	Duration (d)	36	39
	Growth strategy	Suspended	Attached
	Average daily irradiance (MJ•m -2 )	23 (4.0)	20 (4.3)
	T inside (ºC)	31 (4.0)	29 (4.3)
	pH (-)	7.3 (0.4)	7.5 (0.4)
	HRT (d)	2.1±0.12	2.1±0.04
	SRT(d)	2.1±0.12	n.d. 1
	OLR (g COD•L -1 •d -1 )	1.5±0.2	1.2±0.2
	NLR (mg TN•L -1 •d -1 )	59±22	52±12
	PLR (		

mg TP•L -1 •d -1 )
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 2 Average removal efficiencies, biomass productivities and removal rates in the flat plate photobioreactor for each operational period. Roman numbers refer to operational periods described in Table1.

	Period	I	II
	Duration (d)	36	39
	Growth strategy	Suspended	Attached
	TCOD removal (%)	-2.7±10	29±9.7
	SCOD removal (%)	65±7.0	74±5.9
	VFA removal (%)	95±2.7	84±6.4
	TKN removal (%) 3	56±6.7	50±9.6
	TP removal (%) 3	42±8.8	39±9.0
	Biomass productivities (g VS•m -2 •d -1 ) 1	42±8.8	39±9.0
	Estimated biomass		
	productivities	18±2.4	16±2.2
	(g COD•m -2 •d -1 )		
	TS content (g•L -1 )	1.8 (0.6)	1.6 (0.8)
	VS content (g•L -1 )	1.1 (0.5)	1.1 (0.6)
	SCOD removal rate (mg•L -1 •d -1 )	379±85	364±48
	TKN removal rate (mg N•L -1 •d -1 ) 3	25±9.9	17±4.4
	TP removal rate (mg P•L -1 •d -1 ) 3	3.1±2.3	1.7±1.2

Table 3 .

 3 Average characteristics of the harvested biomass. Roman numbers refer to operational periods described in Table1. TS stands for total solids, VS for volatile solids, TKN for total Kjeldahl nitrogen, TP for total phosphorus and CP for crude protein.Numbers in brackets are standard deviations.

		I	I	II
	Period	(suspended	(after	(biofilm
		sample)	centrifugation)	sample)
	Duration (d)	36	36	39
	Growth strategy	Suspended	Suspended	Attached
	TS (g•kg -1 )	1.80 (0.60)	911 (2.8)	90.5 (1.3)
	VS (g•kg -1 )	1.57 (0.81)	820 (2.7)	84.3 (1.4)
	VS/TS (%)	57 (16)	90 (1.0)	93 (1.0)
	Ash (%)	43 (19)	10 (0.54)	6.9 (0.6)
	TKN (g N•kg -1 )	-	80.4 (6.80)	92.0 (7.9)
	TP (g P•kg -1 )	-	12.4 (0.38)	13.0 (0.42)
	CP (% dry weight)	-	50.3 (4.25)	57.5 (3.95)
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