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Abstract 27 

A key future challenge of domestic wastewater treatment is nutrient recovery while still 28 

achieving acceptable discharge limits. Nutrient partitioning using purple phototrophic 29 

bacteria (PPB) has the potential to biologically concentrate nutrients through growth. This 30 

study evaluates the use of PPB in a continuous photo-anaerobic membrane bioreactor 31 

(PAnMBR) for simultaneous organics and nutrient removal from domestic wastewater. This 32 

process could continuously treat domestic wastewater to discharge limits (<50 mgCOD L-1, 5 33 

mgN L-1, 1.0 mgP L-1). Approximately 6.4±1.3 gNH4-N and 1.1±0.2 gPO4-P for every 100 34 

gSCOD were removed at a hydraulic retention time of 8 - 24 hours and volumetric loading 35 

rates of 0.8 - 2.5 COD kg m3 d-1. Thus, a minimum of 200 mg L-1 of ethanol (to provide 36 

soluble COD) was required to achieve these discharge limits. Microbial community through 37 

sequencing indicated dominance of >60% of PPB, though the PPB community was highly 38 

variable. The outcomes from the current work demonstrate the potential of PPB for 39 

continuous domestic (and possibly industrial) wastewater treatment and nutrient recovery. 40 

Technical challenges include the in situ COD supply in a continuous reactor system, as well 41 

as efficient light delivery. Addition of external (agricultural or fossil) derived organics is not 42 

financially nor environmentally justified, and carbon needs to be sourced internally from the 43 

biomass itself to enable this technology. Reduced energy consumption for lighting is 44 

technically feasible, and needs to be addressed as a key objective in scaleup. 45 

 46 

Keywords: purple phototrophic bacteria; domestic wastewater; COD, nutrient recovery 47 

 48 

1 Introduction 49 

Alternative domestic wastewater treatment platforms are emerging that aim to provide the 50 

possibility for energy and nutrient recovery, while still achieving acceptable nutrient limits in 51 

the effluent (10 mg N L-1, 2 mg P L-1). This has been identified as a key future challenge 52 

(Batstone et al. 2014, Verstraete et al. 2009, McCarty et al. 2011), with a need to preserve, 53 
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rather than dissipate energy, nutrients, and water. Drivers that are particularly emerging are 54 

increasing costs of phosphorous, nitrogen, and energy, and the environmental implications 55 

of nitrogen dissipation to the terrestrial environment (Bodirsky et al. 2014). 56 

Two platforms have been proposed to achieve these goals. McCarty et al. (2011) proposed 57 

low strength anaerobic treatment, followed by direct utilisation of high nitrogen, but otherwise 58 

treated wastewater. Batstone et al. (2014) has noted that this could be extended to a 59 

complete wastewater treatment solution by the use of mainline biological anaerobic nitrogen 60 

removal (anammox), and adsorptive phosphorous recovery. Verstraete et al. (2009) 61 

proposed the up-concentration of domestic wastewater (by physical or biological methods), 62 

followed by anaerobic digestion of organics and reuse of the mineral nutrients. Both 63 

concepts incorporate anaerobic treatment as a key carbon removal method instead of 64 

conventional activated sludge treatment and hence allow energy positive or neutral 65 

wastewater treatment (Batstone et al. 2014). Mainline anaerobic treatment enables carbon 66 

and potentially phosphorous recovery, while up-concentration allows carbon, nitrogen, and 67 

phosphorous recovery (Batstone et al. 2014).  68 

 69 

A key challenge in up-concentration is the partitioning of nutrients from the soluble to the 70 

solid phase in order to recover these nutrients in a concentrated side stream. This can be 71 

achieved by resource intensive physical (van Voorthuizen et al. 2008) and chemical methods 72 

(Booker et al. 1999) or by biological means, in which soluble organics, nitrogen, and 73 

phosphorous are fixed biologically through accumulation or assimilation. Aerobic partitioning 74 

of organics and nutrients can be partly achieved through short sludge retention time (SRT), 75 

high rate activated sludge (HRAS), or A-stage process, where heterotrophic growth is used 76 

to concentrate organics through growth and adsorption. The hydraulic retention time (HRT), 77 

and sludge age are maintained at very low levels in order to minimise oxidation of organics 78 

while simultaneously assimilating nutrients into the biomass (Jimenez et al. 2005). However, 79 

the extent of assimilation of organics is related to the aerobic biomass yield. Nitrogen and 80 
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phosphorous assimilation is subsequently limited by the COD:N:P ratio in the resulting 81 

biomass (Bloor et al. 1995). This therefore allows maximum assimilation of only 15 – 20% of 82 

nitrogen (Fux and Siegrist 2004) and 20 – 30% of phosphorous (Jaffer et al. 2002, Pitman et 83 

al. 1991).  84 

 85 

Algae and high rate algal ponds (HRAP) are another option to partition nutrients effectively 86 

from diluted wastewater (Park et al. 2011), with organics biologically produced from CO2 and 87 

light. However, HRAP application is limited by its large footprint due to typical illuminated 88 

surface volume ratios between 4 – 8 m-1 (Park et al. 2011, National-Research-Council 2012). 89 

 90 

Another possibility is the partitioning of organics and nutrients using purple phototrophic 91 

bacteria (PPB), which uses less light per weight biomass assimilated (since light is used 92 

anoxygenically to generate energy for growth) (Basak and Das 2009). Most previous studies 93 

dealing with PPB utilised axenic cultures and defined, sterilised growth media or artificial 94 

wastewater in batch tests (Hülsen et al. 2014). However, wastewater cannot be sterilized, 95 

and hence mixed culture biotechnology has to be used. It is possible to utilise infra-red (IR) 96 

light to enrich specifically for purple phototrophic bacteria. PPB has been applied to mixed 97 

culture industrial wastewater treatment (removal of COD, including a laboratory-scale 98 

sequencing batch reactor (SBR), a membrane bioreactor (MBR) (Chitapornpan et al. 2012) 99 

and a membrane sequencing batch reactor (MSBR) (Kaewsuk et al. 2010).  100 

 101 

Batch tests using domestic wastewater as inoculum and growth media showed that (a) 102 

infrared could selectively enrich PPB from domestic wastewater alone, and (b) that domestic 103 

enriched mixed PPB could remove soluble components from domestic wastewater to current 104 

effluent limits by assimilation (Hülsen et al. 2014). However, around 300 mgCOD L-1 as 105 

acetic acid need to be added to achieve effective nitrogen and phosphorous removal 106 

(>90%). PPB cannot utilise the whole spectrum of organics present in the wastewater but 107 

are limited to lower molecular substances such as organic acids and alcohols (Inui et al. 108 
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1995) and some sugars (Inui et al. 1999). It was noted in Hülsen et al. (2014) that internal 109 

recovery of organics would be required to achieve economic wastewater treatment and that 110 

this was a key barrier to the process. While batch testing indicates basic capacity to treat 111 

domestic wastewater, demonstration and analysis in a continuous process is essential to 112 

determine practical feasibility for domestic wastewater treatment. In particular, the degree to 113 

which external carbon needs to be added in a continuous process to achieve full nutrient 114 

removal needs to be identified. 115 

 116 

To address these issues, this study aims to evaluate the application of a mixed culture of 117 

PPB for domestic wastewater treatment in a photo anaerobic membrane bioreactor 118 

(PAnMBR). The key objectives are; (a) simultaneous removal of COD, TN and TP to below 119 

100 mg L-1, 10 mg L-1 and 1 mg L-1; (b) determination of COD, N, P substrate ratios and 120 

removal correlation; (c) determination of process parameters such as volumetric loading rate 121 

(VLR), sludge retention time (SRT), hydraulic retention time (HRT), sludge loading rate 122 

(SLR) and biomass yield. Furthermore, the population development in the reactors over time 123 

was determined to identify the major microbial mediator, and to assess whether performance 124 

indicators are linked to microbial community.   125 

  126 

2 Material and methods 127 

2.1 Raw wastewater  128 

Domestic wastewater was collected at Robertson Park wastewater pump station, 129 

Indooroopilly (Brisbane, Australia) (day 1 – 195 and 245 - 256) and at Taringa wastewater 130 

pump station (Brisbane, Australia) (day 196 – 244) and stored immediately afterwards in a 131 

cold room at 4°C. The wastewater was allowed to settle in 200 L drums for one day and 132 

afterwards used as primary settled wastewater. The composition of the pre-settled 133 

wastewater is shown in Table 1. The supernatant was pumped through a heat exchanger to 134 

warm up to room temperature (22ºC) and was used as reactor feed. 135 
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 136 

2.2 Inoculum 137 

The reactor was started with raw domestic wastewater only. No inoculum was added. 138 

 139 

2.3 Anaerobic photo-bioreactor (PAnMBR) 140 

2.3.1 PAnMBR configuration 141 

Figure 1 shows the schematic PAnMBR configuration. A 2 L rectangular acrylic PAnMBR 142 

equipped with a submerged flat sheet membrane (1) (values in parentheses refer to 143 

elements in the figure) with 0.45µm pore size and 0.12 m2 surface area (Kubota, Osaka, 144 

Japan) was anaerobically illuminated at 50 W m-2
 with IR light (IR 96 LED Illuminator for 145 

Night Vision Camera (2), St. Louis, MO, USA). Illumination intensity was measured on the 146 

outside of the reactor wall with an IR light sensor (PAS PortTM, Roseville, CA, USA). The 147 

illuminated surface/volume ratio was 30 m2 m-3. The operating flux of the membrane was at 148 

maximum 2.1 L m-2 h-1. The width, length and height of the photo-bioreactor were 2, 34 and 149 

40 cm with water height between 28 - 32 cm. The reactor was continuously mixed with an 150 

internal gas recycle of 6 L min-1 by a vacuum pump (KNF Neuberger Laboport N86KT.18 (3), 151 

Trenton, NJ, USA) via an condensate trap (4) through an air stone at the bottom of the 152 

reactor (Aqua Nova Aquarium Air Stone 25 cm (5), Geebung, QLD, Australia). The gas 153 

recycle also functioned as membrane and inner reactor wall cleaning, to minimize biofilm 154 

formation. The reactor was continuously fed (Watson Marlow 120U/DM2 pump (6), 155 

Wilmington, MA, USA) with raw domestic wastewater as noted above. A pressure sensor 156 

was used as level switch (GE 5000 Series Pressure Transmitter, Fairfield, CO, USA) at the 157 

site of the reactor (6) which controlled the effluent pump (WELCO peristaltic pump WPM1-158 

S2AA-BP (8), Tokyo, Japan). Effluent removal was therefore semi-continuous. 159 

Transmembrane pressure was measured by a (GE 5000 Series Pressure Transmitter (9), 160 

Fairfield, CO, USA). Reactor pressure was set to 1.1 kPa (10). The pH (TPS minichem pH 161 
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(11), Brendale, QLD, Australia) and temperature (TPS minichem temperature (12), Brendale, 162 

QLD, Australia) were measured and recorded.  163 

 164 

2.3.2 PAnMBR operation 165 

A summary of the operating conditions is shown in Table 2. The reactor temperature was 166 

20 ± 2°C and the pH was 7.4 ± 0.2 during the entire test period. Ethanol was dosed as 167 

exogenous carbon source (different dose rates). Analyses were generally done 3 times 168 

weekly. Regular sludge withdrawal from the cone shaped reactor bottom was done to control 169 

the SRT. The reactor was opened 3 times (at day 140, 182 and 202) to remove biofilm from 170 

the membrane and reactor walls.  171 

A mass balance was done on COD, N and P to identify extent of recovery over the last 60 d 172 

(d 194 – 254). This was the period over which sludge was wasted daily, and the system was 173 

operating most stable. The mass balance was calculated according to equation 1. TN and 174 

TP recoveries were calculated in the same way. 175 

                
                                          

                    
    (1)   176 

Mass flows were calculated using hydraulic daily flow multiplied by measured mass 177 

concentration. Actual measurements were used in the input (at least 3 times weekly), with 178 

effluent measured also at least 3 times.  Missing daily data in the effluent or sludge was 179 

determined using linear interpolation (interp1 command in Matlab). 180 

 181 

2.4 Analytical methods 182 

TCOD and SCOD were determined by COD cell tests (Merck, 1.14541.0001, Darmstadt, 183 

Germany). Dissolved NH4 -N, NO2-N and PO4-P were determined by a QuikChem8000 Flow 184 

Injection Analyzer (FIA) (Hach Company, Loveland, USA). Temperature and pH were 185 

measured using an Oakton pH 11 Series (Vernon Hill, IL, USA). Total solids (TS) and 186 



8 
 

volatile solids (VS) were determined by drying at 105°C for 24 hours to determine the TS. 187 

The VS was determined after 2 hours in a furnace at 550°C. Soluble and total Kjeldahl 188 

nitrogen (TKN) and total phosphorous (TP) were determined using sulfuric acid, potassium 189 

sulfate and copper sulfate catalyst in a block digestor (Lachat BD-46, Hach Company, 190 

Loveland, CO, USA) (Patton and Truitt 1992). Dissolved sulfide, sulfate, thiosulfate and 191 

sulfite concentrations were measured with ion chromatography (IC) using a Dionex ICS-192 

2000 system. The IC was equipped with an AG18 Dionex column (Dionex, Sunnyvale, USA). 193 

All soluble constituents were determined after filtering with a 0.45 µm membrane filter 194 

(Millipore, Millex®-HP, Merck Group, Darmstadt, Germany). Biological oxygen demand 195 

(BOD) was analysed externally by Scientific Analytical Services Queensland Urban Utilities 196 

(Darra, Australia) using Standard method (APHA. 2012). The samples were sent and 197 

analysed the same day. 198 

  199 

2.5 DNA extraction and Pyrosequencing 200 

Genomic DNA was extracted from inoculum and biofilm respectively by FastSpin for Soil Kit 201 

(MP-Biomedicals, Santa Ana, CA, USA) according to manufacturer’s protocol. 300 ng DNA 202 

of each sample was provided to Australian Centre for Ecogenomics (ACE) for 16S Amplicon 203 

sequencing by Illumina Miseq Platform using 926F (5’-AAACTYAAAKGAATTGACGG-3’) 204 

and 1392wR (5’-ACGGGCGGTGWGTRC-3’) primer set (Engelbrektson et al. 2010). 205 

 206 

2.5.1 Data Analysis 207 

Raw paired reads were first trimmed by Trimmomatic (Bolger et al. 2014) to remove short 208 

reads (less than 190bp) and low quality (lower than Phred-33 of 20). The trimmed paired 209 

reads were then assembled by Pandaseq (Masella et al. 2012) with default parameters. The 210 

adapter sequences were removed by FASTQ Clipper of FASTX-Toolkit (Pearson et al. 211 

1997). The joined high quality sequences were analysed by QIIME v1.8.0 (Caporaso et al. 212 

2010) using open-reference OTU picking strategy by uclust (Edgar 2010) at 1% phylogenetic 213 
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distance and assigned taxonomy by uclust against greengenes database (McDonald et al. 214 

2012, Werner et al. 2012). OTUs with only one read were filtered from the OTUs table by 215 

command filter_otus_from_otu_table.py in QIIME. In house script “Normaliser” 216 

(https://github.com/minillinim/Normaliser) was used to find a centroid normalized OTUs table 217 

with 40000 reads per sample. 218 

2.6 Statistical analysis 219 

Inputs are represented as averages and variability in inputs expressed as standard deviation 220 

in time-series measurements, represented as       
), where    is the average value for the 221 

data Xi, and    
 is the standard deviation for the data. Outputs and calculated parameters 222 

(including slopes from linear models) are represented as average value, with uncertainty 223 

expressed as uncertainty in mean based on a two-tailed t-text (95% confidence, 5% 224 

significance threshold), represented as       , where     is the 95% confidence interval. 225 

Evidence of linear model validity is represented by the regression p-value (regression done 226 

in Microsoft Excel 2010, using the Data Analysis toolpack. Errors in calculated removal 227 

fractions (COD, N, P) were calculated by numerical propagation principles as given in 228 

Batstone (2013). 229 

3 Results and Discussion  230 

3.1 Reactor performance 231 

The reactor biomass color changed to purple within 22 days (Figure 1, right), indicating the 232 

development of a PPB culture. During the entire reactor operation the TCOD removal 233 

efficiency was above 94% with an average effluent concentration below 50 mgTCOD L-1.  234 

The reactor COD, TN and TP removal efficiencies of each period are summarized in Table 235 

3. The TN and TP removal efficiency and concentrations over time are shown in Figure 2.  236 

As shown, TN could be effectively managed to <5 mgN L-1 and TP to <0.5 mgP L-1 for 237 

consistent periods.  238 

Specifically;  239 
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(a) During startup (80 d), ethanol was dosed at 340 mg/L, but sludge was not wasted. 240 

Performance was poor during startup, with high effluent concentrations (35 mgNH4-N 241 

L-1, 6.2 mgPO-4-P L-1), likely to insufficient PPB biomass, and no withdrawal of 242 

biomass (resulting in release of soluble nitrogen from hydrolysis). 243 

(b) During the period following startup (period I), SRT was adjusted (3 d) and consistent 244 

ethanol dose (350 mg L-1) enabled an average effluent concentration of 1.2 mgNH4-N 245 

L-1 and 0.1 mgPO-4-P L-1.  246 

(c) This performance was retained with a decrease in SRT to 2 d (period II) maintaining 247 

ethanol at 350 mg L-1), though with increased fluctuation in particularly effluent 248 

phosphorous (averaging 1.4 mgNH4-N L-1, 0.4 mgPO-4-P L-1). 249 

(d) When SRT was retained around 2 d, but ethanol withdrawn (period III), effluent 250 

nitrogen and phosphorous rose immediately to 42 mgNH4-N L-1 and 6 mgPO-4-P L-251 

1 respectively (removal efficiencies of 15% N and 38% P).  252 

(e) As ethanol was stepwise increased (period IV) nitrogen responded immediately, and 253 

phosphorous with a substantial delay, but eventually achieving an average effluent 254 

concentration of 7 mgNH4-N L-1 and 0.1 mgPO-4-P L-1 at an ethanol dose of 200 mg 255 

L-1 (392 mgCOD L-1) 256 

 257 

The influent and effluent BOD was measured at day 148, 153, 157, 164, 167, 169 and 178. 258 

The average influent BOD was 600 (74) mg L-1 and the effluent BOD was below 10 mg L-1 259 

except day 153 (BOD was 22 mg L-1). The sulfide and sulfate effluent concentration over the 260 

whole reactor operation period was on average 0.1 (0.17) mgS L-1 and 5.1 (5.7) mgS L-1 261 

indicating full sulfide oxidation, most likely by PPB to recover electrons for autotrophic and 262 

heterotrophic growth.  263 

 264 
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Despite changes in ethanol dose rates, the COD:N:P removal ratios remained relatively 265 

stable. Specifically, for every 100 gCOD removed, 6.41.3gN, and 1.10.2gP are removed 266 

(± values are calculated 95% confidence intervals). Figure 3 shows how TCOD, TN removal 267 

and TP are directly correlated. The more TCOD removed, the more TN and TP are 268 

assimilated. This in turn determines the minimum COD to be added on top of the native 269 

wastewater COD, in order to achieve discharge limits to surface waters. There is strong 270 

evidence that both nitrogen and phosphorous are correlated with COD removal (p values 271 

shown on chart), but in neither case is the intercept parameter significantly different from 272 

zero (p~0.3). This means there is no evidence for non-assimilation based uptake of either 273 

compound under the conditions evaluated. Figure 4 shows the correlation of TN and TP 274 

removal. Independently of the COD, there is also strong evidence that TP removal is 275 

correlated with TN removal (p~7x10-7) indicating that the only process removing N and P is 276 

assimilation (i.e., no P accumulation). 277 

The mass balance over the last 60 d identified recovery of 77±17% of TCOD, 91±14% of TN 278 

and 92±17% of TP (over 60 days). This indicates reasonable closure of mass, with possibly 279 

loss during major membrane cleaning events. The biomass COD:VS ratio during Period I-V 280 

averaged 1.6 (0.1) gTCOD gVS-1
 at an average yield of 1.0±0.13 gCOD gCODremoved

-1. The 281 

overall nitrogen and phosphorous content of the harvested biomass (last 60d) was 9.5±0.5% 282 

(gN/gDS) and 1.6±0.3% (gP/gDS).  283 

 284 

3.2 Microbial population 285 

The relative microbial community abundances over the reactor operation period are shown 286 

in Figure 5. The microbial community at day 21 was diverse with “others” accounting for 287 

more than 50% of total community while PPB represented less than 10% of the relative 288 

abundance). Rhodocyclus and Cloacibacterium were the major OTUs detected at this time. 289 

After day 79, PPB accounted for more than 50% with Rhodocyclus being the most abundant 290 
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species. However, Rhodocyclus was replaced by Rhodopseuodomonas and Rhodobacter 291 

from day 115. At day 193, Rhodopseuodomonas was with 60%, the dominant PPB species 292 

but switched to Rhodobacter, which dominated the reactor at day 251. The abundance shift 293 

between other OTUs was minor compared to PPB OTUs with most of the variance between 294 

samples being due to Rhodocyclus, Rhodopseudomonas and Rhodobacter.  Overall PPB 295 

abundance was always above 50% following startup. There was no observed correlation 296 

between functionality (COD:N:P removal ratios) and variation of microbial community within 297 

the PPB. 298 

4 Discussion 299 

4.1 PPB for domestic wastewater treatment 300 

This paper extends proof of concept in batch testing (Hülsen et al. 2014), to demonstrate 301 

that PPB can be used in a continuous reactor for domestic wastewater treatment, to current 302 

aggregate standards of N10P1 (10 mgN L-1, 1 mgP L-1) in Europe (Blöch 2005), N5P1 in 303 

Australia (Higgins et al. 2003). This has been achieved without reaction or dissipation of 304 

these nutrients. To our knowledge, this is the first instance where domestic wastewater has 305 

been completely treated by biological non-oxidative processes. 306 

The lab-scale reactor achieved volumetric loading rates of 0.8 - 2.5 kgCOD m-3d-1 which is 307 

higher compared to rates typically found in aeration reactors, anaerobic ponds and oxidation 308 

ditches (0.2 - 0.6 kgCOD m-3 d-1) and comparable to conventional activated sludge (CAS) 309 

process and aerobic membrane bioreactors (AMBR) (1.2 - 3.2 kgCOD m-3 d-1 310 

(Tchobanoglous et al. 2003). The HRT in the current study was between 8 - 24 h with an 311 

average around 12 h which is higher compared to CAS and BNR but well in line with other 312 

anaerobic technologies (Liao et al. 2006). The main inputs are likely to be lighting, and 313 

mixing energy for membrane scouring, which is likely to be comparable to AnMBR systems. 314 

Industrially, 0.25 kWh m-3 has been estimated for conventional AnMBR wastewater 315 

treatment (Batstone and Virdis 2014), while down to 0.028 kWh m-3 has been achieved in 316 

pilot (Kim et al. 2011). Indeed, apart from light input, an AnMBR is analogous to the system 317 

developed here, since no illumination will result in methanogenesis, and performance on 318 

domestic wastewater which has been well characterized (reviewed in Batstone et al., 2015). 319 

That is, supply of light results in biomass growth, no supply results in production of organic 320 

acids and eventually, methane. The light intensity of 50 W m-2 applied here could potentially 321 

be reduced to 6.2 W m-2 (Chitapornpan et al. 2013) through further optimization. This is 322 
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further supported by the physiology of PPB with natural habitats being constantly light limited 323 

(Overmann 2001). Natural adaptation of PPBs to lower light intensities includes a) the 324 

increase in bacteriochlorophyll (BChl) content (~400%), b) increase of the antenna size, and 325 

c) increase in light harvesting complexes (LH2:LH1) absorbance ratios with light reduction to 326 

4 W m-2 (from 220 W m-2) (Aagaard and Sistrom 1972). This can directly be translated to 327 

improved light utilisation with higher quantum yields, resulting in more carbon assimilated 328 

per photon (Tsygankov and Laurinavichene 1996, Overmann et al. 1992). Tsygankov and 329 

Laurinavichene (1996) determined an increase of the apparent yield based on the light 330 

energy utilization of 13% and an increase in energetic yield from 20.6% to 27.2% when 331 

decreasing the illumination intensity from 51.1 to 10.2 W m-2 (R. capsulatus). These values 332 

indicate that PPB are very adaptable and low light intensities do not necessarily results in 333 

proportional performance loss. We note the difficulties in scaling lab-photobioreactor 334 

systems to full-scale systems, and that the current system is unoptimised in terms of 335 

configuration. This needs to be addressed as a key factor in any scaleup. 336 

The main competitive advantage vs existing BNR plants is the potential to recover energy 337 

and nutrients. However, this advantage is decreased if the activated sludge process is 338 

operated as HRAS process, as described in the introduction. Jimenez et al. (2015) reported 339 

48% and 23% of the influent COD of domestic wastewater can be recovered as biomass at 340 

SRTs of 0.3 and 2.0 days, respectively. This was at an observed yield of 0.8 gCOD 341 

gCODremoved
-1

 at short SRTs of 0.1 d and with a COD removal efficiency of 45%. The same 342 

study reported the improvement of COD removal to 90% at a SRT of 2 days but reduced 343 

observed yield (0.48 gCOD gCODremoved
-1) due to increased COD mineralization (Jimenez et 344 

al. 2005). Jetten et al. (1997) reported 0.3 gCOD gCODremoved
-1

 at 2 d SRT and 85% BOD 345 

removal for an A-stage treating domestic wastewater with flocculant dosing of 1.2 g m-3. 346 

Increased SRTs decrease the yield (Jimenez et al. 2005), which results in reduced nitrogen 347 

and phosphorous assimilation. Yet, higher SRT levels (~2 d) are necessary to achieve 348 

sufficient COD removal. Additionally, the usual COD:N:P substrate ratio of aerobic biomass 349 

is 100:5:1 (Ammary 2004) which will lower the uptake for N compared to PPB. 350 

Consequently, the HRAS process cannot achieve nitrogen and phosphorous discharge limits 351 

and post-nutrient removal e.g. by anammox is necessary (Kartal et al. 2010).  352 

An option that has not been explored in the literature is supply of recovered or external COD 353 

for chemotrophic growth. While this is likely to have reduced efficiency compared with 354 

phototrophic processes (since biological oxidation is required for energy), it is a possible 355 

alternative to enhance activated sludge processes for nutrient recovery and should be 356 

further explored. 357 



14 
 

 358 

4.2 Use of PPB for wastewater treatment vs alternative processes 359 

The use of assimilative/accumulative processes (such as PPB, HRAS heterotrophs, and 360 

algae) vs mainline anaerobic removal has been discussed previously (Batstone et al. 2014). 361 

The conclusion is that mainline anaerobic treatment (e.g., Anaerobic MBR processes, upflow 362 

anaerobic sludge blankets) can enable additional energy recovery, but requires mainline 363 

nitrogen removal (e.g., anaerobic ammonium oxidation) to become feasible for tertiary 364 

treatment, and reduces or eliminates the potential for nitrogen recovery (Batstone et al. 365 

2014, Kartal et al. 2010).   366 

Assimilative alternatives include the use of chemotrophs (i.e., HRAS process), or 367 

photosynthetic algae and cyanobacteria.  A biologically enhanced HRAS is discussed above, 368 

and would generally utilise carbon less efficiently compared with PPB due to oxidation of 369 

organics, and a lower biomass nitrogen content (as explained above). However, 370 

photosynthetic organisms are more effective at nitrogen fixation per input carbon, as they 371 

synthesize organics using light (Turpin 1991). A key drawback is that photosynthetic 372 

organisms are not able to effectively utilise organic carbon, and require CO2 for 373 

photosynthesis (Park et al. 2011).  374 

Shoener et al. (2014) reviewed the N and P removal for open and closed algal systems 375 

found removals of 36 – 87% for N and 32 – 73% for P for open systems. Photobioreactor N 376 

and P removal efficiencies ranged from 68 – 80% and 85 – 99% whereby the algal turf 377 

scrubber (ATS) achieved 18 – 91% N and 58 – 96% P removal (Shoener et al. 2014). All N 378 

and P partitioned into biomass can potentially be recovered. However, the footprint of algal 379 

systems is a drawback. Typical HRTs for raceway ponds, flat-plate and tubular photo 380 

bioreactors for algae growth is approximately 10 days (National-Research-Council 2012) but 381 

can be significantly higher for conventional open ponds. It has been reported that closed 382 
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photobioreactors with algal biomass are uneconomic for wastewater treatment, due to high 383 

capital, as well as operational costs (Posten 2009).  384 

This study shows, the use of PPB for wastewater treatment in closed systems is an 385 

alternative option to remove COD, N and P simultaneously and non-destructively, but more 386 

work is needed to optimize the reactor and determine the operational costs of this process. 387 

However, compared to algae, a closed photobioreactor with PPB offers the potential of 388 

significantly lower operational costs, mainly due to the reduced HRT of 0.5 d for PPB 389 

compared to 2-10 days for algae (Jorquera et al. 2010, Larsdotter 2006). Furthermore PPBs 390 

require far lower light energy compared with algae. Specifically, e.g. 6.2 W m-2 391 

(Chitapornpan et al. 2013), 7.3 W m-2 (Basak and Das 2009), 14 and 20 Wm-2 (Suwan et al. 392 

2014) and 50 W m-2 (this study) have been applied compared to 100 – 200 W m-2 in 393 

commercial algal photobioreactors (Gordon and Polle 2007). Additionally, the use of IR 394 

LEDs (> 800nm) saves up to 70% energy per photon compared to the UV-VIS range (200 – 395 

700nm) (Bertling et al. 2006). At the same time the photon conversion efficiency (PCESol) for 396 

algae is < 5% of the full spectrum (Zhu et al. 2008) with outdoor efficiencies between 0.2% 397 

and 1.5% (Akkerman et al. 2002) whereby PPB photon conversion efficiencies on full light 398 

spectrum  were reported to be up to 8% (Miyake and Kawamura 1987, Carlozzi and Sacchi 399 

2001). Minkevich et al. (2004) reported a ratio of energy of the cell biomass formed to 400 

energy of photons consumed of up to 30% at a specific wavelength (in this case 860 nm). 401 

The concept of treating wastewater with PPB is fundamentally different than utilising algae 402 

(anoxygenic photosynthesis), as light energy is not used for photosynthesis, and the 403 

spectrum must be limited to IR to avoid photosynthesis, making low energy (LED) artificial 404 

lighting far more attractive. 405 

 406 
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4.3 Barriers and Opportunities 407 

4.3.1 Barriers  408 

The addition of external (agricultural or fossil) derived carbon at a level of 400 mgCOD L-1 is 409 

not feasible environmentally nor financially, and hence it is crucial to source organics 410 

(preferably as VFA) internally to enable this technology. The influent COD is persevered in 411 

the biomass and can be reused for this purpose. This would need to be effectively recovered 412 

and separated from the nitrogen, as discussed in Batstone et al. (2014).  413 

This may be addressed through sludge treatment such as wet air oxidation (which removes 414 

nitrogen through oxygenation) (Bertanza et al. 2015), but also through biological 415 

fermentation (Li et al. 2013, Chen et al. 2007) and subsequent separation of the ammonia 416 

from fermentation liquor by stripping or electrolysis. Both require substantial pre-417 

concentration of the sludge to >5% (Mishra et al. 1995). 418 

Capital costs and light delivery are another concern, since LED lamps are relatively 419 

expensive, and efficient delivery is critical. This paper has focused on the use of artificial 420 

light, but alternative options include; (a) combining light delivery with biomass harvesting on 421 

dedicated plates, which would reduce membrane fouling and enable high-solids biomass 422 

harvesting (Johnson and Wen 2010); and (b) the use of wavelength shifting polymers with 423 

acrylic light guides to enable the use of natural light (Henderson 2012).  424 

4.3.2 Opportunities 425 

A key and immediate application for this process is industrial wastewater, where more 426 

favourable COD:N:P ratios exist (ideally close to 100:6:1) Where there are substantial 427 

nutrients that need to be removed (e.g., slaughterhouse, food processing wastewater) 428 

(Jensen et al. 2014), this would represent a simple single-stage process for complete 429 

wastewater treatment in comparison with high-rate anaerobic treatment and conventional 430 

biological nutrient removal. Where there is a deficiency of nutrients (e.g., brewery 431 
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wastewater), high-rate anaerobic treatment or anaerobic membrane bioreactors are likely to 432 

retain an advantage due to the value of biogas.  433 

A particular application for food processing wastewater (dairy, potato, fish, abattoir) is the 434 

ability to use PPB to generate microbial protein (Matassa et al. 2015). Biomass serving as 435 

protein rich food additive for e.g. fish or chicken farming (Kobayashi and Tchan 1973, 436 

Ponsano et al. 2004) would substantially enhance the value of an industrial wastewater 437 

treatment process, and particularly enable vertically integrated producers.  438 

An additional opportunity is for treatment of domestic wastewater where urine can be source 439 

separated (Maurer et al. 2006). Urine represents approximately 80% of the nitrogen and 440 

45% of the phosphorous existing in wastewater (Wilsenach and Van Loosdrecht 2003). If 441 

this can be separated out by 50%, the COD:N:P ratio changes to 100:5.8:1.22, which then 442 

represents a viable stream to apply a PPB based process for complete wastewater 443 

treatment.    444 

5 Conclusions 445 

The use of phototrophic purple bacteria in a PAnMBR set-up offers the potential for 446 

simultaneous partitioning of organics and nutrients from the liquid to the solid phase. The 447 

outcomes of this research include: 448 

1. Domestic wastewater can be treated to discharge limits (TCOD < 50 mgL-1; TN < 5.0 449 

mg L-1 and TP < 1 mg L-1) in one step under anaerobic illuminated conditions with 450 

PPB without biological oxidation of organics or nitrogen and preservation of both in 451 

the generated biomass. 452 

2. Continuous addition of COD (300 - 400 mg L-1, depending on influent TKN) needed 453 

to achieve discharge quality, due to carbon needs for assimilation. Nitrogen and 454 

phosphorous removal appeared to be mainly due to assimilation (due to its strong 455 

zero-intercept correlation with COD and P removal). This additional COD has to be 456 

sourced internally, from the biomass for a feasible process. 457 
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3. Hydraulic retention time and loading rate in the lab-scale system are comparable to 458 

conventional wastewater treatment technologies and scale-up and application need 459 

to minimise energy input for lighting, and enable internal recovery of carbon as 460 

discussed above.  461 

The outcomes from the current work demonstrate the possibility to use PPB for continuous 462 

domestic (and potentially industrial) wastewater treatment and nutrient recovery.  463 

 464 
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Table 1: Pre-settled wastewater composition of Indooroopilly and Taringa collection point 

with standard deviations in parentheses (values in mg L-1, except pH). 

Parameter Indooroopilly (n>50) Taringa (n=19) 

TCOD 430 (198) 459 (144) 

SCOD 245 (47) 241 (45) 

NH4-N 47 (10) 46 (5.3) 

TKN 60 (11) 63 (8.0) 

PO4-P 6.9 (2) 6.5 (0.9) 

TP 8.7 (1.6) 8.6 (1.8) 

pH 7.4 (0.15) 7.7 (0.3) 
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Table 2: Process conditions of the PAnMBR during different periods. 

Period 
 

 Ethanol 
(mg L

-1
) 

HRT VLR SRT  

(hours) (g TCOD L
-1

 d
-1

) (days) 

Start-up    340 22 1.1 * 

Day 1 - 77 sxi 100 3.5 0.4 * 

 
n 42 22 46 * 

Period I     350 23 1.3 3.1 

Day 78 - 110 sxi 88 3.4 0.3 0.6 

 
n 22 28 22 12 

Period II    320 10 2.5 2 

Day 111 - 169 sxi 102 1.4 0.6 0.3 

 
n 33 52 33 20 

Period III    - 8 1.3 2.3 

Day 170 - 187 sxi - 1 0.3 0.1 

 
n - 18 7 6 

Period IV    ** 11 0.8-2.0** 2.5 

Day 188 - 214 sxi ** 1.6 - 0.3 

 
n ** 27 12 10 

Period V    220 11 1.7 2.5 

Day 215 - 256 sxi 50 1 0.2 0.4 

 
n 16 42 16 15 

*Non controlled  

**Values were stepwise increased 
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Table 3: PAnMBR performance data for different periods. 
Period* TCOD removal TCOD effluent TN removal TN effluent TP removal TP effluent 

 (%) (mg L
-1

) (%) (mg L
-1

) (%) (mg L
-1

) 

Period I 97.4 ± 1.6 24 ± 20  92.2 ± 3.1 4.8 ± 2.0 97.4 ± 1.3 0.24 ± 0.1 

Period II 96.9 ± 0.9 30 ± 10 92.0 ± 2.3 4.3 ± 1.2 94.6 ± 3.1 0.45 ± 0.3  

Period III 95.9 ± 5.5 17 ± 24  18.9 ± 19.1 53.9 ± 11.3 39.0 ± 6.9 6.0 ± 0.6 

Period V 95.6 ± 1.0 34.4 ± 8.3 83.9 ± 7.0 9.3 ± 3.9 97.5 ± 2.0 0.19 ± 0.2  

*Period IV excluded due to stepwise increase of COD dosing. ± represent confidence interval 95% for 

concentrations (mg L
-1

) and propagated uncertainties for removal efficiencies (%).  
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Figure 1: Schematic PAnMBR configuration (left) and photo of the reactor (right).  

 

Figure 1



 

Figure 2: Nutrient removal vs time for TN (▲) (solid line represents 5 days moving average) 

and TP (●), (dashed line represents 5 days moving average) (top), and effluent 

concentrations of TN (▲) and TP (●) (bottom) vs time. 
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Figure 3: TCOD/TN (▲) and TCOD/TP (●) removal correlation over time with trendlines. 
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Figure 4: TP/TN removal correlation with trendline.   

 

0.00

0.01

0.02

0.03

0.04

0.05

0 0.1 0.2 0.3

TP
 r

e
m

o
ve

d
 (

gP
 d

-1
)

TN removed (gN d-1)

Figure 4



 

Figure 5: Relative abundance of different microbial groups in the PAnMBR over time. 
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