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Abstract

Propagation of emerging pollutants (EPs) in wastewater treatment plants has
become a warning sign, especially for novel resource-recovery concepts. The
fate of EPs on purple phototrophic bacteria (PPB)-based systems has not yet
been determined. This work analyzes the performance of a photo-anaerobic
membrane bioreactor treating a low-N wastewater contaminated with a
heterogeneous mixture of 25 EPs. The chemical oxygen demand (COD), N and
P removal efficiencies were stable (7618, 62+15 and 36+8%, respectively) for
EPs loading rate ranging from 50 to 200 ng L' d-'. The PPB community adapted
to changes in both the EPs concentration and the organic loading rate (OLR) and
maintained dominance with >85% of total 16S gene copies. Indeed, an increment
of the OLR caused an increase of the biomass growth and activity concomitantly
with a higher EPs removal efficiency (30+13 vs 54+11% removal for OLR of
307+4 and 590+8 mgCOD L' d', respectively). Biodegradation is the main
mechanism of EPs removal due to low EPs accumulation on the biomass, the
membrane or the reactor walls. Low EPs adsorption avoided biomass
contamination, resulting in no effect on its biological methane potential. These
results support the use of PPB technologies for resource recovery with low EPs

contamination of the products.

Keywords: Emerging pollutants; partition-release-recover; resource recovery;

circular economy; purple phototrophic bacteria.
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1. INTRODUCTION

A significant number of emerging pollutants (EPs) resulting from point and diffuse
pollution is present in the aquatic environment [1]. These are in extremely low
concentrations (ng/L-pg/L) within municipal sewage and different industrial
sectors as food industry, pharmaceutical production plants, among others. The
continuous discharge, accumulation and synergistic combination is becoming of
growing concern because they can cause adverse effects to the environment
and/or to humanity [2]. Typical examples of EPs are pesticides, endocrine
disrupting compounds, pharmaceutical organic contaminants, personal care
products, disinfectants and industrial additives. Nowadays, the capacity of new
concept of sustainable wastewater facilities for the removal of EPs with

environmental potential risk (CID (EU) 2018/840) is of paramount importance.

Numerous studies in the last decade have proved that EPs are not completely
removed by conventional wastewater treatment processes [3]. Technically
feasible solutions are chemical technologies as advanced oxidation processes
[4]. However, biological treatment technologies are by far the most widely studied,
including bacterial, fungal and phototrophic biomass due to the low costs of the
process [5]. This fits well with the emerging vision for transforming wastewater
facilities into sustainable biorefineries based on the water-energy-food nexus [6].
A trending topic in these novel wastewater treatment plants (WWTPs) is the use
of photosynthetic biological processes, as phototrophic bacteria and algae

photoreactors [7, 8].

The potential of purple phototrophic bacteria (PPB) has been described in the
partition-release-recovery (PRR) concept which reduces the WWTP structure to

three main stages, where the focus is on energy neutrality and the maximization

3


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pollutants
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nonpoint-source-pollution
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nonpoint-source-pollution
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aquatic-environment

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

of resource recovery [9]. The partition stage is based on the accumulative and
assimilative (not oxidative) capacity of PPB using infrared light as sole energy
source which enables to maximize the carbon allocation and considerably limit
carbon and nutrients loses [10, 11]. A key mechanism of PPB entails the N2
fixation from the atmosphere, so these bacteria can be potentially use for
assimilation of organics and nutrients from N-poor wastewater. This extends the
applicability of the C recovery in the PRR concept to several industrial wastewater
sources from sugar refineries, some dairies, paper mills, vegetables factories,
breweries, wineries and other distilleries, among others [12]. The release stage
is due to anaerobic digestion of the concentrated biomass, which provides energy
recovery as biogas and concomitant release of nutrients to the liquid phase of the
digestate for final recovery stage [13]. In this resource recovery-oriented strategy,
the accumulation and release of EPs from the biomass is also a critical point to
that must be evaluated [14]. This matter has not received much attention in the
literature despite the proliferation of works focused on this concept for
wastewater. The interaction between the microorganisms and EPs is therefore a

key question in these processes.

Interestingly, the PPB can degrade some structures typically found in EPs:
aromatic ring in benzene and toluene derivatives [15], aniline [16], n-containing
heterocyclic aromatic compounds [17], butachlor [18], azo dyes [19] or complex
organic polymers [20]. As such, the potential of PPB for the treatment of
wastewater containing some of these pollutants in high concentrations has been
demonstrated [21, 22]. However, despite the great potential to deal with these
compounds, and the problematic arising from the management of EPs-

contaminated wastewater, the efficiency of PPB systems on the removal of
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complex mixtures of EPs at extremely low concentrations from wastewater has

never been reported so far.

This work deals with the application of PPB as versatile organisms to address the
treatment of a low nitrogen loading simulated wastewater contaminated with EPs.
The removal of EPs is studied in a photo-anaerobic membrane bioreactor
(PAnMBR) operating under anaerobic photoheterotrophic conditions at two
different organic loading rates (OLRs). The effect of EPs on the performance of
the PAnMBR, the development of the microbial communities and the release of

energy by anaerobic digestion of the resultant PPB biomass is also addressed.

2. MATERIALS AND METHODS

2.1 Source of wastewater

A simulated wastewater (SWW) was used for a better control of the composition
of the inlet stream and to limit hidden operational factors. The wastewater is
characterized as N-deficient and medium load effluent, which is typical in some
industrial streams as food washers, oil refineries, and mixed effluents from
distilleries, sugar refineries and paper mills, among others. Detailed composition
is included in Supporting Information. Resulting total chemical oxygen demand
(TCOD) and soluble COD (SCOD) averaged values (n=19) were 349 (121) and
261 (134) mgCODIL, respectively, with 100*N/COD and 100*P/COD ratios
averaging 2.2 (1.4) mg N/100mgCOD and 1.3 (0.6) mgP/100mgCQOD,

respectively.

The SWW was supplemented with several pharmaceutical compounds of
different therapeutic families, which are usually found in WWTPs [23], such as

analgesic (4-acetominoantipyrine), lipid regulators (gemfibrozil), diuretic



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

(hydrochlorothiazide), antibiotics (metronidazole and sulfamethoxazole),
stimulant (caffeine), psychiatric drug (carbamazepine), hormones (estrone), X-
ray contrast (iohexol) and cytostatic agent (cyclophosphamide). Additionally,
some biocides typically found in food wastewater [3, 23], such as herbicides
(Atrazine, Clofibric acid, Isoproturon, Metamitron, Simazine, Terbutryn),
fungicides (Azoxystrobin, Triclosan) and insecticides (Buprofezin, Dimethoate,
Imidacloprid, Thiamethoxam) were also added, as well as plasticizers (tris-
chloroethyl-phosphate (TCEP)) and life-style compounds (acesulfame K, N,N-
Diethyl-meta-toluamide (DEET)). EPs were prepared in a ~50 pg/L concentrated
mixture and added directly to the SWW at different concentrations as described

below.
2.2 The PAnMBR system

An automatized PAnMBR reactor equipped with a submerged flat sheet
membrane with 0.45 ym pore size and 0.12 m? surface area (Kubota, Osaka,
Japan) was designed based on a previous work [11]. The reaction vessel was
built on a rectangular structure connected to a mobile support for the artificial light
system. The smart construction allowed to an optimized light distribution on the
two big sides of the reactor by modifying the distance and the illumination angle,
and therefore the irradiation was homogeneously distributed. Eight 850 nm LED
lamps (4 by each side) were used as illumination modules, giving an average
irradiance of 28.5 + 1.7 W/m? (see irradiation maps on Sl). The reactor was
covered with a UV/VIS filtering foil that filters around 90% of the irradiation below
750 nm (ROLL-299 ND FILTER GEL, Transformation Tubes, Banstead, UK). This
avoids the growth of photosynthetic microorganisms as microalgae and

cyanobacteria. Temperature was not controlled and varied between 33 and 36°C.
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Anoxygenic conditions were ensured by a continuous flux of nitrogen, which also
provides an extra source of N for the biomass. The hydraulic retention time (HRT)
and the reactor working volume was fixed by using two peristaltic pumps
connected to a PLC system controlling the wastewater inlet flow, the water
column, the headspace and the transmembrane pressures (PID Eng&Tech,
Madrid, Spain). A 3D scheme of the PAnMBR is shown in Figure 1. The solid
retention time was fixed at 4 d by pumping out biomass using a peristaltic pump

connected to the bottom of the reactor body.
2.3 PAnMBR operation

Initially, the PAnMBR was fed with a domestic wastewater (DWW) collected from
the WWTP of the Mostoles Campus of the University Rey Juan Carlos
(enrichment stage). This DWW was used as inoculum to enrich PPB for period of
8 days using a HRT and solid retention time (SRT) of 1 d and 4 d, respectively.
Average composition (standard deviation in brackets) of DWW (n=5 samples)
was as follows: 312 (193) mgTCODI/L, 123 (35) mgSCOD/L, 82 (18) mg TSSIL,

69 (12) mgVSSI/L, 39 (4) mgNH4*-N/L and 4.2 (0.4) mgPO4>-P/L.

After the enrichment stage, the DWW is replaced by the SWW used in this work.
Firstly, the SWW, in absence of EPs, was fed for 31 d until the reactor
performance (substrate and nutrients removal and biomass concentration)
stabilized (acclimation stage). Afterwards, the inlet SWW was spiked with EPs
(treatment stages, TS). Initially, the HRT was maintained at 1 d for 14 d, where
EPs were spiked to 50 ng/L (TSI), and then, it was reduced to 0.5 d for further 23
days by doubling the SWW flowrate, where the EPs concentration was doubled,
which increased considerably the EPs loading rate (TSIl). Table 1 summarizes

the operation conditions of the different stages. Operational parameters of the
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PAnMBR (OLR, HRT) were calculated from single measurements and average
values were calculated. For statistical purposes, the reactor performance was
compared between stages by calculating the average of single measurements
and their standard deviations. Where calculations were needed for obtaining
operational parameters, 95% confidence intervals were obtained and used for

statistical comparisons.
2.4  Specific Phototrophic Activity tests

The activity of the phototrophic biomass of the PANMBR reactor was determined
at days 35 and 48. To that purpose, standard Specific Phototrophic Activity (SPA)
tests were performed following [24]. The organic substrate was acetate at 500
mgCOD/L. The experiments were inoculated with 100 mgCOD/L of active
biomass extracted from the PANMBR. The experiments were performed in 100
mL anaerobic serum bottles in a temperature-controlled incubator (at 30 °C)
illuminated with IR lamps at around 50 W/m? and covered with the UV/VIS filtering
foil. Batch tests of SPAs were performed in triplicate. SPAs were estimated
dynamically by using Aquasim 2.1d as specified in [24], so that they correspond
with the Kku ac parameter (mgCOD-acetate/mgCOD-biomass d). Confidence
intervals (at 95%) were calculated based on two-tailed t-tests from the parameter

standard error and used for statistical representative comparisons.
2.5 Biochemical methane potential tests

Biochemical methane potential (BMP) tests were performed following the
recommendations of [25]. Anaerobic sludge from a full-scale anaerobic digestion
of a WWTP located at Mostoles, Madrid, Spain, was used as inoculum. In order

to have a representative analysis of the different operational stages of the
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PAnMBR, four different samples were generated as an equal-mass mixture of
several PPB biomass samples extracted from the PAnNMBR reactor during the
acclimation (days 27, 28, 29, 30) and treatment periods (TSI: days 42, 47, 49;
early TSII: days 57, 61; and late TSIl: days 69, 75, 77). The active biomass
samples extracted from the PAnMBR were centrifuged and maintained at 4 °C
before making the mixtures prior to the BMP tests. The four mixtures were then
fully characterized and used as substrate using an inoculum to substrate (I/S)
ratio of 2:1 (as VS) and a concentration of 10 gVS/L. An inoculum control was
used for subtracting the methane yield produced by the inoculum due to
endogenous digestion. BMP tests were performed by triplicate, yielding mL
CH4/gVS. Kinetic parameters of methane production in BMP assays were
obtained by fitting first order models to the data as per [26], thereby calculating
the kinetic first order hydrolysis constant ky (d') and the BMP (Bo, in mL CH4/g
VS). Parameter uncertainty was determined using two-tailed t-tests calculated
from the standard error in the parameter value, obtained from the Fisher
information matrix. Parameter uncertainty surface (with kn, Bo, J = Jerit, 5%
significance threshold) has also been assessed as described in [27]. Confidence
intervals (at 95%) were also calculated based on two-tailed t-tests from the
parameter standard error, as above, and used for statistical representative
comparisons. All the statistical analyses of BMP tests were performed by using

Aquasim 2.1d.
2.6 Analytical methods for water and sludge characterization.

COD, total and volatile solids (TS/VS), total and volatile suspended solids
(TSS/VSS) and total Kjeldalh nitrogen (TKN) were measured following standard

procedures [28]. NH4*, PO4%> and TP were measured by Merck® kits (Merck,
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Darmstadt, Germany). Gas pressure from BMP tests was measured using a
Boyle-Mariotte apparatus, and CHs4 and CO2 from gas samples were quantified
by GC/TCD following the method described in [26]. Irradiance was measured with

a spectroradiometer STN BlueWave VIS-NIR (StellarNet, Tampa, FL, USA).

In order to analyze the PPB enrichment, 400-950 nm absorbance spectra were
performed periodically with the biomass extracted from the PAnMBR, thereby
checking for the bacteriochlorophyll relative content (which have maximum peaks
at 590, 805 and 865 nm for most of PPB cultures, [29]). Biomass spectra was

analyzed by VIS-NIR spectrometry (V-630, Jasco, Madrid, Spain).

2.7 Analytical method for quantification of EPs

Figure 1 summarizes the method developed for EPs analysis. The method allows
to analyze the EPs in the influent (influent sample, S1) and to study the fate of
these compounds within the reaction system, e.g: completely mobilized in the
permeate (permeate sample, S2), mobilized in the reactor (reactor soluble
sample, S3) or immobilized onto/into the biomass (reactor particulate sample,
S4). The description of the analytical protocol is shown in Supplementary
Material. Representative samples from the influent, the PAnNMBR and the effluent
(100 mL each) were extracted at the end of the TSI (day 49) and TSII (day 78)
an analyzed for EPs quantification. The extraction efficiency was included in the
calibration curve for each EP. The matrix effects have been studied by including
random internal standards and internal calibration in the samples list and has
been considered as negligible. This has been also stated in a previous work for

low organic load wastewater following the same extraction protocol [REF].

2.8 Analysis of microbial community
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Representative samples from the PANMBR were extracted at days 1 (initial), 9
(enrichment), 39 (acclimation), 49 (TSI), and 67 (TSIl) for the analysis of the
development of the photosynthetic bacterial community by Illumina MiSeq.

Details of the method are given in Supplementary Material.

3 RESULTS AND DISCUSSION

3.1. Effect of the EPs on the performance of the PAnMBR

The performance of the PANMBR was assessed in terms of the phototrophic
biomass development and COD, NH4*-N and P-PO4%*-P removal efficiencies.
Figure 2 summarized the results of C, N and P removal efficiencies of treated
wastewater (a) and VSS concentration and N and P contents of particulate matter

(b) for the different stages of the operation treatment.
a) Phototrophic biomass development

During the 8 days of the enrichment stage with a real DWW, the biomass was
quickly developed in the reactor, achieving a concentration around 300 mgVSS/L.
The biomass was then growing at the beginning of the acclimation stage up to
achieving a value close to 1000 mgVSS/L. Thereafter, the concentration
continuously decreased until achieving an equilibrium at around 200 mgVSS/L.
This is attributed to biofilm formation onto the photo-irradiated reactor walls that
is affecting negatively the reactor performance, reducing the VSS concentration
inside the reactor (Figure 2b) and the COD consumption efficiency from day 20
to 40 at the acclimation stage (Figure 2a). As the biofilm formation evidenced a
negative impact on the reactor performance, this biofilm was weekly detached by
internal superficial brushing. The cleaning periods began on TSI, causing an

immediate increment of the biomass concentration inside the reactor.

11
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The effect of the cleaning periods is shown in Figure 3, where the proportion of
the biomass between reactor, membrane and walls is depicted before and after
the cleaning periods of stages | and Il of treatment of SWW with EPs. The
biomass turned from growing predominantly as biofilms (around 70% of VSS
attached onto the reactor walls) to growth as suspended culture (above 70% VSS
within the suspended liquor). This caused the SPA values to significantly increase
from 0.59 to 0.97 mgCOD/mgCOD d while maintaining a similar growth yield
(around 0.91 mgCOD/mgCOD), which essentially means a faster assimilative
substrate usage by the biomass. This has implications on the downstream
potential of the PPB biomass, which will be furtherly explored through BMP tests,

and on the potential development of phototrophic bacterial biomass.

The development of the phototrophic bacteria was confirmed by analysis of the
ratio of particulates concentration (expressed as TCOD) to absorbance at 805 or
865 nm (corresponding to the maximum peaks of absorption of
Bacteriochlorophyll a [30]) and the ratio of particulates absorbance (generally
given at 660 nm) to Bacteriochlorophyll a absorbance (at 805 or 865 nm). In both
cases, the lowest the ratio is, the best phototrophic enrichment. This analysis was
performed for biomass samples of the PAnMBR over the whole operation period,
as is shown in Figure 4. According to this analysis, the phototrophic biomass
development in the PAnNMBR was very fast. The first 7 d of enrichment were
enough for having a high proportion of Bacteriochlorophyll a as indicated by a
sharp decrease of both the TCOD/Abssos.s65 and the Abseso/Abssosses ratios.
These ratios continued decreasing for the acclimation step, increasing only
slightly for the stages | and Il of treatment of SWW with EPs. However, it is

noteworthy that the increase of the OLR from TSI to Il did not have an important

12
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effect on studied ratios. This fact suggests that the PPB biomass can resist a
chemical stress period (where the OLR and the EPs concentration were doubled)

without losing the phototrophic ability.
b) Carbon, nitrogen and phosphorous removal efficiencies

During the acclimation stage, the biomass needed around 23 d to achieve stable
COD, NHs*-N and PO4*-P removal efficiencies of around 90, 60 and 70%,
respectively. The addition of the EPs at TSI (day 37), working with an OLR of 310
1+ 40 mgCOD/Ld, did not cause destabilization of the system, yielding COD, NH4*-
N and PO4%*-P removal efficiencies of 86 + 3, 78 + 10 and 49 + 9%, respectively.
However, the increase of the OLR to 590 + 84 mgCOD/Ld during the TSIl (day
54), which doubled the EPs concentration into the reactor, caused destabilization
of the system during ca. 10 d. The COD, N and P removal efficiencies dropped
to around 40, 20 and 5%, respectively during this period of operation. Afterwards,
the system performance enhanced continuously until the steady-state, yielding
COD, N and P removal efficiencies of 88 + 4, 97 + 2 and 38 + 5%, respectively,

during the last week of operation.

The reactor performance is comparable with previous works where photo-MBR
processes have been used. Low-strength wastewater has been treated achieving
stable COD, N and P removal to discharge limits using a similar reactor that
treated domestic sewage [11], even at low (10 °C) temperature [31]. OLR
changes did not affected the PANMBR performance in those works, and only the
removal of the organic co-substrate (ethanol or acetate) substantially damaged
the reactor performance. Likewise, high-strength wastewater treatment (up to
9750 mgCOD/L) by PPB-based PAnNMBR was also accomplished by applying

high HRTs (around 10 d) for treating food-processing wastewater [32]. Thereby,
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we suggest that the deterioration of the reactor performance at the beginning of
the TSIl is due to the increase of the EPs loading rate rather than to the increase
of the OLR. In any case, the exploration of an N-poor wastewater treatment
contaminated with EPs by phototrophic mixed culture is novel, and the nutrients

assimilation reported here required further analyses.

In order to assess the effect of the EPs loading on the assimilation and removal
of N and P nutrients, the COD/N/P ratios were analyzed. Average assimilation
and removal of N and P are shown in Table 2. During the acclimation stage (see
Figure 2), the N and P assimilation ratios of the biomass increased over time until
achieving COD/N/P values around 100/7.5/1.7 during the TSI with EPs, like those
reported in the literature for wastewater treatment by PPB [24, 29]. These values
are maintained during the TSIl despite the increase of the OLR and the EPs
concentration in the effluent. The similarity of these values is likely due to the
uniformity of the biomass composition, as will be furtherly discussed in section

3.3.

However, the COD/N/P removal ratios differed from the biomass assimilation
ratios. The samples were extracted upon the cleaning periods, so the effect of
the biomass growth on walls and membrane on these differences is discarded.
The N removal ratio was higher than the organic N assimilation ratio in both TSI
(100/10.1 vs 100/7.5) and TSIl (100/12.4 vs 100/7.8), whereas the P removal
ratio was lower than the organic P assimilation ratios in also both TSI (100/1.0 vs
100/1.7) and TSIl (100/0.7 vs 100/1.5). These facts suggest the appearing of
other processes not linked to growth, as in essence, all the carbon and nutrients
go to biomass (assimilation or accumulation) during photoheterotrophic

metabolism, and so, the removal and assimilation ratios should be similar. This
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behavior is independent of the presence of EPs, as it is similar for stages | and Il

working with different EPs loading rate, and even for the acclimation stage.

The occurrence of heterotrophic denitrification from the NO3™ contained in the
SWW is a possible explanation for the higher N removal ratio, as some species
of PPB are able to denitrify [33]. Dissimilatory reduction of nitrate to ammonium
is discarded, as the product of this reaction (NH4") can be used by PPB for
growing, and therefore it would not affect the COD/N ratios. In contrast, P cannot
be dissipated because of the microbial activity, so a loss of COD due to a side
reaction is the only explanation for the lower P removal ratio, likely due to
hydrogen production (by photofermentation, [34]). The lack of ammonium in the
wastewater composition, which is a strong inhibitor of the nitrogenase activity
[35], support this suggestion. Other chemoorganotrophic processes might have
a small effect as these processes are one order of magnitude slower than

photoheterotrophic mechanisms in PPB-based systems [24].

3.2. Removal of EPs by phototrophic biomass at PAnNMBR

A comprehensive analysis of the removal and fate of EPs within the PAnNMBR
system has been conducted. Figure 5 shows the main results from this analysis.
The concentration of EPs in the liquid phase (influent, reactor and permeated
effluent, ng/L) are shown in Figure 5a (day 49, TSl) and 5b (day 78, TSII),
whereas the concentration of EPs recovered from the biomass in sludge samples
of both Stages (ng EPs/gVSS) are shown in Figure 5c. In general, the
concentration of the EPs in the liquid phase inside the reactor and in the
permeated outlet effluent are quite similar in all cases. This indicates that the EPs
passed through the membrane without the inference of separation or abiotic

sorption processes. Previous works reported insignificant removal of EPs by flat
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sheet micro-membranes in MBR reactors, and main removal mechanisms were
identified as biodegradation/biotransformation and abiotic absorption onto the
biomass [36, 37]. Generally, high removal of EPs is observed in the TSIl as
compared to the TSI. This is an early indication that the increase of OLR during

TSIl improved considerably the removal of EPs by PPB biomass.

Low accumulation of the EPs in the biomass (Figure 5c) suggests high
conversion of the compounds by biological processes. In general, the
accumulation is not related to the OLR, as the concentrations of the EPs in the
biomass extracted during Stages | and Il are similar. Accumulated compounds as
Azoxystroblin, Buprofezin, Carbamazepine, Triclosan or TCEP have a high
water/octanol partition coefficient (logD) that explain the high affinity for biomass
adsorption due to high hydrophobicity (Table 3). The only exception is caffeine,
which can be actively assimilated by PPB as a C source [38]. These results
suggest that accumulative removal mechanisms are residuary and only relevant

for highly hydrophobic EPs.

Figure 6 shows the removal efficiencies of the EPs compounds at the end of both
stages | and Il. Data has been sorted in descendent order according to the EPs
removal efficiencies found in TSII for the sake of comparison. Data from TSIl was
organized as high removal (>50%), moderate removal (25-50%) and low removal
(<25%). High removal efficiencies were achieved during the operation of the
PANMBR reactor in the TSII. Up to four EPs were completely removed (>99%) in
the TSIl (metronidazole, caffeine, sulfamethoxazole and isoproturon), whereas
14 out of 25 compounds were highly removed (efficiency >50%). In general, the
results show that the increase of the OLR enhanced the removal efficiency of the

EPs by PPB biomass. This is true for 22 out of the 25 EPs analyzed. The only
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exceptions were Azoxystrobin, Thiamethoxam, and Dimethoate that, in any case,
were highly removed during the TSII. As a conclusion, a higher biomass activity
found in TSI, due to the higher OLR and similar COD removal efficiencies,
promoted the removal of EPs by PPB biomass. The effect of extra organic source
on the biomass activity can promote fortuitous co-metabolic processes that might
have a role on the increment of the EPs removal efficiency. Indeed, it has been
recently suggested that this is one of the main mechanisms of organics removal

at very low concentrations under anaerobic conditions [39].

EPs removal efficiencies are independent of their hydrophobicity either in the TSI
or in the TSI, as confirmed by the inexistence of linear correlation between the
logD vs the EPs removal efficiencies (see Supplementary Material). Even the
hydrophobicity does not completely relate to the accumulation of the EPs in the
biomass, as some EPs with high logD values were not accumulated in the
biomass and were poorly removed (as is the case of Acesulfame K and
Simazine). This is in contrast with results reported by [37], which reported that
hydrophobic (logD > 3.2) and biodegradable trace organics were well removed
by an aerobic MBR with a VSS concentration between 4600-6700 mg/L and an
infinite  SRT imposed due to lack of biomass withdrawal. Under such
circumstances, specific biomass activity is poor due to high biomass decay.
Therefore, biosorption mechanisms are predominant, which are directly related
to the hydrophobic affinity of the compound to the cell surface (given by the logD
value). The removal of the EPs in the PAnNMBR was instead related to their
specific chemical structure and its affinity with PPB metabolism. Some highly
removed compounds have an N-containing heterocyclic aromatic structure (e.g.

Metronidazole, Isoproturon, Caffeine or Terbutryn) that fits well with PPB
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metabolism [17], a benzene ring as the central structure (as Sulfamethoxazole)
that is biodegradable by PPB [15], or both (as Azoxystrobin, Buprofezin). Also,
the PPB seem to need an acclimation period for the removal of the EPs as
supported by the difference between the removal efficiencies shown in Stages |
and Il (despite the higher EPs concentration added in TSIl). During this
acclimation period, the specific activity of the biomass is increasing due to the
higher OLR imposed. These results taken as a whole strongly suggest that
biodegradation/biotransformation is the main mechanism of EPs removal by
PPB, which is reinforced by the low accumulation of EPs found in the PPB

biomass.

3.3. Microbial community analysis

The analysis of the microbial community evolution during the PAnMBR operation
has been analyzed by lllumina MiSeq sequencing. A summary of the results is
shown in Figure 7, where the identified operational taxonomic units (OTUs) have
been classified based on their phylum (Figure 7a), and those belonging to the
phylum Proteobacteria have been classified based on their closest species
affiliation (Figure 7b). The inoculum source (domestic wastewater) contained a
somehow highly diverse microbial community, where 96.5% of the OTUs were
classified as Bacteria, whereas only 3.5% where classified as Archaea. Most of
the bacterial phyla are represented with Firmicutes, Proteobacteria and
Actinobacteria being as dominant phyla. The PPB presence in the inoculum was
somehow residual, representing only 8% of the total OTUs belonging to the
phylum Proteobacteria (which corresponds to around 2.5% of the total copies of
Bacteria). This is a typical microbial community in domestic wastewater sources,

with high microbial diversity and lack of dominance of a specific community over
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the others [40]. However, the structure of the microbial community changed

drastically with the beginning of the photoreactor operation.

After the enrichment stage, the community structure changed dramatically. Most
of the bacteria belonged to the phylum Proteobacteria, which includes all the PPB
(Figure 7a). The super-dominance of Proteobacteria remained invariable along
most of the operative time (>98% of the total detected OTUs). However, it slightly
decreased during the TSIl down to 94% dominance, probably due to the

development of side communities because of changing operating conditions.

The dominance of Proteobacteria was intimately related to the super-dominance
of anoxygenic phototrophic organisms. Despite the residual presence of PPB in
the inoculum, these bacteria developed very quickly and super-dominate the
microbial consortia even during the enrichment period (Figure 7b). Following the
enrichment, >97% of the OTUs belonging to the phylum Proteobacteria were
classified as PPB. This dominance remained during the rest of the experimental
period. This is one of the most extreme case of phototrophic dominance reported
ever in a photobioreactor treating wastewater with a mixed culture. Previous
studies working with PPB showed a dominance of PPB as high as 80% of the
total OTUs [11, 44]. The use of an external factor as a metabolic advantage to
push for the dominance of PPB has been previously reported, e.g. PPB has been
over-enriched in wastewater treatment by using low temperature [31]. Also, the
low concentration of ammonium is an impediment for the development of non-
nitrogen fixing heterotrophic bacteria, which create an ecological niche for the
proliferation of nitrogen-fixing organisms, mostly related to Proteobacteria. Most

of PPB detected are, indeed, nitrogen-fixing organisms. The dominance shown
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here was generalized but not homogeneous, as there were changes in the

proportion of the dominant PPB OTUs along the reactor operation.

The enrichment period led to a dominance of two species: Rhodopseudomonas
palustris and Blastochloris sulfoviridis. At the end of the acclimation period, only
R. palustris remained as a dominant species, likely due to the switch from the
DWW to SWW. As suggested, this was probably due to a lack of ammonium as
an N source. R. palustris is a strong nitrogen-fixing organism as described in a
high number of studies [45], so nitrogen fixation could be the main environmental
factor to drive the over-dominance of this species over the rest of PPB. The
dominance of this species went on during the TSI, indicating that the EPs
introduction did not cause an effect in the community structure. However, during
the TSIl the overall dominance of PPB within the Proteobacteria decreased down
to 89% of the total OTUs identified within this phylum. In addition, R. palustris lost
its dominance and other PPBs emerged in high proportion, especially two species
belonged to the Rhodospirillaceae family. In parallel, some other non-
phototrophic bacteria belonging to the Proteobacteria phylum appeared in high
proportion, including two predatory bacteria of the Bdellovibrio sp. genus and one
bacteria of the Acinetobacter sp. genus. Bdellovibrio sp. can develop in changing
communities, where some organisms are decaying and being replaced by others.
The motile capacity can provide an efficient depredation capacity to Bdellovibrio
sp. cells, to survive and thrive under these enrichment conditions dominated by
PPB strains [46]. Acinetobacter sp. can conduct aromatics degradation and may
be associated to the degradation of some EPs [47]. As a general observation, the
structure of the phototrophic community changed and adapted to new conditions,

with the appearing of flanking microbial communities. However, differently to
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other biological systems, a super-dominance of a specific metabolic group (in this
case, PPB) does not imply a decrease of the process stability [48]. This is
explained by the high metabolic versatility of the PPB communities, which can

occupy several ecological niches by modifying their functional activity [20, 49].

3.4. Effect of emerging pollutants on the biochemical potential of phototrophic

biomass.

The analysis of the downstream potential of the PPB biomass was performed by
checking their BMP. The BMP of the PPB biomass was analyzed in batch by
using PPB biomass harvested from the PAnNMBR reactor. Main results are shown
in Figure 8, where the time course of the methane potential is shown in Figure 8a
and the 95% confidence regions for the first-order kinetic parameters are depicted
in Figure 8b. The increase of the OLR entailed an improvement of the BMP of the
PPB biomass. The BMP values varied from 136 £ 5 mL CH4/gVS at the beginning
of the acclimation stage in absence of EPs (average OLR of 310 mgCOD/L d) to
227 + 6 mL CH4/gVS at the end of the TSIl with EPs in the inlet influent (after
achieving the steady-state working under an OLR of 590 mgCOD/L d). Kinetics
of the AD process were also considerably enhanced, (k+ increased from 0.22 +
0.02 d-! at the beginning of the acclimation stage to 0.29 + 0.03 d! at the end of
the TSII). Increasing the OLR may promote active accumulative processes in
PPB bacteria like the production of polyhydroxyalkanoates or glycogen [50],
which are easier to be anaerobically digested and converted into biogas [51]. The
effect of the EPs on the modification of the community dynamics may also affect
the digestibility of PPB biomass, as the community replacement influenced the
biomass decay, as confirmed by the appearing of predatory bacteria like

Bdellovibrio sp. Thereby, the promotion of the PPB growth by increasing the OLR
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while maintaining constant SRT considerably improved the digestibility and the
BMP of the PPB biomass. Importantly, the accumulation of EPs on the PPB
biomass (Figure 5a) is irrelevant for the anaerobic digestion process, likely due
to low EPs concentration. This essentially means that the biodegradation
capability of the PPB community allows harvesting biomass with low EPs
contamination, which can be downstream processed in a secure way. The
emerging pollutants does not affect the quality of the biomass. This has important

implications on the use of PPB for resource recovery from wastewater.

This work reports for the first time BMP tests of PPB biomass extracted from a
continuous reactor. BMP values reported here are a preliminary indication that
PPB biomass has a high energy potential and might drive a resource recovery-
oriented wastewater platform energetically positive, which is a prerequisite for a
successful process as discussed previously [9, 13]. More in depth analyses are
encouraged to determine the extent of the dependency of the AD process in the

PRR concept.

4. CONCLUSIONS

This work analyzes, for the first time, the performance of a PPB-based
photobioreactor treating wastewater contaminated with EPs. Main conclusions

are as follows:

- The EPs concentration barely affected the PANMBR system performance,
which was able to achieve remarkable removals of COD, N and P.

- The increase of OLR improved the EPs removal efficiency, which is
explained by a higher biomass activity. This supports the ability of the

phototrophic bacteria to stand with the chemical stress caused by the EPs.
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This ability is reflected in the very high (>90%) dominance of PPB on the
phototrophic system despite the changes in the OLR and the EPs
concentration in the wastewater.

Main mechanism of EPs removal by the phototrophic systems is through
biodegradation, as bioaccumulation of the EPs is only evident with some
highly hydrophobic organics, being the rest removed/transformed.

The BMP of the PPB biomass extracted during the treating of a synthetic
wastewater with EPs is enhanced when the biomass is more active
(treating higher OLR values). Low EPs adsorbed into the PPB biomass
seems to be irrelevant for the performance of the anaerobic digestion

process.
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