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Abstract

Purple phototrophic bacteria (PPB) represent an innovative approach for wastewater
treatment with a high metabolic plasticity, able to grow under aerobic and anaerobic
conditions. This study comparatively assessed the long-term performance (450 days of
operation) of an open and closed PPB-based photobioreactor treating of piggery
wastewater (PWW). The influence of wastewater dilution, illuminated area to volume
ratio, biomass settling and recirculation, and infrared light intensity on wastewater
treatment was evaluated at 7 days of hydraulic retention time. An increase in PWW
dilution from 4 to 8 folds did not entail higher TOC removal efficiencies (RES) in the
open photobioreactor (87% versus 89%), but a significant increase in the closed
photobioreactor (from 73% to 80%). The increase in the illuminated area to volume ratio
increased TN-REs up to 99% and 49% in the open and closed photobioreactor,
respectively, with a concomitant increase in the temperature of both systems. However,
temperature control did not mediate a significant enhancement in PWW treatment.
Biomass settling and recirculation resulted in higher TN-REs (80%) and TOC-RESs (90%)
in the closed photobioreactor. The increase in infrared radiation from 100 to 300 W m=
fostered PPB growth. High water evaporation losses (deteriorating effluent quality) were
recorded in the open photobioreactor, where carbon dioxide and ammonia stripping were

identified as the main pathways supporting carbon and nitrogen removal.

Keywords: Nutrient removal; PPB; Purple non-sulphur bacteria; Photosynthetic bacteria;

Swine manure.
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1. Introduction

High strength wastewaters such as those produced by intensive animal husbandry
represent a severe environmental problem that is also limiting the growth of this economic
sector in Europe. Piggery wastewater (PWW) is characterized by a high content of
particulate and dissolved organic carbon, nitrogen (mainly in the form of NH4*) and
phosphorous due to the limited use of water during farming [1-3], which can severely
damage water bodies and soil if not properly managed [4]. In this context, photosynthetic
microorganisms have been proposed as cost-effective platforms for the removal of
nutrients and carbon from PWW [3,5-9]. Photosynthetic microorganisms represent
unique microbial cell factories due to their ability to fix carbon and nutrients using energy
from solar light, via oxygenic and anoxygenic photosynthesis in the case of microalgae

and purple phototrophic bacteria (PPB), respectively [10,11].

PPB exhibit a superior metabolism compared to other photosynthetic microorganisms
(microalgae and green sulfur bacteria), which is characterized by high growth rates [12],
tolerance to low temperatures [13], and ability to assimilate multiple substrates and grow
in any kind of wastewater [14]. PPB are among the most metabolically versatile
microorganisms that can grow under chemotrophic, phototrophic and mixotrophic
condition. Under aerobic chemotrophic metabolism, pollutant bio-degradation occurs
mainly by oxidative phosphorylation [15]. However, the competition with aerobic
chemoheterotrophic bacteria in aerated tank treating wastewater decreases the
concentration of PPB [16], whose metabolism is favored at low oxygen concentrations.
On the other hand, PPB are able to grow phototrophically using near infrared light energy
as energy source under anaerobic conditions [17]. PPB can fix CO> via the Calvin-

Benson-Bassham pathway, and encode the Embden-Meyerhof pathway, tricarboxylic
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acid cycle (TCA), pentose phosphate and multiple aromatic biodegradation pathways
[17]. In addition, PPBs can assimilate all forms of nitrogen (including N2), which supports
their high potential for the assimilation of nutrients from wastewater [14]. Finally, PPB
biomass is rich in value-added products such single cell protein, pigments (carotenoids
and bacteriochlorophylls), biopolymers (PHA), antimicrobial agents, pantothenic acid,

coenzyme Q10 and amino acid 5-ALA [11,18,19].

The photo-anaerobic membrane bioreactor has been the main configuration used for the
treatment of domestic, dairy, food and poultry processing wastewater with PPB [10,20—
22]. However, despite their efficiency [23], the use of membranes hinders the industrial
scale up of this bioreactor configuration due to the need for complex control systems and
the increase in operating costs [24]. In this context, the engineering of simple and cost-
effective photobioreactor configurations remains an unresolved challenge for PPB-based
treatment PWW. Shallow covered ponds with biomass settling and recycling represent a
cost-effective but poorly explored photobioreactor configuration to treat wastewater
using PPB. The key operational conditions determining the performance of PPB-ponds

with biomass settling and recycling need to be also investigated.

In this work, the long-term performance of two PPB-based photobioreactor
configurations (open and closed) during the treatment of PWW was evaluated. The
influence of wastewater dilution, illuminated area to volume ratio, biomass settling and
recirculation, and infrared light intensity on the removal of carbon and nitrogen was

comparatively assessed.

2. Materials and Methods
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2.1. Inoculum and piggery wastewater

The inoculum of PPB was taken from a batch cultivation of a previous study with
Rhodopseudomonas as the dominant genus [6]. Inoculum of PPB was carried out in 1.2
L gas-tight bottles (Afora, Spain) with 600 mL of four times diluted piggery wastewater
under a N2 atmosphere. The PPB culture was incubated at room temperature (25 + 1 °C)
under magnetic mixing (300 rpm) and an infrared lighting (50 W m2). Centrifuged PWW
was obtained from a pig farm in Segovia (Spain) and maintained at 4 °C prior use. The
PWW was further centrifuged (10,000 rpm, 10 min) prior to use. The characteristics of
the PWW used in the experiments was: total organic carbon concentration (TOC) of 9.4
+ 1.2 g L, total carbon concentration (TC) of 10.5 + 1.0 g L™, inorganic carbon
concentration (IC) of 1.0 £ 0.3 g L%, total nitrogen concentration (TN) of 3.0 + 0.4 g L™

and total suspended solids concentration (TSS) of 10.5+2.2 g L™,

2.2. Continuous PWW biodegradation in open and closed photobioreactors

The experimental set-up consisted of two rectangular photobioreactors (20 cm length x
10 cm width x 15 cm depth; 3 L of working volume) (Fig. 1) constructed with transparent
covers and interconnected to 1 L conical settlers. The covers were placed either 2 cm
above the top of the open photobioreactor (PBR) to favor air supply or at the cultivation
broth surface level in the closed PBR to guarantee anaerobic conditions. The systems
were agitated with two submerged centrifugal pumps. The PBRs were illuminated at 100
W m2 (stages 1-V) or 300 W m (stages V1) for 12 h a day using an infrared LED panel
(diodes OSLUX® SFH 4780S and SFH 4715AS, OSRAM, Germany) located 20 cm
above the surface of the cultivation broth. The PBRs were initially operated at a hydraulic
retention time (HRT) of 7 days using 4 folds diluted PWW (stage I). An aliquot of 56 and

12 mL in stage I-11 and 111-1V respectively, was daily drawn from the bottom of the settler
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to waste the settled biomass. The dilution of the PWW was increased to 8 fold by day 102
and maintained for the rest of the experiment (stage Il). In stage 11, the illuminated area
to volume ratio was increased from 66.7 cm? L™ to 133 cm? L! by reducing the working
volume of the PBRs to 1.5 L (via a reduction in the PBR depth from 15 cm to 7.5 cm). A
cooling system based on PBR jacketing was implemented in both PBRs by day 239
(beginning of stage 1) to maintain similar temperatures as in stage Il due to the increase
in temperature mediated by the heat generated by the submerged centrifugal pumps in the
new working volume. In stage V, biomass recirculation from the bottom of the conical
settlers was implemented at a rate of 167 mL d*. Finally, the intensity of the infrared
radiation was increased to 300 W m™ during stage V1 (Table 1).
<Figure 1>
<Table 1>

Samples of 20 mL from the centrifuged PWW (raw influent), cultivation broth and
effluent of the open and closed PBRs were collected systematically twice a week to
analyze pH and TOC, TC, IC, TN, NH4" and TSS concentrations. The dissolved oxygen
concentration (DO) and temperature in the culture broths of the PBRs was in-situ
measured twice a week. The culture absorbance in the each PBR was also measured twice
a week. In addition, an aliquot of biomass from each steady state (10 min at 10,000 rpm)
was centrifuged, washed and dried to analyze its elemental composition (C, H, O and N
content).

The removal efficiencies (RES), expressed in percentage, of TOC, TN and TSS were

calculated according to the following equation:

(Cing * Qing) — (Cosr * Qefr) _

100
(Cing - Qinf)

RE (%) =

Where Cinf and Cefr correspond to the concentration of TOC, TN and TSS in the piggery

wastewater influent and effluent of the PBRs, respectively, while Qint and Qett correspond

6
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to the flowrate in the piggery wastewater influent and effluent of the PBRs, respectively.

The removal efficiencies were calculated in steady state for each PBR.

2.3. Analytical methods

The pH determinations were conducted with a pH 510 pHmeter (Cyberscan,
Netherlands). A ProfiLine 3320 meter coupled with a sensor CellOx 325 (WTW,
Germany) was used to measure the DO and temperature. Infrared light intensity was
determined with a PASPort PS-2148 IR sensor (PASCO, USA). Measurements of
dissolved TOC, TC, IC and TN concentrations were carried out in a TOC-VCSH
instrument (Shimadzu, Japan) coupled with a TNM-1 unit. The spectrum of absorbance
(350-850 nm) of the cultivation broth was analyzed in a spectrophotometer UV-2550
(Shimadzu, Japan). NH4" analysis was conducted using a sensor Orion Dual Star
(ThermoScientific, The Netherlands). The elemental composition was analyzed using an
elemental analyzer EA Flash 2000 equipped with a TCD detector (Thermo Fisher
Scientific). Finally, the quantification of TSS concentration was performed following the

procedure of Standard Methods [25].

2.4. Statistical analysis

Statgraphics Centurion version 18 was used for the analysis of variance (ANOVA) and a
Tukey test carried out to identify the significance of the values obtained, comparisons
with a value of p < 0.05 were considered significant. Performed to the experimental data

obtained under steady state.

3. Results and Discussion

3.1. Environmental parameters
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Temperatures in the closed PBR were higher than those in the open PBR as a result of the
evaporation-based heat losses in the latter, with average values of 32 £ 1 °C and 36 + 2
°C in the open and closed PBR, respectively. Temperatures of 32 + 1 °Cand 35+ 3 °C in
stage I, and 31 £ 1 °C and 33 £ 1 °C in stage Il, were recorded in the open and closed
PBR, respectively (Table 2). The heat generated by the submerged mixing pumps resulted
in a high increase in temperatures in the closed PBR in stage Ill, where temperatures
reached 40 °C occasionally due to the low PBR volumes compared to stage | and Il (Fig.
S1A). Likewise, an increase in temperature was recorded in stage VI in both PBRs (34 +
0 °C in open the PBR and 40 £ 2 °C in the closed PBR) due to the increase in IR radiation.
The optimal growth temperature in biological wastewater treatment is species specific.
For instance, Rhodopseudomonas palustris exhibits optimum growth at 37 °C, while R.
capsulatus and R. spheroids growth rate peaks at 30 °C [26]. Although the temperatures
recorded in this work were high, the communities present in both PBRs were able to adapt
and support an efficient removal of carbon and nutrients as described below. These high
temperatures prevailing in the cultivation broth mediated the high evaporation rates
observed in the open PBR, which accounted for 58, 97, 84, 89 and 99% of the inlet flow
in stages I-11, 111, IV, V and VI, respectively. This resulted in low effluent flowrates in
the stages with higher temperature (stage Il and VI). The loss of water in open ponds
devoted to photosynthetic microorganisms cultivation due to evaporation entails higher
operational costs (due to the need for water make-up), and can also increase the risk of
contamination with unwanted microorganisms [27]. In addition, the high evaporation rate
herein recorded in the open PBR resulted in the concentration of the effluent pollutants,
thus impacting on the removal efficiencies of the open PBR [6]. On the other hand,
although the temperatures recorded in the closed PBR were higher than in the open PBR,

the evaporation rates averaged of 10, 30, 14, 17 and 11% in stages I-11, Il1, IV, V and VI,
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respectively, and likely occurred in the open settler interconnected to the PBR. This PBR
configuration favors the recovery of treated water, which is central in areas with severe

water stress such as the Mediterranean region.
<Table 2>

The dissolved oxygen (DO) concentration remained very low in both PBRs regardless of
the operational conditions (Fig. S1B), with average values of 0.03 £ 0.01 and 0.02 £ 0.01
mg O, L in the open and closed PBR, respectively. The oxygen diffusing from the open
atmosphere into the open PBR cultivation broth was rapidly consumed by
chemoheterotrophic PPB or other aerobic heterotrophic bacteria for the degradation of
organic matter. The low oxygen concentration in the closed PBR, caused by the negligible
oxygen input into this system and the high organic matter content of the PWW,
maintained strict anaerobic conditions in the cultivation broth. In this context, low
dissolved oxygen concentration (DO < 0.5 mg L™ which is considerable higher than the
values detected in both reactors) promote the activity of the enzyme dehydrogenase [28],
which favors the degradation of organic compounds through the TCA cycle in PPB.
According to previous studies, aerobic conditions during wastewater treatment limit the

development of PPB [16].

The pH of the PWW was 7.8 + 0.3, while the pH of the cultivation broths remained very
stable along the different stages tested (Fig. S1C), with pH values of 8.7 £ 0.1 and 8.3 +
0.2 in the open and closed PBRs, respectively. The higher pH in the open PBR was likely
due to the stripping of CO> from the cultivation broth to the open atmosphere. Likewise,
the degradation of volatile fatty acids (VFAs) by PPB likely induced the increase in pH
observed in both PBRs due to the consumption of organic acids by VFAs catabolic
pathways, which also enhanced the fixation of the dissolved CO- [12]. The optimal pH

range described for PPB is 6.0 to 9.0 [14], which matched the pH recorded in both PBRs.
9
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3.2. Wastewater treatment performance
3.2.1. Carbon removal

The TOC concentration in the influent (PWW) was maintained constant in stage | at 2.7
+0.2gL1TOCand 1.2+ 0.1 g L in the following stages (11-V1) (Fig. 2A). High carbon
removal efficiencies of 87 + 1% and 73 + 2% were recorded under steady state in stage |
in the open and closed PBR, respectively (Fig. 3A). However, a limited PPB growth was
observed in both PBRs as shown by gradual disappearance of the characteristic purple-
red color in the cultivation broths. Independent measurements of infrared light penetration
in 4 fold diluted PWW showed that the photic zone was only ~ 1 cm due to the high
wastewater turbidity. The limited growth of PPB was attributed to the low penetration of
IR radiation in both PBRs, which resulted in a reduced capacity of PPBs to obtain energy
from anoxygenic photosynthesis and to degrade organic carbon. In this context, PPB in
the absence of or under limited infrared light supply are not able to compete with other
chemotrophic bacteria as a result of their less efficient fermentative metabolism [16]. An
increase in PWW dilution resulted in a significant increase in TOC-REs in stage Il up to
89 £ 1% and 80 £ 2% in the open and closed PBR, respectively. The increase in PWW
dilution enhanced the penetration of IR radiation, doubling the photic zone depth and thus
favoring the growth of PPB and the removal of carbon. In this context, the increase in the
illuminated area to volume ratio caused by the reduction in the depth of both PBRs from
15 to 7.5 cm in stage Il significantly favored the removal of carbon, with TOC-REs of
99 £+ 0% and 84 + 2% in the open and closed PBR, respectively. This increase in the
illuminated area to volume ratio also mediated an increase in the temperature of the
cultivation broths and in the water evaporation rates, which suggests that the

improvement in TOC removal in the open PBR was not only due to an enhanced PPB

10
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activity but also to a higher stripping of carbon dioxide. An environmental benefit derived
from the implementation of closed PBRs is the reduction in gas emissions into the
atmosphere, which prevents the release of CO. and CHs potentially generated under
anaerobic conditions. Temperature control in stage 1V did not favor TOC-RES in the open
PBR, which decreased to 91 + 1%, but increased TOC-REs by 4% in the closed PBR
compared to the previous stage (1), likely due to the increase in PPB activity. The
recirculation of the settled biomass in stage V resulted in an improvement in TOC-RES
up to 96 + 1% and 90 + 1% in the open and closed PBRs, respectively. This improvement
was likely due to the increase in PPB biomass in the PBRs, which boosted the removal of
the carbon present in PWW. Finally, the increase in IR radiation intensity in stage VI
from 100 to 300 W m (Fig. S1D) did not significantly improve the removal of carbon in
the closed PBR (TOC-REs of 91 + 1%), but resulted in a complete TOC removal in the
open PBR due to the increase in the evaporation rate. The results herein obtained
confirmed the consistent removals of organic matter by PPB and were in agreement with
the TOC-REs of 87, 84 and 77% recorded by Garcia el al. (2019) in an open
photobioreactor treating PWW at HRTs of 10.6, 7.6 and 4.1 days respectively, using 20

fold diluted PWW [6].

<Figure 2>

<Figure 3>
A preliminary carbon mass balance revealed that the closed PBR supported higher carbon
recoveries than the open PBR (e.g. 82% vs 52% in stage I). Overall, carbon recovery in
the closed PBR was 36% higher than in the open PBR. The main mechanism of carbon
removal in the open PBR was stripping, and assimilation in the closed PBR, which agreed

with the water evaporation rates recorded in both systems.
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3.2.2. Nitrogen removal

In stage I, TN-REs of 78 £ 1% and 21 + 3% were recorded in the open and closed PBR,
respectively (Fig. 3B). Similarly, the removal of ammonia was higher in the open PBR
(0.58 g L removed) compared to that in the closed PBR (0.21 g L™ removed). A slight
decrease in TN-REs to 72 + 2% and 17 % 4% in the open and closed PBR, respectively,
was observed in stage Il along with the increase in PWW dilution. The high TN removal
observed in the open PBR in stages | and Il can be explained by the active ammonium
stripping from the PBR to the atmosphere [8] and by the consumption of nitrogen by other
microorganisms different from PPB. On the other hand, the low TN removal recorded in
the closed PBR was attributed mainly to the assimilation of NH4" into biomass (in the
form of microbial protein), since the air-tight PBR cover prevented ammonium stripping
in this type of configuration. In stage Il an increase of TN-REs was recorded with 99 +
0% and 49 + 6% in the open and closed PBR, respectively, which was likely induced by
the higher PPB growth favored by the increased illuminated area to volume ratio in both
PBRs. The decrease in temperatures during stage IV resulted in TN-REs of 95 + 1% and
43 = 7% in the open and closed PBRs, respectively. The effluent obtained during stage
IV presented low concentrations of NH4* (0.00 g Lt in the open PBR and 0.17 g Lt in
the closed PBR). Interestingly, the implementation of the recirculation of the settled
biomass in stage V brought about higher TN-REs of 98 + 0% in the open PBR and 80 +
4% in the closed PBR. The analysis of the concentrations of ammonium during stage V
was not possible due to a failure of the NH4" electrode (Table 2). Finally, the increase in
IR radiation during stage VI supported TN-REs and ammonium effluent concentrations
of 100 + 0% and 0.02 g NH4" L in the open PBR, and 79 + 2% and 0.08 g NHs* L in
the closed PBR. Removals efficiencies of 65% for total nitrogen and 68% for ammonium

have been reported in an open photobioreactor treating PWW with PPB at a HRT of 7.6
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days [6]. Ammonia is the main form of nitrogen present in PWW, which can be
assimilated by PPB through glutamate metabolism and subsequently used in protein
synthesis. This metabolic capacity is present in PPBs species such as R. palustris, R
capsulatus and R. sphaeroides. During stages V and VI, 0.29 £ 0.02 and 0.27 £0.02 g N
L were removed in the open and closed PBR, respectively (Fig. 2B), which lies within
the 3-8000 mg L range described in literature studies assessing nitrogen removal by PPB
[28]. Nitrogen removal could be improved by increasing the C:N ratio [12] in PWW using

C-rich wastewaters to support a complete assimilation of the nitrogen present in PWW,

3.3. Concentration and elemental composition of biomass

Biomass concentration in the open PBR increased during the first 50 days from 1.7 g TSS
Ltupto5.69TSS L?instage I, along with a rapid disappearance of the purple-red color
in the cultivation broth, suggesting an adaptation of other microbial communities.
Interestingly, biomass concentration in the open PBR gradually decreased to 3.8 g TSS
L by the end of stage I likely due to natural cell death or the toxic effects of the
accumulated PWW contaminants (Fig. 4A). High PWW loads have been reported as
harmful to the growth of PPB [7,29], PWW dilution being identified as an operational
strategy to decrease the turbidity in the cultivation broth, favoring the penetration of the
radiation and decreasing the toxic effects of NH4*. A stable biomass concentration of 2.0
+ 0.3 g TSS L was recorded in the open PBR during stage I, while the increase in
temperature and in the evaporation rate entailed an increase in biomass concentration up
t04.9+0.6 g TSS L in stage I11. Finally, a gradual decrease in biomass concentration in
the open PBR 10 4.2+ 02 g TSSL?, 24+0.7gTSS LYand 2.0 +0.4 g TSS L* was
recorded in stages VI, V and VI (Fig. 4A). High TSS-REs were recorded in stage | (75

2%) and in the later stages in the open PBR (up 80%) (Fig. 3C). Biomass concentration

13



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

was stable in the closed PBR, with 2.4 +0.3g TSS Lt in stage I, and 1.3+ 0.2 g TSS L"
Lin stage I11-VI, with transient increase in stage V caused by the recirculation of biomass
(Fig. 4B). Interestingly, the ratio of culture absorbance at 808 nm and TSS concentration
was similar in both PBRs during stages I-V, but significantly higher in the closed PBR
when infrared radiation was increased from 100 to 300 W m2 (0.013 + 0.002 in the open
PBR t0 0.021 + 0.001 in the closed PBR). TSS-REs in the closed PBR varied from 51 up
to 64% (Fig. 3C). The high biomass concentration generated in the open PBR, after stage
Il did not settle completely, thus increasing the TSS concentrations recorded in the
effluent to values similar to the TSS concentrations present in the PWW and also. This
fact was also fostered by the low volume of effluent mediated by the high water
evaporations prevailing in the latter stage. Interestingly, the lower biomass concentration
present in the closed PBR compared to the open PBR was able to removed a similar
concentrations of pollutants and generate an effluent with lower TSS. These differences
in biomass concentration between both PBRs could be explained by higher water
evaporation rate recorded in the open PBR, which indirectly increase the TSS in the PBR.
Finally, it should be highlighted that PPB biomass contain high value-added products
such single cell protein, pigments, pantothenic acid and coenzyme Q10 [14]. In addition,
PPB biomass can be used as animal or fish feed [30] and as a bio-fertilizer, promoting
plant growth and boosting the resistance to environmental stresses by accumulation of

polyphosphate and synthesizing plant growth-promoting factors [31].

<Figure 4>
The C, N, H and S content in the PPB biomass averaged 44.3 + 1.7%, 7.1 + 0.8%, 6.4 +
0.3% and 0.4 £ 0.3% in the open PBR and 49.8 £ 0.9%, 8.2 + 0.4%, 7.6 + 0.2% and 0.7
+ 0.2% in the closed PBR, respectively. The PPB biomass composition was similar to the

values reported by [32], who recorded a C, N and H content of 52.1%, 10.7% and 8.4%,
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respectively, in the biomass generated a tubular PBR inoculated with Rhodopseudomonas
palustris strain 420L.

The nitrogen mass balance conducted in the PBRs revealed an overall nitrogen recovery
of 67% in the closed PBR, versus 20% in the open PBR. NH3 stripping was identified as
the main nitrogen removal mechanisms in the open PBR, which agreed with the high

water evaporation rates recorded in this system.

The lower investment cost and high nutrient removal capacity constitute the main
advantages of open-PBRs [33]. However, the high rates of evaporation and CO2/NH3
stripping could eventually jeopardize their environmental performance [29,33].
Furthermore, culture contamination by other microorganisms is difficult to control in
open-PBRs. These limitations are partially mitigated in closed-PBR, where PPB growth
and nutrient recovery are also maximized (Table 3). The scalability of the technology is
technically feasible in both types of photobioreactors [33]. However, more research is
still required to assess microbial competition with other photosynthetic microorganisms
in outdoor systems.
<Table 3>

The evaluation of the scalability of this technology remains the main challenge for the
future, with successful case studies such as the work of Lu et al., (2019) where a 240 L
reactor was operated with promising resource recovery efficiencies [34]. In addition, the
technical and economic viability of the extraction of high added value compounds from
PPB in the context of the creation of a circular economy in the water sector remains

unexplored.

4. Conclusions
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This study confirmed the long-term efficiency of PPB-based piggery wastewater
treatment. The open PBR always supported higher TOC, TN and TSS removals than the
closed PBR, which was mediated by the larger contribution of abiotic mechanisms such
as CO and NHBa stripping. The decrease in PWW load did not entail an enhancement in
process performance in both PBRs, while the increase in the illuminated area to volume
ratio induced higher TOC and TN removals. Biomass settling and recirculation resulted
in enhanced nitrogen removals. Finally, the increase in infrared radiation from 100 to 300
W m favored PPB growth. The high water evaporation losses in the open PBR resulted
in a significant deterioration of the effluent quality as a result of pollutant pre-
concentration. PWW dilution and operation with high illuminated area were key
parameters that favored PPB growth in the closed PBR. In addition, this type of PBR

configuration prevents high water evaporations and favors the dominance of PPB.
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590 Table 1.

Operational Dilution of Depth of culture (cm) / Temperature Infrared radiation
Stage Recirculation
days PWW area to volume ratio (cm? L) control (W m?)

I 101 4 15/66.7 No No 100

1 67 8 15/66.7 No No 100

i 70 8 7.5/133 No No 100

v 63 8 7.5/133 Yes No 100

\% 108 8 7.5/133 Yes Yes 100

VI 53 8 7.5/133 Yes Yes 300
591
592
593
594
595
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596

597

598

599

600

Table 2.

Stage | Stage Il Stage 111 Stage IV Stage V Stage VI
Parameters PWW*
Open Closed Open Closed Open Closed Open Closed Open Closed Open Closed
Temperature (°C) - 31.7+1.4 35.3x2.5 30.7£1.2 32.7x14 33212 36.42.5 30.51.0 34517 32.01.3 36.3:t1.8  34.4:x0.06  39.9t1.6
pH 7.840.3 8.720.2 8.120.3 8.7£0.1 8.320.2 8.820.1 8.4£0.1 8.840.1 8.4+0.1 8.8+0.1 8.240.1 8.740.1 8.5+0.1
Radiation IR (W m?) - 9747 97+4 93+4 99+7 101+4 29347
Evaporation (%) - 58+1 10+2 58+1 10+2 9743 30+18 84+15 1446 89+6 177 99+3 1145
TOC (g LY 1.18+0.15  0.89+0.06  0.84+0.06  0.35:0.05  0.29+0.04  0.34£0.03  0.27£0.02  0.66£0.07  0.17#0.03  042:#0.04  0.15:0.03  0.50+0.05  0.14+0.03
IC (gLY 0.13+0.04 054003 067004  0.32+#0.01  0.39+0.01  0.25+0.08  0.29+0.04  0.43:004  021:0.03  039:001  0.16+0.02  041+0.06  0.1620.03
TN (g L) 0.38£0.05  0.50£0.03  0.81#0.03  0.27£0.01  0.36+0.01  0.12+#0.03 027003  0.12#002  022+0.05  0.08+0.01  0.10+0.03  009x0.02  0.10%0.0
NHa* (g L) 0.40£0.12  043#0.05  0.80£0.05  0.24%0.02  0.37£0.03  0.04%0.05  0.17£0.07  0.00£0.00  0.17+0.02 - - 0.02£0.01  0.08+0.02
TSSPBR (g LY 3.80£0.35  240+0.30  197+0.18  1.44+0.09  4.90£0.65  146x022  4.19x020  1.26£0.09  2.37+0.65  1.36x0.41  1.97+0.44  1.03#0.11
1.31+0.28
TSS Effluent (g L) 1.63+0.11 145018  0.81x0.09  0.67+0.06  0.56x0.18  0.72+0.13  1.59+0.23  0.83+0.22  0.93+0.11  051#0.05  0.92:0.10  0.44+0.08

- Not applicable.

* 8 fold diluted PWW (in tap water).

TOC, IC, TN, NH4" correspond to the concentration in the effluent of the photobioreactors.
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614

Table 3.

Open-PBR Closed-PBR Reference
Nutrient removal High High [29]
Nutrient recovery in biomass Low High [29]
Biomass growth Medium High [29]
Culture contamination High Low [27,33,35,36]
Evaporation rate High Low [27,33,35,36]
Culture control Low High [33,35,36]
Environmental impact* High Low [23,29,36]
Investment costs Low High [33,35]
Scalability High Medium [29,33]

* Atmospheric pollution by stripping CO2 and NHs.
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