Applied Microbiology and Biotechnology (2019) 103:3571-3580
https://doi.org/10.1007/500253-019-09696-0

ENVIRONMENTAL BIOTECHNOLOGY

®

Check for
updates

Nutrient removal in an algal membrane photobioreactor: effects
of wastewater composition and light/dark cycle

Prashant Praveen’ - Kai-Chee Loh?

Received: 11 July 2018 /Revised: 7 February 2019 /Accepted: 10 February 2019 /Published online: 26 February 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Graesiella emersonii was cultivated in an osmotic membrane photobioreactor (OMPBR) for nutrients removal from synthetic
wastewater in continuous mode. At 1.5 days of hydraulic retention time and under continuous illumination, the microalgae
removed nitrogen (N) completely at influent NH4*-N concentrations of 4-16 mg/L, with removal rates of 3.03-12.1 mg/L-day.
Phosphorus (P) removal in the OMPBR was through biological assimilation as well as membrane rejection, but PO,* -P
assimilation by microalgae could be improved at higher NH,;"-N concentrations. Microalgae biomass composition was affected
by N/P ratio in wastewater, and a higher N/P ratio resulted in higher P accumulation in the biomass. The OMPBR accumulated
about 0.35 g/L biomass after 12 days of operation under continuous illumination. However, OMPBR operation under 12 h light/
12 h dark cycle lowered biomass productivity by 60%, which resulted in 20% decrease in NH,*-N removal and nearly threefold
increase in PO,> -P accumulation in the OMPBR. Prolonged dark phase also affected carbohydrate accumulation in biomass,
although its effects on lipid and protein accumulation were negligible. The microalgae also exhibited high tendency to aggregate
and settle, which could be attributed to reduction in cell surface charge and enrichment of soluble algal products in the OMPBR.
Due to a relatively shorter operating period, membrane biofouling and salt accumulation did not influence the permeate flux
significantly. These results improve the understanding of the effects of N/P ratio and light/dark cycle on biomass accumulation
and nutrients removal in the OMPBR.
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waste streams can be recovered as biomass, which may be
valuable in manufacturing a wide variety of useful products,
including biofuels (Jones and Mayfieldt 2012). While
microalgae application in waste treatment is an excellent ap-
proach towards sustainability, use of wastewater in microalgae
cultivation can reduce the cost of biomass production signif-
icantly (Delrue et al. 2016; Ventura et al. 2013).

Introduction

Microalgae application in wastewater treatment, particularly
in nitrogen (N) and phosphorus (P) removal, has many advan-

tages. The autotrophic microalgae has the potential to inte-
grate wastewater treatment with carbon capture, which can
provide a single-stage solution to greenhouse gas emission
as well as eutrophication (Hwang et al. 2016; Judd et al.
2015). Moreover, carbon and nutrients removed from the

P4 Kai-Chee Loh
chelohkc@nus.edu.sg

Clean Technology, Scion, Rotorua, New Zealand

Department of Chemical & Biomolecular Engineering, National
University of Singapore, 4 Engineering Drive 4, Singapore 117585,
Singapore

Several microalgae strains, belonging mainly to Chlorella
and Scenedesmus genus, have exhibited excellent nutrient re-
moval and biomass accumulation potential during wastewater
treatment (Delrue et al. 2016; Wu et al. 2014). Most of these
studies have been conducted in batch or fed-batch mode though
and very few studies have been conducted on microalgae culti-
vation under continuous operation. This is mainly due to low
growth rate of microalgae, which would require continuous
operation either at high hydraulic retention time (HRT) or in
large volume photobioreactors (PBR) (Praveen et al. 2018).
Nevertheless, the application of microalgae in wastewater treat-
ment can benefit immensely from continuous operation. It
would not only provide continuous supply of microalgae
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biomass, but it would also facilitate seamless integration of
microalgae-based tertiary wastewater treatment system with
conventional activated sludge process treating municipal waste-
water (Viruela et al. 2018).

Recently, several studies have been conducted on continuous
cultivation of microalgae in wastewater using membrane
photobioreactor (MPBR) (Boonchai and Seo 2015; Najm et al.
2017; Noguchi et al. 2017). The MPBRs are based on integration
of membrane filtration to conventional PBRs. Since the effluent
is filtered through semi-permeable membranes, the MPBRs op-
erate with high biomass retention without any cell washout con-
cerns. High-retention MPBRs also yield high nutrient removal
rates, and these are expected to reduce the costs of biomass
harvesting (Gao et al. 2015; Naira et al. 2018).

One of the most crucial parameters for microalgae cultiva-
tion is PBR illumination. Both light intensity and duration affect
biomass accumulation and nutrients removal performance in
PBRs (Wang et al. 2012). It has also been reported that
microalgae cultivation in wastewater treatment can be econom-
ical only if it is based on the use of solar radiation, as the cost of
using artificial light is high (Praveen et al. 2016). However, the
availability of sunlight is limited by day/night cycle, and the
disruption of photosynthesis at night would be disadvantageous
for microalgae growth and wastewater treatment. Since MPBRs
operate under high-biomass retention, it would also mean that
these are more susceptible to light limitation due to enhanced
self-shading effects (Carvalho et al. 2011). Another challenge in
MPBR operation can be the fluctuations in wastewater nutrients
composition and large variations in N/P ratio (Beuckels et al.
2015). In addition, there are reports of microalgae aggregation
in MPBR under prolonged operation. The biomass aggregation
may lower productivity and affect PBR performance adversely
(Praveen and Loh 2016).

In this research, a PBR was fitted with forward osmosis
(FO) filtration module to design a submerged osmotic mem-
brane photobioreactor (OMPBR). The OMPBR was operated
with Graesiella emersonii to study the effects of wastewater
composition, pH, and light exposure on nutrients removal and
biomass accumulation. The changes in microalgae size, sur-
face charge, and biomass composition were estimated and a
mechanism for microalgae aggregation was proposed. The use
of FO for filtration was motivated by the low pore size of FO
membranes and absence of hydraulic pressure in the process,
which result in enhanced contaminant rejection, low energy
demand, and low membrane fouling (Wang et al. 2016).

Materials and methods
Microorganisms, culture conditions, and chemicals

All the chemicals used in this research were of analytical grade
and purchased either from Sigma-Aldrich (St. Louis, USA) or
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Merck (Darmstadt, Germany). G. emersonii ATCC 13482
was used throughout this study. The microalgae were cultivat-
ed in Bold’s basal medium (BBM) supplemented with 5%
CO, enriched air at a rate of 0.2 gas volumes per reactor
volume per minute (VVM). The microalgae culture was illu-
minated using fluorescent light at 7000 Ix intensity. All media,
pipette tips, and Erlenmeyer flasks fitted with cotton plugs
were autoclaved before use.

OMPBR

Experimental setup

Figure 1 shows the laboratory scale OMPBR setup. A de-
tailed description of the setup was provided elsewhere
(Praveen and Loh 2016). Briefly, a plate-and-frame mem-
brane module was prepared using commercial cellulose triac-
etate FO membranes (HTI, USA) with an effective filtration
area of 0.036 m”. The membrane module was immersed in a
5.5 L tank, such that the active layer of the membranes faced
the wastewater, whereas the support layer faced the draw
solution (DS). The OMPBR was illuminated from all four
sides and the top using fluorescent lights of 7000-8000 Ix
intensity. Humidified 3% CO,-enriched air was sparged in
the OMPBR at the rate of 0.4 VVM. A 2 L beaker designed
with an overflow outlet at 1.5 L was used as the DS reservoir.
DS concentration in the reservoir was kept constant using a
feedback control system (eChem, Singapore). Excess water
overflowing from the DS reservoir was collected as OMPBR
effluent. The wastewater feed tank was placed above a
weighing balance (Sartorius, Germany) and connected to a
PC for periodic mass monitoring, which was used to compute
the permeate flux.

Operation

Synthetic wastewater was used throughout the OMPBR oper-
ation, with NH,*-N concentration varying between 4 and
16 mg/L and a fixed PO, -P concentration of 2.4 mg/L.
Other micronutrients were added to the synthetic wastewater,
based on BBM composition, to prevent limitations on
microalgae growth. NH,"-N was chosen as the nitrogen
source in this study, as it is more readily assimilated by
G. emersonii, as compared to NO3 -N (Praveen et al. 2018).
A 5 M stock solution of sodium chloride was used to prepare
the DS, such that the HRT was maintained at 1.5 days. The
OMPBR was operated with complete biomass retention, and
only a small amount of liquid was removed every day to
monitor biomass and nutrients concentration.

A total of four runs were conducted in the OMPBR. (1)
NH;*-N=4 mg/L, continuous illumination; (2) NH,*-N=
8 mg/L, continuous illumination; (3) NH4"-N = 16 mg/L, con-
tinuous illumination, and; (4) NH,*-N =16 mg/L, light/dark
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Fig. 1 Schematic diagram of the OMPBR setup: (1) compressed air; (2)
compressed CO»; (3) flow meter; (4) humidification tank; (5) MBR tank;
(6) membrane module; (7) air diffuser; (8) feed tank; (9) weighing scale;

cycle. For light/dark cycle, a digital plug-in timer was used to
illuminate the OMPBR for 12 h from 8 am, and to switch off
the lights from 8 pm. All the runs were started with fixed
biomass concentration and the OMPBR was operated for
12-18 days under each condition.

Analytical methods

Microalgae biomass density was determined by measuring the
optical density (OD) of the aqueous medium at 540 nm using
an ultraviolet-visible spectrophotometer (Shimadzu, Japan).
The OD was used to compute the biomass concentration by
the formula: dry cell weight (mg/L) =542 x ODs4, (Praveen
and Loh 2016). The concentrations of NH,"-N, NO; -N, and
PO4> -P were measured using standard methods (Rice et al.
2012). The overall removal efficiency and the removal rates
were calculated based on the difference between the feed and
the effluent concentrations.

Microalgae biomass was harvested from the OMPBR
through centrifugation (5810R, Eppendorf, Germany) at
13600 g for 5 min. Surface charge and particle size of
microalgae were measured using a Zetasizer (Malvern, UK)
with disposable folded capillary cells. Total algal lipid content
was measured gravimetrically after extraction using methanol
and chloroform. Carbohydrates from biomass were extracted
using 80% sulfuric acid solution, and quantified using phenol/
sulfuric acid method. Proteins were extracted from the bio-
mass using 0.1 M sodium hydroxide, and quantified using
Lowry’s method. Chlorophyll content of the microalgae was
measured spectrophotometrically after extraction using 90%
methanol at4 °C for 48 h. Detailed procedures for these assays
are described elsewhere (Praveen and Loh 2016).

13

(10) stirring plate; (11) DS; (12) concentrated DS stock; (13) effluent; (14)
peristaltic pump; (15) conductivity meter; and, (16) data logger

Results
Cell growth and nutrients removal

In the beginning, the OMPBR was operated using feed waste-
water with NH,*-N and PO,> -P concentrations of 4 mg/L
and 2.4 mg/L, respectively. There was no pH control in the
OMPBR during the first 10 days of operation. The pH was
subsequently adjusted and maintained at 7.5.

Figure 2 shows temporal profiles for biomass accumulation
and nutrients removal in the OMPBR. It can be seen that two
different concentration profiles developed on either side of the
FO membranes, and most of the nutrients were retained in the
OMPBR due to low pore size and enhanced rejection by the
FO membranes. In the absence of any pH adjustment, NH;"-N
accumulation in the OMPBR reached a maximum of 29 mg/L
on day 2 (Fig. 2a). However, as biomass concentration in the
OMPBR increased gradually, NH,"-N was metabolized and
its concentration stabilized at about 2.5 mg/L after 5 days of
operation. In contrast, NH,*-N concentration in the effluent
was unaffected by low biomass concentration or high NH,"-N
accumulation in the OMPBR, and it remained stable at 2—
3 mg/L during this period. On the other hand, PO,* -P con-
centration in the effluent was nearly negligible, owing to ex-
cellent rejection by the FO membranes (Fig. 2b).
Consequently, there was a gradual increase in PO, -P con-
centration in the OMPBR in the beginning, and the concen-
tration stabilized at 21 mg/L after 6 days of operation.

The pH of the OMPBR was adjusted to 7.5 on day 11,
when the measured pH was 4.5. This resulted in quick im-
provements in cell growth and nutrients assimilation, as
shown in Fig. 2. While NH,*-N concentration in the
OMPBR and in the effluent dropped nearly to zero, PO, -P
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Fig. 2 Kinetics of nutrients removal in OMPBR with and without pH
adjustment at a wastewater NH,*-N concentration of 4 mg/L: a NH,*-N;
b PO, -P

level in the OMPBR decreased by 35% to 13.8 mg/L. The
removal efficiencies for PO,> -P and NH,*-N were calculated
as 100% and 99.8%, respectively, whereas the removal rates
were 1.82 mg/L-day and 3.03 mg/L-day, respectively. The
effects of pH were also evident in microalgae growth profiles
(Fig. 3). Although microalgae concentration increased gradu-
ally from 17 mg/L in the beginning to 353 mg/L on day 18,
there was a significant difference between microalgae growth
rate before and after day 11. It was observed that the doubling
time for the microalgae had increased to over 3 days under
acidic pH conditions. The pH in the OMPBR was maintained
constant for all the subsequent experiments.

Effects of NH,*-N concentration

In order to investigate the effects of NH4-N concentrations on
OMPBR performance, NH,*-N concentration was varied
from 4 to 16 mg/L. At NH,*-N concentrations of 8§ mg/L
and 16 mg/L, biomass growth trends were nearly identical
(Fig. 4a). The microalgae exhibited relatively higher growth
rates, and biomass accumulation increased to 335-382 mg/L
after 12 days of operation. It was also observed that suspended
biomass concentration in the OMPBR did not stabilize during
the operation, even when NH,"-N had been completely
exhausted.
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Fig. 3 Cell growth kinetics in OMPBR at a wastewater NH,"-N
concentration of 4 mg/L

Figure 4b shows NH,"-N removal in the OMPBR at dif-
ferent initial NH4"-N concentrations. It can be seen that under
each experimental condition, NH,;"-N accumulated briefly in
the OMPBR due to partial membrane rejection, before it was
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Fig. 4 Effects of NH,*-N concentration on OMPBR performance: a
NH,*-N removal; b PO43_—P removal; ¢ biomass accumulation in
suspension
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removed completely through microalgae assimilation. NH,4"-
N accumulation was expected to increase with increasing
NH,"-N concentration in the wastewater. However, the max-
imum accumulation was observed at initial NH,*-N concen-
tration of 4 mg/L under low pH conditions. NH4*-N removal
at initial concentrations of 8-16 mg/L was nearly complete
with removal efficiencies >99.8%. Average NH,4*-N removal
rates increased proportionately with NH,*-N concentration,
and these were observed to be 3.03, 6.07, and 12.1 mg/L-
day, at influent NH,*-N concentrations of 4, 8, and 16 mg/L,
respectively. Apart from NH,4*-N, NO; -N concentration was
also measured during the OMPBR operation (data not shown).
However, no NO3 -N was detected in the OMPBR throughout
the operation.

Unlike NH,*-N, which was partially rejected by the FO
membranes and completely metabolized by microalgae,
PO,* -P rejection by the FO membranes was nearly complete.
Since PO437—P concentration in the influent remained un-
changed throughout the operation, the removal efficiency
and removal rate for PO,> -P was constant at about 100%
and 1.82 mg/L-day, respectively. It was also observed that
PO,* -P accumulation in the MPBR decreased from 13.8 to
4.7 mg/L, when NH4*-N concentration in the wastewater was
increased from 4 to 16 mg/L (Fig. 4c). Clearly, NH;"-N con-
centration in wastewater influenced PO,> -P uptake by the
microalgae.

Effects of light/dark cycle

In order to understand the effects of light/dark cycle on waste-
water treatment by microalgae in the OMPBR, experiments
were conducted under alternating light and dark cycle of 12 h
each, at NH,;"-N concentration of 16 mg/L, and an HRT of
1.5 days.

Figure 5a shows the effects of light/dark cycle on biomass
growth and accumulation in the OMPBR. Under light/dark
cycle, microalgae growth rate decreased significantly, and bio-
mass concentration increased from 18 to 143 mg/L after
12 days of operation. Thus, both biomass accumulation and
nutrients removal decreased substantially under light/dark cy-
cle. NH,*-N removal was slow and its accumulation in the
OMPBR increased by 40%, from 21.1 mg/L under continuous
illumination to 34.7 under light/dark cycle (Fig. 5b). NH;"-N
removal was incomplete after 12 days of operation, and its
level in the OMPBR and the effluent were 4.5 mg/L and
3 mg/L, respectively. The corresponding removal efficiency
and removal rate were computed as 81% and 8.64 mg/L-day,
respectively.

Similarly, PO, -P assimilation by microalgae decreased
significantly under light/dark cycle, even though PO4* -P
was completely removed from the effluent due to its rejection
by the FO membranes. Low PO,> -P uptake by microalgae
was evident in PO43_—P accumulation in the OMPBR, which
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Fig. 5 Effects of light/dark cycle on OMPBR performance: a NH;*-N
removal; b PO437-P removal; ¢ biomass accumulation in suspension. The
dotted lines represent nutrient concentration in effluent

increased nearly threefold from 4.66 mg/L under continuous
illumination to 15.2 mg/L under light/dark cycle. It was also
observed that PO, -P assimilation (based on accumulation in
OMPBR) by microalgae under light/dark cycle was lower
than that observed during continuous illumination at a lower
NH,*-N concentration of 8 mg/L.

Flux and fouling

In the OMPBR, the permeate flux and salinity were monitored
regularly. There were changes in salinity, which increased
gradually from 2.66 to 12.5 mS, after 3 weeks of operation.
On an average, conductivity increased by about 3 mS every
week, which indicated that nearly 30 mM NaCl diffused into
the OMPBR tank from the DS through the FO membranes.
Although salt buildup inside the OMPBR reduced the nett
osmotic pressure gradient across the membranes, these
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changes were small, and could be compensated easily by in-
creasing DS concentration (data not shown).

Compared to the effects of salt accumulation on permeate
flux in the OMPBR, the contribution of biofouling on flux
were nearly negligible. Although microalgae deposits and
biofilms were observed on the FO membranes (results not
shown), biofilm developed within 2—3 weeks of operation
were weak, and it could be easily washed away at the end of
each run. Since microalgae also exhibited biomass aggrega-
tion in the OMPBR, their effective size increased over time,
further diminishing their ability to block the membrane pores.

Biomass aggregation analysis

During OMPBR operation, microalgae readily aggregated and
settled at the bottom of the bioreactor tank. While aggregation
resulted in low suspended biomass concentration, there was
also risk of biomass deposited at the bottom receiving poor
light exposure. In order to avoid the deposition, the bottom of
the bioreactor tank was agitated with compressed air every
day to prevent thick microalgae deposits. However, mechan-
ical agitation did not prevent gradual aggregation of biomass
in the OMPBR. In order to investigate the factors affecting
biomass aggregation, microalgae surface charge and cell size
were monitored during the experiments.

Table 1 shows changes in surface charge and size of the
microalgae during different experiments. In the beginning of
the OMPBR operation, zeta potential of the microalgae was
about —35 mV. However, the surface charge decreased nearly
to one-third of the value within a week of operation, and
varied between —10.6 mV and — 13.1 mV. Although a higher
surface charge of —18.7 mV was measured during the third
week during OMPBR operation at influent NH,"-N concen-
tration of 4 mg/L, it was half of the potential seen during the
control experiments. Simultaneously, microalgae size in-
creased from 8 to 10 um at the beginning of operation to
nearly 60 um after 1-2 weeks of operation. A higher value
of 75 um was also recorded in third week of OMPBR opera-
tion at influent NH,*-N concentration of 4 mg/L. It was
suspected that biomass aggregation was a result of bacterial
contamination, but investigations with optical microscopy did
not show presence of any invading microorganisms in the
OMPBR.

Biomass composition analysis

In order to investigate the effects of OMPBR operating con-
ditions on nutrients accumulation in microalgae, microalgae
biomass was collected at the end of each experiment, and
carbohydrate, lipid, protein, and chlorophyll composition
were measured (Table 2). Under continuous illumination,
changes in wastewater N/P ratio did not influence lipid and
polysaccharides content of microalgae, which remained con-
stant at 18-21% and 43-46%, respectively. On the other hand,
protein content of the microalgae increased slightly from 2.5
to 6.9%, when NH,*-N concentration was raise from 4 to
16 mg/L. Under continuous illumination, pigment accumula-
tion increased with increasing NH4*-N concentration as well.
The concentrations of chlorophyll A at 4 mg/L, 8 mg/L, and
16 mg/L NH,*-N concentration were 2.0 mg/g, 17. 2 mg/g,
and 23.0 mg/g, respectively. Under light/dark cycle, biochem-
ical composition of the microalgae changed significantly as
there was nearly 30% decrease in protein and lipid content of
the biomass, whereas carbohydrate content increased by more
than 10%. Although pigments accumulation decreased under
cyclic illumination conditions, chlorophyll content in biomass
was higher than those observed under continuous illumination
at feed NH4*-N concentration of 4 mg/L.

Apart from biochemical composition, elemental analysis of
the biomass was also conducted under each operating condi-
tion to investigate the changes in biomass composition (results
not shown). Under continuous illumination, C, N, and H com-
position of the biomass remained stable at 48.2 +£1.6%, 7.62
+0.40%, and 8.49 +0.05%, respectively, although P content
of the biomass increased gradually from 3.46 to 3.81% with
increasing N/P ratio in influent wastewater. On the other hand,
both N and P accumulation in the biomass decreased to 7.45%
and 2.53%, when the OMPBR was operated under 12 h light/
12 h dark cycle.

Discussion

Application of microalgae in polishing secondary wastewater
requires integration and operation of a microalgae cultivation
system, in tandem with an activated sludge process treating
secondary wastewater. The integration of these two processes

Table 1 Changes in zeta potential

and size of microalgae Expt. Light Zeta potential (mV) Size (um)
(NH,*-N conc.)
Week 1 Week 2 Week 3 Week 1 Week 2 Week 3
4 mg/L Continuous - 11.6 - 16.9 - 18.7 11.2 60.9 75.5
8 mg/L Continuous - 10.6 - 13.7 - 67 69.2 -
16 mg/L Continuous —13.1 -17.1 - 63.2 70.2 -
16 mg/L Cyclic -12.6 - 158 - 48.5 59.6 -
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Table2  Changes in microalgae biomass composition
Expt. Light Proteins Lipids Sugar Chlorophyll (mg/g)
(NH,*-N conc.) (%) (%) (%)

A B C
4 mg/L Continuous 249+0.17 20.8+0.13 434+1.1 2.07+0.23 1.44+0.42 2.26+041
8 mg/L Continuous 5.78 £0.30 19.5+0.41 45.8+£0.9 17.18+0.19 5.71+0.11 15.14+0.06
16 mg/L Continuous 6.94+0.38 18.1+0.79 454+1.8 23.0=+1.1 8.12+0.36 20.5+0.95
16 mg/L Cyclic 420+0.10 12.2+£0.27 26.7+1.8 6.52+£0.87 2.30+0.33 5.83+£0.79

is challenging due to the disparity in growth rates of
microalgae and bacteria. Microalgae are highly susceptible
to washout, when cultivated under continuous operation at
HRTs optimized for bacterial processes (Praveen and Loh
2016). Although these concerns can be alleviated through op-
eration at high HRTs, it would result in dramatic increase in
the footprint of the algal cultivation system.

The integration of membrane filtration with conventional
PBRs has the potential to alleviate the challenges in continu-
ous microalgae cultivation. Although the OMPBR was oper-
ated at a relatively low HRT of 1.5 days with G. emersonii
cells of 18 h doubling time, the OMPBR retained a high
amount of biomass and achieved excellent NH,"-N and
PO,’"-P removal. This efficacy of OMPBR was not solely
due to nutrients rejection by the FO membranes, and biolog-
ical uptake of the nutrients was key to achieve complete re-
moval of NH,™-N and stabilization of PO,>-P levels in the
OMPBR and the effluent. Several other studies on
microfiltration-based MPBR have reported continuous
microalgae cultivation at HRTs ranging from 1 to 4 days
(Luo et al. 2017). MPBR studies conducted at relatively high
light intensities have also reported operation at HRTs as low as
0.25 days, which is comparable to the HRTs typically used in
activated sludge process (Xu et al. 2015). Since microalgae in
the OMPBR were able to remove NH,"-N completely under
continuous illumination, it can be inferred that it would be
possible to operate the OMPBR at lower HRTs, as well as,
at higher NH,*-N loadings under identical conditions, without
any significant loss in performance.

The concentration of nutrients in tertiary wastewater varies
widely, depending upon the operating conditions used in the
preceding activated sludge process. Typically, total N in ter-
tiary wastewater is below 20 mg/L, whereas P content can
vary between 1 and 5 mg/L (Cai et al. 2013). In the
OMPBR, the assimilation of NH4*-N was nearly complete at
different feed concentrations under continuous illumination.
The absence of NO; -N in the OMPBR indicated low or no
presence of heterotrophic microorganisms, including nitrify-
ing bacteria, in the OMPBR. Thus, it could be concluded that
the removal of NH,*-N in the OMPBR was through direct
assimilation by microalgae. On the other hand, the assimila-
tion of PO,> -P by microalgae was lower due to a relatively

low N/P ratio in wastewater. However, PO43_-P removal by
microalgae improved significantly with increasing NH4"-N
concentration in the wastewater. While the improvement in
PO,>"-P uptake by microalgae can be attributed to an increase
in the limiting nutrient NH,*-N, there was a slight increase in
P accumulation in microalgae biomass when N/P ratio was
increased. The biomass P content were 3.46%, 3.68%, and
3.81%, when influent NH4*-N concentrations were 4 mg/L,
8 mg/L, and 16 mg/L, respectively. These results indicated
that the improvement in PO,* -P assimilation was not simply
to support assimilation of a higher concentration of NH,*-N,
but it was also a result of a higher P accumulation in
microalgae biomass. It should also be noted that higher P
accumulation can result from luxury uptake or from P precip-
itation on cell surface. Since P was not the limiting nutrient in
the OMPBR, the possibility for luxury P uptake was low
(Solovchenko et al. 2016). On the other hand, a relatively high
biomass P concentration of 3.5-4% suggested that P could
have been precipitated on cell surface as well as in flocs matrix
in the presence of chelating ions (Xu et al. 2014).

These results are consistent with previous studies reporting
improvements in P intake by microalgae at higher N concen-
tration due to enhanced P accumulation in microalgae biomass
(Beuckels et al. 2015). Apart from influencing the rate of
removal and biomass composition, wastewater N/P ratio also
influenced the effluent quality. Typically, the N/P ratio (weight
basis) in tertiary wastewater varies from 2 to 4 at the lower end
to over 100 at the higher end (Kesaano and Sims 2014). In the
OMPBR, the N/P ratio was rather low and varied from 1.67—
6.67. Since NH4*-N was the limiting nutrient under these
conditions, it could be inferred that the optimal N/P ratio for
microalgae in the OMPBR was above 6.67.

Due to a relatively low N/P ratio, low PO,>"-P removal
efficiency was expected in the OMPBR. On the contrary, the
results obtained in Figs. 4 and 5 showed nearly complete PO,*
~-P removal from the effluent, irrespective of the variations in
wastewater composition or duration of illumination. This dis-
crepancy can be attributed to excellent rejection properties of
the FO membranes in the OMPBR (Wang et al. 2016). Due to
small pore size, the FO membranes exhibited high rejection
properties for the nutrients. While NH,*-N was rejected par-
tially, PO, -P rejection was nearly 100% due to larger size of
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these molecules. Consequently, two different nutrients con-
centration profiles developed on either side of the FO mem-
branes, depicting nutrients accumulation in the OMPBR, as
well as nutrients concentration in the effluent. For NH,™-N,
the differences between the two profiles were visible only
under the transient state (in the first few days), when NH,*-
N briefly accumulated in the OMPBR. In contrast, FO mem-
branes played a dominant role in PO, -P removal, and facil-
itated nearly complete removal of PO,* -P from the effluent.
The rejected PO4> -P accumulated in the OMPBR, and the
level of accumulation decreased with increasing NH,;*-N
availability in influent wastewater. Such high PO,> -P remov-
al in wastewater, characterized by low N/P ratio, has not been
reported in microalgae-based wastewater treatment processes
(Caietal. 2013). These results also highlighted the advantages
of OMPBR over microfiltration-based MPBRs, as membrane
filtration in the OMPBR not only improved biomass retention,
but it also enhanced effluent quality.

The trapping of PO,> -P in the OMPBR and other FO-
based wastewater treatment processes has the potential to low-
er the risk of eutrophication from the filtered effluent, when it
is discharged into the environment. On the other hand, the
resulting enrichment of excess PO,> -P in the OMPBR can
be useful in precipitation, and subsequent recovery of phos-
phate salts from wastewater (Guzzon et al. 2008; Praveen and
Loh 2016). This approach has been demonstrated successfully
in several recent studies utilizing FO-based separation pro-
cesses and bioreactors for PO, -P recovery (Ansari et al.
2016; Xue et al. 2015). Thus, selective rejection and enrich-
ment of PO4> -P through FO can not only help in fulfilling the
stringent regulations regarding PO,>-P discharge in environ-
ment, but it would also help in mitigating the concerns over
rapidly falling reserves of phosphate rocks, which is key to
sustain the agriculture industry (Solovchenko et al. 2016; Xue
et al. 2015). Therefore, the accumulation of large amounts of
PO,*> -P in the OMPBR is highly desirable, as there is poten-
tial for its recovery and recycle.

The high-throughput photosynthetic assimilation of NH,*-
N and PO,>-P by microalgae in the OMPBR (Fig. 4) was
driven by incessant illumination of the microalgae using fluo-
rescent lights. In contrast, under 12 h light/12 h dark cycle,
OMPBR performance deteriorated significantly, resulting in
20% decrease in NH4*-N removal efficiency. Although PO,’
~-P removal was still complete owing to FO-based separation,
there was threefold increase in PO437—P accumulation in the
OMPBR, which indicated poor PO437—P assimilation by the
microalgae. These results are consistent with literature
highlighting the crucial role of illumination on microalgae
growth and biomass production (Jacob-Lopes et al. 2009).
However, there are also reports of enhancement in PBR pro-
ductivity, when it was operated under light/dark cycle
(Carvalho et al. 2011). Some studies have also indicated that
light intensity as well as wavelength may offset the adverse
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effects of light/dark cycle on microalgae (Wang et al. 2014).
Thus, the influence of light/dark cycle on PBRs may depend
on several factors, including microalgae strain, light source,
and intensity. However, considering the fact that artificial light
incurs high operating costs in PBRs (Praveen et al. 2016), it is
likely that the application of microalgae in wastewater treat-
ment would be supported through solar radiation with light/
dark cycle of approximately 12 h each, and it would also
deteriorate nutrients assimilation by microalgae. An approach
to alleviate this limitation is by using an algal-bacterial con-
sortium, or by using a mixture of microalgae comprising of
both autotrophic and heterotrophic microalgae strains (Acien
et al. 2016).

Since the OMPBR was operated under complete biomass
retention, it resulted in large biomass accumulation. Biomass
concentration in the OMPBR was about 0.2 g/L after a week
of operation, and it doubled to 0.4 g/L after 2 weeks of oper-
ation. However, biomass growth was adversely affected by the
acidic pH and the light/dark period. Under acidic condition,
biomass growth rate decreased by about 50%, and only 0.12 g/
L biomass was accumulated after a week of operation. On the
other hand, biomass growth was about 60% slower under 12 h
light/12 h dark cycle, and only 0.092 g/L biomass was accu-
mulated after a week of operation, whereas biomass concen-
tration after 12 days was 0.142 g/L. Thus, poor nutrients re-
moval under these conditions can be attributed to the loss in
biomass productivity and low biomass accumulation in the
OMPBR.

Microalgae in the OMPBR also exhibited high tendency
to aggregate, and the larger aggregates readily settled at the
bottom of the tank. This phenomena of cell attachment and
aggregation has previously been reported in OMPBR,
wherein the loss of planktonic biomass resulted in underes-
timation of biomass concentration (Praveen et al. 2016;
Praveen and Loh 2014). Biomass aggregation in the
OMPBR started in the first few days, and microalgae size
increased from 10-12 um in the beginning to 60-70 pum
after 2-3 weeks of operation. An analysis of cell surface
charge and cell size indicated gradual lowering of zeta po-
tential of the microalgae from —35 mV in the beginning, to
—12 mV after 2 weeks of operation. This change in cell
surface charge was accompanied by a gradual increase in
the cell size, from 10-12 pum to 60—70 um in the same
period. It was evident from these results that the reduction
in surface charge aided biomass aggregation. These changes
in microbial cell surface properties can be attributed to the
production of soluble algal products (SAPs). SAPs comprise
of extracellular and intracellular organic matter produced by
living and dead algal cells, respectively (Zhuang et al.
2016). The SAPs may comprise of large proteins and poly-
saccharides, some of which may act as coagulants. Since
microalgae aggregation was not observed under batch oper-
ation (results not shown), it is possible that FO led to
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enrichment of these SAPs in the OMPBR, which accelerated
changes in microalgae surface properties and facilitated ag-
gregation and subsequent flocculation of the biomass
(Praveen and Loh 2016).

The biomass harvested at the end of operation did not show
any changes in the lipid, protein, or carbohydrate content,
when the OMPBR was operated under continuous illumina-
tion. However, under light dark cycle, the polysaccharide con-
tent of the biomass decreased from 45 to 26%, indicating poor
photosynthetic efficiency (Araujo and Garcia 2005). The ac-
cumulation of chlorophyll in the microalgae exhibited signif-
icant differences in the range of 2-23%. Chlorophyll a content
of biomass increased with increasing NH,*-N availability, in-
dicating a higher growth activity in microalgae at enhanced N
levels. Under light/dark cycle, chlorophyll a accumulation
was relatively low at 6.5 mg/g, but it was higher than the
lowest chlorophyll a content seen under NH,*-N concentra-
tion of 4 mg/L. The minor increase could have been a result of
high pigment production to negate the effects of poor illumi-
nation of the microalgae under light/dark conditions
(Rossignol et al. 2000). Typically, N limitation in microalgae
cultivation leads to enhanced lipid accumulation in the bio-
mass (Gomez-Serrano et al. 2015). However, continuous sup-
ply of NH,;*-N in the OMPBR could have prevented high lipid
enrichment in the biomass.

Two factors affected FO permeate flux during OMPBR
operation—salt accumulation in the OMPBR and membrane
biofouling. However, the effects of salt accumulation on flux
were observed immediately, and there was nearly sixfold in-
crease in salt concentration within 2 weeks of operation. Thus,
salt accumulation can be considered the primary challenge to
maintain high flux during OMPBR operation (Praveen and Loh
2016; Wang et al. 2016). In contrast, 2 weeks were relatively
short time period to observe strong algae biofilms on the mem-
branes, especially in synthetic medium inoculated with pure
culture. Besides, microalgae generally do not form very strong
biofilms due to their low growth rate and high polysaccharide
content of their extracellular polymeric substances.
Nevertheless, during long term operation and in association
with compatible heterotrophic bacteria, microalgae may be able
to exhibit high biofouling tendency (Schnurr and Allen 2015).

Based on these results, it can be concluded that the
OMPBR, integrating excellent rejection properties of FO
membranes with high nutrients assimilation capacity of
microalgae, can be an excellent platform for recovery of nu-
trients from wastewater. Both N/P ratio in wastewater and
light/dark cycle were found to be important parameters, which
could affect biomass accumulation, nutrient removal, and bio-
mass quality in the OMPBR. Interesting results were obtained
highlighting the correlation between biomass aggregation and
cell surface charge, which may be explored further to design
efficient and economical processes to simplify biomass har-
vesting from photobioreactors.
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