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• A membrane photobioreactor was ap-
plied for nutrient capture from urine.

• Urine was indeed a potential source for
microalgae biomass production.

• Biomass retention time (BRT) of 7 dwas
proposed for optimum operation.

• Under BRT of 2–5 d, such a drastic de-
crease in biomass accumulationwas no-
ticed.

• The BRT-dependent biomass accumula-
tion governed the TN removal rate.
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Urine has been considered as an ideal nutrient source for microalgae cultivation thanks to its composition con-
taining the high concentrations of nitrogen and phosphorus. Herein, the microalgae growth in urine was evalu-
ated in a lab-scale membrane photobioreactor (MPBR) system. This work aimed to validate the influence of low
biomass retention times (BRT) (10, 7, 5, 3, 2 d) on nutrient remediation and biomass productivity. It revealed that
BRT of 7 d resulted in synergistically high biomass production (biomass productivity of 313mg/L.d) and removal
rates (TN of 90.5mg/L.d and TPof 4.7mg/L.d). Notably, the short BRTof 2–5 dwas not sufficient to trigger actively
growingmicroalgae and thus reduced biomass production rate. In addition, as operated at a low flux of 2 L/m2.h,
MPBR system requirednophysical cleaning for 100days of operation. The BRT-dependent biomass concentration
played a pivotal role in changing the fouling rate ofMPBR; however, the fouling is reversible in theMPBR system
under the low flux condition.
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1. Introduction

In recent decades, wastewater generated from human activities has
caused many negative impacts on surface water resources. In develop-
ing countries, untreatedmunicipalwastewater containing high nutrient
compounds has been directly discharged to the receiving sources
i.e., river, streams, cannels (T.-T. Nguyen et al., 2020; T.T.D. Nguyen
et al., 2020; T.T.N. Nguyen et al., 2020). This led to crucial contamination
or eutrophication to the aqueous environment (Praveen et al., 2016) (T.
Nguyen et al., 2019; T.T.N. Nguyen et al., 2019). One of the pollutants,
urine, is a liquidwaste product of the human body, which undergoesfil-
tration of blood and is secreted via kidneys (Karak and Bhattacharyya,
2011). The composition of urine depends on feeding habits, physical ac-
tivities, body sizes (Karak and Bhattacharyya, 2011). Although urine
volume production is only 1.0–1.5 L/person.d and accounts only for 1%
of total domestic wastewater volume, this waste source contributes ap-
proximately to 80% of nitrogen and to 50%of phosphorus load in domes-
tic wastewater (Chatterjee et al., 2019). This fact needs to be noticed if a
preferred decentralized treatment system is implemented for develop-
ing countries in which the urine source would be separated for nutrient
recovery (Igos et al., 2017). For instance, source-separated urine has
been utilized for liquid fertilizer for soil and plant, struvite precipitation
(Karak and Bhattacharyya, 2011).

In recent decades, in order to achieve sustainability goal, microalgae
cultivation is raising much attention. Therefore, several studies on
microalgae grown inwastewater has gainedmuch attention to practical
application (Posadas et al., 2017; Li et al., 2019). This proposed solution
favors not only nutrient recovery from wastewater but also biomass
production for the value-added products such as biodiesel, bioethanol,
bio-fertilizers, bio-plastic and pharmaceutical, feed supplements
(Chen et al., 2015; Luo et al., 2017; Li et al., 2019). If microalgae are
grown in urine, this could bring a feasible way to capture nutrients
from urine (Chatterjee et al., 2019). Therefore, the use of urine for
microalgae cultivation needs to be noticed. A past work has evaluated
the nutrient removal and the biomass production rate of Chlorella
sorokiniana under a series of dilution factors of 20, 10, 5, 2, which was
cultured in a short-light photobioreactor (PBR) utilizing synthetic
urine (Tuantet et al., 2014). Their findings indicated that a dilution fac-
tor of 2 (50% v/v urine)was found for sufficient cultivation and over 90%
of total nitrogen and phosphorus removal (Tuantet et al., 2014). An-
other study indicated that urine at a dilution of 1:25was a favor for cul-
tivating microalgae with the biomass productivity of 60 mg/L.d
(Jaatinen et al., 2016). The optimal dilution factor can probably be at-
tributed to different microalgae species, light intensity, the addition of
trace element, characteristics of real urine (Jaatinen et al., 2016). In
practice, the pilot-scale algae-based cultivation systems are generally
open pond (OP) and photobioreactor (PBR). The OP have some inherent
disadvantages such water evaporation, easy contamination, require-
ment of large land area, and difficult control for physico-chemical
conditions (Luo et al., 2017). Meanwhile, the obstacles of PBR are
poor in settling ability, biomass washout, and harvesting limitation
(Bilad et al., 2014). To overcome those disadvantages, a membrane
photobioreactor (MPBR) was introduced as a promising technology
(Luo et al., 2017).

The MPBR system is a simple combination of a conventional PBR
process with a membrane module submerged in the reactor. Compared
to a conventional PBR, theMPBR system enhances the light accessibility
and also provides a sufficientmixing, easily accessible carbon source, an
operation at lower hydraulic retention time (HRT), high loading rate,
and completed retention of biomass (Luo et al., 2017). These superiori-
ties facilitate the decrease in construction and operation costs in the
MPBR system. To date, different sources (i.e., domestic, slurry wastewa-
ter, agricultural effluent, membrane bioreactor effluent) utilizing for
algae cultivation were explored for evaluation of the biomass produc-
tion and the nutrient recovery in the MPBR process (Gao et al., 2014;
Marbelia et al., 2014; Gao et al., 2016a). It is worth noting that the
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performance of an MPBR process is influenced by vital factors such as
characteristics of cultivation sources (C:N, N:P ratios of wastewater),
operating conditions, environmental factors (pH, DO, CO2 influent con-
centration) (Luo et al., 2017; Vo et al., 2018; Vo et al., 2019). For the de-
sign and operating parameters, in reality, hydraulic retention time
(HRT) and biomass retention time (BRT) are considered as two pivotal
parameters to govern the successful operation of the MPBR system. It
is important to note that decoupling ofHRT andBRT in theMPBR system
favored producing higher biomass concentration and improving nutri-
ent removal (Marbelia et al., 2014). For instance, biomass productivity
in the MPBR was 3.8–9.1-fold times higher than that in the PBR (Bilad
et al., 2014; Gao et al., 2014). A higher biomass concentration retaining
in MPBR facilitated the decrease in HRT and the enhancement of nutri-
ent removal (Luo et al., 2017). Not only does theMPBR system exhibit a
smaller footprint, but it also helps to avoid wash-out of microalgae bio-
mass (Marbelia et al., 2014; Bilad et al., 2014; Gao et al., 2014; Luo et al.,
2017). The impact of HRTs (2.0, 2.5, 3.3, and 5.0 days) on the perfor-
mance of MPBR was investigated systematically under typical condi-
tions: Chlorella vulgaris used, fully retaining the biomass (e.g., BRT =
∞) (Marbelia et al., 2014). Their works indicated that the HRT of 2
days was an optimal condition for the increase in biomass productivity
(60 mg/L.d) but still be acceptable for nutrient removal from the MBR
permeate (Marbelia et al., 2014). On decreasing the HRT from 24 h to
8 h, the biomass productivity increased from 65.5 to 72.7 mg/L.d
when treated sewage was used as a nutrient source (Honda et al.,
2017). The findings indicated the short HRT facilitated maximizing bio-
mass productivity, but this operation did not favor sufficient nutrient re-
moval (Xu et al., 2015; Gao et al., 2016a, 2016b; Honda et al., 2017). This
fact highlights a trade-off between biomass productivity and nutrient
removal efficiency if only controlling the HRT parameter in the MPBR.
Apart fromHRT, the BRT is also a crucial parameter that needs to be no-
ticed in the MPBR. This parameter helps to control microbial growth
rate in the reactor and the amount of biomass wasted from the MPBR
system, which therefore affects the biomass concentration, microalgae
productivity, and nutrient removal (Luo et al., 2017). Under the opera-
tion of a short HRT (6 h) and BRT (5 days), the MPBR facilitated to pro-
mote the biomass productivity (131.7 mg/L.d) but this was not
concomitantly achieved with high nitrogen removal (Xu et al., 2015).
This outcome was also found for much longer BRT operation of 18
days and a HRT of 24 h in another study (Honda et al., 2012). Another
hand, the BRT of 10 days was suggested as a proper condition to attain
sufficient nutrient removal from secondary effluent (Xu et al., 2015).
These findings suggested nitrogen uptake by biomass was influenced
not only by BRT-dependent biomass concentration but also nutrient
loading rate governed by HRT. As reported an MPBR operated at ex-
tended BRT allows to retain a high biomass concentration in the reactor
and tominimize waste biomass (Luo et al., 2017). Nevertheless, this op-
eration is not beneficial for nitrogen uptake by microalgae (Xu et al.,
2014). A prolonged BRT-induced high biomass can probably cause
shelf-shading or mutual shading of microalgae. This operation induced
dark respiration of microalgae which led to the significant production
of algal-derived organicmatter (AOM); thus accelerating the fouling de-
gree in MPBR (Luo et al., 2017).

Given the research gaps indicated above, it is essential to investigate
for a low BRT and high HRT conditions in MPBR. These proposed condi-
tions appear to attain sufficient both algal biomass production and nu-
trient removal from wastewater. This investigation is a critical need if
fresh urine with high strength nutrient concentration is utilized for
microalgae cultivation. While urine is a potential source for microalgae
cultivation thanks to rich nutrients (e.g., TN of 3480± 130mg/L and TP
of 190±52mg/L) (Chatterjee et al., 2019), little attention is directed to-
wards the MPBR-based microalgae grown in urine. Therefore, in the
current study, Chlorella vulgaris was grown with urine using the MPBR
system. For operating conditions, a prolonged HRT of 2 days was
retained while a series of low BRTs (10; 7; 5; 3; 2 days) was alternated
for the evaluation of the MPBR performance. Not only does the current
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study evaluate the effect of the low BRTs (10; 7; 5; 3; 2 days) on the nu-
trient recovery and microalgae biomass production from real urine but
it proposes a proper BRT for operating a MPBR system.

2. Materials and methods

2.1. Microalgae strain and urine

The microalgae used in the current work was Chlorella vulgaris,
which performed a sufficient nutrient uptake via biomass (T.-T.
Nguyen et al., 2020; T.T.D. Nguyen et al., 2020; T.T.N. Nguyen et al.,
2020). This strainwas provided by theResearch Institute of Aquaculture
II, Vietnam. Chlorella vulgaris was pre-cultivated in a sterilized Bold ́s
Basal Medium (BBM) and cultured in a bubble column photobioreactor
(PBR) under typical conditions: the light intensity of 100 μmol/m2.s,
room temperature, air aeration of 2 L/min, which has been described
elsewhere (Nguyen et al., 2016a; Vo et al., 2018). The pre-cultured
algae cells during the log growth phase were taken and centrifuged at
3600 rpm for 10 min to remove supernatant, followed by washed
with DI water and used for the experiment of BRTs with initiating the
dry microalgae concentration of 50 mg/L.

Fresh urine was collected from the male toilet in Ho Chi Minh City
University of Technology, Vietnam. The use of real urine in our current
study was received certain permission from volunteers (male students
in our university). We put a plastic box in the urinal basin with a note
that “The collected urine is used for the scientific research experiment”.
To minimize the effect of urea hydrolysis, the fresh urine was immedi-
ately stored at 4 °C in a refrigerator. The fresh urine was characterized
with the composition as follows (average ± standard deviation, n =
5): total nitrogen (TN) of 5015 ± 209 mg/L, NH4

+-N of 2258 ± 43
mg/L, NO3

−-N of 7 ± 3 mg/L, NO2
−-N of 1 ± 0.5 mg/L, total phosphorus

(TP) of 347 ± 2 mg/L. prior to experiments, the urine was diluted 30
times with tap water to obtain the appropriate concentration of nutri-
ents (N, P), which allowed to attain a favorable feeding culture of
Chlorella vulgaris in a photobioreactor (Jaatinen et al., 2016). A detailed
composition of used urine was presented in Table 1.

2.2. Lab-scale system and operating conditions

The photobioreactor was installed inside a thick wood box (5 mm)
to maintain a constant temperature and to prevent natural light. Three
lamps with a total light intensity of 3000 lx were set up inside the box
to provide continuous illumination (24 h/24 h). Two identical
photobioreactors with a diameter of 100 mm and a height of 600 mm
were employed for microalgae cultivation to obtain duplicate experi-
ments. Diluted urine (30 times) from the feed tank was pumped
into the photobioreactor for microalgae cultivation. A submerged
microfiltration (MF) membrane installed in feed tank as a pretreatment
step to avoid suspended solids and bacterial contamination coming to
the MPBR. An electric floater was installed inside the photobioreactor to
assure theworking volume of 4 L. A hollowfibermembrane (MF)module
(width × height = 95 mm × 320 mm, Mitsubishi, Japan) made of
polyvinylidene fluoride (PVDF) was submerged into the photobioreactor
for separating algal biomass and treated wastewater. The membrane has
a pore size of 0.4 μm and a working surface area of 0.05 m2. Air mixture
flow into the photobioreactor was provided via an air pump and a pure
Table 1
Composition of urine with 30 dilution times.

Urine composition (mg/L, except pH) BRT = 10 d BRT = 7

pH 8.3 ± 0.5 8.6 ± 0.2
TN 217 ± 110 181 ± 9
NO3

−-N 0.2 ± 0.1 0.2 ± 0.1
NO2

−-N 0.4 ± 0.1 0.1 ± 0.0
TP 12.0 ± 3.8 9.4 ± 3.4

Remark: BRT: Biomass retention time (n = 68, 21, 82, 53, and 36 for BRT of 10, 7, 5, 3, 2 d).

3

carbon dioxide tank. The aeration system for the reactor consisted of a
20 mm diameter air diffuser which was located at the bottom of the col-
umn which could provide sufficient carbon source for microalgae photo-
synthesis, but also achieve mixing condition. Three rotameters of an air
pump, CO2 gas, and gas mixture were employed to adjust the carbon di-
oxide/air mixture at 2 L/min flow rate possessing 2.5% (v/v) of CO2. Two
suction pumpswere installed to retain an operatingflux of 2 L/m2.h. A de-
tailed schematic diagramof the experimental lab-scaleMPBR is presented
in Fig. 1.

The membrane photobioreactor (MPBR) was automatically oper-
ated using timers, solenoid valves to maintain a fixed hydraulic reten-
tion time (HRT) of 2 days.. An operation of infinity BRT was initiated
to favor acclimatization for microalgae growth. No biomass was with-
drawn from the photobioreactor during this acclimatization period. A
discharged valve was installed at the bottom of photobioreactor. During
the operation, it was used to control BRTs (10, 7, 5, 3, 2 days) by with-
drawing the biomass volume of 0.4, 0.6, 0.8, 1.3, 2.0 L respectively. The
pH of diluted urine was in the range of 8.3–8.6 before pumping into
MPBRs. Each membrane permeate was intermittently withdrawn by a
suction pump in an 8-min on/2-min off cycle. The digital pressure
gauge was installed to record the daily change in the transmembrane
pressure (TMP) as an indication of membrane fouling. As denoted in
Table 2, the MPBR system was operated in turn with BRTs: 10 d (day
13th–80th), 7 d (day 81st–101st), 5 d (day 102nd–183rd), 3 d (day
184th–236th), and 2 d (day 237th–272nd).

2.3. Microalgae biomass analyses

Cell density was determined each day using a hemocytometer
(Germany) under a microscope (Eclipse E50i; Nikon, Tokyo, Japan). In
detail, each 50 μL sample ofmicroalgaewas put in the counting chamber
using a micropipette. For a detailed counting chamber, it consists of one
large square containing 16 mediums. Each medium has 25 small
squares. The small square with the size of depth is 1/10 (mm), which
possessed an area of 0.025 mm2. The formula to calculate the cell den-
sity after counting is A/(a × b × c).

Where A is total cells in total countedmediums (cell/ml), a is the size
of the depth of a small square (0.1 mm), b is the area of a medium (b=
0.0025 × 16), c: number of media counted.

When the cell density from the above method was obtained, calcu-
lating the dry biomass concentration was done using the formula for
the standard curve equation from our previous works (Nguyen et al.,
2016a; Vo et al., 2018). Also, biomass productivity was determined
using Eq. (1) (Gao et al., 2018; T.-T. Nguyen et al., 2020; T.T.D. Nguyen
et al., 2020; T.T.N. Nguyen et al., 2020).

Biomass productivity β,mg=L:dð Þ : β ¼ X
BRT

ð1Þ

where X is dry biomass concentration in membrane photobioreactor
(mg/L), BRT is biomass retention time (d).

2.4. Analytical parameters

Prior to analyses, a 200 mL sample was filtered using a filter with a
pore size of 0.45 μm (Fisher Whatman puradisc-25 mm). Such
d BRT = 5 d BRT = 3 d BRT = 2 d

8.3 ± 0.3 8.3 ± 0.2 8.6 ± 0.2
0 195 ± 45 171 ± 35 178 ± 14

0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
3 0.02 ± 0.01 0.02 ± 0.01 0.06 ± 0.02

10.7 ± 4.7 9.9 ± 3.9 11.3 ± 3.5
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Fig. 1. Schematic diagram of the lab-scale membrane photobioreactor system.
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parameters of total Kjeldahl nitrogen (TKN), total phosphorus (TP), ni-
trite (NO2

−˗N) and nitrate (NO3
−˗N) were analyzed based on the stan-

dard method (APHA, 1992). The pH was measured directly by using
the pH meter HANA. Transmembrane pressure (TMP) was recorded
daily by a digital pressure gauge.

2.5. Statistical analysis

Resultswere showed as the average value± standard deviation. Para-
metric one-way analysis of variance (ANOVA) was used to examine sig-
nificant differences among groups of BRT conditions using the IBM SPSS
statistics software 20. p < 0.05 indicated significance at 95% confidence.

3. Results and discussion

3.1. Microalgae growth and biomass production under various biomass
retention time

As presented in Fig. 2, microalgae growth in urine diluted 30 times
was evaluated under various biomass retention times when the MPBR
Table 2
Operating conditions of the membrane photobioreactor.

HRT (day) BRT (day) Operating time Operation day (d)

2 Infinity Day 0–2th 12
10 Day 13th–80th 86
7 Day 81st–101st 21
5 Day 102nd–183rd 82
3 Day 184th–236th 53
2 Day 237th–272nd 36

4

system was employed for cultivation. For the acclimatized stage with
BRT = ∞ (i.e., without withdrawing microalgae biomass volume), it
was found that after 12 d the biomass concentration significantly in-
creased from 50 mg/L to 2120 mg/L. No lag phase was observed in the
microalgae growth curves in the first 10 d, suggesting that Chlorella
vulgaris can probably adapt well in the urea medium of urine. The lack
of lag phase is attributed to urine possessing a high concentration of or-
ganic carbon and nutrient (Chatterjee et al., 2019; Tuantet et al., 2019).
As reported, a control of BRT is essential for governing the successful op-
eration of the MPBR system because this factor affects the biomass con-
centration and microalgae productivity, and nutrient removal (Luo
et al., 2017). Therefore, a BRT of 10 d was initiated on day 14th and it
was evaluated during 68 operation days. It is noted that under this con-
dition therewas a high fluctuation of nutrient feed loading rate (i.e., 109
± 55mg N/L.d) and this was acceptable with the use of real urine. This
fact led to the unstable growth of microalgaewith a biomass concentra-
tion of 2020± 412mg/L. For BRT of 10 d, microalgae biomass reached a
peak concentration of 3100 mg/L. The high cell density-induced light
limitation might be another reason for the fluctuation in microalgae
growth (Praveen et al., 2019). The findings indicated that the
microalgae could grow proficiently in the diluted urine.. It is important
to note that the microalgae biomass concentration obtained in this
study was significantly higher compared to that of the past studies
(e.g., 730 mg/L) in which a photobioreactor and a urine dilution of 20
times was employed for cultivation (Chatterjee et al., 2019). These re-
sults highlighted that the MPBR outperformed the PBR in terms of
retaining the high microalgae biomass concentration when urine was
utilized as a substrate. This fact also reinforced that the membrane
module submerged in the photobioreactor assisted to prevent the
algal wash-out and thereby facilitate a higher biomass concentration
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Fig. 2. Biomass production in membrane photobioreactor under different biomass
retention times (10, 7, 5, 3, 2 d): Dry biomass (a), biomass productivity (b). Data in
panel a is the average value obtained from duplicate experiments.
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(Honda et al., 2012; Gao et al., 2014). As the BRT was shortened to 7 d,
the microalgae biomass still retained a high concentration of 2194 ±
530 mg/L. These results indicated there was no significant difference
in biomass concentration as operated the BRT between 10 and 7 d
(One-way Anova, p > 0.05). However, a lower biomass concentration
of 806±129mg/Lwas found at a lower BRT of 5 d and these concentra-
tions remained stably during 63 operation days (from day 120th to
183th). The biomass concentration continued to decrease to 428 ± 79
mg/L and 275 ± 59 mg/L with decreasing to the BRT of 3 and 2 d, re-
spectively. Such a drastic decrease in biomass accumulation in MPBRs
has been demonstrated earlier when lowering BRTs (Xu et al., 2015).
The reason laid in the withdrawal of a large amount of biomass
(20–50% volume) corresponding to BRTs (5–2 d), which might be diffi-
cult to compensate in a shorter period. However, compared to
prolonged BRT, it can probably accept that a lower BRT facilitates to
shorter time attaining a stable biomass concentration in the MPBR sys-
tem. This result is consistent with the findings obtained by a past study
(Praveen et al., 2019).

To propose the proper BRT conditions for biomass production, bio-
mass productivity was calculated and compared (Fig. 2-b). The results
showed that the high biomass productivity was 202 ± 41 and 313 ±
Table 3
Microalgae biomass concentration, nutrient loading rate, ratio of nitrogen to microalgae, and n

BRT (d) Microalgae biomass (mg/L) Nutrients loading rate Ratio of

TN (mg N/L.d) TP (mg P/L.d)

10 2020 ± 412 108.5 ± 55.0 6.0 ± 1.9 0.05
7 2194 ± 530 90.5 ± 45.0 4.7 ± 1.7 0.04
5 806 ± 129 97.5 ± 22.5 5.4 ± 2.4 0.12
3 416 ± 79 85.5 ± 17.5 5.0 ± 2.0 0.21
2 275 ± 59 89.0 ± 7.0 5.7 ± 1.8 0.32

Remarks: BRT: Biomass retention time (n = 86, 21, 82, 53, and 36 for BRT of 10, 7, 5, 3, 2 d).
a This ratio in the algae process is similar to F/M ratio in activated sludge process.

5

74 mg/L. d for the BRT of 10 and 7 d, respectively. As above-
mentioned the results, although there was no difference in biomass
concentration between these BRTs (p > 0.05), an operation at a shorter
BRT (7 d) resulted in superior biomass production. Prolonged BRT of 10
d posed lower biomass productivity and this fact can be probably attrib-
uted to lower food to microalgae ratio (Table 3) and high-density cell-
induced limited light supply. As reported the light density supply has
a significant effect on the microalgae growth and this factor is limited
due to high-density microalgae cell at extended BRT (Luo et al., 2017).
This led to shelf-shading of algaewhich induced the problem of respira-
tion in the dark (Luo et al., 2017). However, this outcome was not ex-
pected for an operation at a shorter BRT of 5, 3, 2 d, which posed the
lower biomass productivity of 161 ± 24, 143 ± 21, 137 ± 31 mg/L. d,
in that order. Given biomass productivity between conditions had no
significant difference based on statistical analysis (p > 0.05). This im-
plied that as biomass was continuously removed from the MPBR with
the abundant withdrawal of 20–50% volume, a short BRT of 2–5 d was
not sufficient to trigger actively growing microalgae. Our finding sug-
gested the BRT of 7 d is critical operation to gain concomitantly high bio-
mass production rate and biomass concentration. Given an optimal
condition, a biomass removed from the MPBR was readily compensate
without influencing the biomass accumulation. Overall, biomass pro-
ductivity at BRTs obtained in this study exhibited a remarkably higher
rate compared to other works (Gao et al., 2014; Marbelia et al., 2014).
Their study showed biomass productivities were 39.3 and 60 mg/L.d
when treated sewage was employed as the cultivated substrate. These
findings suggested that urine is undoubtedly effective substrate source
for microalgae biomass production.

3.2. Effect of biomass retention time on nutrient removal of membrane
photobioreactor

As reported, real urine possesses twonitrogen features (i.e., urea and
ammonium). Urea might be hydrolyzed to ammonium (NH4

+-N) and
this form is a favored nutrient source for the growth of Chlorella vulgaris.
Since fresh urine was collected directly from the male student toilet
with a frequency of every couple of days, urea hydrolysis-induced
change in total nitrogen concentration was inevitable. This fact led to
a high fluctuation in TN feed concentration. As denoted in Fig. 3, under
the BRTs of 10, 7, 5, 3 d, the feed TN concentration (mg/L) was 217 ±
110, 181 ± 90, 195 ± 45 and 171 ± 35, respectively. It was found
that for the BRTs of 10 and 7 d there was a remarkable difference be-
tween feed and permeate TN concentration, indicating sufficient nitro-
gen removal. These results were consistent with high biomass
concentration (2020, 2194 mg/L) and biomass productivity (202, 313
mg/L.d) obtained in those BRTs. When urine was utilized as a nutrient
medium for microalgae cultivation, the nitrogen elimination was
governed by such main ways: microalgae assimilation, ammonia vola-
tilization, and struvite precipitation (Gao et al., 2016a). In this study,
the feed pHwas remained around 8.3. Thus, the influences of ammonia
volatilization and struvite precipitation were negligible. It has been
demonstrated thatChlorella vulgariswashighly capable of nutrient uptake
and the dominant mechanism of TN elimination is assimilation to
microalgae cells (Tuantet et al., 2014; Kim et al., 2015; Najm et al., 2017;
utrient uptake rate under different biomass retention times.

nitrogen to microalgae (1/d)a Average nutrients uptake rate

TN (mg N/g biomass.d) TP (mg P/g biomass.d)

39.4 0.9
31.9 1.1
38.5 2.8
40.9 3.0
56.4 6.6



(a) 

(d) 

(b) 

(c) 

Fig. 3. Nutrient recovery of membrane photobioreactor under various biomass retention times: Total nitrogen (a), total phosphorus (b). Presence of protozoa, rotifer at the BRTs: 3 days
(c) and 2 days (d), observed by microscope under 100 X magnification.
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T.-T. Nguyen et al., 2020; T.T.D. Nguyen et al., 2020; T.T.N. Nguyen et al.,
2020). This fact appeared to suggest that a significant nitrogen elimination
was attained due to abundant assimilation of microalgae.

Under the BRTs of 7–10 d, the MPBR system exhibited a high TN re-
moval rate of 87 ± 37 and 70 ± 45 mg/L.d, respectively. It was found
that there was no significant difference in TN removal rate between
these conditions (p > 0.05), which posed an average permeate concen-
tration of 41–58 mg/L. By ways of contrast, a lower removal rate was
found at a shorter BRT of 5, 3 and 2 d (36 ± 20, 17 ± 8, and 24 ±
12mgN/L.d in that order). For these conditions, the lower biomass con-
centrations (275–806mg/L) induced a low removal efficiency of TN that
resulted in a high permeate concentration of 133–147mg/L. These find-
ings highlighted that the BRT-dependent biomass accumulation
governed the TN removal rate in the MPBR system. It has been con-
firmed that retaining higher biomass concentration in the MPBR can
lead to the more rapid removal of nitrogen (Åkerström et al., 2014).
Table 3 shows that shorter BRTs of 5, 3, 2 d exhibited a higher nitrogen
uptake of 38.5, 40.9, 56.4 mgN/g biomass.d compared to the other BRTs
(10, 7 d). This implied that a high ratio of nutrient (N) to algae biomass
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concentration (0.21–0.32 1/d), which is similar to F/M ratio in the acti-
vated sludge process, facilitated to trigger of more nitrogen uptake of
microalgae. The presence of protozoa and rotifers was observed in
these BRTs (Fig. 3-c, d). As demonstrated the presence of protozoa in-
creases the nitrification rate, probably because of the ability of protozoa
to influence bacterial growth (Madoni, 2011). As the results, the NO2

−-N
concentration was noticed in the permeate as follows: 5 d (47 ± 21
mg/L), 3 d (54 ± 25 mg/L), 2 d (44 ± 21 mg/L). These results
highlighted that the nitrification process also occurred in these condi-
tions. As reported Chlorella vulgaris did not favor uptake of the NO2

−-N
form and this led to its high concentration in the permeate (Markou
et al., 2014; T.-T. Nguyen et al., 2020; T.T.D. Nguyen et al., 2020; T.T.N.
Nguyen et al., 2020). This was in agreement with the findings reported
from a past study, which suggested NH4

+-N and NO3
−-N was priority

source for assimilation of microalgae cells (Markou et al., 2014). The
findings combined with the nitrification occurrence posed an insuffi-
cient TN elimination under the BRTs of 3, 2 d. It was found that given
these conditions the NO3

−-N concentration in permeate was 40 ± 16
and 53 ± 18 mg/L, respectively. Another point to support a low TN



Fig. 4. TMP change and the fouling rate (FR) during 280 operation days of the membrane
photobioreactor system. The physical cleaning using tap water was conducted as TMP
reached over 20 kPa. This action aimed to remove the cake layer from the membrane
surface.
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removal rate was low biomass productivity. As the above-mentioned
results, if biomass was continuously removed from the MPBR with the
abundant withdrawal of 20–50% volume, a short BRT of 2–5 d was not
sufficient to trigger actively growingmicroalgae and thus not enhanced
biomass production rate even through obtaining significant higher ni-
trogen uptake rate. As a final comment, it has been demonstrated that
the nutrients uptake and biomass production rate had no clear correla-
tion under the changing BRTs, which has been reported from the previ-
ous works (Luo et al., 2017; Praveen et al., 2019). It can be concluded
that the BRT can be considered as an indirect factor influencing nutri-
ents removal in the MPBR (Luo et al., 2017; Praveen et al., 2019).

As shown in Fig. 3-b, TP removal rates at BRTs of 10, 7, 5 d had no sig-
nificant difference (p > 0.05), attaining 2.4 ± 1.0, 2.5 ± 0.8, and 2.6 ±
1.5 mg P/L.d respectively. These outcomes were significantly higher
compared to the others i.e., 3, 2 d. It was clear that the phosphorus re-
moval depended on both the assimilation of the microalgae cell and
pH change-induced precipitation (Gao et al., 2016a; T.-T. Nguyen
et al., 2020; T.T.D. Nguyen et al., 2020; T.T.N. Nguyen et al., 2020).
Under pH around 8.2, the phosphate precipitation is very minor. This
fact thus suggested that TP remediation was mainly governed by
microalgae uptake. It means that a higher biomass productivity facili-
tated to higher TP removal rate. This fact accepted that a lower TP re-
moval rate was found at the shorter BRTs of 3, 2 d (1.3 ± 0.3, 1.8 ±
0.4 mg P/L.d in that order). The highest TP removal efficiency of 52.1%
was for the BRT of 7 d. This outcome was comparable with a past
work in which their findings showed a TP removal efficiency in the cul-
tivation of a PBR-based diluted urine 75 times. Under controlling the
HRT of 1 d and the BRT of 21 d, theMPBR system exhibited a TP removal
rate of 0.36 mg P/L.d as a secondary wastewater effluent (i.e., a low
phosphorus concentration 0.80 mg P/L) was utilized for cultivation
(Gao et al., 2018). This value was significantly lower compared to our
work (TP removal rate of 1.3–2.6 mg P/L.d). A higher nutrient loading
rate and shorter BRTs in our study might support the distinction.
These findings implied that the phosphorus removal was strongly im-
pacted by the change in BRTs. Overall findings suggested that under
the BRT of 7 days with high nutrient loading urine-based culture,
MPBR concomitantly attained highbiomass concentration andnutrients
removal rate. Our findings suggested that if the relatively short BRT
(below 10 days) was chosen for operation, it is considered that the con-
tact time between microalgae and nutrients (HRT) would play a vitally
important role in complete nutrients elimination.

3.3. Fouling propensity of membrane photobioreactor

Fouling is strictly influenced by the operational flux (T.-T. Nguyen
et al., 2020; T.T.D. Nguyen et al., 2020; T.T.N. Nguyen et al., 2020). If
the operational flux exceeds critical/threshold values, the fouling will
become serious (T. Nguyen et al., 2019; T.T.N. Nguyen et al., 2019). As
reported the ranged fluxes of 1.5–16.8 L/m2.h were investigated for
the fouling behavior of the membrane photobioreactor operation (Luo
et al., 2017). It was found that TMP exceeds 30 kPa after 68 d when a
flux of 16.8 L/m2.hwas operated (Low et al., 2016). In thiswork, we pro-
posed a constant low flux of 2.0 L/m2.h and this aimed to minimize the
fouling impact and thus to gain a sustainable operation (Nguyen et al.,
2016b). As expected, the negative impact of fouling was minimal as
the TMP reached only 30 kPa after a prolonged 100 days. Under operat-
ing at the BRTs of 10 and 7 d, the fouling ratewas 0.62 kPa/d. The fouling
level was minimized as operating at lower BRTs of 5, 3, 2 (0.42, 0.36,
0.22 kPa/d in that order). The high biomass concentration (2020–2194
mg/L) was retained in the former BRTs (10 and 7 d) and this fact re-
sulted in boosting the fouling rate. These findings highlighted that the
BRT-dependent biomass concentration played a pivotal role in the
change in the fouling rate of membrane photobioreactor. As indicated
by Fig. 4, it is important to note that the fouling caused by the deposition
of microalgae cells could be easily removed by a simple physical
cleaning using tap water, indicated the fouling of the MPBR was
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reversible. Therefore, membrane fouling was not an issue in this MPBR
operation. However, it has been considered that MPBR operation at
the low flux of 2.0 L/m2 h was not an economical benefit as this opera-
tion entails a highmembrane cost (Luo et al., 2017). For example, for the
commercialization of aerobic MBR in wastewater treatment, a chosen
flux of 15 L/m2 h is generally for operation in reality (Pollice et al.,
2008). Overall findings suggested that an operation at the higher flux
(>15 L/m2 h) combined with various BRTs need to be further explored
for compromising between performance (i.e., biomass production and
nutrient removal) and fouling control.

3.4. Implication of this work

For ourMPBR system, a chosen surface/volume ratio of 39.25m2/m3

was significantly lower compared to the other PBR systems (80–100
m2/m3) (Marbelia et al., 2014). It means that theMPBR entails less con-
struction area and this fact thus will bring economic benefits. The max-
imum biomass concentration was 2140 mg/L and this outcome was a
lower value of 3568 mg/L obtained by a past work (Vo et al., 2018).
The fact is attributed to the use of real urine possessing an N:P ratio of
19:1 which was relatively higher than optimal ratios for Chlorella
vulgaris growth (i.e., 16:1 (Gao et al., 2016a) or 15:1 (Vo et al., 2018)).
It is clear that the N:P ratio is a vital factor influencing microalgae
growth (Vo et al., 2018). In practice, some industrial wastewaters pos-
sess the low N:P ratios (i.e., 0.5:1.0 of aquaculture, 2.5–3.8:1 of a brew-
ery, and 8:1 of the shrimp farming) (Muylaert et al., 2017). Therefore,
the reuse of industrial wastewaters in combination with urine (sepa-
rated fromdomesticwastewater)might be a sound alternative to adjust
the N:P ratio to the ideal ratio (15:1) if the enhanced biomass produc-
tion is considered as a priority mission.

For the design and operating parameters, in reality, hydraulic reten-
tion time (HRT) and biomass retention time (BRT) are two pivotal pa-
rameters governing the successful operation of the MPBR system. A
summary of nutrient removal rate, biomass concentration/productivity
were presented in comparison with the previous studies (Table 4).
These performance factors were expressed under different BRTs, HRTs,
N:P ratios, and nutrient loading rates. As denoted in Table 4, our work
showed 1.2–4.8 times higher biomass concentration compared to the
other studies (443–1784 mg/L) as the membrane photobioreactor was
operated under the BRT of 7 d. Meanwhile, for the use of secondary ef-
fluent with low-strength nutrients (i.e., 6.7 mg N/L.d and 0.4 mg P/L.d),
a prolonged BRT of 35 dwas applied to attain a high biomass concentra-
tion of 1784 mg/L (Gao et al., 2016b). This extension of BRT facilitated
the compensation in biomass yield in the MBPR system. Another key
point to support the distinction in biomass concentration was due to
the higher nutrient loading rate (i.e., 90.5 mg N/L.d and 4.7 mg P/L.d)



Table 4
Biomass production and nutrient removal rate of this study in comparison with the previous works.

Wastewater Microalgae Operating conditions Nutrients loading N:P
ratio

Nutrients removal rate Microalgae growth Reference

BRT
(d)

HRT
(d)

BRT/HRT
ratio

TN (mg
N L.d)

TP (mg
P/L.d)

TN (mg
N/L.d) (%)

TP (mg
P/L.d) (%)

Biomass
concentration (mg/L)

Biomass productivity
(mg/L.d)

Urine (1:30
dilution)

Chlorella
vulgaris

7 2 3.5 90.5 4.7 19.3 70.0
(77.3)

2.50
(53.2)

2140 313 This work

Treated sewage Chlorella 4.5 2 2.3 14.4 1.8 8.0 11.5
(79.9)

1.4 (77.8) – 69 (González-Camejo
et al., 2020)

Synthetic
wastewater

Chlorella
Vulgaris

10 2 5.0 11.1 1.1 10.1 4.6 (41.4) 0.80
(72.7)

590 60 (Marbelia et al.,
2014)

Treated
wastewater

Chlorella
Vulgaris

18 2 9.0 8.4 0.6 14.0 4.1 (48.8) 0.40
(66.7)

878 49 (Gao et al., 2018)

Domestic
secondary
effluent

Chlorella
Vulgaris

35 2 17.5 6.7 0.4 16.8 5.8 (86.6) 0.30
(75.0)

1724 51 (Gao et al., 2016b)

Treated
wastewater

Chlorella
Vulgaris

12 1 12.0 15.0 0.3 50 10.5
(70.0)

0.29
(96.7)

314 26 (Honda et al., 2017)

Treated
wastewater

Chlorella
Vulgaris

18 1 18.0 7.5 0.2 37.5 6.9 (92.0) 0.1 (50.0) 923 48 (Honda et al., 2012)

Remarks: TN = total nitrogen; TP = total phosphorus; “–” indicated irrelevant information; The values in bracket presented the removal efficiency. A membrane photobioreactor was
employed for all works.
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employed in our work. It is highlighted that the low BRT operation
(i.e., largely withdrawn of biomass volume) favored with the condition
of high nutrient loading rate so as to gain the stably desirable biomass
production and harvesting.

On comparing the results obtained by otherworks, this actionwas to
propose the guided operating conditions for the MPBR system. Under
culture mediumwith a low nutrient loading rate (i.e., treated wastewa-
ter), for the HRT of 2 d, it was generally accepted that higher biomass
concentration attained at the prolonged BRT (18 and 35 d). By ways of
contrast, higher biomass productivity and nutrient removal rate was fa-
vored for an operation at lower BRT (4.5 d). As reported nutrient elimi-
nation is mainly due to the assimilation into the microalgae biomass
(Judd et al., 2015; T.-T. Nguyen et al., 2020; T.T.D. Nguyen et al., 2020;
T.T.N. Nguyen et al., 2020). The findings indicated that if the cultureme-
dium with a low nutrient loading rate was adopted, short BRT condi-
tions would be proper for the MPBR operation in the priority of
wastewater treatment. However, this operating condition (i.e., BRT of
5 d) could induce a drastic decrease in biomass concentration which
was an obstacle for biomass harvesting (Xu et al., 2015). In our work,
operating at a short BRT of 7 d resulted in sufficient biomass yield
(2140 mg/L) and biomass productivity (313 mg/L.d), which posed re-
markably higher than the previous studies. In practice, since the inher-
ent climate conditions were in a tropical country like Vietnam, this
favors microalgae cultivation by using urine as a cultured medium,
and the products from microalgae might be helpful for oil production
(Rafie et al., 2014).

As the results indicated in Table 4, the influence of BRT and HRT fac-
tors on the microalgae growth and nutrient removal is obvious. There-
fore, the ranged values of HRTs (1, 2 d) and BRTs (10, 12, 18 and 35
d) were chosen to define BRT/SRT ratio. This ratio was suggested as a
pivotal parameter governing successfully biomass production and nu-
trient removal (Xu et al., 2015). Under the HRT of 1 d, as increased the
BRT/HRT ratios from 12 to 18, it favored a higher increase in biomass
concentration and nutrient removal efficiency. This outcome was also
consistent with the higher HRT operation (2 d) as the BRT/HRT was in-
creased from 5 to 17.5. Their findings highlighted that if a low concen-
tration of nutrients in treated wastewater is employed, controlling a
higher BRT/HRT ratio would be more advantageous. The ratio of 18
might be sound like a guide for the MPBR operation. This guideline is
not consistent with our findings (a BRT/HRT ratio of 3.5) and this dis-
crepancy is attributed to a considerable difference in nutrient loading
rate. The findings implied that choosing the optimal BRT, HRT, and
BRT/HRT ratio is strictly dependent on the strength level of wastewater
types employed for microalgae cultivation. Overall findings pinpointed
that the use of urine in combination with the MPBR system brings
8

promising outcomes on biomass production in microalgae cultivation.
The final point was that an optimal operation with governing BRT/
HRT ratios need to be explored further studies. As our outcomes, it is
suggested a relatively short BRT of 7 d and higher HRT of 2 d could be
a reference value to ensure synergistic algal biomass production andnu-
trient removal in the fed wastewater like urine.

4. Conclusions

This work demonstrated the certain influence of low biomass reten-
tion time on both biomass productivity and nutrient removal rate in
MPBR system. The BRT of 7 d was a critical operation to gain concomi-
tantly high biomass concentration and biomass production rate. It was
highlighted that the BRT-dependent biomass accumulation governed
the TN removal rate in MPBR system, proposed the proper BRTs of 7 d.
When operating a relatively short BRT of 7 d and an extended HRT (>
2 d) is implemented, the environmental impact was minimized by the
effective nutrients capture from the fed wastewater like urine.

CRediT authorship contribution statement

Thanh-Tin Nguyen, Thi-Thuy-Duong Nguyen: Investigation, Soft-
ware, writing original draft.

Hong-Hai Nguyen, Kim-Qui Nguyen, Bao-TrongDang: Data curation,
Conceptualization, Methodology.

Xuan-Thanh Bui, Huu Hao Ngo, Julien Némery, Ky-Phuong-Ha
Huynh: Funding, Supervision, Writing - Reviewing and Editing.

Xuan-Thanh Bui, Takahiro Fujioka, Cong-Hung Duong, Sunita
Varjani: Editing, Revise the final MS.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research is funded byVietnam'sNational Foundation for Science
and Technology Development (NAFOSTED) under grant number
105.99-2019.27. The laboratory supports of students (Van-Thuan
Nguyen, Thi-Thanh-Thuy Ngo, Hugo Dadu, Joel Lee, Alexander Marcos,
Nguyen-Tra-My Phan, Thi-Hang Nguyen, Thi-Thanh-Huyen Nguyen,
Trung-Tin Nguyen, etc.) and research assistants are highly appreciated.
The authors would like to thank for IJL “LECZ-CARE, work package 5”



T.-T. Nguyen, X.-T. Bui, H.H. Ngo et al. Science of the Total Environment 785 (2021) 147423
project for using the Equipment for laboratory analysis. Mr. Nguyen
Hong Hai was funded by Vingroup Joint Stock Company and supported
by theDomesticMaster Scholarship Programmeof Vingroup Innovation
Foundation (VINIF), Vingroup Big Data Institute (VINBIGDATA), code
VINIF.2020.ThS.77.

References

APHA, 1992. Standard Methods for the Examination of Water and Wastewater. American
Public Health Association (APHA), American Water Works Association (AWWA) and
Water Pollution Control Federation (WPCF), Washington DC, 18th.

Åkerström, A.M., Mortensen, L.M., Rusten, B., Gislerød, H.R., 2014. Biomass production and
nutrient removal by Chlorella sp. as affected by sludge liquor concentration.
J. Environ. Manag. https://doi.org/10.1016/j.jenvman.2014.05.015.

Bilad, M.R., Discart, V., Vandamme, D., Foubert, I., Muylaert, K., Vankelecom, I.F.J.,
2014. Coupled cultivation and pre-harvesting of microalgae in a membrane
photobioreactor (MPBR). Bioresour. Technol. 155, 410–417. https://doi.org/
10.1016/j.biortech.2013.05.026.

Chatterjee, P., Granatier, M., Ramasamy, P., Kokko, M., Lakaniemi, A.M., Rintala, J., 2019.
Microalgae grow on source separated human urine in Nordic climate: outdoor
pilot-scale cultivation. J. Environ. Manag. 237, 119–127. https://doi.org/10.1016/j.
jenvman.2019.02.074.

Chen, G., Zhao, L., Qi, Y., 2015. Enhancing the productivity of microalgae cultivated in
wastewater toward biofuel production: a critical review. Appl. Energy https://doi.
org/10.1016/j.apenergy.2014.10.032.

Gao, F., Yang, Z.H., Li, C., Wang, Y. jie, Jin, W. hong, Deng, Y. bing, 2014. Concentrated
microalgae cultivation in treated sewage by membrane photobioreactor operated
in batch flow mode. Bioresour. Technol. 167, 441–446. https://doi.org/10.1016/j.
biortech.2014.06.042.

Gao, F., Li, C., Yang, Z.H., Zeng, G.M., Feng, L.J., Liu, J. zhi, Liu, M., Cai, H. wen, 2016a. Con-
tinuous microalgae cultivation in aquaculture wastewater by a membrane
photobioreactor for biomass production and nutrients removal. Ecol. Eng. 92,
55–61. https://doi.org/10.1016/j.ecoleng.2016.03.046.

Gao, F., Li, C., Yang, Z.H., Zeng, G.M., Mu, J., Liu, M., Cui, W., 2016b. Removal of nutrients,
organic matter, and metal from domestic secondary effluent through microalgae cul-
tivation in a membrane photobioreactor. J. Chem. Technol. Biotechnol. 91,
2713–2719. https://doi.org/10.1002/jctb.4879.

Gao, F., Peng, Y.Y., Li, C., Cui, W., Yang, Z.H., Zeng, G.M., 2018. Coupled nutrient removal
from secondary effluent and algal biomass production in membrane photobioreactor
(MPBR): effect of HRT and long-term operation. Chem. Eng. J. 335, 169–175. https://
doi.org/10.1016/j.cej.2017.10.151.

González-Camejo, J., Aparicio, S., Jiménez-Benítez, A., Pachés, M., Ruano, M.V., Borrás, L.,
Barat, R., Seco, A., 2020. Improving membrane photobioreactor performance by re-
ducing light path: operating conditions and key performance indicators. Water Res.
172. https://doi.org/10.1016/j.watres.2020.115518.

Honda, R., Boonnorat, J., Chiemchaisri, C., Chiemchaisri, W., Yamamoto, K., 2012. Carbon
dioxide capture and nutrients removal utilizing treated sewage by concentrated
microalgae cultivation in a membrane photobioreactor. Bioresour. Technol. 125,
59–64. https://doi.org/10.1016/j.biortech.2012.08.138.

Honda, R., Teraoka, Y., Noguchi, M., Yang, S., 2017. Optimization of hydraulic retention
time and biomass concentration inmicroalgae biomass production from treated sew-
age with a membrane photobioreactor. J. Water Environ. Technol. 15, 1–11. https://
doi.org/10.2965/jwet.15-085.

Igos, E., Besson, M., Navarrete Gutiérrez, T., Bisinella de Faria, A.B., Benetto, E., Barna, L.,
Ahmadi, A., Spérandio, M., 2017. Assessment of environmental impacts and opera-
tional costs of the implementation of an innovative source-separated urine treat-
ment. Water Res. https://doi.org/10.1016/j.watres.2017.09.016.

Jaatinen, S., Lakaniemi, A.M., Rintala, J., 2016. Use of diluted urine for cultivation of Chlo-
rella vulgaris. Environ. Technol. (United Kingdom) 37, 1159–1170. https://doi.org/
10.1080/09593330.2015.1105300.

Judd, S., van den Broeke, L.J.P., Shurair, M., Kuti, Y., Znad, H., 2015. Algal remediation of
CO2 and nutrient discharges: a review. Water Res. https://doi.org/10.1016/j.
watres.2015.08.021.

Karak, T., Bhattacharyya, P., 2011. Human urine as a source of alternative natural fertilizer
in agriculture: a flight of fancy or an achievable reality. Resour. Conserv. Recycl. 55,
400–408. https://doi.org/10.1016/j.resconrec.2010.12.008.

Kim, Z.H., Park, H., Ryu, Y.J., Shin, D.W., Hong, S.J., Tran, H.L., Lim, S.M., Lee, C.G., 2015. Algal
biomass and biodiesel production by utilizing the nutrients dissolved in seawater
using semi-permeable membrane photobioreactors. J. Appl. Phycol. 27, 1763–1773.
https://doi.org/10.1007/s10811-015-0556-y.

Li, K., Liu, Q., Fang, F., Luo, R., Lu, Q., Zhou, W., Huo, S., Cheng, P., Liu, J., Addy, M., Chen, P.,
Chen, D., Ruan, R., 2019. Microalgae-based wastewater treatment for nutrients recov-
ery: a review. Bioresour. Technol. https://doi.org/10.1016/j.biortech.2019.121934.

Low, S.L., Ong, S.L., Ng, H.Y., 2016. Characterization ofmembrane fouling in submerged ce-
ramic membrane photobioreactors fed with effluent from membrane bioreactors.
Chem. Eng. J. 290, 91–102. https://doi.org/10.1016/j.cej.2016.01.005.

Luo, Y., Le-Clech, P., Henderson, R.K., 2017. Simultaneous microalgae cultivation and
wastewater treatment in submerged membrane photobioreactors: a review. Algal
Res. 24, 425–437. https://doi.org/10.1016/j.algal.2016.10.026.
9

Madoni, P., 2011. Protozoa in wastewater treatment processes: a minireview. Ital. J. Zool.
https://doi.org/10.1080/11250000903373797.

Marbelia, L., Bilad, M.R., Passaris, I., Discart, V., Vandamme, D., Beuckels, A., Muylaert, K.,
Vankelecom, I.F.J., 2014. Membrane photobioreactors for integrated microalgae culti-
vation and nutrient remediation of membrane bioreactors effluent. Bioresour.
Technol. 163, 228–235. https://doi.org/10.1016/j.biortech.2014.04.012.

Markou, G., Vandamme, D., Muylaert, K., 2014. Microalgal and cyanobacterial cultivation:
the supply of nutrients. Water Res. https://doi.org/10.1016/j.watres.2014.07.025.

Muylaert, K., Bastiaens, L., Vandamme, D., Gouveia, L., 2017. Harvesting of microalgae:
Overview of process options and their strengths and drawbacks. Microalgae-Based
Biofuels and Bioproducts: From Feedstock Cultivation to End-Products https://doi.
org/10.1016/B978-0-08-101023-5.00005-4.

Najm, Y., Jeong, S., Leiknes, T.O., 2017. Nutrient utilization and oxygen production by
Chlorella vulgaris in a hybrid membrane bioreactor and algal membrane
photobioreactor system. Bioresour. Technol. 237, 64–71. https://doi.org/10.1016/j.
biortech.2017.02.057.

Nguyen, T.T., Bui, X.T., Pham, M.D., Guo, W., Ngo, H.H., 2016a. Effect of Tris-(hydroxy-
methyl)-amino methane on microalgae biomass growth in a photobioreactor.
Bioresour. Technol. 208, 1–6. https://doi.org/10.1016/j.biortech.2016.02.043.

Nguyen, T.T., Bui, X.T., Vo, T.D.H., Nguyen, D.D., Nguyen, P.D., Do, H.L.C., Ngo, H.H., Guo,W.,
2016b. Performance and membrane fouling of two types of laboratory-scale sub-
merged membrane bioreactors for hospital wastewater treatment at low flux condi-
tion. Sep. Purif. Technol. 165, 123–129. https://doi.org/10.1016/j.seppur.2016.03.051.

Nguyen, T., Kook, S., Lee, C., Field, R.W., Kim, I.S., 2019a. Critical flux-based membrane
fouling control of forward osmosis: behavior, sustainability, and reversibility.
J. Membr. Sci. 570–571, 380–393. https://doi.org/10.1016/j.memsci.2018.10.062.

Nguyen, T.T.N., Némery, J., Gratiot, N., Strady, E., Tran, V.Q., Nguyen, A.T., Aimé, J., Peyne,
A., 2019b. Nutrient dynamics and eutrophication assessment in the tropical river sys-
tem of Saigon – Dongnai (southern Vietnam). Sci. Total Environ. 653, 370–383.
https://doi.org/10.1016/j.scitotenv.2018.10.319.

Nguyen, T.-T., Lee, C., Field, R.W., Kim, I.S., 2020a. Insight into organic fouling behavior in
polyamide thin-film composite forward osmosis membrane: critical flux and its im-
pact on the economics of water reclamation. J. Membr. Sci. 606, 118118. https://
doi.org/10.1016/j.memsci.2020.118118.

Nguyen, T.T.D., Nguyen, T.T., An Binh, Q., Bui, X.T., Ngo, H.H., Vo, H.N.P., Andrew Lin, K.Y.,
Vo, T.D.H., Guo, W., Lin, C., Breider, F., 2020b. Co-culture of microalgae-activated
sludge for wastewater treatment and biomass production: exploring their role
under different inoculation ratios. Bioresour. Technol. 314, 123754. https://doi.org/
10.1016/j.biortech.2020.123754.

Nguyen, T.T.N., Némery, J., Gratiot, N., Garnier, J., Strady, E., Nguyen, D.P., Tran, V.Q.,
Nguyen, A.T., Cao, S.T., Huynh, T.P.T., 2020c. Nutrient budgets in the Saigon–
Dongnai River basin: past to future inputs from the developing Ho Chi Minhmegacity
(Vietnam). River Res. Appl. 36, 974–990. https://doi.org/10.1002/rra.3552.

Pollice, A., Laera, G., Saturno, D., Giordano, C., 2008. Effects of sludge retention time on the
performance of a membrane bioreactor treating municipal sewage. J. Membr. Sci.
https://doi.org/10.1016/j.memsci.2007.08.051.

Posadas, E., Alcántara, C., García-Encina, P.A., Gouveia, L., Guieysse, B., Norvill, Z., Acién,
F.G., Markou, G., Congestri, R., Koreiviene, J., Muñoz, R., 2017. Microalgae cultivation
in wastewater. Microalgae-based Biofuels and Bioproducts: From Feedstock Cultiva-
tion to End-products https://doi.org/10.1016/B978-0-08-101023-5.00003-0.

Praveen, P., Heng, J.Y.P., Loh, K.C., 2016. Tertiary wastewater treatment in membrane
photobioreactor using microalgae: comparison of forward osmosis & microfiltration.
Bioresour. Technol. 222, 448–457. https://doi.org/10.1016/j.biortech.2016.09.124.

Praveen, P., Xiao, W., Lamba, B., Loh, K.C., 2019. Low-retention operation to enhance bio-
mass productivity in an algal membrane photobioreactor. Algal Res. 40, 101487.
https://doi.org/10.1016/j.algal.2019.101487.

Rafie, S. El, Bakky, H.A. El, Torra, E., Shalaby, M.S., 2014. Cultivation of microalgae using
struvite and human urine for oil production. Res. J. Pharm., Biol. Chem. Sci. 5,
1172–1187.

Tuantet, K., Temmink, H., Zeeman, G., Janssen, M., Wijffels, R.H., Buisman, C.J.N., 2014.
Nutrient removal and microalgal biomass production on urine in a short light-
path photobioreactor. Water Res. 55, 162–174. https://doi.org/10.1016/j.
watres.2014.02.027.

Tuantet, K., Temmink, H., Zeeman, G., Wijffels, R.H., Buisman, C.J.N., Janssen, M., 2019. Op-
timization of algae production on urine. Algal Res. 44, 1–11. https://doi.org/10.1016/j.
algal.2019.101667.

Vo, H.N.P., Bui, X.T., Nguyen, T.T., Nguyen, D.D., Dao, T.S., Cao, N.D.T., Vo, T.K.Q., 2018. Ef-
fects of nutrient ratios and carbon dioxide bio-sequestration on biomass growth of
Chlorella sp. in bubble column photobioreactor. J. Environ. Manag. https://doi.org/
10.1016/j.jenvman.2018.04.109.

Vo, H.N.P., Ngo, H.H., Guo, W., Nguyen, T.M.H., Liu, Yiwen, Liu, Yi, Nguyen, D.D., Chang,
S.W., 2019. A critical review on designs and applications of microalgae-based
photobioreactors for pollutants treatment. Sci. Total Environ. https://doi.org/
10.1016/j.scitotenv.2018.09.282.

Xu, M., Bernards, M., Hu, Z., 2014. Algae-facilitated chemical phosphorus removal during
high-density Chlorella emersonii cultivation in a membrane bioreactor. Bioresour.
Technol. https://doi.org/10.1016/j.biortech.2013.12.026.

Xu, M., Li, P., Tang, T., Hu, Z., 2015. Roles of SRT and HRT of an algal membrane bioreactor
system with a tanks-in-series configuration for secondary wastewater effluent
polishing. Ecol. Eng. 85, 257–264. https://doi.org/10.1016/j.ecoleng.2015.09.064.

http://refhub.elsevier.com/S0048-9697(21)02494-3/rf2000
http://refhub.elsevier.com/S0048-9697(21)02494-3/rf2000
http://refhub.elsevier.com/S0048-9697(21)02494-3/rf2000
https://doi.org/10.1016/j.jenvman.2014.05.015
https://doi.org/10.1016/j.biortech.2013.05.026
https://doi.org/10.1016/j.biortech.2013.05.026
https://doi.org/10.1016/j.jenvman.2019.02.074
https://doi.org/10.1016/j.jenvman.2019.02.074
https://doi.org/10.1016/j.apenergy.2014.10.032
https://doi.org/10.1016/j.apenergy.2014.10.032
https://doi.org/10.1016/j.biortech.2014.06.042
https://doi.org/10.1016/j.biortech.2014.06.042
https://doi.org/10.1016/j.ecoleng.2016.03.046
https://doi.org/10.1002/jctb.4879
https://doi.org/10.1016/j.cej.2017.10.151
https://doi.org/10.1016/j.cej.2017.10.151
https://doi.org/10.1016/j.watres.2020.115518
https://doi.org/10.1016/j.biortech.2012.08.138
https://doi.org/10.2965/jwet.15-085
https://doi.org/10.2965/jwet.15-085
https://doi.org/10.1016/j.watres.2017.09.016
https://doi.org/10.1080/09593330.2015.1105300
https://doi.org/10.1080/09593330.2015.1105300
https://doi.org/10.1016/j.watres.2015.08.021
https://doi.org/10.1016/j.watres.2015.08.021
https://doi.org/10.1016/j.resconrec.2010.12.008
https://doi.org/10.1007/s10811-015-0556-y
https://doi.org/10.1016/j.biortech.2019.121934
https://doi.org/10.1016/j.cej.2016.01.005
https://doi.org/10.1016/j.algal.2016.10.026
https://doi.org/10.1080/11250000903373797
https://doi.org/10.1016/j.biortech.2014.04.012
https://doi.org/10.1016/j.watres.2014.07.025
https://doi.org/10.1016/B978-0-08-101023-5.00005-4
https://doi.org/10.1016/B978-0-08-101023-5.00005-4
https://doi.org/10.1016/j.biortech.2017.02.057
https://doi.org/10.1016/j.biortech.2017.02.057
https://doi.org/10.1016/j.biortech.2016.02.043
https://doi.org/10.1016/j.seppur.2016.03.051
https://doi.org/10.1016/j.memsci.2018.10.062
https://doi.org/10.1016/j.scitotenv.2018.10.319
https://doi.org/10.1016/j.memsci.2020.118118
https://doi.org/10.1016/j.memsci.2020.118118
https://doi.org/10.1016/j.biortech.2020.123754
https://doi.org/10.1016/j.biortech.2020.123754
https://doi.org/10.1002/rra.3552
https://doi.org/10.1016/j.memsci.2007.08.051
https://doi.org/10.1016/B978-0-08-101023-5.00003-0
https://doi.org/10.1016/j.biortech.2016.09.124
https://doi.org/10.1016/j.algal.2019.101487
http://refhub.elsevier.com/S0048-9697(21)02494-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)02494-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)02494-3/rf0180
https://doi.org/10.1016/j.watres.2014.02.027
https://doi.org/10.1016/j.watres.2014.02.027
https://doi.org/10.1016/j.algal.2019.101667
https://doi.org/10.1016/j.algal.2019.101667
https://doi.org/10.1016/j.jenvman.2018.04.109
https://doi.org/10.1016/j.jenvman.2018.04.109
https://doi.org/10.1016/j.scitotenv.2018.09.282
https://doi.org/10.1016/j.scitotenv.2018.09.282
https://doi.org/10.1016/j.biortech.2013.12.026
https://doi.org/10.1016/j.ecoleng.2015.09.064

	Nutrient recovery and microalgae biomass production from urine by membrane photobioreactor at low biomass retention times
	1. Introduction
	2. Materials and methods
	2.1. Microalgae strain and urine
	2.2. Lab-scale system and operating conditions
	2.3. Microalgae biomass analyses
	2.4. Analytical parameters
	2.5. Statistical analysis

	3. Results and discussion
	3.1. Microalgae growth and biomass production under various biomass retention time
	3.2. Effect of biomass retention time on nutrient removal of membrane photobioreactor
	3.3. Fouling propensity of membrane photobioreactor
	3.4. Implication of this work

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




