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Evaluation of membrane fouling in a microalgal-
bacterial membrane photobioreactor treating
secondary wastewater effluent: effect of
photoperiod conditions

E. Segredo-Morales, a E. González, *a C. González-Martínb and L. Vera a

Microalgal-bacterial membrane photobioreactors (MPBRs) have emerged as a transformative wastewater

treatment technology for reducing carbon emissions whilst achieving high quality effluent. However,

membrane fouling negatively affects process performance by increasing energy consumption and reducing

membrane lifespan. In this study, light/dark photoperiods were varied to optimize treatment performance

and biomass properties and reduce membrane fouling. Increasing the length of the light period favored

higher production of biomass but decreased bioflocculation. An intermediate photoperiod of 16/8 h

achieved high values of biomass concentration (3.21 ± 0.45 g L−1) and nutrient removal rates (4.71 mg N

L−1 d−1 and 0.67 mg P L−1 d−1, respectively), while preventing accumulation of biopolymer clusters (≤5.5 mg

DOC L−1) in the suspension. In addition, short-term fouling—associated with floc deposition forming a cake

layer—was minimized at intermediate photoperiods, thus increasing the sustainable (i.e., threshold)

permeate flux. Under these sustainable flux conditions, membrane fouling was mainly determined by the

biopolymer cluster content, with best performance being attained at 16/8 h. The above results reveal that

the photoperiod is a crucial parameter for controlling membrane fouling in microalgal-bacterial membrane

photobioreactors.

1. Introduction

Progressive decarbonization is prompting the wastewater
treatment sector to search for transformative technologies
that can increase energy efficiency, recover resources and
prevent greenhouse gases emissions.1,2 Recently, novel
treatment technologies, such as photocatalysis,3 microwave
catalysis4,5 or zero-valent iron nanoparticles6 have been
proposed. Nevertheless, although these are promising
technologies, there are several disadvantages that have to be
addressed to ensure their safe and effective use in wastewater

treatment. Further investigation on catalysis deactivation,
safety hazards due to microwave radiation or release of
nanoparticles into the environment, is needed before
practical use. Alternatively, a photobioreactor system based
on microalgae-bacteria consortia is a promising approach to
achieve sustainable wastewater technologies.7–9 In a
symbiotic relationship, microalgae produce dissolved oxygen,
which can be used for bacterial respiration (oxidizing organic
matter, ammonium and nitrite), reducing operating costs
resulting from mechanical aeration. In turn, the carbon
dioxide generated is used by the microalgae for carbon
anabolism. Additionally, microalgae-bacteria consortia
recover nutrients from wastewater through biomass
synthesis. Produced biomass can be further valorized into
added-value products, such as biogas or agricultural
products.10,11 Likewise, the move to a circular economy needs
to be accomplished through the consistent promotion of safe
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Water impact

The microalgal-bacterial membrane photobioreactor is a promising approach for sustainable wastewater reclamation. However, its widespread application
is limited by the high costs associated with membrane fouling. Due to complex interactions among indigenous consortia, selecting optimal conditions is
challenging. This study demonstrated that long-term fouling is minimized at intermediate light/dark photoperiods, which also allows high biomass
concentration and effective nutrient removal.
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water re-use.12 Current advanced systems combine biological
treatment with microfiltration or ultrafiltration membranes
to produce high-quality effluents that are suitable for most
industrial applications, including highly demanding
agriculture irrigation.13,14

A technology now actively being investigated is a
microalgal-bacterial membrane photobioreactor (MPBR),
which combines suspended biomass with immersed
microfiltration or ultrafiltration membranes.15,16 This
technology has demonstrated the capability to efficiently treat
municipal wastewaters17 or secondary effluents.18,19

Hydraulic and solid retention times (HRT and SRT,
respectively) are commonly studied parameters, mainly
focused on nutrient removal and biomass productivity.15,20

Another important factor affecting microalgal-bacterial
processes is light availability, mainly determined by light
intensity and photoperiods.21,22 Typically, microalgae activity
increases with light intensity up to a saturation point (∼200–
540 μmol m−2 s−1), which is species dependent, above which
the effect becomes insignificant.23 Indeed, in many species,
increasing intensity results in photoinhibition thus reducing
microalgae growth rate.24 A similar behavior has been
reported for nitrifying bacteria, particularly nitrite oxidizers,
which show significant photoinhibition above 500 μmol m−2

s−1.25 Nevertheless, several strategies can be applied to
control light intensity by modifying reactor design (i.e.
culture depth) or biomass concentration (affecting light
shading effect).8 Regarding the photoperiod, microalgae
growth rate is generally enhanced by extending the light
period from 12/12 to 24/0 h (continuous illumination),26,27

but several studies have reported no appreciable effect28 or
even a decrease in the growth rate.29 These contradictory
findings suggest that photoperiod, light intensity and light
shading may be interrelated.

A critical constraint of MBPR technology development at
an industrial scale is the inherent membrane fouling.30,31 In
general, the extent of fouling is a complex function of
biomass characteristics, operating conditions and membrane
properties.20 To alleviate membrane fouling, common
practices in MPBRs are the use of moderate permeate fluxes,
membrane air scouring, physical cleaning methods
(relaxation and backwashing) and chemical cleanings.19,32

Fouling can be classified into two main categories based on
membrane permeability recovery by physical methods. The
first is reversible fouling, which can be removed by physical
means and is mainly attributed to cake layer development
and possibly to pore blocking. The second category is
residual fouling (also called physically irreversible fouling),
which mainly refers to adsorption of foulants and gel
formation, and is only removed by chemical means.33 These
phenomena lead to a loss in membrane permeability, higher
energy consumption and more frequent chemical cleanings,
which can reduce the membrane's lifespan.34 Most previous
studies assessing membrane fouling in MPBR have focused
on biomass characteristics, particularly biomass
concentration, particle size distribution and supernatant

biopolymers content.30,35–39 Main influencing factors
assessed in these studies are hydraulic and solid retention
times, feedwater characteristics (nitrogen source and ratio of
N/P) and alga/activated sludge inoculation ratios.
Nevertheless, although light is a key parameter in
microalgae-bacteria consortia growth and biomass properties,
it has been less studied. In fact, a previous study revealed a
trade-off between biomass productivity/nutrient removal and
membrane fouling.40 In this work it is reported that reducing
the light path in a photobioreactor (i.e. increasing
photosynthetic efficiency) significantly increases the
membrane fouling rate. Therefore, finding optimal
illumination conditions (intensity and/or photoperiod) would
considerably improve operational feasibility and reduce the
cost of MPBR technology.

This study focuses on assessing the effect of the
photoperiod on the performance of a MPBR, particularly on
membrane fouling. The assessment was conducted by
analyzing treatment performance and main biomass
properties, such as concentration, elemental composition,
particle size distribution and supernatant biopolymers
content. Using a flux-step method, fouling propensity and
sustainable flux conditions were investigated. Finally, long-
term fouling tests verified sustainable membrane
performance by assessing residual fouling evolution.

2. Materials and methods.
2.1. Feedwater

The MPBR unit was fed with a secondary effluent obtained
from a conventional activated sludge wastewater treatment
plant (Santa Cruz de Tenerife, Canary Island, Spain), which
was designed for organic matter removal. Main physical–
chemical characteristics are given in Table 1.

2.2. MPBR set-up

The experimental unit consisted of a cylindrical 3.0 L
(diameter = 14 cm) MPBR equipped with ZeeWeed® ZW-1
(Suez Water Technologies & Solutions, Ontario, ON, Canada)
hollow fiber membranes with a nominal pore size of 0.04 μm
and 1.9 mm outer diameter, assembled vertically, which
provide 0.047 m2 of filtering surface area (Fig. 1). ZeeWeed®
consists of a woven reinforcing braid on which a PVDF

Table 1 Main physical–chemical characteristics of the feedwater (n = 55)

Parameters Units Mean Range

COD mg L−1 67.2 39–113
DOC mg L−1 17.9 12.7–45.7
pH — 8.2 7.9–8.4
N–NH4

+ mg L−1 25.8 2.5–41.9
N–NO3

− mg L−1 2.0 0–12.9
N–NO2

− mg L−1 1.7 0–9.5
P–PO4

3− mg L−1 4.1 0.8–7.9
CO3

2− mg L−1 8.5 0–21.6
HCO3

− mg L−1 552.6 414.0–698.7
Turbidity NTU 2.0 1.1–5.0
TSS mg L−1 4.5 0–22
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membrane is cast. The permeate was extracted by a magnetic
drive gear pump (Micropump-GA Series, Stockholm, Sweden)
applying a slight vacuum. All the experiments were
conducted at a permeate flux ( J) of 10 L h−1 m−2, measuring
transmembrane pressure (TMP) with a pressure sensor
(Sensotec, Barcelona, Spain). To prevent severe membrane
fouling, the system operated under consecutive filtration/
backwashing cycles of 450/30 s combined with intermittent
air scouring (10/30 s on/off) at 5 NL min−1 during the
filtration. The backwash flux was set at 30 L h−1 m−2 with
continuous aeration at 5 NL min−1. DAQ Factory software
(AzeoTech® Inc., Ashland, OR, USA) was used for
visualization and control of the filtration variables.

Air was also injected at the bottom of the MPBR at 1 NL
min−1 to provide aerobic conditions and mix the biological
suspension. Dissolved oxygen concentration and pH were
within the ranges of 6.9–9.6 mg L−1 and 8.1–8.9, respectively,
throughout all experiments. The system was run at HRT and
SRT values of 0.75 d and 80 d, respectively. The former was
within the typical range of operating values in MPBRs41 and
the latter was selected according to a previous study on
enhancing bioflocculation and avoiding biopolymer cluster
accumulation.42 The effluent was extracted from the
permeate tank by a peristaltic pump (Cole-Parmer Instrument
Co., USA) according to the selected HRT. To maintain a
constant HRT regardless of permeate flux, excess permeate
was returned to the MPBR. Experiments were carried out at
room temperature (19 ± 1 °C) under constant irradiation of
300 μmol m−2 s−1 measured at the surface of the
photobioreactor (PAR irradiance using an irradiance meter,
QSP2150A, Biospherical Instruments Inc., USA). The aim of
the experiments was to assess the impact of photoperiods on

the MPBR performance. To do this, four long-term
experiments of 900 h were carried out under different light/
dark photoperiods (0/24, 12/12, 16/8 and 24/0 h).

Before starting each experiment, the system was initially
filled only with feedwater. Then, it was operated at 0.75 d of
HRT for a minimum of 80 d without biomass purge. Thus, the
system started without inoculum and the biomass developed
from indigenous microorganisms. After the acclimation period,
the biomass was manually purged to maintain the desired SRT.
This procedure allowed the biomass concentration to remain
stable during the experiments.

Samples of feedwater, suspension and permeate were
analyzed three times per week. Suspensions were
characterized by particles size, mixed liquor suspended solids
(MLSS), volatile matter, elemental composition (C, N and H),
supernatant dissolved organic carbon (DOC) and suspended
solids (SS), and Fourier-transform infrared spectroscopy
(FTIR). The average biomass productivity (rx) was estimated
following eqn (1):

rx ¼ MLSS
SRT

(1)

2.3. Short-term flux step trials

A flux-step method with intermediate backwashing cycles was
applied.43 Main parameters were: flux range of 8–40 L h−1

m−2, flux increment of 2 L h−1 m−2 and step duration of 15
min. Air scouring and backwashing conditions were the same
as those applied in the long-term experiments. The flux-step
trials were carried out with the suspensions and supernatants
(obtained after 30 min of decantation and transferred into a
clean vessel). Before each run, the membrane was chemically

Fig. 1 Schematic diagram of the MPBR system.
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cleaned using a 500 mg L−1 of NaClO for 24 h. Reversible
fouling was assessed by the fouling rate (rf), given by the
change in transmembrane pressure with time (dTMP/dt).

2.4. Membrane cleaning protocol

After the long-term fouling tests, the fouled membrane was
subjected to a cleaning protocol that included the following
steps:44 (1) rinsing with tap water, (2) chemical cleaning with
NaClO (500 mg L−1) for 24 h, and (3) chemical cleaning with
citric acid (6 g L−1) for 2 h. After each step, the hydraulic
resistance was calculated using a tap water filtration test.

2.5. Membrane fouling characterization

During the long-term tests, TMP evolution with consecutive
filtration/backwashing was used to assess membrane fouling.
It can be described by the following equation:43

TMP = TMPi + rf·t (2)

where TMPi is the initial transmembrane pressure at the
beginning of each filtration cycle, rf is the reversible fouling
rate and t is the elapsed time.

Eqn (2) assumes a constant rf during the filtration
phases, describing an incompressible cake development
mechanism on the membrane wall. On the other hand,
TMPi is related to residual fouling, which cannot be
removed by physical means. Both parameters have been
widely used to describe membrane fouling in conventional
membrane bioreactors (MBRs).33

2.6. Analytical methods

Dissolved oxygen was measured using an oximeter Hach
Lange LDO (USA). Total suspended solids (TSS), mixed liquor
suspended solids (MLSS) and chemical oxygen demand
(COD) were analyzed according to the standard methods.45

Nitrogen–ammonium (N–NH4
+) was analyzed by the Nessler

method using a DR-5000 Hach spectrophotometer (USA).
Nitrogen–nitrite (N–NO2

−), nitrogen–nitrate (N–NO3
−) and

phosphorus–phosphate (P–PO4
3−) were analyzed by ion

chromatography using a Compact IC plus 882 device,
supplied by Metrohm. Total dissolved inorganic nitrogen
(DIN) was obtained by adding N–NH4

+, N–NO2
− and N–NO3

−.
Dissolved organic carbon (DOC) concentration was measured
with a TOC-meter (TOC-5000A, Shimadzu, Japan). The DOC
difference between the filtered supernatant (through a filter
of glass-fiber with a nominal pore size of 1.2 μm) and the
permeate was assigned as biopolymers clusters (BPC)
concentration. Particle size distribution was analyzed using
Malvern Mastersizer 2000 (UK) laser diffraction particle size
analyzer with a detection range of 0.02–2000 μm. FLASH EA
1112 Elemental Analyzer (ThermoFisher Scientific, USA) was
used for the elemental analysis. Samples were previously
dried in an oven at 100 °C for 1 h. Volatile matter was
measured by a thermal analyzer (TG/DSC): Discovery SDT 650
(TA Instruments, USA). Fourier-transform infrared

spectrometry was performed using an IFS 66/S spectrometer
(Bruker, USA) equipped with an ATR accessory that measured
the transmittance of the samples in a wavelength range
between 900 and 4000 cm−1. Microalgae identification was
conducted by optical microscopy (DM750, Leica, Germany)
according to Wastewater Organisms Atlas Manual.46

Detection of Escherichia coli and Legionella spp. was
performed in the permeate according to ISO 9308 and ISO
11731, respectively, as recommended by the legislation.

2.7. Statistical analysis

The results were analyzed by OriginPro (OriginLab
Corporation, MA, USA). Analysis of variance (one-way
ANOVA) and Tukey's test was used to assess differences
between photoperiods. Significance was assumed when
p-values <0.05.

3. Results and discussion.
3.1. Biomass productivity and characteristics

As shown in Fig. 2a, longer lighting periods significantly
influenced biomass concentration and productivity.
Maximum biomass concentration (3.21 ± 0.45 g L−1) was
obtained at 16/8 h photoperiod (light/dark), which did not
increase at continuous illumination (p > 0.05). Compared to
operation at 0/24 h (control condition), the results revealed a
significant growth of microalgae in the mixed consortia
(representing approximately a 30-fold increase), which
achieved a productivity value of 40.1 mg L−1 d−1. Indeed,
microalgae belonging to the genera Scenedesmus and Chorella
were identified in abundance. This is consistent with those
productivities usually reported for MBPRs operated at long
SRTs with secondary effluents (28–41 mg L−1 d−1).22

Nevertheless, the fact that productivity did not increase by
extending the photoperiod from 16/8 h to continuous
illumination seems to contradict previous results obtained in
photo sequencing batch reactors.27,47 Probably, this behavior
can be attributed to an interplay between light penetration
and biomass concentration, which may have a relevant role
in MPBRs at long SRTs.48 Therefore, results suggest that it
may be difficult to increase biomass concentration up to 3.0–
3.5 g L−1 due to self-shading effect, as previously reported in
MPBR studies.49,50

As the nature of the biomass varies with the microbial
community, volatile matter and elemental composition were
analyzed at the different photoperiods (Fig. 2b). Volatile
fraction increased from 25.9 to 37.3% when extending the
lighting period from the control condition (0/24 h) to the 16/
8 h photoperiod. Again, no further increment was obtained
with the continuous illumination (p > 0.05). This volatile
content was mainly attributed to microalgae growth, where
CO2 fixation was expected due to photosynthetic activity.
Indeed, consistent C/N mass ratios (5.0–5.4) for microalgae
biomass51 were only detected for the MPBR under lighting
conditions (Fig. 2c). Nevertheless, it should be noted that no
significant variations were observed in the C/N ratios for the
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different photoperiods, so this parameter could not be
related to the ratio of microalgae to bacteria in the biomass.
In contrast, the low ratio at 0/24 h can be attributed to low
organic carbon in the feedwater (Table 1). Moreover, the
ratios of the intensity of the peak assigned to carbohydrate
(C–O–C) bonds to the intensity of the specific peaks assigned
to proteins (N–H and CO) in the Fourier transform infrared
(FTIR) spectra were probably a result of a higher
carbohydrate-to-protein ratio for the MPBR at lighting
conditions (Fig. 2c), consistent with the result of the
elemental analysis. As reported in the literature,
carbohydrates and proteins are major components of the
bound extracellular polymeric substances (EPS), which are
key in bioflocculation.8 Since carbohydrate facilitate cell
adhesion,52 a consistent carbohydrate-to-protein ratio can be
related to efficient flocculation. This is in accordance with
the higher mean particle size obtained in the MPBR under
lighting conditions (Fig. 2d). Apparently, microalgal-bacterial
consortia enhanced the formation of larger flocs, which
agrees with previous studies.36 However, mean floc size
decreased from 104.9 to 38.9 μm while extending the lighting
period from 12/12 h to continuous illumination. Particle size
distribution has been attributed to microalgae/bacteria
proportion, where partial inhibition of microalgae growth

results in larger flocs.31 In this study, results showed smaller
flocs at continuous illumination, which can be justified by
the increased microalgae growth (reflected by the higher
biomass concentration) associated with the extension of the
lighting period.

Due to the biological activity in the MPBR, hydrolysis of
EPS and decay products generate soluble microbial products
(SMP) and biopolymer clusters (BPC).53 Due to their larger
size, BPC were retained by the membrane and can lead to
severe membrane fouling.38 It was observed that the
photoperiod had a significant impact on BPC content
(Fig. 2d). Under the control condition, BPC accumulated the
most significantly (31.1 ± 6.6 mg L−1), which can be related to
the low biomass concentration due to carbon-limited
conditions imposed (i.e. low influent COD and long HRT). A
previous study has demonstrated that endogenous conditions
may induce cells lysis and biopolymer release in a MBR fed
with a secondary effluent.54 By contrast, very low BPC
contents were found in the MPBR, which achieved a
minimum at 16/8 h photoperiod (p < 0.05). This is probably
due to favorable growth conditions for the microalgal-
bacterial consortia, where cells lysis and biopolymers release
were minimized. In addition, due to a probable higher
abundance of heterotrophic bacteria (see section 3.2),

Fig. 2 Effect of the photoperiod on biomass concentration and productivity (n = 15) (a), volatile matter and elemental analysis (n = 3) (b), FTIR
spectra (n = 3) (c), and BPC (n = 15), supernatant suspended solids (SS) (n = 3) and mean particle size (n = 3) (d). Elemental analysis data are
provided as % wt and dry basis.
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biopolymers are expected to be degraded into smaller
compounds.38 A similar trend was also observed for
supernatant suspended solids, which decreased at the 16/8 h
photoperiod (p < 0.05).

3.2. Treatment performance

In order to assess treatment performance, feedwater and
permeate concentration of dissolved organic carbon (DOC),
nitrogen–ammonium (N–NH4

+), total dissolved inorganic
nitrogen (DIN) and phosphorus–phosphate (P–PO4

3−) were
analyzed. Inherent parameter fluctuation in feedwater can be
observed, which was particularly evident in the low nitrogen
content at 12/12 h photoperiod run (Fig. 3b). As showed in
Fig. 3a, DOC removal was significantly increased
(approximately 9-fold increase) in the MPBR under lighting
conditions, suggesting significant activity of heterotrophic
bacteria in the mixed consortia. As stated, this affects process
performance positively by decreasing BPC content. In addition,
significant DOC permeate concentration has a negative effect
on subsequent processes, such as disinfection byproducts.55

The ammonium in feedwater varied between 23.0 and 6.3
mg L−1 for the different conditions (Fig. 3b). A complete

nitrification was achieved in all cases, obtaining a nitrogen–
ammonium content in the permeate below 0.7 mg L−1, where
DIN in the permeate was mainly in form of nitrate (>96%),
revealing the presence of nitrifying bacteria. In addition, DIN
removal significantly increased from 3.5% to 18.1% with
increasing photoperiods from control condition (0/24 h) to
16/8 h (p < 0.05) (Fig. 3c). However, no further improvement
was observed at continuous illumination (p > 0.05). At 16/8
h, the average removal rate was 4.71 mg N L−1 d−1, consistent
with previous studies with similar biomass productivities.56,57

Since pH was always maintained at similar values (8.1–8.9)
under all conditions, the observed increment of nutrient
removal was mainly associated with biomass assimilation. As
recently reviewed,58 feedwater ammonium leads to
microalgae-nitrifying bacteria competition, which negatively
affects nitrogen removal rate. To overcome this issue,
operation at short to moderate SRTs has been proposed.16,37

Nevertheless, a lower SRT would lead to significantly lower
biomass concentration and thus increase harvest costs.8 In
addition, long SRTs can decrease BPC and therefore,
minimize membrane fouling.42

The phosphate concentration in the feedwater and the
permeate are showed in Fig. 3d. A similar trend as that

Fig. 3 Influence of the photoperiod on the removal of DOC (a), N–NH4
+ (b), DIN (c) and P–PO4

3− (d). Error bars represent the standard
deviation (n = 15).
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observed for nitrogen removal was found, where
photoperiod increased the phosphate removal. A maximum
value of 12.1% was obtained for 16/8 h photoperiod, which
did not significantly increase at continuous illumination (p
> 0.05). This can be attributed to a higher biomass
productivity when compared with the control condition or
the 12/12 h photoperiod. The calculated phosphate removal
rate was 0.67 mg L−1 d−1, comparable with those reported in
previous studies.48,57

Finally, it is important to note that the membrane
provided a high quality effluent in terms of microbial
(absence of E. coli and Legionella spp.) and physical (turbidity
<0.5 NTU) parameters, which complied with the new
European regulation of minimum requirements for the use
of reclaimed water quality for agricultural irrigation.59

In summary, results demonstrate consistent organic
matter and nutrient removal rates in MPBR under lighting
conditions. Removal rates were influenced by the
photoperiod, where maximum values were obtained at 16/8
h, mainly due to greater biomass productivity. No further
improvement was attained at continuous illumination,
probably due to self-shading caused by the high biomass
concentration at long SRTs. Therefore, future work should
focus on improving MPBR design to optimize light utilization
by reducing culture depth and allow biomass productivities

and nutrient removal rates comparable to those obtained at
short SRTs.

3.3. Membrane fouling

3.3.1. Reversible fouling characterization: flux step
experiments. The effect of the photoperiod on fouling
propensity was investigated by conducting the flux-step
method,43 using the reversible fouling rate (rf = dTMP/dt) as
the fouling parameter (Fig. 4). It should be noted that
applying lab-scale results to full-scale plant operation may be
limited due to certain differences in hydrodynamics.60

Nevertheless, despite these limitations, lab-scale experiments
are useful for elucidating fouling propensity for the different
conditions tested, mainly based on the effect of different
light/dark photoperiods on biomass properties and
biopolymer accumulation. Given the importance of dispersed
cells and BPC in the fouling process,61 the results were
compared, under the same experimental conditions, with
those obtained while filtering the non-settleable fraction of
the suspension. It should be noted that there was no
appreciable sedimentation in the control suspension,
therefore fractionation could not be carried out. In all cases,
an exponential relationship was observed, in accordance with
most studies of fouling rate trends in MBRs.62,63 Therefore, a

Fig. 4 Fouling characterization by flux stepping experiments. Reversible fouling rate (rf) of the suspension and non-settleable fraction against
permeate flux (J) for the different photoperiods: a) 0/24 h; b) 12/12 h; c) 16/8 h and d) 24/0 h. Threshold fluxes (Jth) are determined at each condition.
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threshold flux ( Jth) that separates low and high fouling
regions can be identified.64 A reference value for the fouling
rate of 0.2 mbar min−1 was assumed which is within the
typical range (0.1–1 mbar min−1) reported for reversible
fouling rates occurring in full-scale MBRs.33 Results did not
show a linear correlation between the photoperiod and Jth,
which varied within the range of 8–18 L h−1 m−2. Such
variation can be explained by the different suspension
characteristics. Many previous studies have emphasized the
importance of biomass concentration, supernatant
biopolymers content and floc size distribution on fouling
propensity in MPBRs.30,35–37,65 Consistently, the lower Jth
obtained for the control condition (0/24 h) may be attributed
to significant BPC accumulation (Fig. 2d). Under lighting
conditions, due to lower BPC content, the non-settleable
fraction showed a low fouling propensity in all cases
(Fig. 4b–d). Therefore, differences in Jth may be related to the
variations in settleable solid concentration and size. In the
case of the suspension at 12/12 h photoperiod, due to its
lower biomass concentration, the contribution of settleable
solids was negligible and the rf curve was similar to that
obtained for the non-settleable fraction (Fig. 4b).
Consequently, the highest Jth was attained. This can be
explained by the effect of shear conditions associated with
air scouring in preventing solids deposition onto the
membrane.66 However, this efficiency declines with

increasing solids concentration, resulting in cake layer
development.63 This may explain the relevant contribution of
settleable solids at fluxes above the Jth and photoperiods of
16/8 and 24/0 h. The increasing trend of fouling rates with
the permeate flux also supports the cake development
mechanism.67 Therefore, due to the similar biomass
concentrations of the 16/8 and 24/0 h photoperiods, lower
fouling rates at the former were consistent with the higher
mean floc size. In accordance with previous studies,31,39

these results suggest that although there is a positive effect
of microalgae growth in the mixed culture bioflocculation
(BPC decrease and floc size increase), an excessive
microalgae/bacteria proportion led to a floc size decrease and
higher fouling propensity.

3.3.2. Long-term fouling evolution. To assess residual
fouling evolution, long-term tests were conducted under
temporized filtration/backwashing cycles (Fig. 5). As
previously reported, the residual fouling was characterized by
the transmembrane pressure after each backwashing.43 A
permeate flux of 10 L h−1 m−2 was selected, which according
to previously determined threshold values, appeared
reasonable to achieve long-term sustainable conditions.64

This value was comparable with those typically reported in
MPBR studies, generally in the range 1.5–17 L h−1 m−2.31,35,39

Throughout the assays, TMPi increases as a consequence
of residual fouling, regardless of the low permeate flux

Fig. 5 Fouling evolution during long-term tests. Initial transmembrane pressure (TMPi), reversible fouling rate (rf) and BPC for the different
photoperiods: a) 0/24 h; b) 12/12 h; c) 16/8 h and d) 24/0 h.
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applied (below the threshold one for 12/12, 16/8 and 24/0 h
photoperiods). As expected, the high fouling rates obtained
for the control condition (0.6–4.8 mbar min−1) led to rapid
residual fouling development (Fig. 4a). However, values
higher than 4.3 kPa were not reached, observing some
fluctuations that seem to correspond to variations in BPC
over experimentation time. This reflects an effective control
of residual fouling due to the physical cleaning applied. By
contrast, under lighting conditions, TMPi tended to increase
continuously at a low rate (0.9 × 10−3–2.2 × 10−3 kPa h−1,
equivalent to 1.5 × 10−4–3.7 × 10−4 mbar min−1), consistent
with the very low fouling rates observed (0.1–0.3 mbar min−1)
and BPC content. Optimal performance was achieved at 16/8
h photoperiod, corresponding to the minimal BPC
accumulation. Again, results suggest that excessive light
irradiation may negatively affect filtration performance.

In addition, membrane recovery by physical and cleaning
methods was analysed. Most residual fouling was removed by
physical means (rinsing with tap water), revealing external
biocake development (Fig. 6a). This was supported by images
of the membrane (Fig. 6b–e), in which significant differences
in biocake morphology were observed. A dense and compact
layer was found for the control condition (Fig. 6b) in contrast
to the porous and heterogeneous biocake formed under
lighting conditions (Fig. 6c–e). As reported in previous
studies, slight biocake formation is inevitable regardless of
the physical cleaning (i.e. air scouring and backwashing)
applied.31,32 Nevertheless, the results obtained in this study
showed a less attached and non-homogeneous biocake layer
for the MPBR under lighting conditions, probably due to low
BPC accumulation in the supernatant at the tested
conditions. Generally, it is reported that biofouling
development begins after the formation of an organic
conditioning layer on the support.68 This is corroborated by

the hydraulic resistances obtained after rising, which
declined when cleaning with an oxidant (Fig. 6a). Also, this
organic film was clearly observed in membrane images (-
Fig. 6f–i), which disappeared after cleaning (Fig. 6j–m). In
addition, some level of inorganic fouling was obtained, but
the membrane was completely recovered by the acid cleaning
(Fig. 6a).

4. Conclusions

This study has demonstrated the significant effect of
photoperiod on the performance of a microalgal-bacterial
membrane photobioreactor (MPBR) treating real secondary
wastewater effluent. Under the long SRT applied (80 d),
biomass productivity and nutrient removal increased with
the length of the light period up to a saturation point at 16/8
h (light/dark), above which the effect became insignificant.
Subsequently, increasing illumination above saturation
deteriorated bioflocculation, decreasing particle size and
increasing biopolymer cluster content. This negatively
impacted membrane performance by decreasing the
sustainable (i.e., threshold) permeate flux and enhancing
biocake layer growth during long-term operation.

Development of MPBR technology requires appropriate
values of operating parameters, which can maximize biomass
productivity and nutrient removal without worsening
membrane performance. This work has revealed that the
photoperiod is a crucial parameter to be considered.
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