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A B S T R A C T

Gravity-driven membrane bioreactors (GD-MBR) have been proposed as a sustainable water treatment due to the
low energy requirements in terms of operation. The objective of this study is to investigate the effect of differ-
ent physical cleaning strategies on the membrane performance in a gravity-driven membrane bioreactor treating
primary wastewater. The Optical Coherence Tomography (OCT) allowed evaluating the impact of the physical
cleaning on the biomass developed on the membrane surface. Applying relaxation did not enhance the mem-
brane performance, however, it led to an increase in thickness and a decrease in the biomass specific hydraulic
resistance. Using air scouring under continuous filtration increased the biomass specific hydraulic resistance by
compressing the biomass (~50% decrease in thickness). When air scouring was applied at the end of a relaxation
cycle, a higher biomass removal and a significant increase in flux (250%) were observed. Biopolymers were found
to constitute 55% of the fouling layer. This study highlighted the suitability of an in-situ monitoring approach as
a key tool to evaluate the impact of different physical cleaning strategies on the biomass removal in membrane
filtration process.

1. Introduction

In the last century, the global demand for fresh water has steadily
increased due to population growth and increase in economic activities.
In the last 4-5 decades, the use of membrane processes has been con-
sidered a reliable solution to enhance the purification of water, partic-
ularly from non-conventional sources. Gravity-driven membrane (GDM)
processes have recently been proposed as a sustainable alternative for
water treatment due to the low energy requirements in terms of filtra-
tion operation [1]. Initially, the technology was proposed for household
drinking water treatment [2]. Subsequently, GDM systems have been
adapted and used for the treatment of different types of water such as
rainwater [3], diluted wastewater [4,5], for greywater treatment [6]
and as pretreatment for seawater RO desalination [7–9]. Regardless of
the type of water treated, the GDM systems have been operated with
different types of membranes and process configurations. Both external
and submerged configurations have been investigated, using either hol-
low fiber membrane (HF) or flat sheet membrane (FS) modules, made
with both microfiltration (MF) membranes (i.e. pore size in the range
of 0.1–10 μm) and ultrafiltration (UF) membranes (i.e. pore size in the
range of 5–100 nm) [1].

The performance of a GDM system is characterized by achieving a
low and constant membrane flux which is maintained over a long-term
filtration operation without the use of any membrane cleaning. A mem-
brane flux in the range of 3–5 LMH was achieved by treating a feed
water with 3–8 mg/L of DOC [10]. In spite of low membrane flux, the
GDM systems present low operating energy and higher sustainability.
The process is considered suitable for decentralized systems due to the
easier operation compared to conventional MBR. Reports in the litera-
ture show that the permeate flux tends to stabilize over time, reaching
a stable flux after 2 or 3 weeks of operation [7,11]. GD-MBRs combine
membrane filtration with biological processes, where the flux stabiliza-
tion is linked to the development of biomass on the membrane surface
[12]. During the filtration process, microorganisms, inorganic, and or-
ganic material accumulate on the membrane surface, leading to an in-
crease in hydraulic resistance [1].

The morphology of the cake layer deposited on the membrane is
predominantly biomass and has been characterized by means of differ-
ent techniques. Confocal laser scanning microscopy (CLSM) has been
widely used to investigate the structure and biofilm composition by
staining the samples with fluorescent dyes [13,14]. Recently, Optical
Coherence Tomography (OCT), has been employed in GDM processes
to in-situ and non-invasively monitor the biofilm structure during con
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tinuous operation. Through the use of backscattering light, the OCT
allows acquiring cross-sectional scans of the membrane. OCT enables
studying the development of the fouling layer on the membrane surface
non-invasively without the use of any contrast agents. Image analysis of
the acquired OCT scans is then performed to assess the evolution of the
fouling layer morphology over time [15].

The structure and amount of biomass deposited on the membrane
surface in GDM systems are linked to different process parameters. In
particular, the feed water quality (Table S1) has a direct impact on the
biomass structure and therefore on the membrane performance [1]. An
increase of organic content in the feed water results in a lower stable
flux at steady state [4]. Peter-Varbanets et al. [16] studied the effect of
dissolved oxygen (DO) in a GDM system, and observed that DO-limiting
conditions led to a compact biomass morphology with high hydraulic re-
sistance. Low DO conditions also influenced the biological activity and
therefore the biofilm layer morphology. The biological activity in GDM
systems can also be influenced by other parameters including feed water
temperature [7]. Recently, the integration of GDM with other processes
has been proposed as a method to enhance the membrane performance
and permeate water quality. Ding et al., evaluated the use of granular
activated carbon (GAC) or sand layer in a GD-MBR [3]. An increase in
removal efficiency and decrease in flux observed were related to the for-
mation of a denser bio-fouling layer.

In the case of submerged reactors (i.e. MBR), membrane performance
is usually improved by using fouling mitigation strategies for fouling
control. The physical cleaning consists of different strategies, such as
relaxation, backwash, and air scouring. Relaxation improves the mem-
brane productivity by inducing a detachment of the fouling layer formed
on the membrane surface [17]. Backwashing consists of applying a
backflow through the membrane, resulting in a temporarily and par-
tially removal of the fouling layer deposited on the membrane [18,19].
Air scouring is used to remove a fouling layer formed on the membrane
surface through generating local shear forces as the bubbles pass near
the surface, and is applied both continuously and intermittently [20].
Recently, Lee et al. [21] evaluated the effect of intermittent aeration in
a GD-MBR with biocarriers for wastewater reclamation.

The aim of this study is to investigate the effect of different physical
cleaning strategies in a gravity-driven membrane bioreactor (GD-MBR)
treating real wastewater. Relaxation and air scouring were introduced
in the membrane reactor and operated for 23 days without any clean-
ing. Membrane performance (i.e. flux) and the permeate quality were
measured at regular intervals to evaluate the impact of the fouling mit-
igation technique applied on the GDM process. OCT imaging was used
to evaluate in-situ and in real-time the effect of each fouling mitiga

tion strategy on the evolution of the biomass morphology formed on the
membrane surface during the period of operation.

2. Materials and methods

2.1. Gravity-driven membrane bioreactor (GD-MBR) setup

The submerged membrane reactors employed in this study consisted
of a 70 cm high rectangular tank with a submerged FS ultrafiltration
(UF) membrane module. The UF membrane (manufactured by Mem-
Sis Turkey) was made from polysulfone (PS), with 20 KDa molecular
weight cut-off (MWCO), having a membrane area of 0.0468 m2 (30 cm
height and 15.6 cm width). The water head of 25 cm above the mem-
brane was kept constant by using a level regulator. Considering the gra-
dient along the length of the submerged module (30 cm height), the hy-
draulic pressure was calculated in the middle point of the membrane
(25 cm + 15 cm = 40 cm). Hence the average hydraulic pressure was
40 mbar (i.e. corresponding to water head of 40 cm above the center of
the membrane module). The reactor was operated under ambient condi-
tions at a room temperature of 22 °C. The experimental configuration is
shown in Fig. 1.

Primary effluent wastewater (WW) collected from the equalization
tank of the wastewater treatment plant (WWTP) at KAUST - King Ab-
dullah University of Science and Technology, Thuwal, Saudi Arabia, was
used as feed (Table S1). The weight of the collected permeate was mon-
itored every day to estimate the average daily volume collected and to
calculate the average daily flux during filtration. Solenoid valves were
employed to control the relaxation and the air scouring. The valves were
connect to a National Instruments (NI) data acquisition system and con-
trolled by using LabVIEW software.

The GD-MBR system was operated for 59 days, the different physical
cleaning strategies applied are reported in Table 1 and Fig. 1. In phase
I (1–21 days) the GD-MBR was operated without applying any cleaning
strategy. In phase II (21–35 days), a daily relaxation cycle of 6 h relax-
ation every 18 h was applied. In phase III (35–43 days), the relaxation
frequency was increased with cycles of 15 min relaxation every 45 min
filtration (maintaining the same daily overall filtration time). In phase
IV (43–51 days), intermittent air scouring of 5 min every 25 min with
an airflow intensity of 8 L/min was introduced during continuous filtra-
tion [22]. In phase V (51–59 days), a combined physical cleaning strat-
egy was introduced every 30 min of filtration, consisting of 25 min re-
laxation and the last 5 min of relaxation combined with air scouring.

Water samples were collected periodically from the feed tank and
the permeate. The dissolved organic carbon (DOC) was measured af

Fig. 1. Schematic of submerged gravity-driven membrane bioreactor and the physical cleaning configurations employed in the five phases. The GD-MBR was employed to treat a primary
effluent, with an Optical Coherence Tomography (OCT) probe to monitor the evolution of the fouling layer in-situ during continuous operation.
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Table 1
Operating conditions of the GD-MBR reactor.

Phase (I) Phase (II) Phase (III) Phase (IV) Phase (V)

Air frequency – – – 5 min ON 5 min ON
– – – 25 min OFF 55 min OFF

Daily aeration – – – 4 h 2 h
Air intensity – – – 8 L/min 8 L/min
SADm – – – 10 m 3/m 2h 10 m 3/m 2h
Relaxation frequency – 6 h ON 15 min ON – 30 min ON

– 18 h OFF 45 min OFF – 30 min OFF
Daily filtration 24 h (100%) 18 h (75%) 18 h (75%) 24 h (100%) 12 h (50%)
Daily average permeate 0.90 aL 0.67 L 0.67 L 1.07 L 1.46 L
DO <0.5 mg/L <0.5 mg/L <0.5 mg/L 5.5–6 mg/L 5.5–6 mg/L
HRT
Days

90–205 h
0–21

350–360 h
21–35

370–380 h
35–43

240–250 h
43–51

150–160 h
51–59

a Calculated after the achievement of a stable flux.

ter filtering the sample through a 0.45 μm filter (Millipore, USA) with
a TOC analyzer (TOC-V-CSH, Shimadzu, Japan), using the Non-purge-
able organic carbon (NPOC) method. The DO was monitored using a
bench-meter (WTW Multi 9430).

2.2. Biomass morphology monitoring

The morphology of the cake layer formed was monitored daily us-
ing a spectral-domain OCT system (GANYMEDE, Thorlabs), with a cen-
tral wavelength of 930 nm and a 5X telecentric scan lens (LSM 03BB).
The OCT probe was mounted on a motorized frame in order to control
the imaging in a system of coordinates [11]. The 2D OCT scans were
acquired with a size of 1750 x 652 pixel, corresponding to 4.00 mm
(width) x 1.35 mm (depth). The 3D OCT scans were acquired with a size
of 666 x 666 x 900 pixels, corresponding to 4.0 mm (width) x 4.00 mm
(length) x 1.80 mm (depth). At the end of Phase I, IV and V, the bio-
mass was scanned in five different positions across the membrane height
spaced 5 cm to each other. The cake layer morphology analysis was per-
formed following the procedure reported in a previous study [5]. The
biomass thickness was calculated by using a customized MATLAB code
[23,24]. A color lookup table was applied in FiJi Software to the OCT
2D scans for visualization purposes. The visualization of the 3D OCT
dataset was performed using Avizo.

2.3. Hydraulic resistance model

In this study, the hydraulic resistance was derived from permeate
flux and transmembrane pressure (bar). The permeate flux was calcu-
lated using the following equation:

(1)

Where is the permeate flux (L.m-2.h-1), is the change time (h), A
is the specific membrane filtration area (m2) and is the permeate
volume (L) collected during . The total hydraulic resistance was cal-
culated by using the following equation:

(2)

Where is total hydraulic resistance (1/m), ΔP is the transmem-
brane pressure (TMP), is the viscosity of water (Pa s) at tempera-
ture T (°C). applied in this analysis was normalized to be the mini-
mum driving force and expressed as the hydraulic head, corresponding
to the water level above the middle point of the membrane module (i.e.
40 mbar). was kept constant during the whole period of operation.
The fouling layer resistance was calculated by Eq. (3), using the hy

draulic resistance in series model:
(3)

is the membrane hydraulic resistance (1/m), determined from the
clean water flux by filtration of Milli-Q water with a clean membrane.
In our case the resistance of the cake correspond to the biomass devel-
oped on the membrane surface, hence = [25]. The biomass hy-
draulic resistance ( ) is expressed as the product of the biomass thick-
ness ( ), its density ( ) and its specific resistance ( ) [26]. was
calculated through the OCT scans [27].

(4)
The biomass specific hydraulic resistance ( ) was introduced and

defined as the division of the biomass hydraulic resistance ( ) by the
biomass thickness ( ).

(5)

2.4. Fouling analysis

At the end of the 59 d operation, a destructive autopsy analysis was
conducted after removing the module from the reactor. Fifteen mem-
brane coupons (each 2 × 2 cm) were collected from the fouled mod-
ule according to a predefined a grid drawn before operation started.
The coupons sampled from the flat sheet membrane were inserted in
15 capped tubes containing 40 mL of autoclaved 1x phosphate-buffered
saline [28,29]. The tubes were then inserted in an ultrasonic bath, with
three cycles of 5 min of sonication followed by 10 s of vortex mixing.
Characterization of the supernatants were conducted by analyzing the
organic matter and measuring ATP.

The organic matter characterization was carried out by using liq-
uid chromatography with organic carbon detection (LC-OCD, DOC-La-
bor, Germany). The main fractions identified by the LC-OCD technique
are biopolymers (BP), humic substances (HS), building blocks (BB), low
molecular weight (LMW) acids and neutrals. In the LC-OCD measure-
ment, samples are supplied by a mobile phase at a flow rate of 1.5 mL/
min to the chromatographic column [30]. A dual column was used with
2000 μL injection volume and 180 min retention time.

ATP was measured using an ATP Analyzer (Celsis, USA), which ap-
plies the luciferin-luciferase bioluminescence reaction method. By fil-
tering the sample with a 0.22 μm filter, the total ATP can be divided
into intracellular (or microbial) and extracellular ATP. The intracellular
(or microbial) ATP was calculated from the difference between the total
ATP and extracellular ATP (i.e. filtered sample) [28].
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3. Result and discussion

3.1. GD-MBR treating primary wastewater effluent

In this study, the gravity-driven membrane bioreactor (GD-MBR) was
fed with raw wastewater and operated continuously. Operating condi-
tions consisted of five phases, corresponding to the five different phys-
ical cleaning strategies employed (Table 1 and Fig. 1). Phase I corre-
sponded to the first 21 days of operation where no physical cleaning was
employed and continuous filtration performed. The membrane perfor-
mance during this initial phase is shown in Fig. 2. Two different trends
were identified, a rapid decrease in flux (from 7.00 -1.20 L.m-2.h-1) was
observed in the first 5 d of operation, followed by a slow decrease to a
more stable flux (0.80 L.m-2.h-1) in the remaining period (5–21 days).

The flux behavior observed in the first 21 days followed the charac-
teristic trend previously reported for GDM processes [11,12]. However,
the initial decay observed in this study was faster and the value of the
stable flux was slightly lower compared to other studies. A stable flux of
around 1.00 L.m-2.h-1 was observed after 7 days of operation. The stable
flux in a GDM process is governed by different factors such as biomass
deposition, cake layer properties, membrane pore size, water head (i.e.
pressure), and feed water quality. In this study, a UF membrane (20 KDa
MWCO, Polysulfone) operating with a minimum pressure of 25 cm wa-
ter head above the membrane module was tested to treat a primary
wastewater effluent. The wastewater employed in this study was char-
acterized by 150 ± 40 mg/L COD, 28 ± 10 NTU and 66 ± 20 mg/L of
SS (Table S1). The reactor was operated under very low-DO conditions
and with relatively high HRT. In the initial phase of operation without
cleaning the low value of the stable flux was mainly due to the high or-
ganic content of the feed treated by the GDM bioreactor.

Reports in the literature show that the stable flux in GDM processes
decreases with increasing organic concentrations in the feed. Wang et
al. [4], by using the same membrane pore size and a similar setup, ob-
served a flux decrease from 4.00 L.m-2.h-1 to 2.00 L.m-2.h-1, while in-
creasing the COD concentration of secondary wastewater effluent from
7.5 mg/L to 15 mg/L. Peter-Varbanets et al. [12] observed a stable flux
of 4.00 L.m-2.h-1 treating diluted wastewater with a TOC of 12.5 mg/
L. Recently, S. Lee et al. [21] achieved a stable flux of 0.90 L.m-2.h-1

treating wastewater with an organic concentration of 16–68 mg DOC/

L with a hydrostatic pressure of 30 mbar using a PVDF membrane with
a MWCO of 30 kDa.

As shown by the OCT scans, the morphology of the biomass obtained
in this study using real wastewater was similar to the one observed in
previous GDM studies, with the presence of a looser top layer [11]. The
amount of biomass deposited on the membrane increased significantly
in the first days of operation (up to 50 μm) and then slowly increased
until the end of phase I (21 days) (Fig. 3). In this period, without any
cleaning strategy, a decrease of the biomass roughness was observed as
the cake layer thickness increased, indicating the development of a more
homogeneous and compact biomass structure [23].

3.2. Introduction of physical cleaning strategies

3.2.1. Long relaxation (phase II)
After phase I (21 days), four phases with different physical cleaning

strategies were investigated. The first cleaning strategy was introduced
without any action being taken on the membrane, where a 130 μm thick
biomass was already formed (Fig. 3). The first cleaning cycle consisted
of using a long relaxation period (Table 1). This fouling mitigation
strategy involved a negligible consumption of energy since it consists
only in the temporary interruption of the flux [18]. In the first three
phases the overall energy consumption was related to the feed pump
consumption and corresponded to 0.005 kWh/m3. In this phase a long
relaxation period with 6 h of relaxation every 18 h of filtration was cho-
sen in order to study the biomass behavior during the absence of perme-
ation in detail.

During this phase, no increase in performance was observed with re-
spect to phase I, maintaining a steady flux of around 0.80 L.m-2.h-1 (Fig.
4).

In fact, the biomass structure remained similar to phase I during
the initial part of phase II, with an increase in thickness and decrease
in roughness observed towards the end of phase II (Fig. 3). The first
change in cake layer morphology was noticed in the OCT scans after 29
days, with the presence of a lower layer deposited on the membrane sur-
face (Fig. 5). This layer was directly deposited on the membrane sur-
face and appeared to have a mushroom-like structure, characteristic of
biofilm development observed in other membrane systems [31].

A time-resolved analysis was therefore performed to have a better
understanding of the mechanism and effect of relaxation on the bio-
mass. The non-invasive monitoring by OCT allowed visualizing the bio

Fig. 2. Phase I: Flux decline from day 1–21, with images of biomass formed on d 6, 16, and 21.
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Fig. 3. Biomass descriptors during the 5 phases of operation: (a) thickness, (b) relative roughness, (c) hydraulic biomass resistance, (d) biomass specific hydraulic resistance.
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Fig. 4. Flux development over time, divided into five phases according to the fouling strategy employed.

Fig. 5. Biomass morphology observed on the membrane surface during phases II and III, using relaxation/filtration with different frequencies.

mass response during a relaxation cycle. When permeation was inter-
rupted (i.e. relaxation), the biomass expanded, loosening its structure
and increasing in overall thickness up to 390 μm. Restarting filtration
compressed the fouling layer again, returning the thickness to the ini-
tial value of 170 μm (Fig. 6). In addition to the compression and de-
compression of the main layer, OCT images revealed a similar and more
enhanced behavior for the upper cloudy looser layer. The time-resolved
analysis demonstrated a plastic behavior of the biomass, decompressing
and compressing as a function of permeation. The same behavior and
trend were observed throughout the operation of phase II.

3.2.2. Relaxation (phase III)
In phase III the frequency of the cycles was reduced, applying a re-

laxation period of 15 min after 45 min of filtration. Phase II and III,
although presenting different frequencies, accounted for the same ON/
OFF times when normalized to a daily operation, where the filtration
was performed for 75% of daily time (Table 1). Therefore, phased
III consisted in a higher frequency and shorter relaxation time. In this
phase, the same steady membrane performance was registered, with no
increase with respect to phase I.

After introducing a much higher relaxation/filtration frequency in
phase III, the biomass thickness increased to 230 μm (day 36) and re-
mained somewhat constant during phase III (Fig. 3). Fig. 7 illustrates
the typical biomass morphology during filtration observed under the dif-
ferent mitigation strategies applied using 3D OCT rendered images. As
reported in the literature, the 3D visualization is a better representa

tive of the biomass formed in the system [23,32]. As shown in Fig. 7,
despite the higher roughness, the biomass presented a heterogenous spa-
tial distribution with a specific pattern. In fact, as highlighted the up-
per view of the 3D morphology (Fig. 8), the biomass peaks had the
same height and were spaced approximatively 700 μm from each other.
A closer look suggested these peaks were embedded in a looser, cloudy
layer with a filamentous structure characteristic of the EPS matrix (Fig.
8). It's worth mentioning that this matrix was visualized in 2D OCT
scans as an ensemble of dots and was usually defined as a looser layer.
Formation of the peaks on the upper part of the layer occurred during
higher cycle frequencies with shorter relaxation time, however, it was
unclear what aspects triggered this behavior. Despite the change in mor-
phology and thickness compared to phase I, the two relaxation condi-
tions tested during phases II and III showed a similar performance (i.e.
flux, Fig. 4) and only small variation in hydraulic resistance by the bio-
mass (Fig. 3c).

3.2.3. Air scouring
The relaxation phases were followed by applying air scouring in

the GD-MBR system. Phase IV consisted of a scouring cycle with an
aeration intensity of 8 L/min for 5 min after 25 min of filtration. In
this phase, the permeate production was not interrupted during the air
scouring cycle, where the filtration was performed to the 100% of the
total time. After one day of operation using this approach, the bio-
mass thickness decreased by 57%, from 240 μm to 137 μm (Fig. 3).
When introducing air scouring the thickness of the fouling layer was re

6
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Fig. 6. Biomass behavior during a cycle of 6 h relaxation and 18 h filtration (Phase II), showing an increase in biomass thickness from decompression during relaxation and compression
when filtration restarted.

Fig. 7. 3D visualization of OCT scans, illustrating the biomass morphology developed un-
der operation with different fouling mitigation strategies.

duced significantly and the biomass appeared denser and more compact
with time (Fig. 9).

A slight change in membrane performance was observed during this
phase. From day 43–47 a constant flux of 0.80 L.m-2.h-1 was observed,
followed by a 25% increase in flux from 0.80 L.m-2.h-1 to 1.10 L.m-2.h-1

on day 48, after which the flux remained relatively constant until the
end of this phase. Air scouring introduced in phase IV resulted in a
thinner, more compact and homogeneous structure, and increased hy

Fig. 8. 3D Biomass volume rendering during phase III (15 min relaxation after 45 min fil-
tration), showing an irregular morphology.

draulic resistance. This observation was in agreement with reports in
the literature [21,33,34] where air scouring was not always beneficial
on the membrane filtration performances due to formation of a thin,
dense and less porous fouling layer. With increasing shear forces in

7
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Fig. 9. Biomass morphology developed on the membrane surface during phase IV, when air scouring was employed under continuous filtration, and during phase V, when air scouring
was applied at the end of the relaxation cycle.

duced by air scouring studies have shown that biofilms produce more
EPS to adhere to the surface and become thinner and denser. It was
noted that during this phase an increase of specific hydraulic resistance
was observed (Fig. 3d). Indeed, by normalizing the hydraulic resistance
for the thickness it was possible to assess a change in biomass propri-
eties with respect to phase II and III, where the biomass in phase IV
provided more resistance to the overall filtration. Air scouring reduced
the biomass thickness to a similar value (132 μm) and specific hydraulic
resistance as observed at the end of phase I and resulting in a similar
flux (Fig. 3d). A further reduction on day 48 increased the flux and thus
the overall resistance of the biomass layer. The results in this study indi-
cated that the flux can be linked to the biomass morphology and propri-
eties in low-pressure GD-MBR systems.

3.2.4. Combined application of relaxation and air scouring
Relaxation and air scouring were applied together in phase V and

operated from day 50–59. The combined strategy consisted of applying
air scouring in the last 5 min of a 30 min relaxation cycle (Table 1).
The overall air scouring duration in this period was reduced by 50%
compared to the previous phase (IV). After one day of this combined
strategy, the flux rapidly increased to 2.60 L.m-2.h-1. This represented
a 240% increase with respect to phase IV. The combined use of relax-
ation and air scouring showed a higher biomass removal compared to
applying air scouring alone (Fig. 3), resulting in a significant reduction
in biomass thickness of around 30 μm. The biomass roughness also in-
creased which has previously been demonstrated to have a positive ef-
fect on membrane performance [24].

The combined action of air scouring at the end of a relaxation cy-
cle was chosen based on the behavior of the biomass observed during
relaxation (phases II and III). Air scouring was applied at the end of a
relaxation cycle which corresponds to the expanded (i.e. highest thick-
ness) biomass during the relaxation cycle (Fig. 6). The air scouring was
assumed to be more efficient towards the end of a relaxation period as
the biomass loosened and expanded in the absence of permeation. In this
study, the air scouring intensity was kept the same as in phase IV but
reduced from 10 to 5 min every hour. A significant removal of the bio-
mass deposited on the membrane surface was observed, corresponding
to a decrease in thickness from 108 μm to 30 μm. In this phase, as shown
in Fig. 3, the biomass presented a similar specific hydraulic resistance
compared to phase IV. The comparable specific resistance observed in
phase IV and V was due to the use of aeration that led to a change in the
biomass proprieties with respect to the previous phases.

The increase in flux in this phase was linked to the decrease in
thickness and the removal of biomass from some areas. Therefore, the
240% increase in flux achieved by the combined strategy represented
a significant improvement in membrane performance compared to

the fouling mitigation strategies employed in the other four phases. It
is worth to mention that the flux enhancement with respect to phase IV
was not associated to the amount of energy employed for fouling con-
trol. In fact, the daily aeration time in phase V was reduced by 50%
with respect to phase IV, decreasing drastically the aeration energy con-
sumption. The approach employed in this study allowed improving the
cleaning efficiency and reducing the energy of air scouring by monitor-
ing the biomass behavior during relaxation. Further studies are required
to evaluate the impact of air scouring frequency and intensity on the
process performance. A comprehensive trade-off analysis between the
energy employed and the reactor performance will be necessary to as-
sess the impact of the cleaning strategies on a pilot scale reactor [1,35].
In summary, the combined strategy employed in this study, consisting
in applying the aeration at the end of a relaxation period when the bio-
mass was expanded, resulted in an effective method to mitigate the foul-
ing and to enhance the air scouring effect and overall membrane perfor-
mances.

3.3. Water quality parameters

The feed and permeate water quality were measured throughout the
experimental period to assess the removal efficiency of the GD-MBR
process under the different fouling mitigation strategies investigated.
In MBRs the overall removal efficiency is given by the sum of differ-
ent contributions (i.e. physical separation, biomass activity, HRT, re-
tention time, DO, temperature, etc). Previous GDM studies linked the
removal efficiency to the thickness of the cake layer deposited on the
membrane surface [4]. The DOC (mg/L) and turbidity (NTU) values for
feed and permeate at the end of the respective phases are reported in
Table 2. The feed water was real wastewater collected from the waste-
water treatment plant at KAUST and therefore varied a little during the

Table 2
Permeate and feed characteristics, DOC and Turbidity.

Parameter
Phase a

(I)
Phase
(II) Phase (III)

Phase
(IV)

Phase
(V)

DOC (mg/
L)

Feed 23.4 38.6 28.6 32.8 38.8

Permeate 9.8 11.6 5.6 5.3 4.1
Removal 58% 70% 80% 84% 89%

Turbidity
(NTU)

Feed 17.5 38.0 21.0 37.2 28.9

Permeate 4.3 3.7 2.2 2.4 2.1
Removal 75% 90% 89% 93% 93%

a The removal efficiency was calculated by counting only the last 3 days of Phase I.
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trial period (i.e. 23-39 mg DOC/L, 17.5–38.0 NTU). During phase I with
continuous operation, around 58% removal of DOC and 75% turbidity
was achieved. An increase in removal efficiency was observed with the
introduction of the fouling mitigation strategies. Turbidity removal in-
creased from 75% to approximately 90% with the introduction of the
four physical cleaning strategies. The DOC removal increased from 58%
to around 70, 80, 84 and 90% for the respective phases. Except for phase
II which was similar to phase I, the permeate quality in phases III, IV
and V had a similar quality. The permeate quality in the last phases was
characterized by a DOC concentration of 4.1 ± 0.4 mg/L and a turbidity
of 2.1 ± 0.2 NTU. The highest removal was observed for phase V, with
a DOC removal of 89% and turbidity removal of 93%. Lee et al. [21],
observed a similar increase in permeate quality from a DOC of 9.4 mg/L
to 2.6–4.4 mg/L with the introduction of intermittent air scouring cycles
in a GD-MBR with biocarriers.

The different physical cleaning strategies introduced in the GD-MBR
mode of operation impacted the biological performance and treatment
efficiencies of the GD-MBR process. The cleaning strategies employed
in this study also affected the DO concentration in the reactor and the
HRT (Table 1). Long relaxation cycles (phase II and III) and low mem-
brane fluxes led to an increase in HRT, which affected the organic load-
ing rates, ultimately enhancing the organic removal due to the longer
contact time. Introducing air scouring (phase IV and V) added an ele-
ment of aeration which increased the DO in the reactor. The increase in
DO concentration promoted aerobic biological activity which enhanced
the removal of the biodegradable carbon. Intermittent aeration has pre-
viously been reported as a strategy to enhance carbon removal [21].
However, the positive effect of the aeration in phase IV was offset by

Table 3
Destructive characterization performed by membrane autopsy after 59 days of operation.
Values were normalized for membrane area and volume of biomass deposited on the mem-
brane surface (calculated non-destructively with OCT).

Normalized
For Membrane Area (X/
cm 2)

For Biomass Volume (X/
mm 3)

Total ATP 3063 (pg/cm 2) 785 (pg/mm 3)
Extracellular
ATP

216 (pg/cm 2) 55 (pg/mm 3)

Intracellular ATP 2847 (pg/cm 2) 730 (pg/mm 3)
DOC a 75.1 (μg/cm 2) 19.25 (μg/mm 3)
BP 41.1 (μg/cm 2) 10.53 (μg/mm 3)
BB
LMW-N
LMW-A

15.3 (μg/cm 2)
18.2 (μg/cm 2)
0.5 (μg/cm 2)

3.92 (μg/mm 3)
4.67 (μg/mm 3)
0.13 (μg/mm 3)

a Hydrophilic DOC.

a decrease of the biomass thickness and a decrease in HRT as continuous
permeation was applied in this phase.

3.4. Destructive biomass characterization (membrane autopsy)

A membrane autopsy was conducted at the end of the experimental
trial (day 59) on 15 samples collected from the fouled membrane mod-
ule. Before the autopsy, the membrane was scanned in five positions
along the height of the module (Fig S1). The biomass distribution ob-
served across these five positions presented the same characteristics in
terms of morphology and thickness, surprisingly, no biomass thickness
gradient across the height of the membrane module was observed de-
spite the gradient in driving force. The analytical results of the ex-situ de-
structive autopsy are shown in Table 3 and Fig S1 expressed for mem-
brane area (i) and biomass volume (ii). While expressing the value for
the membrane area represents the common practice, normalizing for the
biomass volume was recently proposed by Fortunato et al. [28]. The ap-
proach integrated the in-situ characterization of the biomass with the de-
structive analysis, where the analytical parameters were divided by the
biomass volume measured with the OCT in the reactor before the au-
topsy. This approach allowed quantifying the biological activity of the
biomass deposited on the membrane surface. In this study, the calcu-
lated biomass values for total and intracellular (microbial) ATP were
785 pg/mm3 and 730 pg/mm3 respectively. In this study, due to the use
of the primary wastewater effluent as feed, the biomass presented an
higher biological activity compared to previous studies [4].

The DOC, normalized for the biomass volume, was found to be
19.25 μg/mm3, which was higher than a value of 4.6 μg/mm3 calculated
in a previous GD-MBR study treating secondary synthetic effluent [28].
The difference in the amount of hydrophilic organic content per mm3

of biomass and its relative abundance was related to the different types
of influents used in the two studies (i.e. primary vs secondary). Fig. 10
shows the relative abundance of the organic fractions of the foulants
in the wastewater and deposited on the membrane. In the deposited
biomass. bio-polymers (BP) constituted 55% of the fouling layer, while
building-blocks (BB) and low molecular weight neutrals (LMW-N) con-
stituted 22 and 21% respectively. The organic distribution in the fouling
layer was only partially linked to the organic composition of the feed
employed in the study. In fact, while the ratio of BB and LMW-N were
similar, a significant increase in the relative composition of BP in the
deposited biomass was observed. The BPs constituted only around 20%
of the total organic compounds in the wastewater, indicating that BP
accumulated over time on the membrane surface. These results were in
agreement with previous studies where the BPs were linked to an in-
crease in fouling and reduction of flux rates in low-pressure membrane
processes [36].

Fig. 10. The relative abundance of the hydrophilic organic fraction in wastewater and biomass deposited on the membrane.
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4. Conclusion

In this study, a gravity-driven membrane bioreactor was tested for
the treatment of primary wastewater effluent. The effect of relaxation
and air scouring on the biomass developed on the membrane surface
was assessed. Based on the results observed, the following conclusions
can be made:

• OCT allowed visualizing and evaluating the impact of the physi-
cal cleaning on the biomass morphology and biomass proprieties in
real-time.

• Relaxation did not improve the membrane performance but led to a
significant change in biomass morphology and biomass proprieties,
impacting: thickness, roughness, spatial distribution and biomass spe-
cific hydraulic resistance.

• The biomass showed an elastic behavior during relaxation cycles, ex-
panding its volume (i.e. 230% increase in thickness) with the ab-
sence of permeation, then becoming compressed again when filtration
restarted.

• The use of air scouring at the end of a relaxation cycle, when the bio-
mass was expanded, led to a higher biomass removal from the mem-
brane surface with a significative increase in performance (i.e. 250%
increase in flux).

• Air scouring under continuous filtration did not enhance the perfor-
mance, the decrease in biomass thickness (~50%) was offset by an
increase in biomass specific hydraulic resistance.

• Over time, the biopolymers accumulated on the membrane surface be-
coming the most abundant organic fraction (55%) in the fouling layer.
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