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ABSTRACT

Membrane systems have become one of the major technologies in water and wastewater treat-
ment processes. In recent decades, membrane processes have made rapid progress owing to their
advantageous properties over conventional systems. However, biofouling restricts their wide-
spread application through irreversible deterioration of their structure, performance, and longevity.
Any effort against biofouling either in the membrane synthesis step or in the process necessitates
a well understanding of the underlying mechanisms causing this issue through employing various
monitoring and diagnosis techniques. This paper mainly reviews the progress in the research and
development of biofouling reduction in membrane processes. It first addresses the underlying bio-
fouling mechanisms. Then, a critical overview of the state-of-the-art approaches in the membrane
biofouling diagnosis and monitoring was provided to discuss the advantages and the limitations
of the current techniques in the lab and large-scale applications. The last section of the review
focuses on the future aspects. This paper could be served as a guide for the new entrants to the
field of biofouling, as well as to the established researchers and academicians.

Keywords: Biofouling identification; Biofouling mechanisms; Biofouling monitoring; Membrane
biofouling
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1. Introduction

Biofouling is one of the major ubiquitous challenges
faced by membranes in water and wastewater treatment
processes. Biofouling is the product of the microorgan-
isms’ adhesion and growth on membranes in the form of
biofilm [1]. Irreversible destruction in membrane struc-
ture and decline in its performance, permeability, and
longevity are the main reasons why biofouling is consid-
ered the main challenge for membranes. Biofilm forma-
tion is induced by microorganism approach and adhesion
on a preconditioned nutrient-rich membrane surface and
continues further by growing and excretion of protein
and polysaccharides rich sticky extracellular polymeric
substances (EPS) [2]. Besides the pretreatment of feed
water, biofouling is stopped either by active suppressing
one of the involved mechanisms through prior modifica-
tion of membranes or early-stage cleaning of membranes
when the microorganisms’ attachment is still reversible.
Employing effective biofouling diagnosis, monitoring, and
characterization techniques and tools are of high impor-
tance for identifying either the involved mechanisms or
the proper time for cleaning membranes. These tools that
are employed currently in lab-scale or large-scale can be
classified into performance monitoring, microscopic,
spectroscopic, and molecular analysis techniques.

There are various reviews of membrane fouling in
the literature [3-8]. While some of them are focused only
on some individual membrane processes like membrane
bioreactor or forward osmosis [9,10], some of them had
presented mixed information from organic and inorganic
foulants that have important differences in their nature
[5,11]. In our previous study [12], we critically discussed
the membrane modification techniques and approaches
against membrane fouling. However, this study opens

up the topic by elucidation of the biofouling mecha-
nisms, thereafter investigates all the available invasive/
non-invasive and in-line/off-line biofouling identification,
monitoring, and characterization techniques.

This review introduces the fundamentals of biofoul-
ing and the latest molecular spectroscopic approaches on
membrane-biofouling characterization with a focus on
state-of-the-art spectroscopic imaging and other techniques.
Besides, future direction for membrane biofouling charac-
terization should focus on online monitoring to improve
anti-biofouling strategy in membrane technologies. The
novelty of this review is to include all membrane processes
with a limited fouling approach as biofouling.

2. Membrane biofouling mechanisms

Biofilm is a community of irreversibly attached and
colonized bacteria on a substrate that is embedded within
a biopolymeric matrix [13]. Bacteria in planktonic state
converts into the sessile state in biofilm through stepwise
stages. The biofouling is governed by the type of micro-
organisms, aquatic media, and membrane surface. The
biofilm development takes place in five stages of the bac-
teria approach, conditioning layer formation, reversible/
irreversible adhesion, growth, and detachment [14] as
illustrated in Fig. 1. Initially, a nutrient-rich precondition-
ing layer is formed on membranes. This layer which con-
tains humic substances, proteins, polysaccharides, and
inorganic compounds provides a suitable substrate for
bacterial growth. In addition, it enhances bacteria’s adhe-
sion by altering surface chemistry, charge, hydrophobic-
ity [15,16]. Adhesion on the surface is the next step that
involves various physicochemical and biological interac-
tions between membrane and bacteria. The hydrodynamic
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Fig. 1. The biofilm growth step is subdivisions into (a) microorganism approach and attachment (b) induction, (c) logarithmic
accumulation, and (d) plateau over time by simultaneous cell growth and death and detachment.
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force from the permeation of water through the membrane
can enhance microorganisms” approach toward membrane
porous structure and surface. However, this accelera-
tion can be counterbalanced by shear forces. The balance
between shear force and water permeation can be altered
by changing the flux recovery rate of membranes. Hence,
optimization of flux recovery rate is considered a crucial
factor for fouling mitigation. The physicochemical inter-
actions between bacteria and the membrane surface can
be described by the long-range attractive van der Waals’
force and short-range repulsive force from the electrical
double-layer according to Derjaguin, Verwey, Landau, and
Overbeek (DVLO) theory. DVLO theory describes the dis-
tance-dependent interaction energy of colloidal particles
with 0.5-2 um in size (analogous to bacteria size) and sur-
face [17]. Adhesion takes place when the total free energy
of the interaction between bacteria and the conditioned
surface of the membrane is negative. The repulsive force
from the electrical double-layer weakens in a medium
with higher ionic strength [18]. Rijnaarts et al. [19] com-
pared the significance of steric forces with DVLO inter-
actions at medium with different ionic concentrations.
They concluded that adhesion in a medium with low ionic
strength is governed mainly by DVLO interaction, while
steric interactions become dominant in a medium with
higher iconic strength. In addition, their finding showed
that attractive van der Waals force differs concerning the
hydrophobicity of the surfaces. Hence, it was inferred that
a new mechanism should be taken into consideration to
explain this. The thermodynamic approach could explain
this new interaction based on the hydrophobicity of
surfaces.

Besides, cell surface structure and appendages have
a determining role in initial attachment on the mem-
brane surface [20-22]. Bacteria appendages and nanow-
ires help the adhesion to be irreversible. Pili and fimbriae
are hair-like bacteria appendages. The attached bacteria
start to grow by binary fission and to excrete extracellu-
lar polymeric substances (EPS) are biopolymers into the
surrounding environment during colonization. EPS con-
stitutes 50% to 90% of the total organic matter in biofilm.
EPS provides a favorable nutrient-rich medium for bacte-
ria in an oligotrophic environment. It allows the bacteria to
live in a stable, dense cell community. The EPS production
makes biofilm irreversible by the cohesion of cells and the
adhesion of cells on the surface. EPS is a mixture of high
molecular weight biopolymers including polysaccharides
(40-95%), proteins (1%—60%), nucleic acids (1%-10%), lip-
ids (1%—40%), and other biological macromolecules [23].
Each of these components has different behavior in bio-
film. Herzberg et al. [24] demonstrated the preferential
adsorption/accumulation of polysaccharides on the P. aeru-
ginosa-originated EPS fouling layer. The adsorption effi-
ciencies were 61.2% and 11.6%-12.4% for polysaccharides
and proteins, respectively, while the protein concentration
was three times higher than polysaccharide concentration
in EPS feed concentration. In addition, they observed more
adsorbed EPS mass due to more polysaccharide adsorption
in the presence of calcium ions. While, in another study,
Leroy et al. [25] determined a high amount of protein
in EPS from Pseudoalteromonas sp. D41 marine bacteria.

The presence of ions in the oligotrophic phase can alter
the rheology and diffusivity of the EPS by binding ions
such as Ca?" and Mg? [26]. The diffusivity of the EPS layer
allows for inter- and intra- gram-negative bacteria infor-
mation transfer by signaling. The signaling in the bacteria
world for communication can be described with a quorum
sensing mechanism. It is critical to their gene expression
and ability to adjust to changing environmental condi-
tions. The biofilm formation can be given as an example
of these abilities and N-acyl-L-homoserine lactone (AHL)
is one type of signaling molecule [27]. The diffusion of
secreted low-molecular-weight AHLs, bacteria in the EPS
layer sense each other and once this signaling passes a spe-
cific threshold, a rise in bacterial population growth and
a biofilm layer generation occurs on the membrane sur-
face [28]. Bacteria populations in biofilm grow by multi-
plication in the logarithmic phase and reach a stable level
through simultaneous growth and liberation/death in the
plateau phase. The occurrence of bacteria liberation may
be due to virulence factors and bacteriophages which
may spread in the media and then locate in another place.
Besides, according to Chen et al. [29], it can also occur due
to bacteria’s competition for the nutrient. According to their
finding, reattachment and domination of a specific bacteria
in the biofilm can take place by better adaptation to the envi-
ronment, nutrient type, and level. The morphology of the
biofilm layer can be influenced by the bacterial movement,
colonization, or environmental factors. Bacteria can move
with the aid of type IV pili over the existing biofilm and
new hat-like colonization forms by the new bacteria [30].
The biofilm layer on the membrane is compressed and gets
thinner but stronger under hydrodynamic shear forces [31].
Poorasgari et al. [32] showed that the compressibility of the
generated cake layer from sludge particles and gel layer
from the soluble microbial products (SMP) are reversible
and they swell back by releasing pressure in a membrane
bioreactor (MBR). They related transmembrane pressure
(TMP)-jump at constant flux MBR process to the gel layer
compression and consequent rise in permeation resistance
over the long term operation. The fluid dynamic and its
turbulence have a considerable impact on the initiation of
the biofouling as well. Feed spacers in cross-flow operation
modes are usually designed to hinder the colonization of
microorganisms through the generation of turbulent flow
[33,34]. Biofouling across different membrane processes
can vary depending on the operational parameters, mem-
brane types, feed solution composition, etc. Chen et al. [35]
investigated the fouling mechanism in a submerged anaer-
obic MBR. The formed cake layer on the membrane was
shown to be EPS rich. They showed that osmotic pressure
generated by the retained ions was one of the major mech-
anisms responsible for the membrane fouling problem in
MBRs. Herzberg and Elimelech [36] investigated biofouling
in RO. They found that bacterial cells in the EPS matrix
enhance concentration polarization near the membrane
surface, which results in biofilm-enhanced osmotic pres-
sure. The increased salt concentration within the deposited
cell layer and the associated increase in osmotic pressure
at the membrane surface resulted in a decline in flux.

The biofouling across the different membrane process
types that operates under pressure resembles in terms of
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mechanisms. However, the biofouling in forward osmo-
sis (FO) and membrane distillations (MD) is considerably
diverse due to their different separation mechanisms.
In the FO membrane process, the driving force is the
osmotic pressure gradient across the membrane and the
water permeates from the feed part toward the extremely
saline draw solution with a higher osmotic pressure [37].
In the MD process, on the other hand, the driving force is
temperature gradient where a highly hydrophobic mem-
brane passes vapors from hot feed solution to the perme-
ated distillate side [38]. The absence of hydraulic pressure
gradient in FO causes the biofilm structure to loosely grow
similar to the biofilms formed on impermeable surfaces
with a thick and mushroom-shaped structure and verti-
cal and horizontal channels [39].

On the other hand, the biofilms on reverse osmo-
sis (RO) or nanofiltration (NF) membranes are severely
compact with collapsed channels due to the exposed
high-pressure gradient across the membrane. Hence,
the decline in water flux is severe in RO due to the high
hydraulic resistance from the compressed biofilm. The
open structure of FO’s biofilms makes nutrients accessi-
ble for biofilm cells. Hence the mass ratio of the grown
cells to the secreted EPS reportedly is higher in FO than
RO [39]. In addition, the attached cells on the FO mem-
brane are subject to high saline stress due to the reverse
diffusion of salts from the draw solution toward the feed
solution [40]. The biofouling in MD is affected by the hot feed
solution, operational mode, and hydrophobic membrane
[41]. Even though the high-temperature feed solution in MD
suppresses bacterial growth, limited bacterial species can
reproduce and contribute to biofouling to some extent.
The excreted amphiphilic EPS from the bacteria can reduce
the hydrophobicity of membranes. This results in parasitic
diffusion of salt ions from the feed stream to the distillate
part. According to Bogler and Bar-Zeev’s [42] findings in
the biofouling analysis of MD against Anoxybacillus sp.,
increasing feed solution temperature from 47°C to 55°C
leads to elevated bacterial growth and biofilm generation

Membrane distillation (MD) biofouling
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by which a sharp decline in distillate water flux occurred.
In addition, even though a further increase of tempera-
ture up to 65°C suppressed bacterial growth, a jump in
EPS secretion led to severe impairment in the separation
performance by wetting the hydrophobic membrane.
It is noteworthy that variation in temperature across the
MD system can result in forming biofilms with different
compositions and volumes (Fig. 2) [42].

Various researchers had focused on understanding
the biofouling mechanisms and anti-biofouling strategies
for long years; however, most of them were accrued out in
lab-scale and this can result in a gap between the scientific
studies and real applications. The pilot-scale studies play
an important at this point. For instance; Miura et al. [43]
successfully demonstrated that the biofilm development
on hollow fiber MF membrane surfaces caused severe irre-
versible fouling during a long-term operation of pilot-scale
MBRs and suggested that a specific phylogenetic group
could be responsible for the development of the mature
biofilms. So, it can be said that focusing on specific bacte-
rial groups rather than the total microbial community will
help the operator to control biofilm formation efficiently.
Xu et al. [44] underlined the same suggestion in their
pilot-scale NF study.

3. Membrane biofouling diagnosis and monitoring

3.1. Methods based system monitoring: Flux, trans-membrane
pressure, and rejection parameters

A decline in permeate flux or TMP-jump in the con-
stant flux process is the sign of the formation of the foul-
ing layer on the membrane [45]. Hence, permeate flux
and TMP are employed as biofouling indicators in lab
and industrial-scale processes, while they lack the ability
of biofouling detection at its early stages. Hence, these
techniques are recommended to be applied as comple-
mentary techniques along with other precise techniques.
Besides, a decline in rejection might be also an indication
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Fig. 2. Illustration of the biofouling mechanism in MD processes [42].
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for biofouling if the polymeric membrane material such
as cellulose acetate is susceptible to “biodeterioration” by
bio-excreted exoenzymes and acids [46,47].

3.2. Microscopic techniques

The visualization in biofilm studies is an indispensable
part of the biofouling study. The most prevalent visualiza-
tion techniques applied for this purpose are light microscopy;
epifluorescence microscopy (EFM); confocal laser scanning
microscopy (CLSM); multiphoton microscopy (MPM); direct
observation (DO) technique; optical coherence tomography
(OCT); scanning electron microscopy (SEM); environmen-
tal scanning electron microscopy (ESEM); scanning probe
microscopy (SPM); near field scanning optical microscopy
(NSOM); atomic force microscopy (AFM). The visualiza-
tion of the biofilm gives useful information about the bio-
film structure, in-line visualization specifically provides the
biovolume (BV) evolution trend and helps to understand
the mechanisms behind this fact. Table 1 presents different
microscopic techniques in membrane biofouling studies and
lists their capabilities and limitations.

3.2.1. Fluorescent microscopy

Fluorescence microscopy uses specific fluorescent
staining for visualization of the target of interest. Various
fluorescent microscopic techniques are available. However,
in this review, only EFM, CLSM, and MPM techniques that
were applied in membrane biofouling were investigated
in detail.

In the EFM technique, light illuminates through an
objective lens on a sample and gets narrower down by fil-
ter to a specific excitation wavelength. The emitted light
passes back through the same objective lens and a barrier
filters out non-fluorescent lights [66]. Fluorescent stain-
ing and EFM have been applied to study the 2D spatial
distribution of bacteria and their bioactivity [67-70]. Even
though EFM cannot measure biomass depth, cryo-section-
ing makes it possible to visualize a cross-section view of
accumulated bacteria in biofilm and to measure its thick-
ness. Khan et al. [70] applied EFM to visualize live/dead
cells on the biofouled RO and NF membranes. They cal-
culated the thickness and the distribution of accumulated
live/dead bacteria across the biofilm by analyzing the cryo-
sections of the stained biofilms. It is hard for EFM to distin-
guish features on the focal point as it suffers from secondary
fluorescent generation through the excited volume [48].
The low resolution of EFM is boosted in visualizing thick
samples (>2 pm) when high-fluorescence is emitted [54].

On the other hand, CLSM is a non-destructive, fluores-
cence-based visualization technique that utilizes ultraviolet
or visible light to eject blue, red, green, etc. fluorescence
[71]. A pinhole is utilized for the elimination of the noisy,
out-of-focus emitted lights differentiating CLSM from EFM.
CLSM acquires 3D images from every point of the interesting
specimen and reconstructs the whole image by an image
processing software. CLSM in biological studies is utilized
to visualize BV and to elucidate biofouling evolution pat-
terns. Polysaccharide, protein, and bacterial DNA can be
labeled by specific fluorescent dyes as shown in Table 2.

A dual staining kit differentiates live and dead bacte-
ria based on the integrity of the bacterial cell membrane.
Live/dead bacteria are stained collectively at first by the
green-fluorescent dye, then a counterstain red-fluorescent
dye is applied to stain dead bacteria selectively.

Biofouling development was investigated in a forward
osmosis membrane bioreactor (FO-MBR) by Yuan et al. [76]
during wastewater treatment. CLSM images of o-D-gluco-
pyranose polysaccharides, B-D-glucopyranose polysaccha-
rides, protein, and total cell were obtained over the 3rd,
8th, and 25th days of operation. The SYTO 63, FITC, Con
A, and CW dyes were used to stain total cells, proteins,
and o and B-D-glucopyranose polysaccharides, respec-
tively. They concluded that the proteins and polysaccha-
rides contributed equally to biofouling in its initial stage,
while protein took the dominant role later. BV showed
an increasing and decreasing trend over the process; this
reduction at later stages was attributed to the cell and EPS
detachment from the biofilm.

The metrics that have been employed to investigate
biofouling by CLSM are BV; BV per membrane surface
area; mean biomass thickness [77-79]. Moreover, further
processing of obtained CLSM images by software such as
Image]J enables us to determine the substratum coverage and
components” horizontal and vertical spreading.

In a recent study [58], the antiadhesive and the anti-
bacterial property of zwitterionic polysulfobetain coated
RO membranes were proven successfully by live/dead
CLSM imaging of membranes at 3rd day and 10th day
of biofouling by marine bacteria. Live/dead nucleic acid
stains of SYTO9 and propidium iodide were applied. To
make images comparable qualitatively, inverted white and
black images were also provided. The ability of 3D visu-
alization of thick biofilm, studying the spatial distribution
of the biofilm population, and inner layer visualization by
cryo-sectioning make this microscopic technique the first
choice for biofilm analysis. However, CLSM should not be
considered as a quantitative technique as not all the EPS
components can be stained. Indeed, gel-like EPS can bind
to 80% to >99% of water; hence, determining its exact vol-
ume is not possible [80]. In the case of live/dead staining,
the aggregates and clumps of cells were referred to as EPS.
On the other hand, some critical factors are influencing
the functionality of fluorescent dye including bleaching
effect, background fluorescent, cross signals of dyes into
their channels [49]. Applying CLSM is not enough to com-
pare the bio-characteristics of membrane fouling quanti-
tatively and it is recommended to be practiced along with
other complementary techniques such as spectroscopic
analysis.

As the final sub-category of fluorescent microscopy,
MPM or non-linear optical imaging technique is similar
to confocal microscopy and is capable of visualizing spec-
imens three-dimensionally. This technique is designed spe-
cifically for deep imaging and for living samples without
damaging the living specimen. Due to the phototoxicity
effect of laser, two long wavelengths of light are illuminated
simultaneously to prevent damage to living cells. By this
method, photobleaching, photothermal, and photochemical
damages are prevented [51,52]. Also, the penetration depth
is increased which makes this method more suitable for
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Table 1
Comparison of the capabilities and limitations of the microscopic techniques for membrane biofouling observation
Technique Capability and advantages Limitations References
EFM - Providing information on the bioactivity - Low resolution: micrometer range [48]
of biofilm - No sample depth measurement
- 2D visualization
CLSM - No prior sample dehydration - Requires fluorescent staining [49]
- 3D visualization - Suffers from fluorescent stain photobleaching
- High resolution - Expensive
MPM - In-line monitoring - Need for stopping filtration operation [50-54]
- 3D visualization - Expensive
- Deep sample imaging
- Low photobleaching
- No damage to living cells
DO - In-line monitoring - Requires a specific membrane cell [55]
- 2D visualization - Impractical at turbid fluid
- Low resolution: 1 um
OCT - Biofilm structure imaging - No information on biofilm composition [56]
- Non-invasive - Low resolution: 1-15 pm
- In-line monitoring - Variation of refractive indices across the z-axis
- Label-free
- 2D and 3D visualization
SEM - Surface and cross-section imaging - Requires prior sample dehydration and coating [57,58]
- 2D visualization - Sample manipulation
- High resolution: 1 nm - Limited to dry samples
ESEM - Surface and cross-section imaging - Lower resolution than SEM [57,59,60]
- No prior sample dehydration and fixation - Sample damage under electron beam
- Imaging under variable pressure without
the need for vacuum
- Easy sample preparation
- Less time-consuming
- 2D visualization
- High resolution: 10-20 nm
NSOM - Combines the topography and optical - Sample damage [61,62]
property - Shallow sample depth analysis
- 3D visualization - Time-consuming
- High resolution: lateral 20 nm, vertical
2-5nm
AFM - Imaging surface topography - Sample artifact by AFM tip [63-65]

- Obtaining foulant-surface interaction profile
- 3D visualization
- High resolution

- Damage from ambient air condition and

dehydration

deep visualization than CLSM due to the shallow piercing
level of the ultraviolet (UV) and visible short wavelengths
[81]. This expensive technique has been used to monitor
organic and microbial membrane fouling [53,82].

Hughes et al. [83] investigated the mechanisms of
bovine serum albumin (BSA) and ovalbumin fouling on
the membrane by comparing MPM results and membrane
resistance against the flow. In another study, Hughes et
al. [53] applied this technique for imaging the fluoro-
phore-labeled yeast fouling of cellulose ester membrane.
The obtained images from the top of the fouling layer with

a sub-micron resolution of 45 pm, enabled a clear under-
standing of the internal structure of the thick cake layer with
better quality than non-fluorescent microscopic techniques
like direct observation through the membrane (DOTM).

Field et al. [84] applied MPM to investigate the Ultrasil
53 cleaning efficiency of BSA and ovalbumin fouled mem-
brane. A decrease in fluorescent intensity on the membrane
after the membrane cleaning revealed the Ultrasil 53’s effi-
ciency in removing protein. The optimal cleaning time was
found to be 5 min. When longer cleaning times are applied,
re-fouling occurs.
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Table 2
Fluorescent dyes and their binding targets

Specificity Binding target Probes References

Live and dead Binds to DNA and RNA SYTO 9, SYTO 63, Acridine orange, SYBR Green I [72]

Dead bacteria Chromosome and nuclear Propidium iodide red-fluorescent [73]

Polysaccharide Binds to a-D-mannosyl and Concanavalin A (ConA), Calcofluor White (CW) [74]
o-D-glucosyl groups

Proteins - Tetramethylrhodamine isothiocyanate (TRITC)-lectin, [75]

Hoechst 2495, SYPRO orange, Fluorescein
isothiocyanate (FITC)

3.2.2. Direct observation technique

Direct observation (DO) technique has been practiced
for in-situ, real-time, non-invasive optical visualization
of particle and bacteria deposition and “cake layer” for-
mation in cross-flow membrane separation [85]. Shear
flow velocity, microbial short-term and long-term biofilm
development, and removal are possible to be investigated
by visualization of the cells [86,87]. This technique can be
divided into two sub-techniques: DOTM and direct visual
observation (DVO).

DOTM was reported for the first time by Li et al. [55]
in 1998. A wet Anopore transparent flat sheet membrane is
used to enable light passage. A camera-coupled microscope
is held onto the permeate side of the membrane to observe
the fouling. The effect of yeast and latex particle size and
cross-flow velocity on the critical flux and particle depo-
sition was visually investigated. Particle deposition was
observed that significantly increased by passing the critical
flux level. Wang et al. [88] were inspired by this technique
and applied it to the study effect of granular activated car-
bon size on the membrane fouling in anaerobic fluidized
MBR. The transparent membrane has limited applicabil-
ity for DOTM. Moreover, the camera is held in the perme-
ate side which limits the image acquisition domain to the
first layer of fouling formed on the membrane surface.

On the other hand, DVO observation is performed
directly from the feed side of the membrane. DVO as DO
has become a unique technique for the validation of bac-
terial deposition model predictions on the membrane.
Modeling results confirmed with DO helps find optimal
flow conditions. Kang et al. [86] applied the DO technique
to observe the stained S. cerevisiae bacteria deposition for
confirming mathematical model results predicting cell
deposition at subcritical flux conditions. The results from
the model which was a combination of classical DVLO the-
ory and interfacial hydrodynamic interactions were consis-
tent with DO findings and negated past studies in which
particle deposition does not occur under “critical flux”.
Later on, similar experiments with S. cerevisiae, P. putida,
and B. subtilis on NF and RO membranes were carried by
Subramani et al. [87] in which higher deposition rates were
correlated with higher membrane resistance, salt rejection,
concentration polarization, membrane hydrophobicity,
higher permeate flux, and membrane surface roughness.

DO was further modified to capture “cake layer”
images on the hollow fiber membrane. Le-Clech et al. [89]

applied ESEM and CLSM with DO to visualize alginate
fouling on the hollow fiber membrane. According to the
study, DO was preferred since it can visualize the “cake
layer” structure as well as CLSM and does not use expen-
sive fluorescent dye. Different researches were carried out
to investigate particle movement near the surface during
fouling and cleaning by measuring cake thickness and
TMP during bentonite fouling and cleaning on the HF
membrane [85,90]. Cake layer evolution was monitored
during alginate/bentonite fouling and cleaning on the HF
membrane by Ye and Le-Clech [91]. Periodic backwashing
with air scouring had a deterministic effect on the cake
layer composition and thickness. Recently, Lorenzen et al.
[92] investigated the polystyrene particle surface charge on
the “cake layer” characteristic during fouling and cleaning
on the HF membrane. Cake layer resistance increased by
increasing particle surface charge.

3.2.3. Optical coherence tomography

Optical coherence tomography (OCT) is a promising,
non-invasive, in-situ, label-free, and real-time technique
used to map fouling layer structure as well as flow profiles
on the membrane. OCT imaging is based on the compari-
son of the echo time delay and intensity of backscattered
light, a reference reflected light via low coherence inter-
ferometry [93]. The echo time delay mechanism of OCT is
similar to the ultrasonic reflectometry (which is going to be
studied in the next parts) while OCT uses a shorter near-
infrared wavelength resulting in higher imaging resolution
[94,95] of 1-15 um [96].

The OCT technique was introduced by Huang et al. [93]
in 1991 for medical visualization. Later on, it was applied
to visualize biofilm structure determination on membrane
three-dimensionally as a method is capable of deep imag-
ing up to several millimeters confirmed in highly scat-
tered tissue. OCT successfully visualized “mushroom” like
microbial aggregates at the bottom section of the biofilm
layer on the membrane surface. OCT has been applied
to analyze the 3D cake layer quantitatively [97], monitor
fouling on the MD [98,99], investigate biofilm structure
on the membrane [100,101], determine the effects of ionic
strength on the E. coli adhesion on PVC surface and bio-
film roughness [102], to understand the role of the eukary-
otic population on biofilm structure and permeate flux
[103,104], to visualize and quantify biofouling in feed
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spacer channel [105-107] and biofilm structure variation
on the membrane after graphene oxide nanoparticle modi-
fication [108].

Biofouling formation, structure, and detachment on the
membrane surface were investigated by Dreszer et al. [109]
using OCT. Mushroom-like structure formation and biofilm
detachment were observed over time. Increasing flux led to
increased hydraulic resistance by compaction. Fortunato et
al. [110] evaluated the suitability of time-laps OCT biofoul-
ing monitoring on the submerged MBR. Results revealed a
linear relation between biofilm and flux, also longer oper-
ation led to the formation of double-layer biofilm. At long-
term filtration, a multilayer biofilm structure resulted.
This technique does not provide information about the
biofilm composition and microbial quantity in EPS, hence
applying OCT along with other techniques is necessary [56].

3.2.4. Scanning electron microscopy and environmental
scanning electron microscopy

Scanning electron microscopy (SEM) has been uti-
lized as a key visual tool to investigate biofilm since the
1980s [111]. This microscopic technique has been so far
applied for the investigation of biofilm structure, the elu-
cidation of the EPS in biofilm [112], the understanding of
initial bacteria adhesion on membrane surface [113-115],
studying of bacteria development stages on the membrane
surface [116], analyzing the antibacterial effect of the sur-
face on the biofilm development over time [117], and the
determination of relative cleaning efficiency of biofouled
membranes [118]. Sample preparation for SEM starts with
fixation, usually by glutaraldehyde as a cross-linker and
followed by dehydration as shown in Fig. 3. Finally, the
sample is coated by platinum, gold, or gold-platinum con-
ductive matter for inhibition of radiation damage and this
coating helps to enhance the contrast for better visualizing.

Saffarimiandoab et al. [58,119] visually analyzed
adhesion and biofilm development of unmodified RO

Fixation
Glutaraldehyde

e,
o

e

membrane and zwitterionic polysulfobetain coated RO
membrane by SEM. Biofouling was carried isolated 5 dif-
ferent real marine biofoulant bacteria. Captured SEM
images of biofouled membranes at 3rd day and 10th-day
biofouling illustrate coatings’ antiadhesive and anti-bio-
fouling effect. A considerable number of adhered bacteria
and further grown clusters of bacteria are evident in the
unmodified membranes. However, a little number of bac-
teria adhered to the modified membrane evidently, and
still bacteria remained individually and separated in a
low amount after 10 d of biofouling.

On the other hand, environmental scanning electron
microscopy (ESEM) is a modified form of the SEM having
operational conditions that allow a sample to be observed
in its natural wet state without requiring preparation and
conductive coating. An electron beam is positioned in a
vacuum, but the specimen chamber is pressurized by gas
from 0.1 to 50 Torr [120]. Usually, water vapor is used as
a specimen chamber gas. The emitted secondary electrons
from the specimen ionize the gas and generate positive
charges which ease the artifacts of the sample by attaching.
Sample collapsing, artifacts from preparation, consumption
of time, and costs of the preparation and coating related to
SEM are eliminated by ESEM. However, the probability of
electron beam damage still exists as in other electron micro-
scopes [60]. ESEM is advantageous in terms of requiring
no need for time-consuming preparations and enabling
imaging without dehydration. Nevertheless, SEM has a
higher resolution of about 1 nm compared to ESEM which
is about 10-20 nm [57]. Moreover, metal staining is reported
to enhance the visualization of ESEM by binding them to
EPS [121,122]. EPS cracking in SEM treatment may result in
images with distinguishable bacteria while preservation of
gel-like EPS in ESEM makes it hard to distinguish bacte-
ria [123]. In situ dehydration/hydration is possible in ESEM
by changing humidity or specimen temperature [124].
Le-Clech et al. [125] carried ESEM under two wet modes
(5°C, 5 Torr, 75% humidity), and dry (or low vacuum) mode

Dehvdration

Ethanol or acetone

SEM analvsis

Ethanol or acetone removal

Fig. 3. Sample preparation process in SEM.
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(0.5 Torr) to understand the effects of humidity. Under dry
mode, relatively clear images were acquired compared to
the wet mode.

Fortunato et al. [110] applied ESEM to confirm results
from optical coherence tomography images by observ-
ing the internal structure of the fouling layer on the flat
sheet membrane. The humidity in the chamber intention-
ally was decreased gradually to form fractures in on the
biofilm to make the internal structure visible. The multi-
layer structure of the biofilm layer was observed on the
membrane after long-term filtration confirming the results
from OCT.

3.2.5. Scanning probe microscopy

Scanning probe microscopy (SPM) utilizes a tip for
probing and imaging the surface by raster scanning [126].
The resolution is directly affected by probe apex sharp-
ness, such as atomic resolution benefiting the tip with one
atom at the apex [127,128]. Scanning tunneling micros-
copy (STM) is the first developed SPM technique [129]
which is only applicable for the conductive surfaces [130].
Moreover, the tip penetrates the biofilm until tens of nm
up to the substrate, which makes this technique inappro-
priate for biofilm investigations. AFM and near field scan-
ning optical microscopy (NSOM) were further emerged,
which were considered as a breakthrough in the application
of the SPM for biological studies.

NSOM is a type of SPM that can be used for concur-
rent optical and topological analysis of microorganisms and
biofilm [131]. The topography is performed by a special-
ized cantilever featuring a nano-scale aperture. During the
scan, a laser is directed through the aperture to excite the
sample surface while a photon counter is used to detect the
optical response of each excited region [132,133]. The feed-
back resulted in the image combining the topography of the
surfaces with an optical image. The resolution is reported
to be 20 nm for lateral and 2-5 nm for vertical dimensions
[61]. Ivnitsky et al. [116] assessed the initial biofouling
stages by AFM, NSOM, and CLSM. NSOM was used to
visualize polysaccharides in the EPS layer by ConA-FITC
fluorescent staining. Three-dimensional micrographs were
acquired by measuring emitted fluorescent intensity and
imaging over the 0, 8, and 16 h filtration. NSOM revealed
consistent results with CLSM showing early accumulation
of polysaccharides on the membrane and increasing over
the filtration time.

Besides, AFM is applied for topographical investigation
of the membrane surface up to 0.2 nm lateral resolution
and 0.1 nm vertical resolution [63]. The visualization of the
sample is performed by measuring the tip and the speci-
men'’s surface interaction forces. AFM probing tip can be at
contact mode, non-conduct mode, and tapping mode [134].
In contact mode, the cantilever is dragged over the spec-
imen’s surface and is deflected by a repulsive force when
it passes topographical features. In the non-conduct mode,
the cantilever oscillates over the surface which eliminates
the sample damage and probe erosion risk. The oscillation
amplitude decreases when the tip gets close to the surface.
In the tapping mode, the tip oscillates above the cantile-
ver with a much higher amplitude for oscillation. Samples

in the wet state and ambient conditions generate a liquid
layer. In soft specimens, the tip contacts with the surface
softly and it is as close as possible to sense the force with-
out sticking to the surface which minimizes the tip damage
[135]. A laser shines down on the cantilever and it reflects
onto photodiode which moves up and down by the move-
ment of tip through deflection during scanning. The deflec-
tion can occur by the Van der Waals forces, mechanical
contact forces, chemical bonding, capillary forces, electro-
static forces, and hydration forces [136]. In contact mode,
as the tip gets closer to the surface, the electrostatic repul-
sive forces become dominant, whereas, in the non-contact
mode, the tip is far from the surface which results in the
dominance of attractive forces.

AFM primarily has been used to monitor the surface
roughness variation over the membrane fouling [137,138].
Moreover, the force-distance curve resulting from cantile-
ver deflection can give valuable insights into membrane
and biofilm mechanical property [139]. Tapping mode has
been used widely for biological sample imaging [140-142].

Ivnitsky et al. [116] visualized the initial adhesion of
bacteria on the polyamide membrane by AFM with a 20 nm
probe apex at tapping mode. NSOM, CLSM, and SEM visu-
alization were also performed. Initial bacteria were spotted
unanimously. Marka et al. [143] evaluated the effect of feed
substrate on the RO membrane biofouling and cleaning.
AFM with tapping mode was applied to measure biofilm
roughness. 3D and 2D micrographs illustrated with peak
and valley structure of biofilm with adhered bacteria.
Biofilm increased membrane surface roughness. Biofilm
with a more rough structure was more resistant and harder
to be cleaned.

Powell et al. [144] carried a comprehensive AFM analysis
on the biofouled and virgin RO membrane. Topographical
visualization was carried out under air with tapping
mode rather than a liquid due to eliminating the risks
of impairment in diffusing foulant layers. The images
revealed higher roughness and peak-to-valley value for
biofouled membranes. To measure mechanical strength,
a silica colloid probe with a larger diameter was used on
the cantilever to eliminate the risk of damaging the soft
surface of the biofilm. Young’s modulus of membrane
decreased dramatically by biofouling and increasing pH.
To remove biofilm easily without damaging the mem-
brane chemically, the pH of cleaning electrolytes should be
at a balanced level to render the Young module of mem-
branes and biofilm at their higher level and lower level,
respectively.

3.3. Spectroscopic techniques

Spectroscopic techniques are another category in mem-
brane biofouling identification and monitoring. These tech-
niques indicate the chemical composition of the membrane
surface or developing a new layer on the surface. Table 3
lists the advantages and disadvantages of various preva-
lent spectroscopic techniques applied in membrane biofoul-
ing identification and monitoring including nuclear mag-
netic resonance (NMR), Fourier transforms infrared (FTIR),
Raman, X-ray photoelectron spectroscopy (XPS), electro-
chemical impedance spectroscopy (EIS).
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Table 3
Comparison of the function and problems of the spectroscopic techniques in the membrane biofouling analysis
Technique Functions and advantages Limitations References
NMR - In-line visualization of hydrodynamics and water - Time-consuming calculations [145-149]
molecules’ velocity distribution - Low sensitivity
- Non-invasive and non-destructive - Complex processing software and devices
- High cost
- Low signal to noise ratio
FT-IR - Chemical composition and functional groups - Limitation in-depth, 1-2 um [150-154]
determination in biofilm by absorbance - Interfering of water molecules with
- Strain level bacterial identification IR spectra
- Non-invasive - Specimen dehydration
- Molecular identification
Raman - Gives information on functional groups - More expensive than IR spectroscopy [29,155-158]
- Not interfering with water - Probability of membrane interference
- Enables working with wet samples
- Gives narrower spectra with robust band interpretation
XPS - Gives information on the chemical composition of - Possible interference between membrane  [69,159]
the biofilm and biofilm elements in spectra
- Complex
- Small sampling depth (typically 5-10 nm)
EIS - Attributes variation in electrical conductivity of the - Existence of complex processing software  [160-162]

membrane to the fouling
- Lower resolution
- Non-destructive

and devices

3.3.1. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) studies the physi-
cal and chemical properties of molecules and/or atoms of
the interesting matter and analyzes the nuclear magnetic
response to electromagnetic pulses in the magnetic field
between 60-1,000 MHz. Normally 'H and *C isotopes
with an odd number of protons are used for the magnetic
behavior of nucleoids due to their intrinsic non-zero spin
[163,164]. NMR signal deterioration is characterized by
spin-lattice relaxation (T,) and spin-spin relaxation time
(T,). T, and T, relaxation times are substance dependent,
therefore their variation over the membrane separation pro-
cess could be an indication for new phase generation such
as biofilm. Magnetic resonance imaging (MRI) is an ability
of NMR which non-invasively scans an atom for medical
imaging [165]. Low sensitivity [146] and high cost [147]
are key issues and main drawbacks of this technique for
NMR imaging. The function and limitation of NMR along
with other spectroscopic techniques are listed in Table 3.

Graf von der Schulenburg et al. [149] monitored bio-
fouling in the RO membrane module for the first time. 'H
detection (200 MHz) was applied to map signal intensity.
The spatial biofilm distribution, velocity profile, and dis-
tribution of the molecular displacement of the water mol-
ecules were controlled. T, weighting maps allowed spatial
investigation of biofilm growth. This research initiated
studies in applying MRI results for validation of numerical
simulation [166,167].

Fridjonsson et al. [168] monitored biofouling over the
membrane module by Earth’s magnetic field NMR. Using

Earth’s magnetic field unlike the previous studies which
used a large magnetic field makes this technique more
affordable and mobile. T, and T, relaxation times and total
NMR signals were modified to increase specific sensitivity
to the stagnant fluid. T, and T, relaxation times decreased
during fouling at the inlet, in the middle, and at the outlet
indicating biofouling.

3.3.2. Fourier transform infrared spectroscopy

Fourier transforms infrared (FTIR) spectroscopy has
been applied for the characterization of microorganism
clusters since 1952 [169]. Molecular stretching and rota-
tion measurement by absorbance of specific wavelengths
of the emitted IR light gives the interested matter’s chem-
ical composition. Fingerprinting the bacteria with FTIR
spectroscopy is based on analyzing the fatty acids, carbo-
hydrates, nucleic acids, and lipopolysaccharide compo-
nents [170,171]. These are characteristic fingerprints that
indicate the biological nature of biofouling on the mem-
brane. This identification can be even at the strain level.
However, this method normally is used as a qualitative
method, even though it can be used for the quantification
of bacteria. Discrimination of viable, injured, and dead
bacteria is another capability of this technique [172-174].
Unlike analytical biochemical tests, serological tests, and
DNA or RNA-based molecular methods that are invasive
and time-consuming, FTIR analysis is economic, fast, and
non-destructive. However, variations in spectra can be
affected by growth time, temperature, and media [175,176].
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Sampling depth limitation [151] and interference with
water molecules [152] are other challenges. Distinguishing
differences between spectra is difficult due to the overlap-
ping of bands that are emitted by various molecules in EPS,
and cell components. Inorganic or organic foulant adsorp-
tion on to and penetration into the membrane could be
studied by measuring the absorbance intensity of associ-
ated stretching bands [177].

Schmitt and Flemming [150] used the second derivative
spectrum to distinguish Pseudomonas putida and Pseudomonas
fluorescence. The second derivative spectrum can also be
useful to avoid inorganic interference, such as silicates, car-
bonates, phosphates, and iron interferences in the carbo-
hydrate band.

Donlan et al. [153] applied ATR-FTIR to quantify bio-
film associated with Streptococcus pneumoniae. The internal
reflection element (IRE) substrate was performed by FTIR
spectroscopy for online real-time monitoring. An increase
in the intensity of the polysaccharide band was observed
during biofilm formation relative to the protein amide I
and amide II bands. As spectra of bacteria are similar, dis-
tinguishing bacteria were not possible by FTIR spectra.

Benavente et al. [154] mapped BSA foulant on the mod-
ified membrane by FTIR to investigate membrane fouling
propensity. BSA fouling was performed on the polysty-
rene-polyethylene glycol methacrylate (PEGMA) copolymer
modified polyvinylidene fluoride (PVDF) membrane by FTIR
mapping of peak intensity for C-H aliphatic (2,876 cm™),
C=0 (1,737 cm™), and N-H (3,300 ecm™) singled general
backbone, PEGMA, and BSA, respectively. BSA-associated
peak intensity decreased by diblock copolymer modification.

Synchrotron IR spectroscopy is a precise technique to
map chemical distribution on the surface with a high sig-
nal-to-noise ratio by applying brighter IR than conven-
tional ways [178]. Xie et al. [179] applied synchrotron FTIR
to map cross-section spatial fouling distribution on mem-
brane distillation. Combined organic/silica fouling was
performed. The silica, humic acid, alginate, BSA, polytet-
rafluoroethylene (membrane surface), membrane-fouling
layer interface were signaled by measuring peak intensity of
Si-O (1,116 cm™), aromatic C (1,750 cm™), C=0 (1,596 cm™),
amid I (1,650 ecm™), and C-F (1,218 cm™) adsorptions,
respectively. Absorbance as a function of position was plot-
ted to generate count plots mapping organic/silica fouling
across the membrane for alginate/silica fouling. The C-F
bond absorbance for the membrane-fouling layer interface
helped to quantify transported silica within the membrane.

Maddela et al. [180] investigated responsible EPS bond
peaks of twenty-three different bacteria strain using FTIR in
the Ca?" environment. EPS of bacterial strains differed mainly
in IR regions that belonged to polysaccharide and protein
peaks. Spectroscopic analysis of single-strain biofouling
revealed responsible peaks for biofouling as o-1,4-glyco-
sidic bond (920 cm™), amide II (1,550 cm™), and uronic acids
(1,020 cm™). The first two peaks were spotted in high and
medium-level biofouling. How Ca* impacts the biofoul-
ing is related to the EPS functional groups. Cations had no
impact on the biofouling potential low biofouling strains
while it decreased the high biofouling strains’ biofouling
potential. Rahman et al. [181] characterized the chemi-
cal composition of a year-fouled seawater RO membrane

from the desalination plant. Protein and polysaccharides
were identified by amide I, II (1,650; 1,550 cm™), and C-O
(near 1,040 cm™) stretching bands, respectively.

3.3.3. Raman spectroscopy

Raman spectroscopy is a fingerprinting method based
on the rotation and vibration of the functional groups of
the molecules in response to the scattered infrared light.
Although this technique is more expensive than IR spec-
troscopy, it does not have a sampling depth limitation
(>100 nm) and is also applicable to be used for wet sam-
ples compared to FTIR [171,182], unlike FTIR which gives
an overwhelming peak at 3,000 cm™ for water. A challenge
of Raman spectroscopy is the interference of the membrane
itself to the biofilm. Even though typical Raman spec-
troscopy is useful in chemical analysis of the membrane
surface, it is not efficient in the chemical analysis of the
fouling layer on the membrane [183]. Hence, Virtanen et al.
[184] investigated the applicability of Raman in real-time
monitoring of polyethersulphone UF membrane fouling
by Vanillin. The variance in the spectral datasets was ana-
lyzed by the Principal component analysis (PCA) multivari-
able analysis technique and the concentration of adsorbed
Vanillin over time was successfully acquired. However,
using normal Raman is still challenging due to the diffi-
culty in the detection of Raman scattering.

Later Kogler et al. [157] developed an online and real-
time surface-enhanced Raman spectroscopy (SERS) sens-
ing technique to identify membrane biofouling. The clean
membrane was pre-coated by Au NPs to sense biofouling
and eliminate the interfering spectra from the membrane.
Brevundimonas diminuta bacteria and adenine fouling were
investigated separately. It was seen that Au NPs can pene-
trate the membrane pores and give interfering SERS sig-
nals arising from the membrane composition. These inter-
fering signals were eliminated and excluded from Raman
spectra according to results obtained from CLSM, Raman,
and scanning-microscope results of bare membranes. No
significant differences were observed between online and
offline tests, which approved the robustness of this method.

In SERS, particles coated on the membrane should not
have a toxic effect on the biofilm. Ag NPs toxicity on the
bacteria at SERS was elucidated by Cui et al. [185] in com-
parison to the non-toxic Au NPs. SERS spectra variation
was observed by the toxicity of the Ag NPs on the bacteria.
So considering this point, Ag NPs could be utilized as an
antiseptic coating on the membranes and at the same time
could have a lateral role as a signal enhancer in SERS.

Cui et al. [158] applied SERS to investigate layer-by-
layer chemical constitutes variation during biofouling and
cleaning. B. diminuta bacterial biofouling was performed
on the RO membrane. SERS measurement and SEM visu-
alization were acquired at different stages of biofouling
for biofouling determined by the flux variation. SERS
spectra intensity was insensitive to biofilm thickness and
remained almost unchanged at the early stages because
SERS only provides information on the chemical composi-
tion of substances nearby the Au NPs. Membrane cleaning
results based on SERS measurements revealed that surfac-
tant SDS cleaning was more effective for lipids than other
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components and also the remained DNA and protein con-
tributed to the irreversible biofouling.

Enabling online monitoring, early-stage biofouling
detection, and no risk of sample manipulation were the main
advantages of the SERS technique. However, nanoparticle
(NP) dissociation under the cross-flow velocity, the probe-
focusing problem underwater pumping [157], limited anal-
ysis domain to the nearby substances of metallic NPs [158],
difficulties in metallic nanoparticle coating [157] limits the
application of the SERS technique.

3.3.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used for ana-
lyzing the chemical composition of membrane surfaces,
biofilm layers, and for evaluating the cleaning efficiency of
membranes [69,70]. In this method, an illuminated X-ray
on the specimen ejects electrons from a specific orbital
under a high-vacuum atmosphere. The kinetic energy of
the photo-ejected electrons gives information about bind-
ing energy. The energy of the photo-ejected electrons is
attenuated as reaching to the top. The sampling depth is
three times that of the inelastic mean free path of electrons
in the specimen. So, the sampling depth will be around
3-10 nm for AIK radiation. In this depth, 95% of the pho-
toelectrons are scattered. Polysaccharides, proteins, another
hydrogen, and carbon-containing compounds can be
acquired by quantitative analysis of the specimen surface.

Khan et al. [69] analyzed the chemical composition
variation of the RO membrane after biofouling and physi-
cal cleaning. Due to the EPS layer formation by the fouling,
carbon and nitrogen content decreased while the oxygen
increased. This variation in elemental composition perhaps is
because of EPS content with a higher O/C ratio. After clean-
ing the surface of the aliphatic molecule modified membrane
had the lowest O/C ratio due to the lower EPS accumu-
lation while hosting higher cells.

3.3.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a
promising technique for in-line and non-destructive iden-
tification and characterization of membrane and fouling
layers. Building up layers on the membrane surface causes
decreases in the intrinsic conductivity of the membrane.
Insights on fouling layer type and its extent can be acquired
by feedback-based measurement of phase shift in sinu-
soidal voltage and current after directing a low amount
alternating current (AC) with a specific frequency to the
membrane. The feedback measurement gives information
about the amount of resistance, a charge carrier should sus-
tain during its transport from the electrolyte to the electrode
[186]. Each layer of fouling, membrane, etc. could be mod-
eled as a dielectric circuit by the Maxwell-Wagner model
[187]. The layers are in series with their resistivity (R) and
capacity (C). Generally, four types of plots are investigated
including (1) conductance-frequency plot (2) Nyquist plot
(3) capacitance-frequency plot, and (4) TMP-time plot.
Dispersion of conductance and capacitance with frequency
reflects the existence of different substances [188]. Nyquist
plots ‘negative imaginary impedance (related to electrical

capacitance) against real impedance (related to electrical
capacitance) for three frequency regions of solution layer
with high frequency, membrane layer with mid-frequency,
and diffusion-polarization layer with low frequency. TMP-
time plot has been employed comparatively a long with
EIS to show early-stage detection and high efficiency of EIS.

The high sensitivity of electrochemical parameters in
EIS helps to diagnose fouling at its early stages and iden-
tify foulant type in the membrane process. Assessing mem-
brane cleaning efficiency is another capability of EIS. This
technique has been applied in analyzing the fouling and
cleaning of UF [189], NF, RO [190,191], and ion-exchange
membranes [192,193].

Park et al. [193] investigated conductance and capaci-
tance dispersions with the frequency that arose from BSA
fouling of the anion-exchange membrane. The impedance
of the solution for both unfouled and fouled membranes in
the solution was subtracted. A decline in conductance and
capacitance was observed by BSA fouling. Later in 2006,
Park et al. [192] investigated current-voltage and EIS by off-
setting AC. Current-voltage curves indicated a reduction in
the total resistance of the ion-exchange membrane due to
the BSA fouling layer. In EIS analysis, the BSA fouling layer
acted as an additional capacitive loop. Increasing current
density increased water dissociation and EPS layer den-
sity. Protons from water dissociation neutralized the neg-
atively charged BSA layer, in turn, a decline in resistance
occurs. Kavanagh et al. [190] investigated conductance and
impedance sensitivity for fouling on seawater RO mem-
brane and impedance showed great sensitivity for fouling
which dramatically increased at frequencies below 100 Hz
even by a small amount of divalent slats precipitation.

Sim et al. [191] investigated silica and BSA fouling
of the RO membrane. Silica concentration polarization
caused Nyquist plots to shift to the leftover time indicated
a decline in overall conductivity. By further silica fouling
a stagnant layer formed under the flowing layer which
inhibited back diffusion of salt ions and increased the over-
all conductivity by cake enhanced concentration polariza-
tion (CECP). In BSA fouling, Nyquist plots shifted to the
right, unlike silica. This different behavior originates from
the different nature of foulants. Nyquist plots identified
fouling with high sensitivity while for TMP it took 15 h
to respond significantly to fouling.

A similar experiment to the aforementioned research
was carried by Cen et al. [194]. Capacitance measurement at
low frequency (~1 Hz) was more sensitive than both conduc-
tance and flux monitoring. Similarly, the capacitance value
of BSA and silica at low frequency (~1 Hz) changed differ-
ently due to their different natures. BSA capacitance at low
frequency declined while this value for silica increased.

Ho et al. [195] investigated fouling and chemical clean-
ing by monitoring the normalized real part of the impedance
(N-Z_,) in an RO treatment field trial study. Between clean-
ing periods, N-Z_, was increased due to the non-conductive
matter accumulation and then decreased via CECP phenom-
ena. N-Z_ was suggested as a good indicator for assessing
the efficiency of different cleaning agents and strategies.

EIS had not been applied to investigate membrane bio-
fouling until 2016. Ho et al. [162] investigated membrane
biofouling mechanisms by EIS. Normalized conductance
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of diffusion polarization (N-G_,) was monitored during
Pseudomonas aeruginosa biofouling. N-G_, reached its maxi-
mum point at 1.5 d followed by a decline as biofouling con-
tinued. However, N-G_, showed only an increasing trend
during dead bacteria and nutrient fouling. This difference
was related to the two stages of biofouling as bacterial adhe-
sion and EPS layer production. This interpretation was
supported by the results of CLSM, TMP, and dead bacte-
ria-alginate mixture fouling. Alginate was applied to mimic
the EPS. The increasing concentration of EPS changed the
N-G_, trend from an increasing trend to decreasing trend.

Sengur-Tasdemir et al. [187] compared BSA fouling
propensity of polyethersulfone (PES), polysulfone (PS),
and PVDF UF membranes by EIS. Charge-transfer resis-
tance increased for all the membranes after BSA fouling.
The lowest charge-transfer resistance was observed for
the PVDF membrane which unanimously the highest flux
recovery rate after cleaning BSA fouled membrane has
resulted in the PVDF membrane. Moreover, Genceli et al.
[196] applied EIS for the first time in the nanocomposite
hollow fiber membrane to analyze the effect of carboxyl-
ated multiwall carbon nanotube (MWCNT) incorporation
on the performance and fouling property of membranes.
Double-layer capacitance arose by increasing the diame-
ter and concentration of MWCNT. By decreasing the outer
diameter of MWCNT at higher concentrations lessened the
double-layer capacitance of the membrane. The diminish-
ing double-layer capacitance of the membrane was reflected
in the enhancing flux recovery rate after cleaning the BSA
fouled membrane.

3.4. Techniques for studying microbial community in the biofilm

Microbial analysis techniques have been applied to get
insights into the quantities of target biofoulant in biofilm,

Table 4
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bacterial species forming the biofilm, and how these bac-
teria evolve and space. Most common related techniques
including denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphism
(T-RFLP), fluorescence in situ hybridization (FISH), real-
time polymerase chain reaction (PCR), and next-generation
sequencing (NGS) are discussed below and briefly listed
at Table 4 along with their strength and limitations.

3.4.1. Culture-dependent method: isolating
bacteria directly from the biofilm

Many studies have employed cultivation methods as
a means of investigating the microbial community struc-
ture of membrane biofilms [203]. The culture-dependent
method involves isolating the bacteria from the biofilm
before enriching it in a suitable culture. One of the disad-
vantages of this technique is that the outcomes are not
necessarily reflective of the diversity of the biofilm micro-
bial communities. This is because it is only possible to
cultivate a small fraction of the total bacterial community
under standard laboratory conditions in oligotrophic sys-
tems. It is possible to address some of the shortcomings
associated with the cultivation methods that are available
through the application of molecular-based approaches.
For example, rDNA or rRNA-based methodologies can gen-
erate meaningful insights into the composition and diver-
sity of microbes while also semi-quantitatively defining
the abundance of these microbes in natural and manmade
environments [204,205]. By combining these molecular tech-
niques with cultivation approaches, it is possible to adopt
a polyphasic approach that can generate more meaningful
insights into the structure of the microbial community struc-
ture and how it functions in a given manmade or natural
environment.

Comparison of the function and problems of the spectroscopic techniques in the membrane biofouling analysis in terms of

advantages and limitations

Methods Advantages Limitations References
DGGE - Enables direct comparison of total community - Probability of non-reproducible [197]
composition at a glance and identification preparation of denaturant gels with
of individual components by excision and chemical denaturing agents
sequencing of bands
T-RFLP - Enables making direct reference to the sequence - Time-consuming, labor-intensive, often the [198]
database use of radioactive materials
- Probability of interference of nonspecific
PCR products to the analysis
FISH - Allows in situ localization and the study of the - Complex process [199]
spatial organization of cells as they occur in - Difficult to count total numbers in probe-
their natural habitat or biofilm stained clusters of cells
- No needs for cell cultivations
- No need for alive cells
Real-time PCR - Quantifies interest gene in 96 or 384 well plate - Multiple-targeting. 5-flex (5 colors) is [199]
formats in a shorter time possible
Next-generation - Rapid - Limitation in the read length [200-202]

sequencing - 1,000,000 high-quality reads per run
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3.4.2. Understanding microbial community structure by
molecular techniques in the biofilm

3.4.2.1. Cloning and sequencing

Through the application of cloning and sequenc-
ing techniques, it is possible to isolate large quantities of
genes or chromosomal fragments. Besides, cloning can be
employed to identify and characterize any microorganisms
that exist in a diverse environment. DNA fragments can be
produced in two ways: after digestion with the restriction
enzymes of DNA extracted from a sample, or after poly-
merase chain reaction (PCR) or reverse transcription-PCR
(RT-PCR) [206]. 165 rRNA clone library-based analysis
also represents a useful approach through which the anal-
ysis of microbial diversity and biofilm structure analysis
can be conducted [207].

Although cloning is also not without bias, the use of 16S
rRNA gene sequences to study new microorganisms has
become common. It is not possible to conduct a sufficient
investigation into environmental microbial communities
without 16S rRNA sequence data. Bereschenko et al. [208]
employed 165 rRNA clone libraries as a means of develop-
ing insights into the composition, origin, and structure of
the biofilm found in several portions of an industrial RO
membrane. Their findings revealed that the relative wealth
of the various species identified in the mature biofilm
varied from those present in feed water. They concluded
that this was indicative of the fact that the biofilm actively
developed on RO membrane sheets as opposed to being
introduced via the concentration of bacteria that were
present in the feed water. The researchers also concluded
that biofouling of the membranes in RO installation could
be attributed to the members of the genus Sphingomonas.
Most of the biofouling analysis experiments on the mem-
brane have been carried by E. coli as a model bacterium.
Saffarimiandoab et al. [58] isolated and identified five
different marine biofoulant bacteria to model the aquatic
environment in a more realistic way for biofouling experi-
ments. Isolated biofoulant marine bacteria from a biofouled
RO membrane were identified by amplifying and partial
sequencing of the 165 rRNA gene. Gene sequences were
compared with 16S rRNA clone databases and the follow-
ing genera were revealed: Shewanella, Vibrio, Oceanimonas,
Cobetia, Pseudoalteromonas. Ziegler et al. [209] employed
16S rRNA gene sequences by a curated taxonomy and flu-
orescent in situ hybridization to study the change in the
biofilm community over the maturation. According to
their findings, the biofilm community gets similar to the
microbial community of the bulk water. Hence, it was
concluded that the microbial population of mature bio-
film can be identified based on the bulk water microbial
diversity.

3.4.2.2. Next-generation sequencing

The parallel sequencing method is relatively new to
molecular biology that has exhibited significant potential in
the field of environmental analysis. The various next-gen-
eration sequencing systems that are available include 454
Life Sciences (Branford, CT), HeliScope system (Helicos
Biosciences, Cambridge, MA), Polonator system (Dover

Systems, Salem, NH), Solexa system (Illumina, San Diego,
CA), and SOLID system (Applied Biosystems, Carlsbad,
CA). Each system has been found to deliver high data out-
put and various length capacities. Through the application
of next-generation sequencing technologies, scientists and
researchers have been able to characterize the molecular
diversity of microbial communities. Also, next-generation
sequencing technologies facilitate the functional analysis of
bacterial and archaeal communities. However, one of the
drawbacks to deep-sequencing-based technologies is that
they rely on comprehensive bioinformatics databases and
need sophisticated software to effectively process the data
associated with sequencing. Next-generation sequencing
can be considered a representative, sustainable and efficient
method of analysis.

Many of the existing studies that involved next-gener-
ation sequencing have been relatively restricted due to the
limited applicable range for the bacteria community and
the fact that the research did not employ deep sequenc-
ing. These limitations resulted in partial and, therefore,
contradicting results. In one study, Mikhaylin and Bazinet
[210] employed next-generation sequencing to assess the
bacterial abundance, diversity, and community composi-
tion of RO membrane biofouling layers that were formed
under various hydrodynamic shear rates. The findings of
this research revealed that the variations in the shear rates
applied during the desalination processes had a significant
impact on the RO-membrane biofilm. Specifically, a direct
relationship between the shear rate and the microenviron-
ment that emerged was found, and that this microenviron-
ment ultimately mediates selection for different bacterial
communities.

Pyro-sequencing is a method of next-generation
sequencing that can identify microbes via a high-through-
put screening approach. Recent studies [200,206] have
demonstrated that the use of pyro-sequencing in mem-
brane studies increased the sensitivity of community anal-
ysis compared to denaturing gradient gel electrophoresis
(DGGE) of 16S rRNA clone library analyses. Also, it facili-
tated a more in-depth investigation into microbial species
[200,206]. Jeong et al. [211] employed 454-pyrosequencing
technologies to develop insights into the microbial commu-
nities that are responsible for membrane biofouling in MBR
and removing organic compounds in submerged mem-
brane adsorption bioreactors. Bacterial community analysis
showed that a-proteobacteria were found to be principal
microorganisms on the biofilm layer of the fouled seawa-
ter RO membrane. Firmicutes, Actinobacteria, Planctomycetes,
and Bacteroidetes phyla were also identified as biofoulant
bacteria.

Yavuztiirk-Giill et al. [201,202] used the Illumina
sequencing method to determine the impact of Quorum
Quenching (QQ) bacteria on the relative abundance of the
microbial community in MBR. This approach enables a
better understanding of membrane biofouling and micro-
bial relationships between QQ bacterium Bacillus sp. T5
and bacterial community structures in MBRs. According
to the results, the QQ process caused structural variations
in the microbial community and the interaction between
Bacillus sp. T5 and the indigenous bacterial population are
critical to the performance of the system.
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3.4.3. Quantification of microbial communities
3.4.3.1. Real-time quantitative PCR

Real-time quantitative PCR (qPCR) is a highly repro-
ducible and sensitive screening technique that is possible
to monitor the phylogenetic and functional evolution of
genes in a variety of different experimental and environ-
mental conditions across special and temporal scales quan-
titatively. The quantitative data that is produced during the
qPCR technique can be employed to compare changes in the
abundances of genes and/or the levels of gene expression
with modifications in the biological activities and features
[200]. gPCR data sets are described in accordance with the
abundance of specific bacteria or genes for the completion
of other quantitative environmental data sets. This pro-
vides insights that facilitate an understanding of how cer-
tain microbial and functional groups within the ecosystem
contribute to that system and the roles they play within
it. It is possible to combine reverse transcription (RT) ana-
lyzes with qPCR methods in RT-qPCR assays to create a
powerful tool that can quantify gene expression and the
relationships between biological activity and ecological
function.

While qPCR is not commonly employed to analyze bio-
film in membrane systems, it represents a very effective
method for analyzing the microbial consortia of biofilms.
For example, Al Ashhab [212] investigated the influence of
feed-water shear rate during RO desalination on biofouling
on the composition of the microbial in biofilm. A micro-
bial community developed on RO-membrane biofilm was
profiled through desalination effluent of tertiary wastewa-
ter. Experiments were conducted in a lab-scale system by
applying low, medium, and high shear rates. Researchers
found that bacterial diversity was found highest when
a medium shear rate was applied. At this medium rate,
Betaproteobacteria was found dominant in RO membrane
biofilms. However, under lower and higher shear rates, o-
and y-Proteobacteria dominated the biofilm. In addition,
RO-membrane biofilms that were developed under high
shear rates also contained Deltaproteobacteria. The results
of this research indicate that the abundance, composition,
and structure of RO-membrane biofilm differs following
the shear rate applied.

3.4.3.2. Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a set of
powerful techniques that are employed to detect the
positions of genes on chromosomes. It involves micro-
scopic analysis of defined groups of bacteria by a fluoro-
genic oligonucleotide (or probe) targeting small subunit
ribosomal RNA (SSU rRNA) molecules inside cells. The
process involves several steps. First, chemical fixatives
are employed to fix microbial cells. These cells are then
hybridized on a glass slide or in a solution with oligonu-
cleotide probes under optimal conditions. Oligonucleotide
probes are typically 15-25 nucleotides and a fluorescent
dye is employed to label them covalently at their 5‘end.
rRNA targets oligonucleotide probes without cultivation
can help to determine the composition and number of bac-
teria. One of the biggest advantages of FISH is that it does

not involve a PCR approach. As such, it is not subject to
the biases that are typically associated with the PCR pro-
cedure. This means that it is particularly useful for validat-
ing the results of a microbial community with other PCR-
based molecular techniques, such as DGGE and 16S rRNA
clone library analyses. For example, in one study, Chen
et al. [207] examined the microbial communities of mem-
brane biofilms that occurred in two full-scale water puri-
fication processes. They employed bacterial cultivation,
16S rDNA clone library, and fluorescence in situ hybrid-
ization techniques to characterize microfiltration (MF) and
RO membranes. All methods revealed that o-Proteobacteria
was the largest microbial fraction in the samples, fol-
lowed by Yy-Proteobacteria. Several additional studies
have been employed FISH for biofilm analysis [199,213].

FISH represents a valuable research tool that can be
employed to identify and quantify the specific bacteria
that exist in a given microbial community. It can also sig-
nificantly enhance understanding of the spatial interac-
tions that exist within complex microbial communities.
Besides the advantages of the FISH technique, one of the
significant issues with FISH analysis is that standard fixa-
tion protocols cannot be used to permeabilize bacterial and
archaeal cells using oligonucleotide probes. Furthermore, to
use FISH, scientists need to have an existing understand-
ing of the ecosystem that is the subject of investigation and
the microorganisms that reside within it. In addition, it is
not always possible to develop a specific probe for a given
group of microorganisms [214].

3.4.4. Fingerprinting techniques

Unlike cloning and sequencing techniques, fingerprint-
ing can be readily scaled to allow the rapid analysis of large
samples, including duplicates. Fingerprinting produces data
that can be quantitatively or semi-quantitatively analyzed
to assess the relative abundance of various members of the
community. Denaturing gradient gel electrophoresis and
thermal restriction fragment length polymorphism will be
investigated in this respect.

3.4.4.1. Denaturing gradient gel electrophoresis

Denaturing gradient gel electrophoresis (DGGE) is
a form of electrophoresis in which nucleic acids migrate
in a chemical gradient according to their gradient gel GC
content. DGGE is based on the melting temperature of
double-stranded DNA fragments. Even in the case of a sin-
gle-nucleotide substitution, fragments can melt at different
temperatures. A fragment can be produced by adding the
GC-rich tail (GC-clamp) to the primers for amplification.
This fragment will partially melt when it is electrophoresed
in a denaturing gradient polyacrylamide gel [215]. The GC
clamp will remain double-stranded, and the resulting fork-
like structure will cause the fragment to stop migrating.
It is also possible to detect mutations from base-pair sub-
stitutions/deletions because these mutations will occupy
different positions in the gel.

DGGE fingerprinting has been proven to represent a reli-
able method of examining the spatial and temporal changes
that take place in microbial communities. In addition, DGGE
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can represent a very valuable technique for supervising
complex communities by allowing researchers to focus on
phylotypes that are affected by environmental changes in
terms of availability and relative frequency. However, DGGE
is unable to detect minor community components that
represent less than 1% of the community [215].

Several researchers have utilized DGGE to exam-
ine changes in the microbial communities of biofilms
[197,216,217]. For example, Ivnitsky et al. [116] studied
the structure of biofilm along with its microbial diversity
developed at various temperatures and locations on NF
membranes. They analyzed the composition of the com-
munity through the use of a sequence analysis of the 165
rRNA gene fragments from dominant bands in combination
with polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE).

3.4.4.2. Terminal restriction fragment length polymorphism

Terminal restriction fragment length polymorphism
(T-RFLP) is another fingerprinting technique. This approach
produces patterns of microbial community diversity that
can be readily interpreted. These patterns can be useful for
studying the relative diversity and abundance of micro-
bial communities and can be used in combination with
meta-community sequencing-based approaches [211].
T-RFLP employs PCR through a technique in which one of
the two primers is fluorescently labeled at the 5" end for the
amplification of a specific region of the 16S rRNA gene or
functional genes. After the amplification, products of PCR
are cleaved with a site-specific restriction endonuclease to
obtain a specific product from a single microorganism or
the genetic fingerprints of microbial communities [211].
T-RFLP represents a powerful tool that is capable of assess-
ing the diversity of complex microbial communities. Also,
it can facilitate an efficient, low-cost, and rapid comparison
of the diversity and community structure of various water
systems. In addition to being half-quantitative, T-RFLP is
often combined with 16S rRNA clone library analysis since
it does not allow phylogenetic identification. However, this
is not its disadvantage. In particular, it exhibits PCR bias
and a lower resolution than many of the available alterna-
tive methods.

Jeong et al. [211] employed a T-RFLP-based community
assessment to characterize the community composition by
PAC addition in MBR and to correlate with the composition
to assess the system performance. Following the addition
of the powdered activated carbon (PAC), the composition
of the bacterial community was significantly differentiated.
As such, the data produced via this research indicates that
MBR performance can be improved through the addition
of PAC. Because PAC leads to the development of differ-
ent bacterial species that control assimilable organic carbon
(AOC) and the associated biofouling on the membranes.
Piasecka et al. [218] monitored the richness of bacterial spe-
cies found on the surface of membranes that are treated
with different NaOCl concentrations according to the num-
ber of T-RFs peaks obtained from the T-RFLP profile. And
Liu. [198] employed a polyphasic approach to examine the
biofilm community structure of a biofouled RO membrane.
The dominant phylotypes retrieved during this study were

related to the Rhizobiales order, a bacteria group that has
not previously been associated with membrane biofoul-
ing. They concluded that Rhizobiales organisms are of eco-
logical significance within membrane biofilm communities
under both aerobic and anoxic conditions and that they
may cause biofouling in membrane separation systems.

3.5. Other methods used for biofouling determination
3.5.1. Contact angle

Contact angle measurement has been applied to mea-
sure the variation of membrane hydrophilicity after fouling,
cleaning, and free energy of interaction between foulant
and membrane surface. Water contact angle (CA) after
fouling depends on the foulant and membrane interac-
tion property. Cho et al. [219] characterized natural organic
matter fouled UF and NF membranes.

Khan et al. [69] investigated physical cleaning effi-
ciency in retaining the initial water contact angle of the
biofouled RO membrane. WCA for clean RO membrane
and cleaned membrane after biofouling was reported as
54 and 80 respectively. Zhao et al. [220] investigated WCA
variation of NF membrane after condition layer deposition
and further biofouling. WCA of NF membrane decreased
from 66.7 down to 64.0, 30.2, 55.8, and 41.9 by no organic
matter, sodium alginate, BSA, and humic acid condition-
ing. Unconditioned and conditioned membranes were
biofouled with Pseudomonas aeruginosa. WCA values of
biofouled membrane were reported as 23.4, 40.6, 41.2,
54.3 on no organic matter, sodium alginate, BSA, humic
acid conditioned membranes.

3.5.2. Oxygen decrease rate

The application of transparent luminescent planar O,
optode sensor can be applied in early and non-destructive
biofouling diagnosis and monitoring by mapping oxygen
decrease rate (ODR) and distribution [221]. Spatial and quan-
titative biofilm distribution analysis has been studied by
combining O, optode sensing and membrane cell imaging.
Being a user-friendly imaging technique and having small
equipment made this technique interesting for research
and industrial purposes. However, as the main drawback,
the role of EPS as a main component in biofouling cannot
be assessed by this technique. Another disadvantage is that
ODR measurement is limited only to a thin layer at the bot-
tom of the biofilm on the membrane and not the whole bio-
film volume [222]. O, optode sensing is applicable only for
aerobic fluid conditions while anaerobic pH or CO, should
be sensed [223].

Staal et al. [224] applied O, optode sensing to image
the spatial distribution of oxygen at the base of membrane
biofilm and investigated its applicability for applying in
membrane fouling simulator. Later, Prest et al. [222] stud-
ied monitoring time and space resolved O, consumption
rate and linked them to flow and biomass distribution
maps in membrane fouling simulator. O, concentration
decreased by either thick biomass formation or limited mass
transfer. Due to biomass detachment, O, concentration on
day 11 was found higher than day 9 and day 10.
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Farhat et al. [223] investigated the applicability of
oxygen sensing optodes in early detection and spatial
distribution monitoring of membrane biofouling. Spatial
resolved ODR was measured under cross-flow and stop-
flow operation modes. A location where ODR increased
compared with qualitative direct imaging using rhodamine
dye. Higher ODR was linked to the higher bacterial
population. Stop-flow imaging resulted in better biofouling
diagnosis in terms of early detection while biomass detach-
ment was observed in this operating mode. In another
work, Farhat et al. [225] investigated biofouling develop-
ment on RO membrane 10°C, 20°C, and 30°C. Biofilm activ-
ity was analyzed by measuring ODR from luminescence
intensity imaging of O, concentration. Biofilm activity was
lowest at 20°C and for 10°C, it was slightly higher than
30°C. The lowest biofilm activity at 20°C was cleared by
CLSM of biofilm in which the lowest bacterial cell to EPS
ratio was observed at 20°C. Different biofilm structure was
related to limited nutrient and oxygen consumption. Thin
layer biofilm, higher bacterial cell to EPS ratio, and higher
nutrient diffusion enhanced biofilm activity at 30°C. CLSM
and luminescence intensity imaging of O, concentration
had different capabilities but they were complementary in
clearing biofouling behavior. Farhat et al. [226] also ana-
lyzed the impact of crossflow velocity on biofilm activity
and biofilm spatial heterogeneity at the entrance and out-
let of the membrane fouling simulator. Higher biofilm het-
erogeneity is identified by a higher standard deviation in
oxygen concentration. Higher biofilm heterogeneity was
observed for the inlet than the outlet. The extended area
for heterogeneous biofilm is observed by decreasing cross-
flow velocity. There is a tradeoff between bacterial adhe-
sion and bacterial detachment in higher crossflow velocity.
Higher ODR with lower crossflow velocity was the result
of balancing bacterial adhesion, growth, and detachment.
The findings gave helpful insight into finding and optimum
operational conditions and biofouling control strategies.

Besides luminescence intensity imaging of O, concentra-
tion, specific oxygen consumption rate (SOCR) is calculated
from point measurement of oxygen concentration can be
applied in in-situ and early membrane biofouling detection
[243,244]. Kappelhof et al. [228] carried three experiments
monitoring biofouling in RO. According to the authors,
SOCR measurement enables decreased biofouling detec-
tion time twice compared to normalized pressure difference
measurement.

3.5.3. Zeta (C) potential

Membrane surface charge has a direct effect on the
adsorption of organic and inorganic charged matters. Hence,
surface Zeta (C) potential analysis, as an electrokinetic
property, has been carried in determining membrane pro-
pensity for fouling.

The streaming potential is the most capable technique
among the other available techniques for zeta-potential
measurement where electrolytes flow tangentially from
the surface of the membrane. However, in the case of mem-
branes electrolyte direction is perpendicular to the surface
and consequently, the potential is obtained due to the elec-
trolyte going through the pores. An electrical double layer

would be formed as the electrolyte convective flow passes
through the pore, which forms two convective currents
in opposite directions. From the theoretical view, the zeta
potential can be acquired from the streaming potential
by the Helmholtz-Smoluchowski equation [229], Eq. (1):
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The C is the apparent zeta potential, D is the dielectric
constant of the fluid, ¢, the permittivity, n, and K stand for
the viscosity and conductivity of the fluid, and AE/AP is the
streaming potential across the membrane due to pressure
gradient.

Measuring the zeta-potential variation by fouling
over different pH can give information on the adsorption
mechanism of foulant. In BSA fouling of the membrane,
Nystrom et al. [230] investigated water flux and zeta
potential variation of polysulfone membrane in the case of
BSA fouling. The zeta potential of BSA fouled membrane
shifted towards a positive region from a slightly negative
value at pH of 5.1 while BSA with an isoelectric point of
4.8 is expected to have a neutral or slightly negative sur-
face charge. Hence, BSA adsorption takes place by hydro-
phobic interactions rather than electrostatic interactions at
a pH of 5.1 which considerable flux decline was observed.

The zeta potential of the cleaned membrane after foul-
ing can give information about membrane recovery, but
cleaning with high pH may cause membrane damage and
it would expose more negative groups, and consequently,
more negative zeta potential would occur. In other efforts
[231,232], streaming potential variation of — 3 mV charged
membrane fouled with — 30 mV charged latex suspension
was analyzed. Although foulant had a more negative charge
than the membrane, the absolute value of the streaming
potential decreased. This result was related to the behavior
of the latex suspension as the concentration layer does not
act as a cake layer, which leads to a decrease in the elec-
trokinetic flux and subsequent lowering of the absolute
value of the streaming potential.

In time, in-situ membrane fouling monitoring with
streaming potential measurement techniques was emerged
[233-235]. These techniques have been coupled with flux
monitoring for verification over fouling time. In ex-situ
mode, the fouled membrane was removed from the cell
membrane for further streaming potential variation mea-
surement. But later, in-situ monitoring protocols have
been developed for trans-membrane streaming potential
monitoring during fouling. Transmembrane zeta-potential
variation and flux decline have been related to each other
in studies of the zeta potential behavior. This is crucial
especially in the biofouling study where the microor-
ganism containing the EPS layer undergoes compression
during filtration which leads to erroneously acquired
streaming potentials. By considering no ion rejection,
smaller pores than the foulant and incompressible cake
layer, the measured electrical potential of the fouled
membrane are in linear relation with permeate flux. The
pressure drop is independent of the applied pressure.
Zeta potential can be calculated by measuring the slope.



F. Saffarimiandoab et al. / Desalination and Water Treatment 247 (2022) 40-63 57

Teychene et al. [234] developed a new protocol for in-line
electrical potential monitoring during cake layer forma-
tion. The fouling was tried by spherical latex particles. In
in-line mode, electrical potentials measurements were done
at constant pressure while in classical mode electrical poten-
tials measurements were done at different pressure steps.
Firstly, an electrolyte was passed through the membrane to
achieve membrane-electrolyte electrochemical equilibrium.
Afterward, latex suspension was filtered to form a cake layer.
Finally, the new electrical potential was measured by the
passage of the electrolyte at the same pressure.

Recently, Jia et al. [235] monitored zeta-potential varia-
tion and flux decline of the PVDF hollow fiber membrane
during yeast solution fouling. Fouling was performed at
a pH of 6.1 in which the zeta potential of clean membrane
and yeast solution was —6.1 and -18.5 mV, respectively. Three
different membrane fouling phases were observed based
on zeta potential response inline monitoring. Firstly, the
rapid decrease observed in the zeta-potential was linked to
pore blockage, electrostatic repulsion between membrane
and yeast, double electric layer formation, and concen-
tration polarization; secondly, the gradual decrease in the
zeta-potential was related to the inhibition of pore blockage
with cake layer formation; and finally, the zeta-potential
stabilization occurred due to layer compression.

4. Concluding remarks

This study, first, provided detailed insights on the bio-
fouling mechanisms in various membrane processes. Then
the established tools and techniques for biofouling diag-
nosis, monitoring, and biofilm characterization were crit-
ically reviewed. Even though various efforts have been
tried to develop theories on mechanisms of biofouling, it
is not still fully resolved; especially, rising unconventional,
novel or hybrid membrane processes have made it more
complex. Biofouling remained the most challenging issue
of membrane technology in water and wastewater treat-
ment. Each of the reviewed techniques in this study on
microscopic, spectroscopic, and biological techniques for
analyzing biofouling has different capabilities, strengths,
and weaknesses as listed in the given tables. Microscopic
techniques’ primary aim is the investigation of biofilm
structure and cannot resolve the chemical composition of
biofilm except CLSM which requires expensive fluorescent
staining. Besides, artifact and sample damage is the most
concerned common issue associated with the microscopic
technique. Among spectroscopic techniques, EIS is a prom-
ising technique for “in-line” and “early-stage” biofouling
detection and monitoring techniques with relatively higher
sensitivity. Biological techniques are more passive and are
suitable for fingerprinting and characterization of microbial
communities. These advantages and disadvantages lead the
researchers to devise hybrid techniques for better analysis.
However, most of these techniques still are practiced in the
laboratory and on industrial scales instead usually trans-
membrane pressure and system performance monitoring,
membrane autopsy, and feed water analysis are employed
for alarming biofouling initiation. Even though spectro-
scopic and microscopic techniques with “in-line”, “non-de-
structive”, and “early-warning” abilities have shown to be

promising, upscaling these techniques for industrial appli-
cation is still under development. In addition, most of the
lab-scale researches were performed with synthetic feed
solution, while to acquire more realistic results, it is crucial
to apply real feed solution in experiments. Regardless of the
lack of commination between research and industrial com-
munities, this gap between the research efforts and indus-
trial needs probably relates to the diverse and complex
nature of biofouling which requires developing site-specific
biofouling diagnosis and monitoring techniques.
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