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Abstract: Microalgae have attracted wide attention due to their extensive application po-
tential. Dewatering is a necessary work for the application of microalgae, especially in
biofuel production, where forward osmosis (FO) research is relatively advanced but still
faces technical bottlenecks hindering large-scale commercialization. Based on the current
research in recent years, the research progress in the causes and control of membrane
fouling, the development of membrane materials and optimization of membrane structure,
and the energy saving and efficiency of the process are reviewed in this paper. We found
that different species of algae have direct effects on membrane fouling. Chlorella vulgaris
has a low membrane fouling trend, but the mechanisms of fouling need further investiga-
tion. The material development and structure optimization of membranes are the main
research methods to reduce membrane fouling, but there are still some defects, such as
complicated preparation and low water flux, which are difficult to apply on a large scale.
The research progress of reducing costs by using seawater, urine, fertilizer, etc. as new
draw solutions (DS) is reviewed. At present, many aspects of FO microalgae dewatering
technology are still not well understood, and future research should focus on scaling up the
existing technologies.

Keywords: microalgae; forward osmosis; membrane fouling; draw solution

1. Introduction

As a kind of renewable resource, microalgae have the advantages of fast growth
and no occupation of agricultural land. They can purify sewage, and have develop-
ment potential in the field of sewage treatment and resource utilization. Microalgae can
convert solar energy into hydrogen, hydrocarbons, alcohols, fats, and other renewable
energy substances stored in cells, such as biodiesel [1], alcohol-based fuel [2,3], biologi-
cal hydrogen [4], microalgae hydrocarbon production [5], biofertilizers [6,7], microalgae
plastics [8], and other raw materials that can meet the needs of industrial and agricultural
applications to a certain extent. In the face of the worldwide energy security crisis, mi-
croalgae, as the third-generation biofuel, have shown broader application prospects [9].
In order to achieve high biomass and lipid productivity in microalgal strains, microalgal
cells must be isolated from the culture broth. Since microalgae are usually small in size
(3-30 um in diameter), have a density close to that of water, and carry negative charges
on their surfaces, traditional methods such as filtration and centrifugation for algal-water
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separation are energy-intensive, costly, and economically unfeasible [10], traits which have
long constrained the large-scale commercial production of microalgal fuels [11].

With the rise of FO technology in various research fields, there are more and more
reports about its application in microalgae dewatering [12,13]. FO membrane processes
are recognized as an emerging technology for wastewater reclamation, osmotic power
generation, dewatering processes, etc. An FO process utilizes water transportation through
a semipermeable membrane driven by an osmotic pressure difference between a relatively
low concentration FS to a relatively high concentration DS. The use of FO for microalgae
dewatering can replace external hydraulic pressure with osmotic pressure, which can be
expected to achieve significant advantages such as lower energy consumption, excellent
separation efficiency, no disruption of microalgae cell integrity, high microalgae cell re-
covery, and no introduction of external chemical components [14]. However, FO also has
some constraints that are not suitable for widespread application, such as low water flux,
unimpressive techno-economics, and low marketability. The advantages and disadvantages
of different microalgae dewatering technologies are shown in Table 1.

Table 1. Advantages and disadvantages of different microalgae dewatering technologies.

Dewatering Technology Advantages Disadvantages
. Low energy requirements, - . .
Flotation high loading rates Good hydrophobicity of the algae is required [15]
Flocculation Some algae can autoflocculate Easy to do harm to subsequent production [15]
Gravity-assisted setting Low cost Applies only to algae l.arger than 70 pm in size,
typically fairly slow [15]
. . . High capital and operating costs for low-value products,
Centrifugation Efficient high speed spinning can disrupt algae cells [16]
Expensive for low-value products and is not easily
Filtration Efficient scalable, unsuitable for dewatering of small algae
(smaller than 30 um) [16]
The water content of algae can Some methods for drying are considered too expensive
Direct drying be less than 50%, which meets for low-value products, require large land areas for
the oil extraction standard large-scale operations [16]
High productivity, low energy Fouling Fell breakage and extracellular.polymers
. excretion due to apply hydrodynamic shear;
consumption and cost, shear b 1l and b dium i .
enhancement result in flux Membrane-cell and membrane-medium interactions
FO could lower the efficiency; Algae-related membrane

increment, high productivity,
and high recovery rate of
intact cells

fouling; Reverse solutes diffusion; Concentration
polarization and, on some occasions, difficulty in
recovering the draw solution [17]

On Web of Science, we used the keywords “microalgae” and “dewatering” to identify
153 representative articles on microalgae dewatering published over the past five years.
Through VOSviewer analysis, it was found that “forward osmosis (FO)” was the high-
frequency term related to processing techniques among these 153 articles (Figure 1a).
Subsequently, using the more specific keywords “microalgae” and “forward osmosis”,
41 representative articles focusing on microalgae FO dewatering in the past five years were
selected (Figure 1b). These studies indicate a significant research effort in recent years
aimed at enhancing the water flux of microalgae FO, exploring new DS, and reducing the
overall operating costs of the process. The core purpose of this research was to improve
the dewatering efficiency and economic feasibility of the microalgae FO process, thereby
promoting its practical application. Based on the most recent five years of research on
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microalgae FO dewatering, the objective of this paper was to comprehensively review
and discuss the causes and control of membrane fouling, the development of membrane
materials and optimization of membrane structure, the energy savings and efficiency of the
process, etc.
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Figure 1. Co-occurence network analysis. Network map of articles identified with the keywords:
(a) “microalgae” and “dewatering”, (b) “microalgae” and “forward osmosis”, both from Web
of Science.

2. FO Membrane Fouling: Causes and Control

Membrane fouling is an unavoidable critical issue in membrane treatment processes
and one of the biggest obstacles to the widespread application of membrane separation
processes. In the microalgae FO dewatering process, microalgae, as a kind of living
organism, grow, metabolize, and secrete a variety of substances in the solution. As a
result, the raw material liquid is often in a non-stable state, and its growth, metabolism,
and secretion activities will lead to changes in cell density, extracellular polymers (EPS)
content, flocculation behavior, and the chemical properties in the solution, which will have
a significant impact on membrane fouling.

2.1. Causes of FO Membrane Fouling

Currently, a wide variety of microalgae species are available for biofuel preparation,
and their rich diversity is not only reflected in shape and size, but also in cell wall com-
position, metabolites, and response to environmental conditions. These characteristics
directly determine the degree and type of membrane fouling. To be specific: (1) physical
properties, such as the shape, size, surface area, stiffness, hydrodynamic properties, etc. of
the membrane and larger cells or special forms (such as filaments, chains) of microalgae
are more likely to cause membrane pore blockage. (2) Chemical components, such as
the cell wall composition, lipid content, etc. components in the cell walls of microalgae
(e.g., polysaccharides, proteins, lipids, etc.) can affect their interactions with membrane
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materials, and some components may increase the risk of membrane fouling. (3) Surface
charge attributes, in addition to the fiber algae and other microalgae. While a very small
number of microalgae carry a positive charge [18], the vast majority of microalgae (such as
Chlorella vulgaris, Scenedesmus obliquus, etc.) carry a negative charge, which directly affects
the intermolecular force between microalgae and an FO membrane surface and has a great
impact on the development trend of membrane fouling. (4) Metabolic secretions, the algal
organic matters (AOMs) secreted by different algal cells are different. According to the
differences in their sources and locations, AOMs are mainly divided into two categories: ex-
tracellular organic matters (EOMs) and intracellular organic matters (IOMs) [19]. Dissolved
AOMs are also known as dissolved algal products (SAPs). These secretions constitute the
main source of biofouling of microalgal membranes.

Microalgae characteristics on degree and type of membrane fouling (Figure 2) is
shown below.

Microalgae Characteristics Influencing Membrane Fouling

Physical properties

Shape, size

Surface area, stiffness

Hydrodynamic properties

Surface charge attributes

Chemical components \ Cell wall composition
Lipid content

Positive or negative charge

Metabolic secretions Extracellular organic matters

(EOMs)

Intracellular organic matters
(I0Ms)

Figure 2. Schematic diagram of the effect of microalgae characteristics on degree and type of

membrane fouling.

The physical properties and charge attributes of different species of microalgae affect
how easily algal cells are caught in the membrane pores or deposited on the membrane
surface. For example, Guruvaiah et al. found that the permeability of the shuttle-shaped
and large-sized Phaeodactylum tricornutum was always higher than that of the spherical
and small-sized Nannochloropsis oculate [20]. Phaeodactactus triangularis will make more
cells and EPS enter the membrane pores, resulting in internal blockage, which increases
the difficulty of cleaning. It is difficult for Nannochloropsis oculata to plug the membrane
pores directly, but after long-term operation, fine cells and EPS may gradually accumulate,
forming a dense filter cake layer, which ultimately affects the membrane’s performance. Ma
et al. investigated the different behavior of the Phaeodactylum tricornutum, Chlorella vulgaris,
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Scenedesmus obliqguus, and Microcystis aeruginosa during FO dewatering, and found that there
were depositional differences among different microalgae [21]. The microalgae of large size
or having strong flocculation (such as Phaeodactina triangulata and Scenedesmus obliquus)
more easily cause structural fouling and biofilm fouling, resulting in a rapid decrease of
membrane flux and difficult cleaning. However, microalgae with smaller cells (such as
Chlorella vulgaris) mainly show the fouling of a filter cake layer, and the decline rate of
membrane flux is relatively slow, though it will still affect the membrane’s performance
after long-term operation. Because of its strong flocculation and EPS secretion ability,
Microcystis aeruginosa easily forms serious biofilm fouling, and it is one of the most difficult
microalgae to deal with.

The membrane fouling caused by physical properties such as size and shape between
the above microalgae membranes mainly belongs to the category of reversible membrane
fouling, which can be removed by simple backwashing [22]. Membrane biological fouling
triggered by the different chemical compositions and metabolic secretions of microalgae
falls into the category of irreversible fouling, which is difficult to be remove using physical
cleaning alone, and it directly threatens the application cycle and service life of FO mem-
branes. Therefore, the research on the influence of chemical composition of algae species
and their metabolic secretion composition on membrane fouling has been the focus of
attention in this field, and SAPs are one of the core issues of such research [23]. Zhou et al.
investigated the membrane fouling mechanism of Chlorella vulgaris and the FO dewatering
of Scenedesmus obliquus [24]. The results showed that both microalgal cells and their secreted
SAPs constituted membrane pollutants. Through an Extended Derjaguin-Landau-Verwey-
Overbeek theory analysis, it was found that the higher the interfacial energy between the
algal cells, SAPs, the medium, and the membrane, the faster the decrease of water flux
caused by membrane fouling. Ma et al. investigated the effect of coexisting components
(such as Ca®*, natural organic humic acid, and inorganic particles of kaolinite) on the
membrane fouling of the FO in an algal-rich water body [25]. The results showed that the
coexisting components increased the attraction between pollutants and membranes and be-
tween different pollutants to varying degrees, accelerating the development of membrane
fouling. These studies showed that the synergistic or competitive relationships existing
among SAPs was inconsistent due to different algal cells. When the feedstock solution
contained algal cells, algal fragments, various algal secretions, media components, and
inorganic ions introduced by the DS in the reverse salt flux (RSF) process, these coexisting
components were dispersed in the solution environment in which the FO membranes were
located and had different effects on the generation and acceleration of membrane fouling.

In recent years, some studies have pushed the knowledge of the relationship between
SAPs and membrane fouling to a deeper level. For example, Ma et al. investigated the
membrane fouling of Chlorella FO dewatering [26]. The results showed that the water
flux was optimal when the solution contained algal cells, dissolved extracellular organic
matter (AEOM), and bound extracellular organic matter () EOM). Conversely, the water
flux was the worst when only algal cells and bEOM were present in the solution. This
occurred because the bEOM had less negative zeta potential, which usually resulted in
less electrostatic repulsion when the bEOM was transported toward the membrane surface.
The solution containing algal cells + bEOM carried a less negative surface charge, resulting
in stronger adhesion between substances in the solution and the membrane surface, which
increased the resistance of water passing through membrane during the early stage. Adding
dEOM raised the zeta potential of the cells + bEOM + dEOM solution, increasing the
electrostatic repulsion between the solution and the membrane surface. Consequently,
it was less likely that this mixture would adhere to the membrane in the early stages.
Finally, they all formed a cake layer, which reduced the water flux to varying degrees.
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Ji et al. compared the membrane fouling behaviors of Chlorella and Scenedesmus obliquus
during FO dewatering and concluded that, due to the small and regular morphology of the
cells, Chlorella vulgaris is more likely to cause higher fouling rates. Furthermore, compared
with the membrane fouling behaviors of soluble extracellular polymers (sEPS), algal cells,
and medium, Chlorella vulgaris and Scenedesmus obliquus were more sensitive to membrane
fouling [27]. The binding extracellular polymers (bEPS) of Chlorella and Scenedesmus obliquus
were the primary factors contributing to the decrease in flux compared to the sEPS, algal
cells, and culture medium. Unsurprisingly, both sEPS and bEPS are forms of extracellular
organic matter, subordinate to dEOM, and can be regarded as subsets of dEOM/bEOM.
Since previous studies in the field of SAPs only penetrated to the level of relative molecular
mass classification [13,23], Ma and Ji advanced the current research on algae species and
membrane fouling control to a more microscopic level when they focused their study on
the synergistic effect between the two subsets of dEOM/bEOM (sEPS/sEPS) and the algal
cells and media (Figure 3) [26,27].

Forward osmosis membrane

o O 00 -
Feed © Q Draw 8 8 Insoluble pollutants ;| Dissolved pollutants
1
solution @ 9 solution 8 8 :
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Q9 Q9 O O .
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000 8 8 @  bound extracellular organic matter () EOM)
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9 ; O O ) dissolved extracellular organic matter (IEOM)
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Figure 3. Schematic diagram of microalgae FO dewatering membrane contaminants. There are 8
main pollutants that affect the generation and acceleration of membrane fouling, which are divided
into insoluble pollutants and dissoluble pollutants.

In addition to freshwater microalgae such as Chlorella and Scenedesmus obliquus, there
are also some FO dewatering studies on seawater microalgae. For example, Manrique et al.
studied the FO dewatering of seawater microalgae Chlorella vulgaris and evaluated the effect
of salinity on its dewatering performance [28]. Microalgal FO/PRO fouling was more severe
and less reversible when divalent Mg?* ions were present in the feed solution (FS) and the
DS. The use of Mg?*-based DS can result in severe fouling due to the reverse diffusion of
Mg?* into the FS, even if Mg?* is not present in the original FS. The use of FS spacers was
beneficial in enhancing the initial flux as well as reducing the tendency toward membrane
fouling. Hafiz et al. studied the dewatering performance of seawater Tetragonolactis spp. in
an ultrafiltration-forward osmosis (UF-FO) hybrid system, and obtained a maximum algal
concentration ratio of 37.3, which is rare in freshwater microalgae dewatering studies [29].
Moreover, FO exhibited high resistance to fouling where the water flux was completely
retrieved after washing the membrane with distilled water. The energy consumption of the
UF-FO hybrid system was 24% less than that of the UF-UF two-stage ultrafiltration system.
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The emergence of this type of seawater microalgae FO study has expanded the application

field of FO dewatering and provided more references.

Table 2 summarizes some microalgae FO dewatering studies in the last five years. It

can be seen that Chlorella vulgaris has the highest application ratio in the selection of algal

species, whereas Scenedesmus obliquus, Chlamydomonas reinhardtii, etc. and Chlorella vulgaris

are often included as research objects to compare the various types of differences between

different algal species in the dewatering process. The advantages and disadvantages of

different arrangement mode are shown in Table 3.

Table 2. Microalgae FO dewatering studies in recent five years.

Microalgae FO Membrane Arrangement FS Mass: Enrichment Water Flux/
Concentration/ DS . 211 Year References
Types Types Mode (g+L-1) Ratio (L¥m~2xh-1)
Tetraselmis sp. TFC flat FO/PRO 2 709g/Lwastesalt g 3.06 2020 [29]
membrane water
Chlorella vulgaris; 1/3/5 mol/L NaCl;
Scenedesmus 1/3/5mol/L 3;
obliquus; rr?enf:rte FO 1 MgCly; 1; <15.55 2020 [21]
Microcystis 1/3/5mol/L 1
aeruginosa CaCl,
Self-made Loss
Chlorella vulgaris conductive FO FO A680=0.251 2 mol/L NaCl / decreased by 2021 [30]
membrane 57.6 percent
. TEC flat 320 gxL~! glucose
Chlorella vulgaris membrane FO/PRO 28-30.2 35 gL sea salt 4 12.1 2020 [31]
Chlorella vulgaris TFC flat FO 0.6 70 gxL~! sea salt 4 <17.6 2022 [32]
membrane
~1
Scene‘desmus CTA flat FO A750 = 0.015 1 70.9 gxL ™" waste / 3 2021 133]
obliquus membrane salt water
Chlorella vulgaris TFC flat FO 1-1.2 seawater / <20 2020 [34]
membrane
Chlorella vulgaris;
Scenedesmus TECflat FO 4 % 1062 1 mol+L~! NaCl / 1 2020 [24]
obliquus
Chlorella vulgaris; . 1
Scenedesmus 1< hollow fiber FO 0.4 0.15-0.2 mol+LL / 05607 2020  [35]
obliquus membrane (NHy), HPO,
Chlorella vulgaris CTA flat FO 0.6 3 mol+L -1 NaCl / / 2022 [26]
membrane
Chlorella vulgaris CTA flat FO 2 x 10°2 natural water / 19.2 2024 [36]
membrane
. TFEC flat 1 improved by
Chlorella vulgaris membrane FO 5 2 mol«xL~" NaCl / 111% 2024 [37]
Spirulina platensis CTA flat FDFO 240-480 10 gL~ NaCl / 7 2023 [38]
membrane

1 A refers to the absorbance value of algal raw material liquid at the corresponding wavelength; 2 units: cell /L.

Table 3. Advantages and disadvantages of different arrangement mode.

Arrangement Mode

Advantages

Disadvantages

Simple setup, low energy requirement, effective for

Requires concentration of DS, potential fouling and

FO mode high-salinity DSs. scaling issues.
Generates additional Higher complexity, requires robust membranes to
PRO mode - . . . . .
energy, efficient use of osmotic pressure difference. withstand pressure, higher capital costs.
FDFO mode Direct recovery of purified water, reduces need for further =~ Lower driving force compared to standard FO, may require

treatment steps.

more sophisticated DSs.
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The reason for this may be that Chlorella vulgaris does not contain fructose or galactose
like Chlamydomonas reinhardtii, and the tendency toward membrane fouling of Chlorella
vulgaris during the FO process is lower, which means it does not easily trigger serious water
flux loss [39].

2.2. Control of FO Membrane Fouling

At present, in order to effectively control membrane fouling, researchers have adopted
a variety of strategies, which includes osmotic backwashing, ultrasound, chemical cleaning,
and air sparging. Osmotic backwashing is performed by reversing the flow of water and
membrane sides. Some studies also have been reported on using ultrasound to generate
acoustic cavitation, which induces shear stress to effectively remove foulants. Fouling
mitigation using chemical cleaning has also been studied. In chemical cleaning methods,
the membranes are soaked in a cleaning solution such as sodium hypochlorite, sodium
hydroxide, or sodium chloride and washed either via forward or backward flushing for
foulant removal [25,26,36].

In general, Chlorella vulgaris, Scenedesmus obliquus, Chlamydomonas reinhardtii, and
Nannochloropsis oculata are still more suitable for biofuel production, and the above algae
species have been applied more in the relevant experimental studies of FO dewatering [40,41].
In the future, it will be necessary to further analyze the properties of microalgae and their
products to determine the key components affecting the formation of the filter cake layer
and to grasp the underlying mechanism of membrane fouling so as to adopt appropriate
means for effective control. At the same time, analysis can also provide useful references
for the preliminary selection of microalgae fuel preparation methods.

3. FO Membrane: Material Development and Structure Optimization

The inherent characteristics of the separation membrane determine the degree and
type of membrane fouling in an FO process to a large extent, which is one of the key
factors affecting membrane fouling. These characteristics include membrane pore size,
hydrophilicity, surface charge, chemical stability, and antifouling ability, etc., which work to-
gether to affect the interaction between microalgae and their metabolites and the membrane
surface, thereby determining the occurrence and development of membrane fouling. Since
membrane fouling and concentration polarization (CP) are the main factors of FO water
flux decline, they have been the main research targets in the development of membrane
materials and optimization of membrane structure in recent years.

Concentration polarization is a dynamic process and one of the common technical
obstacles in membrane separation processes. In the process of microalgae FO dewatering,
the external concentration polarization (ECP) can be alleviated by increasing the mis-flow
velocity or the degree of turbulence on the membrane surface. Internal concentration
polarization (ICP) occurs inside the support layer, which is a unique phenomenon of
asymmetric membranes. It cannot be eliminated by means of operation optimization, etc.,
and can only be suppressed by changing the structure of the membrane itself [42-47].

3.1. Structure Optimization of FO Membranes

At present, substrate enhancement by phase transition is a common approach to
modifying membrane structures and properties, with the core objective of providing good
hydrophilicity and wettability of the membrane support layer to achieve water flux enhance-
ment while minimizing the mechanical damage caused by the bending of the membrane.
Among them, hydrophilicity is highly beneficial in alleviating ICP. With the increase of
hydrophilicity, wettability increases simultaneously, while wettability can promote the
diffusion of the feed solution in the membrane pores [42]. Previous studies have used phase
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transition methods to adjust the polysulfone sublayer of a TFC-FO flat sheet membrane to
modify its thickness and chemistry to reduce mass transfer resistance [43]. More recently,
cellulose triacetate (CTA) ultrafiltration membranes with higher porosities were prepared
by using a dioxane and acetone mixture as a solvent and a lactic acid and methanol mixture
as a non-solvent through different phase conversion conditions [44]. However, the prepara-
tion of these “substrate-improved membranes” often requires a multi-step, intricate process
that results in variable membrane quality [45]. This complexity and lack of consistency have
considerably hindered further research and the broader application of such membranes.

3.2. Material Development of FO Membrane

In addition, some studies focus on “embedded membrane” structures optimization,
in which hydrophilic additives or nanomaterials (e.g., TiO,, carbon nanotubes, etc.) are
embedded in the polymer matrix to prepare novel FO membranes [45], which are beneficial
to alleviate the ICP and improve the water flux [46,47]. However, there is a common
problem in this kind of research, that is, the large amount of nanoparticle aggregation in the
membrane layer will most likely cause defects in the membrane material itself, resulting
in increased ICP and reduced water flux. This is a technical bottleneck that is currently
hindering the deeper exploration and advancement of similar research. On the other hand,
aquaporin membranes, which are also “embedded membranes”, are a successful product
of this research idea. Munshi et al. [48,49] conducted a series of dewatering experiments
on Chlorella vulgaris using a water channel protein polyethersulfone membrane, and the
experimental results confirmed the advantages of this membrane in water flux, providing a
new application option for the study of microalgae FO dewatering.

In addition to the optimization of the support layer, the modification of the active
layer is also a common means of membrane structure optimization and performance
improvement. Usually, hydrophilic substances (such as polyether amine, ethylenediamine,
polyethylene glycol derivatives, and graphene oxide, etc.) are used to modify the surface
of the membrane to increase the hydrophilicity of the membrane surface, so as to improve
the permeability and fouling resistance of the membrane [47,50,51]. Akther et al. modified
the surface of TFC membranes in situ by adding silica to improve the fouling resistance
of the original membranes [52]. Huang et al. developed highly negatively charged and
hydrophilic membranes using bioadhesion and layer-by-layer self-assembly technology to
mitigate the fouling of microalgae FO membranes [53]. These studies can provide useful
references for the interfacial charge modification of membrane materials in the future. The
advantages and disadvantages of different FO membrane types are shown in Table 4.

Table 4. Advantages and disadvantages of different FO membrane types.

FO Membrane Types Advantages Disadvantages
Thin-film composite (TFC) High water flux, good rejection of pollutants, robust Requires concentration of DS, potential
membranes under varying conditions. fouling and scaling issues.
Higher complexity, requires robust
Cellulose triacetate (CTA) membranes Lower cost, less prone to fouling. membranes to withstand pressure, higher
capital costs.
Nanocomposite Enhanced mechanical strength, high water flux, Lower driving force compared to standard
Membranes improved antifouling properties. FO, may require more sophisticated DSs.

Hollow fiber membranes

High surface area to volume ratio, efficient mass transfer. ~ Prone to breakage, complex module design.

In summary, the development of FO membrane materials and the optimization of
membrane structures to achieve CP inhibition and membrane fouling control are important
research areas to improve or maintain the dewatering flux of microalgal FO. However, from
the perspective of specific application examples (Table 2), most microalgal FO studies in
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recent years have tended to adopt commercial CTA or TFC flat membranes. This may not
only be related to the availability and stable quality of commercial CTA or TFC membranes,
but also to the difficulty of large-scale production of new membranes with guaranteed
quality control.

In recent years, a “self-supporting symmetric FO membrane” has been developed
(Figure 4), which completely eliminates the effect of ICP on OF membranes and has
been further investigated recently. Li et al. proposed a COOH-derived poly(oxadiazole)
(PTAODH) copolymer FO membrane with a thickness of only 8 um and a water flux of up to
12 L/ (m?xh) without the effect of ICP [54]. Liang et al. followed up by preparing a series
of self-supported symmetric FO membranes of carboxylated poly(arylene ether sulfone)
(PAES-COOH) material, with a reduced film thickness of 2.5 um, which also showed advan-
tages in mechanical strength and permeation selectivity [55]. If this symmetric membrane
technology is successfully developed, FO applications will usher in a revolutionary leap.
However, it should be noted that the ultra-thin homogeneous membranes, while improving
their permeability, also increase their structural defect ratio. Due to the disappearance
of the support layer, the structure of such symmetric membranes is generally extremely
fragile and difficult to adapt to medium- and long-term applications, which have not been
reported in industrial practice. In the future, it will still be necessary to improve membrane
robustness and durability and strengthen the research and application in microalgae FO to
solve the technical defect of low water flux.
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Figure 4. Asymmetric FO membrane and Self-supporting symmetric FO membrane. Self-supporting
symmetric FO membrane completely eliminated the effect of ICP on OF membranes by removing the
support layer.

4. FO Dewatering Process Energy Efficiency

Currently, to effectively control membrane contamination, researchers have adopted
a variety of strategies. Although these methods have alleviated membrane fouling to a
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certain extent, they still face problems such as high cleaning frequency and increased costs
during long-term operation. Therefore, considering process energy savings and efficiency
improvements is of significant importance for enhancing the overall performance and
economic viability of the system.

4.1. Influence of Drawing Solution Selection on Cost Compression

The choice of DS is critical to the efficiency and stability of the FO process. Studies have
shown that the FO process will have a great advantage in energy saving if the regeneration
and reuse aspects of DS are not considered [10,12]. As another important component of
microalgae FO dewatering process, the rational selection of DS is precisely the preferred
target for energy saving and the efficiency of the microalgae FO dewatering process.

NaCl, as a traditional inorganic type drawing solution, has been mostly used as a
DS reference in microalgal FO dewatering studies in recent years. For example, Ma et al.
investigated the dewatering of microalgae by three DSs of NaCl, MgCl,, and CaCl, solution.
It was found that the water flux decreased faster when a CaCl, solution was used as the DS,
while an MgCl, solution did not show serious membrane fouling when acting as a DS. [21].
This was not consistent with the findings of Zou et al. [56]. This may have been caused
by the differences in surface charge, functional groups, and free energy between different
species of algae, and the differences in algae species and DS types should be considered
comprehensively in specific applications.

With the in-depth research on FO processes, natural seawater and sea salt are often
used as DSs, considering the availability, convenience, and economy of DS disposal. By
establishing microalgae aquaculture plants near the coastline and taking advantage of
the characteristics of seawater, which is abundant, does not need to be diluted, and is
very easy to obtain, the seawater can be used as a DS and injected back into the sea
afterwards, which can significantly reduce energy consumption and operating costs. Nawi
et al. investigated the use of seawater as a DS for membrane fouling control by aeration in
an FO system. The result showed that aeration is effective to enhance the water flux even
at a low rate (i.e., 67% at a rate of 0.4 NL+min ') via membrane vibration and scour-off the
foulant [34]. Seawater is used as a disposable DS, saving the energy needed to recover the
DS, and this waste liquid can be discharged directly into the sea without causing additional
pollution. However, in some countries, such as China, high-salinity waste liquids (salinity
above 15,000 mg/L) are classified as hazardous waste and require additional treatment
before disposal.

Also for cost-saving reasons, some waste streams (such as reverse osmosis concen-
trated waste brine) that have lost their original utilization value, are used as DSs, which can
reduce costs and mitigate environmental toxic effects. Molitor et al. used reverse osmosis
seawater desalination waste brine as a DS for FO isolation of the Scenedesmus obliquus [33].
However, these DSs often face some practical problems in microalgae application. In the
case of a seawater DS, in addition to the limitations in the application location, due to the
complexity of its own components, the DS itself often causes serious membrane fouling in
the application [57].

In addition, human urine has the advantages of high osmotic pressure (about 3.01 MPa
in comparison to seawater’s osmotic pressure of 2.50 MPa), extremely low cost, and easy
access, and can be used as a microalgae growth medium after dilution. Volpin et al. used
urine as a DS to conduct FO experiments on Chlorella vulgaris, which also produced positive
results in water flux enhancement and operating cost compression [58]. The disadvantage
is that urine contains ammonium ions (NH;*), which forms a certain degree of reverse
osmosis to the feedstock liquid in the case of RSF, inhibiting the growth of microalgae and
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affecting the effectiveness of the subsequent bioenergy preparation. Therefore, in recent
years, studies on urine as a DS have been sporadic and have not yet become mainstream.

It is also important to mention fertilizer draw forward osmosis (FDFO). Munshi et al.
studied the dewatering of Chlorella vulgaris using three different DSs—NaCl, KCl, and
NH,4CI solution—and proved that the fertilizer-based DS of NH4Cl solution was superior
to the traditional inorganic DS of NaCl solution [49]. Subsequently, Munshi et al. continued
to study the dewatering of microalgae under an applied electric field using the above
mentioned DSs, which further confirmed the dehydrating and energy-saving properties of
fertilizer-based DSs [48]. However, although FDFO does not require DS purification and
recovery, it is also necessary to control the feedstock liquid fouling and microalgae growth
inhibition brought about by nutrient RSF, which may be an important reason why FDFO is
not the preferred choice for microalgae dewatering applications at present. The real-time
or subsequent effects of microalgae reverse osmosis in FDFO still need to be studied and
revealed. It remains to be studied and revealed what the real-time or subsequent effects of
the reverse osmosis of microalgae in FDFO will be.

In addition, there are FO processes driven by medium nutrients. Ryu et al. investigated
the microalgal FO dewatering performance using glucose and artificial seawater as DSs,
and the results showed that the glucose DS had better dewatering performance, and its
dilution can be directly reused as a microalgae culture medium, which greatly reduces the
system’s cost and energy consumption [31]. In principle, this process is a variant of FDFO
and could be used as an energy-saving alternative to FDFO in the future.

There are some other DSs, such as waste glycerol, that have been used in microalgae
FO dewatering before, although they are also in line with the application of cost compres-
sion, but there has been no follow-up in recent years. As a by-product of algal biodiesel
production, the osmotic pressure of waste glycerol can reach 9.20 MPa [59]. Sobczuk et al.
conducted a study on FO dewatering of marine microalgae using crude glycerol as a DS,
which proved the reliability of the process, realized the utilization of wastes, and reduced
the negative impact on the environment [60]. However, it is not clear whether glycerol
has significant interactions with the culture medium or microalgae species, and its effects
remain to be confirmed through further research.

Similarly, gel-stimulated response draws were not found to be used for microalgae
dewatering. This is due to the additional processing energy consumption (such as electricity
consumption) in use, which goes against the original purpose of DS selection of reducing
operating costs [61]. Moreover, the complex preparation process and limited lifetime of
these materials further hinder their practical application. Inorganic DSs [62,63] with added
surfactants also have not seen similar applications. This may be due to the fact that the
effect of surfactants on the subsequent preparation steps of microalgal biofuels is still
unclear and remains to be investigated.

In summary, NaCl solution, seawater and reverse osmosis salt brine, urine, and
fertilizer (KCl and NH4Cl solution) are the more widely used types of DS in microalgae
FO dewatering processes. Seawater, urine, and fertilizer-type DSs can effectively eliminate
the subsequent recovery and reuse processes and have obvious advantages in reducing
operating costs. MgCl, and CaCl, solutions should not be used as DSs in microalgae
dewatering due to their tendency to increase the membrane fouling. Glycerol, gel-type
stimulation response extracts, and inorganic DS with surfactants are not suitable to be
used as DS due to their high cost and unknown effects on microalgae. The advantages and
disadvantages of different DS are shown in Table 5.
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Table 5. Advantages and disadvantages of different DS.
DS Type Advantages Disadvantages
NaCl Control Control
MgCl, / Water flux decreased faster, the difference for different algae is great
CaCl, No severe membrane fouling The treatment effectiveness varies significantly among different

algae species

Natural seawater and sea salt

Abundant, requires no dilution for In some countries, high-salinity waste liquids are considered hazardous
use, and is easily obtainable waste and require additional treatment

Waste streams

Limitations in the application, due to the complexity of its own

Cost-savin, . I .
& components, often causes serious membrane fouling in the application

Human urine

Urine contains ammonium ions (NH4*), inhibiting the growth of
microalgae and affecting the effectiveness of the subsequent
bioenergy preparation

High osmotic pressure, extremely low
cost, and easy access

Fertilizer-type DS

Need to control the feedstock liquid fouling and microalgae growth

Energy-saving inhibition brought by nutrient RSF

Glucose DS

Better dewatering performance and its
dilution can be directly reused as
microalgae culture medium

Its essentially a variant of fertilizer-type DS, having the same
disadvantage as fertilizer-type DS

4.2. Influence of Process Conditions and Operating Parameters on Process Efficiency Gains

Process conditions can be divided into equipment conditions and operating condi-
tions. Equipment conditions include, i.e., FO membrane module design and structural
dimensions, etc. Operating conditions refer to the FO microalgae dewatering process using
the relevant operating parameters, such as membrane surface orientation, wrong flow rate,
and water temperature [64]. Process conditions are another important factor affecting the
performance of FO microalgae dewatering systems [21,65].

In terms of equipment conditions, flat-plate type modules are still the mainstay of
laboratory-scale microalgae FO dewatering. However, some tubular and spiral-wound
membrane modules have also begun to be put into application (Table 2). For example,
Wang et al. employed TFC hollow fiber membranes in an osmotic photobioreactor system,
which compensated for the poor filling density of plate-and-frame flat-plate membrane
modules and could handle a larger volume of feed streams in the short term [35]. However,
the disadvantage was the poor resistance to membrane fouling; continuous operation was
difficult to sustain. Blandin et al. developed a new operation mode, which first mentioned
the problem of “mass transfer limitation” in the operation of a submerged osmosis system
and put forward proposals and suggestions for optimizing the design and operation of
such systems [66]. Ma et al. designed a hybrid dead-end/staggered flow FO filtration
system for microalgae dewatering [21]. Then, Ma et al. developed a new gravity settling-FO
hybrid reactor. The development of these new types of reactors provides a broader research
space for microalgae FO dewatering research and provides a very useful inspiration for the
continuous optimization and innovation of process equipment conditions [26].

The electro-assisted FO system is also a typical application of process condition op-
timization in recent years. Munshi et al. [48] systematically studied the dewatering of
Chlorella vulgaris using electrically assisted FO, and the results showed that the water flux
of the electrically assisted FO system could be enhanced by 2.2-3.8 times and the water
flux recovery rate could reach 99% compared with that of the unassisted FO system. Xu
et al. [30] constructed an electrically assisted FO system that effectively mitigated the de-
cline of the water flux and enhanced the microalgae recovery rate and lipid extraction rate.
In the future, this electrically assisted FO microalgae dewatering system may be considered
in conjunction with photovoltaic technology to fully utilize solar energy as an electricity
source, which may play a more active role.
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The combination of FO systems with microalgae culture photobioreactors is also a field
of interest to researchers. Wang et al. developed an osmotic photobioreactor system with
fertilizer-based dissolved disodium phosphate as the DS, which consumed the nutrients
from the RSF in the FO system via the fast-growing microalgae in the photobioreactors,
keeping the osmotic photobioreactor system functioning with a low nutrient accumula-
tion [35]. Larronde-Larretche et al. combined two FO components with a microalgae
photobioreactor via lateral flow and submerged approaches to evaluate the system treat-
ment performance [32]. The results showed that the lateral flow FO + PBR approach is
more suitable for a continuous and efficient microalgae dewatering process.

In terms of operating conditions, for the widely used asymmetric FO membranes,
the orientation issue is basically well established. In most cases, the active level is better
oriented toward the feed solution than toward the draw solution. In addition, the cross-
flow velocity is another focus of the study of operating conditions. Cross-flow velocity
is beneficial in disturbing and eroding the surface fouling layer of the membrane and
promoting membrane fouling mitigation. However, this enhancement of cross-flow velocity
and shear stress can only mitigate membrane fouling and ECP. It is ineffective to reduce
ICP, which is related to the structural properties of the membrane itself [67].

Due to the microscopic specificity of the experiments for operating conditions, some
researchers have started to use Computational Fluid Dynamics (CFD) tools to model the
fluid flow conditions. In earlier studies, Ramon et al. analyzed the possible influence mech-
anism of the support layer on the fouling characteristics of the active layer by CFD [68]. In
recent years, Itliong et al. [69] investigated the ion transport mechanism during microalgal
FO dewatering using CFD. Wen et al. used a CFD method to simulate the influence of
inlet flow rates of different membrane components on the FO process [70]. Ryu et al. estab-
lished a microalgae water flux prediction model based on the Carman-Kozeny resistance
model [71]. Such studies are indicative, enlightening, and provide theoretical bases and
modeling examples for subsequent in-depth studies of microalgal FO dewatering processes.
Process conditions and operating parameters (Figure 5) is shown below.

FO membrane module design

— Equipment conditions

Structural dimensions

Process

. — Membrane surface orientation
conditions

Wrong flow rate
—  Operating conditions —

- Water temperature

Figure 5. Schematic diagram division of process conditions and operating parameters.

Equipment conditions and operating conditions need to be determined in conjunction
with the content of specific FO experiments. In practice, results can not simply be repli-
cated based on the operating conditions while ignoring the specific requirements of the
actual situation in terms of the type of algae, the performance of the FO membrane, the
composition of the DS, and the composition of the system process.
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5. Summary and Prospects

In recent years, an increasing number of studies have demonstrated the applicability of
FO technology in microalgae dewatering, highlighting its great potential in energy saving
and efficiency improvement, with very broad prospects for future applications. In this
paper, through an in-depth analysis of the performance of different microalgae species in
the FO process, the key factors affecting membrane fouling were identified and effective
control strategies were proposed, which is of great significance for improving dewatering
efficiency and extending the service life of the membrane. Furthermore, the progress of the
development of novel membrane materials and structure optimization was also discussed,
especially the development potential of ICP-free self-supporting symmetric FO membranes,
which can significantly increase microalgae dewatering flux. At the same time, through
the study of the energy consumption and efficiency of the processing system, a series of
innovative improvement schemes which will help to reduce overall operational costs and
improve the economic benefits were proposed. This work provides a solid scientific basis
for the application of FO technology in the field of microalgae dewatering, promotes the
use of the technology in more extensive practical applications, and points out focus and
development directions for future research.

The specific summary and prospects are as follows:

(1) Microalgae species such as Chlorella vulgaris and Scenedesmus obliquus are widely used
in the research, which can provide useful references for the subsequent research into
and application of algae species selection. The membrane fouling trend of Chlorella
vulgaris was lower than that of Scenedesmus obliquus, Chlamydomonas reinhardtii, and
Nannochloropsis oculata, and C. vulgaris did not easily cause serious water flux loss.
In the future, it will still be necessary to further analyze the properties of microalgae
and their products, determine the key components that affect the formation of filter
cake layers, and master the final mechanisms of the formation and development of
membrane fouling.

(2) FO membrane material development and membrane structure optimization work
still revolves around enhancing water flux, fouling resistance, and other directions.
At present, most of the research still focuses on commercial CTA /TFC membranes,
but water channel protein membranes are also involved in the applications as a
mature product of membrane structure optimization technology. In addition, ICP-free
self-supporting symmetric FO membranes have begun to attract attention, but the
technical defects in their toughness have not yet been effectively overcome, and their
application in microalgae dewatering is still challenging. In the future, it will still be
necessary to improve the robustness and durability of the new membrane, strengthen
research into its application in microalgae FO, and solve the technical defects of low
water flux.

(3) In terms of process energy saving and the efficiency of DS researches, some new
process systems have been developed and validated, but there is still a long way to
go before they can be widely applied. CFD, as an inspiration and supplement to
experiments, has continued to emerge in recent years. In the future, the CFD model
may be combined with practice to determine the equipment conditions and operating
conditions under different conditions according to the specific requirements of actual
algae species, FO film performance, DS composition, and system process composition.

(4) In conclusion, the current FO microalgae dewatering technology still has many cog-
nitive blind spots and long-term and detailed techno-economic comparisons with
the traditional microalgae dewatering process are still lacking. Most of the studies
stay at the laboratory level, which need to be expanded to larger scales in the future.
Coupling the FO technology directly with the microalgae culture process to form an
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osmotic photobioreactor system and thus moving the microalgae dewatering process
forward to the microalgae culture process should be a promising research direction
in the future. In addition, the optimization of membrane materials and membrane
structure still needs to be continuously studied, especially the increasing improvement
of ICP-free self-supporting symmetric FO membranes, which will greatly improve the
unfavorable status of low dewatering flux of microalgae in FO.
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Abbreviations

The following abbreviations are used in this manuscript:
FO forward osmosis

DS draw solution

EPS extracellular polymers

AOMs algal organic matters

EOMs  extracellular organic matters

IOMs  intracellular organic matters

SAPs dissolved algal products

RSF reverse salt flux

dEOM  dissolved extracellular organic matter
bEOM  bound extracellular organic matter
sEPS soluble extracellular polymers

bEPS binding extracellular polymers
UF-FO ultrafiltration-forward osmosis

FS feed solution

CP concentration polarization

ECP external concentration polarization
ICP internal concentration polarization
CFD computational fluid dynamics
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