Chapter 2
Application of Various Immobilization
Techniques for Algal Bioprocesses

Ela Eroglu, Steven M. Smith and Colin L. Raston

Abstract Immobilized cells entrapped within a polymer matrix or attached onto the
surface of a solid support have advantages over their free-cell counterpart, with easier
harvesting of the biomass, enhanced wastewater treatment, and enriched bioproduct
generation. Immobilized microalgae have been used for a diverse number of bio-
processes including gaining access to high-value products (biohydrogen, biodiesel,
and photopigments), removal of nutrients (nitrate, phosphate, and ammonium ions),
heavy metal ion removal, biosensors, and stock culture management. Wastewater
treatment processes appear to be one of the most promising applications for immo-
bilized microalgae, which mostly involve heavy metal and nutrient removal from
liquid effluents. This chapter outlines the current applications of immobilized mic-
roalgae with an emphasis on alternative immobilization approaches. Advances in
immobilization processes and possible research directions are also highlighted.

2.1 Introduction

Algal bioprocesses are advantageous in integrating wastewater treatment processes
with valuable biomass production. Algal biomass can be further exploited for various
purposes such as biofuel generation in the form of biodiesel, biohydrogen, or biogas;
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food additives; slow-release fertilizers or soil conditioners; cosmetics; pharmaceu-
ticals; and several other valuable chemicals (Johnson and An 1991; Mallick 2002;
Mulbry et al. 2005). Microalgal cells have several other advantages in not requiring
many resources to generate their biomass, providing an economical operation at
lower costs, with the dissolved oxygen released by the algae being useful to elevate
the oxygen levels of water effluents, and can be utilized for the reduction of carbon
dioxide emissions using CO, for their biomass and/or energy production.

Harvesting and dewatering of algal biomass from its liquid environment is one
of the major challenges of algal bioprocesses. Several studies have focused on
harvesting of microalgae using a wide range of technologies from sand filtration to
high-speed centrifugation (Mallick 2002; Oswald 1988). Some of the most recent
technologies for algal dewatering are further discussed in Chaps. 12, 13, and 14 of
this book. Immobilization of algal cells has been proposed mainly to overcome the
burdens of difficult harvesting and dewatering stages, in addition to providing the
retention of the high-value-added algal biomass for further processes (de la Noue
and de Pauw 1988; Mallick 2002).

Immobilization of various cells in either polymeric or biopolymeric matrices has
several advantages over their free-cell counterparts, since immobilized cells occupy
less space, are easier to handle, and can be used repeatedly for product generation
(Mallick 2002). Immobilization of cells has also been proposed to increase the
biosorption capacity and bioactivity of the biomass (Akhtar et al. 2004; de-Bashan
and Bashan 2010). It allows bioprocesses with higher cell densities and also easy
harvesting of biomass from its liquid environment (Mallick 2002). Immobilization
processes have several other advantages as being resistant to harsh environments
such as salinity, metal toxicity, and pH; protecting the aging cultures against the
harmful effects of photoinhibition; yielding higher biomass concentrations; recov-
ering the cells in a less-destructive way; and enhancing the cost-effectiveness of the
process by reusing the regenerated biomass (Bailliez et al. 1986; Hall-Stoodley
et al. 2004; Liu et al. 2009). Given the use of large-scale bioreactors represents a
significant challenge associated with algal biomass recovery, immobilization sys-
tems are becoming attractive alternatives for scale-up processing (Christenson and
Sims 2011; Hoffmann 1998).

Various immobilization processes are in use, such as adsorption, confinement in
liquid-liquid emulsions, capturing with semipermeable membranes, covalent cou-
pling, and entrapment within polymers (de-Bashan and Bashan 2010; Mallick
2002). Among others, the most common immobilization processes are the entrap-
ment of the cells within polymeric matrices and self-adhesive attachment of cells
onto the surfaces of solid-supports (Godlewska-Zylkiewicz 2003). Both synthetic
and natural polymers can be applied as the immobilization matrix (de-Bashan and
Bashan 2010).

Important criteria for successful entrapment are to set the algal cells free within
their partition, while pores inside the gel matrix allow the diffusion of substrates and
the metabolic products toward and from the cells (Mallick 2002). Nevertheless,
entrapment systems still hold some drawbacks in reducing the mass transfer kinetics
of the uptake of metal ions (Aksu et al. 2002). However, these can be avoided by
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careful choice of the immobilization method and the nature of the matrix, which
will be further discussed in detail.

Key applications suggested for immobilized algal cells include removal of
nutrients from aqueous solutions (Chevalier and de la Noiie 1985), biodiesel pro-
duction (Bailliez et al. 1985; Li et al. 2007), biosorption of heavy metals from
wastewaters (de-Bashan and Bashan 2010), photoproduction of hydrogen and
photopigments (Bailliez et al. 1986; Laurinavichene et al. 2008), providing an
alternative technique to the common cryopreservation processes (Chen 2001;
Faafeng et al. 1994; Hertzberg and Jensen 1989), and also toxicity testing (Boze-
man et al. 1989). These processes will also be discussed in detail in the following
sections of this review article.

2.2 Immobilization Techniques and Applied Matrices

Entrapment is one of the most common immobilization methods which consists
of capturing the cells in a three-dimensional gel lattice, made of either natural
(agar, cellulose, alginate, carrageenan) or synthetic (polyacrylamide, polyurethane,
polyvinyl, polypropylene) polymers (de-Bashan and Bashan 2010; Hameed and
Ebrahim 2007; Liu et al. 2009). Synthetic polymers are reported to be more stable in
wastewater samples than the natural polymers, whereas natural polymers have
higher nutrient/product diffusion rates and are more environmentally friendly
(de-Bashan and Bashan 2010; Leenen et al. 1996).

Polysaccharide gel-immobilized algal cells have often been used for the removal
of nitrate, phosphate, and heavy metal ions from their aqueous environment, in
providing an alternative to the current physicochemical wastewater treatment
technologies (Bayramoglu et al. 2006). Microalgae cells entrapped within either
alginate or carrageenan beads were shown to have sufficient immobilization and
significant nutrient removal efficiencies from aqueous environments (Chevalier
et al. 2000). Aguilar-May et al. (2007) reported that the immobilization of Syn-
echococcus sp. cells in chitosan gels had a positive effect on protecting the cell
walls from the toxic effect of high NaOH concentration, with immobilized cells
displaying higher growth than their free-cell counterparts.

Alginate beads are one of the most common encapsulation matrices, being an
anionic polysaccharide found mostly in the cell walls of brown algae (Andrade
et al. 2004). Major advantages of alginate gel are it being nontoxic, easy to process,
cost-effective, and transparent and permeable (de-Bashan and Bashan 2010).
Despite these advantages, alginate beads have some drawbacks such as not
retaining their polymeric structure in the presence of high phosphate concentrations
or high content of some cations such as K* or Mg** (Kuu and Polack 1983).
Faafeng et al. (1994) observed the degradation of sodium alginate beads, used for
the immobilization of Selenastrum capricornutum, after keeping them in polluted
wastewater with high phosphorous (P) and nitrogen (N) content for longer than two
weeks. This degradation problem can be minimized if the stability of the target gel
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is enhanced. In this context, Serp et al. (2000) found that the mechanical resistance
of alginate beads was doubled after mixing them with chitosan. Japanese konjac
flour was also used to increase the stability of chitosan gels during tertiary treatment
of wastewaters with high phosphate concentrations (Kaya and Picard 1996). Kuu
and Polack (1983) suggested that increasing the gel strength of carrageenan and
agar gels by integrating them with polyacrylamide results in a more rigid support
for microorganisms.

Most of the entrapment processes have a similar protocol, namely mixing the
microalgal suspension with the monomers of the selected polymer, followed by
solidification of the resulting algae/polymer mixture by some physical or chemical
process such as cross-linking of the monomers of the polymer with di- or multi-
valent cations (Cohen 2001; de-Bashan and Bashan 2010). As an illustration, a
general procedure for the entrapment of microalgae within alginate beads includes
the following steps: (1) mixing of algal suspension with sodium alginate solution,
(2) placing the homogenously distributed algae/alginate mixture in a vessel with a
small orifice, such as a syringe, (3) gently dripping the mixture from the syringe as
small droplets/beads into a cross-linking solution such as calcium chloride,
(4) optimizing the time for algae/alginate beads inside the cross-linking solution to
form cross-linked/hardened beads, (5) collecting the final algae/alginate beads, and
rinsing them with deionized water several times (Smidsred and Skjék-Braek 1990).
Since a manual dripping process for bead production is not practical for larger scale
processes, automated prototypes were also proposed for the mass production of gel
beads (de-Bashan and Bashan 2010; Hunik and Tramper 1993).

There are some drawbacks of cellular entrapment due to limitations of the
oxygen and/or carbon dioxide transfer from the liquid environment through the
immobilization matrix, which would cause difficulties mainly for aerobic micro-
organisms (Toda and Sato 1985). Co-immobilization of the target microorganism
with microalgal cells has been proposed as an interesting alternative to overcome
any oxygen transfer limitations. Since microalgae are capable of generating oxygen
from the photolysis of water, they function as ideal oxygen generators for their
surrounding microenvironments (Adlercreutz et al. 1982; Chevalier and de la Noiie
1988). Selected microalgae—bacteria pairs have already been shown to benefit from
each other, with microalgal cells generating oxygen and some organic compounds
that are assimilated by bacteria. On the other hand, bacteria release some vitamins
and phytohormones or provide an additional CO, source that can enhance the algal
growth (de-Bashan et al. 2005; Gonzalez and Bashan 2000; Mouget et al. 1995).
Mouget et al. (1995) also found that Pseudomonas diminuta and Pseudomonas
vesicularis bacterial cells isolated from the algal cultures of Chlorella sp. and
Scenedesmus bicellularis stimulate the growth of those microalgal cells.

Previous attempts to immobilize viable algal cells inside gels faced other limi-
tations, as the volume-to-surface ratios of spherical encapsulating materials are
usually orders of magnitude larger than that of thin films. As a consequence, algal
viability is a concern since the nutrients or reactants have to diffuse far into these
materials to reach the algal cells. In order to overcome these problems, several other
immobilization matrices have been proposed in the recent literature. Three different



2 Application of Various Immobilization Techniques ... 23

@ i)

Fig. 2.1 a Alginate beads containing different amounts of immobilized Scenedesmus quadric-
auda: (i) ca. 2500; (ii) ca. 20,000; (iii) ca. 90,000 algal cells (modified from Chen 2001),
b Chlorella sorokiniana cells covering the surface of a Luffa cylindrica sponge (modified from
Akhtar et al. 2008), ¢ Chlorella vulgaris cells attached on the surface of a chitosan nanofiber mat
(3 x 2 cm) floating inside the algal growth media (modified from Eroglu et al. 2012)—reproduced
by permission of The Royal Society of Chemistry

immobilization matrices with different geometries and chemical properties are
given in Fig. 2.1.

Algal biofilms are one of the alternatives to overcome the harvesting problems of
algae in larger scale processes, where microalgal cells stick to each other on
external surfaces (Chevalier et al. 2000; Wuertz et al. 2003). Microorganisms form
a biofilm as a response to several factors, such as the cellular recognition of the
specific functional groups on the targeted surfaces (Karatan and Watnick 2009).
Microorganisms forming a biofilm on a surface secrete extracellular polymeric
substance, which is mainly composed of phospholipids, proteins, polysaccharides,
and extracellular DNA (Hall-Stoodley et al. 2004; Qureshi et al. 2005). Polystyrene
disks (Przytocka-Jusiak et al. 1984), textured steel surfaces (Cao et al. 2009),
aluminum disks (Torpey et al. 1971), and polystyrene surfaces (Johnson and Wen
2010) are some examples of biofilm surfaces used for algal growth for the primary
application of nutrient removal from wastewaters.

The shape of algal cell composite material has two components, a global
geometrical form and the surface detail which determines the texture of the surface,
with nanomaterial processing techniques being the useful approaches for creating
different shapes, from fibers to spheres and flat membranes (Crandall 1996). Var-
ious nanofabrication processes have featured in recent research from the authors’
laboratories, albeit in using more unconventional types of immobilization matrices
for the immobilization of Chlorella vulgaris cells, such as electrospun nanofibers
(Eroglu et al. 2012), laminar nanomaterials such as graphene and graphene oxide
nanosheets (Wahid et al. 2013a, b), microfibers of ionic liquid-treated human hair
(Boulos et al. 2013), and magnetic polymer matrix composed of magnetite nano-
particles embedded in polyvinylpyrrolidone (Eroglu et al. 2013). Electrospinning
processes can create nanofiber mats with high porosities and surface-to-volume
ratios and are generated by forcing a charged polymer solution through a very
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Fig. 2.2 Scanning electron microscopy images of a chitosan nanofibers (modified from Eroglu
et al. (2012)—reproduced by permission of The Royal Society of Chemistry); b multilayer
graphene oxide nanosheets (modified from Wahid et al. (2013a)—reproduced by permission of
The Royal Society of Chemistry); ¢ microfibers of ionic liquid-treated human hair (modified from
Boulos et al. (2013)—reproduced by permission of The Royal Society of Chemistry), surrounding
Chlorella vulgaris microalgal cells

small-sized nozzle while applying an electrical field (Kelleher and Vacanti 2010).
On the other hand, a recently developed vortex fluidic device has been successfully
used for the exfoliation of laminar materials within the dynamic thin films formed
on the walls of this microfluidic platform (Wahid et al. 2013a, b). Scanning electron
microscopic images of different nanomaterial matrices, used for the immobilization
of C. vulgaris microalgal cells, are given in Fig. 2.2.

2.3 Wastewater Treatment Using Immobilized Algae

Wastewater treatment consists of the removal of unwanted chemicals, or biological
contaminants from impure water sources, such as from the liquid wastes released by
houses, industrial operations, or agricultural processes. Conventional wastewater
treatment methods include physical processes such as filtration and sedimentation;
chemical processes such as flocculation and chlorination; and biological processes
such as generation of activated sludge (Metcalf and Eddy 2003). However, these
methods are mainly based on the separation of pollutants from the wastewater with a
requirement for a further stage to eliminate these pollutants. This brings a need for an
integrated wastewater treatment process that eliminates the undesired portion of the
wastewater while converting them into valuable products, which can be successfully
achieved by applying a selected immobilization process. Immobilized algal systems
are particularly effective for the removal of nutrients (i.e., phosphate and nitrate) and
various metals from wastewaters, which will be discussed in the following sections.

2.3.1 Nutrient Removal from Wastewater

Several studies have demonstrated the potential of microalgae for the removal of
nitrogen and phosphorus elements from wastewater effluents, with cells taking them
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up as their nutrient sources. Some of those studies are listed in Table 2.1, while
some are further described in the following text. It should be noted that the direct
comparison of the nutrient removal efficiencies from various experiments is
inherently difficult, because of variations in the initial nutrient concentration,
duration of the experiment, pH of the working solution, selected algal species, and
the type of immobilization matrix.

The most common algal species used for the removal of nitrates and phosphates
are Chlorella, Scenedesmus, and Spirulina. Various open and closed bioreactors
have been used for the removal of nutrients by algae, ranging from tubular
photobioreactors to corrugated raceways and high-rate algae ponds (Borowitzka
1999; Cromar et al. 1996; Olguin et al. 2003). Increased nutrient removal efficiencies
with immobilized algae are usually related, with the dual effect of the enhanced
photosynthetic rate of the cells and the ionic exchange between the nutrient ions and
the immobilization matrix. Gels which are anionic in nature, such as carrageenan, are
usually associated with the adsorption of cations (such as ammonium (NH, ")), while
cationic gels such as chitosan yield adsorption of anions (phosphate (PO3>), nitrate
(NO3 ), nitrite (NO, )) with higher efficiencies (Mallick and Rai 1994). Moreover,
calcium ions of the alginate or chitosan gels are particularly efficient for the
precipitation of POy 3 jons from wastewaters (Lau et al. 1997).

Immobilization of C. vulgaris cells within sodium alginate beads showed higher
nutrient removal efficiencies from sewage wastewater compared to their externally
immobilized counterparts on polyurethane foam (Travieso et al. 1996). de-Bashan
et al. (2002b) obtained higher ammonium and phosphate removal efficiencies after
co-immobilization of C. vulgaris microalgae with plant growth-promoting bacte-
rium Azospirillum brasilense in alginate beads, relative to immobilized C. vulgaris
cells alone. Tam and Wong (2000) obtained 78 % ammonium and 94 % phosphate
removal efficiencies with immobilized C. vulgaris, entrapped in calcium alginate
beads, compared to the 40 % ammonium and 59 % phosphate removal with free
cells. Lau et al. (1997) also observed significantly higher ammonium (95 %) and
phosphate (99 %) removal efficiencies for C. vulgaris cells immobilized in alginate
beads relative to their free counterparts, resulting in only 50 % nitrogen and 50 %
phosphate removal. In contrast, free cells of Nannochloropsis sp. cells yielded
higher total phosphorus removal with respect to their immobilized cells within
calcium alginate beads (Jimenez-Perez et al. 2004).

Pretreatment of the cells by starving them in a saline solution for three days was
found to increase the cellular growth and phosphate removal efficiencies of the
independently co-immobilized Chlorella sorokiniana & A. brasilense and C. vul-
garis & A. brasilense pairs entrapped in alginate beads (Hernandez et al. 2006).
Kaya et al. (1995) observed higher nutrient removal rates using S. bicellularis cells
when they were immobilized on flat-surface alginate screens compared to their
encapsulated form inside alginate beads.

Canizares et al. (1993) used immobilized Spirulina maxima cells in kappa-
carrageenan gel beads for nutrient removal from swine waste. This immobilized
system achieved around 90 % total phosphorus and ammonium-nitrogen removal,
while it also allowed processing swine waste at higher concentrations. Chevalier
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Table 2.1 Examples of studies on nutrient removal using immobilized algae

E. Eroglu et al.

Immobilization matrix Algal species Targeted Reference
pollutant

Alginate beads Chlorella vulgaris Ammonium, | Tam and
phosphate Wong (2000)

Nannochloropsis sp.; Total Jimenez-
Scenedesmus intermedius phosphorous, | Perez et al.
total nitrogen | (2004)
Chlorella vulgaris and Ammonium, de-Bashan
Azospirillum brasilense (co- | phosphate et al. (2002b)
immobilization)
Chlorella sorokiniana and Phosphate Hernandez
A. brasilense (co- et al. (20006)
immobilization)

Carrageenan beads Spirulina maxima Total Canizares
phosphorus, et al. (1993)
ammonium

Scenedesmus acutus; Ammonium, Chevalier
Scenedesmus obliquus phosphate and de la
Notie (1985)

Agar beads Chlorella vulgaris; Phosphate, Mallick and

Alginate beads cyanobacterium Anabaena nitrate, nitrite | Rai (1994)

doliolum

Carrageenan beads

Chitosan beads

Chitosan beads Scenedesmus sp. Phosphate, Fierro et al.
nitrate (2008)

Flat-surface alginate screens Scenedesmus bicellularis Ammonium, | Kaya et al.

Alginate beads phosphate (1995)

Filter paper Trentepohlia aurea Ammonium, | Abe et al.
nitrate, nitrite | (2003)

Twin-layer system composed Chlorella vulgaris, Phosphate, Shi et al.

of nitrocellulose membrane, Scenedesmus rubescens ammonium, (2007)

and glass fibers nitrate

Polyvinyl foams Scenedesmus obliquus Nitrate Urrutia et al.

Polyurethane foams (1995)

Alginate beads Chlorella vulgaris, Ammonium, | Travieso

Carrageenan beads Chlorella kessleri, phosphate et al. (1996)

Scenedesmus quadricauda

Polystyrene foams

Polyurethane foams

Chitosan nanofibers Chlorella vulgaris Nitrate Eroglu et al.

Graphene nanosheets

Graphene oxide nanosheets

(2012)

Wabhid et al.

(2013b)

Wahid et al.

(2013a)
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and de la Noiie (1985) investigated Scenedesmus acutus and Scenedesmus obliquus
cells individually immobilized in kappa-carrageenan beads for nutrient removal
from a secondary effluent. Immobilized cells showed similar cellular growth and
ammonium or phosphate uptake rates compared to their free-living cell counter-
parts. They observed around 90 % ammonium removal within the first 4 h, while all
traces of phosphate were removed within 2 h (Chevalier and de la Notiie 1985).

C. vulgaris and Anabaena doliolum cells immobilized in chitosan have higher
phosphate, nitrate, and nitrite removal efficiencies than when they were immobi-
lized within agar, alginate, or carrageenan (Mallick and Rai 1994). In addition, the
phosphate removal capacity of the immobilization process was increased when
phosphate-deprived cells were initially entrapped within chitosan. Fierro et al.
(2008) investigated the nitrate and phosphate removal efficiencies of individually
entrapped Scenedesmus sp. cells within chitosan beads. Immobilized cells achieved
approximately 94 % phosphate and 70 % nitrate removal within the first 12 h after
incubation, whereas by themselves chitosan beads removed 60 % phosphate and
20 % nitrate by the end of the experiment. The reason for yielding a significant
phosphate removal rate (60 %) by chitosan beads alone was explained by the
increased pH values, which eventually triggered the release of some calcium ions
from chitosan polymer, resulting in the precipitation of phosphate ions (Fierro et al.
2008; Tam and Wong 2000).

Other immobilization matrices have also been proposed as alternatives to the gel
beads. Immobilized cells of Trentepohlia aurea microalgal cells on a filter paper
formed a biofilm layer that reduced the concentration of ammonium, nitrate, and
nitrite ions, for around 40 days (Abe et al. 2003). Shi et al. (2007) proposed a twin-
layer system, where the microalgal cells are attached on an ultrathin and micropo-
rous “substrate layer” composed of a nitrocellulose membrane, which is surrounded
by a “source layer” of macroporous glass fiber providing the growth medium (Shi
et al. 2007). They observed phosphate, ammonium, and nitrate removal when
C. vulgaris and Scenedesmus rubescens microalgal cells were entrapped in this twin-
layer system.

In a recent study, C. vulgaris cells immobilized on electrospun chitosan nano-
fiber mats yielded an efficient nitrate removal rate (87 %) as a result of the dual
action of nitrate removal by the microalgal cells and electrostatic binding of the
nitrate ions on chitosan nanofibers (Eroglu et al. 2012). In other studies from the
authors’ laboratories, the resulting microalgal composites with multilayer graphene
(Wahid et al. 2013b) or graphene oxide sheets (Wahid et al. 2013a) also achieved
significant nitrate uptake rates, without being toxic for the microalgal cells.

2.3.2 Metal Removal from Wastewater

Conventional methods used for the removal of heavy metal ions include chemical
precipitation, adsorption, chemical oxidation/reduction, membrane filtration, ion
exchange, and electrochemical processes. However, these techniques have some
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drawback, such as partial removal of metal ions, costly installation requirements,
high energy demands, and the generation of toxic waste products which require
additional elimination stages (Aksu et al. 2002).

Both live and dead cells can be successfully used for the biosorption of metal
ions, while uptake of metal ions by living microorganisms, referred to as bioac-
cumulation, occurs when an active metabolic process is involved (Aksu et al. 2002;
Brady and Duncan 1994; Moreno-Garrido et al. 1998). Biosorption is a reversible
process, since it is possible to desorb the metal ions bound to the surfaces of cells
by a simple acid treatment, whereas bioaccumulation processes are only partially
reversible (de-Bashan and Bashan 2010; Dénmez and Aksu 2002; Veldsquez and
Dussan 2009).

Compared to the other organisms used for biosorption processes, namely fungi,
cyanobacteria, and bacteria, algal cells have higher heavy metal biosorption
capacities which relates to the different structure and composition of their cell wall
(Bayramoglu et al. 2006; Gekeler et al. 1988). Cell walls of different microor-
ganisms have different functional groups which are involved in metal ion binding,
such as amino, amide, carbonyl, carboxyl, hydroxyl, imidazole, phosphate, sulfate,
sulfhydryl, and phenol moieties (Barkley 1991; Schiewer and Volesky 2000).
Depending on the variations in the cell wall composition, there will also be dif-
ferences in the metal ion binding mechanisms and affinities (Godlewska-Zytkiewicz
2003; Leusch et al. 1995).

The chemical characteristics of the functional adsorbent (i.e., functional groups,
polarity, and solubility) are responsible for determining the binding mechanism and
the nature of the adsorption process. Different physicochemical forces, such as
covalent bonding, van der Waals bonding, ion exchange, and dipole/dipole inter-
actions can be responsible for the uptake of ions on the adsorbents (Aksu et al.
2002).

Free cells have some disadvantages when used for large-scale applications of
metal ion biosorption studies, due to the otherwise risk of clogging problems on the
filters and flow lines. Nevertheless, this problem was overcome by using immo-
bilized cells in natural matrices such as carrageenan, alginate, chitosan, agarose;
polymeric supports such as polyacrylamide, polypropylene, and polysulfone; cross-
linked copolymers; or biomatrices such as sponges (Akhtar et al. 2003a, b; Rob-
inson 1998). Some of those studies are highlighted in Table 2.2.

The presence of more than one type of metal ion within the wastewater might
have a negative effect on the adsorption of one type of metal ion over another.
Mehta and Gaur (2001) observed nearly complete removal of copper and nickel
metals by alginate-entrapped C. vulgaris cells when they were in separate solutions.
On the other hand, the presence of copper in the nickel solution inhibited the
biosorption of both metals either by immobilized or free cells, due to the compe-
tition of different metal ions on the same active sites of microalgae. da Costa and
Leite (1991) used alginate-immobilized Chlorella homosphaera for the removal of
cadmium and zinc metals. They also observed that the biosorption of cadmium and
zinc alone was much higher than the case when these two metal ions were
combined.
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Table 2.2 Examples of studies on metal removal using immobilized algae
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Immobilization | Algal species Targeted Reference
matrix metals
Alginate beads | Chlorella vulgaris Copper, nickel | Mehta and

Gaur (2001)

Chlorella homosphaera Cadmium, da Costa and
gold, zinc Leite (1991)
Chlamydomonas reinhardtii Cadmium, Bayramoglu

lead, mercury

et al. (2006)

cobalt, copper,
iron

Chlorella vulgaris; cyanobacterium Chromium Mallick and
Anabaena doliolum Rai (1993)
Dunaliella salina; Nannochloropsis Cadmium, Moreno-
gaditana; Rhodomonas salina; copper Garrido et al.
Thalassiosira pseudonana; Tetraselmis (2005)
chui; Porphyridium cruentum
Carrageenan Chlorella vulgaris; Scenedesmus acutus Cadmium, Travieso
beads chromium, et al. (1999)
Polyurethane zinc
foam
Agarose beads | Chlorella emersonii Mercury Wilkinson
Agar beads et al. (1990)
Alginate beads
Polyacrylamide | Chlorella sp. Uranium Nakajima
gels et al. (1982)
Silica gel Stichococcus bacillaris Lead Mahan and
Holcombe
(1992)
Pilayella littoralis Aluminum, Carrilho et al.

(2003)

Capron fibers

Chlorella sp. and Scenedesmus obliquus

Copper, iron,

Safonova

Ceramics and Stichococcus sp. in a mixed group of | manganese, et al. (2004)
microalgae-bacteria system nickel, zinc
Cellex-T, anion- | Chlorella vulgaris Palladium, Dziwulska
exchange resin platinum et al. (2004)
Amberlite, ion- | Spirogyra condensate Chromium Onyancha
exchange resin | Rpizoclonium hieroglyphicum et al. (2008)
Controlled-pore | Chlamydomonus reinhartii; Selenestrum Chromium, Elmahadi and
glass capricornutum copper, silver | Greenway
(1991)
Luffa cylindrica | Chlorella sorokiniana Cadmium Akhtar et al.
sponge (2003b)
Chromium Akhtar et al.
(2008)
Lead Akhtar et al.
(2004)
Nickel Akhtar et al.

(2003a)
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Biological materials were also used as the immobilization matrices for micro-
algal cells. da Costa and de Franca (1996) attached the microalgae Tetraselmis chuii
and cyanobacteria Spirulina maxima on the surface of two different seaweeds
(Sargassum sp. and the Ulva sp.), which eventually increased the overall cadmium
biosorption efficiencies. In series of studies by Akhtar et al., C. sorokiniana algal
cells were immobilized on a biological matrix of Luffa cylindrica sponge for the
removal of nickel (Akhtar et al. 2003a), cadmium (Akhtar et al. 2003b), chromium
(Akhtar et al. 2008), and lead (Akhtar et al. 2004) ions from liquid effluents.
L. cylindrica sponge was chosen as the immobilization matrix due its rigid struc-
ture, low cost, and high porosity, while its fibrous network provides an efficient
contact between the immobilized cells with their surrounding aqueous environment
(see Fig. 2.1b). They reported high maximum adsorption capacities in a continuous
liquid flow column, as 192 mg cadmium and 71 mg nickel per gram of immobilized
biomass. They also achieved successful desorption of cadmium and nickel metal
ions with HCI solution, and the regenerated immobilized samples were reusable
with a similar biosorption efficiency.

The biosorption of lead (Pb) ions by C. sorokiniana cells immobilized on
L. cylindrica sponge was another efficient method, with 96 % adsorption efficiency
of the metal ions within the first 5 min of the experiments (Akhtar et al. 2004). They
also observed a maximum adsorption of lead ions at around pH 5.0. Higher removal
rates were associated with the fibrous structure of the immobilization matrix,
increased surface area, and easier access of the targeted metal ion to the sorption
sites (Akhtar et al. 2003a, b).

Leusch et al. (1995) used two marine brown algae, Sargassum fluitans and
Ascophyllum nodosum, for the biosorption of cadmium, copper, nickel, lead, and
zinc heavy metal ions. They observed the highest metal uptakes when the cells were
cross-linked with glutaraldehyde, followed by cross-linking with formaldehyde.
Both species had the highest biosorption efficiencies for lead and the lowest for
zinc. Introducing formaldehyde possibly involves cross-linking of the hydroxylic
groups with the sugars of the cell wall, while glutaraldehyde cross-links mostly with
the amino groups (Leusch et al. 1995).

Significant amounts of pollutants were removed using a mixed-immobilization
of selected consortium of several microalgal species (Chlorella sp., S. obliquus,
Stichococcus sp.) and several bacteria (Rhodococcus sp., Kibdelosporangium ari-
dum) inside a highly contaminated pond, after the separate immobilization of
microalgae and bacteria in solid carriers such as capron fibers and ceramics. They
established 62 % copper, 62 % nickel, 90 % zinc, 70 % manganese, and 64 % iron
removal efficiencies (Safonova et al. 2004).

Bayramoglu et al. (2006) used immobilized Chlamydomonas reinhardtii cells in
calcium alginate beads for the removal of mercury, cadmium, and lead ions from
aqueous solutions. They observed the highest adsorption capacities for immobilized
cells for a pH in the range 5.0-6.0, achieving mercury, cadmium, and lead ion
adsorption capacities of 89.5, 66.5, and 253.6 mg g~ ' dry adsorbent, respectively.
On the other hand, control samples composed of only calcium alginate beads
provided less metal-binding sites and yielded lower adsorption capacities of
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mercury, cadmium, and lead ions at 32.4, 27.9, and 173.9 mg g71 dry adsorbent,
respectively. Acidic pH conditions were not optimal due to the protonation of the
cell wall components. In contrast, mildly acid conditions (pH range 5.0-6.0)
allowed sufficient interaction of the heavy metal ions with the carboxylate and
phosphate groups of the algal cell wall (Bayramoglu et al. 2006). Neutral pH was
found to be the optimal condition for an efficient chromium biosorption by
immobilized C. vulgaris and freshwater cyanobacterium A. doliolum cells in
alginate (Mallick and Rai 1993).

Barkley (1991) investigated the utilization of immobilized algae in a permeable
polymeric matrix for the adsorption of mercury ions from groundwater in both
laboratory and pilot-scale field tests. Their resulting immobilization product
(AlgaSORB) was quite robust and can be packed within adsorption columns,
having sufficient porosity to allow easy diffusion of the ions toward the cells. Field
test results showed that AlgaSORB was a highly reasonable alternative to the
conventional ion-exchange resins (Barkley 1991).

Nakajima et al. (1982) achieved the removal of uranium ions from both fresh-
water and seawater samples using the immobilized cells of Chlorella sp. in poly-
acrylamide gels. They also reported that this system can be used several times by
applying consecutive adsorption and desorption stages.

Recovery of precious metals with immobilization methods can be a highly cost-
effective process. da Costa and Leite (1991) used immobilized C. homosphaera
cells within alginate beads for the adsorption of gold metal, which achieved a very
high absorption yield of around 90 % of the initial quantity of gold present in
solution.

Due to their exclusive catalytic properties, corrosion, and oxidation resistivity,
palladium and platinum noble metals have been widely used in various areas from
metallurgical processes, chemical synthesis, petroleum processing, electronics to
automotive industry (Dziwulska et al. 2004). As a result of the high emission risks
of these metals into the environment, it has become important to monitor their
concentration in environmental samples. Thus, several microorganisms have been
investigated for the separation and preconcentration of some trace metals such as
palladium, platinum, copper, cadmium, lead, and gold via biosorption processes,
which then allows the use of analytical methods such as atomic absorption spec-
trometry and inductively coupled plasma optical emission spectrometry (Carrilho
et al. 2003; Dziwulska et al. 2004; Elmahadi and Greenway 1991; Godlewska-
Zylkiewicz 2003).

Dziwulska et al. (2004) demonstrated the selective biosorption of palladium
and platinum ions from strong acidic solutions (pH below 2), using immobilized
C. vulgaris cells on anion-exchange resin Cellex-T. This technique was also used
for the preconcentration and analysis of these noble metals for graphite furnace
atomic absorption spectrometry in different environmental samples including
wastewater, tap water, and grass. Elmahadi and Greenway (1991) used Chlamy-
domonus reinhartii and S. capricornutum algal cells immobilized on controlled-
pore glass for the preconcentration of copper, silver, and chromium metals for
atomic adsorption spectrophotometric detection. In their work, they also found that
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the presence of some compounds, such as sodium chloride, humic acid, and sodium
bicarbonate, can interfere with metal biosorption process by competing for the
metal ions. Silica gel was used as the immobilization matrix for Stichococcus
bacillaris microalgae for lead preconcentration (Mahan and Holcombe 1992), while
silica gel-entrapped Pilayella littoralis brown microalgae was used for the
preconcentration of copper, iron, aluminum, and cobalt ions for their detection by
inductively coupled plasma optical emission spectrometry (Carrilho et al. 2003).

2.4 Secondary Products Using Immobilized Algae

Photosynthesis is responsible for the conversion of light into chemical energy
which can be used for biofuel production, including biohydrogen, biodiesel,
bioethanol, and biomethane generation (Hankamer et al. 2007). Immobilized mic-
roalgal cultures have also been in use for the enhancement of these secondary
product formations, as explained further below.

2.4.1 Biohydrogen Production

Several unicellular green algae are capable of generating hydrogen through their
[FeFe]-hydrogenase enzyme by reducing water protons to molecular hydrogen.
However, given the sensitivity of [FeFe]-hydrogenase to oxygen, which is gener-
ated by photosystem II (PSII), new approaches have been developed for increasing
the practical application of microalgae for biohydrogen production (Laurinavichene
et al. 2008). For instance, higher hydrogen production efficiencies were achieved by
growing the microalgal cells under sulfur-deprived conditions (Melis et al. 2000).
Sulfur deprivation causes partial inactivation of PSII, which is responsible for O,
generation, resulting an enhanced synthesis of [FeFe]-hydrogenase enzyme
(Laurinavichene et al. 2008).

Immobilization processes have been proposed by several researchers for
enhancing hydrogen production by sulfur-deprived microalgae and also allowing an
easy exchange step between “sulfur-replete” and “sulfur-depleted” stages of the
experiment (Laurinavichene et al. 2006, 2008). Several challenges require
addressing for scaling up the current hydrogen production systems, while immo-
bilization processes offer an alternative approach to the current technology.
Immobilized cells were also reported to have higher light utilization efficiencies per
area and higher cell densities (Kosourov and Seibert 2009).

In a study by Kosourov and Seibert (2009), C. reinhardtii cells were immobi-
lized inside alginate films for the photoproduction of hydrogen. The cells were
previously deprived of sulfur and phosphorus nutrients before being entrapped
inside the alginate films. They observed higher cell densities and specific hydrogen
production rates after the immobilization process. An immobilization strategy also
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provided easy protection of the hydrogenase enzyme from oxygen inhibition,
yielding higher hydrogen production rates compared to the free cells.

Laurinavichene et al. (2006, 2008) used immobilized C. reinhardtii cells on a
fiber glass matrix under sulfur-deprived conditions and observed a prolonged
hydrogen production phase for the immobilized cells, while the specific hydrogen
production rate was similar to the free-cell counterparts. In another study, algal cells
were immobilized on fumed silica particles, which had similar hydrogen production
rates with the suspended cultures (Hahn et al. 2007). Song et al. (2011) recently
used agar-immobilized Chlorella sp. cells for a two-stage cyclic hydrogen pro-
duction involving the oxygenic photosynthesis followed by anaerobic incubation
under sulfur-deprived conditions.

2.4.2 Biodiesel Production

Biodiesel is a diesel fuel consisting of mono-alkyl esters of long-chain fatty acids
that are generally made by the transesterification of lipids in animal fat or vegetable
oils such as soybean, sunflower, rapeseed, and oil palm (Hankamer et al. 2007,
Li et al. 2007; Ma and Hanna 1999). As an alternative, microalgae have become
popular for the renewable generation of hydrocarbon-based biofuels with high
biofuel yields relative to those from plants (Eroglu and Melis 2009; Li et al. 2007).

Immobilization of the hydrocarbon-rich microalgae, Botryococcus braunii and
Botryococcus protuberans, in alginate beads yielded a significant increase in the
chlorophyll, carotenoids, cellular growth, and lipid contents of the cells during their
stationary growth phase (Singh 2003). Bailliez et al. (1985) also observed enhanced
hydrocarbon production for the B. braunii cells immobilized in calcium alginate gel
as a result of enhanced photosynthetic activity.

In a study by de-Bashan et al. (2002a), C. vulgaris and C. sorokiniana micro-
algal cells were individually co-immobilized with A. brasilense growth-promoting
bacterium in alginate beads. They found that the presence of the growth-promoting
bacterium within the immobilization matrix significantly enhanced the metabolism
of Chlorella strains and yielded higher lipid and fatty acid production.

Li et al. (2007) used immobilization technology for the transesterification of
algal oils, using immobilized lipase enzyme from Candidia sp. Initially, they grew
Chlorella protothecoides cells in large-scale photobioreactors at three different sizes
(5, 750, 11,000 L) yielding high lipid contents in the range 44—49 % per dry cell
weight. Then, immobilized lipase enzyme from Candidia sp. was used to catalyze
the transesterification of the lipids from C. protothecoides, yielding biodiesel
production rates of 7.02, 6.12, and 6.24 g L~! from 5, 750, and 11,000 L biore-
actors, respectively. They also highlighted that the quality of this Chlorella
biodiesel was comparable to that for conventional diesel fuels (Li et al. 2007).
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2.4.3 Pigment Production

Bailliez et al. (1986) found that the immobilized B. braunii cultures in calcium
alginate beads had higher chlorophyll and photosynthetic activities compared to their
free cells. S. obliquus cells immobilized in alginate (Brouers et al. 1983), and
C. vulgaris and Anacystis nidulans in agar (Kayano et al. 1981; Weetall and
Krampitz 1980), also showed a significant increase in their chlorophyll content.
Enhanced chlorophyll and photosynthetic activity was explained by the protection of
immobilized cells from photoinhibition due to the self-shadowing effect, and a
possible increase in the concentrations of particular ions in the microenvironment of
cells which can improve photosynthesis (Bailliez et al. 1986; Tamponnet et al. 1985).

Individually co-immobilized cells of C. vulgaris and C. sorokiniana with
A. brasilense growth-promoting bacterium also yielded higher chlorophyll a and b,
violaxanthin, and lutein accumulation compared to the immobilized algal cells
without any bacterium (de-Bashan et al. 2002a).

Lebeau et al. (2000) reported that the immobilization of the marine diatom
Haslea ostrearia in agar had a positive effect on the continuous production of the
marennin pigment, which is primarily used for the oyster-breeding industry.

Some potential limitations of the secondary product formation by immobilized
cells are the commonly reported slower growth rates of the microorganisms
compared to their free-cell suspension systems and slower diffusion rates of the
target-products (i.e., hydrogen) from the cells into their environment. Resolving
these issues with the combination of optimized immobilization matrices and
innovative bioreactor designs (e.g., some attempts include membrane-based cell
recycle bioreactor (Chang et al. 1994); dual-layer coaxial hollow fiber-type biore-
actor (Yang et al. 2006); and a multimembrane bioreactor in a pressure cycling
mode (Efthymiou and Shuler 1987), aiming to increase the nutrient transfer to the
cells) can potentially bring other dimensions to the research areas of those afore-
mentioned bioprocesses.

2.5 Biosensors

Biosensor research often focuses on the application of enzyme sensors for the
detection of toxic chemicals (Dennison and Turner 1995; Shul’ga et al. 1994). Due
to the drawbacks of this technology, such as enzyme stability, cost of the process,
and difficulty to prepare multienzymatic biosensors, immobilized cells have been
proposed as an alternative biosensor technology. Using the entire cells has the
advantage of involving various enzymes at the same time, which allows estab-
lishing information about the toxicological effects of different pollutants directly on
the selected organisms. Immobilized cells had more stable metabolic activities than
free cells during the long testing periods (Lukavsky et al. 1986) and also higher
resistivity to turbid/colored effluents (Bozeman et al. 1989).
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The generation or consumption of charged chemicals during bioreactions results
in a significant change in the ionic composition of the test sample that can be
detected by conductometric biosensors. For this reason, Chouteau et al. (2004)
investigated the development of conductometric biosensors using immobilized
C. vulgaris cells for alkaline phosphatase analysis and cadmium ion detection.
C. vulgaris cells were immobilized inside bovine serum albumin membranes that
were cross-linked with glutaraldehyde vapors.

Frense et al. (1998) used immobilized Scenesdesmus subspicatus algal cells as
optical biosensors for the determination of the herbicide content in wastewater
samples. The algal cells were initially immobilized on a filter paper, which was then
covered by alginate and then cross-linked with CaCl, solution. They used a fiber
optics-based electronic device for measuring the chlorophyll fluorescence of algal
cells as a response to the presence or absence of the toxic substances in the liquid
sample.

C. vulgaris cells immobilized in a membrane of oxygen electrode has been used as
a biosensor for the detection of perchloroethylene aerosols by monitoring the pho-
tosynthetic activity of the microalgae through oxygen production (Naessens and
Tran-Minh 1999). Shitanda et al. (2005) also immobilized alginate-entrapped
C. vulgaris cells on the surface of an indium tin oxide electrode, for the monitoring
toxic compounds such as atrazine, toluene, benzene, and 3-(3,4-dichlorophenyl)-1,
1-diethylurea (DCMU).

Immobilized algal cells of S. capricornutum in alginate beads were used for the
toxicity testing of various chemicals, such as cadmium ions, copper ions, penta-
chlorophenol, sodium dodecyl sulfate, and herbicides (glyphosate, hydrothol,
paraquat) (Bozeman et al. 1989). In subsequent studies, alginate-immobilized S.
capricornutum cells were also successively used for the toxicity testing of various
pesticides, herbicides, and fungicide (Abdel-Hamid 1996; Van Donk et al. 1992).
The immobilization process reduced the toxic effect of these tested chemicals on the
algal cells compared to their free-cell equivalents.

2.6 Stock Culture Management

Some researchers have applied immobilization technologies to the stock culture
management as an alternative to the common cryopreservation processes, since
entrapment processes are cheaper and easier (Chen 2001; Faafeng et al. 1994;
Hertzberg and Jensen 1989). Immobilization can also provide protection of the cells
toward being consumed by any zooplankton present in the same aquatic ecosystems.

Chen (2001) observed that the immobilized Scenedesmus quadricauda cells in
alginate beads can preserve their physiological activities for a long time, even after
three years of storage in darkness at 4 °C. This observation was explained by the
entrapped cells self-consuming their own pyrenoid reserves. Transmission electron
microscopic images of immobilized S. quadricauda cells showed that they lose



36 E. Eroglu et al.

their pyrenoids after extended storage, which is then rebuilt when the cultures are
placed back into their nutrient media under light conditions.

Lebeau et al. (1998) also established the ability to store marine diatom H. ostrearia
cells for nearly 2 months after their entrapment in calcium alginate beads and later
used them as a substrate source for the greening of oysters. As a follow-up study, the
same group achieved a longer term storage when H. ostrearia diatom cells were
entrapped in alginate beads and kept at 4 °C (Gaudin et al. 2006). Chen (2003) stored
Isochrysis galbana marine microalgal cells for more than a year after immobilizing
them in alginate at 4 °C in dark conditions, and the cells were then used for feeding
clam cultures.

2.7 Other Applications

In some studies, more than one culture was immobilized to achieve a multifunctional
immobilization matrix. For example, Adlercreutz et al. (1982) co-immobilized
mixed cultures of algae (Chlorella pyrenoidosa) and bacteria (Gluconobacter oxy-
dans) inside calcium alginate beads for the continuous production of dihydroxyac-
etone. They did not observe any significant loss of activity within the first six days of
this bioprocess. They used the algal cells as an in situ oxygen supplier, which was
directly used by the bacteria during the conversion of glycerol to dihydroxyacetone
(Adlercreutz et al. 1982). Co-immobilization of microalga S. obliquus with Bacillus
subtilis bacteria in carrageenan beads was studied inside air-lift reactors, for
enhancing the production of alpha-amylase enzyme (Chevalier and de la Noiie
1988). Microalgal cells were again used as an in situ oxygen generator for the
bacterial cells, which were mainly responsible for the synthesis of alpha-amylase
enzyme. Co-immobilization overcame the existing oxygen diffusion problems and
yielded higher alpha-amylase activity by a factor of around 20 %. They also
observed higher growth rates for the algal cells when co-immobilized with bacteria,
compared to the immobilization with algal cells alone (Chevalier and de la
Noiie 1988).

Immobilization of Dunaliella tertiolecta in alginate (Grizeau and Navarro 1986)
and Dunaliella salina in agar-agar (Thakur and Kumar 1999) increased the amount
of glycerol production. Immobilized algae were also used for the generation of keto
acids from amino acids (Wikstrom et al. 1982).

Luan et al. (2006) achieved successful removal (90 %) of a highly toxic tribu-
tyltin using alginate-immobilized C. vulgaris cells. They observed that less than
10 % of the tributyltin was accumulated inside the cells, while the remainder was
adsorbed by both the immobilization matrix and the cell walls.

He et al. (2014) recently constructed an algal fuel cell with immobilized
C. vulgaris cells in sodium alginate placed inside a cathode chamber of the fuel cell.
The aim was to achieve a complete process that combines biomass production,
electricity generation, and wastewater treatment all at the same time. They observed
a significant chemical oxygen demand (COD) removal efficiency of 92.1 %.
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2.8 Conclusions and Future Directions

immobilization of cells brings several advantages over current suspension biopro-
cessing, such as (1) providing flexibility to the photobioreactor designs;
(2) increasing reaction rates arising from higher cell density; (3) enhancing oper-
ational stability; (4) avoiding cell washouts; (5) facilitating cultivation and easy
harvesting of microorganisms; (6) minimizing the volume of growth medium as the
immobilized cellular matter occupies less space; (7) easier handling of the products;
(8) permitting the easy replacement of the algae at any stage of the experiment;
(9) protecting the cell cultures from the harsh environmental conditions such as
salinity, metal toxicity, variations in pH, and any product inhibition; and
(10) allowing continuous utilization of algae in a non-destructive way. Enhanced
survival rates of immobilized cells in toxic environments provide a significant
alternative to achieve sufficient bioremediation of chemically contaminated envi-
ronments. It is also important to stress that continuous biomass production,
opportunity for product recycling, and nearly spontaneous biomass harvesting will
have the potential to outweigh the difficulties and added costs associated with
applying the technology on a larger scale.

Conventional wastewater treatment methods are mostly focused on the separa-
tion of pollutants from the liquid effluents with a requirement for a further stage to
eliminate them. Developing integrated wastewater treatment processes that elimi-
nate the undesired portion of the wastewater while converting it into valuable
products is important in developing sustainable processes for the future. immobi-
lization of algal cells is important in the development of an integrated process while
simplifying the harvesting of biomass and providing the retention of the high-value
algal biomass for further processing.

There are, however, technical issues to address, such as the hybridization of
different polymers for creating more efficient and stronger immobilization matrix
for algal cells. Immobilization of viable algae inside three-dimensional gel lattices
also faces several limitations given that the encapsulating materials can have high
volume-to-surface ratios. As a consequence, algal viability decreases since the light,
nutrients, or reactants have to diffuse far into these materials to reach the algal cells.
One of the other restrictions for the gel-entrapped cultures is their lower growth
rates compared to their free-living counterparts. Such drawbacks can be addressed
by optimizing the immobilization processes, that is, by choosing different encap-
sulating materials with lower volume-to-surface ratios such as thin films. Over-
coming the difficulties of the current technology will increase the applicability of
immobilized algae systems for various industrial applications.

Current immobilization projects have been often confined to the laboratory in
providing an effective proof-of-concept rather than quick-install industrial proto-
types. For larger scale wastewater treatment and biofuel production bioprocesses,
the cost of immobilization matrix becomes a significant parameter that needs to be
improved by further innovative designs and additional profits through generating
valuable by-products.
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Discovering the optimal microalgae—bacteria combinations for co-immobilization
processes can also be a good alternative for large-scale wastewater treatment prac-
tices, since algal cultures in nature are usually associated with bacteria.

Application of innovative composite materials for use as the algal immobiliza-
tion matrices can have a significant contribution to the economic and environmental
development by sustainable utilization and recovery of the local resources, while
bringing valuable strategies for solving important environmental issues.
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