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Abstract

This presentation comprises a review on the use of immobilized algae for wastewater nitrogen, phosphorus and
metal removal purposes. Details of the use of immobilized algae, the techniques of immobilization and the effects
of immobilization on cell function are included. Particularly relevant in their use for heavy metal removal from
wastewaters; upon enriching the biomass in metal, can be recoverd, thereby providing economic advantages. The
use of immobilized microalgae in these processes is very adequate and offers significant advantages in bioreactors.
The future of this area of algal cell biotechnology is considered.

Introduction

William J. Oswald and his ‘photosynthetic wastewater
treatment’ are not new for the environmental sci-
entists who are engaged in wastewater management
programme. The cultivation of algae in wastewater
offers the combined advantages of treating the waste-
waters and simultaneously producing algal biomass,
which can further be exploited for protein comple-
ments and food additives (for aquaculture, animal
and human feed), energy such as biogas and fuels,
agriculture (fertilizers and soil conditioners), pharma-
ceuticals, cosmetics and other valuable chemicals. In
comparison to the entirely heterotrophic systems like
activated sludge plants, the primary attraction of algal
ponds lies in the low-grade technology and in saving
of energy, since photosynthetic oxygen production can
replace mechanical aeration.

One of the major and practical limitations in al-
gal treatment systems is harvesting or separation of
algal biomass from the treated water discharge. An
efficient removal of algal biomass is essential for re-
cycling of the wastewater. Numerous efforts have been
devoted to develop a suitable technology for harvest-
ing microalgae ranging from simple sand filtration to
energy-intensive centrifugation (Richmond & Becker

1986; Mohn 1988; Oswald 1988). Autoflocculation,
i.e., self-aggregation by stopping aeration followed by
decantation, particularly for cyanobacteria, has also
been practised. In this context, immobilization of algal
cells for wastewater treatment has been proposed for
circumventing the harvest problem as well as retaining
the high-value algal biomass for further processing (de
la Noüe & de Pauw 1988). Application of immobiliza-
tion technology to algal wastewater treatment provides
more flexibility in the reactor design when compared
with conventional suspension systems. Moreover, ac-
celerated reaction rates due to increased cell density,
increased cell wall permeability, no washout of cells
and better operational stability are the additional ad-
vantages of immobilized cells over their free-living
counterparts (Brouers et al. 1989).

An immobilized cell is defined as a cell that by
natural or artificial means is prevented from mov-
ing independently of its neighbours to all parts of
the aqueous phase of the system under study (Tam-
pion & Tampion 1987). Conventional algal wastewater
treatment systems can be viewed as two-component
systems consisting of algae and the wastewater which
includes interactions between the algae and the waste-
water components such as species selection, effect
of algal density, prestarvation of algae, acclimation
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Table 1. Basic requirements of an useful immobilized algal system and properties of an ideal matrix for
immobilization.

Requirements of an useful immobilized algal system Properties of an ideal matrix for immobilization

Retention of viability Non-toxicity

Ability to photosynthesize Phototransparency

High density of cells Stability in growth medium

Continued productivity Retention of biomass

Low leakage of cells from matrix Resistance to disruption by cell growth

and also the nature of wastewater. In addition, it also
includes the effect of physical factors such as light
intensity, temperature, pH, etc. The incorporation of
immobilization technology into algal wastewater treat-
ment systems, however, introduces a third component,
the gel matrix, to the systems. The interaction between
gel matrix and algae, i.e. how the immobilization af-
fects the algal cells, includes morphological changes,
growth characteristics, and the metabolic activities of
algae. Table 1 summarizes the principal requirements
of a useful and efficient immobilized algal system and
the properties of an ideal matrix for immobilization.

Immobilization techniques

In principle, six different types of immobilization
methods can be distinguished i.e covalent coupling,
affinity immobilization, adsorption, confinement in
liquid-liquid emulsion, capture behind semipermeable
membrane and entrapment. But one should bear in
mind that the following sub grouping of methods is
by no means absolute, since in some cases it may be
difficult to classify a certain method as belonging to a
specific group.

Covalent coupling is the most popular method for
immobilizing enzymes, but in the case of cells rather
few systems using this technique have been reported
(Mattiasson 1983). The main disadvantage of this
process is that the living cells, in principle, are charac-
terized by their ability to divide even in immobilized
state. Covalently bound preparations would then be
expected to leak. The rather few reports in this area are
therefore focused on the use of dead cells, or at least
cells that are to be utilized for single-step catalytic
conversions only.

Affinity immobilization is based on the principle
of affinity chromatography. Affinity immobilization
involves no drastic reactions and no real exposure to

chemicals except for the adsorbent material. How-
ever, in case of cell, the support used for affinity
immobilization must contain some structures capable
of interacting with structures on the cell surfaces. This
method is very mild and thus is especially useful for
handling labile structures. In contrast, the third one,
i.e., adsorption in principle is a reversible process.
This means that the support may be recovered after
the catalyst is denatured. This has been successfully
adopted in enzyme processes. An important difference
between adsorbing enzymes and cells is that the latter
are bound via multipoint attachment and therefore ad-
here much more strongly to the sorbent. This though
leads to a more efficient adsorption, but also to a more
difficult desorption process.

The fourth principle, i.e., confinement in a liquid-
liquid emulsion demonstrates that if aqueous solutions
of two different water-soluble polymers are mixed
with each other the mixture will often be turbid. When
left for a while phase separation will occur. The com-
position of the phase system as well as the chemical
nature of the substances to be partitioned determine
to which phase a biological structure will partition.
Phase systems partition materials according to their
surface properties. Small, soluble uncharged mole-
cules are distributed evenly throughout the system,
whereas partitioning of larger particles such as a cell
and its organelles often results in an enrichment both
at the interface, and also in one of the two bulk phases
(Mattiasson & Hahn-Hägerdal 1983).

Cells can also be retained by semipermeable mem-
branes that isolate the organisms from the bulk liquid.
The cells can be immobilized into the membrane,
a technique frequently used for the fabrication of
biosensors. The membrane allows the molecular trans-
port of soluble materials to and from the immobilized
cells while confining and protecting the enclosed or-
ganisms. Hollow-fibre bioreactors, with the organisms
confined to one side of the porous fibre and the soluble
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substrate and products on the other side, seem to be the
most practically used one. However, growth must be
controlled to prevent an excessive build-up of biomass
since it could cause pressure that would rupture the
membrane (Blanch et al. 1984).

Entrapment is by far the most frequently used
method in laboratory experiments and there are some
examples of industrial process based on entrapped
cells. Entrapment methods are based on the confine-
ment of the cells in a three-dimensional gel lattice.
The cells are free within their compartments and the
pores in the material allow substrates and products
to diffuse to and from the cells. Several synthetic
(acrylamide, polyurethane, polyvinyl, etc.) and natural
polymers (collagen, agar, agarose, cellulose, alginate,
carrageenan, etc.) are used for this purpose. How-
ever, for algal immobilization the most frequently used
natural gels are alginate and carrageenan.

The gel is generally formed into useful biocata-
lyst beads by first adding the cells as a suspension
to an aqueous solution of the gelling material. This
material is then formed into droplets by forcing it
drop wise through a nozzle or orifice to an interacting
salt solution. The droplets are subsequently stabilized
into biocatalyst beads with entrapped organisms via
polymerization or other types of cross-linking. For
example, alginate droplets can be stabilized with di-
valent ions such as Ca2+ and carrageenan droplets are
typically cross-linked with K+.

Techniques permitting the large-scale production
of biocatalyst beads by forced flow of the gelling ma-
terial through multiple nozzles are being developed
and it has also been shown that the imposition of vi-
brational energy onto the bead formation process will
allow the production of monodispersed beads (Hulst
et al. 1985). Recently, Brandenberger & Widmer
(1998) developed a new multinozzle system with 13
nozzles for the encapsulation and immobilization of
micro-organisms, enzymes or cells. Figure 1 presents
a schematic model of the multinozzle system. Based
on the laminar jet break-up, monodispersed beads of
calcium alginate are produced under sterile and repro-
ducible conditions in the range of 0.2–1.0 mm. An
in situ cleaning of the nozzles is implemented in or-
der to guarantee several batch process cycles and a
productivity of up to 5 l h−1. Beads were analysed
and showed that the relative difference of the mean
diameter of different nozzles was less than 0.3%, thus
suggesting its potential applications in the field of food
technology, pharmaceuticals and biotechnology.

Immobilized algae

The first report involving the study on immobilized
algae was published in 1966 (Park et al. 1966), where
they used chemically fixed Chlorella cells for the mea-
surement of the Hill reaction. Subsequently Hillier
& Park (1969) also demonstrated that glutaraldehyde-
immobilized Anacystis nidulans, Porphyridium cruen-
tum and Chlorella pyrenoidosa were able to perform
light-dependent O2 production in the presence of suit-
able electron acceptors. However, Prof. de la Noüe and
his co-workers, University of Laval, Quebec, Canada,
could be considered as the pioneers in introducing
algal immobilization technology into wastewater ni-
trogen and phosphorus removal studies. Indeed, since
1990, 50% of all reports dealing with immobilized al-
gae involve their use in wastewater treatment. Several
reports are also available on the use of immoblized
algae for metal removal, particularly for the recov-
ery of precious metals. However, before going on to
elaborate the use of immobilized cells for the removal
of N and P or wastewater treatment I would like to
discuss briefly the effect of immobilization on algal
physiology and biochemistry.

Effects of immobilization on algae

Growth and morphology

Though growth rates of immobilized cells are gener-
ally found to be lower than those of the corresponding
free cell cultures (Bailliez et al. 1985; Robinson et al.
1985), a corresponding study conducted by Chevalier
& de la Noüe (1985a) demonstrated an opposite trend.
Figure 2 shows two typical curves for Scenedesmus
obliquus in the free and immobilized states. The lag
phase was longer for immobilized algae but thereafter
the curve was similar to that of the free cells. The
maximum growth rate (µmax) observed during the
exponential phase was essentially the same for immo-
bilized and free algal cells. Similar observation was
also recorded for Chlorella vulgaris immobilized in
alginate and carrageenan (Lau et al. 1998). Rai &
Mallick (1992), however, reported a higher final yield
for alginate-immobilized Anabaena and Chlorella af-
ter 15 days in the growth medium as compared to their
free-living counterparts.

Studies using microscopes tend to show that im-
mobilization has little effect upon the morphology of
the algal cells (Musgrave et al. 1983). Immobilized
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Fig. 1. Schematic representation of the multinozzle system (1: double piston pump; 2: sterile barrier; 3: damper; 4: vibrator; 5: membrane of
pulsation chamber; 6: concentric split; 7: pulsation chamber; 8: nozzle plate; 9: bypass system; 10: reaction vessel; 11: stirrer and 12: input
hardening solution). Source: Brandenberger & Widmer (1998).

Fig. 2. Growth behaviour of Scenedesmus obliquus under free and immobilized condition (Chevalier & de la Noue, 1985a).
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colonies of Botryococcus however, were found to be
more regular in shape and to have mean diameters 2.5
times greater than those of free cell cultures (Bailliez
et al. 1985). Also, calcium-alginate-entrapped Chol-
rella, usually a unicellular organism, tend to form
small colonies (8–30 cells) when released from the
immobilized gel (Trevan & Mak 1988).

Metabolism and productivity

Studies on photosynthetic oxygen evolution by im-
mobilized algae have directly compared the activities
of immobilized and free cells (Jeanfils & Collard
1983; Robinson et al. 1986; Bailliez et al. 1986). In
Chlorella no difference in oxygen evolution between
free and immobilized cells was observed under a range
of light intensities (Robinson et al. 1985). In an an-
other study Bailliez et al. (1988) found that oxygen
evolution was greater in the immobilized state, sug-
gesting a fundamental change of metabolism. Immo-
bilization enhances the stability of protein-chlorophyll
complexes in Euglena (Tamponnet et al. 1985) and
Botryococcus (Bailliez et al. 1986). In the former
case, the immobilized cells retain 90% of their chloro-
phyll after 3 months of incubation, whereas free cells
displayed pheophytinization only after 7 days. There
have been few studies on the respiratory rate of immo-
bilized algae. Robinson et al. (1985) found the mean
respiratory rate of entrapped Chlorella was lower than
that of free cells. It was reasoned that only a pro-
portion of the immobilized cells in the beads were
metabolically active.

It is unclear whether immobilization has any gen-
eral effect on algal cell productivity. Enhanced hy-
drocarbon production by Botryococcus was reported
by Bailliez et al. (1985). Likewise hydrogen evo-
lution from the filamentous alga Anabaena was re-
ported to increase threefold following immobilization
(Kayano et al. 1981; Brouers & Hall 1986). Am-
monia production by Mastigocladus laminosus was
greatly increased when the cells were immobilized in
polyvinyl blocks (Brouers & Hall 1986). Santos-Rosa
et al. (1989) also demonstrated that Chlamydomonas
reinhardtii cells immobilized in Ba-alginate provide a
stable and effective system for photoproducing ammo-
nia. Glycolate production in alginate-entrapped cells
was shown to be doubled than that in free-living cells
(Vilchez et al. 1991). Leon & Galvan (1995) studied
the production of glycerol in Chlamydomonas rein-
hardtii cells immobilized in Ca-alginate. The immo-
bilized cells registered a production rate of 7 g l−1 in

comparison to 4 g l−1 by their free-living counterparts.
Other studies demonstrated a decrease in productiv-
ity with immobilization. For example, polysaccharide
production by Porphyridium was reduced by 65% and
keto-acid production by Anacystis and Chlorella was
reduced by 70–90% (Wilkstrom et al. 1982) following
immobilization.

Removal of N and P

Since the report of Chevalier & de la Noüe (1985a) on
carrageenan-immobilized Scenedesmus obliquus for
the tertiary treatment of wastewater, studies on the
application of immobilized microalgae for wastewa-
ter nutrient removal have begun. Although their study
demonstrated a similar uptake rate in case of PO4

3−-
P both for the free and entrapped cells, the curves for
NH+

4 -N removal showed a higher uptake rate for the
latter. In a parallel study these workers analysed the
efficiency of immobilized S. quadricauda for the re-
moval of N and P from wastewater in three repeated
cycles (Chevalier & de la Noüe 1985b). In general,
removal of phosphate was found to be a much slower
process than that observed for nitrogen. Moreover, a
gradual decline in efficiency from the first to subse-
quent cycles was also observed. Table 2 presents a
detail report on the removal of nitrogen and phos-
phorus by immobilized algal cells. In 1986, Jeanfils
& Thomas with alginate-immobilized Scenedesmus
obliquus demonstrated that nitrite uptake efficiency
was not affected by immobilization, except that a
longer lag phase was observed in immobilized cells
than the free ones. Megharaj et al. (1992) reported that
alginate-immobilized Chlorella vulgaris was more ef-
ficient in removing both the nutrients (N and P) from
wastewater than Scenedesmus bijugatus. Exponen-
tially growing cells of both the algae effected a greater
uptake of phosphorus, whereas the age of the cultures
was found to have no direct impact on the removal
of nitrogen. Batch culture studies of phosphate up-
take by free cells and alginate-entrapped Chlorella
emersonii have shown that exponentially growing free
cells remove phosphate from the medium five times as
rapidly as cells in the late stationary phase. When cells
of different ages are immobilized in Ca-alginate and
packed in a small-scale packed-bed reactor the effects
of culture age are sufficient to produced significant
differences in reactor performance (Robinson 1995).

Rai & Mallick (1992) demonstrated a higher up-
take rate for both N and P by immobilized Chlorella
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Table 2. Summary of literature on nitrogen and phosphorus removal by immobilized algae.

Algal genera Type of treatment Immobilizing matrix Reference

Scenedesmus obliquus batch carrageenan Chevalier & de la Noüe (1985a)
Scenedesmus quadricauda & S. acutus batch & repeated batch carrageenan Chevalier & de la Noüe (1985b)
Senedesmus obliquus batch alginate ∗∗Jeanfils and Thomas (1986)
Phormidium sp. batch & semicontinuous chitosan de la Noüe & Proulx (1988a,b)
Chlorella emersonii batch alginate ∗Robinson et al. (1988)
Chlorella emersonii batch & PBR alginate ∗Robinson et al. (1989)
Phomidium laminosum PBR polyurethane foam Garbisu et al. (1991)
Phomidium laminosum batch polyvinyl foam Garbisu et al. (1992)
Chlorella vulgaris & Scenedesmus bijugatus PBR alginate Megharaj et al. (1992)
Anabaena doliolum & Chlorella vulgaris batch & repeated batch alginate Rai & Mallick (1992)
Chlorella vulgaris & Chorella kessleri FBR alginate Travieso et al. (1992)
Anabaena doliolum & Chlorella vulgaris batch alginate Mallick & Rai (1993)
Phormidium laminosum PBR & FBR polyvinyl foam ∗Garbisu et al. (1993)
Phormidium uncinatum PBR polyvinyl foam ∗∗Gil & Serra (1993)
Spirulina maxima FBR carrageenan Canizares et al. (1993, 1994)
Anabaena doliolum & Chlorella vulgaris batch alginate, carrageenan, agar & chitosan Mallick & Rai (1994)
Chlorella vulgaris FBR alginate Tam et al. (1994)
Chlorella emersonii PBR alginate & agarose ∗Robinson & Wilkinson (1994)
Chlamydomonas reinhardtii batch alginate ∗∗Vilchez & Vega (1994)
Chlorella vulgaris & Scenedesmus quadricauda PBR alginate & polyurethane Cordoba et al.(1995)
Chlamydomonas reinhardtii batch & ALR alginate ∗∗Vilchez and Vega (1995)
Anabaena CH3 batch & semicontinuous alginate ∗∗Lee et al. (1995)
Scenedesmus obliquus batch & PBR polyurethane & polyvinyl foam ∗∗Urrutia et al. (1995)
Scenedesmus bicellularis repeated batch alginate Kaya et al. (1995)
Scenedesmus bicellularis repeated batch alginate Kaya & Picard (1995)
Chlorella emersonii batch & PBR alginate ∗Robinson (1995)
Scenedesmus bicellularis repeated batch alginate Kaya et al. (1996)
Scenedesmus bicellularis repeated batch chitosan Kaya & Picard (1996)
Chlamydomonas reinhardtii batch & FBR alginate Garbayo et al. (1996)
Chlorella vulgaris PBR carrageenan, alginate, polyurethane & Travieso et al. (1996)
Chlorella kessleri polystyrene
Scenedesmus qudricauda

Chlorella vulgaris batch carrageenan & alginate Lau et al. (1997)
Phormidium laminosum HFR cellulose Sawayama et al. (1998)
Chlorella vulgaris batch carrageenan Lau et al. (1998)
Chlorella emersonii batch & PBR alginate Robinson (1998)
Dunaliella salina batch alginate Thakur & Kumar (1999)
Chorella vulgaris PBR alginate Tam & Wong (2000)

∗∗studies specially for nitrogen, ∗studies specially for phosphorus and the data without any star show studies for both nitrogen and
phosphorus removal.

and Anabaena than their free-living counterparts. Sim-
ilar results were also observed in case of immobilized
Spirulina maxima grown in swine waste. In subse-
quent studies Mallick & Rai (1993, 1994) also ob-
served that immobilized algae with a cell density of
0.1 g dry wt l−1 was the most efficient for nutri-
ent and metal removal in a pH range of 6.0 to 8.0,
and chitosan could be a promising algal support for
wastewater detoxification. Vilchez & Vega (1994) re-
ported that alginate-entrapped Chlamydomonas rein-
hardtii cells provide a stable and functional system
for removing nitrogenous contaminants from waste-
water. These workers also studied the nitrite uptake
from wastewater as an initial step required to establish

optimal conditions for the potential use of the system
in bioreactors. A group of parameters such as matrix
concentration, cell loading, temperature and pH were
also considered in order to determine the best working
conditions for the immobilized cells. In the case of
C. reinhardtii cells an alginate concentration of 3%
is adequate for minimizing substrate diffusion prob-
lems, thereby allowing the beads to attain a physical
consistency. Their results showed that when an ini-
tial cell loading of about 30–40 µg chlorophyll g−1

gel was used for immobilization of Chlamydomonas
reinhardtii the resulting cell beads showed an opti-
mum nitrite uptake rate of 14 µmol nitrite mg−1 Chl.
h−1 at 30 ◦C and a pH of 7.5. Removal of nitrate
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from wastewater by foam-immobilized Phormidium
laminosum in batch and continuous flow reactors has
been reported by Garbisu et al. (1991, 1992). The
system was strictly dependent on the availability of
light and CO2, and is of a potential value for biolog-
ical nitrogen removal because the cells showed high
photosynthetic activity after 50 days in the reactor and
the nitrate uptake rate was maintained for two months.
Nitrogen starvation greatly increased the N uptake rate
of immobilized Scenedesmus obliquus (Urrutia et al.
1995).

In 1995 Kaya & Picard developed a novel im-
mobilized algal system for wastewater biotreatment.
In this new process an unicellular green microalga
Scenedesmus bicellularis was isolated from the sec-
ondary decantation tank and grown in a synthetic
medium for 12 days. The cells were then concen-
trated by centrifugation and immobilized on alginate
screens. The screens were inserted into a photocham-
ber saturated at 100% relative humidity and a pho-
toperiod of 16 h with an illumination of 150 µE
m−2 s−1 (Figure 3). After 48 h of nutrient starvation,
the immobilized cells were used for the removal of
ammonium and orthophosphate from a synthetic sec-
ondary wastewater effluent in a flexiglass reactor. In a
subsequent study Kaya et al. (1996) demonstrated that
intermittent CO2 enrichment during nutrient depriva-
tion accelerates tertiary wastewater treatment. Kaya
& Picard (1996) conducted an experiment with im-
mobilized Scenedesmus bicellularis using high and
low viscosity chitosan and konjac flour to enhance
the stability of hardened gels during tertiary treat-
ment of wastewaters containing high concentration of
phosphate (1M). The disruption due to chemical in-
teractions of pure high and low vicosity chitosan or
mixed gels with konjac flour was examined daily by
microscopic counting of the total cells released in the
medium during seven weeks. A removal of ammonium
and phosphate was monitored during 4 nutrient star-
vation removal cycles. A complete cycle consisted of
starving immobilized cells for 48 h in air saturated at
100% relative humidity, followed by removal of nutri-
ent from the wastewater. The immobilization obtained
from 2% (m/v) high viscosity chitosan gels showed
a more significant chemical stability in medium with
1 M Na3PO4 that contained viable cells than low vis-
cosity or mixed gels. Sodium pyrophosphate was the
best chelating agent used for cross-linking and did
not affect the diffusion of inorganic nutrients through
the hardened gels or the micro algal growth inside
the network of chitosan immobilized cells. During the

first and second uptakes, immobilized Scenedesmus
bicellularis cells removed more than 95% of NH4

+-N.
After starting the third uptake, a significant decrease
in ammonium was observed. In contrast, the removal
of phosphate was significantly affected by the phos-
phorus present in the chelating agents. However, after
the third starvation-incubation cycles, a rapid exhaus-
tion of phosphorus was observed with a short retention
time, i.e., the removal of 97% was obtained for a
75 min incubation time. It is important to note here
that after more than one month incubation of chitosan
gel beads containing Scenedesmus bicellularis cells
that had been soaked daily in a fresh 1M phosphate
solution, the stability of hardened gels was not af-
fected and no significant released of entrapped cells
was observed in the medium.

The removal of nitrate and phosphate from waste-
water with the help of the thermophilic cyanobac-
terium, Phormidium laminosum, immobilized on cel-
lulose hollow fibres in a tubular photobioreactor at
43 ◦C was studied by continuously supplying di-
lute growth medium for 7 days and then secondarily
treated sewage for 12 days (Sawayama et al. 1998).
The removal of nitrogenous and phosphate ions from
secondary-treated-sewage were 0.24 and 0.11 mmol
day−1 l−1, respectively under the same condition.
Thakur & Kumar (1999) also demonstrated a high N
and P removal efficiency of the salt-tolerant microalga
Dunaliella salina immobilized in Ca-alginate beads.
Recent study of Tam & Wong (2000) with Ca-alginate-
immobilized Chlorella cells packed in a transparent
PVC column also showed a significantly higher nitrate
removal rate.

Metal removal

Besides N and P another important contaminant in
wastewater is metal. Nowadays the most commonly
used processes for metal removal are addition of
chemicals for metal precipitation or exchange of resins
to bind them. Other less frequently used methods in-
clude activated carbon adsorption, electrodialysis and
reverse osmosis. One of the main interests for mi-
croalgae in biotechnology is focused on their use for
heavy metal and radionuclide removal from effluents
and wastewater. In parallel to detoxification, it is also
possible to recover valuable elements such as gold and
silver after appropriate treatment of the loaded algal
biomass (Brierley et al. 1986).
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Fig. 3. Schematic description of wastewater treatment by microalgae immobilized on screens and starved in air, saturated at 100% relative hu-
midity (1: centrifugation, 2: immobilization, 3: starvation in air saturated at 100% relative humidity and 4: incubation procedure in wastewater).
Source : Kaya & Picard (1995).

Accumulation of mercury by free and immobilized
algal systems (Chlorella emersonii) was studied by
Wilkinson et al. (1990). About 90% recovery was
recorded after 12 days (initial concentration of mer-
cury, 1 mg l−1 with an initial cell loading of 106 cells
bead−1) and the immobilized cell systems was found
to accumulate more mercury than free cell systems.
Based on this property of algae, Darnall and his col-
leagues from New Mexico State University patented
one biosorption column, known as ‘AlgaSORB’ (Dar-
nall 1991). In this process algae are packed in a
column-shaped matrix of solid silica gel. The process
of packing the algae in the solid matrix kills the
microorganisms. Nevertheless, their cell walls still
provide a plentiful source of binding sites, which can
hook heavy metal ions from the solution. The nature

of these binding sites is the key to the novelty and
potential of ‘AlgaSORB’.

Chlorella homosphaera cells immobilized in algi-
nate supply a good system to remove Cd, Zn and Au
from wastewater (da Costa & Leite 1991). Significant
accumulation of Co, Zn and Mn was also recorded
for Cholrella salina cells immobilized in alginate
(Granham et al. 1992). Avery et al. (1993) reported
that these cells may remove 70% of Cs from liquid
medium after 15 h of continuous process in which the
initial metal concentration was 6.5 mg l−1. Studies
conducted by Rai & Mallick (1992) and Mallick & Rai
(1993, 1994) also demonstrated a greater potential of
immobilized Chlorella and Anabaena in accumulating
heavy metal ions, such as Cu, Ni and Fe.
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The removal of mercury from aqueous solution by
a packed-bed reactor (PBR) containing Chorella emer-
sonii entrapped in alginate and agarose gels was stud-
ied (Robinson & Wilkinson 1994). Reactors were con-
structed from chromatography columns packed with
200 gel particles of 4–6 mm in diameter. The effects
of variation in cell stocking density, influent mercury
concentration and flow rate on mercury removal were
investigated. Phosphate uptake rate was also evalu-
ated to give an indication of cell viability. It was
suggested that levels of mercury volatilization could
be reduced by using agarose rather than alginate as
the immobilizing matrix. Volesky & Prasetyo (1994),
however, used a new biosorbent material derived from
the marine brown alga, Ascophyllum nodosum, in a
packed-bed flow through column. Removal of Cd was
found to reach 99.98% from an effluent containing
10 mg Cd l−1. A laboratory scale algal column reac-
tor with the green microalga Chlorella vulgaris was
packed with 75 ml alginate-algal beads and was used
to treat 30 mg l−1 Cu and Ni with a hydraulic retention
time (HRT) of 30 min (Lau et al. 1998). At the end of
loading 4 l metal solution, over 97% of Cu and 91%
of Ni were removed from the wastewater. Up-flow
was preferred to down-flow in maintaining a constant
flow rate. The consistency in the metal removal per-
formance by the algal column over 10 treatment and
regeneration cycles suggested that agal beads can treat
Cu and Ni bearing wastewater over 400 times of its
own volume.

Tam et al. (1998) studied the efficiency of alginate-
immobilized Chlorella vulgaris for removing copper
from the solution. The amount of copper removal
was related to cell densities, more copper was re-
moved with high cell densities. However, increase
in cell density led to a lower specific uptake of cop-
per by algal cells, suggesting the amount of algal
biomass employed for metal treatment is an impor-
tant parameter and must be optimized. This study
also demonstrated that the immobilized beads had a
large capacity to retain copper but at pH lower than
2 adsorbs metals would be disrobed, suggesting the
metal saturated beads could be regenerated and reuse.
Travieso et al. (1999) studied metal removal efficiency
of Scenedesmus acutus and Chlorella vulgaris immo-
bilized in polyurethane foam and k-carrageenan gel in
fluidized- and packed-bed reactors. Immobilized cells
are found tolerant to Cd, Cr and Zn than free cells,
thus implying their great possibility for wastewater
treatment processes.

Recently, Rai and coworkers, Banaras Hindu Uni-
versity, Varanasi, India, have gathered interesting
information on the metal removal efficiency of the
bloom-forming cyanobacterium Microcystis. Micro-
cystis is an abundantly occurring nuisance cyanobac-
terium in many eutrophic ponds and reservoirs of
India and other tropical countries. This cyanobac-
trium occurs in a naturally-immobilized state due to
presence of a capsule or slime layer around the cell.
The structure of the capsule was studied by Naka-
gawa et al. (1986) and Plude et al. (1991). Attempts
have been made by Rai and his group to acertain if
this cyanobacterium could be used in column pack-
ing for large-scale application and, if so, whether it
would be affected by environmental variables while
alive or dead. Biosorption was found to be influenced
by pH and temperature (Pradhan et al. 1998). Inter-
estingly, however, heat-killed, formaldehyde-treated,
and metabolically-inactive (DCMU-treated) cells had
the same biosorption potential as the metabolically-
active cells (Parker et al. 1998). This suggests that
even the dead biomass could be equally useful for
metal removal. Application of mathematical models
(Langmuir, Freunnlich and BET isotherms) demon-
strated a monolayer binding for some metals (Fe and
Cu) and multilayer binding for others (Ni and Cd;
Singh et al. 2000). This group is currently working on
the feasibility of packing column with dried dead algal
biomass for large scale application of Microcystis as
an ‘Algasorb’ for metal removal.

Bioreactor concept

Much of the past research on immobilized cells has
concentrated on immobilization techniques and the
characterization of immobilizing systems. Since spe-
cific applications are becoming the centre of attention,
bioreactor concepts have gained increased importance.
A survey of the literature showed mainly five types of
bioreactors are being examined by various workers.
We will briefly discuss below the major advantages
and constraints of each system.

Fluidized-bed bioreactors (FBR)

Bioprocessing concepts that require relatively short
residence times are effectively used in fluidized-bed
systems. In general small biocatalyst particles must
be used to ensure fluidization, and they must be suf-
ficiently stable to withstand significant shear forces
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for long periods of time. Travieso et al. (1992) de-
signed a fluidized-bed reactor with a flexiglass column
of 1 l effective capacity with an internal diameter of
5.3 cm. The columns were filled with pellets of im-
mobilized microalgae of 5 mm diameter. The height
of the support inside the column was 24 cm and the
medium hydraulic retention time was 8 h. The flu-
idized effect was obtained by up-flow aeration at a
rate of 10.8 l/min. Immobilized Chlorella vulgaris
was found more efficient than Chlorella kessleri in
the wastewater depuration process. Garbisu et al.
(1993) studied phosphate removal efficiency of foam-
immobilized Phormidium laminosum both in batch
and continuous flow fluidized-bed bioreactors. In their
study three different types of fluidized-beds were used.
They were designed as funnel-shaped, column-type
beds and beds in Erlenmeyer flasks. The bioreactors
were continuously illuminated with cool white fluo-
rescent lamps at an irradiance of 100 µmol photon
m−2 s−1 and were operated at 45 ◦C by submerging
the lower part of the bioreactor in a thermostatically
controlled waterbath. Pre-boiled, washed and dried
5 mm foam cubes were placed in algal suspension and
immobilization by adsorption was continued over 2
months. Once the foam cubes were fully colonized,
they were introduced into the bioreactors. Although
cyanobacteria immobilized on the polymer foams did
not show high phosphate uptake efficiencies, the si-
multaneous removal of nitrate and phosphate from
wastewater following nitrogen starvation appeared to
be a promising possibility. Canizares et al. (1993) also
studied the behaviour of immobilized Spirulina max-
ima in fluidized-bed conditions for the removal of nu-
trients from swine wastes. At dilutions of 25 and 50%
swine waste, more than 90% ammonium-nitrogen re-
moval was obtained. However, fluidized-bed reactors
resulted in a heterogeneous system which is unsuitable
for most laboratory standardization.

Packed-bed bioreactors (PBR)

Packed-bed reactors are being studied for immobi-
lized cellular processes more than any other bioreactor
configuration. In general, such systems are appropri-
ate when relatively long retention times are required
and external biomass build-up is minimal. There have
been some innovations in the design and operation of
such bioreactor concepts, including the use of hor-
izontal packed bed and multiple column sequences.
Robinson et al. (1989) designed small-scale packed-
bed reactors with Phramacia K9/30 chromatography

columns. Columns of 30 cm long with 0.9 cm internal
diameter were sterilized with 70% ethanol and rinsed
thoroughly in sterile distilled water, and packed with
400 algal (Chorella emersonii) beads immobilized in
Ca-alginate. These columns were operated at room
temperature for the removal of phosphorus. Santos-
Rosa et al. (1989), Megharaj et al. (1992), Garbisu
et al. (1993), Cordoba et al. (1995) and Robinson
(1998) also studied the removal of nutrients in packed-
bed reactors. Gil & Serra (1993) prepared a lab-scale
photobioreactor packed with polyvinyl foam pieces
colonized in situ by cells of Phormidium uncinatum.
Under the best working conditions, nearly 90% of
nitrate supplied in the influents (50 mg l−1) was re-
moved by the cells having a residence time of 3–4 h.
Most recently, Tam & Wong (2000) also studied the
removal of nitrate and phosphate in packed-bed reac-
tors made up of PVC columns with five algal bead
concentrations ranging from 4 to 20 beads ml−1. A
complete removal of NH4

+-N (initial concentration
30 mg l−1) and around 95% reduction in PO4

3−-P
(initial concentration 5.5 mg l−1) was achieved within
24 h of treatment in bioreactors having a bead con-
centration of 12 beads ml−1. In addition, NH4

+-N
could be lost via ammonia volatilization while PO4

3−-
P was removed by precipitation as an alkaline pH was
recorded in immobilized microalgal treatment system.
However, packed-bed reactors suffer from the diffi-
culties of poor light penetration, mixing and gaseous
flux.

Parallel-plate bioreactors (PPR)

Parallel Plate reactors are by definition capacitively
coupled, they are either bottom or top powered. Etch-
ing in a top powered reactor is referred to as ‘plasma
mode’ etching and etching a bottom-powered reactor
it is referred to as ‘Reactive Ion Etching’. This is a bit
of a misnomer, because both systems are generically
‘plasma etchers’. The first fully automated Parallel
Plate Reactor was the ‘Reinburg’ reactor, which was
developed at Texas Instruments in 1972. There are
many variants of this design, but they are all basically
a bottom powered electrode system, large enough to
accommodate twenty-five 100-mm wafers. In 1979,
Tegal Corporation introduced the first fully automated,
single wafer parallel plate system used in production
lines. Because of superior process results that single
wafer systems offer, almost all production etch sys-
tems are of this configuration. Parallel-plate reactors
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Fig. 4. Schematic diagram of the hollow-fibre photobioreactor. Source: Sawayama et al. (1998).

are suitable for the effective utilization of sunlight, but
are difficult to construct.

Air-lift bioreactors (ALR)

These are a relatively new type of fermenter offering a
homogeneous system, very well suited for laboratory
optimization. In this system the content is pneumat-
ically stirred by a stream of air or other gases. Fur-
thermore, this stream also has the important function
of promoting the exchange between the gas phase and
the medium, and the flow will depend on the geometry
of the system. Vilchez & Vega (1995) studied the bio-
logical viability and nitrite uptake by Chlamydomonas
reinhardtii cells entrapped in calcium alginate beads
in discontinuous and continuous airlift reactors. In the
discontinuous flow reactor system a maximum nitrite
uptake rate of 90 µmol h−1 was obtained for a cell
loading of 90 µg chlorophyll g−1 gel after 8 days,
whereas the rate was 120 µmol h−1 in a continu-
ous flow reactor and could be maintained for at least
21 days. These data suggest that the continuous flow
system is preferable to the discontinuous mode. The
main disadvantage of this system is that it is unable
to provide the high cell stocking densities of packed-
bed reactor, which makes it of less value for use in
large-scale commercial processes.

Hollow-fibre bioreactor (HFR)

One of the major problems with the use of various
gel materials in bioreactor systems is the inherent in-
stability of such structures. A study conducted by
Robinson (1998) with small-scale packed-bed reac-
tors showed difficulties in maintaining the integrity of
alginate gels beyond a few weeks. In addition, such
polysaccharide-based matrices are very much prone
to microbial attack when placed in natural environ-
ment. Although agarose gel-based reactors showed
comparatively more stability than others the gel-based
immobilized techniques are not suitable for such large-
scale practical operations. Robinson (1998) proposed
hollow-fibre reactors to overcome these difficulties.

Hollow-fibre cartridges are commercially available
in a variety of sizes. Robinson (1998) prepared the
hollow-fibre reactors with 50 cylindrical tubes of poly-
sulfone bundled and sealed in a transparent cartridge
of 20 cm in length. Each fibre is of 1.1 mm internal
diameter and the fibre wall is perforated by numerous
pores. Such a cartridge could be operated with agal
cells contained within the lumen of each fibre and the
nutrients pumped in through the shell space or vice
versa. Preliminary results showed that phosphate up-
take rate declined within a matter of hours, not due
to any lack of activity but as a result of biomass set-
tling within the reactor. However, when cells were
suspended in a solution of 1% Na-alginate settlement
rates were significantly slow. These reactors attained
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a steady-state removal rate quickly which was found
to remain constant for several weeks. Such biore-
actors are physically stable and can be cleaned and
re-stocked with new biomass when the removal rate
falls below an acceptable standard.

Sawayama et al. (1998) also designed a hollow-
fibre photobioreactor with PVC tubing on a labo-
ratory scale with the thermophilic cyanobacterium
Phormidium laminosum. The photobioreactor com-
prised a transparent PVC tubing containing cellulose
hollow fibres, a peristaltic pump, a heater and two
cool white fluorescent lamps (Figure 4). Before in-
oculation, the tube bioreactor was sterilized with 1%
sodium hypochlorite solution and washed with dis-
tilled water. Cells were immobilized in hollow fibres
and placed in the PVC tubing. Immobilization was
accomplished by the addition of cell culture to the re-
actor using the peristaltic pump. Two days after cell
inoculation the secondarily treated sewage was passed
through the photobioreactor at 43 ◦C at a flow rate
of 50 ml day−1 with continuous fluorescent light of
60 µM photon s−1 min−1. Samples were collected af-
ter a 24 h period and analyses for N and P were done.
The removal rates of N and P ions by this hollow-
fibre reactor were 3.36 mg N day−1 l−1 reactor and
3.30 mg P day−1 l−1 reactor respectively as compared
to 8.88 mg N day−1 l−1 and 1.47 mg P day−1 l−1 in the
case of the chitosan-immobilized Phormidium. This
hollow-fibre immobilization presents a better system
for P removal than the chitosan immobilization.

The way ahead

From this review it is quite clear that a combination
of solar energy utilization and algal immobilization
technologies can be advantageously applied in the de-
velopment of photoactivated systems for the treatment
of wastewater including recovery of precious metals,
and production of valuable algal products. However,
there is an indication that immobilization affects the
cell’s behaviour, but many of the observations, partic-
ularly with respect to productivity are contradictory.
It is therefore, there is a need to increase understand-
ing on the effects of immobilization on algal cell
physiology and biochemistry.

The leakage problem is one of the key concerns
in cell immobilization since it obviates the primary
purpose of delimiting viable cells in a confined ma-
trix. Hallow-fiber cartridges are seems to be good
enough to solve this problem. When metal recovery is

of economic interest, destructive recovery may be ac-
complished by treatment of biomass with strong acids.
Attention has to be foccussed towards non-destructive
desorption from loaded biomass and regeneration of
biomass for reuse.

A wastewater purification system using ther-
mophilic cyanobacteria has advantages since conta-
mination can be avoided because of their ability to
tolerate high temperature and they can be treated at
high temperatures such as 45 ◦C. Furthermore, inves-
tigations on the optimization of operating conditions
including temperature, light, CO2 supply, control of
cell leakage, use of the inner space of the hollow fi-
bres, increased life span, capacity and reuse of reactor,
and utilization of the cells produced are necessary to
make this system a practical reality. In the meantime,
it will certainly be wise for human societies to reduce
their output of wastes by examining critically the var-
ious production/ consumption systems those lead to
waste generation.
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