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Abstract
A combination of microalgae (Chlorella vulgaris or C. sorokiniana) and a microalgae growth-promoting bacterium
(MGPB, Azospirillum brasilense strain Cd), co-immobilized in small alginate beads, was developed to remove nutrients
(P and N) from municipal wastewater. This paper describes the most recent technical details necessary for successful
co-immobilization of the two microorganisms, and the usefulness of the approach in cleaning the municipal wastewater
of the city of La Paz, Mexico. A. brasilense Cd signiﬁcantly enhanced the growth of both Chlorella species when the
co-immobilized microorganisms were grown in wastewater. A. brasilense is incapable of signiﬁcant removal of nutrients
from the wastewater, whereas both microalgae can. Co-immobilization of the two microorganisms was superior to
removal by the microalgae alone, reaching removal of up to 100% ammonium, 15% nitrate, and 36% phosphorus
within 6 days (varied with the source of the wastewater), compared to 75% ammonium, 6% nitrate, and 19%
phosphorus by the microalgae alone. This study shows the potential of co-immobilization of microorganisms in small
beads to serve as a treatment for wastewater in tropical areas.
r 2003 Elsevier Ltd. All rights reserved.
Keywords: Microbial immobilization; Microalgae; Plant growth-promoting bacteria; Wastewater treatment; Nitrogen removal;
Phosphorus removal

1. Introduction
Plant growth-promoting bacteria (PGPB) used as
inoculants in agricultural experiments are common place
for control of phytopathogens and for plant growth
promotion [1]. Bacteria of the genus Azospirillum are
well-known as PGPB for numerous crop plants [2].
Recently, one common strain, the type strain A.
brasilense Cd was found to be capable of promoting
many growth parameters of the unicellular microalgae
Chlorella vulgaris [3], and change the cytology, lipid, and
pigment production by the microalgae [4–6]. Therefore,
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it may be considered as a microalgae growth-promoting
bacterium (MGPB). C. vulgaris is commonly used for
tertiary wastewater treatment [7–10], yet it had not been
demonstrated that the observed growth promotion
might also yield improve capabilities of microalgae to
remove nutrients from natural wastewater. The microbial carrier chosen in this study were alginate beads.
Immobilization of microalgae in polysaccharide gels is
an experimental way to use these microorganisms for
wastewater treatment [11,12] because it ameliorates the
major difﬁculty of collecting enormous populations of
cells developed during the treatment, hampering regular
microalgae treatments [9].
This study describes laboratory methods used to coimmobilize the two microorganisms in small alginate
beads and to show that this artiﬁcial biological
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association, enforced by close proximities of the microorganisms inside small polymer beads, enhanced the
population of microalgae in the wastewater and
improved the capacity of the microalgae in its main
practical task—removing nitrogen and phosphorus from
municipal wastewater.

2. Materials and methods
2.1. Microorganisms
Two species of unicellular microalgae, Chlorella
vulgaris Beijerinck (UTEX 2714) and C. sorokiniana
Shih. et Krauss (UTEX 1602) were used. The MGPB
Azospirillum brasilense Cd (DMS 1843) was used for
co-immobilization experiments with each of the microalgal species.
2.2. Immobilization procedures
Various modiﬁcations of immobilizing microorganisms in alginate beads and counting and growing them in
cultures were published as the research evolved [3,13,14].
To clarify contradictory details, the current procedures
are summarized in detail in Fig. 1. A. brasilense was
cultivated with prior immobilization, by standard
techniques for this species [15].
2.3. Design and construction of a device for production of
alginate beads
A device to manufacture spherical alginate beads of
suitable diameter (B2 mm) for the experiments was
constructed from aluminum sheet (0.079 cm). The device
is essentially an open box with an array of 64 specially
shaped nozzles formed in the surface of the bottom
plate. Each nozzle consists of three parts: a dimple, a
shoulder, and an oriﬁce (Fig. 2). Liquid alginate is
placed in the box and beads are allowed to form under
the force of gravity, and to drip into a receptacle
containing a hardening solution. As the liquid level in
the device decreases, the ﬂow rate slows. Liquid alginate
has high surface tension, hence, during their fall and
subsequent hardening, the beads are spherical. The
showerhead satisﬁes the following set of constraints: no
need for pressurized air; beads form under the force of
gravity only; beads are of suitably small diameter; bead
diameter is consistent; rate of formation is suitably
rapid; apparatus can be autoclaved, and an adequate
amount of alginate solution can be processed at one
time.
The main design problems were to establish the
appropriate diameter of the holes to control ﬂow rate
and to prevent the alginate from bridging the space
between the adjacent oriﬁces, thereby forming beads of
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inconsistent diameter. The diameter of the holes
(0.137 cm) is small enough that, when the liquid level
is 15 cm above the surface of the showerhead, the ﬂow of
liquid alginate forms individual beads, but is large
enough that the container drains completely in a few
minutes.
To prevent liquid alginate from bridging, dimples
were formed in the surface of the aluminum sheet metal.
The dimples are deep enough to prevent alginate from
climbing up the dimple surface to an adjacent dimple.
Dimples were formed by deforming 0.079 cm aluminum
sheet metal between a hemispherical 0.635 cm diameter
punch and a steel plate with a concentric 0.673-cm hole
through a distance of 0.216 cm. Dimples were then
perforated in the center with a 0.137-cm diameter needle
from the inside. The perforation operation formed a
drip-edge shoulder of torn aluminum approximately
0.064 cm deep. The low-area drip edge is necessary
to combat the high adhesion of the alginate and to
form beads that separate from the nozzle under gravity
when suitably small. The device produces half-liter of
alginate beads in about 5 min. Larger devises with
similar nozzle design can produce larger quantities of
beads.

2.4. Municipal wastewater source
Wastewater was collected periodically for every
separate run of the bioreactors at the municipal wastewater treatment plant of the city of La Paz, Baja
California Sur, Mexico. Samples were collected from a
stream of wastewater after the initial aerobic activated
sludge treatment and immediately transferred to the
laboratory. Aerobic activated sludge removes organic
matter but not nutrients, resulting in high levels of N in
the wastewater. If necessary, debris in the wastewater
was ﬁltered through a gauze-cotton ﬁlter in a funnel. All
wastewater were used as they arrived from the treatment
plant. We stored wastewater at 4 C for several days only
as a precaution following the run of the bioreactors.
Analyses of the wastewater content done by the
Analytical Service Unit of CIB and by the municipal
wastewater treatment plant of La Paz showed that the
average content of the wastewater is: (in mg l 1)
suspended solids, 0.978–80; BOD, 53.5–113; total
nitrogen, up to 55; nitrates, 4–5.18; ammonium,
0.1–4.26; total phosphates, up to 5; orthophosphate,
4.1; NaCl 1.1; arsenic, 0.0013; cadmium, o0:005;
copper, 0.018; chromium, 0.004–0.018; mercury,
0.0013; nickel, 0.031; lead, 0.064, zinc, 0.118; conductivity, 1633 mS cm 1 and pH, 6.3–7.9. The most notable
variations among samples were the presence of different
nitrogen ions (ammonium or nitrate) and their concentration. Therefore, the values of the initial ion concentration are given in each ﬁgure.
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Fig. 1. Flow chart showing methods and techniques used to immobilize, co-immobilize, count, and cultivate microalgae and MGPB
for wastewater treatment.
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Fig. 1 (continued).

2.5. Water analyses of treated wastewater
Standard water analyses techniques [16] were performed with a Hach DR/2000 spectrophotometer and
Hach kits (Hach CO., Loveland, CO, USA) for nitrogen
and phosphorus.
2.6. Experimental design and statistical analysis
The experiments were performed in inverted, 1000-ml
conical, glass bioreactors containing 600 ml wastewater,

equipped with bottom aeration controlled by a peristaltic pump (1.8 l air per min) at 26+2 C, with constant
illumination of 31.8 W m 2. Each experiment was
performed in triplicate, where one bioreactor served as
a replicate. The setup was of semi-continuous cultures,
where wastewater was replaced every 48 h, as described
earlier [17]. Controls (beads without microorganisms,
wastewater alone, microalgae alone, and bacteria alone)
were routinely used. Three 50 ml samples were taken for
each water analysis at each sampling time. Each
experiment was repeated 3 times using three slightly
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Fig. 2. Design of the alginate bead production devise.

different natural municipal wastewater samples, since we
could not control the output efﬂuent of the municipal
wastewater treatment facility. Results were analyzed by
ANOVA and Student’s t-test, with signiﬁcance at
Pp0:05; using Statistica software (Statsoft, Inc. Tulsa,
OK). As results were similar, only one representative
experiment is presented.

3. Results and discussion
To deﬁne a practical, useful association between two
microorganisms, it is essential to demonstrate that one
(or both) microorganism affects the main practical
function of the other. Demonstration of improved
growth parameters, as was shown earlier for a bacteria–microalgae association [3,4,18,19], is insufﬁcient to
that end, since these growth promotions occurred under
deﬁned in vitro mixed cultivation. Therefore, the main
purpose of this study was to show that when a
microalgae is co-immobilized and co-cultured with a
MGPB, with both submerged in ‘‘natural’’ municipal
wastewater, the nutrient absorption capacity of the
microalgae increases from the association, and the
treated efﬂuent wastewater is poorer in nitrogen and
phosphorus.
Semi-continuous treatments performed for 3–4
cycles each, where the municipal wastewater but not
co-immobilized microorganisms were replaced every
48 h, using both microalgae species. Four parameters

were evaluated: growth promotion of the two microalgal
species affected by the MGPB and removal of
ammonium, nitrate, and phosphorus from the wastewater.
A. brasilense Cd continuously and signiﬁcantly
enhanced the growth of both Chlorella species when
the co-immobilized microorganisms were grown in the
wastewater at 2.1  106–4.8  106 cells ml 1 (C. vulgaris)
after 4 cycles and at 2.8  106–4.0  106 cells ml 1 (C.
sorokiniana) after 3 cycles (Fig. 3A and B). Addition of
beads without microorganisms (control) did not affect
ammonium removal (data not shown), while incubation
of the non-sterile wastewater in bioreactors removed
some ammonium (from 0.08 to 0.07 mg l 1 after 3–4
cycles). A. brasilense Cd alone did not remove measurable quantities of ammonium or phosphorus (data not
shown). However, co-immobilization of C. vulgaris or
C. sorokiniana with A. brasilense Cd signiﬁcantly
enhanced ammonium removal (Fig. 4A and B),
although both Chlorella species were capable of
eliminating most of the ammonium when immobilized
alone. Removal of nitrates were tested under two
conditions—(1) when the wastewater arrived from the
treatment plant were loaded with nitrates, and (2) during
the incubation cycles in the bioreactors when the natural
resident microﬂora of the wastewater converted ammonium to nitrate, increasing nitrate concentration
(Fig. 5E). In general, removal of high initial nitrate
concentrations by co-immobilization with both microalgae species was superior to the removal of nitrate
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Fig. 3. Promotion of C. vulgaris and C. sorokiniana growth by
A. brasilense Cd in municipal wastewater. Points on curves
denoted by a different lower case letter differ signiﬁcance by
ANOVA at Pp0:05: Points at each cycle denoted by a different
capital letter differ signiﬁcantly with Student’s t-test at Pp0:05:
Bars represent standard error.

by the microalgae alone (Fig. 5A and B). However,
in the case where nitrate increased during the process,
only co-immobilization with C. sorokiniana was more
efﬁcient than the removal by the microalgae alone
(Fig. 5C and D). The control treatments (beads without
microorganisms and untreated wastewater incubated
similarly) did not remove any nitrate during the 3 cycles
tested (Fig. 5E). Removal of phosphate from the
wastewater was always better when microalgae
were co-immobilized with A. brasilense Cd (Fig. 6A
and B). Controls were incapable of removing any
phosphate.
Presently, the main commercial processes for removing phosphorus from wastewater efﬂuents are chemical
precipitation with iron, alum, or lime [20,21] achieving
over 95% removal, and to a lesser extent biological
treatment [22]. Practical biological methods of removal
are far less efﬁcient, ranging between 20% and 30% of P
with various microorganisms, while up to 90% removal

Fig. 4. Removal of ammonium ions from municipal wastewater by Chlorella spp. co-immobilized with A. brasilense Cd:
(A) C. vulgaris; (B) C. sorokiniana. Columns denoted by a
different lower case letter (for immobilized Chlorella spp.) or an
italics lower case letter (for co-immobilized Chlorella spp. and
A. brasilense Cd), separately, differ signiﬁcantly by ANOVA at
Pp0:05: Pairs of columns for each cycle denoted by a different
capital letter differ signiﬁcantly with Student’s t-test at Pp0:05:
Bars represent standard error.

with some bacterial species has been recorded in
laboratory tests [23–25]. The relatively low efﬁciency of
biological phosphorus removal, and an attempt to
increase it, is the aim of the new technology proposed
in this study.
The indigenous microﬂora of the wastewater was not
analyzed in detail in this study. There were a large
number of bacteria and deﬁnitely a population of
nitrifying bacteria in some wastewater samples. However, the semi-continuous treatment scheme performed
in this study did not yield signiﬁcant removal of
nutrients by the native microﬂora.
Removal of ammonium and phosphate from culture
medium (synthetic wastewater lacking a carbon source)
showed similar tendencies as in this study, regarding the
interaction of C. vulgaris and A. brasilense Cd [17].
No report of nutrient removal by co-immobilized
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Fig. 5. Removal of nitrate ions from municipal wastewater by Chlorella spp. co-immobilized with A. brasilense Cd. Subﬁgures A and C
represent C. vulgaris; Subﬁgures B and D represent C. sorokiniana. Subﬁgures A and B represent original high levels of nitrate;
subﬁgures C and D represent elevation of nitrate during incubation. Subﬁgure E is the control without immobilized microorganisms.
Columns denoted by a different lower case letter (for immobilized Chlorella spp.) or an italics lower case letter (for co-immobilized
Chlorella spp. and A. brasilense Cd), separately, differ signiﬁcantly by ANOVA at Pp0:05: Pairs of columns for each cycle denoted by
a different capital letter differ signiﬁcantly with Student’s t-test at Pp0:05: Bars represent standard error.

C. sorokiniana and A. brasilense or with any other
bacterial species is available. However, a mixed free
suspended culture of C. sorokiniana and Rhodobacter
sphaeroides could remove acetate, propionate, ammonia,
nitrate and phosphate. When growing as a monoculture,
none of the strains could accomplish this [26].

4. Conclusion
This study is the ﬁrst report demonstrating that the
new co-immobilization technology is capable of reducing nutrients (N and P) from regular municipal
wastewater. Although the removal by the current co-
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Fig. 6. Removal of phosphate ions from municipal wastewater
by Chlorella spp. co-immobilized with A. brasilense Cd: (A) C.
vulgaris; (B) C. sorokiniana. Columns denoted by a different
lower case letter (for immobilized Chlorella spp.) or an italics
lower case letter (for co-immobilized Chlorella spp. and A.
brasilense Cd), separately, differ signiﬁcantly by ANOVA at
Pp0:05: Pairs of columns for each cycle denoted by a different
capital letter differ signiﬁcantly with Student’s t-test at Pp0:05:
Bars represent standard error.

immobilization system is still small (under 1 mg l 1), it
has potential in new approaches to biologically removing nitrogen and phosphorus from wastewater.
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