Finding optimal algal/bacterial inoculation ratio to improve algal
biomass growth with wastewater as nutrient source
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ABSTRACT

Algal growth, nutrient removal and settling efficiency were quantified while inoculating sequencing batch reactors with a
mixture of microalgae and bacteria (activated sludge). Three algae/bacteria inoculation ratios (5:1, 1:1 and 1:5) as well as pure
algal biomass (control) were assessed. Algal biomass production increased with the addition of activated sludge. However, the
addition of too much activated sludge can cause disturbance to the Al-Bac biomass growth and algal bacterial processes. All
reactors including the control with only algae showed similar settling and nutrient removal efficiencies. Good settling was
observed in all reactors with only 5% of total biomass found in supernatant after 1 h of settling. Removal efficiencies of COD,
TN and PO4-P in all reactors were 79–82%, 61–65% and 15–37%, respectively, with the lowest phosphorus removal efficiency
belonging to 1:5 algae/activated sludge ratio. These results may be due to both long hydraulic (7 days) and solids retention
times (up to 30 days). Finally, Al-Bac biomass with 1:1 inoculation ratio showed the best enhancement in terms of biomass
growth and algal activities.

Keywords: microalgae, activated sludge, nutrients, wastewater, sequencing batch reactor

INTRODUCTION
The role of microalgae in wastewater treatment for
photosynthetic aeration has been recognized for a long
time (Oswald and Gotaas, 1957). Microalgae provide O2 to
heterotrophic aerobic bacteria that oxidize organic pollution for
their growth and energy requirements, using in turn the CO2
released from bacterial respiration for algal photosynthesis.
This process is naturally driven, requiring only natural light for
algal photosynthesis and hence significantly reducing operation
costs as well as the carbon footprint of the wastewater treatment
system, especially in comparison with conventional activated
sludge technology (Van Den Hende et al., 2014). Moreover,
during their growth, algal cells might accumulate high amount
of lipids and carbohydrates. Hence algal biomass can be used
as raw material for anaerobic digestion to produce biomethane
or chemical extraction for biofuel production (Sirajunnisa and
Surendhiran, 2016; Voloshin et al., 2016). Over the past few years,
the use of microalgae for biomass production and wastewater
treatment has received considerable attention and has been
extensively studied (Park et al., 2011; Sutherland et al., 2015).
However, small cell size and low concentration in culture
solution hampers efficient harvesting of algal biomass from
water. An efficient harvesting process may account for up to
20 to 30% of total production cost (Mata et al., 2010; Pragya
et al., 2013). Algae harvesting remains, therefore, one of the
biggest challenges when operating these type of systems
(Uduman et al., 2010; Christenson and Sims, 2011; Craggs et al.,
2015). One possible solution might be to enhance algal biomass
settleability by bio-flocculation (Salim et al., 2010; Vandamme
et al., 2013). Indeed, inoculating activated sludge with algae in
wastewater has been shown to improve biomass settling while
maintaining good treatment efficiency (Gutzeit et al., 2005;
Van Den Hende et al., 2011). Studies on algal-bacterial biomass
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indicated high gravitational settling efficiencies by flocculation
between algae and bacteria (Gutzeit et al., 2005; Medina and
Neis, 2007; Van Den Hende et al., 2014). Van Den Hende et al.
(2014) recovered nearly 100% of algal-bacterial biomass from
a pilot scale study via two simple harvesting steps, including
gravity settling and dewatering by filter press, requiring no
chemical addition or electricity. Most of these promising
results, however, were achieved on pilot or semi-industrial
scale. Although the potential of this technology is recognized,
research on improving algal production while maintaining
treatment efficiency is still needed before the system can be
applied on an industrial scale (Park et al., 2011).
When co-culturing algae and bacteria, one important factor
impacting algal growth is the inoculation ratio. Su et al. (2012b)
reported that algae/activated sludge ratio of 5:1 was optimal
to achieve good wastewater treatment and biomass settling.
Roudsari et al. (2014) also compared several ratios between
algae and activated sludge for processing anaerobic effluent
from municipal wastewater. They suggested that biomass with
a higher proportion of algal than bacterial biomass should be
used. However, Van Den Hende et al. (2014, 2016) successfully
developed an algal-bacterial biomass process with a higher
proportion of activated sludge (1:1.8 to 1:3.8 for aquaculture
and food-industrial wastewater treatment, respectively). It
is important to note that these studies mainly focused on
wastewater treatment efficiency and biomass harvesting. Data
showing how the inoculation ratio of algae to activated sludge
impacts algal growth, as well as the dynamics between the two
biomasses, are still lacking.
Besides inoculation ratio, algal production is also limited
by various environmental (light and temperature) as well
as operational (pH, oxygen and mixing) factors (Park et al.,
2011). Hence fundamental and pilot-scale studies should
be conducted prior to application of the system at full scale
for comprehensive understanding of these impacts on algal
growth as well as performance of the system. An appropriate
up-scaling approach involves: (i) studying the impact of
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inoculation ratio between algae and activated sludge on algal
growth, settling and treatment efficiency, so that an optimal
biomass ratio can be selected, (ii) applying the obtained optimal
biomass ratio to a pilot-scale system for wastewater treatment
and biomass production, in order to assess the modification of
hydrodynamics and gas transfer due to biochemical processes,
(iii) employing the knowledge from pilot studies in designing
and operating the system at full scale, and (iv) using data
collected from these studies to validate a mathematical model
supporting system knowledge, management and optimization.
This study deals with the first part of the approach outlined
above. Different algae/activated sludge inoculation ratios
were compared in terms of algal growth, treatment efficiency
and biomass settling. Lab-scale sequencing batch reactors
were inoculated with different ratios and fed with synthetic
wastewater. Biomass production, harvesting efficiency and
treated effluent quality were monitored.

MATERIAL AND METHODS
Algae and activated sludge inoculations
Traditionally, in algae-based wastewater treatment systems,
the term ‘algae’ usually refers to a consortium of local algal
species grown in the wastewater which is allowed to develop
in the system at the beginning of the process (Mara and
Pearson, 1998). Although specific algal strain selection has
been suggested to improve biomass growth and treatment
efficiency, maintaining algal monoculture in a wastewater
treatment system is difficult (Sutherland et al., 2015). An
important advantage of using a local algal consortium is that it
ensures compatibility between the algae and bacteria as well as
between the microorganisms and wastewater used (Muñoz and
Guieysse, 2006; Mata et al., 2010). Therefore, the experiments in
this study used a local algal consortium as inoculation source.
Algal inoculation source was a green algal mixture collected
by brushing the biomass attached to the wall of a secondary
sedimentation tank of a full-scale wastewater treatment plant
(WWTP – Rosheim, 67, France). The biomass was then stored
in a plastic bottle and transported to the laboratory within 2 h of
collection. At the laboratory, biomass was allowed to settle for 1 hour.
After this, only settled biomass was collected and served as algal or
bacterial inoculum. No purification process was carried out for algal
biomass, hence bacterial contamination was unavoidable. Activated
sludge was collected from the aeration tank in the same WWTP right
before the experiment and processed similarly to algal biomass.
Microscopic observation (light microscope Olympus BH−2)
showed that the mixture predominantly contained algae from
the following microalgae genera: Chlorella sp., Ulothrix sp. or
Klebsormidium sp., Desmodesmus sp., and Pseudanabaena sp.
This mixture was cultivated for 4 weeks with synthetic
wastewater in a batch reactor as described under ‘Experimental
operation’ below.
The inoculation ratio was based on final total suspended
solids content (TSS) of algae and activated sludge in culture
solution. The amount of algae inoculated was the same for
all reactors in order to compare the growth of algae with
different inoculation ratios. Four reactors were employed in
which algal biomass concentration was 0.2 g∙L−1 while activated
sludge concentrations inoculated were 0.04, 0.2, 1 and 0 g∙L−1,
giving algal/sludge inoculation ratios of 5:1, 1:1, 1:5 and 1:0,
respectively. The reactor with only algae (1:0) was used as a
control. The algal-bacterial biomass developed in this study was
referred as Al-Bac biomass.

Table 1. Composition of synthetic wastewater
Content
COD
TKN-N
NH4-N
NO2-N
NO3-N
PO4-P
TSS
pH

Concentrations (mg∙L−1)
318
38
1.5
0
0
7
0
5.1

Synthetic wastewater
Synthetic wastewater was the only nutrient source used to
cultivate the biomass. It was prepared and adapted following
the international standard of the Organization for Economic
Cooperation and Development (OECD, 2001; O’Flaherty and
Gray, 2013). The ingredients included meat extract Viandox
(1 mL∙L−1), peptone (160 mg∙L−1), urea (30 mg∙L−1), K2HPO4
(28 mg∙L−1), NaCl (7 mg∙L−1), CaCl2∙2H2O (4 mg∙L−1), and
Mg2SO4∙7H2O (2 mg∙L−1). The resulting wastewater parameters,
immediately analysed after preparation, are shown in Table 1.
Experimental operation
Each biomass was cultured at room temperature (20.9 ± 0.6°C)
in a 5 L (working volume) transparent glass bottle (18 cm
diameter) with a cap (Fig. 1). Mixing was ensured by a magnetic
stirrer at 300 r∙min−1. Each reactor was operated as a sequencing
batch reactor (SBR) without mechanical aeration. The SBR cycle
consisted of a feeding phase (pump of 2.5 L of influent wastewater),
a reaction phase, and a settling phase. A flexible plastic tube was
used for extracting supernatant at the end of the settling phase
and feeding the new synthetic wastewater at the beginning of
the feeding phase. The volume exchange ratio was 50%. Feeding,
reaction and settling phase durations were 1 h, 3.5 days and 1 h,
respectively. The mean hydraulic residence time (HRT) was 7 days.
All reactors received the same illumination from 6 cool
white light LEDs positioned 10 cm away from the reactors
in vertical direction. Light intensity measured at the wall
of reactor was 66 µEs−1∙m−2. Photoperiod was set up to 12 h
light:12 h dark. Total culturing period was 1 month.
Analytical procedures
Dissolved oxygen concentration (DO) (WTW Inolab Oxi
Level II Dissolved Oxygen Meter), pH and temperature (WTW
pocket pH meter kits pH330) were measured daily at the
central point of each reactor 5 h after illumination started and
always before the settling phase. Due to this daily measurement
frequency, it should be noticed that pH monitoring was
performed once right before the feeding and then 1 day after.
Sampling for biomass analysis was performed twice per
week at the end of each reaction phase. 100 mL of the wellmixed solution was sampled, right before the settling phase.
Then the first 50 mL of this volume were filtered using 1.2 µm
glass fibre filter (FILTRES RS) and used for TSS content
determination (AFNOR NF T 90−105, 1997) The remaining
50 mL were filtered using 0.45 µm cellulose nitrate filter paper
(Merck Millipore Ltd.) in dark conditions. The filter paper with
suspension was then covered by aluminium paper, labelled and
frozen before being analysed for total Chlorophyll a (Chl-a)
content (AFNOR NF T 90−117, 1999).
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Data analysis
Data collected were analysed by one-way analysis of variance
(one-way ANOVA) with 95% confidence interval to assess if
there was a statistical difference between the results for these
systems. If a significant difference was detected, Holm tests
were used to determine which pair of systems had a statistical
difference at a 95% confidence interval. In addition, Welch
test with 95% confidence interval was used to compare data
representing different growing phases of each reactor. Data
analysis was performed using R software (version 3.3.1 (201606−21)). Standard error was used to indicate the deviation from
the mean with small sample size (n < 30).

RESULTS AND DISCUSSION
Dynamics of dissolved oxygen and pH
The dynamics of algal-bacterial processes can be evaluated
by assessing dissolved oxygen (DO) and pH variations. DO
concentration is mainly governed by photosynthetic (oxygen
production) and oxidative (oxygen uptake) activities of algae
and bacteria, respectively (Muñoz and Guieysse, 2006). Via
photosynthesis, algae consume inorganic carbon (HCO3-, CO2)
leading to an increase of pH in solution (Richmond, 2004;
Park et al., 2010; Sutherland et al., 2015) while nitrification
releases protons leading to pH decrease. These parameters
were measured daily in each reactor to evaluate algal-bacterial
processes during feeding and reaction phases (Figs 2 and 3).

Figure 1. Photograph of a working reactor

The growth curves of TSS and Chl-a were fitted using
linear regression in order to compare the global growth rates
between the experiments. Standard error was used to evaluate
the variances of the fitted values and observed values of the
biomass or Chl-a growth rates (Crawley, 2012).
Sampling for nutrient content was performed daily
including the same days as biomass sampling. Nutrient
content was assessed in both input synthetic wastewater and
supernatant effluent. At the beginning of each feeding phase,
300 mL of suspension was collected and filtered through sterile
membrane (0.45 µm, filtraTECH) and frozen until analysis
(within 1 month) of phosphorus (PO4-P) (ISO 6878:2004,
2004), nitrite nitrogen (NO2-N) (ISO 6777:1984, 1984), nitrate
nitrogen (NO3-N) (ISO 7890-3:1988, 1988) and ammonium
nitrogen (NH4-N) ((ISO 5664:1984, 1984)). Another unfiltered
100 mL sample was collected and used to analyse total Kjeldahl
nitrogen (TKN-N) (ISO 5663:1984, 1984) and chemical oxygen
demand (COD) (ISO 15705:2002, 2002).

Figure 2. Average with standard error of dissolved oxygen (DO)
concentration in different test reactors during reaction phase and
feeding phase (measured at midday)

Figure 3. Average with standard error of pH in different test reactors
during reaction phase and feeding phase
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As expected, the feeding phase resulted in higher bacterial
activity (heterotrophic growth and nitrification) because a high
amount of dissolved organic matter and nutrients was available
as substrate. For each reactor, this led to faster DO consumption
and a decrease in its concentration: DO measured in the reaction
phase was always higher than that in the feeding phase (p < 0.05).
Then, during the reaction phase, bacterial activity slowed down
and O2 release by algae led to O2 increase in the medium.
The control reactor (algae only) and reactor with 1:5 algae/
activated sludge inoculation ratio had similar DO content (p >
0.05). This was also the case between reactors with 1:1 and 5:1
algae/activated sludge ratios (p > 0.05). However, DO contents
recorded in reactors with 1:1 and 5:1 algae/activated sludge
ratios were higher than the control and 1:5 reactors (p < 0.05).
These results are in agreement with Chl-a and TSS data (Figs 4
and 5) that showed that addition of activated sludge enhanced
algal growth but that adding too much activated sludge leads to
disturbances in algal growth.
The pH level in an algal bacterial reactor is the consequence
of algal productivity, algal/bacterial respiration, the alkalinity
and ionic equilibriums, and autotrophic and heterotrophic
microbial activities such as nitrification (Park et al., 2010).
Surprisingly, pH measured in the reaction phase was always
lower than the pH measured in the feeding phase (Fig. 3),
which was statistically proved by the Welch test with 95%
confidence interval (p < 0.05). However, one-way ANOVA with
95% confidence interval indicated that there is no significant
difference between pH measured during the reaction phase of
the four studied systems (p > 0.05). The same conclusion was
reached for pH in the feeding phase of all reactors (p > 0.05).
Concerning pH, the observed values are globally acidic.
Furthermore, photosynthesis during the reaction is supposed to
make pH increase. However, the opposite trend was observed.

Several causes can explain these unexpected trends:
• The prepared synthetic wastewater had a low pH (Table 1);
this can explain the generally low pH level obtained during
the entire experiment.
• The high pH increase (around one pH unit) between reaction
and feeding phase indicated intensive photosynthetic activity
following a feeding event (pH measurement was performed
one day after).
• The decrease observed in the remaining days is mainly due to
the nitrification process which acidifies the medium. This is
consistent with Su et al. (2011) who observed a slight decrease
in pH level over the first 5 days of each batch.
The fact that the nitrification process impact only appears
after a few days is linked to the slower kinetics associated with
this process: the maximum growth rates have been reported to

Figure 5. Global Al-Bac biomass (algal biomass in case of control
reactor – Alg) and Chl-a production rates of biomass with different
initial algae/activated sludge ratios (error bars indicate variances of
fitted values and observed values)

Figure 4. Al-Bac biomass (left axis) and Chl-a (right axis) concentrations in reactors (a) control (b) 5:1 ratio, (c) 1:1 ratio, (d) 1:5 ratio
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be 1.3 d−1 and 0.63 d−1 at 20°C for algae and ammonia-oxidizing
bacteria, respectively (Solimeno et al., 2017). Also, according to
the stoichiometry of these biochemical reactions (Solimeno et
al., 2017), the observed oxidation of around 25% of the nitrogen
contained in the synthetic wastewater (see below) leads to
the release of 1.35 meq H+∙L−1 of protons (2 meq per mmol
of N-NH4+) while the maximum observed growth of algae
(20 mg∙L−1∙d−1) leads to the release of 0.6 meq alkalinity∙L−1. It
should also be mentioned that the synthetic wastewater used
had very low alkalinity, making it very sensitive to proton
release. These low pH values could exert toxicity and/or
inhibition effects on the biomass. However, the use of synthetic
wastewater in this study could have played a role in avoiding
these types of effects.
These results indicate that nitrification plays a significant
role in TKN removal in these reactors.
Biomass growth
The growth of total Al-Bac biomass during the experimental
period was estimated by TSS measurements. Since dissolved
organic matter and nutrients were the only supplement
provided for each reactor, any increase in total suspended
solids inside the reactor was considered as a gain in biomass.
Besides the total Al-Bac biomass, the global production of
Chl-a in each reactor during the experimental period, which
is related to the increase of algae inside Al-Bac biomass (Park
and Craggs, 2010), was also monitored (Fig. 4). TSS and Chl-a
concentrations increased almost linearly. The slopes of TSS
and Chl-a concentrations vs. time were used to derive the
production rates displayed in Fig. 5.
After 1 month of experiments, all reactors showed a gain
in biomass except the reactor with inoculation ratio of 1:5. The
biomass growth rate in the reactor with only algae was lower
than the ones inoculated with both algae and activated sludge
(5:1 and 1:1). However, there was nearly no differences between
growth rate of Al-Bac biomass 5:1 and 1:1. This result suggests
that inoculation with both algae and activated sludge increases
the production of Al-Bac biomass in comparison with only
algae, but that an excessive amount of activated sludge added
could decrease the growth of the biomass. A similar result was
reported by Su et al. (2012b): with too much activated sludge
added, the total algal-bacterial biomass increase at the end
of the test was not as high as for other biomasses with lower
activated sludge added. Disturbances in Al-Bac biomass growth
could originate from the complex interactions between algae
and bacteria in activated sludge (Cole, 1982; Kouzuma and
Watanabe, 2015). Besides synergistic interactions resulting
in fostering the growth of both algae and bacteria, there are
antagonistic interactions between these organisms. These
interactions, however, are numerous and depend on the species
of algae and bacteria, growing states, and environmental
conditions (Grossart and Simon, 2007).
In addition, the production rates of Chl-a in reactors with
1:1 and 1:5 ratios were higher than the control reactor with
only algae, indicating an acceleration of algal growth with the
addition of activated sludge. However, there was no difference
between Chl-a production between Al-Bac biomass with 5:1
ratio and the control. This result is in good agreement with the
conclusion reached by Roudsari et al. (2014), who observed that
addition of activated sludge to up to 40% of the total biomass
speeded up algal growth.
In comparison with literature, biomass volumetric
production achieved in this study (below 20 mg∙L−1∙d−1) could be

considered to be rather low (Mata et al., 2010; Park et al., 2010).
Su et al. (2011) cultivated an algae/activated sludge biomass in
a batch reactor and reported a volumetric productivity of 38.8
mg∙L−1∙d−1. Van Den Hende et al. (2011) observed a mean value
of 181 mg∙L−1∙d−1of algae/activated sludge biomass production in
a reactor with flue gas supplement. In addition, Park and Craggs
(2010) reported an algal-bacterial biomass volumetric production
of 100 mg∙L−1∙d−1 obtained in an outdoor pilot high-rate algal
pond wastewater treatment system with CO2 addition. This may
be explained by the low light intensity of 66 µEs−1m−2 applied
in the present experiment. Indeed, algal growth and activity
is enhanced under light intensity ranging from 200 to 400 µE
s−1m−2 (Muñoz and Guieysse, 2006; Singh and Singh, 2015).
The increase of Al-Bac biomass and Chl-a with 1:5
inoculation ratio suggests a significant replacement of the
activated sludge biomass by algal biomass inside the Al-Bac
biomass during the experiment. This illustrates the different
dynamics of algal and bacterial growth in the system.
Biomass growth and settleability
Settling efficiency was evaluated by measuring supernatant TSS
and Chl-a concentrations after 1 h of gravitational settling. This
reflects both wastewater treatment efficiency in terms of TSS
and the possibility of efficiently harvesting the biomass.
All reactors provided good Chl-a and Al-Bac biomass settling
efficiencies (Table 2). This indicates good bio-flocculation between
algae and activated sludge, as was observed in other studies (Gutzeit
et al., 2005; Su et al., 2012b). Surprisingly, the control reactor with
only algae also showed similar settling efficiency. This result differs
from other studies which reported lower biomass settling efficiency
of algae alone (Su et al., 2012b). The settling velocity of microalgal
suspensions can differ greatly depending on culturing conditions
(Gutiérrez et al., 2016). Several factors are involved, including
long SRT (30 days) (Valigore et al., 2012), the dynamics of algae
species (Su et al., 2012a) or pH (Vandamme et al., 2014). However,
pH-induced flocculation is unlikely in the present study as pH was
quite low (Fig. 3). In fact, the most probable factor explaining this
observation is granulation as this was recently observed in SBRs (Liu
et al., 2017; Cai et al., 2019). Indeed, the experimental conditions
applied in this study may have selected for fast-settling biomass.
Nutrient removal efficiency
Similar effluent concentrations were recorded for all reactors
(Table 3). The average COD removal efficiencies were 82±2,
79±2, 81±2 and 79±2% for the reactors with only algae, 5:1, 1:1
and 1:5 algae/activated sludge inoculation ratios, respectively.
As there was significant COD removal in the control reactor
with only algae, it does mean that bacteria growth occurred
to some extent even without activated sludge inoculation. In
comparison with other algal-bacterial biomass studies, COD
removal efficiencies obtained in this study were at a good level
Table 2. Average Chl-a and TSS contents in the effluent and their
proportions in total Chl-a and TSS contents of each reactor
Inoculation
Outlet
ratios
Chl-a (mg∙L−1∙)
Alg
5:1
1:1
1:5
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0.067 ± 0.013
0.127 ± 0.019
0.126 ± 0.025
0.114 ± 0.019

Outlet Chl-a
in total (%)

Outlet TSS
(mg∙L−1)

Outlet TSS
in total (%)

5.53 ± 1.59
7.01 ± 1.36
3.96 ± 0.82
3.21 ± 0.29

21 ± 4
30 ± 4
25 ± 4
32 ± 6

4.70 ± 1.24
5.20 ± 1.02
3.50 ± 0.72
2.65 ± 0.48
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Table 3. Nutrient concentrations at the outlet of four reactors (mg∙L−1, mean values in bold, n = 9)
Inoculation ratios
Alg

Max
Min
Mean
SE*
5:1
Max
Min
Mean
SE
1:1
Max
Min
Mean
SE
1:5
Max
Min
Mean
SE
*SE: standard error

NO2-N

NO3-N

NH4 -N

TKN-N

COD

6.957
0.015
0.888
0.761
4.545
0.016
0.535
0.501
3.540
0.016
0.422
0.390
0.175
0.016
0.041
0.017

10.844
3.688
8.842
0.688
10.999
5.305
8.970
0.570
10.852
3.928
9.049
0.698
12.925
0.331
9.912
1.291

2.979
0.417
0.936
0.264
2.979
0.552
1.281
0.260
3.761
0.713
1.224
0.323
7.138
0.710
1.683
0.688

6.251
2.306
3.653
0.437
9.479
2.668
5.924
0.696
7.058
1.412
4.207
0.654
15.169
1.159
5.312
1.532

98
44
56
5
110
56
68
6
92
44
59
5
96
34
68
7

PO4 -P
5.963
3.392
4.851
0.360
5.384
2.952
4.357
0.333
5.476
3.577
4.679
0.242
8.464
2.164
5.939
0.799

added (1:1 and 5:1 algae/sludge ratios). In comparison, Al-Bac
5:1 had good total biomass growth, and good algal activity and
nutrient removal efficiency. Nevertheless, it displayed a low algal
growth rate similar the control reactor with only algal inoculum.
Finally, Al-Bac 1:1 showed the best improvement in terms of
total biomass, algal biomass growth and algal activity. A longterm study with a larger scale system is required to understand
more about the dynamics between algae and bacteria. With
these considerations, Al-Bac biomass with 1:1 inoculation ratio
should be chosen for applying in a pilot culturing system for
wastewater treatment and biomass production.

(Gutzeit et al., 2005; Medina and Neis, 2007; Su et al., 2012b;
Roudsari et al., 2014). However, phosphorus removal was not as
high, with removal efficiencies of 30±5, 37±5, 33±3 and 15±11%
for reactors with only algae, 5:1, 1:1 and 1:5 ratios, respectively.
TKN-N removal ranged from 86 to 90%. Moreover, low
NH4-N and NO2-N concentrations were measured in the effluent.
Nitrification was therefore occurring to a large extent in all
reactors, which is not in agreement with other algal-bacterial
biomass studies (Gutzeit et al., 2005; Van Den Hende et al., 2011;
Su et al., 2012b). Considering the NO3-N concentrations, the
total nitrogen removal efficiencies were 65±1, 61±2, 64±2, 61±3%
for the reactors with only algae, 5:1, 1:1 and 1:5 algae/activated
sludge inoculation ratios, respectively.
Nutrient removal efficiencies were similar between all tested
reactors, which is not in agreement with other reports where
different inoculation ratios induced varying efficiencies (Su et al.,
2012b; Roudsari et al., 2014). Roudsari et al. (2014) conducted a
6-day batch experiment and concluded that a higher proportion
of activated sludge improved COD removal while a higher
proportion of algae improved ammonium nitrogen removal. The
reason for these differences may derive from the long hydraulic
and solids retention times (HRT = 7 days, SRT = 30 days) applied
in the current experiment (García et al., 2000, 2002; Matamoros
et al., 2015; Sutherland et al., 2015).
It is also important to note that the algal biomass inoculated
in the control reactor was not pure culture, and thus bacteria, even
in small amounts, were expected. Therefore, synthetic wastewater
fed to the control reactor may stimulate bacterial growth. Thus,
in this study, long HRT and SRT, as well as readily degradable
organic matter, provide conditions that can promote the growth of
this small amount of bacteria, even in the control reactor (Su et al.,
2012b). Consequently, nitrification and heterotrophic growth of
bacteria were also observed in this reactor.
The only exception was noted for phosphorus removal
efficiency of Al-Bac biomass 1:5 reactor, where the removal
efficiency varied widely (15±11%). This instability may originate
from the high amount of activated sludge inoculated.

In this study, sequencing batch reactors were used to cultivate
Al-Bac biomass with different algae/sludge inoculation ratios.
In order to compare algal growth, initial algal biomass was
similar in every test. DO concentration and Chl-a content in all
reactors were used to evaluate algal activities, with high levels
of DO and Chl-a growth rate indicating good algal activities
in the reactor. Local algal biomass showed good incorporation
with bacterial biomass (activated sludge): better algal growth
occurred with Al-Bac biomass than with only algae.
Several conclusions were drawn as follows:
• Adding activated sludge accelerated the growth of Al-Bac
biomass although the addition of too much activated sludge
may cause disturbance to the total biomass growth. Algal
growth also increased with addition of activated sludge but
a significant amount of sludge was required to observe a
significant change.
• Biomass settling and nutrient removal efficiencies were
similar in every test including the control with only algae.
Possible reasons include long hydraulic and solids retention
times and occurrence of granulation.
• Among the three inoculation ratios evaluated, Al-Bac biomass
with 1:1 inoculation ratio showed the best enhancement in
total biomass, algal biomass growth, and algal activities.

Final choice of optimal inoculation ratio
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