
Introduction

Biological treatment of wastewater is the most 
common, efficient, and economical way to treat municipal 
wastewater. In many developing countries, there are few 
restrictions for nutrient removal in wastewater treatment; 
therefore, wastewater treatment plants (WWTPs) often 
produce secondary treated wastewater that contains 
elevated nutrient concentrations. Disposal of wastewater 
containing nutrients to waterways can cause eutrophication 
and affect public health [1]. In the future, more restrictions 

on nutrient removal are expected, and upgrading existing 
WWTPs by adding a tertiary treatment step will be 
required. 

Recent developments in the field of biological 
wastewater treatment have led to renewed interest in 
non-conventional and environmentally friendly treatment 
technologies such as algae-based systems as an alternative 
method of removal of nutrients and toxic heavy materials. 
Algae-based systems have many advantages, including 
low energy requirements and high microalgae reproduction 
rates [2-4]. The produced microalgae can be used in 
different applications, such as for biogas production 
when co-digested with additional waste in conventional 
anaerobic digesters [5]. Alternatively, microalgae biomass 
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can be used after treatment to produce biofertilizers for 
agricultural use. Moreover, new concepts are emerging for 
other algal biomass uses such as animal feed or chemicals, 
bioplastics, and biofuels [6]. 

It is widely agreed that microalgae can grow 
satisfactorily in wastewaters, which are rich in nitrogen 
and phosphorus. Algae-based wastewater treatment has 
been verified in the literature by numerous studies in recent 
decades [3, 4, 7, 8]. In the past, microalgae were cultivated 
in oxidation ponds or high-rate algal raceway ponds [4]. 
However, open ponds require a large amount of space, and 
effluent water quality from such ponds is easily affected 
by loss of algal biomass because of the poor settleability 
of microalgae [2]. Therefore, research on algae-based 
wastewater treatment has recently focus on algal photo-
bioreactors, which are effective, require a small footprint, 
have high algal biomass production, and can be controlled 
efficiently [9-11]. The coexistence of bacteria and 
microalgae in algal-bacterial systems improves organic 
matter and nutrient removal where microalgae deliver the 
oxygen required for heterotrophic and autotrophic bacteria 
while consuming the CO2 released by the bacteria [6, 12]. 
It was previously reported that nitrifying organisms is a 
main contributor in ammonia removal by nitrification 
in a lab-scale photobioreactor [10]. However, excessive 
growth of microalgae may inhibit the growth of nitrifying 
bacteria [13].

Many factors affect microalgae growth and ability 
to remove nutrients. Some elements, such as calcium, 
iron, silica, magnesium, manganese, potassium, copper, 
sulfur, cobalt, and zinc, also influence algae development 
in wastewater [14], along with pH, temperature, 
light, mixing, and dissolved oxygen, which influence 
development rates and chemical composition of 
microalgae in wastewater treatment systems. Changes in 
pH impact the bacterial action in algal-bacterial cultures. 
Photosynthesis of microalgae results in increases in pH, 
which might hinder growth of bacteria [13]. However, 
the presence of nitrifying organisms helps to balance the 
system by removing ammonia and therefore decreasing 
pH. Temperature is also a critical parameter in microalgae 
and heterotrophic bacteria development rates. The ideal 
development of microalgae happens in the range 16-27ºC. 
Temperatures less than 16ºC downregulate the development 
of microalgae, while temperatures higher than 35ºC are 
deadly for some species [15]. Biomass concentration 
on algal photo-bioreactor is significantly affected by 
hydraulic retention time (HRT) [16]. Recommendations 
suggest operating ordinary algal-bacterial systems with 
long HRTs and low loads. The algal-bacterial culture is not 
ready to completely remove ammonia from wastewater at 
high loads and short HRTs [17]. Biomass recycling (i.e., 
algal photo-bioreactor) reduces biomass washout, enables 
the system to be operated at shorter HRTs, and increases 
biomass [11].

Different studies have tested photo-bioreactors 
utilizing synthetic wastewater containing high and 
medium concentrations of nutrients or utilizing primary 
treated wastewater [9-11]. To our knowledge, limited 

studies have been undertaken on the feasibility of an 
algal photo-bioreactor as a polishing treatment step 
for secondary treated wastewater [18]. Therefore, the 
objective of this study was primarily to investigate the 
performance of a pilot-scale algal photo-bioreactor in 
treating real secondary treated wastewater produced from 
an existing WWTP under continuous flow conditions. 
Data gained from the pilot experiment will be helpful 
in designing and applying the system on a larger scale. 
Moreover, the effect of important operational parameters 
such as HRT and nutrient loading rates on organic and 
nutrient removal performance was evaluated. Finally, the 
dominant microalgae species at the beginning and end of 
the pilot experiment were identified.

Materials and Methods

A pilot plant was constructed and operated in Zenin 
WWTP, Giza, Egypt. The pilot plant consists of a feeding 
tank (0.5 m3), a photo-bioreactor (0.188 m3), a lamella 
settler (0.1 m3), and two pumps for sludge recycling. 
A schematic diagram of the treatment train is shown in  
Fig. 1. The photo-bioreactor was made of transparent 
acrylic, with internal dimensions of 50 × 75 cm and a 
height of 50 cm. It was equipped with two overhead 
stirrers working interchangeably (120 rpm) with no 
aeration. The photo-bioreactor is fed through the feed 
tank with the secondary treated wastewater from the 
Zenin WWTP. This WWTP is based on an activated 
process with expected average effluent characteristics of  
chemical oxygen demand (COD) of 60-70 mg/L, NH4-N 
of 10-12 mg/L, and P of 3-5 mg/L. The effluent from the 
photo-bioreactor is then flowed to a lamella settler to settle 
the algal-bacterial biomass. The settled biomass is then 
recycled back to the inlet of the photo-bioreactor as shown 
in Fig. 1. The recycle flow rate (return sludge) was set at 
30 mL/min throughout the experimental period. 

Among the most vital parameters determining the 
performance of photo-bioreactors is light intensity. 
Previous studies have reported different criteria for 
required light intensity for microalgae growth in photo-
bioreactors. Microalgae growth is relative to the 
proficiency of light use. The microalgae light immersion 
point is regularly within 200-400 µmol m-2 s-1 [19]. The 
light period significantly affects the photosynthetic 
process and is an essential parameter for consideration in 
the design of photo-bioreactors. In this study, to sustain 
continuous illumination and at the same time reduce 
energy, light was obtained during the day from sunlight 
and at night from incandescent lamps (Fig. 1). The lamps 
were connected to a photocell so that they would switch 
on automatically at night. The photosynthetic photon 
flux density (PPFD) as an expression for light intensity 
was measured using a quantum light meter (FieldScout, 
STEP Systems GmbH, Germany). During the day, PPFD 
was measured at different times and days throught the 
experimental period and ranged between 800 and 1,700 
µmol m-2 s-1 at the top and sides of the photo-bioreactor. 
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The intensity of the installed lamps at night was set to 
around 250 µmol m-2 s-1 at the top and sides of the photo-
bioreactor.

For start-up, the photo-bioreactor was first filled with 
secondary treated wastewater. The photo-bioreactor was 
seeded with algal biomass from another experiment based 
on a high-rate algal pond. The seeded biomass was analyzed 
and found to contain mixtures of the following species: 
Scenedesmus, Spirulina, Ankistrodesmus, Closterium, and 
Anabaena. In addition, 15 liters of activated sludge (6.2 g 
TSS/L) from Zenin WWTP was added to the bioreactor. 
The mixture of secondary treated wastewater, algal 
biomass, and activated sludge was stirred in the reactor for 
10 days before beginning continuous operation. Then, for 
continuous operation, the system was operated on an HRT 
of 24 hours and a solids retention time (SRT) of 15 days. 
In order to determine the role of HRT in optimal nutrient 
removal, the system was tested at different HRTs after 
reaching steady state, when the system was operated at 
an average HRT of 23.8 h for 16 days. Then the HRT was 
decreased and the system was operated at HRTs of 16.1, 
12.1, 8.5, and 3.9 h for 18, 15, 20, and 22 days, respectively. 
The total experimental period under continuous operation 
was 112 days at ambient temperature, excluding the initial 
10-day batch period. 

The system was operated at a fixed SRT of 15 days 
throughout the experimental period, as recommended by 
van der Steen et al. (2015) and Karya et al. (2013) [9, 10]. 
The excess sludge was removed daily from the bioreactor 
as a mixed liquor. Samples were collected 2 to 3 times 
per week from the inlet and outlet of the pilot plant. The 
collected samples were preserved at 4ºC until analysis 
on the same day. The measured parameters included pH, 
COD, biological oxygen demand (BOD), total suspended 
solids (TSS), volatile suspended solids (VSS), total 
Kjeldahl nitrogen (TKN), ammonia-nitrogen (NH4-N), 
nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), and 
total phosphorus (TP). All the analyses were performed 
according to the standard method [20]. The algal species 
in the seeded sludge and at the end of the experimental 

period were identified using a ZEISS AXIO Imager A2 
microscope.

Results and Discussion

During the start-up phase, it took about 21 days to 
reach steady state after continuous operation. The organic 
and ammonia uptake increased gradually during this 
period until reaching about 45% and 80% for COD and 
ammonia removal, respectively. For ease of comparison, 
the different tested phases were numbered from 1 to 5, 
corresponding to HRTs of 23.8, 16.1, 12.1, 8.5, and 
3.9 h, respectively. Table 1 summarizes the results of 
mixed liquor suspended solids (MLSS), influent and 
effluent COD, and influent and effluent TSS for the 
different phases. For phases 1 to 4, COD in the influent 
ranged between 58 and 74 mg/L and the effluent TSS 
was in the range of 18.5 to 32.9 mg/L, indicating removal 
efficiency above 50% for most of the experimental 
period. In phase 5, during which HRT was 3.9 h, the 
COD removal efficiency significantly decreased to 44% 
because of the wash-out of the algal biomass, confirmed 
by the decrease in MLSS concentration, as shown in  
Table 1. The same conclusion can be drawn for TSS 
removal. For phases 1 to 4, TSS influent values ranged 
between 25.6 and 30.3 mg/L, and the effluent TSS was 
around 10 mg/L, indicating removal efficiency above 
65% over most of the experimental period. In phase 5, 
during which HRT was 3.9 h, the TSS removal efficiency 
decreased to 61.2%. The removal of suspended solids 
depends on the ability of the lamella settler to settle 
the microalgae biomass. In this study, the settling time 
in the lamella settler was a minimum of two hours in 
phase 5, which is thought to be adequate in wastewater 
applications. Better harvesting for the fugitive algal 
biomass can be obtained by using membrane technology 
for separation of algal biomass [18]. However, the cost 
saving and membrane fouling could be detrimental for this 
technology.

Fig. 1. Schematic diagram of the pilot plant
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MLSS concentrations were gradually increased during 
the start-up period until reaching values around 1,200 
mg/L by the end of the start-up period. Operation of the 
system at SRT of 15 days was successful in sustaining 
the MLSS concentrations at 1,100 to 1,300 mg/L while 
reducing HRTs down to 8.5 h, as shown in Table 1. In 
experiments with HRT of 4 h, in which the influent flow 
increased to 1.16 m3/d on average, MLSS decreased by 
almost half to 558 mg/L. This decrease could be a result 
of wash-out of the algal-bacterial flocs at this low HRT. 
MLSS concentrations in this study were comparable to 
the values reported in previous laboratory studies with 
conditions similar to those of this study [9-10]. Van 
der Steen et al. (2015) [9] operated a laboratory-scale 
SBR photo-bioreactor at biomass VSS concentration of  
736 mg/L at SRT of 15 days and HRT of 24 h. However, 
this is lower than values reported by Karya et al. (2013) 
[10] in an SBR photo-bioreactor operated at SRT of  
15 days and MLSS concentrations up to 2.41 g/L. MLSS 
concentrations in the range of 0.5 to 2.0 g/L are expected 
and depend on the photo-bioreactor type and the culture 
conditions [6].

Fig. 2 shows the ammonia and phosphorus 
concentrations in the effluent and effluent of photo-

Elawwad A., et al.

Phase HRT MLSS
g/l CODinf CODeff

Avg. COD 
removal % TSSinf TSSeff

Avg. TSS 
removal %

1 23.8 1.32 60-74.4 25.7-32.9 57.9 27-30.3 9-11.1 65.3

2 16.1 1.14 60-61.5 18.5-21.6 67.3 28-30.1 9.2-11 65.9

3 12.1 118 60-90 21.2-25.2 54.9 28.2-32.6 10-11 66.9

4 8.5 1.1 58.2-66 19.9-25.7 51.4 25.6-30.3 9.2-11 64.6

5 3.9 0.56 60-66 26.0-42.4 44.6 21-30.1 8.8-12 61.2

Table 1. MLSS, influent, and effluent COD and TSS and their removal at different HRTs.

bioreactor. Table 2 summarizes the influent and effluent 
ammonia and phosphorus concentrations found at the 
different HRTs. Nutrient removal in the photo-bioreactor 
is much better than organic removal throughout the 
experimental period. For phases 2 to 4, the removal of 
ammonia and phosphorus was acceptable, with removal 
efficiencies above 85% and 60%, respectively. In phase 5, 
during which HRT was 3.9 h, ammonia removal efficiency 
decreased significantly to 63.1%. This is because of 
algal biomass wash-out, as discussed above. The best 
performance was obtained at HRT of 16.1 h, with average 
removal efficiencies of 90.2% and 85.6% for ammonia  
and phosphorus, respectively. While the removal by 
percentage of phosphorus looks smaller than that of 
ammonia (Table 2), in fact the system achieved good 
removal of phosphorus as the effluent phosphorus 
concentrations did not exceed 2 mg/L for phases 1 to 4. 
Phosphorus in the influent water was low and in the range 
of 3 to 6 mg/L. Comparing the results of all parameters, it 
can be concluded that HRT of 16.1 h shows the best overall 
efficiency with regard to organic and nutrient removal, as 
shown in Tables 1 and 2. The removal efficiencies obtained 
in the algal photo-bioreactor in this study are comparable 
to the literature. 

Fig. 2. Ammonia and phosphorus concentrations in the influent and effluent of photo-bioreactor (Units are in mg N/l and mg P/l for 
ammonia and phosphorus, respectively).
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At the same SRT of 15 days and HRT of 24 hours, van 
der Steen et al. (2015) [9] obtained an ammonia removal 
efficiency up to 85% in a lab-scale photo-bioreactor using 
synthetic wastewater with ammonia concentration of 66 
mg N/l. However, higher ammonia removal efficiency 
was obtained in modified SBR photo-bioreactor systems 
[10]. In general, it expected to have better performance 
SBR treatment systems than in continuous flow systems. 
Karya et al. (2013) [10] examined two SRT values of 15 

Fig. 3. Applied load vs. uptake rate in photo-bioreactor for 
ammonia a), and phosphorus b).

b)

Phase HRT Inf. NH4 Eff. NH4
Avg. NH4 
removal % Inf. P Eff. P Avg. P removal 

%

1 23.8 10.8-12.4 1.6-3.7 78.9 3.7-5.8 0.9-1.8 71.6

2 16.1 6.5-10.4 0.6-1.1 90.2 3.0-3.7 0.2-0.7 85.6

3 12.1 8.2-12.5 1.1-1.7 86.3 3.2-5.6 1.4-1.8 61.2

4 8.5 7.4-11.7 1.2-1.6 85.7 2.8-5.6 0.5-1.9 72.1

5 3.9 7.9-10.8 2.3-4.8 63.1 2.6-5.2 0.5-2.5 59.7

Table 2. Influent and effluent ammonia and phosphorus and their removal at different HRTs.

a)

and 30 days at SBR total cycle time of 24 hours and was 
successful in completely removing ammonia from the 
medium. Also, it should be noted that the HRTs used in 
this study were less than the HRT of 24 hours used by 
Karya et al. (2013) and van der Steen et al. (2015) [9-10].

In order to assess the nutrient removal capacity, the 
relationships between the applied loads and uptake rates 
were plotted for ammonia and phosphorus in Fig. 3. The 
relationship between ammonia applied load and ammonia 
uptake load was close to 100% removal efficiency at low 
applied loads, as shown in Fig. 3a). The inflection point of 
this relationship indicates the optimum applied ammonia 
load of 50 g N/d/m3. The recommended ammonia applied 
load of 50 g N/d/m3 is comparable to results of previous 
lab experiments. At similar conditions, van der Steen 
et al. (2015) [9] obtained an ammonia uptake rate up to 
66 g N/d/m3 in a lab-scale photo-bioreactor. Karya et 
al. (2013) [10] got a higher ammonia uptake rate up to  
92 g N/d/m3. The ammonia concentrations in the influent 
wastewater used by van der Steen et al. (2015) and Karya 
et al. (2013) [9-10] were 66 and 50 mg N/l, respectively, 
which are higher than concentrations used in this study. 
Therefore, this research had higher applied ammonia 
loads and consequently higher uptake rates. As previously 
mentioned, studies about an open algal photo-bioreactor 
using low ammonia concentrations as the ones used in this 
study are limited. 

The uptake of phosphorus as shown in Fig. 3b) is less 
than the uptake of ammonia. The inflection point of this 
relationship indicates an optimum applied phosphorus 
load of 22 g P/d/m3. Ammonia and phosphorus removal 
efficiencies above 85% and 70%, respectively, are expected 
when applied loads are below these recommended values. 
The efficiency of ammonia and phosphorus removal 
decreases considerably when applied loads are increased 
above these recommended levels. These applied ammonia 
and phosphorus loads correspond to HRTs of 5 to 6 h, 
assuming average influent ammonia and phosphorus 
concentrations of 10-12 mg/L and 4-6 mg/L, respectively. 

The pH of the influent wastewater ranged between 
6.89 and 7 and then increased inside the reactor as it 
ranged between 8.12 and 8.9 throughout the experiment 
period. Thus, we concluded that the pH values increase 
as algal activity increases due to CO2 consumed during 
photosynthesis, as described in the literature. The influent 
wastewater has DO values between 2.2 and 3.5 mg/L, 
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with an average of 2.85 mg/L. The DO values increased 
inside the bioreactor and ranged between 4.7 mg/L and  
11.6 mg/L over the experimental period, with an average of 
8.15 mg/L, which is above 100% air saturation. However, 
DO concentration up to 16.8 mg/L was reported in the 
literature due to active photosynthesis and good growth of 
microalgae in the bioreactors [21].

Samples were taken from the photo-bioreactor at the 
end of the experiment, on day 110, for observation and 
identification of the dominant algal species. Scenedesmus, 
Spirulina, and Anomoeonels were observed, with 
dominance by the Scenedesmus species. Scenedesmus 
and Spirulina species pre-existing in the seeded biomass 
survived. As mentioned by Muñoz and Guieysse (2006) 
[12], Scenedesmus sp. has quick growth rates and 
dominates in continuous microalgal-based treatment 
systems. At medium loads, Scenedesmus sp. is the most 
dominant algal species. Ankistrodesmus, Closterium, 
and Anabaena pre-existing in the seeded biomass were 
diminished and the new species Anomoeonels appeared.

Conclusions

This paper demonstrated the success of an algal 
photo-bioreactor as a polishing step for the treatment 
of secondary wastewater effluent in a real WWTP. The 
system was tested at different HRTs and a fixed SRT 
of 15 days and showed good removal of ammonia and 
phosphorus. The best performance was obtained at HRT 
of 16.1 h for both organic and nutrient removal. However, 
for a more economical design, HRTs can be shortened to 
5-6 h while maintaining expected removal efficiencies 
above 85%, 70%, and 50% for ammonia, phosphorus, and 
COD, respectively. The recommended applied loads are 
50 g N/d/m3 and 22 g P/d/m3, respectively. We found that 
Scenedesmus was the dominant species. Scenedesmus and 
Spirulina species existing in the seeded biomass survived. 
A new species, Anomoeonels, appeared that did not exist 
in the seeded biomass. Wastewater treatment by algal-
bacterial reactors is a recent technology that needs further 
research to optimize the design criteria and operating 
conditions. Future investigations should concentrate on 
scale-up and modeling of algal photo-bioreactors. 
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