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A B S T R A C T   

Two 5.5-L raceway open ponds were used to evaluate the removal of organic material and nutrients from 
wastewater. Algal-bacterial flocs were placed in the ponds to treat primary and secondary effluent. The organic 
loading rate ranged from 29 to 95 and 9 to 38 g sCOD m− 3 d− 1 for the reactor fed with primary and secondary 
effluent, respectively. The hydraulic retention time (HRT) gradually decreased in both reactors from 5.5 to 2.2 
d during a period of 21 days, and after that, both reactors operated at an HRT of 1.1 d. A high biomass con
centration of around 2.2 g L− 1 was sustained using primary and secondary effluent after 130 days. The biomass, 
developed with both substrates was very active and completely removed organic material and nutrients in less 
than 12 h. The algal-bacteria biomass had excellent settling properties and could settle in less than 10 min.   

1. Introduction 

Biological wastewater treatment via microalgae tends to be an 
alternative solution to conventional aerobic processes to reduce nutrient 
loads that flow to water bodies (Iaconi et al., 2017). Microalgae can be 
cultivated in closed or open systems. Closed systems, or photo
bioreactors (PBRs) have been developed in horizontal, vertical, or flat 
plate configurations. They are mainly used for the commercial produc
tion of algal biomass using pure cultures, and present a higher biomass 
yield, and offer better protection against external contamination and 
operation control compared to open systems (García-Galán et al., 2020). 
Also, membrane bioreactors combine biological treatment with mem
brane filtration, which has the advantages of high effluent quality and 
biomass concentration, and a small footprint (Zhang et al., 2022). 

Stabilization ponds are the most common open system for treating 
municipal wastewater using microalgae. Facultative ponds, also known 
as oxidation ponds or lagoons, are ponds with depths ranging from 1 to 
2 m, and the hydraulic retention time (HRT) ranges from 15 to 20 
d (Mahapatra et al., 2022). In order to increase the efficiency of ponds 
and reduce the required surface area, high-rate algal ponds (HRAPs) 
have been proposed (Oswald et al., 1953). The HRAPs are shallow basins 
with depths lower than 50 cm, the flow is circulated, and usually, a 
paddlewheel system is employed for mixing. The high-rate algal ponds 
have been used for the treatment of agricultural, industrial, and 
municipal wastewater and for the treatment of anaerobic effluent 

(Leong et al., 2021). Open systems, or HRAPs, could efficiently upgrade 
conventional wastewater treatment ponds (Oswald et al., 1953). How
ever, cultures are exposed to external contamination, and growth is 
affected by environmental conditions (i.e., temperature, sunlight), 
which can hardly be regulated (Craggs et al., 2015). 

Raceway systems have been examined for the cultivation of both 
marine (Mohan et al., 2021) and freshwater microalgae (Barroso Júnior 
et al., 2022; Couto et al., 2021; Oswald et al., 1953), which can be 
operated in batch or continuous flow mode. Algal growth in raceway 
ponds is affected by pond depth (Couto et al., 2021; Murphy et al., 
2015), HRT (Barroso Júnior et al., 2022), light radiation (Nwoba et al., 
2021) and CO2 addition (Vadiveloo et al., 2022). High-rate ponds with 
different depths (20–40 cm) were examined for anaerobic effluent 
treatment. The highest biomass production and nutrient removal were 
observed in the pond with the lowest depth (20 cm). Murphy et al. 
examined the oxygen concentration and photosynthetic ability of ponds 
with depths ranging from 10 to 25 cm using BG-11 medium (Murphy 
et al., 2015). The pond with a depth of 12 cm was more appropriate for 
cultivating microalgae Chlorella vulgaris and cyanobacteria, Spirulina 
patensis. High rate ponds combined with macrophytes operated at HRTs 
ranging from 2.2 to 4.1 d were examined for anaerobic effluent treat
ment. The highest nutrient removal was found at an HRT of 4.1 d (Bar
roso Júnior et al., 2022). 

The harvesting process cost is about 20–30% of the total algal pro
duction cost (Vergini et al., 2016). Alternative methods are investigated 
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to reduce harvesting costs, including bioflocculation or autoflocculation 
(Min et al., 2021; Mustafa et al., 2021; Nazari et al., 2020; Suparmaniam 
et al., 2020; Young et al., 2021), electrocoagulation (Malik et al., 2020) 
and biofilm formation (Orfanos and Manariotis, 2019; Oruganti et al., 
2022; Tsavatopoulou and Manariotis, 2022). The development of floc
culent algal biomass has been recently investigated using mixed cultures 
derived from activated sludge. Milferstedt et al. (2017) transformed 
activated sludge into algal biomass and tested its efficiency in a batch 
system using wastewater. The effect of air supply (Abouhend et al., 
2018) and seeding density (Ansari et al., 2019) was investigated on 
forming algal flocculent biomass from activated sludge using primary 
effluent. Wang et al. (2020) also created algal flocculent biomass by 
adding activated sludge into microalgae using synthetic wastewater. 
Zhou et al. (2022) added a mixture of algae cultures (50% Chlorella and 
50% Scenedesmus) every two days for 90 days in an activated sludge 
system, to create granular biomass. A high concentration of algal floc
culent biomass was formed after 30 days in a previous study by our team 
(Biliani and Manariotis, 2022). The produced biomass fed with sec
ondary effluent under static conditions, was further examined for the 
treatment of primary and secondary effluent under static and dynamic 
conditions. A pretty high biomass concentration was developed, which 
could quickly settle (Biliani and Manariotis, 2023). 

Τhe above results indicate the necessity to examine the efficiency of 
the flocculent biomass in a dynamic raceway system simulating actual 
conditions (i.e., daylight conditions and wastewater) and low HRT. The 
main concern was whether the raceway operation mode was a feasible 
solution to maintain a high concentration and quickly settle algal- 
bacterial biomass. In the present study, two substrates with different 
compositions were examined: (a) primary effluent and (b) secondary 
effluent during a long operation period. Feeding the raceway system 
with primary treated wastewater was considered to demonstrate the 
system’s effectiveness as an alternative to conventional secondary 
treatment. On the other hand, the effectiveness of a system fed with 
secondary treated wastewater highlights its use in an existing treatment 
facility as an additional step for further removal of nutrients. To further 
understand the mechanism of organic matter and nutrient removal from 
algae-bacteria cultures, nutrient kinetics experiments were conducted. 

2. Materials and methods 

2.1. Experimental system 

Two 5.5-L raceway reactors (Fig. 1) were constructed of 1-cm thick 
plexiglas and had a 15-cm width, 37.5-cm length, and 15-cm height. The 
surface area of each pond was 0.052 m2. A paddle wheel made of 
Plexiglas was installed in each reactor, rotated by a motor. Primary 
effluent (PE) and secondary effluent (SE) were used to feed the reactor 
PE and SE, respectively. 

2.2. Mode of study 

Algal flocculent biomass from batch reactors previously fed with 
primary and secondary effluent was used to inoculate the raceway 
ponds. The operation of the batch reactors has been described in detail 
in a previous work (Biliani and Manariotis, 2023). An appropriate vol
ume of algal biomass was transferred from the batch reactors fed with 
primary and secondary effluent to inoculate the PE and SE reactors, 
respectively. In the PE and SE reactors the initial biomass concentration 
was 420 and 480 mg L− 1 in terms of total suspended solids (TSS), 
respectively. The operation cycle consisted of feeding (10 min), rapid 
mixing (2 min), reaction (1–5 d), settling (10 min), and decanting (10 
min). During the feeding period, a volume of 5 L of each reactor was 
removed after the settling phase, and each reactor was refilled with the 
same volume of wastewater. The reactors were fed every 5 days until the 
15th day, every second day from Day 15–21, and after that, daily. The 
system was placed in a room at a temperature of 20 ± 3 ◦C and operated 
for 130 days under natural light (0–110 μmol m− 2 s − 1). Primary and 
secondary effluent were sampled from the University of Patras campus 
WWTP at Rio. The characteristics of the primary and secondary treated 
wastewater are given in Table S1. Samples were taken from the mixed 
liquor before the settling phase and the supernatant at the start and end 
of each cycle. 

2.3. Nutrient removal kinetics experiment 

The nutrient removal kinetics were determined on day 110. The 
biomass concentration had reached a plateau, and the total suspended 
solids (TSS) concentration was 2.06 and 2.3 g L − 1 for the PE and SE 
reactors, respectively. Samples were taken for a period of 24 h at regular 
intervals. The concentration of the soluble fraction of chemical oxygen 
demand, total Kjeldahl nitrogen, ammonia nitrogen, nitrate nitrogen 
and total phosphorous was determined. 

Nutrient removal was simulated by zero-order and first-order kinetic 
models. The linear form of the zero-order model is: 

Ct =C0 − k0t (1)  

where Ct (mg L− 1) is the concentration of nutrient at time t, C0 (mg L− 1) 
is the initial concentration of nutrient, k0 (mg L− 1 h − 1) is the zero-order 
constant, and t (h) is the cultivation time. 

The linear form of the first-order kinetic model is: 

ln Ct = ln C0 − k1t (2)  

where k1 (h− 1) is the of first-order constant. 

2.4. Biomass productivity 

The biomass productivity (P) of the cultures is estimated as follows: 

P=

(Mt − M0) +
∑t

i=5
Mi,removed

V ∗ t
(3)  

Where P the biomass productivity (g m− 3 d − 1), M0 and Mt is the biomass 
(g) in the reactor (g) at time zero and at the end of the linear growth Fig. 1. Experimental set-up.  
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phase, Mi, removed is the biomass withdrawn from the reactors (g) on Day 
i either from the mixed liquor or the supernatant during the operation 
period, V is the raceway pond volume (m3) and t the day of operation 
(d). 

2.5. Analytical methods 

The optical observation was conducted by an optical microscope 
(model DMLB, Leica Microsystems GmbH). The performance of the algal 
reactors was evaluated by the determination of algal biomass, nutrients, 
pH, dissolved oxygen (DO), and organic matter. The produced biomass 
was also examined in terms of proteins, sugars, and lipids. 

Total suspended solids concentration (TSS), and volatile suspended 
solids (VSS) were determined gravimetrically according to standard 
methods (APHA et al., 2012). Chemical oxygen demand (COD) soluble 
COD (sCOD) were determined by the open reflux method (APHA et al., 
2012). Total phosphorus (Total-P) and soluble total phosphorus (sTo
tal-P) were determined by the persulfate method and ascorbic colori
metric technique (APHA et al., 2012). Nitrate nitrogen was determined 
by a spectrophotometric method with sodium salicylate (Fresenius et al., 
1988) and ammonia nitrogen (NH3–N) was measured using the trimetric 
method (APHA et al., 2012). Total Kjeldahl nitrogen (TKN) was 
measured by a semi micro-Kjeldahl method (APHA et al., 2012). Dis
solved oxygen (DO) was measured with a dissolved oxygen meter (SD 
400 Oxi L, Aqualytic, USA). pH was measured with a pH-meter (pH 
300/310, Oakton Instruments, Singapore). 

Chlorophyll-a (Chl-a) was measured via a spectrophotometric 
method (APHA et al., 2012). Total lipids were extracted from biomass 
using the Folch method and determined gravimetrically (Aravantinou 
et al., 2013). The total protein content of biomass was determined by the 
Lowry method (Lowry et al., 1951), while the sugar content was 
determined by the Dubois method (Dubois et al., 1959). The settling 
velocity of sludge was measured using a volumetric cylinder of 250 mL 
and 30 cm height, by recording the interface of algal flocs for 30 min 
after mixing the reactor content. 

All determinations were conducted in duplicate, and the data were 
showed as mean ± SD (standard deviation). Data were analyzed and 
plotted by IGOR Pro Software (WaveMetrics, Inc., USA). 

3. Results and discussion 

3.1. Biomass growth and characteristics 

Primary and secondary effluent-fed cultures had almost the same 
initial TSS and VSS concentrations of around 450 mg L− 1 and 85 mg L− 1, 
respectively. However, TSS concentration may not be representative 
since primary effluent contains suspended solids that interfere with 
biomass determination (Fig. 2a). VSS concentration increased linearly 
up to Day 38 in both reactors, and after that, a plateau reached for both 
reactors (Fig. 2b). The VSS concentration at the end of the experiment 
was 1640 and 1145 mg L− 1 for the SE and PE reactors, respectively. Min 
et al. (2021) reported a maximum algal concentration of 1700 mg L− 1 

using Hydrodictyon reticulatum in a raceway batch system during a 
non-harvest period after 20 days treating secondary effluent at an HRT 
of 4 d. Ansari et al. (2021) also reported a biomass concentration of 980 
mg L− 1 in a raceway pond, under daylight conditions, which treated 
secondary effluent after 32 d. The operation of reactors in outdoor 
conditions with varying temperatures and solar radiation can affect 
microalgae growth and system performance. The evaluation of the 
performance of high density algal-bacterial biomass reactors in outdoor 
environments is necessary to scale-up the process. 

The total mass produced after 130 days, was 24 and 32 g for the PE 
and SE reactors, respectively, considering the mass removed during the 
withdrawal of the supernatant and mixed liquor. The average biomass 
productivity of PE and SE reactors during the entire operation period 
was 33.6 and 45.18 g VSS m− 3 d− 1 (or 3.55 and 4.77 g VSS m− 2 d− 1), 

respectively. Pizzera et al. (2019) reported an average mixotrophic 
productivity of 32.4 ± 33.1 g m− 3 d− 1 or 8.2 ± 8.5 gTSS m− 2 d− 1 in a 
raceway system fed with primary effluent operating at HRTs of 10 and 
20 d. Greater productivity was observed in a Hydrodictyon reticulatum 
culture fed with primary effluent and HRT of 4 d (Min et al., 2021). 
During the non-harvest period, the maximum productivity was 21.3 g 
m− 2 d− 1in 20 days, however, periodic harvesting decreased the algal 
productivity to 11.7 g m− 2 d− 1 (Min et al., 2021). Algal species seem to 
affect the productivity of cultures, and native algal-bacterial cultures 
result in lower biomass productivities than single cultures (Min et al., 
2021; Pizzera et al., 2019). In our work, the biomass removed from each 
reactor was almost 75% of the total mass produced. It should be noted 
that despite the low VSS concentration of the supernatant (around 28 

Fig. 2. Concentration of biomass in the mixed liquor before the settling phase 
in terms of a) TSS, b) and c) chlorophyll-a. The values represent mean ±
standard deviation (SD) (n = 2). 
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mg L− 1), the biomass removed through the draining of the supernatant 
was almost 90% of the total biomass removed. 

The concentration of chl-a in both reactors was similar, increased 
until Day 21 to 750 mg m− 3 and kept at this level until the end of the 
operation period (Fig. 2c). A similar observation was reported in algal 
batch reactors operating at different HRTs under mixing conditions 
(Wang et al., 2020). The increase of chl-a concentration followed the 
increase of VSS in both reactors. As seen in Fig. S1 an increase in the 
chl-a/VSS ratio was observed during the first 30 days in both cultures. 
Even though, both cultures had the same initial chl-a /VSS ratio, the PE 
culture reached higher ratio values than the SE. After Day 36, a plateau 
was reached in both cultures. For Days 36–130, the chl-a/VSS ratio was 
higher in the PE reactor with an average value of 0.65 ± 0.04 mg chl-a g 
− 1 VSS, while in the SE culture the ratio was 0.45 ± 0.03 mg chl-a g − 1 

VSS. Couto et al. (2021) reported that the chl-a/VSS ratio increased with 
the addition of CO2 and pond depth, which means a higher proportion of 
algal biomass in the total biomass. 

Generally, pH and DO are indicators of biomass growth, and their 
increase indicates an increase of photosynthetic activity (Ansari et al., 
2021; Biliani and Manariotis, 2021; Eze et al., 2018). The increase in 
feeding frequency (daily feeding) after the 21st Day led to an increase in 
pH values, and by the end of the experiment, the pH values were almost 
9.0 in both reactors (Fig. S2a). The dissolved oxygen (DO) concentration 
in the two reactors was almost 8 mg L− 1 at the beginning of the exper
iment. The average DO concentration of the SE reactor after the 21st day 
was higher than in the PE reactor, and more specifically, it was 11.5 mg 
L− 1 and 9.0 mg L− 1 in the SE and PE reactors, respectively (Fig. S2b). 

The biomass content in terms of lipids was not affected by the sub
strate (Fig. 3a). The lipid content ranged from 7.5 to 8.0% at the 
beginning of the experiment and from 18.3 to 16.5% at the end of 
operation for the PE and SE reactors, respectively. Similar lipid content 
values (15.7%) have been observed in a pilot scale raceway pond (Ansari 
et al., 2021) treating secondary-treated wastewater with Scenedesmus 
obliquus after 32 days of operation. Solmaz and Işık (2019), also 
observed a lipid content of 14.33% in a mixotrophic culture treating 
secondary effluent for 35 days and HRT of 1 d. 

The protein content was around 6% at the beginning of the experi
ment in both reactors and reached 72 and 76% at the end of the 
experiment for the PE and SE reactors, respectively. The synthesis of 
proteins is enhanced by the increased nutrient consumption and espe
cially nitrogen (Abdelfattah et al., 2022). However, the protein content 
of the SE reactor biomass reached a plateau even from the 20th day, 
similarly as the lipid content. In contrast, in the PE reactor the plateau 
was reached after the 80th day (Fig. 3b). Lower protein content has been 
reported using real and synthetic wastewater. The protein content of 
Scenedesmus obliquus was 21% in a pilot-scale raceway pond using sec
ondary effluent (Ansari et al., 2021) or 32.7% in a mixotrophic culture 

treating secondary effluent after 35 days operating at HRT of 1 d (Sol
maz and Işık, 2019). Zhu et al. (2020) reported low protein content of 
2.2 and 1.8%, with Scytonema javanicum cultured in BG-11 and waste
water, respectively, in a batch system after 30 d. 

The biomass content of sugars was extremely low at about 0.05% at 
the beginning of the experiment and reached 2.5 and 3.2% at the end of 
the operation period in the PE and SE reactors, respectively (Fig. 3c). 
Like protein and lipid content, sugar content reached a plateau on Day 
80 for the PE reactor. Higher sugar content of 22% has been reported 
using Scenedesmus obliquus culture in a batch raceway system using 
secondary effluent after 32 d of operation (Ansari et al., 2021), while 
using Scytonema javanicum, sugar content of 31 and 95% with BG-11 and 
wastewater substrate, respectively, after 30 d was reported (Zhu et al., 
2020). In a previous work with mixotrophic cultures, sugar content were 
also low, from 1 to 2% after 240 days treating primary and secondary 
effluent, respectively (Biliani and Manariotis, 2023). As it was observed, 
mixotrophic cultures present lower sugars but greater lipid content. 

3.2. Biomass separation 

The microalgae identified in the mixotrophic cultures include the 
genera Chlorella, Chlorococum, Scenedesmus, and various diatoms. Also, 
multicellular algae were observed in both reactors, and their population 
was higher with the SE substrate (Fig. S3). Bacteria, protozoa and 
zooplankton were also observed in both reactors and the population of 
zooplankton was higher on the SE culture. Algal-bacterial agglomerates 
were formed, especially after Day 22. The number of various diatoms 
was further increased, especially in the SE reactor during the same 
period. Based on visual observation, the bacteria and protozoa pop
ulations decreased, but the zooplankton remained at the same level in 
both cultures. Toward the end of the experiment, dense agglomerates 
were formed, probably due to the increase in pH, which caused micro
algae flocculation (Chen et al., 2013). The agglomerates did not facili
tate the optical identification of biomass. In a mixotrophic culture fed 
with secondary effluent, various microalgae were observed, such as 
Chaetophora sp., Navicula sp., Synedra sp., and Amphora sp. (Solmaz and 
Işık, 2019). 

The separation of biomass was also assessed by measuring the TSS 
concentration in the supernatant at the end of the settling phase. The 
TSS concentration in the supernatant of both reactors during the first 5 
days ranged from 90 to 150 mg L− 1 (Fig. S4). After that, until the end of 
the experiment, the TSS concentration decreased, and the average TSS 
value was 46 and 41 mg L− 1 for the PE and SE reactors, respectively. The 
average amount of biomass removed with the supernatant was around 
7% of the biomass in the reactor. In high rate algal systems operating at 
low HRTs it might be desirable to have additional retention of solids in 
the effluent. The formation of algal flocs results in low TSS 

Fig. 3. Biomass content of a) lipids, b) proteins and c) sugars. The values represent mean ± standard deviation (SD) (n = 2).  
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concentrations in the supernatant, as also reported by Manavi et al. 
(2017), who examined the formation of algal granules from activated 
sludge treating dyeing wastewater treatment. The increase in pH from 7 
to 9 is also considered to favor algal biomass flocculation (Chen et al., 
2013). 

The settling velocity of algal flocs was measured using a volumetric 
cylinder of 250 mL (30 cm in height) by recording the interface for 30 
min. The sedimentation of biomass from the two reactors was extremely 
fast. The interface subsidence velocity was 7.4 and 8.0 cm min − 1 for the 
PE and SE reactors, respectively. After 10 min, the interface height was 
about 1.5 cm in both cases. Even from the first minute, the interface 
height was around 50% of the total interface height drop reached after 
30 min. Algal-bacterial biomass at an initial concentration of 1.84 g L− 1 

required 20 min to settle in a 1-L cylinder resulting in a settling velocity 
of 120 mL min − 1 (or 4.1 cm/min assuming a cylinder height of 34 cm) 
(Su et al., 2011). The settling velocity of filamentous cultures was 
around 1 cm/min at an initial concentration of 106 cells mL− 1 (Iasimone 
et al., 2020). The sludge volume index (SVI) of the biomass was similar 
in both reactors, reaching about 52 mL g− 1 after 5 min and 18 mL g− 1 

after 30 min. Zhang et al. (2022) mentioned SVI values at 5 min of about 
50 mL g− 1 during the entire operation period for flocks with diameters 
up to 1.8 mm. 

3.3. Organic matter and nutrient removal 

The cultures were cultivated on substrates with different organic 
materials and nitrogen content. Ammonia concentration was higher in 
the primary effluent-fed cultures, while in the secondary effluent-fed 
cultures, nitrate concentration was higher due to nitrification, which 
occurred in the activated sludge unit. However, the phosphorous con
centration was almost the same for both substrates. The loading rate for 
both reactors is presented in Table 1. 

The average sCOD concentration at the start of the cycle was 100 and 

45 for the PE and SE reactors, respectively (Fig. 4). After Day 60, the 
sCOD concentration in the PE reactor was lower than 10 mg L− 1 at the 
end of each cycle. However, the sCOD concentration in the SE reactor 
was practically zero at the beginning of the operation. The average sCOD 
removal in the PE reactor operates at a 1.1 d HRT and an OLR of 95.3 g 
m− 3 d− 1 reached 92% (Table 1). In a mixotrophic culture fed with pri
mary effluent, the average removal efficiency of sCOD was 29%, at an 
OLR ranging from 29 to 39 g m− 2 d− 1 and HRT from 10 to 20 d (Pizzera 
et al., 2019). The sCOD removal in a raceway system fed with primary 
effluent, showed significant variation and ranged from 11.2 to 100% at 
an OLR of 37 g m− 3 and HRT of 3 d (Sahoo et al., 2016). In the present 
study, despite the fact that the sCOD loading rate, in the last period with 
HRT of 1.1 d, increased to 95 and 38 g m− 3 d− 1 for the PE and SE re
actors, respectively, the sCOD removal further increased to 92 and 99%. 
This indicates that both PE and SE reactors were effective at low HRT 
with increased OLR. Couto et al. (2021) reported lower sCOD removal 
ranging from 40.4 to 43.1%, in HRAPs with different depths (20–40 cm) 
treating primary effluent at an HRT of 7 d. The removal of sCOD implies 
the presence of heterotrophic bacteria and microalgae (Aravantinou 
et al., 2017; Su et al., 2011). 

The average concentration of ammonia nitrogen (NH3–N) at the start 
of the cycle was 17 and 3 mg L− 1 for PE and SE reactors, respectively 
(Fig. 5b). Due to the low concentration of ammonia nitrogen at the start 
of each cycle in the SE reactor, its concentration at the end of each cycle 
was practically zero, while in the PE reactor after Day 21, was lower 
than 5 mg L− 1 (Fig. 5b). The ammonia loading rate at the period with 
HRT of 1.1 d was 16 and 1.6 g m− 3 d− 1 in the PE and SE reactors, 
respectively (Table 1). The ammonia nitrogen removal during the 
operation at 1.1-d HRT was 85.6 and 87.8% in the PE and SE reactors, 
respectively. Mixotrophic cultures may achieve over 90% ammonia 
removal in raceway systems fed with anaerobically digested effluent 
(Vadiveloo et al., 2022) and primary effluent (Do et al., 2020) with HRTs 
of 6 and 20 d, respectively. Pizzera et al. (2019) mentioned lower 
ammonia removal of 20% at HRT of 10 and 20 d but with higher 
ammonia loading rates of 23 and 36 g N m− 3.d in a raceway system fed 
with primary effluent. Nitrogen removal in algal-bacterial systems oc
curs through several pathways, such as nitrification-denitrification, 
ammonia stripping due to high pH, and assimilation by the biomass 
(Oruganti et al., 2022). The pH after Day 60 and 20 for the PE and SE 
reactors respectively, increased to 9.0. The ion dissociation constant 
(pka) of the ammonium/ammonia buffer system is about 9.25 at 25 ◦C 
(Wang et al., 2017). At pH < 9.25 the predominant form is ammonium 

Table 1 
Removal of organic material and nutrients in the raceway ponds treating pri
mary and secondary effluent.  

Loading 
Rate/ 
Removal 

Nutrient Period (d) 

0–15 16–21 22–130 

HRT (d) 

5.5 2.2 1.1 

Reactor 

PE SE PE SE PE SE 

Loading 
Rate (g 
m− 3d − 1) 

sCOD 29 ±
10.1 

9.5 ±
0.8 

49.5 
± 7.2 

22.3 
± 2.3 

95.3 
±

17.1 

37.8 
±

11.3 
TKN 9.1 ±

0.24 
1.5 ±
0.1 

20.1 
± 0.5 

3.3 
± 0.2 

42.8 
± 5.6 

7.2 ±
1.0 

NO3–N 0.3 ±
0.02 

2.6 ±
0.5 

0.8 
± 0.1 

5.3 
± 0.3 

1.4 ±
0.3 

8.6 ±
1.6 

NH3–N 5.1 ±
0.4 

0.7 ±
0.4 

10.7 
± 1.5 

1.2 
± 0.2 

16 ±
2.7 

1.6 ±
0.9 

Total-P 0.4 ±
0.04 

0.4 ±
0.1 

1 ±
0.1 

0.8 
± 0.1 

2.1 ±
0.1 

1.7 ±
0.1 

Removal 
(%) 

sCOD 67.3 
± 6.4 

96.4 
± 4.1 

66.1 
± 0.9 

95.9 
± 0.2 

91.5 
± 8.9 

99.1 
± 0.8 

TKN 64.6 
± 0.9 

34.5 
± 4.7 

63.6 
± 2.4 

46.5 
± 4.8 

86.2 
± 9.3 

84.2 
±

14.6 
NO3–N 100 33.4 

± 7.4 
95.2 
± 3.9 

37.1 
± 4.9 

98.0 
± 2.0 

65.4 
±

25.4 
NH3–N 62.1 

± 3.8 
87.6 
±

11.5 

51.8 
± 8.0 

100 85.6 
±

12.4 

87.8 
±

12.2 
Total-P 36.7 

±

10.4 

60.8 
±

11.4 

51.7 
± 0.3 

61.5 
± 2.5 

78.5 
±

21.5 

84.6 
±

15.4  

Fig. 4. Variation of sCOD in the supernatant of the reactors at the start and the 
end of each cycle. The values represent mean ± standard deviation (SD) (n 
= 2). 
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ion, while at pH > 9.25 ammonia prevails. In our case, at an average pH 
= 9.0, the un-ionized form of ammonia is around 36% (Emmerson, 
1975), and a major part of ammonia is expected to be removed by 
stripping due to the continuous mixing of the reactors. Ammonia ni
trogen is less available in the SE reactor for algal uptake due to its low 
concentration compared to the primary effluent (Pizzera et al., 2019). 
Algal uptake was considered the first mechanism for nitrogen removal in 
a time sequence, followed by NH+

4 –N stripping in an HRAP culture fed 
with primary effluent at HRTs ranging from 3 to 10 d (García et al., 
2000). Nevertheless, the main mechanism for ammonia removal was 
ammonia stripping (García et al., 2000). Also, Zhou et al. (2022) 
mentioned that the main mechanism for nitrogen reduction was algal 
uptake in a SBR reactor, feeding the algal-bacteria culture with synthetic 
wastewater and maintaining a pH of around 7.25 during operation. It 
should be noted that if the goal is the recovery of nitrogen from 
wastewater, the minimization of ammonia stripping should be taken 
into consideration to control the pH increase in the reactor. 

The TKN concentration was about six times higher in the PE reactor 
than in the SE reactor. After the 110th day, the TKN concentration in the 
PE reactor was practically zero at the end of each cycle. On the other 
hand, almost zero TKN values were observed after 40 days in the SE 
rector (Fig. 5a). Despite the fact, that the HRT was 1.1 d and the loading 
rate was 43 and 7 g TKN m− 3 d− 1 in the PE and SE reactors, respectively, 
the removal efficiency was almost the same at 86 and 84%, respectively 
(Table 1). 

Nitrate nitrogen concentrations at the start of each cycle was 1.2 and 
9 mg L− 1 for the PE and SE reactors, respectively. After Day 80 the 

nitrate concentration at the end of each cycle, in the SE reactor was 
lower than 2 mg NO3–N L− 1. The decrease of HRT from 5.5 to 1.1 
d increased the loading rate from 0.3 to 1.4 and from 2.6 to 8.6 g NO3–N 
m− 3 d− 1 for the PE and SE reactors, respectively. At the same time, the 
removal efficiency of nitrates increased from 33 to 66% for the SE 
reactor and kept the same for the PE reactor (over 95%) (Table 1). Ansari 
et al. (2021) also mentioned high nitrate removal of 89% after 30 d of 
operation in a batch raceway system treating secondary effluent. Due to 
the high DO concentration in both reactors (9.8 and 11.7 mg L− 1 for PE 
and SE reactors respectively), anoxia is not likely to occur, and therefore 
nitrate assimilation by algal biomass is considered the predominant 
mechanism (Fig. 5c). 

The average concentration of Total-P at the start of each cycle was 
2.15 and 1.75 mg L− 1for PE and SE reactors, respectively. From Day 5 to 
Day 60, the removal efficiency was almost 50%, but after the 80th day it 
increased to 100% (Fig. 5d). In a previous work of our team (Biliani and 
Manariotis, 2023), high Total-P removal was observed, above 93%, 
using primary and secondary effluent in algal batch reactors. The 
decrease in HRT from 5.5 to 1.1 d resulted in an increase of the phos
phorous loading rate from 0.4 to 2.1 g Total-P m− 3 d− 1 and from 0.4 to 
1.7 g Total-P m− 3 d− 1 for PE and SE reactors, respectively. The corre
sponding removal efficiency of Total-P ranged from 37 to 78.5% and 
from 61 to 85% for the PE and SE reactor, respectively (Table 1). 
Mahapatra et al. (2022) mentioned that phosphorous removal in a 
raceway was higher at increased HRT. In a HRAP with different algal 
species fed with anaerobically digested abattoir effluent (Vadiveloo 
et al., 2022), the phosphate removal was 45–83%, under different 

Fig. 5. Concentration of a) TKN, b) ammonia, c) nitrates and d) Total-P in the supernatant of the reactors at the end and start of each cycle. The values represent 
mean ± standard deviation (SD) (n = 2). 
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mixing conditions. The mechanisms of phosphorous removal in open 
ponds are algal uptake, sorption of phosphorus onto the cells’ surface 
(Barroso Júnior et al., 2022; Delgadillo-Mirquez et al., 2016), precipi
tation (Oruganti et al., 2022), and storage in microalgae cells (Gupta 
et al., 2019; Oviedo et al., 2022) in order to use phosphorus under 
limitation conditions when the N:P ratio is 16:1 or lower (Biliani and 
Manariotis, 2021; Geider and La Roche, 2002; Gupta et al., 2019). 

3.4. Organic and nutrient removal kinetics 

The kinetics of organic matter and nutrient removal were determined 
on Day 110 by taking samples from the two reactors at regular intervals 
during a 24-h period. More specifically, the concentration of sCOD, TKN, 
NH3–N, NO3–N and sTotal-P was determined in both reactors. The 
experimental data fit better with the first-order kinetic model than the 
zero-order model. 

The sCOD removal was at least 96% in both reactors within 12 h. The 
short time required for the effective removal of organic matter indicates 
the effective cooperation of bacteria and microalgae, especially in the SE 
reactor, where the substrate was less biodegradable compared to the 
primary effluent. Although the sCOD concentration in the SE reactor was 
relatively low (30 mg L− 1), a removal of 80% was achieved within 8 h, 
while the same removal level was achieved within 4 h in the PE reactor 
(Fig. 6a). As can also be seen in Table 2 the first-order constant for sCOD 
was 0.36 and 0.24 h− 1 in the PE and SE reactors, respectively. 

The first-order constant for sTotal-P removal was the same (0.30 h− 1) 
with both substrates, and 90% removal was achieved within 8 h in both 
reactors, while complete sTotal-P removal was attained within 12 h 
(Fig. 6b). The zero-order constant of the phosphate removal kinetics of 
mixotrophic culture fed with primary effluent was 0.024 mg PO4-3 L− 1 

h− 1 at 25 ◦C (Delgadillo-Mirquez et al., 2016), while in our study the 
zero-order constant was 14 times higher (Table 2). 

NH3–N initial concentration was higher in the PE reactor compared 
to the SE reactor, but the first-order constant was about three times 
higher in the SE substrate (Fig. 6d). A similar observation can be made 
for TKN removal kinetics, since the TKN includes ammonia (Fig. 6c). 
Choi and Lee (2013) reported a lower zero-order constant for ammonia 
of 0.131 mg L− 1 h− 1 (Table 2) for almost the same initial concentration 
using Chlorella vulgaris. NO3–N concentration in the PE culture was 
practically zero after 0.5 h due to the low initial concentration of 0.3 mg 
NO3–N L− 1. Complete nitrate removal in the SE reactor was achieved 
within 12 h, and the k1 value was 0.30 h− 1 (Fig. 6e). 

In the SE reactor, the highest first-order constant was observed for 
ammonia (k1 = 0.9 h− 1) and the lowest for sCOD (k1 = 0.24 h− 1). In 
addition, ammonia removal was three times faster than nitrate. 
Ammonium is the most preferred and energetically favored nitrogen 
source for algal metabolism because no redox reaction is associated with 
its assimilation (Gupta et al., 2019). 

4. Conclusions 

Algal flocs were used in two laboratory-scale raceway ponds, fed 
with primary and secondary treated wastewater, and their performance 
was evaluated for a period of 130 days. Different HRTs were examined, 
ranging from 5.5 to 1.1 d. At the end of the experimental period, the 
biomass concentration in the PE and SE reactors, was 2.1 and 2.3 g L− 1, 
respectively. Based on kinetic experiments, the produced biomass was 
able to entirely remove organic matter and nutrients in less than 12 h in 
both reactors at an HRT of 1.1 d. The sCOD was removed faster than the 
nutrients in the PE reactor. The fast organic and nutrient removal 
demonstrated that reactors could work even with lower HRT. The 
biomass was fully settled in less than 10 min on both substrates. The 
produced biomass, with the two substrates examined, had similar con
tent in terms of lipids (18.3–16.5%), proteins (72.5–72.65%) and sugars 
(2.6–3.2%). The above results demonstrate that the low-cost system 
examined promotes the cooperation of the algal-bacterial flocculent 

Fig. 6. Organic matter and nutrients removal kinetics on Day 110 of a) Total-P, 
b) sCOD, c) TKN, d) ammonia, and e) nitrates. The symbols represent the 
experimental data and the solid line the first-order model. The values represent 
mean ± standard deviation (SD) (n = 2). 
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biomass with very good settling properties for the efficient treatment of 
either primary or secondary treated wastewater at low HRTs. Incorpo
rating an algalbased system into existing wastewater treatment plants 
would be a viable alternative toward reducing operation costs, 
enhancing nutrient recovery, and promoting biomass valorization. 
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