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Abstract
The present work investigated the efficiency of algal flocs biomass for the treatment of primary and secondary effluent in 
static and mixing conditions under different hydraulic retention time (HRT). Primary effluent fed cultures created a high-
density biomass of 2.8 and 3.8 g L−1 under static and mixing conditions, respectively. Secondary effluent was more effective 
in order to create even higher density biomass of 7.8 and 6 g L−1 under static and mixing conditions, respectively. The algal 
floc biomass developed was quite effective for organic matter and nutrient removal. Primary effluent fed cultures seemed to 
be more efficient for chemical oxygen demand (COD) and ammonia nitrogen removal, while secondary effluent fed cultures 
for nitrates removal. At an HRT of 8 days using primary effluent, the removal of COD, ammonia nitrogen and total phospho-
rus was 86.2, 100 and 97.4%, respectively. The cultures fed with secondary effluent, even at low HRT of 1.2 days, achieved 
removals of 88.4, 77.5, 100 and 98.6% for COD, nitrates, ammonia, and total phosphorus, respectively.
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Introduction

Biological wastewater treatment via microalgae tends to 
be an effective alternative solution for nutrient removal 
(Iaconi et al. 2017; Ajayan et al. 2018). Microalgae have 
high photosynthetic efficiency and biomass productivity, 
are capable of adapting to the environment and grow under 
unfavorable conditions (Ashwaniy et al. 2020). Nowadays, 
researchers’ main goal is not only the removal of organic 
material and nutrients but also the valorization of biomass 
produced (Abeysiriwardana-Arachchige et al. 2020; Biliani 
and Manariotis 2021). Biomass harvesting is a costly pro-
cess being about 20 to 30% of the total algal production 
cost (Vergini et al. 2016). Nowadays, alternative methods 
such as bioflocculation (Iasimone et al. 2020; Nazari et al. 
2020; Suparmaniam et al. 2020) and biofilm formation (Tsa-
vatopoulou and Manariotis 2020; Tsavatopoulou et al. 2021) 
have been investigated to facilitate biomass harvesting.

Activated sludge is often used as bioflocculant in an 
algal culture (Bashiri et al. 2018). Microalgae at a small 

concentration are also present in activated sludge (Liu et al. 
2018; Biliani and Manariotis 2022). Aerobic granules have 
several advantages over conventional bioflocs (Granados 
et al. 2012) such as, denser and stronger aggregate structure, 
better-settling ability and better solid effluent separation, and 
higher biomass concentration (Bashiri et al. 2018; Lee et al. 
2019). Research has been conducted to study the formation 
of photogranules to facilitate the phototrophic biomass sepa-
ration. Milferstedt et al. (2017) transformed activated sludge 
into photogranules and tested its efficiency in a batch system 
using wastewater. Abouhend et al. (2018) and Ansari et al.
(2019) also created photogranules by using the method of 
Milferstedt et al. (2017) and examined the importance of air 
supply and the seeding density for the treatment of primary 
effluent. Wang et al. (2020) created photogranules by adding 
activated sludge into synthetic wastewater.

Primary and secondary treated wastewater have different 
content in terms of organic material and nutrients, and there-
fore might affect biomass growth. Even though photogran-
ule formation has been examined using primary effluent, 
secondary effluent has not been used as substrate in short 
or long-term operation cultures. Abouhend et al. (2018) 
reported that mixing conditions were not necessary to cre-
ate photogranules since oxygen is produced via photosyn-
thesis. In addition, the initial concentration of algal biomass 
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resulted in biomass with different characteristics at the same 
hydraulic retention time (HRT) Ansari et al. (2019). How-
ever different HRTs might afffect  biomass growth (Oruganti 
et al. 2022).

In our previous work we achieved the creation of algal 
flocculent biomass from activated sludge after 30 days of 
high photosynthetic capacity and concentration in second-
ary effluent (Biliani and Manariotis 2022). The formation 
of granules was examined under static and mixing condi-
tions. Key questions that need to be answered are whether 
substrate, mixing conditions, flow rate and time of operation 
affect algal flocs formation and stability as well as their effi-
ciency in nutrient removal. In the present study, the develop-
ment of algal biomass was tested using primary and second-
ary treated wastewater under static and mixing conditions 
with different flow rates for an extended period. The aim of 
the present study was to investigate the formation of high-
density algal biomass and its ability to remove nutrients. 
Finally, nutrient kinetics experiments were conducted dur-
ing the culture period, and the biomass characteristics and 
settling ability were determined.

Materials and methods

Experimental system

The preculture of algal flocs was created using activated 
sludge from an aeration tank cultured in secondary effluent 
in a batch reactor under static conditions. In this case, the 
biomass concentration was 694 mg L−1 after 30 days, and 
the mean diameter of algal flocs was 0.994 mm (Biliani and 
Manariotis 2022). The present study examined the forma-
tion of photogranules in six configurations (Fig. S1). In each 
case, 85 mL of the preculture was placed in a 1-L glass 
beaker, and a final volume of 1000 mL was reached with 
primary effluent wastewater (PE) (3 reactors) or secondary 
effluent (SE) (3 reactors). Every reactor had different mix-
ing and fill-draw conditions, as shown in Table S1. The six 

reactors were placed in a room next to the window at a tem-
perature of 20 ± 5 °C for 240 days. Primary and secondary 
effluent was sampled from the wastewater treatment plant 
(WWTP) of the University of Patras campus at Rio, and their 
characteristics are given in Table 1. Mixing was not used in 
the static reactors (PE Static and SE Static), while mixing 
at 30 rpm was applied in the rest of the reactors (PE Mixing 
1, PE Mixing 2, SE Mixing 3 and SE Mixing 4). During the 
2nd period, the hydraulic reaction time (HRT) was doubled 
from 8 to 16 days in the PE Static and PE Mixing 1 reac-
tor, 4 to 8 days PE in the Mixing 2 reactor, 2 to 4 days in 
the SE Static and SE Mixing 3 reactor and 1.3 to 2.7 days 
in the SE Mixing 4 reactor. In the 3rd period, the volume 
withdrawn decreased to half in the SE cultures but remained 
the same in the PE cultures. In the 4th period, the mixing 
velocity increased from 30 to 50 rpm for the mixing cultures 
(PE Mixing 1, PE Mixing 2, SE Mixing 3 and SE Mixing 
4) and the HRT of the SE cultures was decreased to half. 
The light intensity in the 4th period increased by adding led 
lamps (12 V, RGB SPECTRUM, USA) with a photoperiod 
of 24 h yielding an irradiance of 100 μmol photons m−2 s−1, 
compared to 50 photons m−2 s−1 during the 3rd period. In 
the 5th period, the HRT was further decreased in the SE but 
remained the same in the PE cultures. The operation cycle 
consisted of feeding (10 min), rapid mixing (2 min), reac-
tion (0.98 to 1.98 days), mixing (2 min), settling (10 min) 
and decanting (10 min). Samples were systematically taken 
from the supernatant at the end of the settling phase. Less 
frequently, samples were taken from the mixed liquor before 
the settling phase.

Nutrient kinetics

Kinetic experiments of nutrient consumption of the reactors 
were conducted on days 112, 114, 148, 196 and 198. On 
days 112, 114 and 148, samples were taken directly from 
the reactors where the biomass concentration had reached a 
plateau and the total solids (TS) concentration was 3 to 3.5 
and 5.35 to 5.5 g L−1 in the primary and secondary effluent 

Table 1   Characteristics of 
wastewater and microalgae 
preculture

* SD: standard deviation

Nutrient Units Primary effluent Secondary effluent Microalgae 
Preculture

Range Mean SD* Range Mean SD Mean SD

COD mg L−1 200–220 205 10 50–60 54 5 - -
TSS mg L−1 30–40 33 5 20–30 21 5 200 2.6
Chl-a mg m−3 - - - - - - 597 0.002
Total-P mg L−1 4.5–5.5 5.0 0.5 3.5–5.5 4.2 0.75 7.8 0.1
NO3-N mg L−1 0.0–1.1 0.57 0.5 5.5–12 7.9 3.25 0.4 0.06
NH3-N mg L−1 10–30 22 10 2.0–10 5.3 4 4.7 0.03
pH - 7.0–8.0 7.7 0.5 7.0–8.0 7.4 0.5 8.9 -



Journal of Applied Phycology	

1 3

fed reactors, respectively. After the feeding period, samples 
were taken from the reactors for up to 6.5 h. On days 196 
and 198, a kinetic experiment was conducted only in the 
secondary effluent-fed reactors. More specifically, a volume 
of about 200 mL of the mixed liquor was removed from the 
reactor SE Mixing 3. The TS concentration in the SE Mixing 
3 reactor was 5 g L−1. Afterward, a volume of 20 mL was 
placed in a 250 mL beaker, and 80 mL of secondary efflu-
ent was added in each beaker. The initial TS concentration 
in each beaker was 1 g L−1. Nine beakers were prepared in 
total, under mixing and continuous light. At each time the 
beaker’s content was used to determine nutrient concentra-
tion. The duration of the kinetics experiment was 24 h. On 
day 196 the kinetic experiment was conducted at the nutrient 
concentration of the secondary effluent (low concentration). 
The initial concentration was 2.37 mg P L−1 for sTotal-P 
and 6.35 mg N L −1 for nitrates. On day 198 the secondary 
effluent was spiked with nitrates and phosphates (high con-
centration), resulting to initial concentration of 9.75 mg P 
L−1 for sTotal-P and 12.3 mg N L−1 for nitrates.

Nutrient removal was simulated by the zero-order (data 
not shown here) and first-order kinetic models. The first-
order kinetic model is:

where k1 (h−1) is the first-order constant.
By integrating Eq. (1) we obtain the following linear 

equation:

The nutrient removal rate was determined using the fol-
lowing equation (Wang et al. 2019):

where R represents the removal rate of nutrients (mg 
L−1 h−1), S0 represents the initial concentration of nutrients 
(mg L−1), Si is the nutrient concentration at time ti (mg L−1), 
and ti is the time (h) when there was no significant change 
taking place for the nutrient concentration.

Analytical methods

The performance of the reactors was evaluated by systematic 
sampling every feeding cycle. Algal cell concentration was 
measured in the supernatant of the reactors after settling by 
a Neubauer haemocytometer (Aravantinou et al. 2015). Total 
suspended solids (TSS) and total solids (TS) were determined 
gravimetrically (APHA et al. 2012) in the supernatant and 
the mixed liquor. Soluble total phosphorous (sTotal-P) was 
measured by the persulfate method and ascorbic colorimetric 
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technique (APHA et al. 2012). Nitrates (NO3-N) and phos-
phates (PO4

3--P) were measured by ion chromatography 
method (Metrohm 850 Professional IC, Metrohm Switzer-
land). Nitrates were also determined by a sodium salicylate 
method in the kinetic experiments to measure lower concen-
trations (Fresenius et al. 1988). Ammonia nitrogen (NH3-N) 
was measured in the supernatant by the trimetric method 
(APHA et al. 2012). Chlorophyll-a (Chl-a) was measured 
via a spectrophotometric method (APHA et al. 2012) in the 
supernatant and the mixed liquid. More details can be found 
in previous work (Biliani and Manariotis 2021).

The characteristics of biomass in the mixed liquid were also 
examined in terms of proteins, sugars, and lipids. Total lipids 
were extracted using the Folch method (Aravantinou et al. 
2013). Total proteins were determined by the Lowry method 
(Lowry et al. 1951), while the biomass content in sugars was 
determined by the Dubois method (Dubois et al. 1956).

Results and discussion

Organic matter and nutrient removal

Generally, the COD concentration ranged from 200 to 
220 mg L−1 and 50 to 60 mg L−1 in the primary and sec-
ondary treated wastewater, respectively (Table 1, Fig. S2b, 
c). The concentration of COD at the start of each cycle 
depends on the HRT employed and was more evident in 
the PE cultures. The organic loading rate (OLR) in the PE 
cultures ranged from 12 to 27 mg COD L−1 day−1 for the 
entire period of operation. On the other hand, the OLR of 
SE cultures ranged from 12 to 50 mg COD L−1day−1 the first 
91 days due to the variation of HRT, while after Day 107, 
it ranged from 28 to 44 mg COD L−1 day−1 (Fig. 1a). The 
OLR of the reactors varied due to the changes in the influent 
strength and the HRT applied, as also Abouhend et al. (2018) 
reported. COD removal during the first 31 days ranged from 
15 to 45 and 15 to 28% for the PE and SE cultures, respec-
tively. The increase in light intensity after day 32 resulted 
in higher COD removal for both substrates, especially with 
the SE cultures. The further increase of COD removal in the 
5th period (Table 2), which reached values over 80 and 86% 
in the PE and SE cultures, respectively, was attributed to 
the higher biomass concentration. During the experimental 
period, the decrease of HRT either for PE (8–16 to 4–8 days) 
or SE (2–8 to 1.3–5.3 days) reactors resulted in higher COD 
removal (Table 2). After day 155, the COD concentration 
was practically zero at the end of the operation cycle of all 
cultures (Fig. S2e, f). Lee et al. (2019) mentioned that by 
increasing the HRT from 3 to 5 days, the sCOD removal 
was increased in a microalgae bacteria co-culture operating 
in a semi-continuous mode treating municipal wastewater.
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The total-P concentration in the PE cultures was 
slightly higher than the SE cultures with an average value 
of 5.0 and 4.2 mg P L−1 over the entire period of opera-
tion (Table 2). The total-P loading rate of the PE cultures 
ranged from 0.3 to 0.6 mg P L−1 day−1 after the 16th day 
(Fig. 1). The Total-P loading rate of the SE cultures, 
from day 16 to 92 was 1.5 mg P L−1  day−1, while the 
rest period ranged from 3 to 4 mg P L−1 day−1. During 
the first three periods, the total-P removal was up to 37 
and 51% for PE and SE cultures, respectively (Table 2). 
During the 4th period (Day 32 to 91), at the increased 
light intensity, the total-P removal was increased and was 
above 75% (Table 2). In the 5th period, total-P removal 
was higher than 92.6 and 97.4% for the PE and SE cul-
tures, respectively. The HRT in the 5th period ranged 
from 8 to 16 and 1.3 to 2.0 days for the PE and SE cul-
tures, respectively. Meng et al. (2019) reported total-P 
removal of 43% at the highest light exposure of 225 μmol 
photons m−2 s −1 in a sequencing batch reactor (SBR) 
reactor with activated sludge-microalgae culture grown 
in a synthetic medium at an HRT of 8 h. After day 50, 
the Total-P concentration was almost zero in all cultures 
at the end of the operation cycle (Fig. S3e, f).

Ammonia nitrogen concentration in the primary efflu-
ent ranged from 20 to 30 mg NH4-N L−1 during the first 
16 days. Thereafter, lower ammonia concentrations were 
observed, probably due to the lower flow rate of waste-
water because of the COVID-19 pandemic limitations, 
with values ranging from 10 to 30 mg NH4-N L−1 during 
the rest period (Fig. S4c). The ammonia loading rate of 
PE cultures ranged from 3 to 5 mg N L−1 and after day 
16, reduced to 1.5 to 3 mg N L−1, and remained at this 
level until the end of the experiment. In the PE cultures, 
the ammonia concentration at the start of each cycle, 
was approximately 4 and 6 mg NH4-N L−1 depending on 
the volume of wastewater fed (Fig. S4c). After day 32, 
ammonia nitrogen removal was over 93.1%, and complete 
removal was observed after day 92 (5th period) (Table 2). 
Abouhend et al. (2018) also mentioned that NH4 removal 
efficiency by photogranules treating PE was stable after 
approximately 3 weeks of operation and, after a month, 
reached 90 to 96%. The concentration of ammonia nitrogen 
in SE cultures was below 3.8 mg NH4-N L−1, while after 
day 92, ammonia nitrogen removal was over 86.3%. Nitro-
gen removal in algal–bacterial systems occurs through 
several pathways, such as nitrification–denitrification, 

Fig. 1   Loading rate of reac-
tors for a) COD, b) Total-P, 
c) ammonia nitrogen and d) 
nitrates nitrogen
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ammonium stripping due to high pH above 9 and assimi-
lation by the biomass (Ansari et al. 2019; Oruganti et al. 
2022; Wang et al. 2022). In our study, pH ranged from 
10.5 to 11.5 after the 4th period, and ammonia stripping 
was the primary mechanism for ammonia removal.

The concentration of nitrates in the primary effluent was 
quite low, below 2.0 mg L−1, and after day 44 it was practi-
cally zero (Fig. S5c). On the other hand, nitrates concentra-
tion in the secondary effluent ranged from 2 to 12 mg L−1, 
due to nitrification in the activated sludge unit (Fig. 1d). The 
nitrates loading rate during the first 91 days ranged from 1.0 
to 7.6 mg N L−1 and from 3.5 to 9.0 mg N L−1 in the rest 
period due to the change of the HRT (Fig. 1d). From day 64 
to 107, the increase of nitrates concentration in the secondary 
effluent led to the increase of their concentration at the end 
of each cycle. After day 107, the concentration of nitrates at 
the end of each cycle was practically zero (Fig. S5d). During 
the first three periods (up to day 31), while the biomass was 
developed, the nitrates removal efficiency was below 27% 
in all cases, and lower removal rates were observed with 
SE cultures. As it is seen in Table 2, the nitrates removal 
efficiency of all reactors was over 50% during the 4th and 
5th period, when the light exposure was increased. Biomass 
concentration in the 4th and 5th periods (day 32 to 91) was 
increased from 49 to 80%, compared to the first 31 days of 
operation (Table 3). Tricolici et al. (2014) reported that the 
increase of light exposure from 360 to 820 μmol photons 
m−2 s−1 increased of biomass concentration by 1 to 3 times. 
As it is seen from our results, nitrates removal was increased 
following the increase in biomass concentration. The nitrates 
removal was higher in the PE cultures and reached 100% 
during the 5th period (Table 2). At the same time, nitrates 
removal values of SE cultures reached 75 to 78%.

Nutrient removal kinetics

The results of nutrient kinetic analysis on days 112, 114 
and 148 are shown in Fig. 2 and on days 196 and 198 with 
low and high concentrations in Fig. 3. The experimental Ta
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Table 3   Total solids concentration of cultures

Reactor TS (mg L−1)

Period (days)

32–91 92–240

PE Static 1243 ± 512 2781 ± 75
PE Mixing 1 1658 ± 254 3245 ± 160
PE Mixing 2 1314 ± 456 3880 ± 152
SE Static 1659 ± 448 7442 ± 687
SE Mixing 3 1181 ± 42 5830 ± 342
SE Mixing 4 1319 ± 283 5952 ± 208
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data were better simulated with the first-order kinetic model. 
Phosphate concentration was reduced faster in the SE cul-
tures (Fig. 2a, b). The average k1 value was 0.094 h−1 and 
0.086 h−1 in SE and PE cultures, respectively (Table 4). 
Total-P concentration in the high and low initial concentra-
tion kinetic experiments decreased faster at the high concen-
tration compared to the low one. In both cases, almost the 
same concentration was reached after 480 min (Fig. 3). The 
first-order constant of the high initial phosphorus concentra-
tion test was 2.3 times higher than that of the low initial con-
centration (Table 5). Wang et al. (2014) examined the treat-
ment of primary effluent via a mixed culture of Chlorella sp. 
and Micractinium sp. and reported that phosphorous removal 

was also simulated with the first-order kinetic model and 
reported k1 values of 0.007 and 0.013 h−1 for N/P ratio of 9 
and 56, respectively.

The concentration of nitrates was lower in the SE cul-
tures, and the average k1 value was 0.134 h−1 (Table 4). 
Nitrate concentration was reduced quite faster in the PE 
cultures, with an average k1 value of 0.166 h−1 (Table 4). 
Ferrando and Matamoros (2020) reported lower removal 
values for the k1 constant (0.006 h−1) of a microalgae cul-
ture immobilized in different materials treating ground-
water at an HRT of 10 days. In the high and low nutri-
ent concentration kinetic experiment, nitrates removal 
was faster at the increased initial nitrates concentration. 

Fig. 2   Nutrients kinetic 
experiments. Concentration of 
phosphates for a) primary efflu-
ent and b) secondary effluent 
culture, nitrates for c) primary 
effluent and d) secondary efflu-
ent cultures and, ammonium 
for e) primary effluent and f) 
secondary effluent culture. The 
values represent mean ± stand-
ard deviation (SD) (n = 3)
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In wboth cases, nitrates concentration was zero after 
720 min (Fig. 3). The first-order constant of high nitrates’ 
initial concentration was 1.6 times higher than that of the 
low initial concentration (Table 4).

Ammonium removal kinetics had average k1 values of 
0.176 and 0.15 h−1 for the PE and SE cultures, respectively 
(Table 4). Wang et al. (2014) reported that a higher initial 
concentration of total-N led to three times faster nitrogen 

Fig. 3   Nutrients kinetic 
experiments for the high and 
low initial nutrient concentra-
tion of a) phosphorous and b) 
nitrates. The values represent 
mean ± standard deviation (SD) 
(n = 3)
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Table 4   Nutrient removal 
kinetics: First-order model

* Low initial nutrient concentration
** High initial nutrient concentration

Day Culture N/P PO4
3--P NO3-N NH4-N

Co k1 R2 Co k1 R2 Co k1 R2

mg L−1 h−1 mg L−1 h−1 mg L−1 h−1

112 PE 5.10 4.0 0.072 0.962 1.1 0.180 0.949 19.4 0.168 0.982
SE 3.00 3.8 0.078 0.986 7.3 0.090 0.937 4.1 0.192 0.954

114 PE 5.65 3.4 0.102 0.952 0.3 0.120 0.995 18.9 0.192 0.997
SE 2.63 3.3 0.108 0.970 5.0 0.096 0.976 3.7 0.144 0.995

148 PE 5.29 3.1 0.084 0.986 0.4 0.198 0.819 16.0 0.168 0.965
SE 3.10 3.0 0.096 0.976 6.2 0.216 0.867 3.1 0.114 0.970

average PE 5.35 3.5 0.086 0.6 0.166 18.1 0.176
SE 2.91 3.4 0.094 6.17 0.134 3.6 0.150

196 SE Low* 1.86 2.2 0.150 0.964 3.3 0.138 0.954 0.8
198 SE High** 1.55 7.7 0.354 0.934 11.0 0.222 0.849 0.9

Table 5   Nutrient removal rate 
of cultures

Nutrient Culture

PE SE SE low SE high

Day

112 114 148 112 114 148 196 198

R (mg L−1 day−1)
PO4

3--P 1.73 1.93 1.93 4.90 2.04 2.04 6.97 21.0
NO3-N 0.83 0.62 1.00 6.67 7.87 15.67 3.85 20.9
NH4-N 40.0 48.4 49.5 9.86 7.46 6.53
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removal. The average k1 constant value of ammonia using 
both substrates were higher than the first-order constant for 
phosphorous and nitrates. The main mechanisms of ammo-
nia removal by microalgae from wastewater include uptake 
into the cell and ammonia stripping due to elevated pH val-
ues (Aslan and Kapdan 2006). In our case pH during the 
period of kinetics experiments was around 11.5. Since the 
pKa value of ammonia is 9.25, at pH of 11.5, ammonia nitro-
gen removal is mainly attributed to ammonia stripping. pH 
values above 10 are often reported in algal cultures (Oru-
ganti et al. 2022), which favor the transformation of ammo-
nia into nitrogen gas.

The phosphates removal rate was estimated based on 
the kinetic experiments and were higher on days 112, 114 
and 148 in the SE cultures (2.04 to 4.90 mg P L−1 day−1) 
compared to the PE cultures (1.73 to 1.93 mg P L−1 day−1) 
(Table 5). Although the initial phosphates concentration in 
PE and SE substrates was similar (around 3.4 mg P L −1) the 
N/P ratio was 5.35 and 2.91 in PE and SE cultures, respec-
tively. PE and SE substrates have different compositions of 
ammonia and nitrates. The ammonia content of the inorganic 
carbon in the PE cultures is about 97%, while in the SE cul-
ture is 37%. The increased ammonia nitrogen content in the 
PE cultures might explain the lower phosphates removal rate 
in the PE cultures compared to the SE cultures. The kinetic 
experiment on day 196 (SE low) was conducted at different 
conditions, and it was not compared with the results of the 
kinetic experiments of the previous days. During the low 
and high initial nutrient concentration kinetic experiment, 
the Total-P removal rate was about three times higher at high 
initial concentration compared to the low initial concentra-
tion (Table 6).

It should be mentioned that the N/P ratio was 1.86 and 
1.55 for the low and high nutrient initial concentration in SE 
cultures, respectively. The higher phosphorous removal rate 
is attributed to the higher initial nutrient concentration. A 
similar observation has been reported by Aslan and Kapdan 
(2006).

The nitrates removal rate was extremely low for all PE 
cultures and below 1 mg L−1 day−1, due to the very low con-
tent of nitrates in the PE wastewater (Table 5). The nitrates 
removal rate of SE cultures ranged from 6.67 to 15.7 mg 
L−1 day−1 on days 112, 114 and 148 (Table 5). The nitrates 
removal rate was significantly affected by the initial nitrates 
concentration and was 5.4 times higher in the SE high cul-
ture compared to the SE low culture (Table 5). It is also dem-
onstrated by the t-test for testing the equality of the slopes 
of the two regression lines (T13 = 13.46, p-value < 0.001). 
The highest nutrient removal rate was observed with the 
SE high initial nutrient concentration experiment for both 
phosphorus and nitrates and was 21 mg P or N L−1 day−1. At 
the SE low initial nutrient experiment, phosphorous removal 
was 1.8 times higher than nitrates. Based on the SE high 

and low nutrient concentration experiments, it seems that 
for nutrient concentrations, which are expected in SE, phos-
phorus is consumed faster than nitrates. At higher initial 
concentrations, the removal rate is the same for both nitrates 
and phosphorus.

The ammonia removal rate ranged from 40 to 49.5 and 
6.53 to 9.8 mg N L−1 day−1 for PE and SE cultures, respec-
tively (Table 5). The ammonia removal rate was higher in the 
PE fed cultures due to the higher concentration of ammonia, 
which resulted in a higher N/P ratio in the PE compared to 
the SE cultures. Aslan and Kapdan (2006) also reported that 
Chlorella vulgaris in a batch culture could remove nitrogen 
more effectively than phosphorous from synthetic waste-
water when the NH4-N/P ratio was 2. Wang et al. (2014) 
compared the effect of initial nitrogen concentration of dif-
ferent substrates in a mixed algal batch culture. Ammonia 
nitrogen consisted of about 80% of the soluble nitrogen of 
the influent. They reported that at a N/P ratio of 56, nitrogen 
removal rate was about three times greater compared to cul-
tures with a N/P ratio of 9, indicating that algal cells grow-
ing in nitrogen-rich wastewater had over-uptake of nitrogen.

Mixotrophic biomass growth

The increase of chl-a concentration indicates the growth of 
microalgae in the cultures (Fig. 4). Higher chl-a concentration 
was observed with the secondary mixing cultures (SE Mix-
ing 1 and SE Mixing 2). The increase of chl-a concentration 
followed the increase in light intensity from day 32. In the 5th 
period (day 92 to 240), the mixing cultures had almost the 
same chl-a concentration until the end of the experiment. The 
increase in light intensity employing led lamps affected the 
growth rate of cultures and led to a higher photosynthetic rate 
as also Tricolici et al. (2014) reported. The chl-a concentra-
tion in the static cultures was the same either with PE or SE, 
around 200 mg m−3, and was almost half compared to the chl-a 
concentration of mixing cases. The latter was attributed to the 
high biomass concentration and the non-exposure of the settled 
biomass to light.

Liu et  al. (2018) reported that chl-a concentration was 
increased with the increase of biomass. During the first three 
periods, different conditions were examined to increase the ini-
tial biomass, which was kept around 1100 mg L−1 in all cultures. 
The mixing conditions did not affect the TS concentration. A 
similar observation was reported by Iasimone et al. (2020). Dur-
ing this period (day 32 to 91) biomass started to adhere to the 
glass surface of vessels. The latter was more intense in reactors 
with mixing, especially with secondary effluent substrate. Tsa-
vatopoulou and Manariotis (2020) reported that glass is good 
material for algal biofilm development.

The biomass concentration from day 32 to 240 is given in 
Table 3. The secondary cases exhibited the highest increase of 
about five times, compared to their concentration from days 0 
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to 91. Biomass concentration was stable after the 107th day of 
operation. The culture fed with SE at static conditions reached 
the highest TS concentration of 7443 mg L−1 (Table 3). Snails 
(Physella gyrina) appeared only in the SE Static culture, which 
are found in WWTPs and cause an increase in solids concen-
tration (Boltz et al. 2012). The other SE cultures reached a TS 
concentration of about 6000 mg L−1 after the 107th day. The TS 
concentration of PE mixing cultures from days 92 to 240 was 
about three times higher than from days 32 to 91.

The optimal conditions for biomass growth and nutrient 
removal were observed in the 5th period. The HRT was reduced 
to half in the SE-fed reactors, while it remained the same in the 
PE-fed reactors. The biomass concentration of reactors increased 
by approximately 50 and 80% in the PE and SE reactors, respec-
tively (Table 3). At the same time nutrient removal was further 
improved (Table 2). The enhanced performance of the PE reac-
tors in the 5th period is attributed to the better acclimation of 
phototrophic biomass indicating that long-term operation is desir-
able for estimating the performance of the process. The removal 
efficiencies of organic matter and nutrients in the 5th period were 
not affected by the different HRTs applied for each substrate indi-
cating the ability of the system to operate at lower HRTs.

A high biomass concentration has also been mentioned 
in the literature by using photogranules for the treatment of 
primary effluent and reported a biomass concentration of 
2750 ± 650 mg L−1 after 150 days (Abouhend et al. 2018) 
and 2400 to 3200 mg L−1 after 50 days (Ansari et al. 2019) 
at an HRT of 0.75 days.

Until the 3rd period pH was almost 8.5 in all cultures, and 
from the 4th period pH increased to over 10.5. In the middle 
of the 4th period, pH was increased to 11.5 in the mixing 
cultures (PE Mixing 1, PE Mixing 2, SE Mixing 3 and SE 
Mixing 4), while in the static cases with PE and SE, pH was 
around 10.5 (Fig. 5a).

The dissolved oxygen (DO) concentration was 8.25 mg 
L −1 in the beginning of the experiment for all cultures. 
During the first three periods, DO was slightly increased 
about 10 mg L−1, regardless of the substrate and mix-
ing conditions. In the 4th period, the DO concentration 
increased in all cultures, and by the 50th day it stabilized 
at around 18 mg L−1 (Fig. 5d). The difference in the OLR 
in the PE and SE cultures did not affect the DO in the 
cultures. Increased DO concentration in the range of 9.5 
to 11 mg L−1 has been reported in photogranules cultures 
treating primary effluent (Abouhend et al. 2018).

Biomass characteristics

The lipid content of the biomass was not affected by 
the substrate. A difference in lipid content was only 
observed on day 45, and cultures fed with SE had about 
10% higher lipid content than the PE cultures. The lipid 
content at the beginning of the operation increased from 
8%, reaching a peak of 17 and 28% after about 46 days, 
for PE and SE cultures, respectively. After that, the lipid 
content started to decrease gradually, and a plateau was 
reached after 107  days of operation at around 4% of 
static cultures and about 2% of mixing cultures (Fig. 6a). 
Ansari et al. (2019) reported that lipids constitute up to 
5 to 20% of photogranules used to treat primary efflu-
ent. Mixotrophic microalgae-bacteria cultures have lower 
lipid content (7%) compared to Chlorococcum sp. (13%), 
since are containing bacteria and protozoa (Tsavatopou-
lou and Manariotis 2022).

The protein content of biomass had a similar pat-
tern with lipids, which increased until the 45th day to 
around 70% and then decreased to 20 to 30%. Bashiri 
et al. (2018) examined the creation of photogranules 
in a bubble column reactor by feeding the activated 
sludge with dyeing and synthetic wastewater. The 
protein content decreased from 22 to 0.5% due to the 
increase of HRT from 12 to 24 h. The protein content 
of biomass of the SE cultures was higher compared to 
the PE cultures for the entire operation period at about 
10% (Fig. 6b). Despite the increase in TS concentra-
tion after the 80th day, the algal content in lipids and 
proteins was decreased. The latter might be attributed 
to the enlargement of the algal flocs, which reduces the 
mass transfer of nutrients into the inner layer of cells. 
Chen et al. (2010) reported a decrease of the protein 
content of aerobic granular sludge and mentioned that 
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bacteria use proteins as a source of carbon and energy. 
In our cultures, the existence of some microorganism it 
is also possible.

The content of biomass in sugars was low at about 1 
to 3% (Fig. 6c). Higher content of sugars was observed 
in static cultures, while in mixing ones, the sugar content 
was almost the same of 1%. Despite the low content, a 
slight increase in sugar content is observed after the day 
92, but their values remain under 2%. Low sugars con-
tent (2.7%) has also been mentioned by Tsavatopoulou 
and Manariotis (2022) in a mixotrophic culture treating 
primary settled wastewater.

Biomass separation

After the settling phase, samples of the mixed liquid were 
taken to evaluate the effectiveness of biomass settling. Effec-
tive biomass separation was rapidly achieved in less than 
10 min at day 150, as shown in Fig. 7. Microscopic analysis 
showed the formation of algal flocs in all cultures as shown 
in Fig. S6. In addition, filamentous algae were observed in 
mixing cases. All cultures had spherical forms of microal-
gae, that created agglomerates mainly consisting of Chlo-
rococcum sp. and Chlorella sp. Filamentous microalgae 
were observed at higher concentrations in mixing cultures, 
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especially with the secondary effluent. Settling was faster 
in these cases. Although few researchers have reported that 
filamentous forms make the granules more unstable (Franca 
et al. 2018), others supported that filamentous enhanced 

granulation (Milferstedt et al. 2017; Tiron et al. 2017; Trego 
et al. 2021). Filamentous bacteria are reported to be crucial 
for granulation (Ahmad et al. 2017). The formation of gran-
ules with large diameters and filamentous characteristics was 
attributed to high hydrodynamic shear stresses, which sup-
pressed the overgrowth of large granules (Rollemberg et al. 
2019). Suparmaniam et al. (2020), mentioned that van der 
Walls forces increased the flocculation of algal cultures and 
resulted in a “clear” supernatant.

The cell concentration in the supernatant was used to esti-
mate the biomass separation. Initially, the cell concentration 
of all cultures was about 71 cells mL−1, and at the end of 
the 1st period, the cell concentration in the supernatant was 
further increased in the PE cultures, at about three times in 
the mixing cultures (PE Mixing 1 and PE Mixing 2) and less 
in the PE static cases. In the secondary cultures, the cell con-
centration decreased since the microalgae were settled. After 
day 50, the cell concentration of microalgae was practically 
zero in the supernatant (Fig. S7a).

Chl-a concentration was increased in the SE cultures 
even from the first day, while in the PE cultures was slower. 
After the 50th day, chl-a concentration in the supernatant 
was practically zero for all cultures (Fig. S7b). The TSS 
concentration had a similar motive to the cell concentration, 
was extremely low during the experimental period, and was 
below of 4 mg L−1 (Fig. S7c). The highest TSS concentra-
tion was observed in the PE mixing cultures. The optical 
density and turbidity in the supernatant are also indicators 
of the settling ability of the biomass. At the beginning of the 
experiment, the OD and turbidity values in the supernatant 

30

25

20

15

10

5

0

)
%(

sdipiL

70

60

50

40

30

20

10

)
%(

snietorP

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

)
%(

sraguS

250200150100500

Day of Operation

 PE Static  PE Mixing 1  PE Mixing 2
 SE Static  SE Mixing 3  SE Mixing 4

a)

b)

c)

Fig. 6   Biomass content of a) lipids b) proteins and c) sugars. The val-
ues represent mean ± standard deviation (SD) (n = 3)

20

15

10

5

0

)
mc(

hgieh
ecafretnI

302520151050

Time (min)

 PE Static  PE Mixing 1  PE Mixing 2
 SE Static  SE Mixing 3  SE Mixing 4

Fig. 7   Biomass settling efficiency on day 115



Journal of Applied Phycology	

1 3

were higher in the PE cultures. After day 16, OD and turbid-
ity values were very low (OD < 0.1 and turbidity < 10 NTU) 
for all cultures and remained at the same level until the end 
of the experiment (Fig. 5c, d).

Primary and secondary effluent cultures achieved to 
create high-density biomass of 2.7 to 7 g L−1. SE cultures 
developed higher biomass concentration; however,  the mix-
ing conditions affected chlorophyll content more than the 
substrate. Due to their density, biomass can quickly settle 
even in less than 5 min and create a clear supernatant in all 
examined reactors. The increasing density of the biomass led 
to faster nutrient uptake and organic matter removal. After 
day 92 when the biomass concentration reached a plateau 
despite the daily feeding in the SE reactors, organics and 
nutrients were completely removed in less than 24 h.

Conclusions

Α high-density algal floc biomass system was investigated 
for the treatment of primary and secondary treated waste-
water in static and mixing conditions. A high biomass con-
centration, around 7 g L−1, was attained using secondary 
effluent. Algal flocs can quickly settle the in less than 5 min 
resulting in a clear supernatant, due to the high biomass 
concentration and the settling ability of the algal flocs. Mix-
ing conditions did not affect the content biomass of lipids, 
and proteins, while the protein content was higher with the 
secondary effluent.

COD and NH3-N removal was higher in the PE cultures, 
while NO3-N removal was higher in the SE cultures, as 
expected due to their higher concentration in the corresponding 
substrate. Nutrient uptake was fast, and the average first-order 
constant ranged from 0.086 to 0.094, 0.134 to 0.166 and 0.150 
to 0.176 h−1 for phosphates, nitrates and ammonia nitrogen, 
respectively. Nutrient kinetic uptake was also examined with 
the secondary effluent substrate under high (9.75 mg P L−1 
and 12.3 mg NO3-N L−1) and low (2.37 mg P L−1and 6.35 mg 
NO3-N L−1) initial nutrient concentration. The secondary efflu-
ent culture achieved to remove nutrients, and nutrient uptake 
was faster when the initial concentration was greater.

High-density algal flocs are low energy consumption 
systems, that are very efficient in removing organic mat-
ter and nutrients and separating biomass from the treated 
wastewater. The results of the present study could be useful 
for developing a low-cost sustainable wastewater treatment 
solution for removing nutrient from wastewater at short HRT 
and valorizing the produced biomass.
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