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Abstract
Wastewater from the potato processing industry called protamylasse is rich in proteins and carbohydrates that potentially 
can be valorized through cultivation of microalgae by mixotrophic metabolism. However, the complex organic compounds 
are a challenge, as algae grow best on simple compounds such as volatile fatty acids (VFA). This study demonstrates a new 
two-stage system. First, VFA production was achieved by testing mesophilic and thermophilic anaerobic acidification (AA) 
at a short hydraulic retention time (HRT; 3.3 and 5 days) resulting in the release of ammonium and phosphate. HRT of 5 days 
and thermophilic conditions was optimal considering the high acetate yield of 0.23 g and 22 ml CH4 per g volatile solids 
(VS). Then, Chlorella sorokiniana was chosen based on the obtained growth rate, and better adaption in ammonium-rich 
AA effluent after screening several tested microalgae (Chlorella sorokiniana, Chlorella vulgaris, Scenedesmus obliquus, 
and Haematococcus pluvialis). It was cultivated for valorization of nutrients and organics and successfully upscaled to 25 L 
photobioreactor (PBR) scale under both batch and continuous operation with high dosage of 25% (8.2 g L−1 of VS) of AA 
effluent at an HRT of 5 days in the PBR. Chlorella sorokiniana removed more than 99% of the chemical oxygen demand 
(COD) and the VFA during continuous flow PBR operation. This approach contributed to the final removal efficiency of 71%, 
91%, and 78% for phosphorus, nitrate, and ammonia, respectively, and production of microalgae biomass with more than 73% 
protein. Thus, a promising process for simultaneous treatment of high strength wastewater for microalgal protein production.
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Introduction

Declining fossil fuel reserves and the need to prevent climate 
change have led to major efforts to develop feedstocks for 
energy, chemicals, and materials derived from renewable 
resources (Chaudry et al. 2015). The initial effort focused on 
land-based crops, which are not sustainable as they compete 
with edible crops for arable land, freshwater, and fuel for the 
implemented agricultural practices. Large-scale microalgae 

cultivation has therefore emerged as a promising approach 
for sustainable and carbon–neutral production of biofuels 
and high valued products (Nwoba et al. 2019). Microalgae 
show great potential for the production of biofuels (Chisti 
2008) and food supplements such as protein and antioxidants 
(Batista et al. 2017). The cultivation approach can be made 
even more sustainable by the use of residual resources (e.g., 
industrial wastewaters) as an alternative cultivation medium 
(Maurya et al. 2022).

The food industry generates various high-strength organic 
sidestreams (wastewaters) with great potential for fermenta-
tion purposes (Hamza et al. 2018). For potato starch produc-
tion for example, 3.5 t of wastewater are generated per tonne 
of starch produced mentioned as protamylasse. This prota-
mylasse is produced by evaporation of water from potato 
juice as described by Fang et al. (2011). Potato juice is a 
residue formed by coagulation and separation of the potato 
protein content. The protamylasse contains large amounts 
of degraded protein and peptides with high fractions of 
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the amino acids aspartic acid and glutamic acid (Elbahloul 
et al. 2005). Nowadays this wastewater is used as fertilizer 
on agricultural soils. However, alternative treatment meth-
ods can provide more value to this sidestream and thereby 
improve the overall economy of the production process.

Microalgae can be used for wastewater treatment to 
remove chemical oxygen demand (COD), ammonium, and 
phosphate by mixotrophic growth, along with production 
of various valuable compounds such as protein and pig-
ments (Pan et al. 2021). The simultaneous bioremedia-
tion of wastewater prior to discharge to the environment 
is thereby an extra advantage of wastewater treatment by 
microalgae (Renuka et al. 2015). Microalgae showing great 
potential for resource recovery include Chlorella sorokini-
ana (Lizzul et al. 2014; Rude et al. 2022), Chlorella vul-
garis (Ren et al. 2022; Rude et al. 2022), Scenedesmus 
obliquus (Rude et al. 2022), and Haematococcus pluvialis 
(Pan et al. 2021). Chlorella sorokiniana is highly valued 
in the microalgal industry for its adaptability, robustness, 
and fast growth rate. Its biomass is considered valuable as 
a food additive for humans due to its high protein content, 
an abundance of vitamins, pigments, antioxidants, and 
other bioactive compounds of high value (Chia et al. 2015; 
Shim et al. 2020). Chlorella vulgaris is mostly suggested 
for biodiesel production (Rude et al. 2022) and H. pluvia-
lis is known for astaxanthin production but it is sensitive 
to cultivation conditions and often challenging to grow in 
wastewater. Scenedesmus obliquus can produce protein for 
food supplements (de Silva et al. 2021).

Unfortunately, many algae cannot grow well on 
untreated protamylasse due to its high content of complex 
carbon sources and organic-bound nutrients. Therefore, 
pretreatment is needed to decompose the organic sub-
stances into simple compounds and inorganic nutrients 
(Maurya et al. 2022), which can be achieved in anaerobic 
digestion (AD). The AD process consists of four steps 
including hydrolysis, acidogenesis, acetogenesis, and 
finally methanogenesis. First, depolymerization and solu-
bilization of polysaccharides and proteins is performed by 
hydrolytic bacteria (Li et al. 2011). Then, acidogenic bac-
teria decompose the hydrolysis products into volatile fatty 
acids (VFA) ranging from acetic acid to hexanoic acid. 
Afterward, acetogenic bacteria transform the long-chain 
VFA into acetic acid. Anaerobic acidification (AA) is thus 
achieved by omitting the methanogenesis step at low HRT 
with VFAs as main product (Gautam et al. 2021). VFA 
are of interest for microalgal cultivation because they can 
be utilized during mixotrophic growth (Pan et al. 2021).

The present study investigates a new strategy to valorize 
the protamylasse by using it as a carbon and nutrient source 
for microalgal cultivation. AA was tested as a pretreatment 
method in order to convert the complex organic matter into 
VFA, which could subsequently be used for the cultivation 

of microalgae. Cultures of C. sorokiniana, C. vulgaris, H. 
pluvialis, and S. obliqus were screened against different AA 
effluent dilutions to select a robust strain. After screening, 
the selected microalga was assessed for its ability to remove 
nutrients and COD from the protamylasse during the produc-
tion of algal biomass in 1-L flasks. Afterward, the cultivation 
was upscaled in a 25 L photobioreactor (PBR) under the 
best cultivation conditions and the algal composition was 
assessed for carbohydrate and protein content.

Materials & methods

Anaerobic acidification reactor experiments

Inocula and feedstock

The protamylasse was collected from the potato starch pro-
duction plant at KMC in Brande, Denmark, in September 
2021 and stored at -20 °C before use. The protamylasse was 
produced by evaporation of water from potato juice achieved 
at the factory under vacuum at 80 °C used for protein coagu-
lation. This process resulted in 100 g protamylasse, 900 g 
water and coagulated protein residue per kg potato juice. 
The protamylasse is considered in this work. The anaerobic 
acidification feedstock was prepared by mixing water and 
protamylasse in a ratio of 4.565 g water g−1 to achieve a 
volatile solids (VS) concentration of 40 g L−1. The meso-
philic inoculum was collected at Hashøj Biogas, DK, while 
the thermophilic inoculum was collected at Lemvig Biogas. 
The two inocula were degassed (i.e. incubated at process 
temperature until biogas production ceased) before the reac-
tor operation.

Anaerobic acidification reactors description and operation

The AA process was conducted in a continuously stirred-
tank reactor (CSTR) with a total volume of 2.0 L and a 1.8 
L working volume for 125 days as described by Fotidis 
et al. (2014). The reactor and the feeding bottle were mixed 
with magnetic stirring and a peristaltic pump (Watson Mar-
low-620 series) was used to feed the reactor. A flask for 
harvesting the digestate and a water replacement gas meter 
was connected to the reactor. The gas was not pretreated 
before the analysis, thus the mixture of CH4, CO2, and H2 
was measured in collected gas samples. The parameter set 
was the same for mesophilic and thermophilic reactors 
except for temperatures of 37 °C and 55 °C, respectively. 
The HRT was 5 days during the first 40 days. Thereafter, it 
was reduced to 3.3 days for 40 days and finally (last 45 days) 
it was changed to the initial setting of 5 days. M3.3 and M5.0 
refer to mesophilic conditions with 3.3- and 5.0 days HRT, 
respectively, while T3.3 and T5.0 refer to the same HRTs at 
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thermophilic conditions. During the first 4 days of the exper-
iment, an adaptation period was applied as follows to keep 
a 5 day HRT. On day 1, 900 mL inoculum + 180 mL feed 
was added and on days 2, 3, and 4, 216 mL, 259- and 311-
mL feed were added. Thereafter, 360 mL and 540 mL feed 
per day were applied at HRT at 5 and 3.3 days, respectively, 
using 180 mL pulses. The gas composition was measured 
in the outlet and liquid samples were taken from the reactor 
for pH and VFA analysis.

Microalgae cultivation

Inoculum and synthetic media

The algal strains Chlorella vulgaris CCAP 211/11b, Chlo-
rella sorokiniana CCAP 211/8 K, and Scenedesmus obliquus 
SAG 2327, were cultivated in BG-11 medium and Haema-
tococcus pluvialis SAG 192.80 was cultivated in BBM (see 
Table S1; Ilavarasi et al. 2011). Inocula were cultivated in a 
250 mL flask with 100 mL of media on a shaker at 150 rpm 
and a temperature of 25 °C. Day and night cycles of 12 h 
were applied with an illumination of 100 µmol photons 
m−2 s−1. In all experiments, the inoculum was prepared and 
retrieved from the exponential growth stage.

Anaerobic acidification effluent as a media for microalgae 
cultivation

The effluents from the AA CSTRs were firstly centrifuged 
at 4,000 rpm for 10 min to remove large undissolved par-
ticles in order to avoid blockage of tubes, Thereafter, the 
supernatants were autoclaved at 121 ℃ for 20 min to ensure 
no microbes were active. As a preliminary study, the T5.0 
effluent was chosen as a cultivation medium for microal-
gae, due to its high acetic acid concentration (Table 1). This 
AA effluent was tested as a growth medium for the four 
microalgae strains. The AA effluent concentration utilized 
as a growth medium was optimized used at 100, 10, 5, 3.3, 
and 2.5% final concentration. For the screening test, the 
inoculation was achieved by adding 0.2 mL of inoculum 
into 24 well microtiter plates with the final 2 mL working 
volume as batch cultures (Van Wagenen et al. 2014). The 
1 L Erlenmeyer flasks experiments (500 mL working vol-
ume) were also accomplished by inoculation at a ratio of 
1:10 (inoculum: working volume). The flasks were filled to 
the total volume (500 mL) by applying the four AA efflu-
ents, separately. Subsequently, all the flasks were placed on 
a shaker operating at 100 rpm and kept at room temperature 
(25℃), with a light intensity of 100 µmol of photons m−2 s−1 
and light/dark ratio of 12 h/12 h with white light, (LED, 
Ledvance, Denmark). To maintain sterility, ventilating-ster-
ilized-membranes were employed to cover all flasks. All the 
batch experiments were done in triplicate.

Photobioreactor experiments

A 25 L airlift PBR with 20 L working volume made of Plexi-
glas (Fig. 1) was operated initially in batch and subsequently 
in continuous flow mode. The PBR was equipped with tem-
perature, pH, dissolved oxygen (DO) and total solid (TS) 
probes. Outlet for air was fitted on the top of the PBR, while 
an outlet sample valve was fitted on the bottom. Air inlet was 
fitted in the bottom of the PBR through a plate diffuser in 
0.025 vvm. LED lights with an intensity of 80 µmol of pho-
tons m−2 s−1 were fitted around the PBR’s outer wall (360 
Round neon led light strip 220 V, 2835 Tube flexible rope 
light (Shenzen Oumuka Technology Co. Limited, China). 
A CO2 inlet was used to control the pH value at 8 ± 0.2. 
An antifoam syringe was applied on the top of the PBR to 
reduce foaming.

Initially, a 5 L flask was used as an intermediate upscaling 
stage to achieve sufficient cell density for cultivation. After 
five days, at the beginning of the exponential phase C. soro-
kiniana was inoculated to the PBR with (1:10) inoculum: 
media ratio and filled to 20 L (working volume) with BG-11 
medium. The batch experiment lasted 5 days and samples 
were retrieved every day. While the algae culture was in 
the exponential phase, 1 L of the culture was harvested and 
replaced by 1 L protamylasse resulting in 5% protamylasse 
in the PBR.

The continuous operation was started when the maximum 
growth rate was observed corresponding to a threshold value 
of 0.3 day−1. However, in order to avoid cell wash out in the 
PBR the dilution rate was only 0.25 day−1 (5 days HRT) 
in the continuous flow experiment which lasted for 13 days 
(> 2 HRTs). The first HRT cycle was fed with 3.3 L syn-
thetic medium and 0.7 L of protamylasse per day and the 
second cycle upscaled the protamylasse to 1 L and synthetic 
medium down to 3L per day with a PBR working volume of 
20 L. The molar nitrogen to phosphorus (N/P) ratio of the 
feed was varied during the continuous cultivation. During 
the first 5 days the N/P molar ratio was kept at 19.9 ± 1.2, 
based on Wágner et al. (2021). Then, the N/P ratio was 
increased to 23.33 ± 0.1 until the end of the operation. Syn-
thetic medium and acidified protamylasse were fed by two 
peristaltic pumps, using 20.8 mL wastewater and 62.5 mL 
synthetic medium per pulse with 48 pulses per day.

Analytical methods

General analysis

Standard methods were used to determine total solids (TS), 
VS, and COD (Aniyikaiye et al. 2019). The gas composi-
tion was analyzed by a gas chromatograph (Trace 1310 
GC-TCD, Thermo Fisher, USA) with He as carrier gas, 
which is equipped with Thermo (P/N 26004–6030) column 
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(30 m length, 0.32 mm I.D. and film thickness 10.0 μm). 
CO2 and CH4 were measured on a Q-plot column while H2 
was measured on an HP-Molesieve column. COD, PO4

3+ 
and NO3

− were measured using the chemical kits LCK014, 
LCK350 and LCK339, respectively (Hach Lange ApS, 
Denmark). NH4

+ was measured by distillation with HCl 
(Vapodest 450 (GER12-0545), LabDanmark, Denmark) 
while Total Kjeldahl Nitrogen (TKN) was measured with 
the Kjeldatherm digestion system (GER12-0729, LabDan-
mark, Denmark). pH was measured using a FiveEasy Plus pH 
meter (Mettler Toledo, Denmark). VFA concentrations were 
measured using Agilent 7890A gas chromatograph (Agilent 
Technologies, USA) equipped with a flame ionization detec-
tor (FID) and SGE capillary column (30 m length, 0.53 mm 
I.D. and film thickness 1.00 µm) with He as carrier gas.

Growth analysis of C. sorokiniana

The percentage of nutrient removal in the algal cultures was 
determined using the following equation:

Algal growth was assessed in terms of optical density 
(OD), dried cell weight (DCW), and the in vivo fluorescence 
(IVF). The growth was measured at the highest wavelength, 
680 nm, achieved by spectrum scanning and suggested in the 
literature (Rude et al. 2022). IVF using an excitation wave-
length at 440 nm and an emission wavelength at 690 nm was 
measured in a Synergy H1M microplate reader (Agilent, 
Denmark). Dissolved oxygen and pH were measured using 
the WTW sensors FDO925 and Sentix 980, respectively, 
connected to a WTW Multi 3480 receiver. Biomass produc-
tivity of microalgae was measured by daily filtering 5 mL 
from the PBR through a pre-weighed 2.5-μm GF/C filter 
(Whatman). Before filtration, the GF/C filters were washed 

(1)%Nutrient removal =
ConcInitial − Concfinal

ConcInitial
× 100

in deionized water and dried at 75 °C for 24 h, and the dry 
weights of the filters were determined. Then, the filters were 
dried in an oven at 105 °C and the biomass productivity was 
obtained by Eq. (2) (Mohamadnia et al. 2022a).

where W0 and Ws are the biomass concentration (g L−1) after 
inoculation and at any specific time during the continuous 
cultivation (ttot = total measurement days), respectively.

Biochemical composition of C. sorokiniana

At the end of cultivation, microalgal cultures were separated 
by centrifugation (10,000 rpm, 5 min, 4 ºC) and then freeze-
dried to obtain algal powder. The powder was then employed 
to analyze the contents of proteins, lipids, and carbohydrates 
in algal cells. Protein was measured according to Naseri et al. 
(2020) using DUMAS nitrogen/protein analyzer a fully auto-
mated rapid MAX-N exceed (Elementar Analysensysteme 
GmbH, Germany). Finally, the protein content was calculated 
by multiplying the nitrogen content by a conversion factor 
of 6.25 (Wágner et al. 2021). Total carbohydrates and total 
lipids were determined according to phenol–sulfuric acid and 
sulpho-phospho-vanillin (SPV) colorimetric methods, respec-
tively (Mohamadnia et al. 2021).

Calculations

The protein concentration in the AA effluent was calculated 
based on the TKN, the ammonium concentration, and the con-
version factor (0.1459 g N g protein−1; Table S2). The TKN 
was assumed to be constant in the AA process.

(2)Biomass productivity
(

mg L−1day−1
)

=

(

Wf −W
0

)

ttot

(3)Cprotein =
CTKN − CNH

4

XN,protein

Fig. 1   Chlorella sorkiniana cul-
tivation in 25-L PBR in a) batch 
and b) continuous modes. The 
supporting structure in (b) is 
used to mound the LED tubing
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The algal yield was calculated based on the TS content 
in the feed and the input flow rate, considering the mass of 
algal biomass produced.

Statistics

All analysis including TS/VS, VFA, pH, and gas composi-
tion were measured in duplicate. Significance was analyzed 
for the parameters in Table 1 as 2-way ANOVA with meso/
thermo as parameter 1 and HRT as parameter 2. The deter-
mined results are effect of parameter 1, parameter 2 and their 
combined effect.

Results

Anaerobic acidification experiments

Protamylasse composition

The overall protamylasse composition including the frac-
tions based on the TS content is shown in Table S3. It con-
tained high VS (250 ± 2 g L−1), N and phosphate concentra-
tions. After dilution, the resulting AA feed contained 40 g 
L−1 VS and 52 g L−1 COD. The nutrients included 3.79 g 
L−1 TKN of which 0.73 g L−1 was ammonia and 0.81 g L−1 
phosphorus of which 0.33 g L−1 was on inorganic form 
(Table 1). The measured organic compounds were 21.0 g 
L−1 protein and 6.3 g L−1 starch contributing to 68% of the 
VS content.

Carbon conversion into VFAs and biogas

The VFA production rate per L reactor volume is shown in 
Fig. 2 while the achieved VFA concentrations are shown 
in Table 1. The VFA average concentrations are based on 
steady state considering day 20–38 and day 83–125 for HRT 
5.0 and day 41–80 for HRT 3.3 including 20 data points 
per HRT value. The total VFA production rate increased 
during the first 10 days (2 HRT) due to adaptation to the 
protamylasse reaching 2.8 g L−1 day−1 (Fig. 2a). Thereafter 
the rate increased slightly to 3.4 g L−1 day−1 after 40 days 
and it was similar at mesophilic and thermophilic conditions. 
After 40 days the HRT decreased from 5.0 to 3.3. days−1, 
which resulted in big oscillations with rates between 3.5 
and 5.5 g L−1 day−1. This shows that the process was less 
stable presumably due to more stressful conditions for the 
microbial community. After 80 days the HRT was changed 

(4)Yalgae =
FAlgae × CTS,Algae

FFeed × CTS
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Fig. 2   The VFA production rates in the mesophilic (M) and the ther-
mophilic (T) reactor vs time (a and b) are shown as mean ± standard 
deviation (n = 3). The volumetric gas production rates are shown in 
(c). The HRT 5 set was for days 0 – 40 and again for days 81 – 125 
while the HRT 3.3 set was for days 41 – 80
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back to 5 g L−1 day−1, which reduced the oscillations with 
rates between 2.9 and 3.2 g L−1 day−1. Based on average 
values in Table 1, the total VFA concentration was highest at 
5 days HRT and mesophilic conditions (18.2 g L−1) presum-
ably due to a longer time for the acidification process. The 
effect of HRT was significant (p > 99.9%) while there was 
no significant effect of temperature as shown with ANOVA 
2-way analysis.

Among the individual VFAs, acetic acid was produced 
at the highest rate of 2 g L−1 day−1 at thermophilic condi-
tions (Fig. 2a). Higher oscillations were achieved at HRT 
of 3.3 days in the range 2 to 2.8 g L−1 day−1. At mesophilic 
conditions, a lower acetic acid production was achieved of 
1.6 g L−1 day−1 using HRT of 5 days. The achieved acidic 
acid concentration was thereby positively affected (1 g L−1 
higher) at thermophilic conditions and at the long retention 
time (1 g L−1 higher) with a maximum for T5.0 at 9.2 g 
L−1 (Table 1). This concentration corresponds to a yield of 
0.23 g per g VS. Both the effects of HRT and temperature 
(M/T) were significant (p > 99.9%).

The propionic acid concentration was highest at meso-
philic condition (4.08 g L−1) with a significant effect of HRT 
and temperature (M/T). The butyric acid concentration was 
significantly higher at HRT of 5 days (4.90 g L−1, Table 1). 
The valeric acid and the hexanoic concentration were in gen-
eral low (0.3 – 0.7 g L−1). The corresponding production 
rates were slightly higher at HRT on 3.3 days (0.08 – 0.25 g 
L−1 day−1) than at 5.0 days (0.04 – 0.21 g L−1 day−1) and 
highest at the mesophilic conditions (Fig. 2b). The general 
result was that the acetic acid fraction of the VFA was high-
est at thermophilic conditions (52 – 54%) presumable due 
to more effective acetogenesis at these conditions (Table 1).

The CH4 production rates are shown in Fig. 2c while 
the yields are shown in Table 1. The CH4 production rates 
are shown in Fig. 2c while the yields are shown as average 
concentrations in Table 1. The average concentrations for 
both CH4 and CO2 are based on steady state considering 
day 15–24 and day 91–107 for HRT 5.0 and day 91–107 
for HRT 3.3 including 25 data points per HRT value. At 
mesophilic conditions, the CH4 yield was 10 mL g−1 VS 
while it was significantly higher (22 mL g−1 VS) at thermo-
philic conditions (at HRT of 3.3 days). The methane yield 
was slightly but not significantly lower at HRT of 5 days. 
The CH4 production rate was fluctuating but highest dur-
ing the initial 15 days followed by a stable level of 250 mL 
L−1 day−1 at thermophilic and 100 mL L−1 day−1 at mes-
ophilic conditions. The CO2 production rate was slightly 
higher at thermophilic conditions (600–900 mL L−1 day−1) 
than at mesophilic conditions. The CO2 yield was thus sig-
nificantly higher at thermophilic (55 mL g−1 VS) than at 
mesophilic conditions (45 mL g−1 VS) while there was no 
effect of HRT. However, the yield-based methanogenesis 

was similar and very low compared to typical AD processes 
conducted at HRT above 15 days.

The COD concentration decreased from 52 g L−1 to 45 
and 48 g L−1 at mesophilic conditions and thermophilic con-
ditions, respectively while the VS decreased from 40 to 34 
and 33 L−1, respectively. The decrease of COD was expected 
due to the production of CH4 and H2 in the AA process. 
The decrease in starch and protein concentration was 5 and 
8 g−1 VS, respectively and partly contributing to the VFA 
production (Table 1).

Nutrient release by acetogenisis

The nutrient concentrations are shown in Table 1. The 
NO3

− concentration decreased from 78 mg N L−1 to 44 and 
51 mg N L−1 during the AA process under mesophilic and 
thermophilic conditions, respectively. At the same condi-
tions the NH4

+ concentration increased from 730 mg N 
L−1 to 2000 and 1920 mg N L−1, respectively, as a result of 
amino acid degradation. ANOVA analysis of IVF showed 
no significant effect of temperature and HRT but there was 
a combined effect (p > 95%). The highest IVF was thus 
achieved with M5.0 and T3.3 (6409–6437). The NH4

+ con-
centration correlated with IVF, confirmed by regression 
analysis (R2 = 0.997). The T5.0 effluent was selected for the 
continued study because it was richest on acetate (9.17 g 
L−1). The effect of both HRT and temperature were signifi-
cant (p > 99.9%) as found with 15 data points at each HRT 
value. Day 20–38 and 94–125 were used for HRT 5.0 while 
day 48–83 were used for HRT 3.3.

The ammonium production had greatly neutralized the 
produced VFAs, thereby preventing pH values to decrease 
to below 6.4 in the AA process (Fig. S1b). The inorganic 
phosphate concentration increased due to its release by deg-
radation of organic compounds such as nucleic acids and 
mostly at 5 days HRT to the range of 500 to 580 mg P L−1.

Microalgal cultivation

Screening in 24 well microtiter plates

The four effluents were compared at a dosage of 10% for 
cultivation of C. sorokiniana and the fluorescence (IVF) 
and OD were shown in Fig. 3a. The graph shows similar 
rates of increase for all four AA effluents during the first 
4 days. Thereafter the IVF stabilized at 6000 and the OD 
at 1.1 – 1.2. ANOVA analysis of IVF showed no signifi-
cant effect of temperature and HRT but there was a com-
bined effect (p > 95%). The highest IVF was thus achieved 
with M5.0 and T3.3 (6409–6437). The NH4

+ concentra-
tion correlated with IVF, confirmed by regression analy-
sis (R2 = 0.997). The T5.0 effluent was selected for the 
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continued study because it was richest on acetate (9.17 g 
L−1). T5.0 effluent was diluted and used for the cultiva-
tion of C. sorokiniana in 24 microtiter plates at 0, 10, 20, 
30, 40 times dilution of the protamylasse for 5 days cor-
responding to dosage of 100, 10, 5, 3.3, and 2.5%, respec-
tively (Fig. 3b). The achieved IVF increased along with 
OD in all the cases is shown in Fig. 3a. Based on this 
preliminary result, screening between the four microalgae 
strains and different dilution dosage of T5.0 effluent was 
accomplished (Fig. S2), which shows that the Chlorella 
spp. performed better than S. obliquus and H. pluvialis. It 
can be seen that C. sorokiniana reached the highest OD 
(1.4 ± 0.11) with no apparent lag phase in less time of 
cultivation (4 days) rather than C. vulgaris (6–7 days). 
Thus, C. sorokiniana was chosen as a representative of 
Chlorella as explained by its robustness in high organic 
content wastewater (Rasouli et al. 2018; Asadi et al. 2019).

Cultivation in 1‑L flasks

The growth of C. sorokiniana in terms of OD and IVF in the 
T5.0 effluent in 1-L flasks is shown in Fig. 4a. During the 
5 day cultivation period, the COD concentration was reduced 
from 4300 mg L−1 to 0 (Fig. 4b). Besides, the microalgae 
consumed phosphate which resulted in gradual decline vs. 
time, from 145 mg L−1 to below 50 mg L−1 after 4 days 
(Fig. 4c). The main N source in the AA effluent was ammo-
nia, which after four days was reduced to 3 mg NH4

+-N L−1, 
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while the NO3
− concentration remained constant until all the 

ammonium was consumed.

Scale up the cultivation to the 25‑L photobioreactor

The IVF and OD in 25 L batch cultivation of C. sorokini-
ana are shown in Fig. 5a and the result thereby confirmed 
a high fluorescence at the 25 L scale as on the 2 mL and 
1 L scales. The nutrient concentrations depicted in Fig. 5b 
indicate that ammonium was initially consumed followed by 
nitrate removal. Furthermore, to be on the safe side of the 
experiment and avoid shocking the microalgae cells with 
high organic loading at the beginning, the batch experiment 
was initiated with the 5% dilution dosage of T5.0 effluent. 
Thus, acetic acid was removed on the first day, followed by 
degradation of the other VFAs (Fig. 5c). Almost all the COD 
was removed at day 3 resulting in a steady increase in IVF 
due to the algal growth (Fig. 5c).

Figure 5d presents OD, dry cell weight (DCW), and 
the IVF of microalgae in the T5.0 effluent in continuous 
flow mode. The biomass concentration of C. sorokiniana 
increased to 1.025 ± 0.16 g L−1 and 1.51 ± 0.028 g L−1 on 
day 5 and day 10, respectively, which corresponded with the 

end day of the first and the second HRT (Fig. 5d). Moreover, 
the biomass production rates were 0.25 and 0.11 g L−1 day−1, 
respectively, throughout the two HRTs applied for the con-
tinuous cultivation. The maximum biomass obtained on day 
8 which corresponded to 1.925 ± 0.07 g L−1 (Table S4). The 
IVF was 5000 during the first 4 days at the T5.0 dosage of 
17.5% and at the 25% dosage it decreased to 3000. How-
ever, the OD continued to increase and reached a plateau 
(Fig. 5d). The 25% dosage corresponds to a feeding of 8.2 g 
L−1 of VS (Table 1). Nutrient concentrations in continuous 
operation are shown in Fig. 5e. The COD and VFA profile 
during the continued cultivation are shown in Fig. 5f. For 
reference, in the initial 4 days, 3000 mg L−1 of COD was 
added followed by 4700 mg L−1 in the subsequent 7 days. 
This resulted in increasing COD concentrations until day 9 
of 2300 mg L−1 followed by a rapid decline to 200 mg L−1 
at day 11. Total VFA removal was achieved until day 6 fol-
lowed by increasing concentration at day 7 – 8 and finally a 
decrease to 0 at day 11 (Fig. 5f).

Finally, C. sorokiniana after 11-days of continuous cul-
tivation was collected and analyzed (Fig. 6). The proteins, 
lipids, and carbohydrates contents were 73.6%, 4.7%, and 
18.8%, respectively.

Fig. 5   Cultivation of Chlo-
rella sorokiniana in the 25 L 
PBR. The plots a) (OD and 
IVF), b) (nutrients), and c) 
(COD and VFA) in the left 
column represent the batch 
experiment using 5% T5.0. 
Similarly, d), e), and f) repre-
sent the continuous experiment 
using 25% T5.0. Data are shown 
as mean ± SD (n = 3). The COD 
load in the continuous experi-
ment was 3110 mg L−1 until day 
4 and thereafter increased up to 
4670 mg L−1
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Discussion

The anaerobic acidification process

The anaerobic acidification (AA) process had the goal 
to decompose the complex polymeric organic molecules 
from waste materials (carbohydrates, lipids, and pro-
teins) to VFAs (Lukitawesa et  al. 2020). In this study 
we used anaerobic processes at low HRT to convert the 
polymeric compounds to VFA. In general, the main con-
tributors for VFA production in anaerobic fermentation 
include diverse hydrolytic and acidogenic bacteria (He 
et al. 2019), which are responsible for complex organic 
degradation and VFA bioconversion. In the anaerobic 
digestion process these VFA are typically converted to 
biogas by microbial conversion conducted by acetogenic 
and methanogenic microbes. However, methanogenesis 
is usually a much slower process, requiring much longer 
HRT (> 15–20 days).

Therefore, it was assumed by keeping the HRT low, the 
slow-growing methanogens are washed out, which led to 
high VFA levels in the effluent. However, it was contradict-
ing that the CH4 production rate in both mesophilic and ther-
mophilic conditions was higher at HRT of 3.3 than at 5 days 
which can be attributed to higher feed flow rate. There was a 
significant difference between thermophilic and mesophilic 
conditions in VS-based methane yield (21.55 and 9.5 mL g−1 
VS, respectively) while similar yields were obtained in dif-
ferent HRTs (Table 1). The yields were thereby much lower 
than the CH4 potential for protamylasse reported by Fang 
et al. (2011) of 492 mL based on 100% conversion of the 
COD content. These VFAs could subsequently be used for 
heterotrophic/mixotrophic cultivation of microalgae. Ammo-
nia and phosphates released by decomposition of organics 
can play an important role during the subsequent algal culti-
vation, ensuring right C/N/P ratios for production of micro-
algal biomass (Procházka et al. 2012). An extra benefit is the 
buffering system in the anaerobic digester achieved from the 
interaction among 3 buffers: VFA (acetic acid with a dissoci-
ation constant, pKa, of 4.8), bicarbonate (CO2/HCO3 − with 
a pKa of 6.4), and ammonia (pKa of 9.25) (Georgacakis et al. 

1982). The produced VFA are thus neutralized due to the 
associated release of ammonia in the process.

Nitrate removal in the AA process was not complete 
(Table 1). It could be expected due to the anaerobic con-
ditions. However, the study by de Sousa et al (2008) con-
firms that complete denitrification was only achieved to 90% 
extend. This indicates that the inoculum was weak on deni-
trifying bacteria.

Microalgal cultivation

Growth and biomass productivity of C. sorokiniana. Algal 
biomass is considered a highly promising biomass due to 
its diverse applications as biofuels, biofertilizers, and use-
ful food ingredients. The growth pattern of C. sorokini-
ana exhibited typical characteristics of microbial growth. 
The growth pattern of C. sorokiniana in both small batch 
cultivations (2 mL and 1 L) exhibited an initial brief adapta-
tion period followed by an exponential phase characterized 
by mixotrophy as witnessed by the removal of COD, and 
finally an autotrophic phase. In contrast, during continuous 
flow operation, organic compounds were supplied during 
the entire cultivation. Hence the mixotrophic condition was 
established throughout the whole experiment.

Chlorella can be produced mixotrophically in a closed 
system with improved contamination control from other 
microbes and optimal culture conditions to increase bio-
mass yield (Ende and Noke 2019). Although the systems 
used in this study were previously sterilized, bacteria 
were observed alongside the microalgae strain. Even in 
these circumstances, C. sorokiniana grew without inter-
ruption for days even while the aerobic microbe count, 
observed by microscopy, decreased. Consequently, it may 
be assumed that in the studied conditions, microalgal 
growth may be able to manage these bacteria. Also, prior 
studies have shown that Chlorella strains were part of a 
consortium competing with other microalgae and exhib-
ited biocidal activity against bacteria (Lois-Milevicich 
et al. 2020). Nevertheless, the high COD, nitrogen, and 
phosphorous content of protamylasse may lead to adverse 
effects such as reduction of DO content in water and 

Fig. 6   Biochemical composi-
tions of the microalgal biomass 
after 11-days continuous culti-
vation of Chlorella sorokiniana 
grew on potato starch wastewa-
ter in a 25-L photobioreactor. 
Each biochemical composi-
tion represents the mean of 3 
replicates 73% 

5% 

19% 
3% 

Proteins (73.63%) Lipids (4.7%) Carbohydrates (18.8%) Others (2.87%)
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result in limited mixotrophy conditions. Indeed, the dark 
brown color of the protamylasse can prevent light pen-
etration resulting in almost heterotrophic condition inside 
the PBR, which means the autotrophic metabolism of 
microalgae has not had enough contribution to supply the 
oxygen needed for mixotrophic growth (Cai et al. 2013). 
Furthermore, the biofilm formation of C. sorokiniana at 
the top of the air diffuser (Fig. S3) limited the oxygen 
availability in the PBR and diminished the growth result-
ing in low dry cell weight at the steady state condition. 
Specifically, in cases where the substrate exhibits a high 
degree of coloration, adequate mixing is crucial in order 
to ensure that the microalgae can receive sufficient light. 
Otherwise, the light will only be available at the surface 
of the substrate (Marcilhac et al. 2014). The coloration of 
a medium can impede the autotrophic growth of microal-
gae by limiting light penetration. To promote light pen-
etration, dilution is required which can reduce nutrient 
content that could hinder microalgae growth. In addition 
to the color of the media, high concentrations of micro-
algae may also reduce light penetration. The achieve-
ment of the current study was in accordance with the 
other study in terms of the superiority of Chlorella over 
Scenedesmus under conditions of limited light availabil-
ity (Marcilhac et al. 2014). Furthetmore, the ammonia 
content of protamylasse after dilution was much higher 
than the inhibitory level (143 mg L−1), which could be a 
source of toxicity for microalgal growth (He et al. 2013). 
This was also verified by Rude et al. (2022) who found 
C. sorokiniana may be preferred for biomass cultivation 
on ammonia-rich ultrafiltered anaerobically digested 
food waste over C. vulgaris and S. obliquus, which both 
demonstrated longer apparent growth periods and lower 
biomass productivity overall. On the other hand, they 
achieved 0.44 ± 0.03  day−1 growth rates for C. soro-
kiniana cultivated in 10 times dilution of ultrafiltered 
anaerobically digested food waste from the thermophilic 
digester in 250 mL flask which might be due to the lower 
amount of ammonia concentrations (lower toxicity) and 
transparent color rather than the current study (0.28 in a 
1-L flask) (Rude et al. 2022).

Hence, optimizing the cultivation condition is a critical 
endeavor for each algal strain to achieve high biomass pro-
ductivity in a short cultivation period.

Nutrients removal  The evaluation of nutrient consumption 
and effluent quality was conducted in both 1 L batch flasks 
and in a 25-L PBR (batch and continuous) cultivation of 
C. sorokiniana. The nutrient removal efficiency of micro-
algae is subject to several significant factors including the 
characteristics of wastewater, the light intensity and cycle of 
light exposure, the C/N/P ratio, the supply of carbon diox-
ide, and the mode of cultivation (Li et al. 2019). Microalgae 

usually prefer ammonium as a nitrogen source because redox 
reaction during assimilation is not required (Ramanna et al. 
2014), thereby lowering the energy consumption. In the pre-
sent study, all nutrients except nitrate were consumed at the 
end of the batch cultivations in both 1-L flasks and 25-L 
PBR. This is in accordance with findings from other studies 
about microalgae preference in presence both nitrate and 
ammonium availability. For instance, Cui et al. (2020) dis-
covered that when C. sorokiniana was cultivated in diluted 
chicken farm flushing wastewater, the highest removal effi-
ciencies of ammonium-nitrogen (NH4

+-N), TN, TP, and 
chemical oxygen demand (COD) were 93.2%, 84.5%, 79.2%, 
and 95.8%, respectively. Removal efficiencies for NH4

+-N, 
TN and TP ranging from 79 to 98% and for COD from 67 to 
86% have similarly been reported during cultivations of C. 
sorokiniana using cockle wastewater and cooking cocoon 
wastewater. (Do et al. 2021; Xue et al. 2021; Yang et al. 
2022). The study by Yang et al. (2022) was conducted using 
lower initial concentrations than protamylasse in the cur-
rent study. Based on batch cultivation results, when upscal-
ing to 25L continuous cultivation the N/P ratio in the feed 
was adjusted, so the microalgae did not suffer from nitrate 
accumulation inside PBR. Thereby, nitrate concentration in 
the effluent was almost constant at 31 ± 1.4 mg L−1. On the 
other hand, the optimized N/P ratio in the feed contributed 
to more protein production as a main bioactive compound 
derived from the C. sorokiniana biomass.

In contrast, the COD and ammonium concentration dur-
ing the continuous cultivation in 25 L PBR increased until 
the middle of the second HRT. The combined effect of high 
dosage of the T5.0 effluent (up to 25%) in the feed and cell 
growth inside the PBR lead to a dark colour and shadow 
effect which nearly resulted in heterotrophic conditions. On 
the other hand, the microalgae in the heterotrophic process 
take up the organic carbon by aerobic respiration (Perez-Gar-
cia et al. 2011; Yahampath Arachchige Don and Babel 2021). 
A drawback of the approach was biofilm formation at the top 
of the air diffuser (was not recognized during the cultiva-
tion) which resulted in a low oxygen availability. Although 
an increase in aeration rate would improve mass transfer, gas 
exchange, liquid agitation, it could cause shear stress to algae 
cells (Mohamadnia et al. 2022b) so the high aeration rate 
was not applied from the beginning of the continuous culti-
vation when the cell density were not high enough. On day 
9, the daily aeration rate was increased up to 0.25 vvm (10 
times greater) which was followed by increasing COD and 
ammonium removal. Afterwards, sudden reduction in both 
NH4

+ and COD was observed which verified heterotrophic 
growth and aerobic respiration responsible for taking up the 
organic compounds by the microalgae. Similar observations 
have been reported in previous studies (Perez-Garcia et al. 
2011; Yahampath Arachchige Don and Babel 2021).
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Biochemical composition of microalgal biomass  Species of 
microalgae, particularly those within the genus Chlorella, 
often contain a variety of active components, including 
proteins, carbohydrates, lipids, and pigments. These com-
pounds have value for a wide range of applications such as 
for feed, food, medical, pharmaceutical or fuel industries. It 
was observed that the chemical composition of C. sorokini-
ana varied in response to alterations in the nutrient profiles 
of wastewater, reactors and cultivation conditions. Gener-
ally, the microalgae cultivated under autotrophic and mixo-
trophic conditions, have higher protein contents than those 
achieved under heterotrophic (Lois-Milevicich et al. 2020). 
The intracellular nitrogen pool is dominated by protein, 
which can be affected by the availability of nitrogen in the 
surrounding medium, as noted by Zhao et al. (2009). Thus, 
in order to enhance the protein content of algae, it is advis-
able to maintain the N/P ratio between 20 and 30, provided 
that the medium contains adequate nitrogen concentrations 
for protein synthesis (Rasdi and Qin 2015; Do et al. 2021). 
The protein content in the current study (74%) is in agree-
ment with the earlier research that reported a high protein 
level could be achievable with a N/P ratio in the range from 
18 to 50 due to promotion of protein synthesis by elevated 
ambient N levels at these N/P ratios (Downing et al. 2005). 
However, it should be noted that high N/P ratios may lead to 
incomplete nitrogen removal, requiring further water treat-
ment prior to discharge to the environment. Xue et al. (2021) 
also reported that when C. sorokiniana grown in a 300 mL 
bubble-column PBR feeding with cooking cocoon waste-
water, the higher portion of the biochemical composition in 
microalgae biomass was proteins (41–49%).

The lipid content of the C. sorokiniana biomass was 
found to be significantly lower (4.7%) than that of standard 
lipid sources, posing a potential hindrance to its use in bio-
diesel production. Commonly, the lipid production enhanced 
in depletion condition which was not faced in the current 
study, as the wastewater enriched with several organic and 
inorganic compounds. It has been mentioned that certain 
inhibitors in wastewater may exist, which could impede cul-
ture performance with respect to growth and lipid storage. 
Nonetheless, this study serves as a proof of concept, and 
optimization of the process or the use of alternative waste-
waters could lead to an increase in the fraction of lipids. 
Although the pigment content (expressed in contribution 
with other components) in biomass was merely 2.9%. These 
pigments are essential for the absorption of specific wave-
lengths throughout photosynthesis, and represent a natural 
green solution, which was increasingly sought by consumers 
due to their knowledge about the negative effects of chemi-
cal-based sources (Nagarajan et al. 2019).

In the point of the energy consideration, it is required to 
heat the potato juice to 80 °C for the protein coagulation 

process with protamylasse as a sidestream. The water is 
evaporated under vacuum and the needed electrical energy 
is supplied with a ventilator. The amount of energy needed 
is 2030 kJ per kg potato juice considering 10 times concen-
tration and the enthalpy of water evaporation (2255 J g−1). 
The amount of energy needed for heating the AA process 
(1 kg diluted protamylasse from 10 to 55 °C) is much lower 
with 188 kJ kg−1 considering thermophilic conditions. This 
was found considering the specific heat capacity of water 
(4.18 J g−1 K−1). If evaporation is avoided by using potato 
juice directly for the AA process and correspondingly less 
dilution for the algal cultivation, 1974 kJ kg−1 potato juice can 
be saved. However, considering the required protein coagula-
tion for protein production and storage problems of potato 
juice it is still most viable to do the evaporation process.

Conclusion

The cultivation approach and conditions employed on 
the microalgae C. sorokiniana were found to be effective 
in terms of nutrient removal from the protamylasse. The 
produced algal biomass with high content of protein (74%) 
generates a prospect for the production of nutritional supple-
ments as well as ingredients for animal feeds. This produc-
tion concept was enabled by pretreatment of the protamyl-
asse by anaerobic acidification aiming at volatile fatty acid 
production, which could be metabolized by the microalgae 
during mixotrophic growth.
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