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To meet the increasing demands of the growing population and to cope with the
challenges of global change, both the production of biological feedstock and the
recovery of recyclable natural resources play a critical role. Microalgal biomass is a
promising source of renewable multifunctional feedstock, but the production is costly
and requires large amounts of water. Here, we explored the potential of using wastewater
as culture medium to lower the economic and environmental costs of microalgae biomass
production and evaluated its valorization opportunities for animal feed production. As a
proof of principle, we show that Chlorella sorokiniana can be cultivated on poultry
wastewater, with a 83 and 113% increase in productivity when wastewater was first
50% diluted with tap water or standard growth medium, respectively. Wastewater
sterilization before use enhanced algal growth with 36–118%, but only when
wastewater was 25–50% diluted with standard medium. In contrast, it offered no
additional benefits when dilutions were made with tap water or when wastewater was
not diluted. At the end of the 22-days experiment, a maximum biomass of 0.8–1.9 g L−1

was reached for algae grown on wastewater. The produced biomass had a high
macronutrient content, and the heavy metal content was below maximum limits for
use in animal feed. Likewise, the tested pathogen groups were reduced until below
safety norms for feed production after algal growth in unsterilized 50% wastewater (diluted
with tap water). Overall, these findings add to our growing knowledge on the cultivation of
microalgae on wastewater and its valorization opportunities, paving the way for a more
sustainable use and reuse of resources.
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INTRODUCTION

Manufacturing processes are depleting the Earth’s resources (Kümmerer et al., 2020), while
increasing amounts of valuable materials are lost as waste that may adversely affect the
environment and human health (Waters et al., 2016; Sinha et al., 2017). Because decreasing
primary resources and increasing waste are key factors that threaten a sustainable society for
future generations (Clark, 2019), it is essential to sustainably provide goods and services across
economic sectors (Geng et al., 2019; Kümmerer et al., 2020). For this, the production of biological
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feedstock and the recovery of recyclable natural resources play a
critical role (El-Chichakli et al., 2016; Clark, 2019). This presents
a shift from our current linear economic model of mine-process-
consume-dispose that is largely dependent on mineral resources
to a more circular model in which the production of
environmentally compatible, recyclable products is a central
feature (Clark, 2019).

While the global demand for resources is projected to double
by 2050 (Schandl et al., 2016) and the economic and
environmental costs of manufacturing materials are increasing
(Kümmerer et al., 2020), several nations are rallying to the cause
by boosting their bioeconomy and opening new revenue streams
from materials that would otherwise be lost as waste (El-
Chichakli et al., 2016). Nevertheless, despite many valuable
initiatives to link supply chains and reuse or recycle materials,
to date still only 6% of materials are recycled and more initiatives
are needed to advance the global circular economy (Haas et al.,
2015; Geng et al., 2019).

In recent years, microalgal biomass has been promoted as a
promising source of renewable feedstock for a range of economic
sectors (Rösch et al., 2019). Microalgae are a diverse group of
single-celled organisms, most of which are photosynthetic,
occurring in a wide variety of habitats (Metting, 1996; Wild
et al., 2019). The diversity of microalgae enables their cultivation
in various technical systems that, in contrast to traditional crops,
are not dependent on arable land and pesticides (Rösch et al.,
2019; Nagarajan et al., 2020). They have an outstanding biomass
productivity and are rich sources of various marketable, high-
value compounds including proteins, lipids and polysaccharides
that can be used as feedstock for diverse economic sectors
(Becker, 2013; Chew et al., 2017; Rösch et al., 2019).

Microalgae farming gains traction globally due to the
anticipated wealth of application opportunities, yet the current
commercialization of algae technology lags far behind
expectations (Rösch et al., 2019; Vigani, 2020). This is largely
due to high operating and environmental costs that hamper the
economic viability and sustainability of the technology (Norsker
et al., 2011; Nagarajan et al., 2020). For instance, the microalgal
cultivation process needs large amounts of water and nutrients,
which adds to the water footprint and the total operating costs
(Acién Fernández et al., 2019; Guldhe et al., 2017; Wang et al.,
2018). This is further exacerbated by natural nutrient reserves
such as phosphorus resources that become increasingly scarce
and expensive (Cordell and White, 2014). In contrast, many
wastewaters are enriched with various macro- and micro-
nutrients that are essential for microalgal growth, including
carbon, nitrogen, phosphorus and various trace minerals
(Alcántara et al., 2015; Guldhe et al., 2017; Wang et al., 2018).
While excess nutrients in wastewater are often lost to the
environment (Larsen et al., 2016; Slompo et al., 2020),
recovering resources from wastewater may reduce the water
footprint and operating costs of algae cultivation (Guldhe
et al., 2017; Nagarajan et al., 2020). This, combined with the
versatility of microalgae to grow under various conditions
(Metting, 1996; Nagarajan et al., 2020), offers an interesting
revenue stream to produce renewable, biological feedstock
from waste.

While this approach has primarily been suggested for the
production of affordable bioenergy feedstock (Bhatia et al., 2020;
Wicker et al., 2021), integrating such applications with food and
feed development may further fuel the economic viability of
microalgal farming (Rösch et al., 2019). Producing algal
feedstock on wastewater for multiple applications firmly
adheres to the principles of circular bio-economy (Rösch et al.,
2019; Bos and Broeze, 2020), but it currently suffers from a
number of technical and legal limitations. Challenges
predominantly pertain to reaching a sufficiently high
biomass productivity without the need for expensive
pretreatment of the wastewater (Guldhe et al., 2017; Clark,
2019), as well as meeting the quality and safety standards for
the food/feed sector (Guldhe et al., 2017; Rösch et al., 2019).
Therefore, implementing this method first requires a better
understanding of which wastewater conditions favor
microalgal biomass production, and how this affects the
quality and safety of the biomass.

To examine this, we first screened the growth potential of
several microalgae species on sterilized and non-sterilized
wastewater dilutions under laboratory conditions to estimate
their tolerance to the wastewater. To this end, wastewater
from poultry farming (i.e., rinsing water from broiler chicken
barns) was used as a cheap yet nutrient-rich substrate. We
focused on sterilization and dilution as common pretreatment
strategies to reduce undesirable microorganisms and to lower
wastewater toxicity, respectively (Guldhe et al., 2017). Dilutions
were either made with standard algae growth medium or with
tap water as a cheaper alternative. Next, we selected the most
promising species and ran a more detailed experiment to
assess how wastewater sterilization and—dilution affect
microalgal growth. Nutrient removal as well as the quality
and safety of the biomass for feed applications was assessed,
including a quantitative analysis of the different
macronutrients, amino acid composition, the accumulation
of heavy metals, and presence of specific pathogens. These
assessments aim to support the development of a circular
economy by shedding light on microalgae cultivation using
wastewater and its valorization opportunities for animal feed
production.

MATERIALS AND METHODS

Microalgal Strains and Stock Culture
Conditions
Acutodesmus obliquus (SAG 276-3d), Chlorella sorokiniana (SAG
211-31), C. vulgaris (SAG 211-12), Desmodesmus armatus (SAG
276-4d),Microchloropsis (Nannochloropsis) gaditana (SAG 2.99),
and Parachlorella kessleri (SAG 12.80) strains were purchased
from SAG (Department Experimental Phycology and Culture
Collection of Algae, University of Goettingen, Germany). Stock
cultures of these strains were initially grown in 250 ml-
erlenmeyers on an orbital shaker at 90 rpm to mix the
cultures, with 70 μmol m−2 s−1 light exposure (cool-white
fluorescent, top-illumination) in a climate-controlled room at
22°C (± 0.17 SD) under a 16/8-h light/dark regime. These cultures
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were then transferred to aerated glass 1 L-bottles for further
growth to provide the desired algae-inoculum for the
experiments. Sterile freshwater medium was used for A.
obliquus, C. sorokiniana, C. vulgaris, D. armatus and P.
kessleri. This medium had the following composition (based
on SAG basal medium version 10.2008): 252 mg/L HNO3,
22 mg/L H3PO4, 248 mg/L KOH, 6.3 mg/L Fe-DTPA, 42 pg/L
CuSO4.5H2O, 2.8 μg/L ZnSO4, 7.2 μg/L MnSO4, 4.3 μg/L
Na2MoO4, 40 μg/L Na2B4O7, 0.2 g/L NaHCO3 and 23 mg/L
MgSO4.7H2O. M. gaditana was cultivated in sterile brackish
medium with the following composition (based on SAG
brackish water medium, version 10.2008): 252 mg/L HNO3,
22 mg/L H3PO4, 248 mg/L KOH, 6.3 mg/L Fe-DTPA, 42 pg/L
CuSO4.5H2O, 2.8 μg/L ZnSO4, 7.2 μg/L MnSO4, 4.3 μg/L
Na2MoO4, 40 μg/L Na2B4O7, 0.2 g/L NaHCO3, 3.15 g/L
MgSO4.7H2O, 11.8 g/L NaCl and 0.315 g/L CaCl2.2H2O.

Preparation of Culture Media
Preparation of Poultry Wastewater
Poultry wastewater is produced from the periodical rinsing of
broiler chicken barns and drinking lines to limit the build-up of
wet manure and to promote animal health. The resulting
wastewater is then collected in a cesspit until it is disposed of.
Prior to experimentation, wastewater samples were taken at three
random moments (04/02/’20, 18/02/’20 and 05/03/’20) to
determine its physicochemical properties (including variation)
following accredited methods: pH: 6.83 ± 0.08 (WAC/III/A/005);
Electrical conductivity: 1839.67 ± 70.04 μS/cm (WAC/III/A/004);
BOD: 793.33 ± 161.97 mgO2/L (WAC/III/D/010); TOC: 246.67 ±
50.33 mg C/L (SM00910 (CN)); Total N: 161.33 ± 12.74 mg/L
(WAC/III/D), NH4

+-N: 108.33 ± 7.64 mg/L (WAC/III/E/022);
Total P: 24.33 ± 0.58 mg/L (WAC/III/B/002); Carbonate CO3 <
6 mg/L (WAC/III/A/006); Bicarbonate HCO3: 689.67 ±
232.19 mg/L (WAC/III/A/006); Mg: 24.33 ± 2.31 mg/L (WAC/
III/B/002); Ca: 101 ± 7.94 mg/L (WAC/III/B/002); K: 146.67 ±
11.59 mg/L (WAC/III/B/002); Na: 44 ± 6.24 mg/L (WAC/III/
B/002); Total hardness as CaCO3: 352.4 ± 29.25 mg/L (WAC/III/
A/009); SO2 < 10 mg/L (SM00087); Cl−: 59 ± 0 mg/L (WAC/III/
C/001); S2−: 3.77 ± 3.35 mg/L (SM00502); SO4

2−: 28.3 ± 46.51 mg/
L (WAC/III/C/00); PO4

3−: 21 ± 4.36 mg/L (WAC/III/C/001);
NO2

− < 0.020 mg/L (WAC/III/C); NO3
− < 0.10 mg/L (WAC/

III/C/001); Fe: 2.37 ± 0.29 mg/L (WAC/III/B/002), and Cu: 0.28 ±
0.10 mg/L (WAC/III/B/002). The abundance of other heavy
metals was measured at the onset of the experiment (following
protocol WAC/III/B/002): Cd: 0.0004 mg/L, Pb: 0.0027 mg/L, Zn:
1.20 mg/L, As: 0.0016 mg/L, Cr: 0.011 mg/L, Ni: 0.012 mg/L, and
Hg: <0.001 mg/L.

Two weeks before the onset of the experiments, poultry
wastewater was obtained from a local poultry farming
research center (Proefbedrijf Pluimveehouderij VZW, Geel,
Belgium). To remove solid particles, the wastewater was
allowed to settle overnight and the supernatant was
collected. This was stored for two weeks in dark conditions
at 22°C until being used as wastewater medium. For sterile
experimental conditions, the wastewater medium was
autoclaved at 121°C (100 kPa) for 15 min and then allowed
to gradually cool one day before use.

Preparation of Experimental Media
Sterile fresh or brackish culture medium (see Microalgal Strains
and Stock Culture Conditions) was used as control medium in the
outlined experiments below (see Pre-Screening the Growth
Potential of Microalgal Strains, Chlorella sorokiniana growth
on poultry wastewater and Analytical Methods). Wastewater
medium dilutions were made by mixing it with the respective
control media to the desired percentage one day before use (see
Pre-Screening the Growth Potential of Microalgal Strains and
Chlorella sorokiniana growth on poultry wastewater).

Pre-Screening the Growth Potential of
Microalgal Strains
A. obliquus, C. sorokiniana, C. vulgaris, D. armatus,M. gaditana,
and P. kessleri were selected for their reported applicability in
microalgal technology (Hamed, 2016; Mobin and Alam, 2017),
and screened for their ability to grow on poultry wastewater.
Following experimental conditions were considered: 100%
poultry wastewater (sterile and non-sterile), 100% fresh- or
brackish medium (sterile), 50% poultry wastewater diluted
with fresh- or brackish medium (sterile), and 50% poultry
wastewater diluted with tap water (sterile, Supplementary
Table S1) (Figure 1). Each experimental condition was
duplicated.

At the onset of the screening experiment, inoculum
(OD720∼2.5) was added to the respective culture media till a
starting concentration of OD720 � 0.1. Cultures were grown for
12–18 days in 250 ml-erlenmeyers under the same conditions as
the inoculum cultures (see Microalgal Strains and Stock Culture
Conditions). Culture growth was monitored 2–3 times per week
(on Monday, Wednesday and Friday between 10.00 and 12.00
am, i.e., 2–4 h after turning on the lights) by optical density
measurements (specifications in Determination of Microalgal
Growth).

Chlorella sorokiniana Growth on Poultry
Wastewater
Based on the pre-screening experiment, we selected one
promising strain for further in-depth experimentation.
Although also other strains were tolerant to wastewater
culturing (see Pre-Screening the Growth Potential of Microalgal
Strains), C. sorokiniana reached the highest optical density in
wastewater conditions at the end of the growing period compared
to the other strains. Moreover, C. sorokiniana is easy to cultivate
and is widely used for diverse feedstock production, and was
therefore selected as an attractive species for cultivation on
wastewater (Ievina and Romagnoli, 2020; Slompo et al., 2020).

C. sorokiniana was cultured in either of the following nine
conditions (Figure 2): 100, 75 and 50% wastewater, both
sterilized as well as non-sterilized. Dilutions were made with
freshwater medium, which was also included as a control
condition (sterile). In addition, the 50% wastewater conditions
were replicated with tap water as dilution medium (sterile and
non-sterile). Each experimental condition was replicated
three times.
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Similar to the screening experiment, inoculum (OD720∼2.5)
was added to the respective culture media till a starting
concentration of OD720 � 0.1 at the onset of the experiment.
Cultures were grown for 22 days in aerated glass 1 L-bottles (to
mix the cultures) under the same conditions as the inoculum
cultures (see Microalgal Strains and Stock Culture Conditions).
Culture growth was monitored 3 times per week (every Monday,
Wednesday and Friday between 10.00 and 12.00am, i.e., 2–4 h
after turning on the lights) by optical density (starting from day
0), cell count (starting from day 2) and dry weight measurements
(starting from day 5) (specifications in Determination of
Microalgal Growth). On these moments, also pH of the
cultures was measured. Moreover, nutrient concentration and
abundance of major pathogen groups (specifications in Pathogen

Removal) in the different cultures was assessed at the beginning
and end of the experiment.

To ensure sufficient culture volume for quantitative analysis of
macronutrient content and potential accumulation of heavy
metals in C. sorokiniana biomass, an additional batch was
cultured in aerated glass 2 L-bottles for a total of ∼20 L,
following the protocols as described above (see Microalgal
Strains and Stock Culture Conditions, Preparation of Culture
Media and Chlorella sorokiniana growth on poultry
wastewater). For these analyses, algae were grown on 50%
non-sterilized wastewater diluted with tap water as a
promising condition that supports C. sorokiniana growth (see
Results). After 29 days of growth, samples were collected for
analysis of heavy metal accumulation in the biomass, as well as for

FIGURE 1 | Experimental setup to screen the microalgal growth potential on poultry wastewater dilutions. Microalgae were cultured on 100% (sterile and non-
sterile) or 50% poultry wastewater (sterile), diluted either with freshwater (A. obliquus, C. sorokiniana, C. vulgaris, D. armatus, P. kessleri) or brackish water (M. gaditana)
medium, or with tap water (all strains). 100% fresh/brackish medium (sterile) was included as control. All conditions were duplicated.

FIGURE 2 | Experimental setup to assess C. sorokiniana growth on non-/sterilized wastewater dilutions. Algae were cultured on 100, 75, 50 and 0% (control)
wastewater. Dilutions were made with freshwater medium, or with tap water (for the 50%wastewater treatment). All wastewater conditions were either sterilized or non-
sterilized. Each experimental condition was replicated three times.
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Weende- and amino acid analysis to determine the nutritional
content of the biomass (specifications in Heavy Metal
Accumulation and Macronutrient Content of the Microalgal
Biomass).

Analytical Methods
Determination of Microalgal Growth
Three complementary techniques were used to monitor
microalgal growth, following standard methods (Rice et al.,
2017). 1) Optical density (OD) measurements were done at a
wavelength of 720 nm on a spectrophotometer (Genesys 10S UV-
VIS, Thermo Fisher ScientificTM) using the respective media
without microalgae as blank. 2) Cell counts were done using a
microscope (DM50, Leica) and a Bürker counting chamber. 3)
Samples (5 ml/sample) to assess dry weight were filtered on glass
microfiber membranes (0.45 µm, washed in deionized water),
dried at 70°C for 24 h and transferred to a desiccator before
weighing.

Determination of Water Chemistry
pH of the cultures was measured using a pH meter (Edge meter,
Hanna Instruments). Microalgal nutrient usage was evaluated as
the difference in NaHCO3, NH4

+-N, NO3
−, and PO4

3−-
concentration in the medium at the start compared to the end
of the experiment. Per sampling event and per culture, 50 ml
samples were taken and stored at 4°C. Prior to nutrient analysis,
samples were centrifuged for 10 min at 1,550 g at 20°C (centrifuge
Sorvall lynx 4000, Thermo Fisher Scientific).

Nitrate and phosphate content was determined by ionic
chromatography (Metrohm Eco IC using a Metrosep A Supp
17–250/4.0 column) and a 6 mM Na2CO3 buffer. Samples were
pretreated by filtrating through 0.45 and 0.20 µm disposable PET-
filters (NBN EN ISO 10304-1).

Ammoniacal nitrogen content was determined by steam
distillation (Vapodest 200, Gerhardt). To this end, each sample
was diluted in a phosphate-buffer. Ammonia was expulsed from
this weak alkaline solution by distillation (4 min, 100% steam
power). Subsequently, ammonia was collected in a 2% boric acid
solution and volumetrically determined by titration with 0.01 N
HCl [CMA/2/I/E.3 (ISO 5664:1984)].

A titrimetric method (according to ISO 9963-1:1994) was used
to determine the (bi)carbonate content. HCO3

−/CO3
2− was

titrated with a 0.01 N HCl solution by an automatic titrator
(DL50, Mettler Toledo).

Pathogen Removal
Abundance of major pathogen groups in the different culture
media was determined at the onset (i.e., before algal inoculation)
and the end of the experiment (i.e., after 3 weeks of algae growth).
To this end, samples were collected per culture, and tested for
abundance of Escherichia coli (WAC/V/A/002), Enterococcus sp.
(WAC/V/A/003), Salmonella sp. (WAC/V/A/004),
Campylobacter sp. (Microval MV2008LR12),
Enterobacteriaceae (AFNOR BRD 7/24-11/13), coagulase-
positive staphylococci (SM00457), sulfite-reducing anaerobes
(ISO 6461-2) and Fungi (SM00318) using accredited methods
for determining the number of colony forming units (CFU).

These pathogen groups were selected based on the
microbiological safety norms for feed production as
determined by the EU directive 183/2005/EC. Microbiological
analyses were done by LOVAP NV (Geel, Belgium).

HeavyMetal Accumulation andMacronutrient Content
of the Microalgal Biomass
C. sorokiniana was grown for 29 days in 50% unsterilized
wastewater medium diluted with tap water to provide ̴ 20 L of
sample culture for analysis of heavy metal accumulation in the
biomass and macronutrient content. Samples were centrifuged at
1,550 g for 10 min to separate the biomass (∼120 g algae paste)
from the liquid extract, and analyzed for abundance of Fe, Cu, Cd,
Pb, Zn, As, Cr, Ni and Hg using ICP-MS (protocol SM01571 for
Hg, SM00448 for others). Weende analysis was used to determine
the macronutrient content, specifically moisture content (ISO
1442), inorganic substance (mineral fraction, ISO 936), crude
protein level (N-containing substance × 6.25 following ISO 1871,
including amino acid content using protocol SM00305 (CS)), raw
fat content (ISO 1443), crude fiber content (SM00121), starch
content (Ewers method SM00120) and abundance of total
carbohydrates (SM00093, calculated). All analyses were done
by LOVAP NV (Geel, Belgium) following accredited methods.

Statistical Analysis
All statistical analyses were performed in R version 4.0.2 (R
Development Core Team, 2008) at a 0.05 significance level.
Model assumptions were verified graphically for all analyses.

All measures of C. sorokiniana growth (OD720, cell count, dry
weight measurement) were analyzed using mixed modelling with
Gaussian error distribution (lme4 package; Bates et al., 2017). To
assess average differences in biomass density over time, condition
(referring to all experimental conditions, as in Figure 2) and time
(referring to the repeated measures over time) were added as fixed
factors. Culture identity was added as a random effect to account
for between- and within-culture variation over time. To more
directly assess the impact of wastewater dilution
and—sterilization on C. sorokiniana growth, a second mixed
model was used (for all OD, cell count and dry weight measures)
with dilution-treatment (100, 75, 50%) and sterilization-
treatment (sterilized, non-sterilized) as fixed factors, including
their full interaction. Time and culture identity were added as an
additional fixed factor and random effect, respectively.
Significance of the fixed effects in the mixed models was tested
with Type III Wald chi-square tests. Post-hoc differences were
assessed by means of Tukey-corrected pairwise comparisons
(lsmeans package; Lenth and Love, 2017).

RESULTS

Pre-Screening the Growth Potential of
Microalgal Strains
In contrast to M. gaditana, both C. sorokiniana and C. vulgaris
showed reasonable tolerance and ability to grow on poultry
wastewater dilutions. For instance, no growth was observed for
M. gaditana in any wastewater condition, while C. sorokiniana
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FIGURE 3 | Growth curves (based on optical density) of microalgal strains on poultry wastewater dilutions. Culture growth was monitored for 12–18 days through
optical density (720 nm) measurements for (A) A. obliquus, (B)C. sorokiniana, (C)C. vulgaris, (D) D. armatus, (E)M. gaditana and (F) P. kessleri. The results are given as
the average of two values, and whiskers delineate the standard deviation.
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FIGURE 4 | Growth curves of C. sorokiniana on non-/sterilized wastewater dilutions. Algae growth was monitored for all sterile conditions through (A1) optical
density (720 nm) measurements (starting from day 0), (B1) cell counts (starting from day 2) and (C1) dry weight measurements (starting from day 5) throughout the 22-
days growing period. Likewise, algae growth in non-sterilized medium was monitored by assessing (A2) optical density, (B2) cell count and (C2) dry weight. The results
are given as the average of three values, and whiskers delineate the standard deviation.
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and C. vulgaris reached OD720 � 2.55 (±0.51 SD) and OD720 �
1.68 (±0.06 SD) after 11 days of growth on 50% diluted
wastewater (diluted with control medium), respectively
(Figure 3). A. obliquus, D. armatus and P. kessleri performed
intermediately on diluted wastewater, with a maximum density at
the end of the screening of OD720 � 1.18 (±0.10 SD), OD720 � 1.02
(±0.05 SD) and OD720 � 1.05 (±0.06 SD), respectively (Figure 3).
Based on the results of this screening, C. sorokiniana was selected
for a more-detailed follow-up experiment.

Chlorella sorokiniana Growth on
Non-/Sterilized Wastewater Dilutions
Overall mean biomass production of C. sorokiniana was 47.841
(±55.403 SD) mg L−1 day−1, with a mean biomass of 1.271
(±0.515 SD) g L−1 at the end of the experiment. Still, biomass
productivity differed between conditions, as confirmed by
monitoring of optical density (720 nm: χ2 � 81.532; p <
0.001), cell count (χ2 � 166.090; p < 0.001) and dry weight (χ2

� 51.630; p < 0.001) (Figures 4A–C). A maximum biomass of
1.853 (± 0.371 SD) g L−1 was reached by the end of the
experiment for C. sorokiniana grown in sterile 50%
wastewater diluted with control medium (averaged over three
values) (Figure 4C1).

Based on average optical density (720 nm) difference over
time, medium sterilization supported an overall 29% increase in
microalgal growth. Likewise, wastewater dilution overall
facilitated microalgal growth, with a productivity increase of
113 and 83% when wastewater was diluted for 50% with
freshwater medium and tap water, respectively (averaged
over sterile and non-sterile conditions). Still, the effect of
medium sterilization and wastewater dilution on average
biomass density were dependent on each other (Table 1).
More specifically, wastewater sterilization enhanced algal
growth with 36–118%, but only when wastewater was
25–50% diluted with standard medium (Figure 5). In
contrast, sterilization had no (additional) beneficial effects if
wastewater was either not diluted or diluted with 50% tap
water (Figure 5). These effects of medium sterilization and
wastewater dilution, including their interactive effects, were
corroborated by the results for cell count and dry weight
(Table 1).

pH of the Growth Media, and Nutrient- and
Pathogen Removal
Apart from sterilized wastewater dilutions, pH of all growth
media showed an upward trend over time starting from pH �
7.62 (±0.17 SD) and increasing to pH � 9.30 (±0.36 SD) by the
end of the experiment (Figure 6). The initial pH of sterilized
wastewater dilutions was higher than that of other conditions
(mean 9.54 ± SD 0.08) and remained relatively constant over time
(Figure 6).

Average concentrations of NaHCO3 at the onset of the
experiment for sterile conditions (mean 0.519 ± SD 0.156 g
L−1) increased with 41% throughout the experiment to 0.732
(±0.210 SD) g L−1. In contrast, average NaHCO3 concentrations
in non-sterilized wastewater dilutions decreased with 44%
from 1.193 (±0.320 SD) g L−1 to 0.667 (±0.134 SD) g L−1

(Table 2).
A 100% removal was attained for NH4

+-N for all conditions.
Similarly, and although there was notable variation in starting
concentration between the different conditions (Table 2), NO3

−

decreased in all conditions with 47–100%.
Starting PO4

3− concentrations (mean 5.447 ± SD 2.032 mg L−1)
in sterilized wastewater dilutions were low and increased with an
average of 81% by the end of the experiment (mean 9.847 ± SD
3.255 g L−1). In contrast, the PO4

3− starting concentrations of
control medium and non-sterilized wastewater dilutions (mean

TABLE 1 | Model output to assess average differences in biomass density over time. (Treatment: 100, 75 or 50% wastewater; Sterile: sterilized or non-sterilized; Time:
repeated measures over time; see Statistical Analysis).

Optical density (720 nm) Cell count Dry weight

Effect χ2 p-value χ2 p-value χ2 p-value

Treatment 33.788 <0.001 56.818 <0.001 13.878 0.003
Sterile 7.760 0.005 20.031 <0.001 3.792 0.051
Time 1,195.696 <0.001 907.954 <0.001 833.054 <0.001
Treatment*Sterile 13.794 0.003 25.348 <0.001 8.306 0.040

p-values < 0.05 are shown in bold and underlined.

FIGURE 5 | Average optical density (720 nm) of C. sorokiniana cultures
in relation to wastewater dilution and medium sterilization. Whiskers delineate
the upper and lower 95% confidence limit. Non-/significant differences are
based on Tukey-corrected post-hoc tests and are indicated with n.s or
an asterisk (*), respectively.
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33.394 ± SD 6.503 g L−1) were higher and decreased with an
average of 50% (mean 16.817 ± 7.157 g L−1) (Table 2).

The abundance of major pathogen groups in 100% wastewater
was either increased (Enterococcus sp., sulfite-reducing
anaerobes, coagulase-positive staphylococci and Campylobacter

sp.) or decreased (E. coli, Enterobacteriaceae, and Fungi) by the
end of the experiment (Table 3). In contrast, when wastewater
was diluted, the tested pathogens (except for coagulase-positive
staphylocolli and Campylobacter sp.) were diminished at the end
of the experiment (Table 3).

FIGURE 6 | Average change in pH of the different growthmedia over time. (A1) sterile conditions, (A2) non-sterile conditions. The results are given as the average of
three values, and whiskers delineate the standard deviation.

TABLE 2 |Nutrient concentrations in the different growth media at the beginning and end of the experiment. Mean concentration, standard deviation (SD, n � 3) and average
percentual change (%) between start- and end-concentration is given for NaHCO3 (g L−1), NH4

+-N (mg L−1), NO3
− (g L−1) and PO4

3− (mg L−1).

NaHCO3 NH4
+-N NO3

− PO4
3−

Mean SD % Mean SD % Mean SD % Mean SD %

Sterile conditions
0% wastewater Start 0.300 0 0.333 0.578 303.543 23.061 29.117 2.566

End 0.627 0.064 +109% 0 0 −100% 159.630 30.105 −47% 12.417 1.135 −57%
50% wastewater + control Start 0.537 0.040 38.333 2.08 182.350 7.397 4.777 0.232

End 0.827 0.273 +54% 0 0 −100% 0.097 0.040 −99.9% 11.637 1.664 +144%
50% wastewater + tap water Start 0.440 0.043 40 1 5.717 4.897 5.780 0.640

End 0.537 0.110 +22% 0 0 −100% 0.073 0.075 −99% 7.780 2.880 +35%
75% wastewater + control Start 0.573 0.093 58.667 4.933 79.750 4.060 8.217 0.385

End 0.747 0.240 +30% 0 0 −100% 0.123 0.092 −99.8% 7.273 1.521 +11%
100% wastewater Start 0.747 0.042 84.667 2.309 0.747 0.491 3.013 0.931

End 0.923 0.138 +24% 0 0 −100% 0.140 0.020 −81% 12.700 3.394 +322%
Non-sterile conditions
50% wastewater + control Start 0.967 0.011 65.333 1.527 74.593 16.939 33.347 4.928

End 0.76 0.128 −24% 0 0 −100% 0 0 −100% 11.983 2.043 −64%
50% wastewater + tap water Start 0.857 0.015 67 0 0.300 0.408 29.140 3.147

End 0.523 0.035 −39% 0 0 −100% 0.063 0.110 −79% 26.917 6.505 −8%
75% wastewater + control Start 1.313 0.021 105 0 14.757 2.842 36.083 6.789

End 0.607 0.086 −54% 0 0 −100% 7.230 12.523 −51% 20.580 2.292 −43%
100% wastewater Start 1.636 0.029 139.667 2.517 0.597 0.362 39.283 9.573

End 0.777 0.080 −52% 0 0 −100% 0.023 0.040 −96% 12.187 3.500 −69%
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Heavy Metal and Macronutrient Content of
the Microalgal Biomass
The abundance of heavy metals in algae paste (∼80% moisture),
as well as its amino acid and macronutrient content is given in
Table 4.

DISCUSSION

Using wastewater as cultivation medium for microalgae may
lower the economic and environmental costs of producing
multifunctional feedstock but, ideally, a high biomass
productivity and quality/safety is attained without the need for
expensive pretreatment of wastewater. To explore the viability of
this approach, it is important to have a better understanding of
which wastewater conditions favor microalgal growth and how
these affect the quality and safety of the produced biomass. We
examined the growth of C. sorokiniana on poultry wastewater
and found that dilution and sterilization of the wastewater
enhances microalgal biomass production. Still, wastewater

sterilization may not be strictly necessary because 1) it offered
no additional benefits for microalgal growth when wastewater
was diluted for 50%with tap water, and 2) major pathogen groups
were reduced until below safety norms for feed production after
algal growth in 50% diluted, unsterilized wastewater. These
dilutions can be made without the strict need of additional
nutrient supplementation. Moreover, the high quality (high
macronutrient content) and safety (no deleterious
accumulation of heavy metals) of the produced biomass opens
the opportunity for multifunctional use of microalgal feedstock.

Technical Challenges of Microalgae
Cultivation in Wastewater
Wastewater often needs pretreatment before it can be used
successfully as algal growth medium, which determines to a
large extent the feasibility of cultivating microalgae in
wastewater on full scale (Alcántara et al., 2015; Guldhe et al.,
2017). Such pretreatment depends on the source and strength of
wastewater and on the system that is used to cultivate microalgae

TABLE 3 | Abundance of major pathogen groups per experimental condition (non-sterilized wastewater dilutions 50–100%) at the onset and end of the experiment. Values
are expressed as CFU per 100 ml.

Onset End

100% 100% 75% 50% (medium) 50% (tap water)

Escherichia coli >1,000 <100 <100 <100 <100
Enterococcus sp. 460 2,000 300 <100 <100
Salmonella sp. 0a 0 0 0 0
Enterobacteriaceae >1,000 400 300 500 <100
Sulfite-reducing anaerobes >1,000 31,000 <100 500 <100
Fungi >1,000 2 <1 3 4
Coagulase-positive staphylococi <1 <100 <100 <100 <100
Campylobacter sp. <1 <100 <100 <100 <100
aCFU per 1 L

TABLE 4 | Heavy metal (mg kg−1), amino acid (mg kg−1) and macronutrient content (g 100 g−1) of C. sorokiniana paste (∼80% moisture), cultivated on 50% poultry
wastewater diluted with tap water. Macronutrient content in algae paste was extrapolated to relative abundance in dry mass (assuming a 5% moisture level).

Algae paste Algae
Macronutrients Algae paste

Heavy metals Amino acids
Dry mass

Fe 173 Threonine + Arginine 5,160 Moisture 79.8 ∼5
Cu 21 Aspartic acid 4,150 Inorganic substance 2.23 ∼9
Cd 0.037 Glutamic acid 4,380 Total protein 4.90 ∼20
Pb 0.33 Serine 1,750 Starch 4 ∼16
Zn 101 Histidine 795 Crude fiber 0.49 ∼2
As 0.12 Glycine 3,260 Total fat 4.2 ∼17
Cr 0.62 Alanine 3,640 Total carbohydrates 8.8 ∼35
Ni 0.39 Gamma-Aminobutyric acid 256
Hg 0.011 Tyrosine 1,040

Valine 2,640
Methionine 1,230
Isoleucine 2,460

Phenylalanine 3,680
Leucine 3,790
Ornithine 117
Lysine 2,500
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(Guldhe et al., 2017). Especially when using high strength
wastewaters (i.e., large quantities of suspended solids) such as
poultry wastewater under phototrophic conditions, high turbidity
due to suspended solids may limit algal growth as it affects light
scatter and penetration, and, consequently, reduces light
availability (Ansari et al., 2017). Moreover, excess nutrient
loading may inhibit microalgal growth rates (Markou, 2015).
For instance, poultry litter typically has a high content of
nitrogenous compounds and may lead to accumulation of
ammonia in poultry wastewater to levels that are generally
toxic to microalgae (Nahm, 2003; Peccia et al., 2013; Markou,
2015). Still, the detected levels in the current study were well
below lethal concentrations for Chlorella sp. This microalgae
genus is relatively resistant to high ammonium nitrogen levels,
with reported EC50-values (concentration at which
photosynthetic efficiency is reduced to 50% of its maximum
rate) of 0.4–1.6 g L−1 (Wang et al., 2019). Nevertheless, coping
successfully with high turbidity and nutrient toxicity of
wastewaters often requires dilution (in combination with
filtration to remove solids) prior to use as growth medium.
Indeed, 50% dilution of wastewater with either control
medium or tap water roughly doubled biomass productivity
compared to when pure wastewater was used, which may be
due to lower compound toxicity (e.g., ammonia toxicity) as well
as due to lower turbidity and higher light availability to support
algal growth. Similar results were reported for microalgae grown
on other types of wastewater. For instance, C. sorokiniana could
not grow on frigon wastewater (from silk industry) because of
high salinity and turbidity, but high biomass production was
reached when the wastewater was diluted (Deng et al., 2019).
Likewise, biomass yield of C. vulgaris grown in diluted poultry
litter leachate was higher compared to control cultures in
standard medium, and peaked at the highest tested dilution
factor (25x) (Markou et al., 2016).

Even though algal growth rates were dependent on the dilution
rate, the observed growth curves also suggest that cultures may
not have reached the full carrying capacity. Hence, we cannot
exclude that, after an initial lag-phase, high algae biomass density
may also be achieved in pure wastewater. Future studies should
assess how this delay may affect the balance of economic viability
and environmental sustainability of microalgae cultivation in
wastewater. For instance, even though high productivity rates
are imperative to keep operating costs down, this initial delay
could still compensate for potential disadvantages of wastewater
dilution. These mainly pertain to the increased water footprint
compared to the use of pure wastewater (Guldhe et al., 2017), as
well as to an over-dilution of essential nutrients such as P and K -
which may lead to nutrient limitation (Markou, 2015). The latter
can be overcome by supplementing additional chemical
nutrients, but this comes at an extra cost to microalgal
cultivation (Guldhe et al., 2017). Dilution therefore needs to
be optimized depending on the used microalgae strain, the
cultivation system and the chemical composition of the
wastewater, and should be tailored to local conditions. To this
end, blending of wastewaters with different nutrient content offers
interesting perspectives to meet the nutrient requirements while
lowering the water footprint (Park et al., 2015).

Besides dilution, the most common pretreatments of
wastewater are microfiltration and autoclaving to limit the
growth of undesired organisms (Guldhe et al., 2017). Indeed,
microbial load may negatively affect microalgal growth, and
reduction or elimination of microorganisms from wastewater
before use is often advised (Cho et al., 2011; Lian et al., 2018).
Although autoclaving is generally the most efficient method to
reduce the microbial load in wastewater, it may also change the
water chemistry and potentially result in a less suitable growth
medium for microalgae. For instance, as also suggested by the
results of the current study, autoclaving may imbalance the
bicarbonate buffer system and lead to an increased pH, as well
as reduce the loading of nutrients that are essential for
microalgal growth (Sriram and Seenivasan, 2012). These
results are corroborated by earlier studies, showing a pH
increase and a reduction of ammonia (−45%) and phosphate
(−7%) content after autoclaving (Ramsundar et al., 2017).
Moreover, autoclaving is time- and energy-demanding and is
therefore not suitable for use at commercial scale (Guldhe et al.,
2017). While studies increasingly explore cost-effective
alternatives such as membrane filtration (Cho et al., 2011),
ozonation (Gan et al., 2014), ultraviolet treatment and
chlorination (Qin et al., 2014), the current study suggests that it
may not always be strictly necessary to sterilize wastewater. Upon
50% dilution with tap water, wastewater sterilization offered no
major additional benefit for algal growth, suggesting that the
microbial load did not negatively affect the growth of C.
sorokiniana under these conditions. Given that bacteria and
microalgae may compete for nutrients (Grover, 2000), a
reduced competition for resources upon dilution of the
microbial load likely underlies this result. An earlier study
showed that bacteria and protozoa in effluent water from a
municipal wastewater treatment plant inhibits the growth of
Chlorella sp. (Cho et al., 2011). Likewise, microalgal growth rate
was inhibited by various bacterial strains inDunaliella cultures (Le
Chevanton et al., 2013). Despite these findings, it should be noted
that species-specific symbiotic relationships between microalgae
and bacteria could occur that promote, rather than inhibit, the
growth of microalgae (Higgins and VanderGheynst, 2014;
Ramanan et al., 2016). For instance, studies report beneficial
effects of Bacillus, Flavobacterium and Rhizobium species on C.
vulgaris (Lian et al., 2018). If the need to sterilize wastewater before
use could be omitted altogether, then this would further increase
the cost-effectiveness of the process. Still, in contrast to when tap
water is used as dilution medium, the results also show that
sterilization positively affects algal growth when wastewater is
diluted with control medium, suggesting that the need to
combine multiple pretreatment steps should be evaluated on a
case-by-case basis. In this context, it should be noted that also other
microalgae species—such as A. obliquus, C. vulgaris and D.
armatus—were relatively tolerant to 50% poultry wastewater
dilution and may shift the balance of which pretreatment steps
are strictly necessary. To shed further light on the necessity of
pretreatment, in-depth studies are needed that map the microbial
diversity and abundance under different wastewater conditions
throughout the cultivation of microalgae. Relating such data to pH
and nutrient levels will improve our understanding of how
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competing or predatory microorganisms interact with microalgae
and affect algal biomass production.

Wastewater-Derived Algal Biomass as
Feedstock for Animal Feed
Because of its high nutrient content, poultry sludge is traditionally
applied to cropland as organic fertilizer (Patrinou et al., 2020).
However, improper management can lead to accumulation of
pollutants (e.g., heavy metals) in the environment, and nutrients
may wash out and leach into adjacent aquatic systems (Asadi
et al., 2019). The resulting eutrophication threatens the integrity
of ecosystems, among others through instigating harmful algal
blooms that impede ecosystem-functioning and services (Bhatia
et al., 2020; Mohsenpour et al., 2021). To reduce the quantity of
organic material and nutrients that are discharged into the
environment, wastewater can first be treated through various
physical and chemical methods (Bhatia et al., 2020; Mohsenpour
et al., 2021). Still, classic water treatment is energy-intensive,
consuming up to 2–4% of national electric power, and has a high
environmental footprint (Bhatia et al., 2020; Zawartka et al.,
2020). In recent years, bioremediation by microalgae emerged
as an alternative to remove pollutants and nutrients from
wastewater. In the current study, ammonium, nitrate and
phosphate concentrations in unsterilized and undiluted
wastewater were reduced by 100, 96 and 69%, respectively,
after 22 days of C. sorokiniana growth. Previous studies on C.
sorokiniana show similar results, with nutrient removal
efficiencies of 74–84% after 10 days of growth in municipal
wastewater (Eladel et al., 2019), and 92–97% removal after
24 days of growth in 50% diluted swine wastewater (Chen
et al., 2020). In addition, this approach adds value to the
water treatment process by the production of commercially
valuable microalgal feedstock. This biomass production was
associated with a concomitant increase in pH as a typical
indicator of dissolved carbon uptake during photosynthesis
(Chi et al., 2011; Hulatt and Thomas, 2011). Changes in pH
are additionally governed by a range of intricately connected
mechanisms that influence water chemistry. These include the
release of photosynthetically fixed carbon from cells during
respiration or decomposition, the rate of which may be
exacerbated when algae experience stress such as nutrient
depletion (Hulatt and Thomas, 2011). Also nutrient uptake
may lead to changes in pH, with assimilation of nitrate and
ammonium typically increasing or decreasing pH, respectively
(Goldman and Brewer, 1980; Hulatt and Thomas, 2011). In part,
such changes are mediated by the bicarbonate buffer system (Cole
and Prairie, 2009).

Despite the mounting interest in this system, so far relatively
little studies were conducted using poultry sludge (Markou, 2015;
Patrinou et al., 2020). Moreover, produced biomass on
wastewater is generally considered as feedstock for biofuel
production only (Caporgno et al., 2015; Salama et al., 2017).
To realize the full potential of wastewater-cultivated microalgae,
it is crucial to combine and integrate green technologies (Clark,
2019). From this perspective, it is desirable to integrate biofuel
production with other revenue streams including food and feed

production (Rösch et al., 2019). However, this is currently
difficult because not only should the quality and safety
standards for the food/feed sector be met, but also consumer
acceptance and current regulations are major bottlenecks. For
instance, the different animal feed regulations of the EU (1831/
2003, 767/2009 annex III and 178/2002) currently exclude the use
of nutrients from manure or wastewaters from the production of
animal feed additives, even after thorough treatment. While
strong safety requirements are needed to prevent any risk of
contamination in the animal feed chain, research is needed to
evaluate whether or not a blanket exclusion of resource
recycling from waste for food and feed applications is
appropriate. The current study shows that the tested
pathogen groups were reduced until below safety norms for
feed production (EU directive 183/2005/EC) after 22 days of C.
sorokiniana growth on 50% diluted wastewater (diluted with
tap water). A similar reduction in pathogen abundance was
shown for C. sorokiniana cultures on anaerobically treated
black water, with a removal efficiency of 69% for total
coliforms and 100% for E. coli (Slompo et al., 2020). In
undiluted poultry wastewater, pathogen-dependent increases
or decreases were observed by the end of the cultivation period.
While our understanding of the interactions between
pathogens and microalgae is still very limited, underlying
mechanisms could include differences in nutrient
competitiveness, different sensitivities to dissolved oxygen
and pH changes, and the potential production of
antibacterial metabolites (Slompo et al., 2020).

Besides pathogens, also heavy metal content of the biomass
should be below safety norms. Microalgae have an abundance of
extracellular binding sites and a large surface area that facilitates
the adsorption and subsequent accumulation of heavy metals
(Pradhan et al., 2019; Leong and Chang, 2020). This, combined
with several detoxification mechanisms and a relatively high
tolerance to heavy metal stress, makes microalgae useful to
remediate toxic heavy metals from the environment (Leong
and Chang, 2020). Still, the detected heavy metal content in
concentrated biomass (algae paste) was belowmaximum limits as
determined by the EU directive 2002/32/EC on undesirable
substances in animal feed. It should be noted that heavy metal
content of the biomass in the current study was measured in algae
paste (∼80% moisture content) rather than in dry biomass.
Ideally, future studies should also assess the abundance of
heavy metals in dry microalgae biomass, as animal feed
supplements are likely to be manufactured from dry biomass
rather than from algae paste. Besides a high binding affinity for
heavy metals, microalgae can also have reactive groups to bind
other types of pollutants which might interfere with
downstream processing (Leong and Chang, 2020). Therefore,
the abundance of other undesirable substances such as organic
contaminants (e.g., dioxin, mycotoxins) and pesticides should
also be assessed.

Next to biomass safety, also biomass content determines
the applicability of wastewater-derived microalgal biomass
in feed production. While commercially available Chlorella
species (not cultivated on wastewater) typically consist
of 52% protein, 7.5% lipid, and 24.3% carbohydrate per
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dry matter (Stiles et al., 2018), the produced biomass in the
current study had a lower protein content (∼20%) and a higher
lipid (∼17%) and carbohydrate (∼35%) content. Because
alternative feed sources, such as microalgal biomass, should
have a high protein level (Becker, 2013; Stiles et al., 2018),
future research should assess to what extent the nutritional
composition of wastewater-derived microalgal biomass can be
manipulated (e.g., harvesting at a different moment of the growth
cycle, nutrient supplementation, light exposure, different
microalgae species). Moreover, how this affects other
nutritional characteristics, including a balanced amino acid
profile, high digestibility and palatability, should be
documented in order to further explore the potential of
wastewater-derived microalgal biomass for feed production.
Lastly, it is worth noting that besides its potential use as
feedstock for biofuel and food/feed, microalgae biomass
produced on wastewater may also have applications in other
sectors (e.g., agriculture, cosmetics, dyes, biopolymers) to
further fuel the viability of this technology (Slompo et al.,
2020; Lutzu et al., 2021). Overall, the results of the current
study add to our growing knowledge on the valorization
opportunities of microalgal biomass cultivated on wastewater,
and pave the way for a more sustainable use and reuse of
resources.
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