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Abstract: One of the most important factors determining the profitability of microalgae biomass
production is the use of inexpensive and available source of nutrients. The aim of the study was
to determine the possibility of using anaerobic digestion effluents (ADE) from the fermentation
of distillery stillage, maize silage and bovine slurry as a nutrient in the production of microalgae
Chlorella vulgaris biomass. The highest biomass production of 2319 mg TS/dm3 was obtained
during the cultivation of microalgae in the medium consisting of the effluents originating from
the fermentation with a high share of bovine slurry. Significantly lower Chlorella vulgaris biomass
growth was noted during cultivation in the medium composed of effluents obtained after dewatering
of anaerobic sludge from the methane fermentation reactor fed with distillery stillage. In these
series, an increase of the initial concentration of N-NH4 in the medium to a level of 160 mg/dm3

significantly reduced microalgae growth. The high efficiency of P-PO4 removal from 87–100% was
noted. The study proved that anaerobic digestion effluents might be used as a nutrient source for
efficient biomass production of Chlorella vulgaris after optimization of ammonium nitrogen dose.

Keywords: microalgae biomass; post-fermentation effluent; distillery stillage; nutrient removal;
Chlorella vulgaris

1. Introduction

The development and implementation of efficient and renewable energy technologies on a large
scale is becoming a challenge for scientists, as well as a priority for operators and administrators of
energy systems. This goal might be partly achieved by stimulating the development of unconventional
energy systems, which are based on the use of biomass with different characteristics and origins [1,2].
However, Fargione et al. [3] and Searchinger et al. [4] noted that irrational management of the resources
of energy crops could lead to a negative balance of the amount of greenhouse gases introduced into
the atmosphere. It is also suggested that intensive use of agricultural land for the production of plants
for biofuels’ production might negatively affect the global supply of food and result in a significant
increase of its prices [5]. Therefore, searching for alternative sources of biomass for energy purposes
is justified from an economic and environmental point of view. Taking into account the very high
photosynthetic efficiency, the fast rate of biomass growth, the resistance to various types of pollution
and the possibility of managing areas that cannot be used for other purposes, a preferred type of
biomass might be microalgae [6–9].
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One of the most important factors determining the profitability of algae biomass production is the
use of inexpensive and available source of nutrients. So far, many studies have been focused on the
possibility of using wastewater with a high concentration of nitrogen and phosphorus compounds [10–13].
The dynamic development of bioenergy systems based on methane fermentation in many cases causes
difficulties with the management of post-digestion sludge. After dehydration, the solid phase is used
as a fertilizer or dried and used in combustion. The liquid phase is difficult to neutralize due to its
considerable volume and high concentration of pollutions. The anaerobic wastewater treatment systems
are efficient in the biodegradation of organic compounds; however, the biogenic compounds remain
in wastewater after purification. This fact excludes the possibility of their direct discharge into the
environment [10,14].

Considering the characteristics of anaerobic digestion effluent (ADE) and the nutrient needs
of microalgae, it seems that this kind of substrate might be a source of biogenic substances and
microelements. Therefore, utilization of ADE as a medium for microalgae might be a solution for
intensive biomass growth with simultaneous neutralization of pollutants. During photosynthesis,
microalgae produce 1.50–1.92 kg O2/kg of biomass, while the oxidation rate achieved during the
degradation of organic compounds is in the range of 0.48–1.85 kg O2/(m3·d) [15,16]. A high
concentration of CO2 in ADE intensifies the growth rate of microalgae, which affects the efficiency of
pollution degradation. In systems based on the use of salt water, utilization of wastewater or leachates
balances the molecular ratio of carbon, nitrogen and phosphorus (C:N:P = 106:16:1), the Redfield
ratio. The composition of ADE might be different, depending on the substrates used for methane
fermentation. The substrates used for methane fermentation are hydrolyzed to various degrees,
which might determine nutrients’ availability for biomass growth. Additionally, different types of
ADE might contain some microalgae growth inhibitors.

The aim of the research was to determine the effect of using anaerobic digestion effluent from
reactors fed with maize silage, bovine slurry and distillery stillage on the production of microalgae
Chlorella vulgaris biomass.

2. Results and Discussion

The effective use of ADE in the intensive production of microalgae biomass depends on factors
that can be divided into three groups, namely: properties of the tested species of microalgae,
physico-chemical characteristics of the used ADE and the type of photobioreactor and the technological
parameters of the process [17].

Species of microalgae that can be cultivated on the medium consisting of ADE must be
characterized by high resistance to changing of environmental conditions and a high concentration
of pollutants [18]. Nannochloropsis salina has been tested in the previous studies, due to the very high
biomass production and high content of fatty substances in the biomass [19,20]. In other experiments,
the effectiveness of a Scenedesmus sp. biomass production was determined [21].

In the study, the microalgae Chlorella vulgaris was tested, due to the eurobiontic character of
this species and very high resistance to harmful substances present in the environment. Recently,
Chlorella vulgaris has been considered as a perspective species that can be cultivated in medium with
ADE addition [10,14,22]. Chlorella sp. can be used in a biodegradation of hardly biodegradable or
toxic pollutants [13,23]. Moreover, Chlorella sp. is resistant to heavy metals; therefore, it was used in
industrial wastewater treatment [24]. The literature presents research on the use of Chlorella sp. for the
biodegradation of such wastewater as leachate from landfills [25], wastewater from the wood and
paper industry [26,27], textile industry [28], phenolic industry [29,30] or the production of ethanol
and citric acid [31]. Additionally, Chlorella sp. is used for the treatment of wastewater containing
organic compounds, e.g., effluents from fermentation chambers [32]. The microalgae can accumulate
heavy metals, i.e., copper, nickel and lead, thus Chlorella sp. is used to remove these metals from
wastewater [33,34].



Energies 2018, 11, 1654 3 of 11

2.1. Chlorella vulgaris Biomass Production

Due to the composition of ADE from installations operated on a technical scale being able to
change within a wide range, which depends on the organic substrate used, difficulties in determining
their amount that should be introduced into photobioreactors might occur [17]. The factor that can
determine the dose and degree of dilution of ADE introduced into the algae biomass production
systems is the concentration of N-NH4. In the study, the initial concentrations of N-NH4 ranged
from 40–160 mg/dm3. The initial concentration of N-NH4 used was due to the high concentrations of
ammonium nitrogen in the culture medium inhibiting microalgae culture production [21]. According to
literature data, the content of N-NH4 in raw effluents is usually too high to be tolerated by microalgae,
and therefore, dilution is necessary [35]. In the study, the effluents were diluted using deionized water.

In the case of a N-NH4 concentration of 40 mg/dm3, the highest productivity of Chlorella vulgaris
was obtained in the series III and IV. In these series, at the end of the experiments, the concentration
of biomass was 788 mg TS/dm3 and 793 mg TS/dm3, respectively (Figure 1). In the series I and
II, the concentration of biomass in the photobioreactors was 660 mg TS/dm3 and 696 mg TS/dm3,
respectively. Increasing the dose of ADE to a level that increased the initial N-NH4 concentration to
80 mg/dm3 improved the production efficiency of Chlorella vulgaris biomass. The use of fermentation
effluents in the series III as a cultivation medium resulted in the biomass concentration of 1301 mg
TS/dm3. In the series IV, the biomass concentration in the photobioreactor was 1261 mg TS/dm3.
Significantly lower (p < 0.05) productivity was noted in the series I and II. The concentrations of
biomass in the culture medium were 1019 mg TS/dm3 and 899 mg TS/dm3 in the series I and II,
respectively (Figure 1). The increased concentration of ammonium nitrogen in the medium to 120 mg
N-NH4/dm3 significantly (p < 0.05) increased the Chlorella vulgaris biomass concentration. In this
variant, the highest, statistically comparable (p < 0.05) biomass concentrations in the photobioreactors
of about 2100 mg TS/dm3 were observed in the series III and IV. In this variant, the lowest biomass
concentration in the photobioreactor of 1570 mg TS/dm3 was noted in the series I (Figure 1). Increasing
the dose of ADE to the level of ammonium nitrogen in the photobioreactor of 160 mg N-NH4/dm3

resulted in a significant (p < 0.05) reduction of the biomass production to about 1300 mg TS/dm3

in the series I and II. However, in the case of the series III and IV, an increased concentration of
ammonium nitrogen of 160 mg N-NH4/dm3 positively influenced the growth of Chlorella vulgaris
biomass. The highest biomass concentration of 2382 mg TS/dm3 was noted in the series IV (Figure 1).

Figure 1. The biomass concentration of Chlorella vulgaris depending on the variants and series of
the experiments.
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The obtained results suggest that the highest doses of ADE limited the growth of Chlorella vulgaris
biomass. This phenomenon could be related to too high a concentration of organic compounds
introduced into the culture medium or a limitation of the light penetration and thus reduced
photosynthesis due to the turbidity of the tested effluents. Moreover, lower biomass production
in the series I and II might be a result of different ADE origination. In the series I, the substrate of
distillery stillage was probably not completely hydrolyzed, hence the nutrients were not available
for the algae’s growth. Similarly, in the series II, effluent originating from fermentation of substrates
with a high content of distillery stillage hampers algae growth. The results showed that effluent from
the fermentation of maize silage and bovine slurry promoted high biomass production due to readily
available nutrients.

The limitation of Chlorella vulgaris biomass growth in the medium with 160 mg N-NH4/dm3

(the variant IV) could also be associated with too high of a concentration of free ammonia in the
culture medium. Wang et al. [10] cultivated Chlorella sp. in medium with effluent from a reactor
with fermentation of bovine manure. The authors noted that the efficiency of biomass production,
lipid content in microalgae cells and efficiency of pollutant removal were correlated with the dilution
level of the fermentation effluents. In other studies, it was proven that the factor influencing the
rate of biomass production of microalgae from the genus Scenedesmus was the initial concentration
of N-NH4 in the culture medium prepared on the basis of effluents from the wastewater treatment
plant [21]. The range of ammonium nitrogen concentration was from 50 mg N-NH4/dm3–260 mg
N-NH4/dm3. The highest biomass concentration was 2600 mg TS/dm3. Another reason for the limited
biomass growth could be the limitation of light access resulting from the turbidity and the color of
ADE. The introduction of high doses of ADE into the photobioreactors had a direct impact on the
limitation of the light transmittance of the environment. Detailed biomass production results from
three replicates are additionally presented in Table S1.

2.2. Efficiency of Nitrogen Ammonium Removal

In the variant I (initial concentration of nitrogen ammonium 40 mg N-NH4/dm3), more than
95% efficiency of ammonium nitrogen removal in the medium was noted. The lowest concentration
of N-NH4 in the medium at the end of the experiment (0.11 mg/dm3) was observed in the series
IV. A significantly higher concentration of N-NH4 was noted in the post-production medium in the
series I, 1.29 mg/dm3, and the series II, 0.77 mg/dm3 (Figure 2). Similarly, high efficiency ammonium
nitrogen utilization for biomass growth was observed in the variant II (initial concentration of nitrogen
ammonium of 80 mg N-NH4/dm3). In the series III, the concentration of N-NH4 in the medium
at the end of the cultivation was the lowest (1.11 mg N-NH4/dm3). The highest concentrations of
ammonium nitrogen in the medium of 4.89 mg N-NH4/dm3 and 4.26 mg N-NH4/dm3 were observed
in the series I and II, respectively. In the variant III (initial ammonium nitrogen concentration of
120 mg N-NH4/dm3), the concentration of N-NH4 in the medium at the end of the cultivation ranged
from 33.12 mg N-NH4/dm3 in the series II to 6.98 mg N-NH4/dm3 in the series IV. The highest
concentrations of ammonium nitrogen in the medium after 10 days of the cultivation were noted in
the variant IV (initial concentration of ammonium nitrogen of 160 mg N-NH4/dm3).

Figure 2. Cont.
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Figure 2. The changes of concentration of ammonium nitrogen in the cultivation medium depending
on the variants and series of experiments.

The concentration of N-NH4 in the medium might influence the concentration of free ammonia,
which has a negative effect on the microalgae biomass production. Uggetti et al. [21] observed that
the increase of ammonia concentration from 2 to 9 mg NH3/dm3 in the medium decreased the rate
of biomass production by 18%. The increase of ammonia concentration from 9 to 34 mg NH3/dm3

reduced the microalgae growth rate by 77%. Cho et al. [36] also proved the inhibitory effect of ammonia
content on microalgae growth. High concentrations of free ammonia in many cases eliminate the
possibility of use of ADE as a cultivation medium for microalgae. However, control of the concentration
of N-NH4 by dilution of the substrate enables efficient biomass growth. It should be noted that also
other compounds in ADE could limit the growth of microalgae, including calcium, magnesium,
potassium and sodium; however, their concentrations are usually below the inhibition threshold [37].

2.3. Efficiency of the Orthophosphates’ Utilization

Depending on the variant of the experiments, the concentration of orthophosphates in the medium
ranged from about 3.0 mg P-PO4/dm3 in the variant I to nearly 12.0 mg P-PO4/dm3 in the variant
III (Figure 3). Irrespective of the series, very efficient use of orthophosphates by growing biomass of
microalgae Chlorella sp. was observed. In the series I of variant I, on the seventh day of cultivation in
the medium, no mineral phosphorus compounds were noted. In the other series, the concentration
of orthophosphates was also close to zero. Increasing the doses of ADE introduced into the medium
influenced the orthophosphates’ utilization. The orthophosphates were observed until the end of the
experiment. The concentrations of P-PO4 in the medium at the end of the experiments were very low.
This indicates that orthophosphates are a limiting factor and might reduce the growth rate of algae
biomass. Thus, probably, supplementation of ADE with phosphorus compounds would be necessary.

Figure 3. Cont.
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Figure 3. The changes of P-PO4 concentration in the medium during cultivation of Chlorella vulgaris in
the variants and series of experiments.

2.4. Utilization of ADE for Microalgae Cultivation

In the study, a significant (p < 0.05) decrease in concentrations of biogenic compounds (N-NH4,
P-PO4) in the medium after cultivation of Chlorella vulgaris was observed. The highest technological
effects were observed in the series III and series IV, in which the effluents originated from the
fermentation of the substrates with a high share of bovine slurry (from 40%–80%); while medium
composed of the effluents originating from the fermentation of the substrates with a high share
of distillery stillage lowered the biomass production and nutrients’ removal. The literature
data present different systems using microalgae in wastewater treatment. Sawayama et al. [38]
used microalgae Botryococcus braunii for removal of Ntot and Ptot from effluent obtained from a
reactor with activated sludge. Yun et al. [39] used microalgae Chlorella vulgaris in the removal of
ammonia from wastewater that was obtained in a steel mill. The ammonia assimilation rate was
at the level of 0.022 g NH3/(dm3·d). Microalgae Chlorella pyrenoidosa was cultivated in medium
consisting of post-fermentation effluent and efficiently removed nutrients and organic compounds [40].
The concentration of microalgae biomass in the reactor was at the level of 1.25 g TS/dm3. The authors
obtained an efficiency of nitrogen removal of 78.76%, phosphorus removal of 94.78%, COD removal of
98.34% between six and eight days of cultivation. Martinez et al. [41] observed significant reduction
of nitrogen and phosphorus compounds’ concentration by Scenedesmus obliquus during municipal
wastewater treatment in open reactors. The authors obtained the efficiency of phosphorus compound
removal at a level of 98% and the total elimination of ammonium nitrogen from treated wastewater.
Gomez Villa et al. [42] cultivated Scenedesmus obliquus on the fractional-technical scale in a medium
composed of synthetic wastewater. The removal of nitrogen compounds was 53% in the summer and
21% in the winter. The phosphorus removal was observed only during the day and was reduced
during the night. The efficiency of phosphorus removal was 73% in the summer and 45% in the winter.
Hodaifa et al. [43] used Scenedesmus obliquus for treatment of industrial wastewater obtained during
olive oil extraction. The authors noted a reduced BOD concentration of 67.4%. In order to improve
the efficiency of the removal of organic compounds from industrial wastewater, Mùnoz et al. [44]
used a technological solution in which the microalgae Chlorella vulgaris was immobilized as a biofilm
on the elements of a photobioreactor. Depending on the experimental variant, the efficiency of
organic compounds’ removal was higher in the range from 19%–40%, in comparison to a typical
photobioreactor with suspended microalgae biomass.

3. Materials and Methods

3.1. Experimental Setup

The efficiency of production of Chlorella vulgaris biomass on a medium with the addition of
ADE was investigated in closed, vertical photobioreactors at the laboratory scale. Due to the type of
substrate used, a series of experiment was distinguished: series I, effluent obtained after dewatering of
anaerobic sludge from the methane fermentation reactor fed with distillery stillage (DS) and maize
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silage (MS) (in a ratio of 70% VS:30% VS); series II, effluent obtained after dewatering of anaerobic
sludge from the methane fermentation reactor fed with DS, MS and bovine slurry (BS) (in a ratio of
67% VS:23% VS:10% VS); series III, effluent obtained after dewatering of anaerobic sludge from the
methane fermentation reactor fed with DS, MS and BS (in a ratio of 45% VS:15% VS:40% VS); series IV,
effluent obtained after dewatering of anaerobic sludge from the methane fermentation reactor fed with
DS, MS and BS (in a ratio of 15% VS:5% VS:80% VS). Additionally, the efficiency of biomass production
depending on the concentration of ammonium nitrogen in the substrate in each series was tested.
The variants of the experiments were obtained by dilution of the substrate and obtaining the following
initial concentrations of ammonium nitrogen of 40, 80, 120 and 180 mg N-NH4/dm3.

3.2. Materials

Microalgae Chlorella vulgaris was obtained from culture collection UTEX 2714 (University of Texas
at Austin). Anaerobic digestion effluent was obtained from the laboratory reactors with an active
volume of 4 dm3 (total volume of 5 dm3) with an anaerobic sludge concentration of 5 g TS/dm3.
The reactors were operated at a temperature of 37 ◦C. The organic loading rate in the reactors was
3 kg VS/(m3·d). The ADE before cultivation was centrifuged with a rotational speed of 5000 rpm
for 10 minutes and then sterilized at 90 ◦C for 30 min (Tuttnauer 2840 EL–D, Tuttnauer Europe B.V.,
Breda, The Netherlands). The aim of this pretreatment was to remove suspended solids, obtain
supernatant-containing substances in the dissolved phase and disinfect the medium, which protected
the purity of microalgae cultures. The characteristics of the ADE used in the experiments are presented
in Table 1.

Table 1. Values of the basic indicators of the anaerobic digestion effluents (ADE) used in
the experiments.

Indicator Unit Series I Series II Series III Series IV

COD mg O2/dm3 7800 ± 520 7150 ± 670 6420 ± 390 5200 ± 530
BOD mg O2/dm3 3400 ± 390 3100 ± 450 2840 ± 370 2770 ± 470
Ntot mg N/dm3 1400 ± 230 1420 ± 170 1290 ± 140 1130 ± 270

N-NH4 mg N-NH4/dm3 1150 ± 210 1010 ± 140 970 ± 130 910 ± 160
Ptot mg P/dm3 74 ± 16 68 ± 17 59 ± 21 61 ± 13

P-PO4 mg P-PO4/dm3 49 ± 10 52 ± 11 48 ± 13 43 ± 10
pH - 6.8 ± 0.3 7.1 ± 0.2 7.0 ± 0.2 7.2 ± 0.3

In all variants of the experiment, in order to ensure the initial concentration of N-NH4 and a
similar initial concentration of algae biomass, to the photobioreactors was introduced 1540 cm3 of
the culture of microalgae from self-cultivation with a concentration of 401 ± 42 mg TS/dm3 and
supplemented to the level of 2500 cm3 with tested substrates and deionized water. The volume of
substrates and deionized water in subsequent variants of the experiment is presented in Table 2.
The initial Chlorella vulgaris biomass concentration was about 250 mg TS/dm3. The characteristics of
the culture medium at the beginning of the experiment are shown in Table 3.

Table 2. The volume of ADE and deionized water introduced to the photobioreactors.

Variant
Concentration of

N-NH4
(mg N-NH4/dm3)

Series I Series II Series III Series IV

ADE
(cm3)

Water
(cm3)

ADE
(cm3)

Water
(cm3)

ADE
(cm3)

Water
(cm3)

ADE
(cm3)

Water
(cm3)

1 40 87 873 100 860 103 857 130 830
2 80 174 786 200 760 206 754 260 700
3 120 261 699 300 660 309 651 390 570
4 160 348 612 400 560 412 548 520 440
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Table 3. The initial concentrations of indicators in the medium depending on variant and series of
the experiment.

Concentration of N-NH4
(mg N-NH4/dm3) Indicator Unit Series I Series II Series III Series IV

40

COD mg O2/dm3 272.4 ± 11.1 287.0 ± 12.5 265.5 ± 9.9 229.7 ± 19.8
BOD mg O2/dm3 119.3 ± 8.9 125.0 ± 7.5 117.9 ± 6.7 122.8 ± 7.7
Ntot mg N/dm3 49.7 ± 7.8 57.8 ± 5.6 54.1 ± 4.4 50.7 ± 5.2

N-NH4 mg N-NH4/dm3 41.0 ± 2.3 41.4 ± 3.1 40.9 ± 1.9 41.0 ± 3.8
Ptot mg P/dm3 3.5 ± 1.5 3.7 ± 1.6 3.3 ± 1.4 3.6 ± 1.3

P-PO4 mg P-PO4/dm3 2.7 ± 0.9 3.0 ± 1.1 2,9 ± 1.2 2.8 ± 1.1
pH - 7.2 ± 0.2 7.2 ± 0.2 7.1 ± 0.2 7.0 ± 0.1

80

COD mg O2/dm3 544.8 ± 23.1 573.9 ± 21.1 530.9 ± 19.2 459.5 ± 29.2
BOD mg O2/dm3 238.6 ± 10.9 249.9 ± 13.1 235.9 ± 9.9 245.7 ± 10.0
Ntot mg N/dm3 99.4 ± 8.9 115.5 ± 6.6 108.2 ± 7.8 101.4 ± 6.6

N-NH4 mg N-NH4/dm3 82.0 ± 1.9 82.7 ± 0.9 81.8 ± 0.5 82.0 ± 0.6
Ptot mg P/dm3 7.1 ± 1.1 7.4 ± 0.8 6.6 ± 0.9 7.3 ± 1.2

P-PO4 mg P-PO4/dm3 5.3 ± 0.6 6.1 ± 0.9 5.7 ± 0.7 5.7 ± 0.8
pH - 7.2 ± 0.2 7.3 ± 0.2 7.2 ± 0.2 7.2 ± 0.3

120

COD mg O2/dm3 817.2 ± 33.9 860.9 ± 34.6 796.4 ± 28.9 689.3 ± 24.5
BOD mg O2/dm3 357.9 ± 12.3 374.9 ± 13.9 353.9 ± 15.5 368.5 ± 14.7
Ntot mg N/dm3 149.1 ± 18.9 173.3 ± 9.7 162.3 ± 21.1 152.0 ± 17.9

N-NH4 mg N-NH4/dm3 123.0 ± 2.1 124.1 ± 2.8 122.7 ± 3.0 123.0 ± 2.2
Ptot mg P/dm3 10.6 ± 1.7 11.0 ± 2.0 9.9 ± 0.9 10.9 ± 1.2

P-PO4 mg P-PO4/dm3 8.0 ± 0.7 9.1 ± 1.0 8.6 ± 0.5 8.5 ± 0.8
pH - 7.0 ± 0.1 7.0 ± 0.2 7.3 ± 0.3 7.1 ± 0.3

160

COD mg O2/dm3 1089.6 ± 156.7 1147.8 ± 99.1 961.8 ± 109.1 919.0 ± 181.1
BOD mg O2/dm3 477.1 ± 39.8 499.8 ± 28.5 471.9 ± 41.1 491.3 ± 35.6
Ntot mg N/dm3 198.7 ± 18.9 231.0 ± 26.7 216.4 ± 15.8 202.7 ± 19.9

N-NH4 mg N-NH4/dm3 163.9 ± 2.1 165.4 ± 3.0 163.7 ± 2.8 164.0 ± 1.9
Ptot mg P/dm3 14.2 ± 1.2 14.7 ± 1.5 13.3 ± 1.5 14.6 ± 1.1

P-PO4 mg P-PO4/dm3 10.7 ± 2.5 12.2 ± 2.3 11.5 ± 2.1 11.4 ± 2.0
pH - 7.3 ± 0.1 7.2 ± 0.1 7.0 ± 0.1 7.2 ± 0.2

3.3. Experimental Stand

Cultivation of microalgae was performed in photobioreactors of an active volume of 2.5 dm3

(Figure 4), diameter of 7.6 cm and height of 55 cm. Carbon dioxide was introduced to the cultures by
air aeration with an intensity of 250 dm3/h. The cultures were illuminated at 700 lux by cool-white
light. The temperature of the culture was 22 ± 2 ◦C.

Figure 4. Scheme of the photobioreactor.
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3.4. Analytical Procedures

Analyses of the microalgae biomass concentration and nitrogen ammonium concentration in
the medium were done once a day. The volume of the collected samples was 50 cm3, and the
medium was refilled with deionized water to a volume 2500 cm3. The samples were centrifuged in
laboratory centrifuge MPW-251 (MPW Med. Instruments, Warsaw, Poland) with a rotational speed
of 5000 rpm for 10 min. Then, in the retentate, the concentration of total solids using a gravimetric
method and in the supernatant the concentration of ammonium nitrogen N-NH4 using a cuvette
tests and the spectrophotometer DR 5000 (Hach-Lange, London, ON, Canada) were determined.
In the effluent and in the culture medium, at the beginning and end of the experiments, the BOD
was determined using an Oxi-Top control system (WTW, Germany) and the COD, P-PO4, Ptot (total
phosphorus) and Ntot (total nitrogen) were determined using the spectrophotometer DR 5000 with
the mineralizer HT 200s (Hach-Lange). The pH was measured using the pH meter 1000L (VWR
International, Radnor, PA, USA). The light intensity was measured with the Luxmeter HI 97500 (Hanna
Instruments, Woonsocket, RI, USA). Online detection of chlorophyll concentration, algae classes
and photosynthetic activity was done with BBE AlgaeOnLine Analyser (Moldaenke, Schwentinental,
Germany).

3.5. Statistical Analysis

Each variant of the experiment was carried out in triplicate. The statistical analysis of the obtained
results was done using the STATISTICA 10.0 PL package (StatSoft, TX, USA). The verification of
the hypothesis concerning the distribution of each tested variable was determined on the basis of
the W Shapiro–Wilk test. In order to determine the significance of differences between variables, a
one-way analysis of variance (ANOVA) was carried out. After testing for homogeneity of variance
with Levene’s test, the significance of differences between variants was tested with Tukey’s HSD test.
Differences were considered significant at p < 0.05.

4. Conclusions

The study proved that anaerobic digestion effluent might be used as a nutrient source for efficient
biomass production of Chlorella vulgaris. The cultivated microalgae biomass efficiently utilized N-NH4

and P-PO4 from the medium. It was found that the high content of the effluent obtained after
dewatering of anaerobic sludge from the methane fermentation reactor fed with distillery stillage
(series I and series II) decreased the growth rate of microalgae biomass. The effect could be related to
too high of a concentration of organic compounds in the medium or limited light penetration by the
turbidity of the medium and, thus, reduced photosynthesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/7/1654/
s1: Table S1: Changes in Chlorella vulgaris biomass concentration in cultivation medium depending on the variant
and series of the experiment.
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Funding: The study was carried out in the framework of the project under the program BIOSTRATEG funded by
the National Centre for Research and Development “Processing of waste biomass in the associated biological and
chemical processes”, BIOSTRATEG2/296369/5/NCBR/2016.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Goyal, H.B.; Seal, D.; Saxena, R.C. Bio-fuels from thermochemical conversion of renewable resources:
A review. Renew. Sustain. Energy Rev. 2008, 12, 504–517. [CrossRef]

http://www.mdpi.com/1996-1073/11/7/1654/s1
http://www.mdpi.com/1996-1073/11/7/1654/s1
http://dx.doi.org/10.1016/j.rser.2006.07.014


Energies 2018, 11, 1654 10 of 11

2. Börjesson, P.; Berglund, M. Environmental systems analysis of biogas systems—Part I: Fuel-cycle emissions.
Biomass Bioenergy 2006, 30, 469–485. [CrossRef]

3. Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land clearing and the biofuel carbon debt. Science
2008, 319, 1235–1238. [CrossRef] [PubMed]

4. Searchinger, T.; Heimlich, R.; Houghton, R.; Dong, F.; Elobeid, A.; Fabiosa, J.; Tokgoz, S.; Hayes, D.; Yu, T. Use
of US croplands for biofuels increases greenhouse gases through emissions from land-use change. Science
2008, 319, 1238–1240. [CrossRef] [PubMed]

5. Johansson, D.; Azar, C. A Scenario based analysis of land competition between food and bioenergy
production in the US. Clim. Chang. 2007, 82, 267–291. [CrossRef]

6. Mandal, S.; Mallick, N. Microalga Scenedesmus obliquus as a potential source for biodiesel production.
Appl. Microbiol. Biotechnol. 2009, 84, 281–291. [CrossRef] [PubMed]

7. Lardon, L.; Hélias, A.; Sialve, B.; Steyer, J.; Bernard, O. Life-cycle assessment of biodiesel production from
microalgae. Environ. Sci. Technol. 2009, 43, 6475–6481. [CrossRef] [PubMed]

8. Shen, Y.; Yuan, W.; Pei, Z.; Wu, Q.; Mao, E. Microalgae mass production methods. Trans. ASABE 2009,
52, 1275–1287. [CrossRef]

9. Smith, V.; Sturm, B.; deNoyelles, F.; Billings, S. The ecology of algal biodiesel production. Trends Ecol. Evol.
2010, 25, 301–309. [CrossRef] [PubMed]

10. Wang, L.; Min, M.; Li, Y.; Chen, P.; Chen, Y.; Liu, Y.; Wang, Y. Cultivation of green algae Chlorella sp.
in different wastewaters from municipal wastewater treatment plant. Appl. Biochem. Biotechnol. 2010,
162, 1174–1186. [CrossRef] [PubMed]

11. Li, Y.; Horsman, M.; Wu, N.; Lan, C.; Dubois-Calero, N. Biofuels from microalgae. Biotechnol. Prog. 2008,
24, 815–820. [CrossRef] [PubMed]

12. Van Harmelen, T.; Oonk, H. Microalgae biofixation processes: Applications and potential contributions to
greenhouse gas mitigation options. In International Network on Biofixation of CO2 and Greenhouse Gas Abatement
with Microalgae; Operated Under the International Agency Greenhouse Gas R&D TNO Built Environment
and Geosciences: Apeldoorm, The Netherlands, May 2006.

13. Mùnoz, R.; Guieysse, B. Algal-bacterial processes for the treatment of hazardous contaminants: A review.
Water Res. 2006, 40, 2799–2815. [CrossRef] [PubMed]

14. Li, Y.; Chen, Y.-F.; Chen, P.; Min, M.; Zhou, W.; Martinez, B.; Zhu, J. Characterization of a microalga
Chlorella sp. well adapted to highly concentrated municipal wastewater for nutrient removal and biodiesel
production. Bioresour. Technol. 2011, 102, 5138–5144. [CrossRef] [PubMed]

15. Grobbelaar, J.U. Physiological and technological considerations for optimising mass algal cultures.
J. Appl. Phycol. 2000, 12, 201–206. [CrossRef]

16. Mùnoz, R.; Kollner, C.; Guieysse, B.; Mattiasson, B. Photosynthetically oxygenated salicylate biodegradation
in a continuous stirred tank photobioreactor. Biotechnol. Bioeng. 2004, 87, 797–803. [CrossRef] [PubMed]

17. Cai, T.; Park, S.Y.; Racharaks, R.; Li, Y. Cultivation of Nannochloropsis salina using anaerobic digestion effluent
as a nutrient source for biofuel production. Appl. Energy 2013, 108, 486–492. [CrossRef]

18. Park, J.B.; Craggs, R.J.; Shilton, A.N. Wastewater treatment high rate algal ponds for biofuel production.
Bioresour. Technol. 2011, 102, 35–42. [CrossRef] [PubMed]

19. Boussiba, S.; Vonshak, A.; Cohen, Z.; Avissar, Y.; Richmond, A. Lipid and biomass production by the
halotolerant microalga Nannochloropsis salina. Biomass 1987, 12, 37–47. [CrossRef]

20. Emdadi, D.; Berland, B. Variation in lipid class composition during batch growth of Nannochloropsis salina
and Pavlova lutheri. Mar. Chem. 1989, 26, 215–225. [CrossRef]

21. Uggetti, E.; Sialve, B.; Latrille, E.; Steyer, J.P. Anaerobic digestate as substrate for microalgae culture: The
role of ammonium concentration on the microalgae productivity. Bioresour. Technol. 2014, 152, 437–443.
[CrossRef] [PubMed]

22. Perez-Garcia, O.; De-Bashan, L.E.; Hernandez, J.-P.; Bashan, Y. Efficiency of growth and nutrient uptake from
wastewater by heterotrophic, autotrophic and mixotrophic cultivation of Chlorella vulgaris immobilized with
Azospirillum brasilense. J. Phycol. 2010, 46, 800–812. [CrossRef]

23. Chojnacka, K.; Chojnacki, A.; Gorecka, H. Biosorption of Cr3+, Cd2+ and Cu2+ ions by blue–green algae
Spirulina sp.: Kinetics, equilibrium and the mechanism of the process. Chemosphere 2005, 59, 75–84. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.biombioe.2005.11.014
http://dx.doi.org/10.1126/science.1152747
http://www.ncbi.nlm.nih.gov/pubmed/18258862
http://dx.doi.org/10.1126/science.1151861
http://www.ncbi.nlm.nih.gov/pubmed/18258860
http://dx.doi.org/10.1007/s10584-006-9208-1
http://dx.doi.org/10.1007/s00253-009-1935-6
http://www.ncbi.nlm.nih.gov/pubmed/19330327
http://dx.doi.org/10.1021/es900705j
http://www.ncbi.nlm.nih.gov/pubmed/19764204
http://dx.doi.org/10.13031/2013.27771
http://dx.doi.org/10.1016/j.tree.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20022660
http://dx.doi.org/10.1007/s12010-009-8866-7
http://www.ncbi.nlm.nih.gov/pubmed/19937154
http://dx.doi.org/10.1021/bp070371k
http://www.ncbi.nlm.nih.gov/pubmed/18335954
http://dx.doi.org/10.1016/j.watres.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16889814
http://dx.doi.org/10.1016/j.biortech.2011.01.091
http://www.ncbi.nlm.nih.gov/pubmed/21353532
http://dx.doi.org/10.1023/A:1008155125844
http://dx.doi.org/10.1002/bit.20204
http://www.ncbi.nlm.nih.gov/pubmed/15329938
http://dx.doi.org/10.1016/j.apenergy.2013.03.056
http://dx.doi.org/10.1016/j.biortech.2010.06.158
http://www.ncbi.nlm.nih.gov/pubmed/20674341
http://dx.doi.org/10.1016/0144-4565(87)90006-0
http://dx.doi.org/10.1016/0304-4203(89)90004-2
http://dx.doi.org/10.1016/j.biortech.2013.11.036
http://www.ncbi.nlm.nih.gov/pubmed/24316486
http://dx.doi.org/10.1111/j.1529-8817.2010.00862.x
http://dx.doi.org/10.1016/j.chemosphere.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15698647


Energies 2018, 11, 1654 11 of 11

24. Mùnoz, R.; Kollner, C.; Guieysse, B.; Mattiasson, B. Salicylate biodegradation by various algal–bacterial
consortia under photosynthetic oxygenation. Biotechnol. Lett. 2003, 25, 1905–1911. [CrossRef] [PubMed]

25. Lin, L.; Chan, G.Y.S.; Jiang, B.L.; Lan, C.Y. Use of ammoniacal nitrogen tolerant microalgae in landfill leachate
treatment. Waste Manag. 2007, 27, 1376–1382. [CrossRef] [PubMed]

26. Tarlan, E.; Dilek, F.B.; Yetis, U. Effectiveness of algae in the treatment of a wood-based pulp and paper
industry wastewater. Bioresour. Technol. 2002, 84, 1–5. [CrossRef]

27. Yewalkar, S.N.; Dhumal, K.N.; Sainis, J.K. Chromium (VI)-reducing Chlorella spp. isolated from disposal
sites of paper-pulp and electroplating industry. J. Appl. Phycol. 2007, 19, 459–465. [CrossRef]

28. Acuner, E.; Dilek, F.B. Treatment of tectilon yellow 2G by Chlorella vulgaris. Process Biochem. 2004, 39, 623–631.
[CrossRef]

29. Lima, S.A.C.; Raposo, M.F.J.; Castro, P.M.L.; Morais, R.M. Biodegradation of p-chlorophenol by a microalgae
consortium. Water Res. 2004, 38, 97–102. [CrossRef] [PubMed]

30. Essam, T.; Magdy, A.A.; El Tayeb, O.; Mattiasson, B.; Guieysse, B. Solar-based detoxification of phenol
and p-nitrophenol by sequential TiO2 photocatalysis and photosynthetically aerated biological treatment.
Water Res. 2007, 41, 1697–1704. [CrossRef] [PubMed]

31. Valderramaa, L.T.; Del Campoa, C.M.; Rodrigueza, C.M.; de-Bashan, L.E.; Bashan, Y. Treatment of recalcitrant
wastewater from ethanol and citric acid production using the microalga Chlorella vulgaris and the macrophyte
Lemna minuscule. Water Res. 2002, 36, 4185–4192. [CrossRef]

32. Ogbonna, J.C.; Yoshizawa, H.; Tanaka, H. Treatment of high strength organic wastewater by a mixed culture
of photosynthetic microorganisms. J. Appl. Phycol. 2000, 12, 277–284. [CrossRef]

33. Mehta, S.K.; Gaur, J.P. Removal of Ni and Cu from single and binary metal solutions by free and immobilized
Chlorella vulgaris. Eur. J. Protistol. 2001, 37, 261–271. [CrossRef]

34. Tien, C.J. Biosorption of metal ions by freshwater algae with different surface characteristics. Process Biochem.
2002, 38, 605–613. [CrossRef]

35. Su, Y.; Mennerich, A.; Urban, B. Coupled nutrient removal and biomass production with mixed algal culture:
Impact of biotic and abiotic factors. Bioresour. Technol. 2012, 118, 469–476. [CrossRef] [PubMed]

36. Cho, S.; Lee, N.; Park, S.; Yu, J.; Luong, T.T.; Oh, Y.K.; Lee, T. Microalgae cultivation for bioenergy production
using wastewaters from a municipal WWTP as nutritional sources. Bioresour. Technol. 2013, 131, 515–520.
[CrossRef] [PubMed]

37. Chen, Y.; Jay, J.J.; Creamer, K.S. Inhibition of anaerobic digestion process: A review. Bioresour. Techonol. 2008,
99, 4044–4064. [CrossRef] [PubMed]

38. Sawayama, S.; Inoue, S.; Dote, Y.; Yokoyama, S.-Y. CO2 fixation and oil production through microalgae.
Energy Convers. Manag. 1995, 36, 729–731. [CrossRef]

39. Yun, Y.-S.; Lee, S.B.; Park, J.M.; Lee, C.-I.; Yang, J.-W. Carbon dioxide fixation by algal cultivation using
wastewater nutrients. J. Chem. Technol. Biotechnol. 1997, 69, 451–455. [CrossRef]

40. Sun, X.; Wang, C.; Li, Z.; Wang, W.; Tong, Y.; Wei, J. Microalgal cultivation in wastewater from the
fermentation effluent in Riboflavin (B2) manufacturing for biodiesel production. Bioresour. Technol. 2013,
143, 499–504. [CrossRef] [PubMed]

41. Martinez, M.E.; Sánchez, S.; Jiménez, J.M.; El Yousfi, F.; Muñoz, L. Nitrogen and phosphorus removal from
urban wastewater by the microalga Scenedesmus obliquus. Bioresour. Technol. 2000, 73, 263–272. [CrossRef]

42. Gomez Villa, H.; Voltolina, D.; Nieves, M.; Pina, P. Biomass production and nutrient budget in outdoor
cultures of Scenedesmus obliquus (chlorophyceae) in artificial wastewater, under the winter and summer
conditions of Mazatlán, Sinaloa, Mexico. Vie et Milieu 2005, 55, 121–126.

43. Hodaifa, G.; Martinez, M.E.; Sanchez, S. Use of industrial wastewater from oliveoil extraction for biomass
production of Scenedesmus obliquus. Bioresour. Technol. 2008, 99, 1111–1117. [CrossRef] [PubMed]

44. Mùnoz, R.; Köllner, C.; Guieysse, B. Biofilm photobioreactors for the treatment of industrial wastewaters.
J. Hazard. Mater. 2009, 161, 29–34. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/B:BILE.0000003980.96235.fd
http://www.ncbi.nlm.nih.gov/pubmed/14719825
http://dx.doi.org/10.1016/j.wasman.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17382529
http://dx.doi.org/10.1016/S0960-8524(02)00029-9
http://dx.doi.org/10.1007/s10811-007-9153-z
http://dx.doi.org/10.1016/S0032-9592(03)00138-9
http://dx.doi.org/10.1016/j.watres.2003.09.005
http://www.ncbi.nlm.nih.gov/pubmed/14630107
http://dx.doi.org/10.1016/j.watres.2007.01.015
http://www.ncbi.nlm.nih.gov/pubmed/17350074
http://dx.doi.org/10.1016/S0043-1354(02)00143-4
http://dx.doi.org/10.1023/A:1008188311681
http://dx.doi.org/10.1078/0932-4739-00813
http://dx.doi.org/10.1016/S0032-9592(02)00183-8
http://dx.doi.org/10.1016/j.biortech.2012.05.093
http://www.ncbi.nlm.nih.gov/pubmed/22717565
http://dx.doi.org/10.1016/j.biortech.2012.12.176
http://www.ncbi.nlm.nih.gov/pubmed/23453233
http://dx.doi.org/10.1016/j.biortech.2007.01.057
http://www.ncbi.nlm.nih.gov/pubmed/17399981
http://dx.doi.org/10.1016/0196-8904(95)00108-P
http://dx.doi.org/10.1002/(SICI)1097-4660(199708)69:4&lt;451::AID-JCTB733&gt;3.0.CO;2-M
http://dx.doi.org/10.1016/j.biortech.2013.06.044
http://www.ncbi.nlm.nih.gov/pubmed/23831749
http://dx.doi.org/10.1016/S0960-8524(99)00121-2
http://dx.doi.org/10.1016/j.biortech.2007.02.020
http://www.ncbi.nlm.nih.gov/pubmed/17434730
http://dx.doi.org/10.1016/j.jhazmat.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18436371
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chlorella vulgaris Biomass Production 
	Efficiency of Nitrogen Ammonium Removal 
	Efficiency of the Orthophosphates’ Utilization 
	Utilization of ADE for Microalgae Cultivation 

	Materials and Methods 
	Experimental Setup 
	Materials 
	Experimental Stand 
	Analytical Procedures 
	Statistical Analysis 

	Conclusions 
	References

