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Abstract

This paper focuses on the evaluation of the biomass production of a novel native microalgal strain Chlorella sorokiniana using
centrate from municipal wastewater as the sole source of nutrients and six different temperatures. The experiments were
performed in semi-continuous cultures using Bold’s Basal Medium and centrate separately, modifying the temperature (25-50
°C). The study aimed to elucidate whether a thermotolerant strain can be used for both the production of biomass and the removal
of nutrients from wastewater. It was observed that C. sorokiniana biomass can be produced using centrate as the sole nutrient
source. The highest biomass yield, for both culture media, was achieved at 35 °C showing maximum values for centrate (1.0
gbiomasgL*l, 0.20 gbmmasstl~day71 dry weight), surpassing the productivity obtained when using Bold’s Basal Medium (BBM)
(0.60 gbiomass-L_l; 0.13 gbiomassL_] ~day_1 dry weight). Variable chlorophyll fluorescence confirmed that the excess of ammoni-
um (601 mgNH4-L_]) did not inhibit the growth of C. sorokiniana, and thus, the biomass productivity was not affected. The
maximum nutrient removals reached for BBM and centrate were 96% and 61.5% for nitrogen, 53.2% and 61% for phosphorus,
and 93% and 0.18% for total carbon, respectively. Fatty acids accumulating in the microalgal biomass were mainly composed of
arachidonic, oleic, and eicosatetraenoic acids. Consequently, it is demonstrated that microalgae native to desertic areas can be
used to produce microalgal biomass using centrate from wastewater treatment plants as the exclusive nutrient source, reaching
high productivities.
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Introduction

Microalgal biomass has excellent potential for biorefinery
processes because it can be converted into different co-
products such as energy, animal feed, and agricultural prod-
ucts (Rizwan et al. 2018). Its biochemical composition will be
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determined by various culture parameters such as temperature,
presence or absence of light, and the culture medium used,
among others (Yeh and Chang 2012; Mutaf et al. 2019).

The production of biomass from microalgae to obtain com-
modities for animal feed and agricultural products has emerged
as a promising and real alternative that competes with the use of
synthetic compounds for these purposes (Ruiz et al. 2016).
However, the microalgal production process is still expensive.
One of the main obstacles to reducing production costs is the
energy expenditure required to keep cultures at a constant tem-
perature below 27 °C for optimal growth (Acién et al. 2014).
Therefore, it is necessary to search for native strains in areas with
desert climates, which resist high temperatures and, at the same
time, present high productivity rates to alleviate the need for
cooling systems for the cultures, especially in places with very
hot climates.

Another problem is the cost of the nutrients. Therefore, in
recent years, different sources of nutrients suitable for devel-
oping microalgal cultures have been investigated (Chimenos
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et al. 2003; Singh et al. 2017). Among these sources is waste-
water, characterized by containing organic and inorganic com-
pounds, such as nitrogen, phosphorus, and other nutrients that
make it an ideal source for use as a growing medium (Loera-
Quezada et al. 2010).

Microalgal treatment of wastewater has been widely report-
ed as an efficient process for removing nutrients (Voltolina et al.
2005; Ledda et al. 2016), generating a lower energy demand
and, therefore, lower costs than conventional systems (Ruiz
et al. 2016). The use of wastewater as the sole source of nutri-
ents for the production of microalgal biomass reduces produc-
tion costs, representing 40% of the total costs of the process
(Gouveia et al. 2016). Also, the cultivation of microalgae in
wastewater promotes an attractive and effective treatment to
reduce the environmental impact of human activity.

Although the benefits of using wastewater as a culture me-
dium have been widely reported, it is important to consider
that many wastewaters contain high concentrations of ammo-
nia, which are toxic to most microalgal species, due to its
effect on the processes photosynthetic in chloroplasts (Crofts
1966), and various investigations suggest that a significant
dilution is necessary for the proper growth of microalgal cul-
tures (Wang et al. 2012). Therefore, the search for an efficient
strain in removing nutrients from a wide variety of wastewa-
ters is a critical requirement for the economically viable oper-
ation of the production of microalgal cultures and their appli-
cation in different industries (Draaisma et al. 2013; Jebali et al.
2015; Chuka-Ogwude et al. 2020).

Single-celled green microalgae are often limited by nutrient
depletion; however, Chlorella sorokiniana has significant poten-
tial as a future source of different products for agriculture and
animal feed due to its resistance to high concentrations of nitro-
gen (Ge et al. 2013) and its high adaptability to temperatures
above 30 °C. Therefore, the objective of this work was to deter-
mine the feasibility of producing biomass from the newly isolat-
ed strain of C. sorokiniana using leachate from urban wastewater
without dilution, with a high concentration of ammonia (601
mgy L Dasthe only source of nutrients and grown at different
temperatures (15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C). In
addition to studying the productivity of the biomass, the quality
of the biomass obtained was also analyzed.

Materials and methods
Microorganism and culture media

The freshwater Chlorella sorokiniana was isolated in summer
(>40 °C) from swine wastewater from Ciudad Obregon,
Sonora, Mexico. Therefore, this microalga has robustness
against the high ammonium content (>136 mgNH4~L71). The
inoculum cultures were maintained photoautotrophically in
0.5-L Erlenmeyer flasks containing 350 mL of Bold’s Basal
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Medium (BBM) (Nichols and Bold 1965). Microalgae were
grown aseptically in a thermostated room at 25 °C, with an
aeration rate of 0.5 v-v_"'min"" and under continuous illumi-
nation of 100 pmol photons'm s .

Batch bioassays were carried out in triplicate using BBM.
Macro- and micro-nutrients were prepared in freshwater and
sterilized by autoclaving at 126 °C for 15 min. Semi-
continuous bioassays were performed in triplicate. “Prepared
BBM” and “filtered centrate” (taken from a sewage treatment
plant located in Almeria, Spain) were used separately.
Additionally, centrate was enriched with phosphate to achieve
a N:P ratio of 5:1, because it had been demonstrated previously
that this is required for the optimal performance of microalgal
cultures and for efficient removal of nitrogen (Ledda et al. 2015;
Septlveda et al. 2015; Romero Villegas et al. 2017). To reduce
the content of suspended solids, the centrate was filtered through
one cartridge filter (20 pm) before being injected into the cul-
tures. The centrate composition is shown in Table 1.

Photoreactor and culture conditions

Figure 1 shows the schematic process of microalgal biomass
production used in this experiment. The assays were per-
formed in triplicate, indoors in 3-L poly(methyl methacrylate)
bubble-column photobioreactors of 0.09 m diameter and 0.5

Table 1 Composition of centrate used during the experiments
Centrate (100%)
pH 8.1
Bicarbonates 1574 £ 28
Chlorides 511+34
Carbonates 72+1
Sodium 238+4
Ammonium 601 +23
Calcium 1248+ 1.2
Potassium 110+ 0.9
Magnesium 80.0+£04
Sulfates 41.1+1.0
Phosphorus 15.8+0.6 (111.8 +1.8)
Boron (B) 0.26 = 0.001
Zinc (Zn) 0.11 £0.002
Iron (Fe) 0.04 +0.001
Manganese (Mn) 0.02 +0.001
Nitrates 13+1.1
Copper (Cu) 0.08

Concentration expressed as mg-L ' . Mean values + SD of independent
experiments performed in duplicate are shown (p < 0.05). The final phos-
phorus concentration after adding phosphorus to achieve an N:P ratio of
5:1 is presented in the parentheses
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Fig. 1 Schematic process of microalgal biomass production used in this experiment

m height. Columns were provided with an inlet valve and an
outlet valve (harvest); a pH sensor was situated at the top of
the reactor. Air was injected from the base of the reactor at a
rate of 0.1 v-v "min"" to agitate the culture. Initially, to study
the effect of the temperature, cultures were thermostated using
several baths with immersion thermostats at different temper-
atures (25 °C, 30 °C, 35 °C, 40 °C, and 50 °C). These tem-
peratures were chosen because no productivity was observed
at any temperature above or below in batch assays. The pH
was kept at 7.5 by injection of pure CO, on demand at a rate of
0.001 v-v_"-min"". For this, pH 5330 probes and an R21 pH
controller (Crison) were used. The reactors were illuminated
with 28-W high-efficiency fluorescent tubes (Philips Daylight
T5), simulating the circadian cycle at an irradiance of
320 umol photons'm s '. The irradiance mean value was
measured at twelve different positions utilizing a quantum
sensor (spherical SQS-100; Walz GmbH, Germany). The in-
door batch cultivation was performed by inoculating at 0.2 g
L', until reaching the stationary phase. To determine the
optimum conditions for C. sorokiniana, the influence of dilu-
tion rates (D) on the productivity of the biomass (the imposed
dilution rate influences the microalgal biomass harvest and
thus the final biomass concentration inside the culture at a
steady state) was analyzed. D represents the rate of flow of
the culture medium over the volume of culture in the bioreac-
tor, and it was determined that the best D value for this strain
was 0.2 day ' (data not shown). The reactors were operated in
semi-continuous, chemostat mode by adding a fresh medium
daily to the reactors for 4 h at the beginning of the light stage
and, at the same time, harvesting an equal volume of culture.
For semi-continuous bioassays, a D value of 0.2 day ' was

used for both culture media (BBM and undiluted centrate).
Both cultures started at 0.8 gbiomss-L_l using six different
temperatures (15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40
°C), maintaining the culture until the stationary state.

Taxonomic and molecular identification

To determine the taxonomic division of the isolated strains,
LucidCentral (Stafford Heights, Australia) keys were used to
compare morphological characteristics. The samples were
then stained with Lugol, cresyl blue, and bright green to ob-
serve starch in pyrenoids, cell walls, nuclei, and mucilages
under an optical microscope coupled to a digital camera
(Tsarenko and John 2011; Camarena-Bernard and Rout
2018). The number of cells per coenobium, cell shape, and
cell arrangement were documented.

Partial taxonomic identifications up to genus was per-
formed according to Tsarenko and John (2011) and molecular
identification was carried out as per our previous work
(Camarena-Bernard and Rout 2018). Genomic DNA from
three algal strains was extracted according to Murray and
Thompson (1980) with minor modifications. The 18-28S ri-
bosomal RNA internal transcribed spacer (rRNA ITS) region
of all three algal strains was amplified using specific primer
pairs as follows: ITS1 (5'—>3"-TCCGTAGGTGAACC
TGCGG) and ITS4 (5'—>3'-TCCTCCGCTTATTG
ATATGC) (White et al. 1990). Amplified PCR products were
subjected to agarose gel electrophoresis and visualized using a
UV transilluminator. The specific products of direct PCR as
well as the products of PCR from the agarose gel were purified
using kits according to the manufacturer’s instructions
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(Qiagen, Germany) and sequenced. The DNA sequences were
viewed and edited using Sequence Scanner (Applied
Bioscience). A global BLAST search was then performed to
identify the most closely related sequences from the NCBI
database using PubMed Nucleotide BLAST. The AUS local
blast and multiple sequence alignments were compiled and
analyzed using BioEdit v7.2.5 (Ibis Biosciences, USA), and
the phylogenetic analysis was performed using software
MEGA 10 (Tamura and Nei 1993).

Analytical procedures

Biomass concentration was determined daily by measuring
absorbance at 750. Spectrophotometric measurements were
verified by dry weight determinations twice a week. The dry
weight biomass concentration (C,) was measured by
centrifuging 100 mL of culture for 5 min at 9000xg and
freeze-drying over 48 h. Volumetric productivity (Pb,) was
calculated by multiplying the biomass concentration (Cy,) by
the set D using Eq. 1.

Pbyo = Cy - D (1)

The cell status was checked daily by measuring the F\/Fy,
ratio; for this, samples were acclimated in the dark for 7 min
using an AquaPen AP 100 (PSI, Czech Republic) PAM fluo-
rometer. The outlet culture medium was analyzed using the
International Standard Official methods (Ministerio de
Agricultura 1998). Ammonium was measured according to
the Nessler method (ammonium standard for IC: 59755)
(APAT-IRSA/CNR 2003). To measure nitrate content, a spec-
trophotometer between 220 and 275 nm (APAT-IRSA/CNR
2003) was used. Phosphates were calculated by visible spectro-
photometry through the phosphorus vanadate-molybdate com-
plex (APAT-IRSA/CNR 2003). For total carbon (TC) (total
inorganic carbon (TIC) + total organic carbon (TOC)), filtered
supernatant samples were injected into a Shimadzu 5050A
TOC analyzer (provided with an NDIR detector). Freeze-
dried biomass samples from each steady state were analyzed
to determine the biochemical composition. The total lipid con-
tent was determined by the method of Kochert (1978). Proteins
were determined by the modified Lowry method (Lépez
Gonzélez et al. 2010). The fatty acid (FA) content was quanti-
fied by direct transesterification of microalgal biomass to trans-
form all saponifiable lipids into fatty acid methyl esters
(FAMESs), which were then analyzed by gas chromatography
(GC) as described by Jiménez Callejon et al. (2014).

Nutrient removal capacity and coefficient yield
The removal capacity of nitrogen and phosphorus was mea-

sured. For this, two major variables were calculated: the re-
moval efficiency (R.) and the removal capacity (R.). The R, is
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calculated as the ratio between the concentration outlet (C)
and inlet (Cy) in the reactor, thus representing the reduction
in the nutrient concentration outlet (Eq. 2). R, is calculated as
the total amount of nutrient removed per unit volume over
time, thus indicating the system’s net capacity for removing
whatever nutrient (Egs. 2 and 3).

Co-C
Re=—2—".100 2
R.=(Co—C)-D 3)

Statistical analysis

Three replicates of each sample were used for statistical anal-
ysis, and the values were reported as the value + standard
deviation. A multifactorial ANOVA was used to evaluate sig-
nificant differences (p < 0.05). The relationship between cul-
ture medium and temperature was assessed using Statgraphics
Centurion XVI (StatPoint Technologies, Inc.).

Results and discussion
Taxonomic and molecular identification

Taxonomic identification based on appearance suggested that
this microalga is Chlorella sorokiniana. The 18-28S rRNA
ITS gene region was successfully amplified for molecular
identification and sequenced. The sequences were deposited
in the NCBI database under the GenBank accession Seql
MNG658361 and Seq2 MN658362. They were compared with
several reference sequences (including the ITS region of sev-
eral Chlorella species) obtained from the NCBI database.
Phylogenetic tree analysis of Chlorella fell into five distinct
clusters and several sub-clusters. The C. sorokiniana was
found to be very close sequentially and formed a cluster with
them. The four other species were distributed as per the ex-
pectation forming independent clusters. The C. sorokiniana of
this study was very close to accession KM514858.1 (Nanjing
Agricultural University, China) and KJ676109.1 (UTEX
2805) (Fig. 2).

The evolutionary history was inferred by using the maxi-
mum likelihood method and Tamura and Nei (1993) model.
The tree with the highest log likelihood is shown (Fig. 1). The
percentage of trees in which the associated taxa clustered to-
gether is shown next to the branches. Initial trees for the heu-
ristic search were obtained automatically by applying
neighbor-joining and BioNJ algorithms to a matrix of pairwise
distances estimated using the maximum composite likelihood
(MCL) approach and then selecting the topology with a supe-
rior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per
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site. This analysis involved 32 nucleotide sequences. The co-
don positions included were 1st + 2nd + 3rd + noncoding.
There was a total of 4649 positions in the final dataset.
Evolutionary analyses were conducted in MEGA X (Kumar
et al. 2018).

Centrate composition

The centrate was prepared daily by adding phosphorus to
balance the nitrogen:phosphorus ratio (N:P; 5:1). The centrate
compositional analysis is presented in Table 1 and shows an
elevated content of ammonium (601 mg~L71, the main source
of nitrogen), chlorides (511 mg-Lﬁl), and bicarbonate (1574
mg-L "), while nitrate and phosphorous showed lower values
of 13 mgn'L ™" and 15.8 mgp-L ™', respectively. Table 1 also
presents other essential elements for microalgal growth: zinc,
copper, and boron, among others. Considering the expected
composition of microalgal biomass (50% C, 7% N, 1% P), it
can be calculated that to produce 1.0 gpiomass Of standard
microalgal biomass, 2500 mg of HCO;, 90 mg of NH,*
(310 mg of NO3 ), and 10 mg of P are required. Nitrogen
content in the centrate exceeds the values required for the
efficient uptake of phosphorus and carbon. Moreover, N:P
ratio should be close to the optimum nitrogen—phosphorus

stoichiometry encountered in phytoplankton (Klausmeier
etal. 2004). Thus, using this centrate without any added phos-
phorous causes an imbalance of these two compounds and
results in poor biomass productivity and poor nutrient removal
(Ledda et al. 2015; Sepulveda et al. 2015).

Biomass production

The performance of the selected native strain as a function of
culture conditions was evaluated in semi-continuous mode, a
dilution rate of 0.2 day ' being used as optimal. Effects of tem-
perature and centrate on biomass production and F/F,, are
shown in Fig. 3. Data demonstrated that centrate improves the
biomass production (Fig. 3a, b) as compared to BBM (p < 0.05),
although it has been reported that an ammonium concentration of
more than 100 mgxpa'L ' could be lethal for some microalgal
species (Collos and Harrison 2014). The biomass production,
both biomass concentration and productivity, increases as the
temperature increases up to 35 °C for both cases, showing max-
imal values of 0.64 % 0.15 guiomass L' (0.13 Shiomass L ' *day )
and 1.0 £ 0.04 Zpiomass' L (0.20 iomass L ' +day ") for the BBM
and centrate cultures, respectively (p < 0.05). However, biomass
production is reduced to 0.6 gbiomassL_l 0.12 gbmmass'L_1 -day_l)
when centrate was used at 40 °C, whereas, when BBM was used,
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Fig. 3 Influence of the temperature in the culture of Chlorella
sorokiniana on the biomass concentration, productivity, and F,/Fy, in
the indoor 3-L column photobioreactors with Bold’s Basal Medium and
centrate as culture medium. a Biomass concentration. b Volumetric bio-
mass productivity. ¢ F\/Fy,. Mean + SD values are shown for the inde-
pendent experiments performed in triplicate (p < 0.05)

the culture was washed out, indicating that not only temperature
influences microalgal growth but also the culture medium affects
biomass production. Moreover, Fig. 3¢ concurs with the behav-
ior shown by biomass productivity. It can be observed that F,,/F,,
was always high (>0.6) for both culture media and for all the
temperatures tested, except when the temperature was 40 °C
using BBM (F,/F,,, = 0.40). Previous studies have concluded
that high ammonium concentration and high temperatures reduce
photosynthetic performance (e.g., Yamasaki et al. 2002; Markou
et al. 2016).
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Previous studies have reported that percentages of centrate
>70% decrease the F,/F,, values in the marine microalga
Nannochloropsis gaditana (Sepulveda et al. 2015). Jebali
et al. (2018) observed a similar behavior of the freshwater
microalga Scenedesmus sp., showing a decrease in F/Fy,
when a percentage of centrate at 60% was used, which could
be due to that Scenedesmus sp. does not tolerate high concen-
trations of nitrogen (Xin et al. 2010), causing the culture to be
stressed, and consequently, the photosynthetic system of the
cells is affected. In addition, C. sorokiniana shows a high
degree of tolerance to osmotic stress (Li et al. 2018; Lizzul
et al. 2018). Thus, the strain of C. sorokiniana used in this
study tolerated centrate with any dilution (high nitrogen con-
centration), without any effect on the photosynthetic system at
any condition.

Biochemical composition

The biomass’ (ash-free dry weight) biochemical composition
was evaluated at the steady state (Fig. 4). Carbohydrates (Fig.
4a) were the predominant biomass fraction, ranging from 63
to 67% and from 34 to 37% for BBM and centrate, respec-
tively, being constant over all treatments. Protein content (Fig.
4b) ranged from 8 to 14% and from 27 to 32% for BBM and
centrate, respectively. However, a constant decrease in lipid
content is observed when using BBM (23—16%). With the use
of centrate, the percentage of lipids is stable among different
temperatures (21-23%), except when the temperature was 30
°C, where a maximum lipid content of up to 29% dry weight
(DW) was observed. This can be explained by the stress gen-
erated by the adverse conditions produced by using nontreated
centrate and its high ammonium content, as compared to the
BBM culture medium. Authors like San Pedro et al. (2013)
have reported that the total lipid constituents of N. gaditana
increase when it was cultured under nitrogen starvation con-
ditions from 12 to 26% wt.

Ruiz et al. (2016) elaborated a cost analysis of microalgal
products, showing the prices for proteins (1.0 €kg ), carbo-
hydrates (0.3 €-kg "), and lipids (0.6 €kg ). Taking those
prices into account, it can be estimated that the maximum
biomass cost at the conditions set in this experiment was
achieved when centrate was used, resulting in 0.54 €kg '
when temperatures from 15 to 25 °C are used. However, the
cost derived from the energy used to cool the microalgal cul-
tures located in areas with high temperatures must be
discarded. Interestingly, at temperatures of 30 and 35 °C, a
similar cost is calculated (0.53 €-kg ') for the microalgal bio-
mass. This means that costs may be further reduced by elim-
inating refrigeration in the culture of C. sorokiniana.

The FA profile of C. sorokiniana is shown in Table 2. The
percentage of FA varied between 7.0 and 15.5% (DW), decreas-
ing as the temperature is increased for both culture media. The
C18:1n9, C20:4n3, and C20:4n6 fatty acids constitute up to 67%



J Appl Phycol (2021) 33:2921-2931

2927

80% T a
70%
60%
50%
40%
30%
20%
10%

0%

H BBM = Centrate

15°C 20°C 25°C 30°C 35°C 40°C
Temperature

Carbohydrate content %
H

45% T b
40% +
35% + I L
30% T -

25% T
20°C 25°C

E BBM Centrate

Protein content %

10% +

5% --I
0% -

40% +C
35% +
30% T -

25% T
35°C

20%
15%

15°C 20°C 25°C 30°C °C 40°C
Temperature

20% T
15% +

°C 30°C 35°C 40°C
Temperature

N BBM Centrate

Lipid content %

10%
5%
0%

Fig. 4 Variation in the a carbohydrate content, b protein content, and ¢
lipid content of the microalgal biomass of Chlorella sorokiniana
produced as a function of the temperature indoor 3-L column
photobioreactors with Bold’s Basal Medium and centrate as culture me-
dium. Mean + SD values are shown for the independent experiments
performed in triplicate (p < 0.05)

of total FA in the best case. C20:4n6 represented the largest
proportion of FA, with respect to the total of FA, at all temper-
atures tested, ranging from 29 to 35% and from 18 to 28% for
BBM and centrate, respectively. This result is noteworthy since a
rich fraction of FA in the biomass is required for biofuel produc-
tion (Chisti 2007; Brennan and Owende 2010). At present, stud-
ies have focused on the conversion of microalgal biomass to
products such as biopesticides, biofertilizers, and biostimulants
for agriculture (Acién et al. 2014; Ruiz et al. 2016). In this regard,
biomass obtained with BBM had a low protein content that may

be beneficial for biofuel production, since a low proportion of
nitrogen reduces the undesirable effects of nitrogen compounds
in the environment, which usually are produced by the burning
of microalgal oil (Biller and Ross 2011).

Carbon removal

Culture media analysis was performed; thus carbon, nitrogen,
and phosphorus analysis were carried out in the inlet and the
outlet at a steady state to determine nutrient recovery capacity
(amount of nutrients recovered by microalgal cultures) and the
removal efficiency of nutrients (percentage of nutrients re-
moved from culture medium compared to the inlet).

Regarding carbon (Fig. 5), results show that values of TC
(Fig. 5a) are similar in both culture media with values of 200
mgTCL_1 and 196 mgTC-L_] for BBM and centrate, respec-
tively. Moreover, TC in the centrate is composed of 55% of
TOC and 45% of TIC, while TC contained in BBM contains
only TIC. Nevertheless, the values of TC obtained in the outlet
at the steady states, when BBM was used, showed a signifi-
cant decrease (p < 0.05), reaching a minimum value up to 34
mgT(yL*l. In contrast, results obtained with centrate demon-
strated that TC in the outlet is higher as than that in the inlet,
displaying the minimal value of 196.5 mgr<-L ™" at 35 °C.

Regarding TIC (Fig. 5b), inlet values of 200 mgTICL_1 and
89 mgr-L ! for BBM and centrate, respectively, were ob-
served. Furthermore, there was a substantial reduction in the
outlet for BBM (p < 0.05), ranging from 20 to 40 mgpc-L ' at
<35 °C, whereas when centrate was used, TIC shows an in-
creasing trend, ranging from 43 to 64.5 mgpc-L ™" until a
temperature of 40 °C. With respect to TOC (Fig. 5¢), values
were 108 mgToch1 for centrate, while BBM did not contain
any TOC. In contrast, TOC outlet values show an increment
for both culture media, ranging from 4.8 to 18.3 mgroc'L ™
and from 143 to 191 mgTOC-Lf1 for BBM and centrate, re-
spectively, resulting in 76% of TC accumulation in the worst
case. Carbon removal capacity and removal efficiency (Fig.
5d) were determined. The microalgal culture in BBM had a
better performance in removing TC (p < 0.05), with an aver-
age removal capacity of 32 mgrc-L ™' -day ' (R, = 80%) at <35
°C. On the other hand, when centrate was used, the R, was
deficient due to TOC accumulation. Martinez and Orus (1991)
mentioned that organic carbon utilization might reduce affin-
ity for CO, and CO, fixation; thus, microalgal cultures con-
sume TIC. In addition, the microalgal cultures produce
exopolysaccharides, which remain in the culture medium
(Richert et al. 2005).

Nitrogen removal
With regard to total nitrogen (TN) (Fig. 6) in the inlet and the

outlet (Fig. 6a), initial values of 43.3 mgTN-L_1 for BBM and
470.4 mgpn-L" for centrate were observed. It is important to
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Table 2
wastewater at different temperatures

Summary of fatty acid profiles at steady state of Chlorella sorokiniana cultivated semi-continuously in BBM culture media and sterilized

Fatty acids Bold’s Basal Medium (% DW) Centrate (% DW)
15°C 20 °C 25°C 30°C 35°C 40 °C 15°C 20 °C 25°C 30°C 35°C 40 °C

Cl4 0.33 0.28 0.25 0.24 0.23 0.13 0.28 0.26 0.25 0.14 0.12 0.12
Cl6 0.25 0.24 0.23 0.22 0.22 0.13 0.27 0.25 0.24 0.14 0.11 0.12
C18 0.22 0.21 0.20 0.19 0.19 0.11 0.23 0.21 0.21 0.12 0.10 0.10
C18:1n9 2.80 2.55 2.38 1.98 1.76 0.99 3.07 2.79 1.87 2.00 2.02 1.34
C18:1n7 0.41 0.41 0.39 0.40 0.38 0.22 0.61 0.48 0.42 0.24 0.20 0.20
C18:4n3 0.38 0.38 045 0.57 0.64 0.44 0.74 0.83 0.89 0.96 0.90 1.03
C20:3n6 0.15 0.18 0.18 0.20 0.28 0.15 0.27 0.27 0.27 0.27 0.40 0.26
C20:4n6 5.16 471 4.46 3.69 3.52 2.05 439 3.95 3.73 1.88 2.26 1.94
C20:4n3 2.49 2.28 2.16 1.78 1.84 1.13 222 2.22 2.01 1.97 1.79 147
C20:5n3 1.16 1.20 1.20 1.69 1.65 0.99 2.04 2.14 2.16 2.49 222 2.02
Others 1.46 1.66 1.49 1.34 1.29 0.76 0.40 0.48 1.35 0.20 0.17 0.02
Total FA 14.80 14.10 13.40 12.30 12.00 7.10 14.52 13.90 13.40 10.40 10.30 8.60

The percentage with respect to dry weight is shown. Data values are means (+ SE) of two replicate samples

note that centrate contained mainly ammonium (>99%) as the
nitrogen source, while BBM contained nitrate. On the other
hand, nitrogen at the outlet showed minimal values of 1.8
mgrn-L™' and 181 mgry-L™' for BBM and centrate,
respectively.

Regarding nitrogen removal capacity and removal efficiency,
Fig. 6b shows that microalgal culture which used centrate as
culture medium had a better performance, displaying average
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Fig. 5 Influence of the temperature in the culture medium on the total
carbon (organic and inorganic) concentration at the inlet and outlet of the
indoor 3-L column photobioreactors with Bold’s Basal Medium and
centrate as culture medium. a Total carbon. b Total inorganic carbon. ¢
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values of nitrogen R, up to 56 mgTN-L_l~day_1 (R, = 60%),
whereas BBM shows an average of nitrogen R, of 7.5 mgrn-
L_1~day_1 (R = 88%). However, even though the removal effi-
ciency with the use of BBM is higher, it is important to clarify
that the initial concentration of TN in the centrate represents up to
260% of the TN contained in BBM. Lincoln et al. (1996) dem-
onstrated that N—ammonium concentration above 100 mgy np4'
L' is toxic for some microalgal strains, even though other
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Fig. 6 Influence of the temperature in the culture medium on the nitrogen
inlet and outlet concentrations in the indoor 3-L column photobioreactors.
a Total nitrogen. b Nitrogen removal efficiency/capacity (CRC centrate
removal capacity, BRC BBM removal capacity, CDE centrate depuration
efficiency, BDE BBM depuration efficiency). Mean + SD values are
shown for the independent experiments performed in triplicate (p < 0.05)

microalgae can stand up to 700 mgN_NHény1 (Collos and
Harrison 2014). Sepulveda et al. (2015) showed that indoor con-
ditions the marine microalgae N. gaditana can depurate up to 35
mgpy-L+day ' of total nitrogen of a mix of 80% centrate—20%
seawater at 20 °C, whereas Jebali et al. (2018) showed that the
freshwater Scenedesmus sp. could depurate up to 40 mgp\-L ™"
day_l from a centrate—seawater mix (60-40%) at 25 °C.
Nevertheless, studies carried out in tubular photobioreactor out-
doors showed that a consortium of five microalgae (V. gaditana,
Chaetophorales sp., Geitlerinema sp., Chlorella sp., and
Limnothrix sp.) can reach up to 73.5 mgpn-L "day ' (97%) from
a mix of 40% centrate—60% seawater (Romero Villegas et al.
2017). Given the above, the strain used in this work has a supe-
rior capacity in wastewater treatment, tolerating and processing a
higher ammonium concentration than other strains previously
tested with the same source of nutrients.

Phosphorus

Phosphorus was also analyzed in the inlet and outlet (Fig. 7a).
Results showed inlet values of 81.6 mgp-Lfl (BBM) and 112
mgP-L_1 (centrate). Moreover, as a function of temperature
increased, the cultures with BBM showed a slight reduction

in the outlet ranging from 55.3 mgp-L ™! to 38.2 mgp'L ™', at
temperatures from 15 to 35 °C. However, at 40 °C, the phos-
phorus content reached 59 mgp-L ™', whereas values obtained
with centrate had an average of 46.5 mgp-L ™" for all temper-
atures set. R, and R, are presented in Fig. 7b. The data show a
good performance of all the treatments, achieving the maxi-
mum phosphorus R, of 8.7 mgp-L_] -day_] (R.=53.2%) at 30
°C for BBM. Regarding centrate, the best values were obtain-
ed at 35 °C, reaching maximal R, up to 13.6 mgp-L "-day '
(R. = 61%). Previous studies have found phosphorus R. up to
3 mgp-L "day ' for a freshwater Scenedesmus sp. using a mix
of 60% centrate—40% freshwater at 25 °C (Jebali et al. 2018)
and 5.1 mng-Lﬂ'day*l (80% depuration) for the marine
N. gaditana using a mix of 50% centrate—50% seawater at
20 °C (Sepulveda et al. 2015). For a consortium of five
microalgal outdoors, with an average temperature of 35 °C,
a maximal R, value up to 12 mgrp-L -day ' (95%) using
40% centrate—60% seawater as a culture medium has been
reported (Romero Villegas et al. 2017).

These studies indicate that, despite the excellent perfor-
mance of the nutrient recovery process by C. sorokiniana,
an optimal culture method for this strain has not been
established yet. Therefore, it is necessary to study the
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Fig. 7 Influence of the temperature in the culture medium on the
phosphorus inlet and outlet concentrations in the indoor 3-L column
photobioreactors. a Total phosphorus. b Phosphorus removal
efficiency/capacity (CRC centrate removal capacity, BRC BBM removal
capacity, CDE centrate depuration efficiency, BDE BBM depuration ef-
ficiency). Mean + SD values are shown for the independent experiments
performed in triplicate (p < 0.05)
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physiological characteristics of this strain further. Moreover,
the research of high temperature and high ammonium tolerant
microalgae together with the use of centrate as the only source
of nutrients is highly relevant worldwide for the removal of
contaminants such as nitrogen, phosphorus, and carbon. This
method has great potential in reducing freshwater waste and
the costs derived from the use of fertilizers.

Conclusions

The present study demonstrates the relevance of a microalgal
strain tolerant to high temperatures and high nitrogen concen-
tration in nutrient recycling. The temperatures set for the ex-
periments strongly influenced biomass productivity.
Moreover, the culture shows better performance when
centrate is used as a nutrient source. This work presents a
novel approach in microalgal cultures regarding the use of
strains resistant to high temperatures and high nitrogen con-
centration while taking advantage of the nutrients contained in
wastewater. The biomass productivity suggests that this
microalgal culture offers real potential for sub-products with
applications in the energy and agricultural industries.
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