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Microalgae cultivation in urban wastewater: nutrient removal and biomass production
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Abstract

The freshwater microalgae species Chlorella kessleri and Chlorella vulgaris, and the
marine microalgae species Nannochloropsis oculata were cultivated in urban
wastewater. The freshwater species demonstrated the possibility of growing in urban
wastewater reaching high biomass production and nutrient removal when cultured in
batch mode using a flat-panel airlift photobioreactor. Both microalgae species reached
high biomass dry weights, 2.70+£0.08 g/L and 2.91+0.02 g/L respectively, accompanied
by nitrogen concentration reduction around 96% and 95%, and a phosphorous
concentration reduction around 99% and 98% respectively. N. oculata was able to

uptake nutrients from wastewater to grow but with less efficiency, indicating the need of
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microalgae acclimation or process optimisation to achieve high nutrient removals.
During C. kessleri and C. vulgaris cultivation, the nitrogen consumption led to a
progressive N-starvation process which increased the microalgae potential for biofuels
production; both species produced 346+3 mLcha/gvs and 415+2 mLcha/gvs during
anaerobic digestion, and 7.4+0.2 Qsiodieset/100gvs and 11.3+0.1 gsgiodiesel/100gvs

respectively.

Keywords:
Biodiesel, Methane, Microalgae cultivation, Municipal wastewater, Nutrient removal,

Nitrogen starvation.

1. INTRODUCTION

Microalgae are able to convert solar energy and carbon dioxide into energy as a result of
their photosynthetic activity; when converted into biodiesel or methane, this energy
could meet the population energy needs [1]. The microalgae cultivation with energetic
purposes started years ago when microalgae, able to accumulate a high amount of lipids,
appeared as promising crops substitute in biodiesel production [2]. Currently, crops are
the common feedstocks in the biodiesel production industry but also in the food
industry, thus the crop-based biofuel production has created increased food prices [3]. A
wide variety of microalgae species reaches higher lipid productivities than crops [2],
becoming potentially substrates to alleviate the referred to "food-versus-fuel
competition™ [3]. Despite the efforts made, the industrial biodiesel production from
microalgae is not economically viable nowadays due especially to the high costs for

drying and lipid extraction among other costs [4]. On the contrary, the anaerobic
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digestion process converts wet biomass into methane [5], and energy is recovered not
only from the lipid fraction.

The anaerobic digestion process is a widely known technology, currently used in the
wastewater treatment plants (WWTPs). The sewage sludge, a waste produced during the
wastewater treatment, generates high operating costs in its final disposal [5]; the
anaerobic digestion process converts the sludge into a stable product with simultaneous
generation of a valuable by-product such us methane. Methane utilisation contributes
favourably to reduce the high operating costs generated by the final disposal of sewage
sludge [5].

The nutrient level in wastewaters might be another problem in WWTPs. The water
discharge with high nutrient levels cause eutrophication problems, thus the Directive
98/15/EEC establishes nutrient levels or minimum percentage of reduction before water
discharge [6]. Although the nutrient concentration varies from a WWTP to another, and
between the wastewater streams in the process, the stream generated during the digested
sludge dewatering process always has higher nitrogen and phosphorus concentrations
than in any other streams [7]. This stream, named centrate, is usually recycled for
further treatment to avoid environmental problems, but it increases the WWTP costs [7].
Microalgae cultivation offers a solution to reduce the high nutrient content in centrate
since microalgae consume nutrients when growing [8]. Moreover, in a waste-to-value
approach, the produced biomass constitutes a by-product which could be used for
various purposes, including biofuels.

Some freshwater microalgae species have already been cultured in different wastewater
streams, with the purpose of reducing the nutrient concentration in wastewater or

producing lipids for biofuels [7,9-13]. Similarly, seawater microalgae species have also
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been cultured using wastewaters despite the salinity requirements [14,15]. However, the
centrate utilisation for microalgae cultivation is scarce; most of the studies were done
using wastewater with a low nutrient content compared to the centrate. The use of
centrate as nutrient medium allows coupling the wastewater treatment and the
microalgae cultivation process with a minimum modification in the WWTP facilities.
Wastewater treatment by microalgae cultivation is still limited, and the waste activated
sludge (WAS) process is the conventional treatment in WWTP [8]. The substitution of
the WAS process implies a fully modification of the WWTP scheme, whereas the
centrate utilisation in microalgae cultivation only needs a cultivation unit coupling.

This study analyses the possibility of coupling microalgae cultivation in WWTPs,
removing nutrients from the centrate while producing biomass with energy recovery
purposes. Due to the high nutrient level in the centrate which can inhibit the cell growth,
the first studies aimed to determine the most suitable media for C. kessleri, C. vulgaris
and N. oculata cultivation. The microalgae species were cultivated in different dilutions
of the centrate; the dilutions were carried out with wastewater before the primary
settling tank for the cultivation of freshwater microalgae species, or with natural
seawater for the marine microalgae species. After the culture medium screening, the
microalgae species were cultured in the most suitable medium, where the nutrient
removal and the biomass production were evaluated. Finally, the harvested biomass was

used for methane and biodiesel production.

2. MATERIALS AND METHODS
2.1 Pre-treatments and characteristics of the wastewaters

Wastewater samples from the WWTP of Saint Nazaire (ACCUEIL CARENE, Saint-
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Nazaire, France) were used as cultured medium for microalgae cultivation; they
consisted of the centrate and the wastewater from a line before the primary settling tank.
For marine microalgae cultivation, natural seawater was collected from the coastal area
of Saint-Nazaire in France.

Large solid particles were first removed by centrifugation and then, the samples were
filtered through a 0.45 um pore size filter to remove undesirable small particles. The
total nitrogen (TN), ammonia nitrogen (NHs—N), nitrate nitrogen (NOs—N), nitrite
nitrogen (NO>-N), phosphate phosphorus (PO4-P), and chemical oxygen demand
(COD) were determined following the Hach DR 2800 Spectrophotometer Manual using
the HACH LANGE cuvette tests and following the procedure specified for each test
(Hach, 2008). The characteristics of the wastewaters and the natural seawater can be
observed in Table 1.

As can be observed, the composition of the wastewater sampled before the primary
settling tank composition is given as a range rather than the average value with the
standard deviation; two different samples collected in different opportunities were used
in the experiments. These differences in the nutrient content were taken into account for

the cultured medium preparation.

Table 1

2.2 Microalgae cultivation
2.2.1 Shake flasks
Three different microalgae species were cultured. The freshwater microalgae species

Chlorella kessleri (strain UTEX2229) and Chlorella vulgaris (strain CCAP211/19)
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were obtained from the collection of algae at the University of Nantes; and the marine
microalgae species Nannochloropsis oculata, from the Alphabiotech collection
(Asserac, France).

The microalgae were first inoculated in shake flasks. The freshwater microalgae species
in 250 mL Erlenmayer flask containing a modified Bold Basal Medium (BBM) and the
marine microalgae species, in filtered and sterilised seawater with salinity adjusted at
25%0 and enriched with Conway medium (3 mL/L of seawater). The detailed
composition of the modified BBM and Conway medium is given in Pruvost et al.

[16,17].

2.2.2 Culture medium screening in Efficient Overproducing Screening System -
Photobioreactors (EOSS-PBR)

The EOSS-PBR was especially developed for the fast screening of culture media and
microalgae species in conditions representative of PBR cultivation. It consisted of six
small-scale photobioreactors (bubble columns) run in parallel, each tube having a
volume V; = 3-10° m?, an illuminated area S. = 0.008 m? and a specific illuminated
area aiight = S/Vr of 266.7 1/m. A full description of the EOSS-PBR is done in Taleb et
al. [18].

The culture medium was prepared by diluting the centrate to reduce the high TN
concentration, either with wastewater or with natural seawater (Table 1). Before
inoculation, the culture medium was filtered through a 0.45 um pore size filter to
remove undesirable small particles. The TN concentrations in the culture medium for
the freshwater microalgae species were 30 mg N/L (0.002 mol/L), 140 mg N/L (0.010

mol/L), 260 mg N/L (0.019 mol/L), 490 mg N/L (0.035 mol/L), 700 mg N/L (0.050
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mol/L) and 1200 mg N/L (0.086 mol/L). For the marine microalgae species cultivation,
the TN concentrations were 6 mg N/L (<0.001 mol/L), 71 mg N/L (0.005 mol/L), 135 N
mg N/L (0.010 mol/L), 265 mg N/L (0.019 mol/L), 524 mg N/L (0.037 mol/L) and 782
mg N/L (0.056 mol/L).

The pH in the culture medium was around 7.5 for the freshwater microalgae species and
8 for the marine microalgae species, according to Pruvost et al. and Taleb et al. [17,18].
The culture agitation was provided by continuous injection of air with 2 vol% CO; at a
flow rate of 3 mL/min; the incident photons flux density (PFD), by a set of 6 fluorescent
white tubes was ~150 pmol/m?ss. The temperature was regulated at 25°C by ambient air
flow. The reactor was operated in batch mode.

The microalgae growth was evaluated following the evolution of the number of cells as
a function of time (t). Cell concentration N expressed as number of cells per millilitre of
culture was determined under an optical microscope (Axiostar-Plus, Carl Zeiss,
Germany) using Malassez counting cell. The chlorophyll fluorescence in the microalgae
was observed in the microscope, using the green filter set 530-585 (BP 530-585 as
exciter filter, FT 600 as chromatic beam splitter and LP 615 as barrier filter; Zeiss,
Oberkochen, Germany). The algal dry weight concentration (Cx) was determined at the
end of the experiment, by filtration through a pre-dried and pre-weighed glass-fiber
filter (Whatman GF/F). The filters were dried 24 h at 105°C, cooled down in a
desiccator and then weighed again. The total pigment content was determined using a

spectrophotometric method, following the procedure described in [17].

2.2.3 Microalgae cultivation in flat-panel airlift photobioreactor (PBR)

Once the culture medium was defined, microalgae were cultured in batch mode using a
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flat-panel airlift PBR with V; = 10° m3, and depth of culture of L; = 3-10° m, a
SL=8-10° m? and a aiigne = 33.3 1/m. Before inoculation, the cells were centrifuged for
3 min at 6000 g at room temperature, and the cell pellets were washed with the decided
culture medium twice before finally suspending cells.

The temperature was 25°C, regulated by ambient air flow. The pH was monitored with a
sensor inside the reactor (Mettler Toledo SG 3253) and automatically regulated by CO>
injection, at 7.5 for the freshwater microalgae species and 8 for the marine microalgae
species. The culture agitation was provided by air bubbling. A constant PFD (~100
pmol/m?-s) was used during the experiments.

The microalgae growth and the Cx were evaluated during cultivation as described in
section 2.2.2. The different nutrient concentrations during cultivation were determined
as described in section 2.1.; the samples were taken from the reactor, centrifuged and
the supernatant analysed. The evolution of proteins, carbohydrates and lipids in the
biomass during cultivation was followed with infrared spectra of the microalgae cells;
the spectra were obtained in a Bruker Tensor 27 FTIR spectrometer equipped with the
ATR platinum module, with a deuterated triglycine sulfate detector RT-DLaTGS and
the OPUS v7.0.122 software (Bruker Optics, Germany). After finishing the experiment,
the biomass was recovered by centrifugation and dried using freeze-drying equipment
(FT33-A Freeze Drier, Armfield Inc.) for 48 hours to avoid major changes on its
composition. The carbohydrate content in biomass was quantified by the phenol-
sulphuric acid method and protein content, by the Lowry method as described in

Caporgno et al. [19].

2.3 Methane and biodiesel production
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Anaerobic digestion was carried out by triplicate, in 120 mL serum bottles sealed with a
septum and an aluminium crimp. The inoculum consisted of mesophilic digested sludge
taken from an anaerobic semi-continuous plant; the substrates were the freeze-dried
microalgae species re-suspended in deionised water. The final volume in the reactors
was adjusted to 80 mL before sealing, then the reactors were purged with nitrogen to
assure anaerobic conditions and placed into an oven at 33°C; a detailed procedure is
described in Caporgno et al. [19]. The amount of substrate loaded in reactors was
calculated based on the organic matter added per inoculum content, the substrate to
inoculum ratio was 1:2 VSsubstrate:V Sinoculum. The biogas production and composition,
and parameters after anaerobic digestion such as the volatile fatty acid concentration
(VFA) were measured as described in Caporgno et al. [19]. The ammonia concentration
at the end of the experiment was measured with an ion selective electrode (ISE)
(Ammonia Gas Sensing combination electrode, mod. 51927-00, HACH); the alkalinity
was analysed according to the standard method 2320B [20]. The theoretical methane
production was calculated based on the microalgae composition, and the
biodegradability of the biomass, as the fraction of the theoretical methane production
reached at the end of the anaerobic digestion experiment as described in Caporgno et al.
[19].

The freeze-dried microalgae biomass was converted to FAME-biodiesel by direct
transesterification procedure according to Johnson and Wen [20]. The FAMESs were
analysed by GC-FID according to the Agilent Application Note 228-398 using a HP-
INNOWax column (19091N-133), and a 37 component FAME standard mixture

(Supelco: 47885-U) was used for calibration of the method.
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3. RESULTS AND DISCUSION

3.1. Culture medium screening in EOSS-PBR

The Figure 1a shows the evolution of the number of cells over time for C. kessleri, in
nutrient media containing from 30 mg N/L to 1200 mg N/L. As can be observed in
Table 1, although the differences in the TN concentration in both wastewaters, most of

the N content in both wastewaters is in the form of NH4*.

Figure 1

In the nutrient medium with the lowest TN concentration, the curve follows a typical
evolution for batch cultivation. There was a lag phase at the beginning, characterised by
a period of physiological adjustment due to changes in the nutrient conditions. The cells
adapted to the new conditions after 2 days and the growth accelerated; this is the
exponential growth phase. Finally, there was no growth after day 9; this is the stationary
phase. As observed in Figure 1, when the TN concentration increased from 30 until 140
mg N/L, the lag phase became longer and the growth rate during the exponential growth
phase became lower. There was not any microalgae cell growth at a TN concentration
higher than 140 mg N/L; in fact, the number of cells decreased and no cells were
observed after 3 days cultivation, suggesting inhibition of the cell growth. In the
centrate, there was a high level of N in the form of ammonium, and although it can be
used by microalgae as source of N, it can also inhibit microalgae growth [8]. Microalgae
cells were recovered from the bottom of the reactors, and their appearance was observed
in the microscope also using the green filter for chlorophyll fluorescence observation.

The cells in the media with 30 mg N/L were smaller than in the media with 140 mg

10
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N/L. This result agreed with the dry weight analysis results, which determined similar
algal dry weight in both media, in spite of the higher number of cells in the media with
30 mg N/L. Regarding the microalgae recovered from the reactors with a nitrogen
concentration higher than 140 mg N/L, the cells presented an absence or much less
florescence intensity than that recovered from reactors with 30 and 140 mg NJL,
indicating that nitrogen concentrations higher than 140 mg N/L affect the cells
negatively. Comparable results were reported for C. vulgaris cultivation on wastewater
with a high concentration of NH4™-N [12].

At the end of the experiment, the algal dry weight was determined in the reactors. The
Cx was similar in nutrient media with 30 mg N/L and 140 mg N/L, 1.34+0.10 g/L and
1.32+0.06 g/L respectively, in spite of the differences in the number of cells. At TN
concentrations higher than 140 mg N/L, microalgae cells settled and Cx was lower than
0.05 g/L, as was expected due to inhibition. The total pigment content was analysed at
the end of the experiment, due to the more intense green colour observed in the reactor
with a TN concentration of 140 mg N/L compared with 30 mg N/L, although the lower
number of cells. The results indicated the total pigment content was 15+0.1 pg/mL for
140 mg N/L 1.8+0.1 ug/mL for 30 mg N/L, as was also observed elsewhere [12].

Based on the results, it was decided that a nutrient medium with a TN concentration
around 140 mg N/L is the most suitable for C. kessleri species cultivation; this allows
the usage of the highest amount of the centrate and produces a high biomass
concentration. Furthermore, since similar growth evolution and biomass production was
reported for C. kessleri and C. vulgaris cultivation in wastewater [13], no screening was
carried out with C. vulgaris species and the same nutrient medium was used for both

species.

11
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Regarding the culture medium for the marine microalgae species N. oculata, Figure 1b
shows microalgae growth in the nutrient media containing from 6 mg N/L to 782 mg
N/L. Centrate and seawater mixing affects medium salinity due to a dilution effect; the
higher the amount of the centrate in the nutrient medium, the higher the TN
concentration but the lower the salinity. The highest salinity was 28%o in pure seawater
with a low TN concentration due to the NO3™ presence; the lowest was 3%o with a TN
concentration of 782 mg N/L.

As can be observed in Figure 1b, there was not a significant microalgae growth in
natural seawater due to the low nutrient content. However, a higher N content after the
centrate addition was enough to increase the number of cells. In the medium with 71 mg
N/L and 24%o. salinity, N. oculata cultivation shows good results. The evolution of the
number of cells show a lag phase during the first 2 days and then, the growth accelerates
almost continuously. Finally, by the 10" day, it seems that microalgae growth is close to
the stationary phase. The increases in the TN concentration up to 135 and 265 mg N/L
decreased the salinity of the medium, 18%o and 12.5%o respectively. As can be seen in
the curves, the microalgae did not grow in the medium with 135 mg N/L in spite of the
higher salinity of this medium, but they grew in the medium containing 265 mg N/L. In
this medium, the evolution of the number of cells followed a 2 day lag phase and an
exponential growth and a stationary phase around the 8th day. These results indicated
inhibition in the culture medium with 135 mg N/L; however, the inhibition could not be
attributed to a high TN concentration or to a low salinity. Comparing the media
containing 71 mg N/L and 265 mg N/L, the number of cells decreased by almost 50%
due to the low salinity; the optimum salinity for N. oculata has been suggested between

22%o and 25%o and the changes in the medium salinity affect N. oculata cultivation [22].

12



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

It was reported that Nannochloropsis sp. grew in wastewater with 33%o and 18.5%0
salinity (11 mg N/L and 55 mg N/L respectively), but the culture failed at lower
salinities due to osmotic stress [14]. Furthermore, it was reported that Nannochloropsis
salina grew in wastewater reaching similar productivities when the salinity was
adjusted, and the TN was in a range between 80 mg N/L and 480 mg N/L [15]. Based
on this, it was confirmed that the inhibition in the media with 130 mg N/L was not
attributable to salinity or TN concentration in the medium. A possible reason was pH; it
was reported that pH affects Nannochloropsis sp. significantly [22] [23] and in the
experiment, this parameter was not automatically regulated. During ammonia
assimilation by microalgae, the pH of the medium decreases and may reach levels near
pH 3; the pH shifts might cause growth inhibition [24].

At 71 mg N/L and 24%o. salinity in nutrient medium, the Cx was 1.07+0.07 g/L. The TN
concentration increase to 265 N/L decreased the Cx to 0.48+0.02 g/L. In other culture
media, the Cx was lower than 0.02 g/L, as was expected due to the inhibition observed.
Assuming that inhibition in the medium with 135 mg N/L was fortuitous, a nutrient
medium with 135 mg N/L and 24%o salinity allows using the higher amount of centrate
without affecting Cx, thus these were the characteristics of the culture medium chosen

for N. oculata cultivation.

3.2. Microalgae cultivation in flat-panel airlift PBR

3.2.1 Chlorella kessleri cultivation

The microalgae were cultured in 1L PBR to evaluate the microalgae growth, the nutrient
removal and the biomass production. Figure 2a shows C. kessleri growth as the

evolution of the number of cells over time in a culture medium with 130 mg N/L (0.009
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mol/L), and Figure 2d shows the N evolution as the percentage of the initial N which

remained in the culture medium, and the Cx evolution in the culture.

Figure 2

As can be observed in Figure 2a, there was a scarce microalgae growth during the first
two days but the algal dry weight slightly increased, indicating microalgae cell size
increase. This cell size increase was accompanied by a TN concentration reduction from
130.0+0.3 mg N/L to 108.2+0.3 mg N/L, which represented ~16% TN consumption.
After the 2" day, the microalgae growth started a steady increase until the 7 day. At
this time, the Cx in the reactor reached 1.78+0.05 g/L; the total TN consumption was
~95%, the remaining TN concentration was under the limits for the TN discharge [6].
The microalgae growth continued until it reached the stationary phase on the 9™ day.
Although there was not a significant TN consumption after the 7" day, the Cx reached
2.34+0.01 g/L on the 9" day and 2.70+0.08 g/L at the end of the experiment. The final
TN concentration was lower than 5 mg N/L, which meant >96% removal. Regarding P
as a nutrient, the initial concentration of TP in growth medium was 5.76+0.08 mg P/L,
and at the end of the experiment 0.04+0.01 mg P/L, which indicated more than 99%
removal efficiency. Under the culture conditions in this experiment, C. kessleri showed
a high efficiency at removing TN and TP; the culture conditions affect TN and TP
removal differently [7]. The results indicated that C. kessleri cultivation can remove TN
and TP without a previous acclimation step; a microalgae acclimation step was
unnecessary to improve nutrient removal as it is suggested in the literature [25]. Similar

results were also reported by Arbib et al. [13]. The N/P ratio in the culture media was
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23, higher than the range 6.8-10 indicated as optimal for freshwater microalgae
cultivation [9]. As some other freshwater microalgae species [9], C. kessleri has
demonstrated the ability of growing in nutrient media with an unbalanced N/P ratio.
Based on the stoichiometric needs of biomass and nutrients concentration in medium,
the maximal biomass concentration without starvation was calculated. Assuming an
elemental composition of biomass equal to CHj1.71500.427No.148S0.014P0.012, Where the
C-molar mass is 23.45 g C/mol [16], and an initial TN concentration of 130 mg/L, the
maximal biomass concentration without starvation resulted 2.18 g/L. As can be seen in
Figure 2d (dashed line), this concentration was reached between the 7" and 8™ day of
cultivation. In the same period, it remained less than 5% of the initial TN concentration
(Figure 2b), indicating that microalgae cells may experience N-starvation.

Figure 3 indicates the microalgae spectra obtained during FTIR analyses, for biomass
collected during the 2", 6" and 9" days, corresponding to the beginning of the
exponential phase, when the TN concentration in the culture medium was ~5 mg N/L,

and at the beginning of the stationary phase.

Figure 3

Since the lipids, protein and carbohydrates can be identified due to their characteristic
groups [26], the comparison of the three spectra in Figure 3 shows the evolution of the
proteins, carbohydrates and lipids in biomass. The protein content decreased during
cultivation, due to less intensified absorption bands at 1,500-1,700 cm™ for peptide
amide groups of proteins. On the contrary, the absorption bands at 1,000-1,200 cm™,

characteristics of C—O and C—-O-C groups of carbohydrates, increased. Moreover, more
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intensified bands at 1,700-1,750 cm™ and 2,800-3,000 cm™, characteristics for lipids
indicated a lipid content increase. These changes in the absorption bands indicated that
the microalgae underwent a period of N-starvation; the cell division decreased
progressively, the dry weight increase became lower and the lipid content triggers.
These facts, visible in Figure 2a, 2d and 3, were also observed in other freshwater
microalgae species which experienced progressive N-starvation [16]. The results
confirmed that the microalgae cultivation in wastewater follows a progressive N-
starvation process, increasing the microalgae lipid content, valuable for biofuels
production. The total lipid content was not analysed, and the saponifiable lipid fraction
(convertible into biodiesel) was quantified instead; the saponifiable lipid content yielded
7.4+0.2 g/100gvs. The content of proteins and carbohydrates in C. kessleri were

36.7+1.0 g/100gvs and 44.6+0.1 g/100gvs respectively.

3.2.2 Chlorella vulgaris cultivation

C. vulgaris growth in a culture medium with 130 mg N/L (0.009 mol/L) can be
observed in Figure 2b as the evolution of the number of cells over time; the N evolution
as the percentage of the initial N which remained in the culture medium and the Cx
evolution in the culture can be observed in Figure 2e.

Similar to C. kessleri, the number of cells did not change until the second day but the
algal dry weight increase revealed a cells size increase. This was accompanied by a
27% consumption of the TN; the TN concentration decreased from 130.0+0.3 mg N/L
to 93.4+2.5 mg N/L. From the 2" day until the 6™ day, the microalgae growth showed a
steady increase. After the 6" day, the growth rate decreased and on the 11" day the

culture was near the steady phase. The Cx in the reactor increased daily and it reached
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2.63+0.09 g¢/L the 8" day, when the TN consumption was ~94% and the TN level lower
than 10 mg N/L required for water discharge [6]. The subsequent number of cell
increase was not accompanied by substantial Cx increase or N consumption; in fact, the
Cx and the TN consumption reached 2.91+0.02 g/L and ~95% respectively. At the end
of the experiment, TP in growth medium was 0.11+0.02 mg P/L, lower than the
threshold established by the European Directive (< 1 mg P/L) [6], resulting in a removal
efficiency higher than 98%. The results also indicated that C. vulgaris grows in
wastewater, even when the N/P ratio is unbalanced and higher than the indicated as
optimal for freshwater microalgae cultivation [9]. The nutrients removal efficiencies
were higher than the reported after C. vulgaris cultivation in wastewater sampled in
different point of a WWTP, including centrate samples with a similar composition than
in the present experiment [9]. Although similar nutrient removals were reported in
wastewater mixed with glycerol, the biomass concentration reported at the end of the
experiment was considerably lower [10]. Comparable nutrients removals and lower
biomass production were reported during the C. vulgaris cultivation using centrate
obtained from a digester processing cattle slurry and raw cheese whey [11].

As during C. kessleri cultivation, C. vulgaris experienced a progressive N-starvation
process, which led biomass to a cell division decrease, a low dry weight increase and a
total lipid content accumulation. The maximal biomass concentration without starvation
resulted in 2.18 g/L [16] and it is indicated in Figure 2e by a dashed line. This biomass
concentration was reached between the 7" and 8" day of cultivation, when the TN
concentration was less than the 5% of the initial concentration. After this period, the
microalgae increased their lipid content. The saponifiable lipid fraction yielded 11.3+0.1

9/100gvs at the end of the experiment, similar to the results reported for the same C.

17



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

vulgaris strain cultivation under N-starvation [17]. The content of proteins and
carbohydrates in C. vulgaris were 35.2+1.4 ¢/100gvs and 36.2+0.3 g/100gvs
respectively.

A comparison between C. kessleri and C. vulgaris shows a significant difference in the
number of cells. C. kessleri reached around 1500-10° cells/mL at the end of the
experiment, whereas C. vulgaris reached almost three times this number (Figure 2a and
2b). However, the Cx was in both species, which agrees with the larger size of the
C. kessleri cells compared with the C. vulgaris cells. The higher cell size in C. kessleri
may increase harvesting efficiency, thus being beneficial from an engineering point of
view. The literature comparing C. kessleri and C. vulgaris for wastewater treatment is
scarce, but both species have shown a similar biomass production when cultured under
the same conditions [13]. However, the reported biomass production was lower than the
2.70£0.08 g/L and the 2.91+0.02 g¢/L obtained for C. kessleri and C. vulgaris
respectively in the present studio.

Chlorella microalgae are usually found in wastewater treatment ponds [8], suggesting
that can uptake nutrients from wastewater to grow. The species cultured in this study
shows a promising future for nutrient removal in wastewaters. Moreover, the biomass
cultivation makes possible the centrate utilization as nutrient medium instead of its
recirculation to a previous step in the process. The biomass can be used as fertiliser, as
animal feed or as biofuel feedstocks, being economically advantageous for the WWTP
[8]. Moreover, the progressive N-starvation during cultivation triggers lipid

accumulation in biomass, attractive for biofuels production [17].

3.2.3 Nannochloropsis oculata cultivation
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N. oculata was grown in a nutrient medium with ~100 mg N/L (0.007 mol/L) and 25%.
salinity. Due to the higher TN concentration in the centrate collected for this
experiment, it was possible to increase the TN concentration in the nutrient medium,
keeping salinity in the optimum range [22]. The evolution of the number of cells over
time can be observed in Figure 2c. The N evolution and the Cx evolution in the culture
can be observed in Figure 2f.

Figure 2c shows that there was not a significant lag phase at the beginning of the
experiment; the number of cells increased at an almost constant rate from the beginning
until the 8" day. After the 8" day, it started a stationary phase followed by a declination
phase derive from the biomass precipitation observed. The stationary phase started the
8" day: the TN concentration was 67.0+0.8 mg N/L, which barely represented ~35%
consumption of the initial 102.8+0.1 mg N/L. On the 11" day, the TN concentration
reached 55.9+2.0 mg N/L, ~47% consumption; the TN concentration in the culture
medium exceeded the limit required for water discharge [6] but to prolong the
cultivation beyond did not increase the N consumption significantly. The experiment
was conducted until the 14" day due to the low N consumption observed; however, the
number of cells was not counted beyond the 11" day. The Cx increased at an almost
constant rate from the beginning of the experiment until the end of the experiment; the
11" day, the Cx reached 0.66+0.02 g/L and on the 14" day, 1.05+0.06 g/L despite there
was not any N consumption in this period. The Cx values were considerably lower
compared with the Cx obtained in the freshwater microalgae cultivation (Figures 2d and
2e). The TP concentration at the end of the experiment was 0.04+0.01 mg P/L, lower
than the threshold established by the European Directive (< 1 mg P/L), resulting in a

removal efficiency higher than 96% [6].
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Nannochloropsis species have shown the capability to grow in different nutrient media
varying nitrogen concentration, salinity, ph, light intensities, between some other factors
[14,15,23]. It has been reported that the microalgae grows without major changes in a
medium with N/P ratio of 32, although the optimal ratio is 16 [27]. The initial N/P ratio
was considerably higher than the optimal, around 100. The excess or lack of P
influences negatively the cell division and the biomass productivity [27]; thus affecting
the microalgae growth and the N consumption.

Although N. oculata grows in wastewater, the results suggest that the aim of the
wastewater utilisation should be established in advance. If cultivation is aimed to reduce
nutrient content, the freshwater microalgae species are preferable; the nitrogen level at
the end of N. oculata cultivation still exceeds the threshold established by the European
Directive for water discharge. However, if cultivation is aimed at biofuels production or
valuable compound production from marine microalgae species instead, centrate can
replace nutrient addition reducing the production costs. In this case, the salinity needs to

be adjusted in order to obtain high biomass productivities.

3.3. Methane production from microalgae

C. kessleri and C. vulgaris grown in wastewater were recovered from the PBR and
anaerobically digested in order to evaluate their potential as substrate for methane
production. The methane production curves from C. kessleri and C. vulgaris are shown

in Figure 4.

Figure 4

20



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

The methane production was similar for both microalgae species during the first four
days, becoming different after this period. On the 6™ day, the methane production from
C. wvulgaris was 11% higher than from C. kessleri. This difference progressively
increased until the end of the experiment, when it reached 20%. The final methane
production from C. kessleri and C. vulgaris were 346+3 mLcha/gvs and 415%2
mLcha/gvs respectively. For C. kessleri, it has been reported 218 mLcha/gvs under
mesophilic conditions; for C. vulgaris digestion, 240 mLcha/gvs and 286 mLcha/gvs
were reported after 28 days and 49 days mesophilic conditions respectively [4];
however, there is no literature relating to the anaerobic digestion of microalgae
cultivated in wastewaters. These methane productions were clearly exceeded in the
present experiment. What is more, the methane productions obtained are higher than
those reported for several microalgae species [4]. Even more interesting results appear
when comparing the methane production from microalgae with substrates commonly
used in anaerobic digestion, such as sewage sludge, which under similar conditions
produced around 350 mLcra/gvs [19]. The methane production from several substrates
such as municipal solid wastes, swine manure, maize silage and straw, etc., was also
exceeded [4].

The theoretical methane production resulted in 5335 mLcha/gvs and 567+1 mLcHa/Qvs
for C. kessleri and C. vulgaris respectively. The biodegradability resulted in 65% and
66% for C. kessleri and C. vulgaris respectively, higher than the values reported for
other microalgae species and similar to the values reported for sewage sludge
mesophilic digestion [4]. The values of pH, alkalinity, and concentration of ammonia
and VFA were measured at the end of the experiments corroborated that the digesters

operated at optimum conditions. The biogas composition, analysed several times during
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the experiments, indicated that the methane percentage ranged between 66% and 71% in
all reactors.

The methane production from both microalgae species shows that biomass cultivation in
wastewater coupled to anaerobic digesters allows wastewater treatment and energy
recovery simultaneously. During the wastewater treatment process, the TN
concentration reduction can lead to high lipid content in biomass; a high lipid content

increases the methane production potential of the biomass.

3.4. Biodiesel production from microalgae

The FAME content in freeze-dried C. kessleri and C. vulgaris grown in wastewater was
quantified, to evaluate suitability of the microalgae for biodiesel application.

The biodiesel yields obtained from C. kessleri and C. vulgaris amounted to
7.4+0.2 g/100gvs and 11.3£0.1 g/100gvs respectively. These results are comparable to
the results obtained from Chlorella sp. reported elsewhere [7,28]. Although the
biodiesel yields for both microalgae strains were not high enough for industrial
biodiesel production, changes in microalgae cultivation conditions can enhance the
accumulation of lipids and the biodiesel yields [29]. The biodiesel yield in C. vulgaris
was also similar to results found during the cultivation of the same strain under N-
starvation [17], confirming that the N-starvation increased the lipid content during
cultivation in wastewater. Moreover, the fatty acid profiles of both microalgae strains
were dominated by palmitic (C16:0), oleic (18:1), linoleic (C18:2) and linolenic (C18:3)
acids; these fatty acids are the most common fatty acids contained in biodiesel produced
from vegetable oils [30]. Fatty acid profile of C. kessleri consisted of 20.3%, 10.4%,

32.2% and 12.9% of palmitic, oleic, linoleic and linolenic acid, respectively. C. vulgaris
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contained 22.2%, 27.2%, 11.6% and 10.6% of palmitic, oleic, linoleic and linolenic
acid, respectively.

Both microalgae cultivated in wastewater are suitable sources of lipids for biodiesel
production, contrary to some other microalgae species with a high content of
polyunsaturated fatty acids, which decreases oxidative stability of biodiesel [29,31]. The
anaerobic digestion of microalgae wastes from biodiesel production was not evaluated.
However, the idea of coupling biodiesel production and anaerobic digestion of the
microalgae wastes might be a way to improve the global efficiency of biodiesel

production.

4. CONCLUSIONS

The centrate from a WWTP was found interesting to supply nutrients for microalgae
cultivation. The freshwater microalgae species Chlorella kessleri and Chlorella vulgaris
removed N and P almost completely (>95%); the progressive N-starvation derived from
N consumption lead to a biomass with a high potential for methane production.
Moreover, the biodiesel produced from both species showed interesting properties,
indicating the possibility of producing this biofuel. Under the cultivation condition
evaluated, Nannochloropsis oculata showed a low efficiency at nutrient removal; in
order to obtain higher nutrient removal or higher biomass production for valuable

compounds, cultivation must be optimised.
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Figure captions

Figure 1: Microalgae growth as the evolution of the number of cells over time for the
freshwater microalgae specie C. kessleri (a) in the culture media with 30 mg N/L, 140
mg N/L, 260 mg N/L, 490 mg N/L, 700 mg N/L and 1200 mg N/L, referred as FM30,
FM140, FM260, FM490, FM700 and FM1200. In part (b), the marine microalgae specie
N. oculata, in the culture media with 6 mg N/L, 71 mg N/L, 135 N mg N/L, 265 mg
N/L, 524 mg N/L and 782 mg N/L, referred as SM6, SM71, SM135, SM265, SM524
and SM782. 2-column fitting image.

Figure 2: In the upper part, the microalgae growth as the evolution of the number of
cells over time for (a) C. kessleri, (b) C. vulgaris and (c) N. oculata respectively. In the
lower part, the N evolution as the percentage of the initial N which remains in the
culture medium and the Cx evolution during cultivation for (d) C. kessleri, (e)
C. vulgaris and (f) N. oculata respectively. 2-column fitting image.

Figure 3: FTIR spectra of C. kessleri microalgae collected during the 2", 6 and 9%
day. Single-column fitting image.

Figure 4: Methane production curves from C. kessleri and C. vulgaris cultivated in

wastewater, batch reactors and 33°C. Single-column fitting image.
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