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Abstract

Microalgae are considered as one of the most prmgisources of biomass for energy
production. However, bioenergy production by midgad culture is still not
economically viable and it has high environmentapact (requirement of high amount
of freshwater). These drawbacks can be surpassecblyyling microalgal biomass
production with phycoremediation of wastewaterthils context, this study evaluates the
kinetics of biomass production and nutrient remdyetiwo microalgal specie€hlorella
vulgaris and Pseudokirchneriella subcapitgtacultivated in different medium

compositions.

The potential of microalgae for biomass productaad their high efficiency on nutrients
removal from medium, particularly nitrogen and ptlosrus, was demonstrated.
Maximum biomass productivity was observed @rvulgaris (0.106+0.004 g i d?),
while P. subcapitataeached a maximum of 0.050+0.001 ¢ &*. The value of N:P
molar ratio that favoured microalgal growth was &t C. vulgarisand 16:1 forP.
subcapitataA complete removal (100%) of ammonium was meabkara high removal
efficiencies were observed for nitrate (above 95860 phosphatéabove 97%).
Microalgae were also able to efficiently remove pbaites, presenting removal
efficiencies from 54 to 100%. The removal kinetfos all the nutrients have been
determined through application of pseudo-first-ordénetic model and modified
Gompertz model. In conclusion, this work gives valg data for culturing microalgae in
wastewater, contributing to the bioprocess desifinaosustainable and low-cost

production of microalgal biomass.

Keywords: Biomass production; Microalgae; Nutrient uptake inekics;

Phycoremediation; Sustainable process; Wastewatgiment
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1. Introduction

Alternative sources of energy with lower carborensity and thus, more sustainable,
should be studied. Biomass is a renewable energguree that, with adequate
management, can achieve high regeneration rateg loensidered sustainable (zero-
emission energy source) [1-3]. In this context,rmoatgae appear as an important source
of biomass. These photosynthetic microorganismsgmtehigher growth rates and higher
biomass productivities when compared to terrestrigbs [4-8]. Microalgae can be grown
in non-arable land and require far less land teamestrial crops, thus not competing with
agriculture and not compromising food productiod aapply. Additionally, microalgae
can grow in a wide variety of environmental coraht and also in low quality waters,
reducing the requirements for freshwater [9, 10ueDto their macromolecular
composition, several commercial products can beegetd from microalgal biomass [11]:
human food, animal feed, fine chemicals, biofueld &ertilizers. Microalgal cultures are
already performed at large-scale, mainly for highsed human nutritional products.
However, bioenergy production is not economicallgble yet; thus, several research
efforts should be performed to reduce biomass mtomiu costs. Besides the search for
the culture parameters corresponding to maximumilroates, the process integration
of biomass production with wastewater treatmentdsdary or tertiary treatment) will
provide a significant reduction on the requiremintfreshwater and nutrients (whose
price almost doubled in the last decade) [12, @8]the other hand, wastewater treatment
using microalgae has several advantages over cbomeh treatments [14-16]: (i)
nitrogen and phosphorus can be converted into lsmathout the addition of organic
carbon; (ii) the discharged effluent into water iesds oxygenated; and (iii) high-valued
products can be extracted from microalgal biom@ks. main mechanisms for nutrient
removal from microalgae include uptake into thd aell, in the case of ammonia, the
stripping through elevated pH [17, 18]. Howevertiéey treatment of wastewater with
microalgae should guarantee that the dischargéslifor urban wastewaters defined by
the European Union (EU) Directives 91/271/EEC af88I15/EC are accomplished.
Taking into account the definition of populationuaalent (p.e.) presented in the EU
legislation, the limits for effluent discharge afi¢2 mge L (for 10 to 100 thousand p.e.)
or 1 mg L? (for more than 100 thousand p.e.) for total phospé and a removal
efficiency of this nutrient in the overall load af least 80%; and (ii) 15 md." (for 10

to 100 thousand p.e.) or 10 mig? (for more than 100 thousand PE) for total nitrogen
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and a removal efficiency of this nutrient in theemall load of at least 70-80%. One or
both parameters (values for concentrations or ¢éhegmtage of reduction) may be applied
depending on the local situation.

According to their source, wastewaters can pregdifierent compositions, some of them
with compounds that inhibit microalgal growth. Seleaesearch studies were already
performed with microalgal growth in wastewatersnirdifferent sources: (i) domestic
wastewater [19-21]; (ii) anaerobic digestion wastn [22-24]; (iii) livestock
wastewater [25-27]; and (iv) agro-industrial wasaéay [28, 29]. In almost all studies,
microalgae were able to efficiently remove the nameid nutrients. Lundquist et al. [30]
performed a techno-economic assessment of biofteglugtion by microalgae using
wastewater as culture medium, selecting five casdies: two of them focused on
wastewater treatment and the others on biofuelgfdsioand biodiesel) production.
Without integration with wastewater treatment, magal biofuels can exceed $400 per
barrel, while this integration can lower the priceless than $30 per barrel. Thus, an
important step to increase the competitiveness ni{ptmg simultaneously the
environmental sustainability) of microalgal biofsi@ver fossil fuels is the optimization

of culture parameters using wastewater as cultu@ium.

Several phenomena should be studied to applyatisblogy at industrial scale. Kinetics
of microalgal growth and nutrient removal are regdito perform the bioprocess design.
In addition, the influence of nitrogen to phospteo(N:P) molar ratio on the growth of
microalgae and the effect of fed nitrogen souraérge@ or ammonium) should be
analysed. Therefore, this study aimed to evalle&kinetics of biomass production and
nutrient removal of microalgae grown under différerperimental conditions. Specific
objectives were: (i) to evaluate the effect ofagien to phosphorus (N:P) molar ratio and
nitrogen source on the growth of two microalga€hlfrella vulgaris and
Pseudokirchneriella subcapitgtaand (ii) to evaluate the kinetic parametershiomass

production and nutrient uptake from the culture med
2. Materials and methods

2.1. Microorganisms and culture medium

C. vulgarisandP. subcapitatavere obtained from the Culture Collection of Algael
Protozoa (CCAP). The selection of these microoggasiwas based on the following
factors: (i) both microorganisms can be easily grawlaboratory cultures; (ii) different

4
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studies have shown that microorganisms from theg€hlorella have been effectively
applied in nutrients removal from wastewaters fidifferent sources [31-33]; and (ii.
subcapitatais a green microalga commonly used as a chemaatity bioassay
organism [34, 35] that has shown to be adapteddw ginder different nitrogen and
phosphorus concentrations [36]. Microalgae werecuteied in a modified standard
medium [37] with the following composition (mg*): 12 MgCb- 6H:0; 18 CaCl- 2H:0;

15 MgSQ: 7TH0; 20 KHPQs; 0.08 Fed:6H:0; 0.1 NaEDTA-2H0; 0.185 HBOg;
0.415 MnC}-4H0; 0.003 ZnGf; 0.0015 CoGl6H0; 10° CuCbkb-2H0O; 0.007
NaMoO4- 2H0 and 1300 NaHC® Different medium compositions regarding nitrogen
(see Table 1) were applied to mimic the composstiohreal effluents, which present a
wide variability. NHCl and NaNQ@ solutions were added at different molar ratios, to
evaluate which nitrogen source (MHand NQ) results in an increased biomass
productivity. Due to the variable composition of ski@waters, the use of a synthetic
medium was considered more appropriate to reprothecexperiments at lab scale and
to obtain mathematical models. N:P molar rationsmaportant parameter in microalgal
growth. Redfield ratio (16:1) was considered asdi@d/alue. Two additional ratios were
selected, one higher (24:1) and one lower (8:1¢pteer a wide range of values found in
different wastewaters [38]: (i) poultry; (ii) swin@ii) tannery and others. In addition, the
selected concentrations of nitrogen and phosplraraus the same order of magnitude of

the values found in the same wastewaters [38].

2.2. Experimental setup and culture conditions

Microalgae were inoculated in 1-L borosilicate gldtasks with an initial biomass
concentration of approximately 20-30 mg!.LCultures were performed at room
temperature for 12 days using the above descritestium. Agitation of the cultures was
obtained by injection of atmospheric air at theebafthe flasks, using air pumps Trixie
TARP D-2463 (50-300 L) with an air flow of 90 LhCultures were exposed to
continuous light supply (provided by a set of fd&W fluorescent lamps) with light
intensity at the surface of the flasks betweenad 3.0 klux. Light intensity was daily
monitored using a light meter Isotech Lux-1335 — ®&nponents. The assays were

performed in duplicates.

2.3. Analytical methods
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The cultures were subjected to daily measurementsnoperature, dissolved oxygen
concentration (sensor Oxi 340i — WTW), pH (senddr2i2— Hanna Instruments) and
optical density at 750 nm (QBE). ODrso was measured using a spectrophotometer
(Genesys 10S UV-Vis ScannirgThermo Scientific). Biomass concentration was then
calculated using the determined calibration cufeesach microalga. The relationship
between biomass dry weighbighassL ™, x) and optical density (O3, y) was estimated
using the following linear regressions= (1.80 + 0.08)x + (0.04 + 0.07) (R?>=0.998;
limits of quantification and detection were 0.15dal04 g L, respectively) forC.
vulgaris and y = (2.6 + 0.2)x + (0.1 + 0.1) (R?=0.995; limits of quantification and
detection were 0.16 and 0.05 g, lrespectively) foP. subcapitata

To evaluate the temporal variation of the mediuranaical composition, five samples
were collected in different days. These samplegwentrifuged for 15 minutes at 4000
rpm using a centrifuge by Hitachi Himac CT6E Kokd.CLMT and filtered through
syringe filters of nylon membrane with a pore sité.45um (Acrodisc ®, Pall). The
filtered solution was then analysed taking intocart the following compounds: (i)
sulphate, chloride, nitrate, phosphate and nitneasured by ion chromatography using
a Dionex ICS-2100 apparatus equipped with a lofR&@11-HC (4x250 mm) column
at 30 °C and an anion self-regenerating supprésSRS® 300, 4 mm) under isocratic
elution of 30 mM NaOH at a flow rate of 1.5 mL min(ii) sodium, potassium,
ammonium, magnesium and calcium measured by ioonthiography using a Dionex
DX-120 device equipped with a lonPa€S12A (4x250 mm) column at room
temperature and a cation self-regenerating (CSB®a Il, 4 mm) suppressor under
isocratic elution of 20 mM methanesulfonic acichdlow rate of 1.0 mL mi¥; and (iii)
dissolved organic carbon (DOC) concentration deitegth by combustion catalytic
oxidation at 680 °C and non-dispersive infrared ([RIDmethods in a TOC-y6n analyser
equipped with an ASI-V autosampler (Shimadzu). Tdtasolved carbon (TDC) and
dissolved inorganic carbon (DIC) were also measward DOC was given by the
difference between TDC and DIC (DOC=TDC-DIC).

2.4. Kinetic models and parameters

Biomass concentratiorX( g L'Y) was used to determine specific growth rated{) and
biomass productivityRyx, g L'* d?) for both species in the different studied coraisi.
During the exponential growth phase, the speciftavgh rate was calculated according
to Equation 1 [39, 40]:
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ax _ _ In(X1/Xo)

—=uXe
dt ‘u M tl_to

(1)

whereX: andXo are the biomass concentrations at tipendto (for this purpose, the end
and beginning of exponential growth phase), respagt Biomass productivity results

from the difference in biomass concentration pet time between two consecutive

samples:
X1 —Xo
P =
=L )

To compare this parameter among different cultureximum and average
productivities Px max and Px ay, respectively) were determined. Maximum produtyivi
was calculated by rolling average of three conseeutalues throughout the culture,
considering the maximum value. The average prodtictesults from the ratio of overall

produced biomass and elapsed time [41].

Regarding nutrient removal by microalgae, the remhe¥ficiency RE, %) was defined

as:

RE (%) =

So—S
05 %100 3)

0
where $ and S are nutrient concentrations at the beginning and ef culture,
respectively. In addition, removal ratRR mg L! d?) of the analysed nutrients was

calculated as follows:

RR = 20~ 5i (4)
ti— 1t

where§S is the nutrient concentration at tirheln this work, the maximum and average

values of this parameter for each culture wereutaled.

A pseudo-first-order kinetic model was assumedédscdbe the temporal variation of
nutrient concentrations in the cultures [40]. Actingly, nutrient removal kinetics can be
considered as:

S=S5,x ekt (5)

Equation 5 can be linearized to determine the kireginstantK, d'). A plot of In(S) as
a function oft will yield a straight line with slopek.
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In(S) = In(S,) — kt (6)

The kinetic constant helps to identify the conditovhere higher removal rates were

obtained.

Based on the experimental data achieved in thigwiowas observed that NOwvas not

immediately assimilated by microalgae in some caku Therefore, the modified
Gompertz model was applied to model the temponaatran of nutrient concentrations
for those cultures [42, 43]. This model considdteée distinct phases: (i) initial phase
of adaptation (lag phase); (ii) exponential phaset (iii) final stage of stagnation. It can

be expressed as:

S =a-exp[—exp(b — ct)] (7

wherea is the upper asymptotg,(b > 0) sets the displacement along thaxis andc

(c > 0) sets the tangent at the inflection point. Takinp account that the nutrient
removal follows a pseudo-first-order kinetic mod#ie following equation can be
obtained [44]:

S(it)=5,+ (Sf — SO) x exp{—explk x (A —t) + 1]} (8)

whereA (d) is the lag time. The fitting of the modifiedb@pertz model to experimental
data allows the estimation of the time delay takgmmicroalgae to assimilate NUn

some cultures and the kinetic constdat (

Biomass yield based on nutrient consumpti¥ngbiomassGnutrieni-) can be calculated by
Equation 9. This parameter was calculated fos\NNOs, PO and SG”.

_ X~ Xo 9)

Y
So — St

3. Results and discussion

Cultures ofC. vulgarisandP. subcapitatavere monitored taking into account the dual
role of microalgae: biomass production and nutrrentoval from the synthetic effluent.
The achieved results are important in the desighiafeactors for the above referred

applications.

3.1. Biomass production
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The daily monitoring of biomass concentration i titifferent cultures allowed the
characterization of their growth kinetics and ase\of the influence of nitrogen source
and concentration in the medium (correspondingifferént N:P molar ratio). Figure 1
shows the temporal variation of biomass concewmafor C. vulgaris(Fig. 1a and 1c)
andP. subcapitatgFigure 1b and 1d), for the tested N:P molar radiod nitrogen sources
(assays 1, 3, 4 and 6). In general, the culturés. aulgarispresented the same growth
behaviour: (i) the lack of an adaptation phase @lzserved; (ii) the exponential phase
started before completing the first day of cultuaed (iii) microalgal growth stabilized
after the seventh day. On the other hahdsubcapitatgpresented a shorter exponential
phase (96 h fo€. vulgarisand 72 h foP. subcapitata Table 2 presents the main kinetic
parametersXmax L, Px maxand Px a) determined for the different microalgal cultures.
Concerning{max these values ranged between 0.19+0.04 and 0FA#0:%. C. vulgaris
presented higher values (0.622+0.002 to 0.71+0.0RY when compared td.
subcapitata(0.19+0.04 to 0.289+0.002 g). Maximum values were obtained for the
N:P molar ratios 16:1 and 24:C. vulgaris presented specific growth rates between
0.55+0.03 and 0.85+0.05'dwhile P. subcapitatareached higher values (0.57+0.02 to
1.2+0.1 d'). These results are in agreement with severahresestudies that presented
specific growth rates between 0.31 and 1'ad C. vulgaris[41, 45, 46] and between
0.635 and 1.44 Yfor P. subcapitatg46-48]. Concerning N:P molar ratio and the fed
nitrogen sourceC. vulgarispresented higher specific growth rates when bdth*Nnd
NOz were present in the medium with N:P molar ratio8daf (assay 2), whild.
subcapitata presented higher specific growth rates when cedtum the medium
containing only NH" with N:P molar ratio of 16:1 (assay 4). Hadj-Roradé et al. [49]
and Kapdan and Aslan [50] evaluated the influerfcH:® molar ratio orC. vulgaris
growth and both concluded that it should be nelarBhese results show that the Redfield
ratio [51] (N:P = 16:1) was not the optimal valoe the growth ofC. vulgaris but it was
the optimal one foP. subcapitatagrowth. A more recent study developed predictive
models to determine the best N:P molar ratio [$8]s value can vary from 8.2 to 45.0,
depending on the experimental conditions. The s&a®search study considered that the
Redfield ratio is an average of the values achideethe different specie®x av values
indicate the average temporal rate of biomass mtamiuin the cultures. However, in
industrial context, microalgal cultures should l@fprmed in continuous mode during
the exponential growth phase, when high biomasdymtovities are achieved{ may.

Thus, these values should be focused on the agsalgie optimal culture conditionS.

9
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vulgaris achieved values between 0.077+0.001 and 0.106400Q*! d* that were
significantly higher tharfP. subcapitatg0.033+0.001 to 0.050+0.001 g'id?). Despite
having lower specific growth rate§, vulgarisachieved higher biomass concentrations
and higher productivities (due to the longer daoraf their exponential growth phase —

96 h) tharP. subcapitatathus showing higher potential for biomass proigunct

Besides the monitoring of biomass concentratiothan different cultures, three other
culture parameters were daily monitored: (i) pH) @mperature; and (iii) dissolved
oxygen concentration. Table 3 shows the averageesand standard deviations of these
culture variables for all assays. Temporal variatpofiles were very similar for all
cultures. The initial value of pH was 8.2+0.2, whiacreased in the first day of culture
t0 9.6+0.2 forC. vulgarisand 9.4+0.2 foP. subcapitatathen presenting a slight decrease
tendency until the end of the cultures. The obskverease occurred at the beginning of
the exponential growth phase. In autotrophic growitltroalgae uptake dissolved 0O
which leads to a pH rise and a new chemical equilib in the medium is then
established. In the remaining days of culture, igoiscant pH change was observed,;
thus, CQ uptake rate by microalgae was equal to gas-todimass transfer rate of this
compound. On the other hand, temperature did nedemt significant variation (not
controlled variable), being equal to 25+1 °C. Rdgay dissolved oxygen concentration,
an increase was expected due to the photosynthetity of microalgae. Thus, this
variable should have similar behaviour than theawserved for culture pH. Cultures of
C. vulgarisshowed higher values, presenting an increaseeifirgt day of culture from
6.7+0.4 mg [* to 7.9+0.3 mg ! and showing a slight decrease until the end afical
with final value of 7.2+0.1 mg L High dissolved oxygen concentrations may have a
negative effect on the growth of microalgae. Howeag bubbling promotes the removal
of photosynthetic produced oxygen from the cultueesiding the negative impact of
excessive concentrations of dissolved oxygen.drcése oP. subcapitatano significant
variations in this variable were observed for alltures, due to their low biomass

concentration.

3.2. Nutrient uptake

The value of N:P molar ratio is considered as dnia@ most important parameters for
nutrient removal in biological treatment systemsnitation in one of these important
nutrients may reduce the removal of other nutri¢d®3. In this study, the influence of

N:P molar ratio and nitrogen source on nutrientakptby microalgae was analysed.

10
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Besides the monitoring of biomass concentration,tphiperature and dissolved oxygen
concentration, culture samples were collected we fiime periods to evaluate the
chemical composition of the medium, taking intoact the following nutrients: (i)
carbon (DIC and DOC); (ii) nitrogen (NHand NQ@); (iii) phosphorus; and (iv) sulphur.

3.2.1. Carbon

Microalgae can use organic or inorganic forms eboa. In this study, culture medium
only contained soluble carbonates (HJ@hat were assimilated by microalgae, as well
as the atmospheric carbon dioxide that was injetiethe cultures to promote their
mixing. However, organic and inorganic carbon waamalysed in all cultures, showing a
similar behaviour for all studied conditions. Figiz shows, as example, the temporal
variation of DIC (Figure 2a and 2b) and DOC (Figloeand 2d) concentrations for the
assays 2. vulgaris Figure 2a and 2c) and B.(subcapitataFigure 2b and 2d) for all
tested N:P molar ratios. These temporal profilesrapresentative for all cultures. DIC
concentration decreased in the first days abowt@fhg L' (approximately 10%). This
decrease occurred in the beginning of exponentaalidp phase, in which a pH increase
was also observed. On the other hand, DOC condiemtiacreased to 15+2 mgifor

C. vulgarisand 31+2 mg 1! for P. subcapitataluring the same time period. The presence
of organic forms of carbon can be justified by cawnmpds produced and excreted by
microalgae [53-55]. Hulatt and Thomas [55] detemrithe amount of dissolved organic
matter exuded by microalgae, achieving the valfiés486 and 17.3% of the total organic
carbon in the cultures @. vulgarisandDunaliella tertiolectarespectively. In this study,

this percentage was about 2.3% @rvulgarisand 12% folP. subcapitata

3.2.2. Nitrogen

Nitrogen is an essential nutrient for all organismiécroalgae require this nutrient to
produce important biological substances, such ateims, chlorophylls, energy transfer
molecules (ADP and ATP) and genetic materials (Rai#d DNA). In this study,
microalgal cultures were prepared with differenb@entrations of N-Nk and N-NQ',
aiming the analysis of the effect of N:P molar gabin nutrient removal kinetics. In
addition, cultures were also performed using battogen sources (assays 2 and 5), to
evaluate which one (N-NH or N-NQs) improves biomass productivities. In these
assays, the culture medium had the same molar etaten of N-NH" and N-NQ'".
Table 4 shows the removal kinetic parameters aimeafcies of N-NH™ and N-NQ" for

11
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all assays. Regarding N-NH microalgal cultures presented removal efficiescid
100% (values achieved in less than 48 h of cultdre¢ highest removal rate was 13.92
mgv L2 hl, achieved by. subcapitatan the first day of culture with the highest N-hH
concentration. The kinetic constaR} yaried between 0.5+0.1 and 3.86+0.05 being
the highest value achieved for N:P molar ratio of &r both microalgae. Lower
concentrations of this nutrient in the culture noedimay induce the increase of removal
kinetics by microalgae. This effect took more relese forC. vulgaris in which
significant differences in removal kinetic constawere achieved for different N:P molar
ratios in assay 1 (corresponding to the highesteanation of ammonia). In the case of
P. subcapitatathe increase of removal kinetics with the deaezdN:P molar ratio was
only significant in assay 5 (corresponding to thedst concentration of ammonia). Thus,
the results showed th&. vulgarisrequires higher nitrogen concentrations in culture
medium thanP. subcapitata Different values can be found in literature fanekic
constant of N-NH" uptake by microalgae: (i) 0.05-0.16dChlorella sp. and
Micractiniumsp.) [40]; and (ii) 2.5d(C. vulgarig) [56]. Concerning the yield of biomass
based on ammonium consumption, the highest valees also obtained for all cultures

with N:P molar ratio of 8:1.

Table 4 also shows the removal efficiency and kisedf N-NG;™. Both microalgae were
able to efficiently uptake this nutrient, presegtmiemoval efficiencies above 95%. All
microalgal cultures fulfilled the limit defined U legislation for nitrogen concentration
in discharged effluents (10 md."). The removal rates increased with the increase of
initial NO3z” concentration. The maximum values occurred iruce# with N:P molar ratio
of 16:1 forC. vulgarisand 24:1 foP. subcapitataAnalysing the temporal variation of
N-NOs concentration in assays 2 and 5 (cultures alsongaM-NHs" in medium
composition), this value did not change signifidairt the beginning of cultivation time
(see Figure 3). For these cultures, the modifiech@artz model was applied to describe
the evolution of N-N@ concentration in the microalgal cultures. The ob=e delay of
N-NOs" uptake showed that these species prefer N*hither than N-N@. These results
were expected since N-NHis directly assimilated by microalgae, whereas QN
requires the previous reduction of N-BiGhto N-NHs* [38, 57]. In addition, this delay
increases with the increase of the initial N-Nidoncentration, taking more relevance in
cultures ofC. vulgaris (maximum delay of 3.26+0.05 d) comparingRo subcapitata

(maximum delay of 1.5+£0.6 d). For assays 3 andchéy(N-NOs™ as nitrogen source), the

12
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nutrient uptake follows a pseudo-first-order kinetiguation. Higher kinetic constants
were obtained for lower N-NOconcentrations (N:P molar ratio of 8:1). This bebar
was observed for both species. Despite the higlovahefficiencies, kinetic constants of
N-NOs removal were lower than the ones achieved by Rtial. [56] (1.4-1.7 d).
Moreover, these values were also lower than theH¥*Niptake rates obtained in this
work. This phenomenon is justified by the mechaniadopted by microalgae to
assimilate different nitrogen sources. Biomassigiddased on nitrogen consumption for
C. vulgarisandP. subcapitatalecreased with the increase of N:P molar r&ioulgaris
presented higher biomass yields tiarsubcapitatdor both nitrogen sources: (i) 13.5-
37.9 GiomassOn* (assay 1 €. vulgaris N-NH4") and 4.8-12.5 gpmassOn* (assay 4 -P.
subcapitataN-NH4*); and (i) 13.2-35.5 ghmassOn* (assay 3 -€. vulgaris N-NOz) and
11.4-22.0gbiomassOn > (assay 6 P. subcapitataN-NOs). Biomass yields achieved with
N-NH4* in assay 4 were very low. For example, the value3giomassgn* corresponds
to a percentage of nitrogen in biomass of about 2097 his value is usually 6.8-12.4%
[58]. These results indicate that ammonia stripping mighthave occurred. This
phenomenon has high probability of occurrence witlpH values higher than 8 (which

was verified for all cultures).

3.2.3. Phosphorus

Phosphorus is one of the key elements for micro@gavth, as it is used in the energy
metabolism, playing an important role on cell grioa8]. Microalgae preferably uptake
the inorganic forms HWPQy and HPG?. In addition, microalgae have a second
mechanism for phosphorus removal, called luxurgket Luxury uptake is the storage
of phosphorus within the biomass in the form ofypblbsphates [59, 60]. Table 5 shows
the phosphorus (P-R®) removal efficiencies and kinetic parameters. kiitgal
cultures presented high removal efficiencies, aéhgephosphorus concentrations below
the limit defined by EU legislation (1 mt; ™). Maximum removal rates were in the range
of 0.48-2.61 mg L™ d*. Temporal variation of its concentration was samniln all
cultures, following the tendency described by pseifigt-order kinetic equation.
Applying this kinetic model, the maximum phosphoupgake rates were obtained in the
assays 2 and 5 (corresponding to culturgs.efulgarisandP. subcapitatarespectively),
when both nitrogen sources were present in theireulhedium. The achieved kinetic
constants were in the same order of magnitude tthamnes presented by Wang et al.
[40] (0.17-0.32 o), but significantly lower than those presentedRuyz et al. [56] (2.0-
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3.2 d%). Higher values obtained in the last study aréfjad by the feed of C@at higher
concentrations (5%) when compared with this studhich promoted microalgal growth
and, consequently, nutrient removal from the celtoredium using atmospheric €0
concentrations. Biomass yields based on phosphoamsumption did not vary
significantly in cultures ofC. vulgaris (130.2-150.2 gomass g¢-). Cultures of P.
subcapitatapresented higher biomass yields (between 37.0588! Giomass gpY) for
higher N:P molar ratios. These values showed tiettass percentages of phosphorus
in C. vulgarisare lower (0.67-0.77%) than thoseRn subcapitata(1.7-2.7%). These
results suggest th&. subcapitatamay remove phosphorus by luxury uptake, as they
contain a percentage of phosphorus greater thafb@p4This removal mechanism may
take more importance in the media with lower N:Planaatio, in which higher

phosphorus mass concentrations were achieved.

3.2.4. Sulphur

The consumption of sulphur was significantly lowsain other studied nutrients. Table 6
shows the sulphur (S-S removal efficiencies and kinetic parametets.vulgaris
presented higher removal efficiencies (75-100%) rwbempared wittP. subcapitata
(54-92%). The removal rates did not significantyyin the different cultures, presenting

a maximum of 0.821 mgL™? d'. The analysis of temporal variation of S-80
concentration in the medium was also performedtbyd the pseudo-first-order kinetic
equation to the experimental results. The kinetmstants were in the range of
0.139+0.005 to 0.42+0.03d Biomass vyields based on sulphur consumption were
between 338.0 and 397.3igassgs ™ for C. vulgarisand between 93.3 and 207 @ghss

gs? for P. subcapitata

4. Conclusions

This study showed the potential©f vulgarisandP. subcapitatdor biomass production
and simultaneous nutrient removal from a synthetituent. Regarding biomass
production,C. vulgarisled to higher biomass concentrations and highedymtivities
thanP. subcapitatashowing higher potential for biomass productidhe value of N:P
molar ratio that favoured microalgal growth was &4t C. vulgarisand 16:1 forP.
subcapitata Taking into account these results and typical pasitions of different
wastewaters, it can be concluded tGatulgariscan be grown in wastewaters from the

dairy and swine industries and in anaerobic digaseffluents from dairy manure,
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whereasP. subcapitatacan be grown in poultry wastewaters. The nutrigstbke by
microalgae from the culture medium was also andly$ecusing inorganic carbon,
nitrogen (ammonium and nitrate), phosphorus anphsul Inorganic carbon presented
only a slightly decrease (about 10%) in the firay @f the cultures. Both microalgae
efficiently removed nitrogen and phosphorus frore thedium (almost all cultures
presented removal efficiencies above 95%). Higlhmake rates were determined for
ammonium, which complete removal from culture mediwas observed at the second
day of culture. The cultures fed with both nitrogesurces (ammonium and nitrate)
showed that ammonium was preferably assimilatedChyvulgaris The removal
efficiencies of sulphates were significantly loweresenting values between 54 and
100%. Thus, both microalgae showed high potental riutrient removal from
wastewater, mainly nitrogen and phosphorus, acashpy the limits defined by EU
legislation. Thus, microalgal culture using wast®ras culture medium lowers the cost
of biomass production, improving the economic cotitipeness of microalgae-based
products.
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615  Table 1 Concentrations of N¥C| and NaNQ for the different assays.

_ Nitrogen Mass concentration (mg L) NH.*NO3
Assay Microalgae o
source C1 C2 C3 molar ratio
1 NH4CI 63 126 189 2:0
2 C. vulgaris NH:CI/NaNGs 31.5/50  63/100 94.5/150 1:1
3 NaNQG 100 200 300 0:2
4 NH4CI 63 126 189 2:0
P. :
5 subcapitata NHiCI/NaNG; 31.5/50 63/100 94.5/150 1:1
6 NaNQG 100 200 300 0:2

616 Mass concentrations C1, C2 and C3 corresponded tondlt& ratio of 8:1, 16:1 and 24:1, respectively.
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618

619

Table 2 Microalgal growth parameters.

Assay N:P molar ratio Xmax(g L) U (dh) Px(gLtd?Y)
Px max Pxav
1 8:1 0.658+0.002 0.68+0.01 0.106+0.003 0.058+0.001
16:1 0.71+0.02 0.60%0.02 0.105%0.003 0.062+0.002
24:1 0.70£0.02 0.55%+0.03 0.096x0.002 0.062+0.002
2 8:1 0.64+0.05 0.85+0.05 0.093+0.001 0.057+0.006
16:1 0.68+0.04 0.83+0.03 0.106+0.004 0.060+0.001
24:1 0.66+0.01 0.76x0.01 0.100+0.001 0.058+0.001
3 8:1 0.622+0.002 0.66+0.03 0.082+0.002 0.058+0.001
16:1 0.636+0.007 0.67+0.04 0.079+0.003 0.060+0.001
24:1 0.64+0.01 0.61+0.03 0.077+0.001 0.060+0.001
4 8:1 0.219+0.003 0.98+0.08 0.046x0.002 0.019+0.001
16:1 0.255+0.009 1.2+0.1 0.049+0.003 0.022+0.001
24:1 0.245+0.009 0.74+0.04 0.033+0.001 0.022+0.001
5 8:1 0.25+£0.01 0.57+0.02 0.046+0.002 0.020+0.001
16:1 0.288x0.002 0.77£0.05 0.049+0.001 0.025x0.001
24:1 0.284+0.007 0.57+0.01 0.041+0.004 0.024+0.001
6 8:1 0.19+0.04 0.68+0.04 0.041+0.002 0.015+0.003
16:1 0.28£0.01 0.77+0.05 0.050+0.001 0.024+0.001
24:1 0.289+0.002 0.77+0.06 0.047+0.001 0.025%0.001

Xmax— Maximum biomass concentratign: specific growth rate;hax— maximum value of biomass productivityalP— average value of biomass productivity.
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620 Table 3 Microalgal culture parameters.

Assay N:P molar ratio pH T (°C) DO (mg L%
1 8:1 9.7£0.2 23.6+0.6 7.9+0.5
16:1 9.5+0.2 23.6+0.5 7.9+0.3

24:1 9.4+0.2 23.610.6 7.7:0.4

2 8:1 9.7+0.1 25.3£0.5 7.310.2
16:1 9.540.1 25.3+0.5 7.3£0.2

24:1 9.7+0.2 25.7£0.5 7.5+0.3

3 8:1 9.6+0.1 25.8+0.9 5.0+0.4
16:1 9.74#0.1 26.0+0.8 5.0+0.4

24:1 9.6+0.1 25.8+0.6 5.0+0.3

4 8:1 9.310.1 24.7+0.5 4.7+0.2
16:1 9.310.1 24.7+0.5 4.7+0.2

24:1 9.3#0.1 24.7+0.5 4.7+0.1

5 8:1 9.74£0.2 2542 4.5+0.3
16:1 9.6+0.2 25+2 4.4+0.1

24:1 9.540.1 2542 4.4+0.1

6 8:1 9.3#0.1 25.4+0.9 4.3+0.3
16:1 9.240.1 25.1+0.8 4.4+0.3

24:1 9.410.1 25.4+0.7 4.5+0.4

621 Values are presented as the mean + standard a@enviBXD — dissolved oxygen.
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623  Table 4. Nitrogen (N-NH* and N-NQ") uptake by microalgae: kinetics and efficiency.

Nutrient Assay N:P Molar Ratio RE (%) Kinetic M odel Y
. -1
Maximum  Average k (dh) A (d) R? (Qbiomassgn™)
(mgnLth1)  (mgnLtdY)
N-NH4* 1 8:1 100 0.83 1.53 3.86+0.65 - 1.000 37.9
16:1 100 151 3.05 2.55+0.07 - 1.000 20.4
24:1 100 2.18 4.58 2.2+(72 - 0.997 13.5
2 8:1 100 2.74 0.75 * * * 75.2
16:1 100 5.12 1.51 * * * 40.1
24:1 100 7.41 2.26 * * * 25.5
4 8:1 100 4.89 1.50 1.2+071 - 0.987 12.5
16:1 100 9.70 2.99 1.2+022 - 0.978 7.4
24:1 100 13.92 4.49 0.5+C0°1 - 0.968 4.8
5 8:1 100 2.15 0.75 3.75+0.02 - 1.000 26.7
16:1 100 4.21 1.50 1.63+0.68 - 0.998 16.5
24:1 100 5.90 2.25 1.1+022 - 0.963 10.6
N-NOs 2 8:1 100 0.095 0.82 1.1+0°1 0.86+0.04 0.999 71.0
16:1 98 0.337 1.67 3.1+0°5 2.85+0.04 0.998 38.5
24:1 99 0.156 2.60 1.2+0°1 3.26+0.05 0.996 24.4
3 8:1 100 0.250 1.49 0.63+0.06 0.988 355
16:1 100 0.311 3.01 0.27+0.03 0.979 18.2
24:1 92 0.238 4.22 0.19+0.62 0.981 13.2
5 8:1 99 0.198 0.95 1.8+0°8 1.0£0.2  0.956 25.5
16:1 100 0.100 1.49 0.34+0.67 0.3x0.6 0.984 15.6
24:1 69 0.257 1.67 0.4+0°1 1.5+0.6 0.959 14.4
6 8:1 92 0.361 1.15 1.0£032 0.976 22.0
16:1 96 0.398 2.51 0.55+0.66 0.987 16.6
24:1 97 0.448 4.00 0.35+0.62 0.994 114

624 RE — Removal Efficiency; RR — Removal Rate; Y —I¥ief biomass based on nutrient consumption.

625 a — pseudo-first-order kinetic model; b — modifi@dmpertz model; * — not enough data to determindehparameters.

626
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Table 5. Phosphorus (P-P®) uptake by microalgae: kinetics and efficiency.

Assay N:P molar ratio RE (%) RR Pseudo-First-OrderKinetic Model Y
Maximum Average k (dh) R? (goiomassge™)
(mgp Lt h?) (mgpLtd?Y)

1 8:1 99 0.073 0.42 0.54+0.04 0.996 139.1
16:1 98 0.048 0.41 0.44+0.06 0.984 150.2
24:1 100 0.051 0.42 0.32+0.06 0.974 147.1

2 8:1 97 0.073 0.39 0.55+0.05 0.989 139.6
16:1 98 0.090 0.38 0.68+0.04 0.995 147.8
24:1 97 0.070 0.38 0.61+0.06 0.987 141.9

3 8:1 99 0.084 0.45 0.55+0.09 0.996 130.2
16:1 100 0.079 0.45 0.37+0.08 0.960 131.6
24:1 100 0.088 0.46 0.48+0.03 0.997 131.9

4 8:1 99 0.031 0.39 0.21+0.05 0.965 45.5
16:1 100 0.041 0.42 0.27+0.07 0.938 53.9
24:1 99 0.020 0.24 0.25+0.07 0.982 52.8

5 8:1 100 0.094 0.36 0.91+0.04 0.999 48.3
16:1 100 0.109 0.38 0.778+0.004 1.000 59.7
24:1 100 0.098 0.39 0.58+0.01 1.000 57.4

6 8:1 100 0.082 0.26 0.47+0.08 0.992 37.0
16:1 100 0.081 0.27 0.50+0.07 0.995 57.5
24:1 100 0.078 0.27 0.52+0.06 0.997 59.8

RE — Removal Efficiency; RR — Removal Rate; Y —I¥ief biomass based on nutrient consumption.
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Table 6. Sulphur (S-S@) uptake by microalgae: kinetics and efficiency.

Assay N:P molar ratio RE (%) RR Pseudo-First-OrderKinetic Model Y
Maximum Average k (dh) R? (gbiomassgs™)
(mgs Lt h) (mgs L1 d?)

1 8:1 81 0.033 0.440 0.31+0.05 0.945 393.8
16:1 94 0.029 0.508 0.36+0.02 0.994 366.0
24:1 100 0.034 0.542 0.42+0.04 0.994 342.7

2 8:1 89 0.011 0.314 0.17+0.02 0.991 356.0
16:1 100 0.021 0.363 0.42+0.03 0.994 338.0
24:1 85 0.015 0.275 0.38+0.04 0.983 380.5

3 8:1 75 0.016 0.394 0.21+0.02 0.966 397.1
16:1 85 0.028 0.543 0.25+0.04 0.962 359.1
24:1 87 0.014 0.422 0.21+0.02 0.976 352.6

4 8:1 54 0.013 0.231 0.23+0.04 0.934 194.8
16:1 63 0.012 0.279 0.207+0.003 1.000 199.8
24:1 78 0.007 0.342 0.139+0.005 0.998 156.0

5 8:1 56 0.034 0.344 0.33+0.06 0.917 200.1
16:1 81 0.014 0.377 0.24+0.02 0.987 172.2
24:1 64 0.019 0.333 0.225+0.008 0.998 207.9

6 8:1 92 0.026 0.444 0.30+0.04 0.975 93.3
16:1 65 0.025 0.334 0.31+0.03 0.982 207.7
24:1 88 0.028 0.463 0.32+0.04 0.973 159.2

RE — Removal Efficiency; RR — Removal Rate; Y —I¥ief biomass based on nutrient consumption.
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633  Figure 1. Temporal variation of biomass concentratigpfor Chlorella vulgaris(a andc) andPseudokirchneriella subcapitafh andd) cultivated
634  with ammonium & andb) and nitrate ¢ andd).
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635 Figure 2. Temporal variation of dissolved inorgan&candb) and organicq andd) carbon concentrations in the assaya ar(dc) and 5 b and

636 d).
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Figure 3. Temporal variation of ammonium (N-NH- filled symbols) and nitrate (N-
NOs - open symbols) concentrations in the assay 2ir@ijes- N:P molar ratio of 8:1;
(i) diamonds — N:P molar ratio of 16:1; and (igjjuares — N:P molar ratio of 24:1.
Modified Gompertz model (lines) was determined WtNOs™ concentration data for the

tested N:P molar ratios.
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