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Synergistic nutrient removal by native microalgae-bacteria consortium:

key parameter evaluation

Remogdo combinada de nutrientes por um consoércio nativo de microalgas e bactérias: avaliagdo de parametros chave
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RESUMO

Nutrient bioremediation processes in wastewater are becoming a
prevalent focus of research, with microalgae emerging as prominent
players. Such microorganisms provide a compelling alternative to
traditional sanitation approaches. In light of this emerging interest, the
main objective of this study was to explore diverse growth conditions of
a native microalgae-bacteria consortium in domestic wastewater, aiming
at nutrient bioremediation and biomass production. The investigation
was performed on a laboratory scale through Schott® 2.0 L glass bottle
photobioreactors, utilizing anaerobically digested wastewater to mitigate
its polluting potential effectively. At first, the impact of increasing inflow
of CO, was evaluated. It was found that the addition of 5% CO, yielded the
most favorable outcomes, with the remarkable 96.5% of total phosphorus
removal within four days alongside a biomass production rate of 0.04 g.L°
t.d™ Inlater steps, variations in light intensity were analyzed, and with 304+3
umol.m?s?, yielded the most promising results, with total phosphorus
removal of 97.1% within two days and biomass production rate of 0.31 g.L°
t.d. Finally, the influence of temperature was assessed, uncovering 97.2%
total phosphorus removal within two days, complemented by a biomass
production rate of 0.29 g.L.d™. These results facilitated the development
of a surface model illustrating the intricate relationship between light and
temperature for this consortium. Furthermore, the consortium exhibited
remarkable proficiency in nutrient removal from anaerobically digested
wastewater, showcasing noteworthy resilience to temperature and light
intensity fluctuations.

Keywords: nutrient bioremediation; domestic wastewater treatment,
nitrogen and phosphorus removal, regression analysis.

Os processos de biorremediagdo de nutrientes em aguas residudrias
tornaram-se um foco predominante de pesquisa, com as microalgas
emergindo como atores proeminentes. Esses microrganismos fornecemuma
alternativa atraente as abordagens tradicionais de saneamento. Diante do
interesse emergente, o principal objetivo deste estudo foi explorar diversas
condigBes de crescimento de um consorcio de microalgas-bactérias nativas
em esgoto doméstico, visando a biorremediacdo de nutrientes e producdo
de biomassa. A pesquisa foi realizada em escala laboratorial, por meio de
fotobiorreatores de vidro Schott® 2,0 L, utilizando esgoto anaerobiamente
digerido para mitigar efetivamente seu potencial poluente. A principio,
avaliou-se o impacto do aumento do fornecimento de CO,. Verificou-se que
a adigdo de 5% de CO, produziu os resultados mais favordveis, com notdveis
96,5% de remogdo total de fésforo em quatro dias, juntamente com uma
taxa de produgdo de biomassa de 0,04 g.L'.d™. Nas etapas posteriores,
analisaram-se as variagdes na intensidade luminosa e, com 304+3 umol.m®
251, produziram-se os resultados mais promissores, com remogdo total de
fosforo de 97,1% em dois dias e taxa de produgdo de biomassade 0,31g.Lt.d™.
Por fim, avaliou-se a influéncia da temperatura, obtendo 97,2% de remogao
total de fésforo em dois dias e uma taxa de produgdo de biomassa de 0,29
g.L.d™ Estes resultados permitiram o desenvolvimento de um modelo de
superficie que ilustrou a relagdo intrincada entre luz e temperatura para este
consorcio. Além disso, o consorcio exibiu notavel proficiéncia na remogdo
de nutrientes de esgoto anaerobiamente digerido, apresentando notavel
resiliéncia as flutuagGes de temperatura e intensidade luminosa.

Palavras-chave: bioremediacdo de nutrientes; tratamento de esgoto
domeéstico; remogdo de nitrogénio e fésforo; analise de regressao.
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Introduction

Technologies based on microalgae-bacteria have emerged as a
sustainable option for wastewater treatment (Torres-Franco et al,
2021) with significant emphasis on the importance of the symbiot-
ic relationship between microalgae and bacteria for successful cul-
tivation (Mohsenpour et al., 2021). The interplay of carbon dioxide
(CO,) supply and dioxygen (O,) production through photosynthesis
enhances the efficiency of biochemical oxygen demand removal; in
turn, it can reduce aeration costs and contribute to mitigating the ad-
verse effects of excess atmospheric CO, (Sutherland and Ralph, 2019;
Zhang et al., 2020; Chia et al., 2021; Mohsenpour et al., 2021; Mustafa
et al., 2021).

The addition of CO, offers numerous advantages in wastewater
treatment when utilizing a native microalgae-bacteria consortium
(Zhang et al., 2020; Aditya et al,, 2022; Yu et al., 2023). One of the ef-
fects of CO, addition is its impact on potential of hydrogen (pH) value,
as in solution, it reacts to form bicarbonate ions (HCO,), which release
hydrogen ions (H*), leading to a reduction in pH values (Kaya et al.,
1996; Bernard and Rémond, 2012). For certain microalgae-bacteria
consortia, Mohsenpour et al. (2021) showed that there is a strong nega-
tive association between pH values and bacterial activity since bacterial
activity decreases with the increase in pH (Mohsenpour et al., 2021).

Regarding light intensity, the rate of photosynthetic activity is pro-
portional to the irradiation in cases below the light saturation point
(Mohsenpour et al., 2021). Nevertheless, beyond this point, photosyn-
thesis inhibition might arise due to excessive light intensity and elevat-
ed temperature, which can adversely affect cell receptors (Gongalves
etal., 2017; Mohsenpour et al., 2021). The optimal light intensity value
varies based on species and temperature (Mohsenpour et al., 2021).
Maintaining the culture below the saturation point prevents energy
loss, as excessive light remains unutilized by the microalgae (Mohsen-
pour et al., 2021).

Temperature exerts a substantial impact on both growth dynam-
ics and treatment efficiency, but the optimal temperature is contingent
upon the specific species under consideration (Mohsenpour et al.,
2021). It is generally observed that heightened temperatures correlate
with increased metabolic activity, consequently fostering elevated rates
of nutrient removal (Gongalves et al., 2017; Mohsenpour et al., 2021).
However, beyond this point, the continuous escalation in temperature
leads to a sharp drop in the growth rate (Bernard and Rémond, 2012).

In addition to the aforementioned biochemical issues, the choice
of reactor technology significantly impacts the cultivation of microal-
gae-bacteria consortium once systems can be either open or closed
photobioreactors (Torres-Franco et al, 2021; Barboza-Rodriguez
et al., 2024). Common open photobioreactors include high-rate al-
gal ponds and conventional stabilization ponds (Torres-Franco et al.,
2021). Closed photobioreactors come in multiple configurations, such
as tubular and flat, and offer several advantages over open systems, in-

cluding higher biomass productivity, prevention of gas exchange, and
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more precise control of variables such as pH, temperature, light inten-
sity, and CO, concentration (Torres-Franco et al., 2021; Sirohi et al,,
2022). Microalgae biomass production during wastewater treatment
can enhance process sustainability by being used as biofertilizer or
feedstock for biofuel production. Enclosed photobioreactors protect
the cultivation broth from the environment, enabling the generation
of high-value products (Alcantara et al., 2020). Despite the high invest-
ment and operational costs, these systems achieve high photosynthetic
efficiency and volumetric productivity due to their high illuminated
surface-to-volume ratio. Although they incur higher energy consump-
tion and capital costs, the high monetary returns from these bioprod-
ucts can offset these expenses (Alcantara et al., 2020).

Compared to traditional methods, like anaerobic digestion fol-
lowed by nitrification and denitrification, which require multiple cy-
cles and extensive infrastructure, microalgae-bacteria consortia offer
more efficient nitrogen and phosphorus removal with lower opera-
tional costs and less complexity, while chemical methods, though ef-
fective, are costly and generate large amounts of contaminated sludge
(Gongalves et al., 2017).

Furthermore, wastewater treatment employing microalgae holds
the potential to substantially contribute to mitigating other escalating
societal challenges, including water scarcity which impacts up to 40%
of the global population, and the escalating risk of food insecurity due
to the expanding global population (Wali et al., 2021). In some regions,
the depletion of phosphorus reserves has already exacerbated these
concerns (Wali et al., 2021). It is paramount to underscore that phos-
phorus is indeed a finite resource (Wali et al., 2021).

Therefore, addressing concerns related to water quality preserva-
tion, mitigation of environmental hazards like eutrophication and wa-
ter scarcity, and the increasing demand for macro and micronutrients
in agriculture, there is a critical need for research and development of
technologies focused on nutrient extraction, recovery, and reuse from
common sources such as domestic wastewater. This study evaluated
how varying CO, supplementation, light intensity, and temperature
affect nutrient removal and biomass generation potential in a native
microalgae-bacteria consortium thriving in treated domestic effluent
within an upflow anaerobic biological filter.

The study aimed to analyze the behavior of this consortium under
controlled conditions and assess its potential for future applications.
A systematic experimentation approach was employed to develop re-
gression models predicting nutrient removal based on specific CO,
levels and light intensities, in order to streamline future experimental

protocols and resource allocation.
Materials and Methods
Microalgae culture and culturing medium

The microalgae-bacteria consortium used in this study was

obtained through the enrichment of the native community of
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secondary effluent from a local municipal wastewater treatment
plant (MWTP), located in the city of Bauru, Sdo Paulo, Brazil
(22°13739.707”S, 49°12°44.829” W). This enrichment was per-
formed in 1.0 L Erlenmeyer’s (operational volume), and an aliquot
of the native consortium in the early stationary phase was used in a
series of 10% (v/v) inoculation to the natural effluent. Cultivation
for enrichments was kept in an acclimatized room at 24°C standard
deviation (£) 2°C and 1542 pmol.m?.s" of light intensity, with a
12/12 h light/dark cycle. The secondary effluent directly used as the
medium for consortium growth was collected in the upflow anaer-
obic biological filter of the MWTP.

The effluent used as the medium for consortium growth was collect-
ed from the outlet of an upflow anaerobic biological filter atan MWTP,
located in Bauru (22°13°39.707”S, 49°12°44.829” W). The plant com-
prised screening, grit removal, primary settling, an upflow anaerobic
biological filter, constructed wetlands, and polishing ponds. The mi-
croalgae-bacteria consortium used in this study was obtained through
the enrichment of the native community in the secondary effluent.
This enrichment was performed in 1.0 L Erlenmeyer’s, with an aliquot
of the native consortium in the early stationary phase used for a se-
ries of 10% (v/v) inoculation to the effluent. The cultures for enrich-
ment were maintained in a climate-controlled room at 24+2°C, with
a light intensity of 154+2 umol.m?.s, and a 12/12 h light/dark cycle.

The primary average parameters of the utilized effluent are delin-
eated in Table 1.

Experimental set-up

Three investigations were conducted to evaluate the impact of CO,
enrichment, light intensity, and temperature variations on the activity
of the native microalgae-bacteria consortium for nitrogen and phos-
phorus removal (Figure 1).

Rounded Schott® 2.0 L glass reactors were inoculated with 10%
(v/v) of native microalgae-bacteria consortium in the recent station-
ary phase, with an initial concentration of approximately 10° cells.mL"
!. The reactors were equipped with an aeration system comprising an
air compressor (Direct Air G3, Chiaperini), a CO, cylinder, and flow
meters with a control range of 0-3 L.min"' (RWR, Sao Paulo, Brazil).
The aeration was maintained at a constant rate of 1.0 L.min"' through-

out all experiments.

Light intensity was provided by horizontally arranged LED lamps
(Brilia 300194, 3000 K) and LED strips (120 LEDS, 6000 K), during a
photoperiod of 12/12 hours. The light intensity was measured using
an infrared gas analyzer model LCpro-SD (ADC Bioscientific™, Hod-
desdon, England). Temperature control was achieved through air con-
ditioning, and temperature was monitored using a datalogger sensor
(Hobo™ UA-002-64, ONSET).

Batch cultures and sampling

Investigation 1 — Influence of carbon dioxide concentration

The addition of CO, offers several benefits in wastewater treatment
using a native microalgae-bacteria consortium (Beltran-Rocha et al,,
2017). The crucial relationship between microalgae and CO, in pho-
tosynthesis is that low CO, levels can hamper growth rates and nutri-
ent removal, while high CO, concentrations can enhance microalgal
growth (Kaya et al., 1996; Mohsenpour et al., 2021).

To assess the impact of CO2 increase, three consecutive treatments
were conducted separately in individual batch mode. In Treatment I,
compressed air without CO, enrichment was used, and constant forced
aeration was applied using glass rods with porous diffusers at the end,
with an airflow rate of 1.0 L.min™! per reactor.

Following a study by Liu et al. (2017), Treatment II involved
enriching the compressed air with 5% CO,, while Treatment IIT in-
volved enriching the compressed air with 10% CO,. The total air-
flow rate of 1.0 L.min per reactor was maintained across all ex-
periments. The cultivation took place in a controlled environment,
keeping consistent parameters across all groups. Analysis of nutri-
ent removal and biomass production rates across the three treat-
ments was undertaken to identify the optimal condition. The most
effective condition identified from these experiments was utilized

in Investigation 2.

Investigation 2 — Light intensity

Based on the optimal CO, concentration determined in Investi-
gation 1, two additional treatments were conducted in Investigation
2 to test different light-intensity conditions. In Treatment IV, the light
intensity was increased from 15442 umol.m=.s™ to 21143 umol.m2.s.

In Treatment V, the light intensity was set at 304+3 umol.m™s.

Table 1 - Characterization of the effluent from a municipal wastewater treatment plant.

pH 7.120.1
COD (mg.L.0,) 185.3+42.5
TN (mg.L") 34.8%1.1
TP (mg.L") 4.310.3
Dissolved oxygen (mg.L") 1.240.6

4500-HB (measurement by portable probe)
COD TNT® reagent kit Hach
DR/5000 Hach Pillow Kit and Hach HQ-40d Multiparameter Meter
Total phosphorus TNT® reagents Hach kit
Method 4500-O (measurement by portable probe)

SEM: standard error of the mean; pH: potential hydrogen; COD: chemical oxygen demand; TN: total nitrogen; TP: total phosphorus.

3

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.59 | €1962 | 2024


http://cells.mL

Santos, T.L. et al.

Figure 1 - Flowchart of the experimental setup.

Light intensity significantly influences the balance of mixed com-
munities, creating an environment where microalgae growth surpasses
that of bacteria, especially when nutrients become scarce and competi-
tion among species intensifies (Mohsenpour et al., 2021).

Several authors associate increased biomass production with el-
evated light intensity, up to a certain threshold (Li et al., 2012; Del-
gadillo-Mirquez et al., 2016; Lee and Lei, 2019; Silva et al., 2019).
Consequently, there exists a saturation point of light intensity, which
varies with temperature and species, below which the rate of pho-
tosynthetic activity aligns proportionally with light intensity and,
when light intensity exceeds this point, photoinhibition may occur
(Mohsenpour et al., 2021).

The nutrient removal and biomass production rates were assessed
for each experiment, and the most effective condition was employed in
Investigation 3.

4

Investigation 3 — Temperature increase

According to Kube et al. (2018), the impact of temperature on al-
gae varies between species. While many algal species exhibit accelerated
growth rates and nutrient removal with rising temperature, it is important
to recognize that temperature differentially influences nitrogen and phos-
phorus removal (Kube et al., 2018). Furthermore, cultivating microalgae
at lower temperatures necessitates the employment of lower light intensi-
ties to mitigate photoinhibition; in addition, it offers operational benefits,
encompassing heightened oxygen solubility and the constraint of growth
rates among competing microorganisms (Mohsenpour et al., 2021). Build-
ing upon the optimal CO, concentration determined in Investigation 1
and the optimal light intensity determined in Investigation 2, a new set of
cultivation was conducted to evaluate the effects of temperature. In Treat-
ment VI (High T), the temperature was set at 38+5°C. Nutrient removal

and biomass production rates were evaluated under these conditions.
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Analytical procedure

On a daily basis, a 50 mL sample was collected for physical-chem-
ical and biological analyses. The collected samples were promptly ana-
lyzed for pH, dissolved oxygen, alkalinity, and optical density measure-
ments in each reactor to ensure accurate and timely data acquisition.
Optical density was measured using a spectrophotometer (Nanocolor™
UV/VISII, Macherey-Nagel, Germany) at wavelengths of 530, 680, and
750 nm (Silva et al., 2020; Pompei et al., 2023).

Samples were filtered by a glass fiber membrane (GF5, @ 0.4pm,
Macherey-Nagel, Duren, Germany) to measure dissolved nutrients—
total nitrogen (TN), nitrate (NO,-N), total Kjeldahl nitrogen (TKN),
and total phosphorus (TP)—as well as chemical oxygen demand
(COD).TN, NO,-N, and TKN were quantified using the tube test TKN
16 (Nanocolor, Munich, Germany). TP, total suspended solids (TSS),
and COD were quantified according to Standard Methods 4500-P,
2540, and 5220-D, respectively (APHA, 2012).

All analyses were conducted at the Laboratory of Environmental
Sanitation within the Department of Civil and Environmental Engi-

neering at the Sao Paulo State University in Bauru, Sao Paulo.

Productivity, efficiency of conversion, and removal rates
Productivity rate (g.L"'.d") is given by a relationship with TSS, ac-
cording to Equation 1 (Pompei et al., 2023):

X, — X

P = 21 70 (1)
i1 — o

Where:

X, = highest biomass value measured in a batch (g.L");

X, = initial value of biomass measured in a batch (g.L");

t, = time (d) where the highest biomass value measured in a batch
occurred; and

t, = initial time (d) for a batch.

To evaluate the impact on biomass of light intensity, the efficiency
of conversion of light intensity into biomass produced was calculated
as follows in Equation 2 (Li et al., 2012):

X

Conversion ef ficiency = n )
Where:

X = highest accumulated biomass concentration (g.L') obtained

during the experiment; and

I = intensity of light (Wmol.m™*.s"') applied during the experiment.

Let i = N, P denote, respectively, nitrogen and phosphorus. The re-
moval rate R, (mg.L".d") for a nutrient i is calculated according to
Equation 3 (Delgadillo-Mirquez et al., 2016):

Sio — Siy
R, = ——= (3)

tos

5

Where:

S, = initial concentration of a nutrient i;

S, 5= final concentration of the corresponding nutrient; and

t,, = time in which phosphorus removal was greater than or equal
t095% S, (initial phosphorus concentration).

Statistical analysis

Prior to performing statistical analyses, a pre-processing of the
data was performed. To do so, let Y, represent the values of a chemical
compound, e.g., phosphorus, in the time ¢ and a collection of {Y, 0 < ¢
<t  }represent a time series for Y. Given that the initial condition of
each replicate of each treatment has a different value, the concentration
of a variable Y, (mg.L") was divided by its initial value Y, (mg.L") for

each time ¢. In other words, the original time series {YO, Y,...Y, Y

> " tmax-1" " t-
Yimax—1 Yemax

YW} T 7 } for Y, > 0. For all statistical analyses,

three replicates per experimental condition per time were available and

Y,
became {1.—‘,
YO

all statistical methods presented in this paper were implemented in R
(RStudio, 2020) software.

Concentration-time plots

To evaluate the dynamics of phosphorus concentration over the
bioprocess time, meantstandard errors were plotted for each treatment
and time point, considering the investigations described above. More-
over, three kinetic variables were calculated for each replicate of each
treatment to assist in the comparison of different treatments: area un-

der the concentration-time curve from 0-4 days (AUC, ), area under

[0.4]
[0,7]), and ¢,,.

In order to estimate the area under the curve (AUC) from 0 to ¢
(AUC,,,), where 0<¢<t_, letus define a sequence of time points {f,

t,..,t }, andlet the AUC be defined as in Equation 4:

1 max-

the concentration-time curve from 0-7 days (AUC,

t
AUC[O,Q = J‘ Yt dt. (4)
0
The trapezoidal rule was used to compute values for the AUC given
by Equation 4.

Differences between treatments
A linear model was used to investigate if different treatments had

significant effects on AUC, ., AUC,, ,,, and t,.. The general formulation

0,4
of the model is given by Equation 5:

Z=5B+e¢, (5)
Where:

Z = vector containing values for AUC[ AUC[0 op OF By

0,4]°
S = treatment matrix;

B = vector containing the coefficients for each treatment; and
e~N(0,0 2) = error vector with a normal distribution with mean

zero and variance 0 %
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When fitting the linear model in Equation 5, if the p-value of the
fitting is smaller than a significance level 0:=0.05, the variability of Z
can be explained by differences among treatments described by the
matrix S. The variability of Z was analyzed via analysis of variance
(ANOVA) from the results obtained by fitting Equation 5.

Furthermore, the Tukey’s honestly significance difference (Tukey’s
HSD) test was performed as a post-hoc analysis to quantify the differ-
ence between two treatments pairwise when the p-value from ANOVA
is smaller than 0=0.05. All numerical results are displayed in this paper

with two decimal places and E-xx denotes 10
Results and Discussion

Influence of carbon dioxide concentration

The treatments I, II, and III showed that the introduction of
varying levels of additional CO, stimulates distinct bioprocess dy-
namics. The daily nutrient removal rates, calculated according to
Equation 3, are presented in Table 2, with Treatment II achieving
the most favorable nutrient removal rates. Notably, Treatment I
achieved a TN removal rate 26% higher than Treatment III.Regard-
ing TN, the removal rate was 84% for Treatment I, which displayed
the highest pH value of 8.07, 87% for Treatment II, and 90% for
Treatment III, with the lowest pH value of 5.96. Nitrogen removal
rates can be attributed to culture growth and abiotic phenomena
like ammonia volatilization, related to high pH values resulting
from photosynthetic activity and denitrifying bacteria respiration
(Delgadillo-Mirquez et al., 2016). The TN removal in Treatment
I could be attributed to both biotic and abiotic factors, including
ammonia volatilization, which could have positively influenced the
total nitrogen removal.

Regarding phosphorus, its bioavailability is notably influenced
by pH, tending to precipitate at levels greater than 9.0 (Beltran-Ro-
cha et al,, 2017). As illustrated in Figure 2, at approximately seven
days of bioprocessing, TP removal achieved similar mean levels for
all tested treatments.

To determine whether or not there was a difference due to treat-
ments, the linear regression model given by Equation 6 was fitted to
AUC[ AUC P and tos: Results of ANOVA for all kinetic variables are

04]° [0,7

presented in Table 3.

Table 2 - Description of the treatments carried out in the experiment.

TN NO.-N TKN .
Treatment removal m /SL /d removal Final pH
mg/L/d 8 mg/L/d
I (Air) 4.77 4.53 0.23 8.11+0.05
II (5% CO,) 7.42 7.01 0.31 6.28+0.04
IIT (10% CO,) 3.78 3.61 0.17 5.92+0.06

TN: total nitrogen; NO,-N: nitrate; TKN: total Kjeldahl nitrogen; pH: potential
hydrogen; CO,: carbon dioxide; +: standard deviation.

6

Since effects of treatments can explain the variability of
AUC,, , AUC,, ., and t,, a post-hoc test was performed to quantify
the differences between treatments pairwise. Results are shown
in Table 4.

No significant difference was found between Treatments II and I
for AUC, implying that these two treatments have similar properties
regarding TP removal. Furthermore, the time to reach 95% TP remov-
al significantly differed for II versus I and III versus II. Treatment III
took 2.66 days more than Treatment II to achieve the same removal
percentage. In Treatment II, there was 95% TP removal 3.66 days be-
fore Treatment L. In this sense, among the treatments tested, Treatment
IT obtained the highest percentages of nutrient removal and the best
growth profile, achieving a TSS production rate of 0.07 g.L"'.d"*, which
is considered the best condition.

Nevertheless, it is vital to underscore that aeration, whether
CO,-enriched or not presents a substantial cost challenge in operat-
ing these systems (Mohsenpour et al., 2021). By utilizing emissions
from industrial process units and municipal wastewater as inputs for
cultivating microalgae, there is significant potential for reducing CO,
emissions and lowering costs in microalgae biomass production (Bel-
tran-Rocha et al,, 2017). This approach not only addresses environ-
mental challenges but also optimizes resource utilization, providing
valuable opportunities for sustainable practices. Another advantage
of enriching the system with CO, is its potential to remove pathogens
(e.g., Pseudomonas aeruginosa) and total coliform, thereby enhancing
the overall safety and quality of the microalgae treatment process (Ruas
etal., 2018).

Influence of light intensity and temperature

The biomass production increased with light intensity in terms of
TSS. Treatment II yielded a TSS of 0.46+0.04 g.L ", while Treatment IV
demonstrated a TSS of 1.51£0.01 g.L"!, marking an increase of approx-
imately 230%. Treatment V yielded a TSS of 2.11+0.01 g.L"!, a substan-
tial increase of around 360% compared to Treatment II.

Figure 2 - Mean and standard error of the mean for total phosphorus at
different carbon dioxide levels.
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Table 3 - Analyses of variance to compare different levels of carbon dioxide.

3

Treatments 27.77 9.26

AUC,, 302.06 6.21E-07
’ Residuals 6 0.18 0.03
Treatments 3 34.21 11.40

AUC,, 124.35 8.62E-06
’ Residuals 6 0.55 0.09
Treatments 3 287.63 95.88

t, 85.08 2.63E-05
Residuals 6 6.76 1.13

AUC: area under the concentration-time curve [days]; ¢,.: time in which phosphorus removal was greater than or equal to 95% S, | (initial phosphorus concentration).

Table 4 - Tukey’s test to compare different levels of carbon dioxide addition.

Treatment . 95% confidence adjusted
. Difference .
comparison interval p-value

Table 5 - Comparison between light intensity conversion efficiency values
into biomass.

Light Conversion
. e efficiency
MvsI 0.06 (-0.38, 0.50) 0.90 Experiment intensity (g/L)/(umol/ REGE IS
AUC,, Mlvs 1 0.65 (0.22,1.09) 0.01 (umol/m/s) m?/s)
IIT vs 1T 0.59 (0.15, 1.03) 0.01 120 0.0117 (Lietal., 2012)
Chlorella kessleri®
IIvsI -0.03 (-0.79,0.73) 0.99 200 0.0066 (Lietal, 2012)
AUC[0 7 ITvsI 0.71 (-0.05, 1.46) 0.07 120 0.0071 (Lietal, 2012)
’ Chlorella protothecoide’
I vs II 0.73 (-0.03, 1.49) 0.06 200 0.0053 (Lietal., 2012)
IIvsI -3.66 (-6.32, -1.00) 0.01 Treatment II° 154 0.0035 This study
tos I vs T -0.99 (-3.66, 1.66) 0.52 Treatment IV® 211 0.0077 This study
IIT vs 1T 2.66 (0.00, 5.32) 0.05 Treatment V° 304 0.0073 This study

AUC: area under the concentration-time curve [days]; £,,: time in which phospho-
rus removal was greater than or equal to 95% S (initial phosphorus concentration).

The values of light intensity conversion into biomass produc-
tion, calculated according to Equation 2, are summarized in Table 5.
The biomass conversion efficiency increased along with the light inten-
sity, while for the pure cultures studied by Li et al. (2012), the conver-
sion efficiency decreased with increasing light intensity.In the context
of this study, the increase in light intensity up to these values resulted in
increased conversion efficiency in the case of Treatment II. Conversely,
Treatment V displayed a reduction in conversion efficiency, aligning
with observations in a study by Li et al. (2012).

The rise in light intensity and temperature led to an increase in
TP removal rate within Treatment VI compared to the Investigations 1
and 2, shown in Figure 3. Normalized concentrations of TP during the
bioprocess were shown to be very homogeneous among the replicates.

Visually, the decrease in TP concentration stabilized at around
four days of bioprocess reaching similar percentages of TP removal
for all tested treatments. Approximately on the seventh day of the
experiment, the removal rate of the bioreactors treated at 154 umol
m>s" was slightly higher than the other conditions tested. To de-
termine whether there was a significant difference due to treatment
effects, the linear regression model given by Equation 6 was fitted to
AUC _ , AUC, _, and tos: Results of ANOVA for all kinetic variables

[0.4) [07]
are presented in Table 6.

7

“Pure culture in sterilized centrate media.
®Native consortium of microalgae and bacteria in anaerobically digested wastewater.

Figure 3 - Mean and standard error of the mean for total phosphorus for
different light intensity.

Analogously to the analysis performed for CO,, since different lev-
oap AUC,,,» and

t,.» @ post-hoc test was performed to quantify the differences between

els of light intensity can explain the variability of AUC

treatments pairwise. Results are shown in Table 7.

The comparison revealed that higher light intensities promoted a
lower AUC (for both the fourth and seventh days) and a lower time to
reach 95% TP removal. Regarding the AUC during the total bioprocess
time, Treatment V achieved 95% removal in 1.28 and 0.91 days on av-

erage, sooner than Treatments II and IV, respectively.
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Table 6 - Analysis of variance to compare different levels of light intensity.

3

Treatments 17.61 5.87

AUC[0 4 775.87 3.71E-08
’ Residuals 6 0.05 0.01
Treatments 3 19.46 6.49

AUC,, 890.66 2.46E-08
’ Residuals 6 0.04 0.01
Treatments 3 72.21 24.07

t, 245.10 1.16E-06
Residuals 6 0.59 0.10

AUC: area under the concentration-time curve [days]; t,.: time in which phosphorus removal was greater than or equal to 95% Syo (initial phosphorus concentration).

Table 7 - Tukey’s test to compare different levels of light intensity.

. . 95% confidence | Adjusted
Comparison | Difference .
interval p-value

IV vs. 11 -0.12 (-0.34,0.10) 0.28
AUC,,, Vs 11 -0.38 (-0.59, -0.16) 0.00
VIV -0.25 (-0.47, -0.04) 0.03
IV vs. 11 -0.19 (-0.40, 0.03) 0.08
AUC,, Vs 11 -0.44 (-0.65, -0.22) 0.00
V vs. VI -0.25 (-0.46, -0.04) 0.03
IV vs 11 -0.38 (-1.16,0.41) 0.38
t, Vsl -1.28 (-2.07, -0.50) 0.01
Vs VI -0.91 (-1.70, -0.13) 0.03

AUC: area under the concentration-time curve [days]; £,.: time in which phospho-
rus removal was greater than or equal to 95% S, (initial phosphorus concentration).

The percentage removal values for phosphorus obtained in Investiga-
tion 2 and under the best condition of Investigation 1 were compared with
experiments conducted on a pure culture of Chlorella vulgaris by Mayhead
et al. (2018), as illustrated in Table 8. Mixed cultures of microalgae and
bacteria were shown to be the most viable option for effluent treatment,
given the challenges associated with sustaining a pure culture. This was
evidenced by the observed reduction in the growth rate of the pure culture
of C. vulgaris in effluent that had not undergone autoclaving and filtration.
Concerning temperature, mean, and standard error of phosphorus for
time points and across all replicates of a treatment is plotted in Figure 4.

Exposure to Treatments IV and VI generated homogenous results
for each time point and it seems that both treatments achieved similar
TP removal at the end of the process. A linear regression, as given by
Equation 6, was fitted to AUC_ , and ¢,

[0.4] 95’
bioprocess, there was dead biomass for some experiments. The results

given that after four days of

of ANOVA for all kinetic variables are presented in Table 9.Since vari-
ability of the response variable can certainly be explained by treatment
effects, the following table outlines the results of the post-hoc test to
compare treatment mean effects (Table 10).

When comparing both kinetic variables, high temperatures showed
a smaller average AUC and were almost one day faster to remove 95%
of the TP. According to the performed analyses, the best treatment to

remove TP was at high temperatures.

8

Figure 4 - Mean and standard error of the mean for total phosphorus for
different temperature.

It is important to highlight that light and temperature analyses
shown in the previous tables concerned only one variable at a time
since either temperature (for light experiments) or light was constant
(for temperature experiments). Using collected data from all the ex-
periments carried out under 5% CO,, the following linear model was
proposed to summarize the relationship between temperature, light
intensity, and phosphorus removal percentage:

Removal = B,Light + B,Temperature + B;Light? + f,Temperature? + .

(6)
Moreover, the maximum theoretical removal (Removal*) is given by:
Removal* = p,Light* + p,Temperature® + PsLight*? + p,Temperature*? (7)

Where Light* and Temperature* are the solutions for the follow-
ing equation:

By + 2BsLight* =0

VRemoval =0 = {[5’2 + 2B,Temperature” = 0

®)
Where VRemoval is the gradient of Equation 6 with respect to the
variables Light and Temperature.
In other words, when solving the gradient problem stated by Equa-
tion 8, it is possible to find the direction of maximum removal given by

the parameter estimates.
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Table 8 - Comparison between light intensity and percentage of phosphorus removal.

s
Chlorella vulgaris* F2p¢ 90 PO,-P (Mayhead et al., 2018)
Chlorella vulgaris* ( ﬁlteI:'Ieicrln:rfzir :ﬁz:{:ve d) 177 98 PO,-P (Mayhead et al., 2018)
Chlorella vulgaris® Primary effluent 177 97 PO,-P (Mayhead et al., 2018)
Treatment II° Secondary effluent 154 96 P, . This study
Treatment IV® Secondary effluent 211 97P This study
Treatment V® Secondary effluent 304 97 P, This study

aPure culture in sterilized centrate media.

"Native consortium of microalgae and bacteria in anaerobically digested wastewater.

F2P is an optimized medium used as a control in the experiment
PO,-P: orthophosphate as phosphorus; P: phosphorus.

Table 9 - Analysis of variance to compare different levels of temperature.

_ Source of information Degrees of freedom Sum of squares Mean square F-value p-value

Treatments
AUC,,
’ Residuals 4
Treatments 2
t95
Residuals 4

AUC: area under the concentration-time curve [days];

Table 10 - Tukey’s test to compare different levels of temperature.

Treatment 95% Confidence | adjusted
Difference
comparison interval p-value
VIvsIV -0.38 (-0. 14, -0.34) 9.94E-06
(-1.02, -0.96) 1.14E-13

[0 4]

VIvsIV -0.99

t95
AUC: area under the concentration-time curve [days]; ¢, time in which phospho-
rus removal was greater than or equal to 95% S  (initial phosphorus concentration).

Estimates of Equation 6, when using collected data, are outlined in
Table 11, where the coefficient of determination for removal explained
by light and temperature is close to 1 (one). This means that, with the
collected data from the experiments in this research, the variability of
the proportion of removal can be explained almost 100% by a linear
combination of light intensity and temperature. The plot in Figure 5
was created by applying the estimates provided in Table 11 (Equation
6), where the green dot above the surface corresponds to the theoreti-
cal maximum point, given by the solution of Equation 8: (Light*, Tem-
(247.67, 30.94, 102.22). Note that the identified
maximum value exceeds 100%, contradicting the biological aspects of

perature*, Removal*) =

the process; therefore, we refer to it as a theoretical maximum point.
However, it is important to highlight that light and temperature condi-
tions equal or close to Light* and Temperature*, respectively, promote
the achievement of high levels of removal in practice.

Moreover, applying the same procedure for nitrogen removal, the
following linear model was proposed to summarize the relationship
between temperature, light intensity, and nitrogen removal percentage:

9.53 4.77

18908.23 1.12E-08
0.00 0.00
B/2O5 18.98

103548.47 3.73E-10
0.00 0.00

9

t,;: time in which phosphorus removal was greater than or equal to 95% S, (initial phosphorus concentration).

Table 11 - Summary statistics of regression model for total phosphorus
removal (R*><1.0).

B, 2.20E-01 1.80E-02 12.24 1.85E-06
B, 4.85 1.24E-01 39.02 2.04E-10
B, -4.43E-04 3.84E-05 -11.55 2.87E-06
B, -7.84E-02 1.87E-03 -41.93 1.15E-10

Removal = BsLight + BsTemperature + B;Light? + BgTemperature? + «. 9)
Analogously to the procedure in Equations 7 and 8, the maximum
theoretical removal of nitrogen (Removal*) is given by:
Removal* = fsLight* + fsTemperature* + f,Light*? + BgTemperature*?, (10)

Where Light* and Temperature* are the solutions for the follow-
ing equation:

Bs + 2B;Light” = 0

Be + 2PgTemperature” ()

VRemoval = 0 :{ -0

Estimates of Equation 9, when using collected data, are outlined in
Table 12.The plot in Figure 6 was created based on the estimates pro-
vided in Table 12 (Equation 10), where the green dot above the surface
is the theoretical maximum point, given by the solution of Equation 11:
(Light*, Temperature*, Removal*) = (203.29, 31.56, 99.54).
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Figure 5 - Prediction surface of regression model: removal of total
phosphorus under medium addition of carbon dioxide. Green point refers
to theoretical maximum removal.

Table 12 - Summary statistics of regression model for nitrogen removal
(R*=~0.9998).

1.14

B 0.08 0.07 0.28

B, 5.81 0.45 12.81 1.58E-07

B, -1.91E-04 1.49E-04 -1.28 0.23

B, -0.09 0.01 -13.66 8.59E-08
Conclusion

Based on the outcomes of this study, it can be deduced that the
native mixed microalgae-bacteria culture demonstrated excellent
performance in anaerobic effluent treatment, suggesting its viabil-
ity as a potential post-treatment solution. Among the parameters
examined, CO, supplementation significantly influenced microal-
gae development, leading to increased biomass production. Its inte-
gration, however, imposes additional costs to full-scale operations.
Additionally, higher light intensity had positive effects on both
nutrient removal and biomass production, making it particularly
advantageous for implementation in regions characterized by high
light intensity, such as Brazil. Similarly, elevated temperature also
proved beneficial for the native microalgae-bacteria consortium

employed in this study.

Figure 6 - Prediction surface of regression model: total nitrogen removal
under medium addition of carbon dioxide. Green point refers to theoretical
maximum removal.

Therefore, it can be inferred that the native microalgae-bacteria
consortium demonstrates proficiency in nutrient removal, resilience to
temperature fluctuations, and tolerance to light intensity. The encour-
aging and promising results obtained at the laboratory scale strong-
ly indicate the potential for successful piloting of this community in
larger-scale experiments and integration with other effluent treatment
processes. Moreover, the biomass produced could be extensively ex-
plored as a substrate for biotechnological products, potentially revo-
lutionizing applications in agriculture or biofuel production, pending

thorough assessment of lipid accumulation.
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