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Abstract: Conventional biological wastewater treatment systems have a low pathogen removal ca-
pacity. Microalgae-based systems are sustainable and low-cost alternatives for wastewater treatment
and are capable of removing pathogens from domestic effluents. Other microorganisms have been
identified as alternative indicators of disinfection since they have greater resistance than Escherichia
coli, either because of the formation of spores or because of other mechanisms of protection, and
because they spread in wastewater treatment plants; the most important are Clostridium perfringens
and Staphylococcus spp. This study assessed the influence of microalgal strains (e.g., Chlorella vulgaris
and Scenedesmus acutus Meyen) and the addition of CO; and O, on the removal of C. perfringens
and Staphylococcus spp. from domestic wastewater in microalgal-bacterial systems. The removal of
C. perfringens (2.5 to 3.2 log units) and Staphylococcus sp. (1.8 to 2.0 log units) was higher when using
Chlorella sp. inoculum. The addition of CO, and O, did not have a significant effect on the removal
of pathogenic bacteria. The main mechanism of C. perfringens removal was by means of toxins and
bactericidal substances produced by the microalgae, while Staphylococcus spp. removal also occurred
through photooxidative processes.

Keywords: pathogenic indicator organisms; high-rate algal pond; disinfection; wastewater treatment;
Scenedesmus spp.; Chlorella sp.

1. Introduction

Access to quality drinking water and domestic wastewater collection, treatment,
and final disposal systems is a human right that helps ensure health and well-being [1].
However, 29% of the world’s population still lacks access to drinking water and 26% has
no access to basic sanitation services [2]. This inequality, along with population growth,
increased urbanization, and increased agricultural and industrial activities, drives the
search for alternative water sources and more economical and efficient treatment processes.
Treated domestic wastewater is a promising source that can be used directly and indirectly
for agricultural, industrial, and urban activities. However, the potential for water reuse
depends significantly on effective pathogen removal [3].

Microalgae-based systems such as high-rate algal ponds (HRAPs) are low-cost sustain-
able alternatives for wastewater treatment that can remove organic matter, nutrients, heavy
metals, pharmaceuticals, and pathogens from domestic effluent [4]. The removal of E. coli,
the main indicator of fecal contamination, has been documented at 1.0-3.7 log units using
HRAPs [5-7]. However, using only E. coli and total coliforms as indicators of wastewater
treatment plant (WWTP) disinfection efficiency is insufficient, as some bacteria use defense
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mechanisms when exposed to adverse conditions. For example, C. perfringens forms spores
that are resistant to chlorination and photocatalysis processes [8,9]. As the removal rate
of C. perfringens is lower than that of E. coli, it has been proposed that this microorganism
be used as an indicator for the removal of resistant microorganisms such as protozoa
(Cryptosporidium and Giardia), pathogenic helminths [9-11] and viruses [12-14]. Since the
1990s, C. perfringens has been considered an excellent indicator of fecal contamination in
environmental waters and of WWTP efficiency [12,15].

Staphylococcus is present in human skin and mucus and is easily found in domestic
wastewater and graywater [16]. Some species can cause systemic infections (e.g., pneu-
monia), and a few have developed antibiotic resistance, including methicillin-resistant
Staphylococcus aureus (MRSA) [17]. This was first identified in 1960 but received more
attention in the 1990s due to a large number of cases and epidemics recorded in hospitals
globally [18]. Such concerns have grown with the identification of MRSA contamination in
healthy people (without risk factors) outside hospital environments [17] and with the iden-
tification of WWTPs as environmental reservoirs and sources of MRSA spread [19]. Given
the increased use of reclaimed wastewater, monitoring and removing Staphylococcus sp.
is necessary for the protection of human and animal health [20]. Removal of 1.2-1.7 log
units of Staphylococcus sp. has been achieved in microalgal-bacterial systems such as
HRAPs [7,21], indicating that these systems are alternatives to conventional WWTPs.

The use of CO; supplementation and atmospheric air injection is commonly used in
microalgae-based systems that treat domestic wastewater because they are usually carbon-
limited for microalgal growth [22]. In addition to providing the carbon that may be lacking
in the system, CO, supplementation helps control the pH, keeping it close to neutral, which
prevents ammonia stripping and its toxicity and phosphorus precipitation [5,22]. However,
the inhibition of bacterial activity in CO,-rich media and the influence of CO, addition in
HRAP-type reactors on increasing pathogen (Pseudomonas aeruginosa) removal have been
reported in the literature [6,23].

In this study, we evaluated the influence of two microalgae strains (Chlorella vulgaris
and Scenedesmus acutus Meyen), CO, addition, and O, addition on the removal of C. per-
fringens and Staphylococcus spp. from domestic wastewater in microalgal-bacterial systems.
We sought to determine the effect of the microalgae species present in the treatment system
on the removal efficiency of alternative pathogens and the feasibility of the application
of HRAP reactors for the disinfection of domestic wastewater. In addition, we aimed to
identify microalgae species with possible metabolites and toxins with potential use in
disinfection processes.

2. Materials and Methods
2.1. Algal-Bacterial Inoculum

Cultures of Scenedesmus acutus Meyen (~=97%) and Chlorella vulgaris (=97%) were
obtained from a pilot outdoor HRAP treating domestic wastewater at the Federal Univer-
sity of Mato Grosso do Sul (Campo Grande-MS, Brazil) after different experiments were
performed [7,24]. In this case, the culture was collected and stored in a refrigerator at 4 °C
before inoculation into the reactor. Aerobic nitrifying—denitrifying activated sludge was
obtained from a WWTP in the same city. The initial TSS concentrations of the Scenedesmus
acutus Meyen, Chlorella vulgaris, and activated sludge suspensions were 0.11, 0.15, and
0.21 g TSS L™}, respectively.

2.2. Gas and Domestic Wastewater

The CO, source was a synthetic gas mixture (30% CO,/70% N;) (White Martins, Brazil),
while the O, source was atmospheric air (=20% O, ~360 ppm CO;) (Brimblecombe 1996).
Domestic wastewater was collected from a local WWTP, with a COD of 188.3 4- 20.8 mg L1,
23.4 + 0.1 mg L~! ammonium (NH"), (1.09 & 1.29) x 10° (5.04 + 5.11 log) CFU 100 mL !
C. perfringens, (1.03 + 1.21) x 10° (6.01 & 6.08 log) CFU 100 mL~! Staphylococcus spp., and
apH of 7.1 & 0.2. The domestic wastewater was not autoclaved or diluted. The number of
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replicates performed to characterize the domestic wastewater was n = 8 for chemical oxygen
demand (COD), ammonium (NHy*), C. perfringens, Staphylococcus spp., and pH value.

2.3. Experimental Setup and Sampling Procedure

To determine the influence of inoculum composition, CO; addition, and O, addition
on the removal of C. perfringens and Staphylococcus spp., experiments were performed in
two batch sets using Scenedesmus acutus Meyen inoculum (S, Set I) and Chlorella vulgaris
inoculum (C, Set II). Three conditions were tested in both sets: only microalgae—bacteria
inoculum (51 and C1), microalgae-bacteria inoculum with CO, addition (S2 and C2), and
microalgae—bacteria inoculum with O, addition (S3 and C3) (Table 1 and Figure 1). The
two sets of experiments (I and II) were performed at different times to avoid contamination,
and each condition tested (S1, S2, S3, C1, C2 and C3) was performed in duplicate. Both
Sets (I and II) were run for 9 days, but the maximum removals and maximum algal growth
occurred on the third day (3rd d) of the test, which is considered the end of the experiment.
The reactors were fed with domestic wastewater only at the beginning of the test. The HRT
and SRT of all reactors were equal to 3 days.

Table 1. Experimental design testing different combinations of inoculum, CO, addition, and O,
addition for Scenedesmus acutus Meyen inoculum (S) and Chlorella vulgaris inoculum (C).

Set I II
Conditions S1 S2 S3 C1 C2 C3
Scenedesmus N N N i i i
Acutus Meyen
Chlorella vulgaris - - - + + +
COz - + - - + _
Oz - - + - - +

The experiments were conducted in laboratory-scale batch reactors using 500 mL steril-
ized glass bottles (400 mL working volume, with 5% microalgae inoculum and 5% activated
sludge inoculum) closed with cotton wool stoppers. All photobioreactors were exposed to
a light:dark regime of 16:8 h at a light intensity of 426 & 25 pmol m2s7! using LED lamps
(100 W—light spectrum 400 to 700 nm) and constantly shaken at 200 rpm. All conditions
were performed in duplicate and maintained at a constant temperature of 30 £ 1 °C. The
gas supply rates were 1.4 mL min~! for CO, (Watson Marlon pump, Falmouth USA) and
140 mL min~! for O, (Salor Better pump, Sao Caetano do Sul, Brazil); CO, addition rates
were based on the systems of Posadas et. al. [5] and Ruas et. al. [6]. To prevent evaporation
losses, CO, and O, were passed through scrubbing flasks filled with water before passing
through the reactors. The ambient and cultivation temperatures, light intensity, pH, and
DO concentration were measured daily at 10 a.m. Liquid samples (40 mL) were drawn
every day to monitor the concentration of soluble (0.20 pm nylon filters) COD and N-NH4*
and insoluble (total concentration) TSS and C. perfringens and Staphylococcus spp. The de-
termination of the CFU 100 mL~! of C. perfringens and Staphylococcus spp. were performed
in triplicate.

2.4. Inactivation Rates

The inactivation rates of each pathogen were estimated by calculating the first-order
rate constant (k) as follows [25]:
C
In| = | = —kt 1
! ( Co ) @

where C; is the initial concentration (CFU 100 mL~!) and C; is the concentration (CFU
100 mL~1) at time ¢ (d). The initial (Cy) and final (C;) concentrations were obtained from
the average values (mean =+ standard deviation) of the triplicates performed (n = 3).
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Figure 1. Experimental set-up of the two Sets performed. In Set I, the conditions S1, 52, and S3
were tested, while in Set II, the conditions C1, C2, and C3 where tested. In both trials, light intensity,
hydraulic retention time (HRT), solid retention time (SRT), light intensity, and ambient temperature
were constant. S1: Scenedesmus spp. inoculum; S2: Scenedesmus spp. inoculum + addition of CO,; S3:
Scenedesmus spp. inoculum + addition of O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris.
inoculum + addition of CO,; C3: Chlorella vulgaris. inoculum + addition of Oj.

2.5. Analytical Procedures

Temperature and DO were measured using a Jenway 9500 DO2 oximeter (Jenway-
Cole-Parmer, Cambridgeshire, UK), light intensity was recorded with a Quantum MQ-200
photosynthetically active radiation meter (Apogee Instruments, Logan, USA), and pH
and N-NH,4 " were measured using pH and ammonia electrodes with an Orion Five Star
multiparameter analyzer (Thermo Scientific, Bleiswijk, The Netherlands). C. perfringens
and Staphylococcus spp. (Staphylococcus aureus and Staphylococcus epidermidis) levels were
determined using membrane filtration with an M-PA Agar Base-M1354 and Baird Parker
Agar Base M043 (HIMEDIA, Mumbeai, India). The effect of a viable but nonculturable state
was not considered in Staphylococcus spp. determination, and this effect was not detected
in C. perfringens culture techniques [26]. In this study, the inactivation and removal of
pathogenic bacteria refers to not detecting any cultivable colonies. All analyses were carried
out according to the Standard Methods for the Examination of Water and Wastewater [27].
Microalgae were identified daily by microscopic examination (Olympus BX41, Miami, FL,
USA) following Sournia [28].
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2.6. Statistical Analysis

The pathogen removal under the different test conditions performed was evaluated
using an analysis of variance (ANOVA) with Fisher’s least significant difference (LSD) test
using a 95% confidence level. The differences in the environmental parameters (ambient
temperature, light intensity, pH and DO) between the two Sets (I and II) were evaluated
using a t test for independent samples. Spearman’s correlation was used to determine the
behavior of Clostridium perfringens and Staphylococcus spp. removal in relation to pH, DO,
temperature and TSS. The analyses were performed using Microsoft Excel® 2021 with Real
Statistics Resource Pack software (Release 7.6) [29] and R® (R Foundation for Statistical
Computing) [30].

3. Results and Discussion
3.1. Pathogen Removal Efficiencies

The removal efficiency of C. perfringens was similar throughout Set I (Scenedesmus
acutus Meyen), with log-Re removals of 0.78 £ 0.03 (S1), 0.60 £ 0.01 (S2), and 0.48 = 0.19 (S3)
(Figure 2). In Set I, using Chlorella vulgaris, the C. perfringens removal was also similar (no
significant difference, p > 0.05), with log-Re removals of 2.54 £ 0.60 (C1), 3.03 & 0.34 (C2),
and 3.26 £ 0.00 (C3). However, the log-Re values were significantly different between Sets
I'and II. There were no significant differences in DO (p > 0.05), but pH values were different
between Sets I and II (t(46) = 2,90; p < 0,001) (Table 2). Therefore, the different interactions
and metabolic rates of each microalgae inoculum, Chlorella vulgaris and Scenedesmus acutus
Meyen, impacted the physicochemical conditions of the medium, especially pH, which may
have influenced the removal/inactivation rates of the pathogens studied. In addition to
DO, light intensity and room temperature were similar between Sets I and II (Table 2).

Table 2. Environmental parameters monitored during the experiment: ambient temperature, light
intensity, pH, and dissolved oxygen (DO).

Parameters Unit Set I Set 11
Ambient temperature °C 30+1 30+1
Light Intensity umol m—2 s~! 406 + 19 446 + 32
pH - 7.87 £0.92 8.68 + 1.02
DO mg O, L! 542 +2.42 7.42 £+ 4.59

The number of replicates performed in Set I and Set Il was n = 20 for ambient tempera-
ture; n = 60 for light intensity; and n = 24 for pH and DO. DO: Dissolved Oxygen.

pH as a predominant factor in removal mechanisms is well established for E. coli
(Davies-Colley et al., 1999) but not for Clostridium perfringens and Staphylococcus spp. As
the highest removals were observed in Set II, with the highest pH values and the presence
of the Chlorella vulgaris inoculum, these two factors are indicated as the main factors in
the removal of these microorganisms. However, further studies evaluating the effects of
environmental factors, especially DO and pH, and their interactions with sunlight should
be evaluated in detail.

Different C. perfringens removals have been reported in HRAPs. Garcia et al. [21]
found maximum removals of 0.3 log units when operating a 0.32 m?> HRAP with a 6 d
hydraulic retention time (HRT), while Ruas et al. [7] found maximum removals of 2.6 log
units in a 0.13 m? HRAP with a 5 d HRT and a Scenedesmus sp. microalgal population.
This significant difference can be explained by the impact of the microalgal population
on the removal of this bacteria (Figure 2(A1)). The role of microalgae in the removal of
pathogens through toxin production has been pointed out as a disinfection mechanism in
ponds [31]. Microalgae can produce compounds with bactericidal, fungicidal, antiviral,
neuroprotective, and immunomodulatory properties [32], and different genera produce dif-
ferent specific biocomponents with different bactericidal properties that target pathogenic
microorganisms differently.
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Several studies have noted that these algal toxins are important factors in disinfec-
tion [33,34], while Oufdou et al. [34] observed that the blue—green algae Pseudanabaena sp.
reduced the survival of E. coli, Salmonella sp., S. aureus, and Candida albicans but did not
affect Candida tropicalis and even stimulated the growth of Vibrio cholerae, whereas Mezrioui
et al. [33] observed that Chlorella sp. enhanced V. cholerae inactivation.
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Figure 2. Removal efficiency in logarithmic units (log) and logarithmic units per day (log
d=1) for C. perfringens ((A1,A2), respectively) and Staphylococcus sp. ((B1,B2), respectively) on
average + standard deviation. Values with the same letter (a, b, ¢, d) are statistically equal (x = 0.05).
S1: Scenedesmus spp. inoculum; S2: Scenedesmus spp. inoculum + addition of CO,; S3: Scenedesmus
spp. inoculum + addition of O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris. inoculum +
addition of CO,; C3: Chlorella vulgaris. inoculum + addition of O,.

Krustok et al. [35] tested the influence of two sources of microalgal and bacterial inoc-
ulation (a local lake and the effluent itself) on the operating efficiency of a laboratory-scale
batch photobioreactor with a 16-day HRT. The resulting microalgal communities were com-
pletely different: in the lake water reactor, >80 species from the phylum Chlorophyta were
recorded, whereas in the other reactor, only 20 such species were present. Although both
had similar nutrient removal efficiencies, the removal of pathogens such as C. perfringens
and S. aureus was approximately twice as large in the lake water reactor, demonstrating the
influence of the microalgal community on pathogen removal efficiency in a pond system.
The efficiency of C. perfringens removal in activated sludge, anaerobic reactors, and matura-
tion ponds (conventional wastewater systems) has been reported to be 0.5 = 1.4, 0.3 £ 0.7,
and 1.11 & 1.26 log units, respectively [21,36], lower than the values found in our study.
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In Set I, the Staphylococcus spp. removals were 1.08 £ 0.00 (S1), 0.87 £ 0.20 (S2), and
1.04 & 0.05 (S3), while in Set II, they were 2.02 4= 0.08 (C1), 1.96 + 0.18 (C2), and 1.68 £ 0.02
(C3) (Figure 2(A2)). The addition of CO, and O, had no significant effect on Staphylococcus
spp- log-Re in either Set (p > 0.05). The same result was found by Ruas et al. [7] when
studying the effect of CO, addition on pathogenic bacteria removal in an HRAP. Alkalinity
is an important factor for the mass transfer of CO; to the culture medium; the higher the
alkalinity available, the greater the availability of CO, for microalgal metabolism [37], so
the addition of CO; to a medium with high alkalinity concentrations can have significant
effects on pathogen removal, a process that has not yet been explored.

Additionally, the microalgal species significantly impacted Staphylococcus spp. re-
moval, where Chlorella vulgaris also promoted higher removal efficiency. The effect of DO
was discarded because there was no significant difference in this parameter between the
Sets, as discussed above (Item 3.1). Staphylococcus spp. inactivation in microalgal-bacterial
systems ranges from 1.2 to 1.7 log [7,21], while removals of 1.8 and 2.4 log units were
achieved in pond systems with a 50 d HRT and with a soil filter, respectively [38,39].

Some extracts of phytoplankton [40], macroalgae [41], and microalgae [42] have shown
a bactericidal effect against S. aureus, mainly through the inhibition of dehydrogenase, an
important enzyme in energy processes [43]. Al-Gheethi et al. [44] observed S. aureus removal
of more than four (4) log units in 6 d using a phycoremediation test with a Scenedesmus sp.
inoculum, but highlighted the greater survival of this pathogen with lower concentrations
of Scenedesmus sp. and the removal of four log units in the control test, showing the
importance of photooxidative processes for the inactivation of this microorganism.

Photooxidation is an important disinfection mechanism in pond systems, in which
photosensitizers absorb light and transfer this energy to other molecules, leading to the
formation of reactive oxygen species that react with the membrane or DNA of the mi-
croorganisms, causing damage [45]. Exogenous photosensitizers are present in the aquatic
environment, while endogenous photosensitizers are found inside the microorganisms,
with the former having the most significant contribution. The main exogenous photosensi-
tizers are humic substances, photosynthetic pigments, and dissolved organic matter, which
are found in large quantities in microalgal-bacterial treatment systems. Different exoge-
nous photosensitizers absorb varying amounts of energy and therefore induce different
degrees of photooxidation [45]. Some substances produced by algae, such as phycobilipro-
teins, chlorophylls, and carotenoids, can act as photosensitizers absorbing different light
spectra [46,47] and are already being used for the degradation of dyes and inactivation of
microorganisms [48,49]. Therefore, cultures with different microalgae may present distinct
concentrations of photosensitizers, resulting in varied inactivation of pathogenic microor-
ganisms, as was observed in our study. Photooxidation is an important process in the
inactivation of Staphylococcus sp., which has already shown a strong inactivation rate in the
presence of photosensitizers [50]. Therefore, the microalgal population can be an important
factor in HRAP disinfection by producing photosensitizers, a relevant theme for future
research. Predation, as a mechanism for pathogen removal in domestic sewage, was not
considered in this experiment, as it requires a different methodological approach than the
one outlined.

In both sets, the inactivation rate (k) (Table 3, Figures 3 and 4) of C. perfringens
(0.35-2.47 d~1) and Staphylococcus sp. (0.66-1.53 d~!) was higher than that found by
Al-Tameemi and Kadhim [11] (k maximum of 0.01 d~!), who tested the effect of pH, DO,
and temperature in microalgal systems (Nostochopsis sp. And Mougeotia sp.) on the inacti-
vation of C. perfringens in secondary domestic wastewater. The inactivation rate shown by
Al-Tameemi and Kadhim [11] may have been lower due to the lower light intensity used
in the study (=50 pmol m~2 s71), the lower initial concentration in the domestic effluent
(3.7 log CFU 100mL~1) and the use of different algae genera.
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Table 3. Inactivation rates (k) of Staphylococcus spp. and C. perfringens in Sets I and II.
Set I II
Condition S1 S2 S3 C1 C2 C3
C. perfringens day ! 0.60 0.46 0.35 1.79 224 2.47
Staphylococcus spp. day ! 0.84 0.66 0.81 1.53 1.47 1.27

Note: S1: Scenedesmus spp. inoculum; S2: Scenedesmus spp. inoculum + addition of CO,; S3: Scenedesmus spp.
inoculum + addition of O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris. inoculum + addition of CO»;
C3: Chlorella vulgaris. inoculum + addition of O,.
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Figure 3. Daily inactivation rates of Staphylococcus sp. in Set I (A) and Set II (B). S1: Scenedesmus
spp. inoculum; S2: Scenedesmus spp. inoculum + addition of COy; S3: Scenedesmus spp. inoculum
+ addition of O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris. inoculum + addition of
COy; C3: Chlorella vulgaris. inoculum + addition of Oy; t1, t2, and t3 indicate day 1, day 2, and
day 3, respectively.
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Figure 4. Daily inactivation rates of Clostridium perfringens. in Set I (A) and Set II (B). S1: Scenedesmus
spp. inoculum; S2: Scenedesmus spp. inoculum + addition of COy; S3: Scenedesmus spp. inoculum
+ addition of O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris. inoculum + addition of
CO,; C3: Chlorella vulgaris. inoculum + addition of Oy; t1, t2, and t3 indicate day 1, day 2, and
day 3, respectively.
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The main parameters and culture conditions that significantly (p < 0.05) influenced
the removal of the pathogens studied are described in Figure 5. The pH and algal growth
parameters (TSS and NTU) showed statistically significant correlations.
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Figure 5. Spearman’s correlation coefficients obtained between inoculum (Scenedesmus acutus Meyen
and Chlorella vulgaris), CO, supplementation, aeration (O,), TSS concentration, NTU, pH, and DO.
TSS: Total Suspended Solid; NTU: Nephelometric Turbidity Unit; DO: Dissolved Oxygen; pH:
potential of hydrogen. Only the values without markings (X) are statistically significant (p > 0.05).

3.2. COD and N-NH,* Removal Efficiency, Productivity, and Specific Growth Rate (y)

The COD removal efficiency (COD-Re) was significantly different between the two
sets, with averages ranging from 38.1 to 79.0% (Set I) and from 82.4 to 94.9% (Set II) (Table 4).
In Set I, removal under Condition S3 was significantly lower than under Conditions S1 and
S2, although productivity was higher (=201 mg TSS L~! d~!). The continuous addition
of CO, at 140 mL min~! may have caused stripping of O, from the growth medium,
decreasing the rate of COD removal by heterotrophic bacteria while favoring an increase in
algal biomass by inserting CO; from atmospheric air and maintaining more favorable DO
concentrations for microalgae (high DO concentrations may inhibit photosynthesis) [51].
However, in Set II, COD removal was statistically equal in all three conditions, meaning
that CO, and O, addition had no significant effect on COD removal (p > 0.05).

The productivity in Set I was significantly different in each of the studied conditions,
indicating that the addition of CO, and O, improved biomass production in Scenedesmus
acutus Meyen cultures. This result was expected because CO, addition improves the
photosynthetic capacity and carbon fixation rate of this microalgal species [52]. Ruas
et al. [7] observed an increase in biomass productivity from 2.0 to 3.2 g m~2 d ! in a reactor
with CO, addition, treating domestic wastewater with Scenedesmus sp. as the dominant
microalgae. In batch experiments, where the effect of adding food wastewater and flue
gas CO, on the productivity and treatment efficiency of domestic wastewater was tested
(Scenedesmus obliguus mixotrophic culture), both CO; and food wastewater favored the
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growth of biomass, reaching a productivity of ~75 mg L' d~! [53]. However, in Set I,
the biomass productivity was higher in C3 and statistically similar in C1 and C2, so the
addition of O; significantly influenced the biomass production of Chlorella vulgaris.

Table 4. COD and N-NH,4" removal efficiencies, mean and final pH and DO, productivity, and
specific growth rate (i) in all conditions (average + standard deviation).

Set I Il
Condition S1 S2 S3 C1 C2 C3
COD-Re (%) 57.64 4 0.78 3P 79.00 + 7.81 ¢ 3812+ 1.569def 8247 4+ 8554 94.96 + 5.04 3¢ 92.97 + 3.05 bf
N-NH,*-Re (%) 62.82 4 9.5 98.64 + 1.35 99.41 + 0.51 81.66 & 183 86.66 + 13.3 99.36 + 0.63
pH (mean) 8.02 & 1.00 7.67 +1.11 791 + 0.94 8.80 4+ 1.12 853 + 1.16 871 4 1.17
pH final 9.22 + 0.02 9.27 4+ 0.01 9.20 + 0.01 9.49 + 0.05 9.73 + 0.04 9.59 4 0.07
(Eg (()meLaf‘l)) 5.81 + 3.36 5.90 + 2.70 454 +147 9.48 +4.95 8.88 + 5.08 3.89 + 1.49
2
(m'?gooﬁlia,ll) 5.15 + 0.07 6.15 + 0.49 4.95 +0.07 8.98 + 0.83 7.04 +2.57 543 + 0.64
2
(mgr;’;i;itl‘{lgy,l) 114.6 + 4.2 2bed 153.0 £9.8¢ 201.7 + 21.6 & 216.0 4 5.6 P8 273415290 384 4 14.6 defgh
w(dh 0.30 0.40 0.49 0.49 0.56 0.68

Note: The pH, DO, TSS, and N-NH,4*-Re values showed no statistical difference between the treatments (p > 0.05).
Values marked with the same letters (#P<defgh) have statistically significant differences. S1: Scenedesmus spp.
inoculum; S2: Scenedesmus spp. inoculum + addition of CO,; S3: Scenedesmus spp. inoculum + addition of
O,. C1: Chlorella vulgaris. inoculum; C2: Chlorella vulgaris. inoculum + addition of CO,; C3: Chlorella vulgaris.
inoculum + addition of O,.

One of the main microalgae used for the treatment of domestic and agro-industrial
wastewaters is Chlorella sp. because it tolerates adverse environmental conditions and has
a great capacity to remove carbon and nutrients while achieving high biomass productiv-
ity [54,55]. The use of this microalgae tends to show better results in biomass production,
COD removal, and lipid accumulation than the use of Scenedesmus sp. [56], as also ob-
served in our study. The greater production of biomass in tests with Chlorella vulgaris
inoculum may have amplified the effect that this alga has on pathogens, since greater
biomass production would increase the production of toxins and bactericidal compounds.

The N-NH4* removal (Table 4) was statistically equal at the 5% significance level
(81.7-99.4%), except in S1 (62.8 = 9.5%). In all conditions, the final pH was >9, which
may have contributed to the removal of ammonia by volatilization [5], but considering
the algal biomass composition of 7-9% N, the high removal rate of N-NH;* (>62%), the
productivity, the moderate temperature, and the availability of DO [5], assimilation was a
relevant process in nitrogen removal in all tested conditions.

4. Conclusions

The removal of C. perfringens and Staphylococcus spp. was higher in tests using Chlorella
sp. inoculum, demonstrating that different algae act in different ways in the removal of
pathogens in microalgal-bacterial systems. The addition of CO, and O, did not have a
significant effect on the removal of pathogenic bacteria. The use of different microalgae in
the treatment of domestic wastewater can lead to the removal of pathogens, depending on
the microorganism to be removed and the required degree of target removal. The biomass
and COD-Re were enhanced in the culture with Chlorella sp., but in terms of ammonia
removal, the microalgal inoculum did not influence the efficiency of the process. Therefore,
the use of Chlorella sp. is more advantageous for removing carbon and nitrogen, as well as
for inactivating pathogenic microorganisms such as C. perfringens and Staphylococcus spp.
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