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Abstract: The uncontrolled disposal of olive oil mill wastewater (OMW) is hazardous for the health
of water and soil, since this wastewater shows low pH and high contents of organic matter and
polyphenols (PP). Lagooning is one of the most common treatment systems for agro-industrial
wastewater (such as OMW), due to its low cost and easy management. Aeration allows reducing the
low depuration time, which is a constraint for this system. Despite this potential feasibility, literature
about OMW lagooning is not abundant. Moreover, the effects of the aeration rates, concentration of
polyphenols and nitrogen shortage on depuration performance of lagoons treating OMW have not
been properly explored. This study analyzes the removal rates of COD and PP, and variations of pH
in OMW treated in aerated tanks at the laboratory scale simulating lagooning systems. Compared
to the non-aerated tanks, aeration of OMW increased the removal rates from 61% to 90% (for COD)
and from 52% to 64% (for PP). Permanent aeration was more advisable compared to intermittent
flow rates. Increasing concentrations of PP noticeably reduced the COD removal rates, which
were halved at a 4-fold PP concentration. In contrast, the PP removal rate was constant at every
concentration experimented. Compared to the COD:N value suggested by literature for aerobic
processes (100:5), a shortage in nitrogen availability reduced both COD (by about 20–25%) and PP
removal rates (by 25%), the latter only when COD:N was higher 400:5. The pH was less influenced
by the variations in aeration rates, PP concentration and COD:N ratio compared to COD and PP
removal. This investigation provides indications about the most suitable operation parameters
(airflow rates, inhibiting PP concentration, and optimal COD:N) in aerated lagooning of OMW
towards environmentally sound treatments of highly polluting wastewater.

Keywords: aerated tanks; COD; pH; airflow rate; COD:N ratio; environmental pollution; depura-
tion performance

1. Introduction

Management of the residues produced by the olive oil industry is a challenging task,
due to their large volume and specific physico-chemical properties [1,2]. The so-called
“olive pomace”, which is a wet and solid biomass, and the “olive oil mill wastewater”
(hereinafter OMW), which is a liquid effluent, is about 30% and 50% of the total amount
of olive processed, while the olive oil is 20% [3,4]. With specific regard to OMW, this
effluent shows high concentrations of organic matter (OM), suspended solids and inhibiting
compounds, such as polyphenols (hydroxytyrosol, tyrosol, catechol, methylcatechol, caffeic
acid) [5–7]. These characteristics make the uncontrolled disposal of OMW hazardous for
the health of water and soil, since pollution of surface bodies and ground water, as well as
degradation of soil properties, is possible [8–10]. The acidic pH and the high contents of
organic matter and polyphenols are the OMW properties that potentially have the most
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hazardous effects on water and soils [11]. The 10 million m3 of OMW that are yearly
produced worldwide have an environmental impact equalling the wastewater generated
by 20 million inhabitants [12,13].

To avoid or at least reduce these heavy environmental risks, suitable management is
needed. Several treatment systems have been proposed for OMW for a long time. Currently,
the methods applied for OMW treatment are physico-chemical or biological. Physico-
chemical methods include simple evaporation, reverse osmosis, ultrafiltration, coagulation,
oxidation, thermal drying and advanced oxidation processes), while the biological systems
consist of aerobic treatment, composting, vermicomposting together with other agro-
industrial residues, and anaerobic digestion [3,14,15]. The latter is a promising technology
for the valorization of olive oil residues, since it produces renewable energy (biomethane).
However, anaerobic digestion is not a completely mature treatment process, because many
issues need to be overcome in the case of application to OMW [16–18].

Land spreading on soil for crop irrigation is the most traditional system [19], but this
requires sufficient land area and soils of suitable characteristics, since OMW application
may be toxic for plants and bacteria living in soils [19,20]. The intensive depuration plants
(activated sludge or percolating filters) are expensive and suffer from process instability
(due to the OMW characteristics). Valorization of OMW in biorefineries (for recovering
value-added products) or in energy production plants (using anaerobic digestion) is still not
a mature alternative, since some technical and economic problems need yet to be overcome
(e.g., low product yields of biorefinery processes and toxicity of polyphenols for micro-
organisms of anaerobic processes) [17,21]. Furthermore, the other physico-chemical and
biological OMW treatments have been found to be complex and expensive, particularly
for the small oil mills [15,17]. In contrast, natural treatments have been proposed as
suitable alternatives to the management systems mentioned above. Natural systems
have been experimented and applied particularly for urban wastewater (e.g., [22,23]), but
are promising also for agro-industrial wastewater, such as OMW [24]. These systems
include constructed wetlands and lagoons. Constructed wetlands are not the optimal
system for OMW treatment, since polyphenols and high pH are phytotoxic. Lagoons have
instead been employed to treat high-strength wastewaters [25] from municipal, agricultural,
and industrial sources, including agro-industries [26]. Generally speaking, lagooning is
a low-cost wastewater treatment system, thanks to cheap construction, operation, and
maintenance as well as the absence or low requirement of mechanical equipment [25,27].
This system effectively removes several contaminants, such as organic matter, nutrients,
heavy metals, and pathogens [28], and makes it possible to treat wastewater throughout the
whole year, although effluents are produced in a much shorter period for agro-industrial
wastewater [29]. This gives lagooning systems the capacity of buffering fluctuations in
wastewater flow and load [26].

A lagoon is a large reservoir (with depth from a few to several metres), where wastew-
ater is stored and treated through natural processes, such as sedimentation and biodegra-
dation; the latter is due to the activity of microorganisms (mainly bacteria) [25,30,31]. The
storage period into lagoons can be considered as a natural biological treatment method [13].
The main disadvantage of lagooning is the large land requirement, which has confined
the application of lagoons to rural areas [28]. However, this is not a constraint for olive
oil mills, which are often small enterprises or family businesses that are located in olive
groves [10,32]. At present, in the Mediterranean countries, OMW treatment in lagoons is
the most used management option, often in combination with land spreading [3,13,33].

Although the literature about lagooning of urban wastewater is ample [34], less re-
search is available for agricultural effluents [35]. An overview of the OMW treatments,
mainly focused on organic matter degradation by chemical and biological processes, is
reported in Mantzavinos and Kalogerakis [36]. In Tunisia, S’habou et al. [33] evaluated
the lagoon performance to treat OMW, and detected wastewater infiltration in the subsoil,
which altered the pH, electrical conductivity, and organic content of soil. Jail et al. [37]
experimented with the co-treatment of OMW and urban wastewaters in lagoons, showing
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the high influence of the applied wastewater load on the removal of the organic and phe-
nolic compounds. In another investigation, the same authors [38] treated OMW combining
an intensive treatment (Jet-Loop Reactor) and lagooning, achieving a reduction in OM and
phenols by about 70% for both. In the work of Benitez et al. [34], the aerobic treatment
carried out by lagooning achieved the significant removal of COD and phenols from OMW,
but the system was less effective in eliminating aromatic substances. Hybrid treatment sys-
tems consisting of lagoons and constructed wetlands were tested by Gikas et al. [27], who
stated that the final effluent concentrations remained high for disposal in water bodies and
suggested combining the systems in series. However, according to the latter authors, there
are limited studies on OMW treatment using lagooning systems, since special emphasis
was given to constructed wetlands [27].

Often, the wastewater is aerated to fasten these natural processes (usually requiring
weeks or months) and mixing the stored effluents to equalize their physico-chemical
characteristics. In spite of the satisfactory depuration efficiency of the aerated lagoons, the
use of these treatments is limited by the aeration cost [7]. The airflow rates and aeration
times are not standardized in literature, and the setting-up of these operation parameters is
not easy [35,39], requiring targeted aeration tests.

Moreover, the effects of the specific characteristics of OMW on the depuration ef-
ficiency have not been completely understood. More specifically, it is well known that
polyphenols (whose concentration ranges between 0.5 and 24 g/L in OMW [40,41]) are
toxic for both aerobic and anaerobic micro-organisms, and this toxicity slows down or even
blocks the depuration processes [42,43]. Additionally, the shortage of nutrients (particularly
nitrogen), compared to the carbon content of OMW, which is typical of the effluents of
agro-industries [44], may enhance the growth of filamentous bacteria in intensive depura-
tion processes. These bacteria [45] can take advantage of other micro-organisms, because
of their higher surface/volume ratio, and their excessive growth reduces the depuration
efficiency [39]. However, the effects of high concentrations of polyphenols and nitrogen
shortage in OMW treated in aerated lagoons have not been yet explored in depth.

To fill these gaps, this study analyzes the depuration performance (chemical oxygen
demand, pH and polyphenols, hereinafter indicated as “COD” and “PP”, respectively) in
OMW treated in aerated tanks at the laboratory scale, which simulates the biochemical
processes acting in lagoons. The specific objectives of this investigation are the evaluation
of the removal rates of COD and PP, and of the variation of pH in three series of depuration
tests: (i) under two air flow rates and aeration times, compared to a non-aerated tank; (ii)
under three PP concentrations; (iii) under three COD vs. N ratio.

2. Materials and Methods
2.1. Description of the Experimental Pilot Plant

OMW was produced by a 3-phase olive oil mill and immediately stored in small tanks
simulating a small-scale lagoon. Each tank, having a cylindrical volume equal to 0.1 m3,
was subjected to fine bubble aeration. Airflow was provided by a fine bubble diffuser
placed 5-cm above the bottom of the tank and fed by a blower with an electric power of
50 W (Figure 1). More details about the aeration device can be found in Andiloro et al., and
Zema et al. [31,35,39].
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Figure 1. Section of the aerated tank that simulates lagooning for OMW depuration (measures are
in metres).

Daily aeration flow rate was equal to 168 L/m3 in each tank, except for the non-aerated
tank (see Section 2.2.).

2.2. Experimental Design

Three series of depuration tests were carried out for 90 days. Each test was car-
ried out in triplicate (three series of test, each one with three tanks, each tank in three
replicates) (Table 1).

Table 1. Experimental design of the three-test series to simulate lagooning for OMW depuration.

Test Series Tank Airflow Rate and
Aeration Time PP Concentration COD:N Ratio

A
A1

Variable Same SameA2
A3

B
B1

Same Variable SameB2
B3

C
C1

Same Same VariableC2
C3

A first series (indicated as “A”) evaluated the effect of the aeration on the tank depu-
ration performance. A first tank (“A1”) was permanently aerated (24 h per day) with an
airflow rate of 7 L/h/m3 (permanent aeration), while a second tank (“A2”) was aerated
using a flow rate of 14 L/h/m3 during the 12 night hours (intermittent aeration). The
tanks “A1” and “A2” were aerated with the same daily flow rate (168 L/m3). A third tank
(“A3”) was not aerated and assumed as control. PP concentration and COD:N ratio were
set up as reported in Table 2.
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Table 2. Experimental conditions of the three test series to simulate lagooning for OMW depuration.

Test
Series Tank Condition

Air Flow PP Concentration
(g/L) COD:N Ratio

Rate
(L/h-m3)

Time
(Hours)

A
A1

Aerated
7 24 3.3 ± 0.26 103:5 ± 1.81

A2 14 12 2.9 ± 0.20 101:5 ± 1.65

A3 Non-
aerated 0 0 2.7 ± 0.21 105:5 ± 1.44

B
B1

Aerated 7 24
3.3 ± 0.25 395:5 ± 8.69

B2 6.6 ± 0.62 401:5 ± 8.67
B3 13.2 ± 1.29 408:5 ± 8.99

C
C1

Aerated 7 24
3.4 ± 0.24 100:5 ± 1.01

C2 4.0 ± 0.39 200:5 ± 2.25
C3 3.7 ± 0.27 400:5 ± 3.98

Notes: PP = polyphenols; COD = Chemical Oxygen Demand; N = Nitrogen; values are means ± standard deviations.

The second series of tests (“B”) evaluated the effect of PP concentration on the tank
depuration performance. The tests were carried out under three PP concentrations: 3.3
(tank “B1”), 6.6 (“B2”) and 13.2 (“B3”) g/L. Aeration was permanent (airflow rate of
7 L/h/m3 for 24 h), as in the tank “A1”; COD:N was set up as reported in Table 2.

The third series (“C”) analyzed the effect of three COD:N ratios on the tank perfor-
mance. The tests were carried out under three COD:N ratios: 100:5 (tank “C1”), 200:5 (“C2”)
and 400:5 (“C3”) (Table 2). The first ratio is ideal for aerobic treatments of wastewater [46].
Additionally, for this series, aeration was permanent; the PP concentration was set up as
reported in Table 2.

No inoculum was used to start the experiment, since in lagoons the microbial mass
naturally adapts to the wastewater characteristics, thanks to the long hydraulic retention
time [24,31].

2.3. Initial Characteristics of OMW and Tank Preparation

Raw OMW had an initial COD concentration of 280 g/L, a pH of 3.8, a COD:N ratio of
408:5, and PP concentration of 13.2 g/L (tank “B3”). The initial COD of the raw OMW was
slightly over the typical range of continuous olive oil extraction process (20–200 g/L), as
for Italian oil mills [47,48], but this parameter can be higher (up to 390-400 g/L for the oil
extraction by pressure) [27,49]. These COD values are 20 to 4500 times higher than those of
typical municipal wastewaters [10]. Moreover, both pH and PP concentrations are in the
typical ranges of OMW (3 to 5.9 and 2 to 24 g/L [10,50,51]), although some authors have
worked with OMW with very high PP concentrations (up to 80 g/L) [10].

OMW was prepared by dilution for the tanks of the series “A” and “C”, and the
remaining tanks (“B1” and “B2”) of series “B”, until the desired concentration of PP and
COD:N ratio. In tanks “A”, urea was added, to increase N content until the constant and
optimal ratio. In tanks “C1” and “C2”, both saccharose and urea were added to increase
COD and COD:N ratio. About 70 and 140 g/L of saccharose was added to the tanks “C2”
and “C3”, while 5.5 to 5.9 g/L and 5.5 to 6.5 g/L of urea (46.6% of N) was supplied to the
tanks “A1” to “A3”, and “C1” to “C3”, respectively.

This experimental design allowed having OMW without disturbing factors (namely
high COD:N ratio and PP concentration) in tanks “A”, with different PP concentration and
the same COD:N in tanks “B”, and with the same PP concentration and different COD:N
in tanks “C”.

2.4. Sample Analysis

Samples were collected every week by taking 250 mL of the stored OMW and imme-
diately transferring the sample to the laboratory. Here, the main chemical properties of
the sampled OMW were evaluated using the following methods: digital multimeter probe
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HACH Lange HQ40 (pH); CHN analyser Leco series 628 (C:N ratio); cuvette cap tests,
WTW, code 1.14555, photometer WTW, PhotoLab S12, on diluted, 1:10 v/v, samples (COD);
Folin–Ciocalteu colorimetric method [52] and spectrophotometer PerkinElmer, Lambda
35 UV-VIS (PP concentration).

2.5. Statistical Analysis

A one-way ANalysis Of VAriance (ANOVA) was applied to each of the analyzed
parameters (COD and PP concentrations, and pH, considered as response variables),
assuming the variable parameter (aeration condition in “A” series, PP concentration in
“B” series, and COD:N ratio in “C series) (as factor). The statistical significance of the
differences in the response variables was evaluated through pairwise comparisons using
Tukey’s test (at p < 0.05). To satisfy the equality of variance and normal distribution
of sample distribution, the data were processed by normality tests or were square root-
transformed whenever necessary. All statistical tests were carried out using XLSTAT rel.
2019.1 software (Addinsoft, Paris, France).

3. Results and Discussion
3.1. Tanks “A” (Effects of Aeration)

In all tanks, COD monotonically decreased throughout the tests. The COD was
significantly different only between the non-aerated (“A3”) and the aerated tank “A1”.

The COD removal rate was basically constant for the non-aerated tank (“A3”), where
COD reduction was mainly attributed to the sedimentation of suspended solids rather than
to micro-organism activity [27]. In contrast, in the aerated tests, this rate was higher in the
initial and final periods (the latter increase was noticed especially for the tank “A2”). This
means that the microbial mass was not initially able to exploit all the oxygen provided by
the aeration (as shown by the lower decrease in COD observed at the test start in the tank
with intermittent aeration), but the micro-organisms required an adaption phase of more
than 50–60 days to the higher airflow rate (Figure 2a).

The low pH values of OMW (as for other vegetable wastewaters) are due to the
presence of organic and phenolic acid [38]. In our experiment, the pH of wastewater
decreased (from about 4.4–4.5 to 4.2–4.3) in the three tanks throughout the first 50 days,
while an increase was subsequently noticed in all tests. Overall, a very slight variability
between the initial and final pH was measured. The differences in pH were significant
between the tanks “A2” on one side, and “A1” and “A3” on the other side (Figure 2b). While
the pH decrease can be due to the formation of additional acids, the subsequent increase
throughout the treatment could be explained by the degradation of organic compounds
with CO-OH and/or OH groups [38]. Very low and basically constant mean pH (4–4.3)
was also reported by Gikas et al. [27] in lagoons under aerobic conditions, presumably due
to the presence of fatty acids that have an inhibitory effect on micro-organism growth. In
contrast, other studies showed a quick production of alkalinity due to the decomposition
of organic compounds to CO2 through aerobic processes [28]. The latter authors suggest
that pH should be in the range of 6.5 to 7.5 for the optimal growth of micro-organisms.

The differences in PP concentration were not significant among the three tanks. This
concentration decreased by a lower rate throughout the first 20–30 days of the process. This
decrease was faster in the following stage, but, while in the tank “A3” the decreasing rate
in the final phase was similar to the initial stage, in the aerated tank “A1” (with permanent
aeration) this removal rate was still higher (Figure 2c). The increase in PP removal rate
observed some days after the test start may be due to the progressive adaptation of the
microbial mass to PP, reducing in part the toxicity effects. Adaptation of micro-organisms
to environmental conditions is a key process in wastewater depuration. This may in-
crease depuration rates in aerobic processes and energy yields in anaerobic reactors, by
increasing the tolerance of micro-organisms to the inhibition effects played by phenolic
compounds [17].
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Figure 2. Temporal variability of COD (a), pH (b) and polyphenols (PP, c) in the “A” series of tests to
simulate lagooning for OMW depuration.

The COD and PP removal rates were very similar between the aerated tanks (about
−90%), but the tank “A1” (with permanent aeration) performed better in PP removal (−90%
against −67% of the tank “A2”). The lowest depuration capacity was measured, as expected,
for the non-aerated tank (“A3”, −61% for COD and −52% for PP) (Figure 3a,c). As a matter
of fact, in aerobic bioreactors, the addition of soluble oxygen provides microorganisms
with optimum growth conditions together with large amounts of organic compounds [53].
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Thanks to aeration, oxidizing microorganisms decompose the OM that is converted into
simple forms of carbons without much pollution risks when the depurated effluents are
returned to the environment. These micro-organisms use most of the remaining fraction of
the pollutants to produce new cells [29].
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Figure 3. Percent variations of COD (a), pH (b) and polyphenols (PP, c) between the start and the
end of the three series of tests to simulate lagooning for OMW depuration.

The similarity of COD and PP degradation rates over time is in close accordance with
Zenjari et al. [54], who demonstrated the existence of a positive correlation between the
aerobic biodegradation of OM and phenolic compounds in OMW. In general, the aerobic
treatment efficiency for high-strength wastewater in lagoons is around 60% [25]. Other
studies about OMW lagooning reported COD removal between 60 and 75% [36], while,
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in activated sludge treatment, values up to 80–85% are typical (although the hydraulic
retention time is much lower compared to lagooning, 20–25 days [32]).

Regarding the PP removal, while a mean reduction by only 13% was observed in the
phenol concentration by Gikas et al. [27] in lagoons without aeration, Mantzavinos and
Kalogerakis [36] reported rates from 65% even to 95% in aerobic treatments of OMW, while
Benitez et al. [34] showed, under the same conditions, values that were always over 90%.

An economic analysis should explore the incidence of the lower energy price in night
hours (when the intermittent aeration is provided) on the overall performances of the
aerated tanks. In other words, it should be evaluated whether it is economically convenient
for a longer OMW storage in the tank with intermittent aeration to obtain the same COD
and PP removal as in the tank with permanent aeration.

3.2. Tanks “B” (Effect of PP)

The tank “B1” (with the lowest PP concentration) showed higher removal rates of
both COD and PP in the first stage (20 days) of the depuration process, followed by slower
decreases. For all the aerated tanks, the removal rates of both COD and PP were constant
throughout the process (Figure 4a,c). The pH fluctuated for the tanks “B2” and “B3” (with
lower initial content of PP) in the early stage, and slightly increased from the 40th day
until the test end. In contrast, for the tank “B1” (with the lowest PP concentration), the pH
initially decreased, then was stable, and finally increased (Figure 4b). The differences in
the analyzed parameters were significant among all the tanks.

The tank “B1” showed the highest removal rate of COD (−90%), which was noticeably
lower in the tanks “B2” (−58%) and “B3” (−46%). The total removal of PP was instead
very similar among the three tanks (about −60%) (Figure 3a,c). This means that, at the
tested airflow rate and time, high PP concentrations are also not able to reduce the removal
rates of OM.

3.3. Tanks “C” (Effect of COD:N Ratio)

The variable COD:N ratio played a noticeable and significant influence on the depu-
ration performances of the three tanks (Figure 5a,c). As a matter of fact, while the COD
removal was the highest (−90%) at the optimal COD:N (tank “C1”), higher values (there-
fore, under nitrogen shortage) reduced the process efficiency down to 67% (tank “C2”) and
72% (“C3”) (Figure 3a).

The analysis of the COD variability over time shows that the COD removal rates were
quite similar among the three ratios in the first 40 days (Figure 5a). After a noticeable share
of COD in the tanks “C1” (about 50%) was removed (and thus the COD:N increased), the
COD removal rate was much higher compared to the other tanks, where instead the COD
removal rate was quite low throughout the whole test (Figure 5a). The lowest COD:N ratio
noticeably influenced the PP removal rate, which was significantly lower in the tank “C3”
(−47% against 64–65% in the tanks “C1” and “C2”, Figure 3c). PP concentration showed
a noticeable decrease throughout the first 40 days. Then, its reduction rate was lower for
the tanks “C1” and “C3” (−0.6 g/L for both) and higher for the tank “C2” (−1.0 g/L)
(Figure 5c). The values of pH decreased in the early stage of the process (7–10 days), and
then became basically stable (Figure 5b), the differences being significant only between
the tanks “C2” and “C3”. Baashar et al. [46] found a COD removal by 75% from pulp and
paper mill wastewater at a COD:N:P ratio of about 170:5:1.5 under aerated conditions.
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Figure 4. Temporal variability of COD (a), pH (b) and polyphenols (PP, c) in the “B” series of tests to
simulate lagooning for OMW depuration.
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Figure 5. Temporal variability of COD (a), pH (b) and polyphenols (PP, c) in the “C” series of tests
simulating lagooning for OMW depuration.

4. Conclusions

Compared to non-aerated tanks, aeration of OMW with moderate to high concentra-
tions of COD and PP increased the removal rates from 61% to 90% (for COD) and from
52% to 64% (for PP). Permanent aeration is more advisable compared to intermittent flow
rates, since, although being more expensive, it increases the depuration efficiency for both
parameters.
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Increasing concentrations of PP noticeably reduced the COD removal rates, which
were halved at a 4-fold PP concentration. In contrast, the PP removal rate was constant at
every concentration experimented.

Compared to the COD:N value suggested by literature for aerobic processes (100:5), a
shortage in nitrogen availability reduced both COD (by about 20–25%) and PP removal
rates, the latter only when COD:N is higher than 400:5.

The pH was less influenced by variations in aeration rates, PP concentration and
COD:N ratio compared to COD and PP removal.

More research is needed to: (i) understand the effects of the variability factors on
the microbial composition and growth rate, considering their importance in the aeration
processes; (ii) scale-up the lab-scale experimental plant to verify the lagoon performance
by real-scale experiments.
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