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ARTICLE INFO ABSTRACT

Keywords: In this paper, a new photo-respirometry method for determining the rates of the main metabolic processes of
Microalgae microalgae-bacteria consortia in microalgae-based wastewater treatment processes has been developed and
Bacteria ) tested. The proposed protocol consists on applying dark and light periods to a microalgae-bacteria consortium in
Phatosynthesis the presence of different substrates and measuring the rate of oxygen production. This allows determining the
Respiration . £ mi 1 h hic b . d nitrifving b . I

Heterotrophic activity of microalgae, heterotrophic bacteria and nitrifying bacteria separately.

Nitrification The method has been optimized in terms of the operation strategy, including the starvation period required,

the biomass concentration and the irradiance during the measurements. Results show that a starvation period of
one to three days is necessary depending on the nutrient concentration. The optimal experimental conditions
determined were a biomass concentration of 0.5 g/L and an irradiance of 200 umol photons/m?s. Furthermore,
microalgae-bacteria samples from seven photobioreactors (indoor and outdoor) with different nutrient sources
have been evaluated applying the methodology proposed. Regardless of the wastewater type, the microalgae
activity is the main metabolic process, with heterotrophic activity increasing along with the chemical oxygen
demand (COD) in the wastewater. Nitrifying activity was only observed when high ammonium concentrations
were present. The developed method is a powerful tool to adequately manage and operate wastewater treatment
processes using microalgae/bacteria consortia, providing valuable information to model wastewater treatment
systems with microalgae and determine kinetic parameters.

1. Introduction

The use of microalgae-bacteria consortia in multiple biotechnology
processes, such as in wastewater treatment, has required an under-
standing of the mechanisms involved in microalgae-bacteria interaction
[1]. Knowledge of the microalgae-bacteria consortia which appear in
the treatment of wastewaters (from urban, industrial, agricultural and
animal-use sources) is essential to maximise the benefits of microalgae
wastewater treatment, as previously reported [2-4]. The schematic
functioning of this consortia has been previously described. When il-
luminated, the microalgae consume inorganic carbon, nitrogen and
phosphorus, as well as other compounds, to produce biomass while
simultaneously releasing oxygen from photosynthesis [5,6]. This ac-
tivity is beneficial in wastewater treatment processes because the
oxygen produced by microalgae can be used by aerobic bacteria to
biodegrade pollutants, so they are capable of oxidizing organic matter
into inorganic compounds mainly containing nitrogen and phosphorus
[7]. Moreover, the carbon dioxide produced by bacterial respiration is
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consumed by the microalgae, completing a photosynthesis-respiration
cycle [8].

In microalgae-based wastewater treatment, it is considered that an
equilibrium exists between microalgae and bacteria-related processes.
However, this is not always true because, depending on the operational
conditions, the prevalence of microalgae or bacteria varies greatly [9].
Accordingly, recent studies have shown that the bacterial contribution
to a consortium's performance is lower than that from the microalgae;
this is due to the fact that the bacteria's metabolism is faster than the
microalgae's so only a low bacterial mass is necessary to degrade or-
ganic compounds into inorganic compounds. Moreover, the amount of
oxygen produced in this process by the microalgae population is far
higher than that required by the low bacterial mass. Consequently, the
relationship between microalgae and bacteria in a consortium is de-
termined by the wastewater composition and its feed rate. For this
reason, it is essential to understand and model these phenomena so as
to adequately design and operate microalgae-based systems for waste-
water treatment [10].
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Similarly, inspired by classic respirometric techniques in the acti-
vated sludge process, some authors started to apply respirometry to
study microalgae activity and to determine microalgae kinetic para-
meters [11-13]. Despite respirometry has been considered for years an
adequate approach to rapidly determine microalgae activity, the
methods applied were often ambiguous on what exact test devices are
needed or test conditions. In this way, [14] developed a standard pro-
cedure to determine algal activities through specific oxygen production
rate (SOPR) in the light and specific oxygen uptake rate (SOUR) in the
dark, which could allow for determination of microalgae growth ki-
netic. Other authors have applied similar respirometry techniques in
microalgae cultures but shortening the duration of the dark-light cycles
to a few minutes that are sufficient to obtain enough dissolved oxygen
measurements in order to estimate the influence of different environ-
mental factors [13,15,16]. However, respirometry methods have been
generally applied to pure microalgae cultures, while in wastewater
processes is indispensable to consider the existence of microalgae-bac-
teria consortia. On this issue, some authors have started to develop
respirometry methods for studying microalgae-bacteria consortia by
evaluating both microalgae and bacterial activity, specifically nitrifying
activity in microalgae wastewater treatment [17].

This work aims to develop a complete photo-respirometry method
to quantify the microalgae-bacteria consortia found in wastewater
treatment processes, distinguishing between microalgae, heterotrophic
and nitrifying activity using the oxygen production/consumption rates.
The method's operational conditions have been optimized to define a
standardized protocol for characterizing this type of consortia.
Furthermore, the developed method has been used to compare the
composition of microalgae-bacteria consortia prevailing in different
wastewater treatment processes and in pure microalgae cultures, thus
showing the large variability of these types of consortia. The metho-
dology described here is a valuable tool for optimizing any microalgae-
based process, especially those related to wastewater treatment, which
are expected to expand greatly in the near future.

2. Materials and methods
2.1. Photosynthesis and respiration rate measurements

A photo-respirometer device was designed and built in-house. This
equipment allows to determine any variation in dissolved oxygen
concentration in microalgae culture samples under controlled condi-
tions. It comprises an 80 mL jacketed transparent cylindrical glass flask
(connected to a temperature-controlled water reservoir for the device's
temperature control), which is magnetically stirred and artificially il-
luminated using two power-controlled LED lamps (Secom I[luminacion
4125015085DR, Spain) placed to the right and left of the glass chamber
(Fig. 1A). The light provided by the lamps can be automatically regu-
lated to obtain the desired irradiance inside the centre of the chamber
once the sample is added. The device is also equipped with a diffuser
through which gases (air, O,, N, and CO,) can be supplied at a low flow
rate to modify the culture's dissolved oxygen or pH. To achieve this, the
device is also equipped with sensors for irradiance (QSL-1000, Walz,
Germany), temperature (PT-100), pH (Crison 5343, Barcelona, Spain)
and dissolved oxygen (Crison 5002, Barcelona, Spain) located inside the
flask.

An adequate protocol was developed to determine the microalgae
cultures' photosynthesis and respiration rates. The developed metho-
dology allows to distinguish between the metabolisms of the three main
populations: the microalgae, the heterotrophic bacteria and the ni-
trifying bacteria. Firstly, samples of the microalgae cultures were taken
and subjected to nutrient starvation (continuous light of 200
pEm~2s~! and an aeration rate of 0.2 v-v~min~') to remove the
organic matter and the ammonium present in the medium.
Subsequently, the samples were placed inside the jacketed flask and the
variation in dissolved oxygen over time was measured under different
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conditions. The temperature was controlled at 24-25 °C in the culture.
To determine the microalgae's net photosynthesis rate and the re-
spiration rates of the heterotrophic and nitrifying bacteria, each sample
was subjected to four light-dark periods of 4 min, during which the
variation in dissolved oxygen over time was measured and registered.
These values allow calculating the respective metabolic rates. The first
minute of exposure was disregarded as it was considered to be adap-
tation time.

The variation in dissolved oxygen was measured in the 90-130%Sat
range (i.e., when the level of dissolved oxygen was between 90% and
130% with respect 100% that corresponds to air saturation), in which
the oxygen mass transfer was determined. The entire system was
computer-controlled using DagFactory software. In the following sec-
tion, each part of the process is described in detail, including the ex-
pected biological reactions affecting the dissolved oxygen concentra-
tion:

e Microalgae net photosynthesis rate (MNPR). A culture sample was
placed inside the photo-respirometer and then exposed to four
light-dark cycles of 4 min each to measure and register the variation
in dissolved oxygen under every condition. Between the dark and
light periods, air was provided in order to recover the 100%Sat of
the dissolved oxygen. During the light periods, oxygen generation is
expected as a result of the active photosynthesis in microalgae
whereas during the dark periods, the oxygen is consumed by the
endogenous respiration rate. Endogenous respiration is defined as
the culture's oxygen consumption rate when subjected to starvation,
which is indicative of the active biomass concentration [18]. The
microalgae net photosynthesis rate was calculated as the difference
between the slope of the oxygen production during the light period
minus the slope of the oxygen consumption during the dark period.

e Heterotrophic bacteria respiration rate (HBRR). Another culture
sample was used for this measurement. Now, 0.8 mL of sodium
acetate (30 g/L) were added as an organic matter source. Acetate
has been described as a substrate for use in wastewater respirometry
tests [18]. The sample was exposed to four light-dark cycles of
4 min each. Between each light and dark period, air was provided in
order to recover the 100%Sat of the dissolved oxygen. The oxygen
consumption in the dark phase allows to determine the oxygen
consumed by the heterotrophic biomass. The respiration rate of the
heterotrophic bacteria was calculated as the slope of the oxygen
consumption with sodium acetate minus the slope of the oxygen
consumption during the dark period in the endogenous culture.
Nitrifying bacteria respiration rate (NBRR). Another sample of cul-
ture was used for this measurement. For this procedure, 0.8 mL of
ammonium chloride (3 g/L) was added as the ammonium source.
Among the different ammonium sources that have been used to
evaluate nitrifying activity in activated sludge processes and mi-
croalgae-bacteria consortia, ammonium chloride has been the most
extensively utilized [17,18]. The sample was exposed to four
light-dark cycles of 4 min each. In the middle of each light and dark
period, air was provided in order to recover the 100%Sat of dis-
solved oxygen. The oxygen consumption in the dark phase allows to
determine the oxygen consumed by nitrifying biomass. The ni-
trifying bacteria's respiration rate was calculated as the slope of the
oxygen consumption with ammonium chloride minus the slope of
the oxygen consumption during the dark period in the endogenous
culture.

A simplified scheme of the proposed methodology is shown in
Fig. 1B. During the dark phases (D1-D4), the dissolved oxygen is con-
sumed by microalgal-bacterial endogenous respiration. During the light
phase (L1-L4), the microalgae perform photosynthesis and the dissolved
oxygen production increases while, simultaneously, it is consumed by
the respiration processes. The microalgae net photosynthesis rate
(MNPR) is calculated as the difference between the oxygen production
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Fig. 1. Layout of the respirometer (A: lights, B: 250 mL glass flask, C: magnetic mixer, D: air pump, E: multi-meter and data logger, F: DO probe) (A). Expected result
of a respirometric test to estimate the microalgae net photosynthesis rate (MNPR), the heterotrophic bacteria respiration rate (HBRR) and nitrifying bacteria
respiration rate (NBRR). Dark-light periods are reported, showing the variation in dissolved oxygen with time in each of the phases before and after the addition of

substrates which activate bacterial populations (B).

rate (OPR) during the light period minus the oxygen consumption rate
(OCR) during the dark period, divided by the dry weight of total bio-
mass (Cb) (Eq. 1).

OPR — OCR

MNPR =
Cb €Y

After adding sodium acetate, the same measurements are performed
to determine the heterotrophic metabolism, always starting with a new
sample. During the dark phases (D5-D8), the dissolved oxygen is con-
sumed by heterotrophic biomass. Thus, the heterotrophic bacteria re-
spiration rate (HBRR) was calculated as the difference between the
heterotrophic oxygen consumption (HOCR) rate, after providing
acetate, and the oxygen consumption rate (OCR) without adding so-
dium acetate, divided by the dry weight of the total biomass (Eq. 2).

HOCR — OCR

HBRR =
Cb @

Similarly, the nitrifying bacteria respiration rate (NBRR) was cal-
culated by adding ammonia chloride as a substrate in a new sample of
the culture. NBRR is determined as the difference between the ni-
trifying oxygen consumption (NOCR) rate after providing ammonium
chloride (D9-D12) and the oxygen consumption rate (OCR) without
adding ammonium chloride, divided by the dry weight of the total
biomass (Eq. 3).

NOCR — OCR
Cb 3

Four measurement replicates of each biological activity were done.

NBRR =

2.2. Oxygen mass transfer determination

In order to correct the influence of desorption on the metabolic
activity measurements, the oxygen mass transfer coefficient (Kya) in
absence of aeration was determined experimentally. The method used
consisted in measuring the dissolved oxygen concentration versus time
profiles in the same chemical-physical conditions set during the ex-
periments. For this, a cell-free sample was placed in the measurement
device and the concentration of oxygen was increased to 130%.sat by
bubbling with the pure O, gas. After this, the bubbling was stopped and
the variation in oxygen concentration (Cp.) with time was monitored
for around 4 h. The Kpa in the system quantifies the proportionality
between the oxygen exchange between the liquid and gas phases and
the driving force expressed as (Cpo* — Cop2) leading to the following
elementary mass balance:

dCo2
——— =Ka (C§, — C
dt ra (Cg, 02) 4)
Where dCop,/dt is the oxygen accumulation expressed as the deri-
vate of Co, (mg/L) over time, Kia is the global oxygen mass transfer
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Table 1
Composition of the waters used as influent in the cultivation systems.
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Parameters Cultivation systems
Arnon medium Primary domestic wastewater Pig manure wastewater Agricultural waste leachates
pH 7.9 0.2 7.6 0.1 7.7 0.0 -
Conductivity, mS/cm ~* 23+0.1 1.9+0.1 17 £ 0.2 -
Turbidity, FTU 0.0 + 0.0 17 £ 0.4 7.3*10% = 3.1 1.9%10% = 0.9
SST, g/L 0.6 * 0.0 0.6 = 0.1 12 + 0.1 8.2+24
N-NH,, mg/L 0.0 + 0.0 59 + 0.8 2.9%10% + 1.2 3.9%10% + 3.1
N-NOs, mg/L 1.4%10% £ 2.2 2.9 +0.1 7.4%10% + 1.2 1.9%10% + 2.4
P-PO,, mg/L 30.9 = 0.7 11.1 0.3 1.3*10% + 1.5 8.210% + 1.8
COD, mg/L - 5%10% + 3.2 2.2%10* £ 5.6 3.3%10% + 4.9

Data shown are the mean + SD (n = 3).

coefficient (h™1), and Cq,* is the oxygen saturation concentration in the
liquid.
Eq. 4 can be rearranged as follow:

Kea ffar= [ o2

020 Cg — Coy 5)
Leading to
Cs, — C
[n(ofioz") =tK.a
Coz — Coz (6)

This means that K;a can be obtained from data of Coy, vs. as the
Cgr — Co20
Cy—Co2
was 1.08 h~1. This value was used to correct the different metabolic
responses as described by [13].

slope of the plot of ln( ) against time. The final value obtained

2.3. Respiration rate measurements by inhibiting nitrifying activity

The methodology was enhanced in order to distinguish between the
ammonium consumption by nitrifying bacteria and by microalgae in-
hibiting the nitrifying activity of the ammonia-oxidizing bacteria. For
this, allylthiourea solution (ATU) (1 g/L) was used as inhibitor, which
was dosed in order to achieve ATU concentration of 10 mg/L. Then, the
following measurements described in detail were done.

® Firstly, a culture sample was placed inside the photo-respirometer

and exposed to four light-dark cycles of 4 min each to measure and

register the variation in dissolved oxygen under light-dark periods.

During the dark periods, the oxygen is consumed by the endogenous

respiration rate. The oxygen consumption rate (OCR) during the

dark period was calculated as the slope of dissolved oxygen con-
sumption during the dark period.

Next, a fresh sample was placed in the equipment in order to de-

termine the total ammonium respiration rate (TARR) by the culture.

For this, 0.8 mL of ammonium chloride solution (3 g/L) was added

as nutrient source. The sample was then exposed to four light-dark

cycles of 4min each. The ammonium oxygen consumption rate

(AOCR) in the dark phase was calculated as the slope of dissolved

oxygen consumption with ammonium chloride minus the dissolved

oxygen consumption during the dark period in the endogenous
culture.

e Then, in order to determine the ammonium respiration due to the
microalgae activity, the microalgae ammonium respiration rate
(MARR) was calculated using another sample. In this measurement,
ATU and ammonium chloride were added in order to inhibit am-
monia oxidizing bacteria and measure the microalgae ammonium
respiration. The sample was exposed to four light-dark cycles of
4 min each. The microalgae ammonium oxygen consumption rate
(MAOCR) in the dark phase was calculated as the slope of dissolved
oxygen consumption with ATU and ammonium chloride minus the
dissolved oxygen consumption during the dark period in the

endogenous culture.

The proposed protocol was used to determine the total ammonium
respiration rate (TARR):

TARR = AOCR-OCR
Cb @
The microalgae ammonium respiration rate (MARR):
MARR = MAOCR-OCR
Cb (8)

Thus, the nitrifying ammonium respiration rate (NARR) was cal-
culated as the difference between the total ammonium respiration rate
(TARR) rate and the microalgae ammonium respiration rate (MARR).

NARR = TARR — MARR ©

2.4. Microorganisms and culture conditions

2.4.1. Samples from laboratory culture

The strain Scenedesmus almeriensis was used as the control micro-
organism. Stock cultures were maintained photo-autotrophically in
spherical flasks (1.0 L capacity) using Arnon medium [19]. The culture
was continuously bubbled with an air-1% CO, mixture to control the
pH at 8.0. The culture was artificially illuminated in a 12:12h L/D cycle
using four Philips PL-32W/840/4p white-light lamps, providing an ir-
radiance of 750 pE/m? s. For the experiments, this inoculum was
transferred to laboratory-scale photobioreactors and industrial-scale
outdoor photobioreactors. Details on the reactors and culture medium
used in each experiment are given below. The average composition of
the wastewaters used is reported in Table 1.

2.4.2. Samples from spherical flasks fed with Arnon medium with acetate

Experiments were performed in 4 spherical flasks (1.0 L capacity)
filled up to 650 mL with Arnon medium complemented with different
acetate concentrations and 20% of Scenedesmus almeriensis inoculum.
The Arnon medium, except the organic substrates, was sterilised in an
autoclave at 128 °C for 21 min. The organic nutrient (acetate) was se-
parately sterilised by filtration through 0.2 um pore membranes. The
reactors were operated in batch mode for 96h. The nutrient con-
centrations used were 0.005, 0.01 and 0.05 M, and a photoautotrophic
control. Each reactor was aerated at a rate of 0.2 v/v/min, with CO,
injected on demand (pH = 8). The reactors were artificially illuminated
continuously using eight 28 W fluorescent tubes (Philips Daylight T5).
The temperature was kept at 25 °C.

2.4.3. Samples from bubble columns fed with crop residue leachate
Experiments were performed in 12 bubble column-type reactors
with spherical bases (3cm in diameter, 45 cm in height and with a
300 mL capacity) filled up to 250 mL with leachate from crop residues
diluted in water (10% crop residues, 90% water) and 20% of
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Scenedesmus almeriensis inoculum. Each reactor was aerated at a rate of
0.2v/v/min, with CO, injected on demand at pH = 8. Eight 28 W
fluorescent tubes (Philips Daylight T5) were used to artificially illu-
minated the reactors, in order to simulate daylight cycle. The cultures'
temperature was kept at 25°C. The reactors were operated in batch
mode for 6 days, after which they were operated in a semi-continuous
mode (20%) (i.e., every morning a 20% of the volume of each reactor
volume was harvested during approximately 3 h, while an equal volume
of medium was introduced during the same time interval).

2.4.4. Samples from stirred-tank reactors fed with sewage

Experiments were performed in four 1 L stirred-tank reactors (9 cm
in diameter, 30 cm in height and with a 1.5 L capacity) operated in the
laboratory but simulating outdoor conditions. These reactors were filled
with 1L of sewage taken directly after primary treatment from the
wastewater treatment plant in Roquetas de Mar (Almeria) and 20% of
Scenedesmus almeriensis inoculum. To prevent the adverse effect of ex-
cessive dissolved oxygen accumulation, the dissolved oxygen was
controlled and kept below 200%Sat by supplying air on demand; CO,
was also injected on demand to control the pH at 8. The reactors were
artificially illuminated using eight 28 W fluorescent tubes (Philips
Daylight T5) on a simulated daylight cycle. The cultures' temperature
was kept at 25 °C. The reactors were operated in batch mode for 6 days,
after which they were operated in continuous mode. For this, 20% of
culture volume was harvested every day and replaced with fresh culture
medium.

2.4.5. Samples from an outdoor raceway reactor fed with sewage

A 32 m? (4.4 m®) open raceway reactor operated at a 0.12m water
depth was used. The reactor is equipped with a 1 m® sump where pH is
controlled at 8. In the raceway reactor, the culture is circulated at
0.2m s~ ! using a rotating paddlewheel actuated by an electric motor
[20]. A SCADA system monitors and controls the reactor's overall op-
eration, including environmental parameters such as solar radiation
and ambient temperature, and culture parameters such as pH, tem-
perature and dissolved oxygen. The experiments were performed in
semi-continuous mode, by initially filling the reactor with wastewater
inoculated with 10% total volume of Scenedesmus almeriensis culture,
which was operated in batch mode for one week, after which it was
operated in semi-continuous mode at a daily dilution rate of 20%.

2.4.6. Samples from an outdoor thin-layer cascade reactor fed with diluted
manure

An open 32 m? (1.4m>) thin-layer cascade reactor operated at a
0.02m water depth was used. The reactor is equipped with a 0.8 m®
sump where pH is controlled at 8 by the on-demand injection of pure
CO, at 51min~?, or air supplied at 501 min~! to remove oxygen [20].
A SCADA system monitors and controls the reactor's overall operation,
including environmental parameters such as solar radiation and am-
bient temperature, and culture parameters. The experiments were
performed in semi-continuous mode by initially filling the reactor with
pig manure diluted in water (10% pig manure, 90% water) and in-
oculated with a 10% total volume of Scenedesmus almeriensis culture
from a 3.0m?> tubular photobioreactor, which was operated in batch
mode for one week, after which it was operated in semi-continuous
mode at a daily dilution rate of 30%.

2.4.7. Samples from an outdoor tubular photobioreactor fed with fertilizers

A 3.0m® capacity industrial tubular photobioreactor (T-PBR) was
used for the S. almeriensis culture. The facility consists of ten tubular
fence-type photobioreactors built as previously described [21]. The
reactors were bubbled at a constant airflow rate of 200 I'min~* while
the pH is controlled (pH = 8) by the on-demand injection of pure CO,
at 31min~ . The culture temperature was controlled by passing cooling
water. The reactors were operated in continuous mode by harvesting
20% of the culture volume every day, which was replaced by fresh
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2.5. Biomass concentration and analytical methods

The biomass concentration (Cb) was measured by dry weight. The
biomass concentration includes both microalgae, bacteria and inert
suspended particles. It was used 100 mL aliquots of the culture filtered
through Macherey-Nagel glass fiber MN 85/90. Then, the filters were
dried in an oven at 80 °C for 24 h. Standard official methods approved
by the Spanish Ministry of Agriculture [22] were used to check that the
samples used were in starvation. Furthermore, the same methods were
applied to analyse the composition of the wastewater samples and the
water from the reactors. The phosphorus was measured by visible
spectrophotometry through the phospho-vanado-molybdate complex.
Nitrates were quantified at between 220 and 275 nm using a spectro-
photometer. Ammonium was measured using the Nessler reactive
method. The Total Chemical Oxygen Demand (COD) was determined by
spectrophotometric measurement using Hach-Lange kits (LCI-400).

2.6. Software and statistical analysis

The data acquisition and control software DaqFactory (Azeotech,
USA) was used to gather the photosynthesis and respiration rate data.
All the experiments were performed at least by triplicate to allow cal-
culating the mean values and standard deviation that are shown.
Statistical analysis of data was carried out with the software Microsoft
Excel.

3. Results and discussion
3.1. Development of the proposed methodology

To carry out the photo-respirometry methodology it was necessary
to subject previously the culture samples to starvation to eliminate
ammonium and organic matter. Then it is possible to add specific
substrates that allow distinguishing between the respiration rates of the
two types of bacteria studied. Heterotrophic biomass uses substrate
consisting of carbonaceous material; therefore, it was checked for the
absence of organic matter in the samples after starvation. Nitrifying
bacteria, on the other hand, are autotrophic bacteria which use dis-
solved carbon dioxide to oxidise ammonia to nitrite and nitrite to ni-
trate. Thus, starvation is also applied in order to eliminate the initial
ammonium in the culture. Then the addition of ammonium chloride is
used to distinguish the nitrifying activity [23] of the sample. It was
experimentally determined that one day of starvation is sufficient for
primary domestic wastewater, two days for animal manure wastewater
while three days are needed for lixiviated compost wastewater. After
the starvation period, different respirometric measurements were per-
formed using microalgae-bacteria cultures obtained from wastewater to
check the viability of the methodology. A preliminary example of one
functional test is shown in Table 2. It summarizes the overall values
determined and the standard deviation of the measurements. It is
possible to observe that during the light phase, the dissolved oxygen
level increased rapidly from 100%Sat to 110%Sat.; the OPR was 16.7

Table 2
Results obtained in preliminary tests showing the method preci-
sion.

Parameters Rates

OPR, mg0,/L'h 16.7 = 1.1
OCR, mg O,/L'h -19+0.2
MNPR, mgO,/gbiomass-h 379+ 15
HBRR, mg O,/gbiomassh -11.5+1.3
NBRR, mg O,/gbiomassh -7.2+0.6

Values correspond to the mean + SD (n = 4).
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mgO,/L:h. During the dark phase, the dissolved oxygen level dropped
to 98%Sat.; the OCR was 1.9 mgO,/L-h. From these values, it was
calculated that the microalgae net photosynthesis rate (MNPR) was
37.9 mg0,/gbiomassh, a value normalized to the biomass dry weight.
Another sample of culture was used to determine the heterotrophic
bacteria respiration rate (HBRR), which was calculated by adding so-
dium acetate to the sample after starvation. In this case, the dissolved
oxygen level decreased to 93.9%Sat., resulting in a HBRR of 11.5
mg0,/gbiomassh. Lastly, the nitrifying activity was determined by
adding ammonium chloride as the nitrogen source. In these experi-
ments the dissolved oxygen concentration during the dark phase
dropped to 96.9%Sat., corresponding to an NBRR of 7.2 mgO,/gbio-
massh. The results confirm the precision of the measurements, with the
standard deviation being less than 10% of the values obtained.

The results reported here show that a respirometry method based on
oxygen production/consumption is a useful and rapid technique. This
permitted to study the contribution of each population in the micro-
algae-bacteria consortium by distinguishing the oxygen production rate
(OPR) from microalgae photosynthetic activity, the oxygen consump-
tion rate (OCR) from endogenous respiration, the microalgae net pho-
tosynthesis rate (MNPR), the heterotrophic bacteria respiration rate
(HBRR), and the nitrifying bacteria respiration rate (NBRR). The results
from these preliminary tests, and its variability, were comparable to
previous studies focusing on the activity of microalgal-bacterial was-
tewater consortia using respirometric tests. The oxygen consumption
rate (OCR) results from endogenous respiration (3.8 mgO2/gbiomassh)
were quite similar to the results described by [17] of 4.3 and 4.1 mg
02/gTSS.h, and were within the range indicated by [24] (0.9-5.1 mg
02/gTSS).

3.2. Determination of optimum light availability and biomass concentration

One of the main factors influencing microalgae behaviour is light
availability, this is the irradiance to which the cells are exposed in the
culture. This is determined by the external irradiance and the biomass
concentration as well as the culture geometry and size (diameter in our
case). To determine the optimal irradiance to carry out the measure-
ments, experiments were performed using samples from laboratory
stirred-tank reactors fed with sewage. These samples were selected
because they are the most relevant in terms of the further application of
the methodology proposed. The experiments were carried out at a fixed
biomass concentration of 0.5g/L, the irradiance inside the sample,
measured with the interior sensor, was modified by changing the ex-
ternal irradiance. The results show that, at low irradiance values
(50 umol photons/m?s), the microalgae photosynthesis rate is also low,
increasing with light availability up to values of 500 umol photons/
m?s, and then remaining constant up to values of 2000 umol photons/
m?s (Fig. 2). Regarding the heterotrophic and nitrifying bacteria, they
did not show significant differences regardless of the irradiance values
imposed. Microalgae activity, on the other hand, was maximal at values
of 500 umol photons/m?s but to avoid saturation during photosynth-
esis, an irradiance of 200 pumol photons/m?*s was selected for the
measurements. As with the previews studies, the results have verified
that under real conditions, the cultures are mainly photo-limited, the
average irradiance being from 100 to 300umol photons/m?s
[15,25,26]. Regarding the biomass concentration, there is a direct re-
lationship between the production/uptake of oxygen and the relative
biomass concentration in the cultures. For this reason, determining the
optimal biomass concentration at which the measurements should be
performed was essential. This variable greatly impacts the method's
precision and sensitivity. Consequently, experiments were also per-
formed using microalgae cultures from laboratory stirred-tank reactors
fed with sewage as the most representative sample type, with distilled
water as the control. Measurements were carried out at different bio-
mass concentrations up to 0.8 g/L, determining the three main meta-
bolisms: (i) photosynthesis by microalgae, (ii) respiration by
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heterotrophic bacteria and (iii) respiration by nitrifying bacteria
(Fig. 3). The results show that even for low biomass concentration va-
lues, as low as 0.1 g/L, the photosynthesis rate was high enough to
provide a statistically significant response, much larger than the mea-
surements' standard deviation. The oxygen production rate's standard
deviation, based on the photosynthesis rate, was similar for every
biomass concentration tested, so values from 0.1 to 0.8 g/L can be used
for the standard method. However, the oxygen consumption rate from
the respiration measured was much lower than from photosynthesis;
hardly measurable at biomass concentrations of 0.1 g/L. Only at a
biomass concentrations of 0.2g/L there was a measurable oxygen
consumption rate for bacteria but too close to the measurement error,
so we decided to choose a biomass concentration of 0.5g/L and not
higher to prevent severe light attenuation effects and because most
samples are obtained with a concentration close to 0.5 g/L.

3.3. Determination of mixotrophic activity

In the literature, results about mixotrophic metabolism in micro-
algae-bacteria culture are ambiguous. Mixotrophic activity in micro-
algae is relevant because it could significantly affect the oxygen pro-
duction and consumption rate, especially when carbonaceous substrates
such as sodium acetate are used. Accordingly, some experiments were
designed to evaluate the potential mixotrophic metabolism of micro-
algae in order to ensure that sodium acetate is consumed by hetero-
trophic bacteria when it is used as a substrate in respirometric tests.

On the one hand, samples from an outdoor raceway reactor fed with
sewage were taken and the heterotrophic activity was evaluated fol-
lowing the proposed respirometric methodology. To ensure that this
activity was due to the heterotrophic biomass and not to the microalgae
activity of the wastewater culture, samples of the same culture were
filtered through 0,9 um fiber filters to separate the biomass from the
liquid phase.

Then, the heterotrophic activity of the filtrate was evaluated by
respirometric tests. The results showed that heterotrophic activity in
microalgae wastewater samples was 2.3 mgO,/Lh while 2.1 mgO,/L-h
was the heterotrophic activity in the liquid phase using acetate as a
substrate (Fig. 4). This experiment was essential to ensure that the
mixotrophic behaviour of the microalgae can be neglected because the
heterotrophic activity was the same with or without microalgae, being
this activity caused by the heterotrophic biomass from the wastewater.
The small difference between the two measurements could be due to
the heterotrophic biomass that is retained in the filter along with the
microalgae.

Once the mixotrophic activity in wastewater cultures has been
discarded, the possible mixotrophic growth of Scenedesmus almeriensis
cultures using sodium acetate as an organic substrate has been studied.
In this way, the methodology described in section “2.4.2 Samples from
spherical flasks fed with Arnon medium with acetate” was applied.

The results show that the growth of Scenedesmus almeriensis is the
same under photoautotrophic conditions and using 0.005M, 0.01 M
and 0.05M sodium acetate (data not shown). In this sense, it can be
ruled out that Scenedesmus almeriensis uses sodium acetate for its
growth. These data demonstrate that the main microalgae presents in
the cultures does not use sodium acetate in the short term. This results
allowed discarding the influence of sodium acetate consumption during
respirometric tests, although the possibility that they were capable of
using acetate for mixotrophic growth in the long term cannot be ruled
out, but in any case it requires a long adaptation time or it is only
consumed under conditions of strong light limitation [27].

3.4. Evaluation of the metabolisms prevailing in different cultures
Once the methodology was defined, it could be used to evaluate the

metabolism in different samples from different culture media and re-
actors (both in the laboratory and outdoors) (Table 1). The results show
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that the oxygen production rate from photosynthesis was higher than
the heterotrophic and nitrifying activity in all cases, with maximal
values being obtained from pure microalgae cultures (Fig. 5); especially
in S. almeriensis culture from spherical flasks (129 mgO,/gbiomass-h).
The microalgae net photosynthetic activity from S. almeriensis in bubble
columns was comparable to the activity in spherical flasks (118.9
mg0,/gbiomassh). The photosynthetic activity of S. almeriensis in the
tubular photobioreactor was likewise very similar to that in culture
produced using animal manure in a thin-layer reactor (94.3 and 92.5
mgO,/gbiomassh, respectively). These results suggest that using pig
manure as the microalgae substrate is an excellent alternative method
for treating animal manure and producing microalgae biomass. Al-
though the most common way of reusing pig manure is to spread it on
farmland, some authors have described how it can be used to produce
microalgae biomass [28,29]. Not only have we been able to demon-
strate that pig manure serves as a good microalgae substrate, but the

data also show the high microalgae activity achieved from using agri-
cultural leachate wastes as the substrate, with a microalgae activity of
56.1 mgO,/gbiomassh. In the outdoor raceway reactor using primary
domestic wastewater, microalgae activity was lower (37.8 mgO,/
gbiomass.h), similar to that achieved using the laboratory-scale pho-
tobioreactor (34.3 mg0,/gbiomassh) As previous studies reported, this
was possible because the thin-layer reactor was more photo-
synthetically efficient at producing Scenedesmus sp. than the raceway
reactor and the closed tubular photobioreactor [20,30].

Heterotrophic activity in the activated sludge treatment process has
been studied and described for decades because it is responsible for
oxidizing the organic material and is capable of forming flocs, which
also facilitate effluent clearing [31]. Accordingly, it is necessary to
determine the heterotrophic population which appears in microalgae-
bacteria consortia wastewater treatment. Our results show that het-
erotrophic activity was very similar in vegetal compost leachate culture
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(8.9mg O,/gbiomass.h) and animal manure culture (7.6 mg O»/gbio-
mass.h), corresponding to the highest heterotrophic activity values
measured. These results were in agreement with the chemical oxygen
demand (COD) values recorded in animal manure and compost lea-
chate, corresponding to 20.200 mg/L and 33.200 mg/L, respectively.
The results from the two systems using primary domestic wastewater
were comparable, showing that heterotrophic activity was present at a
similar level, though slightly lower in the raceway reactor (2.6 mg O,/
gbiomass.h) than in the laboratory reactors (4 mg O,/gbiomass.h). The
respiration rate using S. almeriensis culture in the pilot column system
(3.8 mg0O,/gbiomass.h) and in the tubular cultures (3.7 mgO,/gbio-
mass.h) was similar to that obtained from wastewater, indicating that
organic matter removal from wastewater treatment using microalgae
was quite efficient. The heterotrophic activity measured in the labora-
tory cultures (2.3 mgO,/gbiomass) was the expected response because
preview studies have described that most microalgae culture collections
exist in a non-axenic state because other organisms, such as bacteria
and microfungi, are present in the culture due to co-insolation [32].
Regarding the experimental measurement of the nitrifying activity,
after the starvation period, it was necessary to check that the nitrogen
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remaining in the cultures in the form of ammonium was below
2mgL~'. The results showed that maximal nitrifying activity was ob-
tained using leachate from crop residues as the culture media (8.4
mgO0,/gbiomassh). These results were supported by previous studies on
agricultural waste composting, which described the presence of am-
monia-oxidizing archaea and bacteria; these transform NHj to NO~3
during nitrification. [33]. The nitrifying activity measured in S. almer-
iensis laboratory cultures was 5.6 mgO,/gbiomassh, higher than the
nitrifying activity measured when different types of wastewater were
used. The nitrifying activity was also measured for S. almeriensis in
tubular reactors (3.2 mgO,/gbiomass.h). A similar value was obtained
when animal manure was used as the substrate (3 mgO2/gbiomassh).
Nitrification in samples obtained from microalgae cultures grown in
animal manure have been reported by some authors; this is because
nitrogen in the form of ammonia nitrogen is present at very high con-
centrations in animal manures such as pig waste [34,35], with ammo-
nium comprising up to 70% of the nitrogen present in liquid manure
[36]. The animal manure used in this study contained up to 3.1 g NH,/L
and it was diluted to 10% for use in the microalgae cultures. The results
for the two systems using primary domestic wastewater were compar-
able although they show that nitrifying activity was present at a slightly
higher level in the laboratory reactors (2.9 mg O, /gbiomass.h) than in
the external raceway (0.6 mg O,/gbiomass.h), with both primary do-
mestic wastewaters containing a low ammonium concentration (70 mg/
L) diluted by 20-10%, respectively.

3.5. Further improvements of the methodology

After standardizing the proposed respirometric method and pro-
tocol, the method needed to be further improved in certain aspects such
as finding specific nitrifying inhibitors to help discriminating micro-
algae activity and activity from nitrifying bacteria when ammonium
chloride is used as a substrate. In this regard, tests have been carried out
using allylthiourea (ATU) solution, known to cause the inhibition of
ammonia-oxidizing bacteria (AOB) in the respirometric tests, in order
to definitively discriminate between ammonium consumption by ni-
trifying activity and by microalgae activity. In this way, the metho-
dology described in Section 2.3, “Respiration rate measurements in-
hibiting nitrifying activity”, was applied using samples from an outdoor
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raceway reactor fed with sewage. These tests showed a total ammonium
respiration rate when using ammonium chloride as a substrate of 2.1
mgO0,/gbiomassh, being the respiration of the nitrifying ammonium
respiration rate of 1.2 mgO,/gbiomassh and the microalgae ammo-
nium respiration rate of 0.9 mgO,/gbiomassth (when ATU is applied)
(Fig. 6). This methodology is consistent with the one proposed by [17],
and helps to optimize and improve respirometric techniques to study
the main microbiological metabolisms in wastewater treatment. These
results suggested that it is necessary to carry out some tests with ATU
before applying the methodology in order to ensure what ammonium
percentage is consumed by nitrifying bacteria.

4. Conclusions

The photo-respirometry method developed allows quantifying the
contribution of the three main microorganism types that appear in
wastewater treatment: microalgae, heterotrophic bacteria and ni-
trifying bacteria in term of oxygen production and oxygen consump-
tion. The correct application of the proposed methodology was due to
the standardization of the photo-respirometry method, including the
starvation period required, the established protocol, the substrates and
inhibitors applied the biomass concentration and irradiance during the
measurements, etc. The method has been applied to microalgae/bac-
teria consortia established in different wastewater treatment systems
(different reactors, water types and operating conditions). The data
confirm that in respirometric term, microalgae are the main micro-
organisms contributing to the microalgae-bacteria consortia, hetero-
trophic bacteria maintain a relatively stable activity whatever the op-
erational conditions whereas the nitrifying bacteria activity largely
depends on the nitrogen load and the microalgae activity. This method
is a powerful tool for improving the performance of microalgae-based
wastewater treatment processes, for obtaining kinetic parameters of
microalgae and bacteria and, even so, for studying the complex re-
lationship between microalgae and nitrifying bacteria.
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