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Abstract: Biogas production by anaerobic digestion from different wastes represents a growing
interest in the panel of renewable energy. Digestate has already been a subject of numerous studies as
part of microalgal culturing because it is still rich in nutrients. This study wants to use it as a reference
to investigate the possibility to exploit Slurry for the same applications. The first part of this research
aims to evaluate microalgae-bacterial flocs growth for nutrient recycling from liquid digestate and
slurry, working at three different dilutions (10%, 30%, and 50%) of these two substrates, in order to de-
termine the best value for nutrients and pollutants removal (ammonia and chemical oxygen demand
removal rate) and microalgae-bacterial biomass production (autotrophic index). The best dilutions
were 30% for digestate and 10% for slurry, allowing the highest ammonia and chemical oxygen
demand removal rates. The second part evaluated methane production during anaerobic digestion at
different ratios of substrate/inoculum (0.2, 0.5, and 0.8), using microalgae-bacterial flocs as a substrate
and digestate or slurry as the inoculum. After 30 days, the anaerobic digestion without flocs showed
the best performance compared to digestion with flocs (726.7 mL CH4·g−1 slurry, 245.6 mL CH4·g−1

digestate), whereas, for flocs digestion, the best ratio for both inocula was 0.2 substrate/inoculum
with 317.2 mL CH4·g−1 slurry and 165.7 mL CH4·g−1 digestate. All solid masses are expressed in
terms of volatile solids (VS).

Keywords: liquid digestate; liquid slurry; nutrients recycling; anaerobic digestion; microalgae-
bacteria flocs; wastewater treatment; methane production

1. Introduction

Energy transition today requires a real increase in the proportion of renewable energies
in the global energy mix in order to use fewer fossil fuels, generate less waste, and respect
the environment more, particularly aquatic resources. The production of biogas (a mixture
of methane and carbon dioxide) by anaerobic digestion from agricultural, industrial, or
municipal wastes represents a growing interest in the panel of renewable energy. Indeed,
the direct global consumption of biogas was approximately 35 Mtep in 2018. Currently,
more than 60% of the biogas production capacity exists in Europe and North America [1].

Several researchers have been particularly interested in algal biomass as a natural
feedstock for biogas production by anaerobic digestion, due to the high efficiency of their
photosynthetic mechanism in the fixation of atmospheric CO2 and their high growth
rates [2]. The biogas production via anaerobic digestion using microalgae as a substrate
started in the 1950s in the USA [3], continued with several works during the first and
second oil crises of the 1970s, and is prospering today with the current energy challenges,
even if the sustainable production of microalgal biomass on an industrial scale still faces
difficulties, mainly because of high operating costs and the need for large quantities of water
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and nutrients [4,5]. As pointed out in several bibliographic references, it is also recognized
that microalgae can play an important role in wastewater and effluent bioremediation
to reduce the high amounts of organic matter represented by chemical oxygen demand
(COD), ammonia nitrogen (NH4-N), and phosphorus (PO4-P), as well as the environmental
impact of various contaminants and micropollutants [6,7]. Indeed, wastewater pollutants
will be recycled and used as nutrients for algal growth, which reduces the high costs of
algal cultures while capturing atmospheric CO2, depolluting wastewater, and in some
cases, allowing compliance with discharge standards [8–10]. The algal mass produced
can thus be used to produce biogas for electricity production or cogeneration [6,11]. It,
therefore, appears interesting to couple microalgae culture for wastewater treatment with
anaerobic digestion.

In addition, processes using a consortium of microalgae–bacteria (Ma-B), applied to the
treatment of industrial and agricultural wastewater, are currently the subject of particular
attention [12]. In these systems, symbiotic connections between photo-autotrophic algae
and aerobic heterotrophic bacteria are maintained by a simultaneous exchange of gases (O2
and CO2) and nutrients [13]. Thus, during wastewater treatment, this symbiosis avoids
an external supply of O2/CO2 and tends to eliminate nutrients as well as reduce CO2
emissions to the atmosphere [12].

As for the production of biogas (and thus biomethane, CH4) by anaerobic digestion,
it is strongly influenced by the choice of the substrate but also the inoculum, such as
municipal sludge, sediments, industrial effluents, or agricultural wastes such as animal
manure and slurry, which contain various bacterial populations [14]. Various studies have
demonstrated the efficiency of CH4 production by digesting microalgae with different
substrates. Recently, several algal species such as Chlorella spp. and Chroococcus spp. have
been selected for their high methane production capacity, [12].

Agricultural effluents include liquid slurry but also the liquid digestate resulting from
an anaerobic digester. Both still contain nutrients (organic matter, N, and P), which are
essential for the cultivation of microalgae [15–17]. Reference [18] reports, for example, that
plant liquid digestate has a high nutrient potential for the growth of various photosyn-
thetic microorganisms such as cyanobacteria (Arthrospira maxima), freshwater microalgae
(Tetradesmus obliquus; Botryococcus braunii), and marine diatom (Phaeodactylum tricornutum).
The literature most often lists studies on the use of microalgae to clean up liquid effluents,
mainly municipal wastewater, or studies to evaluate the potential of cultivating microalgae
from agricultural effluents.

The objective of the present research is to evaluate the coupling potential of two
processes: (1) The symbiotic culture of Ma-B flocs for the depollution of agricultural
effluents, and (2) the use of the harvested biomass as a substrate for anaerobic digestion
and evaluation of the consequent biogas production. The chosen effluents are cattle slurry
and digestate from an agricultural digester in the Grand-East region of France (Bouzule
farm). With our experiments, we first wanted to compare the effect of these two effluents,
tested as substrates at different dilutions, on the growth of Ma-B flocs and the simultaneous
depollution of these effluents. In the second step, we tested three substrate/inoculum ratios
(where substrate = Ma-B flocs) and inoculum = agricultural effluent) to identify which
maximizes biogas production yields during a batch anaerobic digestion process.

2. Materials and Methods
2.1. Inoculation and Start-Up of the Ma-B Flocs Culture Reactor in Batch Mode

The culture of microalgae-bacteria flocs (Ma-B flocs) was prepared in a double-jacketed
batch reactor with a total volume of 1L, using a pre-culture of Ma-B flocs obtained from
the sludge of an urban wastewater treatment plant in Tunisia, city of Kairouan. In the
reactor, 350 mL from a pre-culture of Ma-B flocs containing 4.4 ± 0.1 g of total suspended
solids (TSS) L−1, 2.7 ± 0.1 g of volatile suspended solids (VSS) L−1, and 3.4 ± 0.1 mg
of Chlorophyll (a) g−1 (VSS) (Table 1) were mixed with synthetic municipal wastewater
(SMW) (Table 2) to obtain a working volume of 900 mL. This multitrophic culture was
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homogenized by shaking at 100 rpm with a magnetic bar and exposed under a favorable
light/dark cycle of 16 h/8 h [19] using fluorescent lamps with a light power of 1050 lm
(18W, Philips, France), without additional external O2. The temperature inside the reactor
was maintained at 27 ◦C, a value in the range of optimal growth temperatures for most
microalgae [20]. The residence time was 7 days for all experiments (from day T0 to day
T7). The pH value of the wastewater was adjusted between 7.0 and 8.3 using sodium
bicarbonate. This pH range is suitable for optimal microalgae development and prevents
ammonium from transforming into ammonia. To measure TSS, a 50 mL sample was filtered
through a pre-weighed glass fiber filter with a pore size of 0.45 µm. The filter was then
dried for 24 h in an oven at 105 ◦C. To measure VSS, the dried filter was burned at 550 ◦C
for 2 h.

Table 1. Biomass characteristics of Ma-B flocs after batch culture.

Flocs Biomass Ma-B
Characteristics TSS VSS AI * Chl (a)

Unit g TSS·L−1 g VSS·L−1 mg VSS·mg−1 Chl (a) mgChl (a)·g−1 VSS

Batch Culture
T0 4.4 ± 0.1 2.7 ± 0.1 288.8 ± 0.1 3.4 ± 0.1
T7 4.6 ± 0.2 2.8 ± 0.2 220.8 ± 0.2 4.5 ± 0.2

* Autotrophic index represents the quotient between the values of VSS and chlorophyll (a) [21].

Table 2. Composition of synthetic wastewater.

Reagents
(Merck-Sigma Aldrich) Reagent Grade Concentrations

Organic medium (O)
(1L)

Glucose ≥99.5%
600 mg COD.L−1 50% = 298.4 mg·L−1

Acetate ≥95.0% 50% = 603.3 mg·L−1

Nutrient medium (N)
(1L)

N-NH4 (NH4Cl) ≥99.5% 100 mg·L−1

P-PO4 (KH2PO4) ≥99.0% 10 mg·L−1

Ca2+ (CaCl2·2H2O) ≥93.0% 10 mg·L−1

Mg2+ (MgSO4·7H2O) ≥99.5% 5 mg·L−1

Fe2+ (FeSO4·7H2O) ≥99.0% 5 mg·L−1

Trace elements
(1mL·L−1)

H3 BO3 ≥99.5% 50 mg·L−1

ZnCl2 ≥98.0% 50 mg·L−1

CuCl2 ≥99.0% 30 mg·L−1

MnSO4·H2O ≥99.0% 50 mg·L−1

(NH4)6Mo7O24·4H2O ≥99.0% 50 mg·L−1

AlCl3 ≥99.0% 50 mg·L−1

CoCl2-6H2O ≥98.0% 50 mg·L−1

NiCl2 ≥98.0% 50 mg·L−1

The synthetic wastewater employed in this study was prepared as used by [22] with
an initial COD concentration of 600 mg·L−1 and 100 mg NH4-N.L−1, values often found in
municipal/domestic wastewater (Table 2).

2.2. Characterization of Liquid Digestate and Slurry

Digestate and bovine slurry were collected at “La Bouzule farm” near Nancy, France.
From the initial highly loaded effluents, and in order to avoid strong inhibition effects,
diluted effluents were prepared to test the effect of dilution on our experiments. The
diluted effluents, called “Liquid Digestate 0 (DL0)” and “Liquid Slurry 0 (SL0)”, were
obtained after filtration (coffee filters, ∅ pores ≈ 20 µm) of a mixture of 100 g of digestate or
slurry in 1 L of distilled water, in order to eliminate most of the particles in the suspension
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that could limit/inhibit the biological kinetics of the microorganisms and their growth.
The substrates were characterized to determine the concentrations of major nutrients in
the form of (i) COD, (ii) total NH4-N, and (iii) P-PO4 using the methods adapted to a
spectrophotometer type HACH DR 2400, (Germany). These methods’ principles can be
described as follows: (i) COD: The organic material is oxidized by a solution containing a
known excess of potassium dichromate and mercury sulfate II (to eliminate interference
from chloride ions). The reaction takes place in a strong acid medium (sulfuric acid with
the addition of silver sulfate as a catalyst) and at reflux for 2h. The determination is
performed with the HACH spectrophotometer at a wavelength of 620 nm. (ii) NH4-N
was determined via the Nessler method using the same HACH spectrophotometer. In this
method, the Nessler reagent (K2HgI4) reacts with NH4

+-N present in the sample to produce
dimercuriammonium iodide. The addition of a stabilizing agent makes it possible to
avoid the interference caused by the calcium and magnesium ions and that of a dispersing
agent to support the formation of the color. The measurement wavelength is 425 nm.
(iii) Phosphates (PO4

3−) were also determined with the HACH spectrophotometer using
the Phosver 3 kit from HACH (Loveland, CO, USA) for all samples. The determination
of PO4

3− via this method is based on the formation of phosphomolybdic acid after the
addition of ammonium molybdate under acidic conditions, followed by the reduction of
this acid by ascorbic acid to molybdenum blue. The absorbance of this compound is then
measured at 880 nm.

The pH was measured with a conventional pH meter (METTLER Toledo M300a,
Columbus, OH, USA).

2.3. Microalgae Growth and Nutrient Recycling from Liquid Digestate and Liquid Slurry

The first set of experiments was developed in batch mode, without external O2 input,
to evaluate the performance of microalgae in removing nutrients from diluted slurry and
digestate samples. As previously noted, in order to avoid inhibitions, three dilutions were
prepared from the initial effluents DL0 and SL0: 1/10, 1/3, and 1/2 noted as 10%, 30%,
and 50%, so COD and NH4-N concentrations were approximately equal to or less than
those of municipal wastewater taken as a reference, cf. reference [22]. During this series of
experiments, Erlenmeyer flasks of a 200 mL working volume, containing liquid substrate,
were inoculated with 10% (v/v) Ma-B flocs as inoculum. Erlenmeyer flasks were incubated
at 25 ◦C, under 16/8 h light/dark cycles, and mixed by an orbital shaker at 250 rpm for
14 days.

All experiments were performed in triplicate. Liquid effluents were analyzed daily
for COD and NH4-N concentrations. The growth of microalgae was estimated in terms
of chlorophyll(a) concentration expressed in mg Chl (a)·g−1 VSS. Indeed, the amount of
Chl (a) is related to the dominance of microalgae presence and allows the calculation of
the Autotrophic Index (AI) defined as the ratio of non-photosynthetic organic material
amounts to live plant (photosynthetic) material amounts. The AI is generally used to
qualify surface waters and effluents where high values indicate large amounts of non-
photosynthetic organic material [21]. In our case, the AI is used to describe the trophic state
of the microalgae-bacteria community and identify the community abundance: Autotrophic
or heterotrophic dominance. To interpret our results, we chose to refer to the decrease in the
AI value, indicating the evolution towards an autotrophic dominance. The predominance
of autotrophic organisms is given by the lower values of AI.

The total concentration of Chlorophyll(a) was obtained after extraction from a 10 mL
sample with 10 mL of the methanol solution (1M) for 24 h in darkness at 4 ◦C. The
suspension was centrifuged at 4000 rpm for 15 min. The absorbance was measured with a
spectrophotometer (UV-Vis 2550, Shimadzu, Kyoto, Japan) at 652 nm and 665 nm according
to the measurement protocol defined by Porra et al. [23]:

Chlorophyll(a) = 16.29 × A665 − 8.54 × A652.
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The autotrophic index (mg VSS·mg−1 Chl (a)) was calculated according to Collins et al. [21]
to determine the dominance of microorganisms. Specific growth rates (µ) were also calcu-
lated using the following equation:

µ =
ln
(

Xt
X0

)
t − t0

where X0 is the concentration of algal biomass measured as the chlorophyll (a) content
(mg Chl (a)·g−1VSS) at the initial time (t0) and Xt is the concentration of algal biomass
at a specific time (t). Finally, microscopic observations of the morphology of Ma-B flocs
were performed using a LEITZ Dialux 20 microscope (Stuttgart, Germany) connected to
a SONY color camera (3CCD), Stuttgart, Germany, and then the images of the Ma-B flocs
were analyzed using Visilog 6.3 software (French free software) to identify the microalgal
communities present in the samples.

2.4. Digestion of Ma-B Flocs for Biogas Production
2.4.1. Sample Preparation and Working Conditions

For the biomethane production step, anaerobic batch digestion of Ma-B flocs was
performed in 1L glass bottles. This step of the experiment was conducted by varying
3 different ratios of volatile solids of the substrate (Ma-B flocs)/volatile solids of inoculum
(slurry noted SL or digestate noted DL): 0.2, 0.5, and 0.8. The concentration of substrate
(Ma-B flocs) was set at 12.2 ± 0.1 gVS·g−1 with a substrate/inoculum ratio (S/I ratio) of 0.2.
Initially, inocula were aseptically introduced into the glass bottle, followed by the addition
of Ma-B flocs substrate, and then filled to 800 mL with distilled water. The associated control
consisted of inoculum only, without the addition of flocs. The glass bottles, hermetically
sealed, were first purged with N2 gas, then incubated at 40 ◦C, for 30 days, which is the
duration generally used to properly explore the potential for anaerobic digestion.

2.4.2. Measurement of Biomethane Production

The measurement of the volume of biogas produced, as well as its composition, was
performed every day to monitor the evolution of biogas production. The biogas volume pro-
duction was measured by the acidic water displacement method (a chloridic acid solution at
pH ≈ 4.0 prepared from a 37% concentrated one) in a test tube every 24 h. Indeed, the use of
acidic water avoids the loss of CO2 due to its high solubility in water. The composition of the
biogas (CH4 and CO2) was analyzed using a Varian 430-GC gas chromatograph, USA. The
detector of this chromatography is a thermal conductivity detector (TCD), the column is the
capillary column Varian®GC CP-Carboplot 25 m (L) × 0.53 mm (inner diameter) × 25 µm
(film thickness), coated with a layer of carbon particles of 0.2–1 µm in size. Samples of
100 µL of biogas gas phase were extracted from the bottles by syringe and injected into
the gas chromatograph. The pressure in the injector was 15 psi, the carrier gas was argon
(≥99.999% of purity) at a flow rate of 6 mL.min−1, and the temperature of the detector
was set at 180 ◦C. Each analysis lasted 7.50 min, and the temperature increase program
was as follows: 60 ◦C from 0 to 2 min, rise to 110 ◦C between 2 and 3 min at a rate of
20 ◦C min−1, then 110 ◦C from 3 min to 7.5 min. Calibration was carried out beforehand
with the following standards: Nitrogen, Oxygen, Methane, Carbon dioxide, and Sulfuric
acid. All standards were from MESSER (Bad Soden am Taunus, Germany) and had a purity
of 99.999%.

Methane production over the incubation period was measured in terms of cumulative
daily production, given by the quotient between the volume of gas produced in milliliters
and grams of VS of the fed substrate.
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2.5. Statistical Analysis

All tests of COD, NH4-N, TSS, VSS, and Chlorophyll(a) were performed in triplicate
since the repeatability analysis is one possible method to assess the accuracy of measure-
ments. Results are presented as replicate means plus standard deviation (mean ± SD).

3. Results and Discussion
3.1. Biomass Production of Ma-B Flocs during Batch Culture

The Ma-B flocs biomass was harvested by gravity settling of the batch culture after
7 days. It represented 4.6 ± 0.2 g of total suspended solids (TSS) L−1, 2.8 ± 0.2 g of volatile
suspended solids (VSS) L−1, and 4.5 ± 0.2 mg of Chlorophyll (a) g−1 (VSS) (Table 1).
The autotrophic index (AI) decreased by approximately 23.5% from the initial value of
288.8 ± 0.1 to 220.8 ± 0.2 after 7 days. This result confirms the autotrophic prevalence of
the microalgae suspension.

3.2. Characteristics of Liquid Digestate and Slurry When Used for Ma-B Flocs Growth
3.2.1. Nutrient and Pollutant Concentrations of Liquid Digestate and Slurry

Prior to the phytoremediation experiments, the liquid digestate (DL) and the liquid
slurry (SL) were analyzed for their concentrations of nutrients (NH4-N) and organic com-
pounds (COD) (Table 3). It was observed that the initial solutions DL0 and SL0 were very
rich in ammonium, more than the synthetic wastewater used as a control. Thus, we chose
to operate at dilutions of these initial solutions in order to allow adequate growth of the
microalgae and limit the inhibition phenomena. The total concentrations of NH4-N and
COD are presented in Table 3 for the three dilutions (10%, 30%, and 50%). Note that after
dilution, the initial characteristics of DL50% are similar in COD and NH4-N to those of the
synthetic wastewater. The COD and NH4-N concentrations of the liquid slurry were also
the highest without dilution. The same dilutions were prepared and tested.

Table 3. Initial characteristics of liquid digestate and slurry after different dilutions.

Parameter

Liquid Digestate (DL) Liquid Slurry (SL)
Synthetic

WastewaterDL0
10%

DL10%

30%
DL30%

50%
DL50%

SL0
10%

SL10%

30%
SL30%

50%
SL50%

CODs
(mg·L−1) 1184 137 383.6 550 1337 195 562 1034 601

Total NH4-N
(mg·L−1) 192.6 19.5 51.1 86.2 129.1 14.4 37 58.4 86.7

pH 7.4 8.3 7

3.2.2. Phytoremediation of Liquid Digestate and Slurry: COD and Ammonium Removal

Ammonium removal occurs through several mechanisms: Nitrification, denitrification
through microalgae-bacteria populations, and ammonia volatilization. The pH values
affect the ammonium removal process. In our case, the pH was approximately 8 dur-
ing the 14 days of batch culture, which would have caused the volatilization of some of
the ammonia.

The ammonium removal efficiency was evaluated for each substrate between day
2 and day 14, as shown in Figure 1a,b. The ammonium removal efficiencies for the two
initial substrates DL0 and SL0 at the end of the culture were approximately 50.2 ± 1.0%
and 62.4 ± 0.5%, respectively. These values are low compared to the control with synthetic
waste products (approximately 69 ± 3%) and to what can be read in the literature. This
would be due to the high initial concentrations of NH4-N varying between 192.6 and
129.1 mg·L−1 for DL0 and SL0, respectively (Table 3), which could induce an inhibitory
or even toxic effect on the growth of Ma-B flocs. Indeed, the thresholds of toxicity for
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NH4-N depend on the microalgae species. According to [24], different microalgal commu-
nities adapt to different ammonium concentrations, such as Chlorophyceae (140 mg·L−1),
Cyanophyceae (45 mg·L−1), and Diatomophyceae (6 mg·L−1). The toxicity thresholds for these
species are 702, 234, and 65 mg·L−1. Further results showed a high capacity of Ma-B flocs
to remove ammonium from DL30%, with a removal efficiency of 93 ± 1.1% after 14 days
starting from an initial NH4-N concentration of 51.1 mg·L−1 (Figure 1a).
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Figure 1. Ammonium removal rates (mean value ± SD) evaluated after 2 and 14 days of Ma-B flocs
culture for each diluted substrate (a) DL: Liquid Digestate; (b) SL: Liquid Slurry. WWS is a synthetic
wastewater control.

Interestingly, the highest removal rate corresponding to day 14 achieved by DL30% agrees
with the work of Prajapati et al. [13], who worked with nitrates as a nitrogen source. Thus,
the dilution of liquid digestate to 30% can be recommended as an effective growth medium
for algae provided that initial concentrations are equivalent and that no pollutants or
micropollutants are toxic to biological growth.

For liquid slurry, the best NH4-N removal rate by Ma-B flocs was 84.0 ± 2.9% for
SL10% at the end of the culture (Figure 1b). The results suggest that the removal efficiency
increases as the nitrogen concentration decreases in the effluent.

Figure 2 shows that the lowest removal efficiencies were observed on the initial sam-
ples of DL0 (14.8 ± 2.9%) and SL0 (20.0 ± 1.3%), which is believed to be due to their
high COD content (1184 mg·L−1 and 1337 mg·L−1, respectively (Table 3)) resulting in
toxicity to Ma-B flocs. On the other hand, high COD removal efficiencies were observed
for SL10% and SL30% diluted slurry cases: Approximately 83.1 ± 6.0% and 82.3 ± 1.0%,
respectively, and are higher than the control efficiency with synthetic wastewater (approxi-
mately 75.7 ± 2.0%). The highest value for the digestate trials was, at best, approximately
37.7 ± 4.0% for DL30% and is very low compared to the control yield with synthetic wastew-
ater (approximately 75.7 ± 2.0%). For Ma-B flocs, highly diluted liquid slurry appears to
represent a suitable growth medium, although COD concentrations are lower than those of
the reference synthetic wastewater (SWW). The better results obtained with liquid slurry
effluent can be explained as follows: The slurry collected from the farm had a less dense
liquid consistency than the digestate. This aspect could affect the removal performance
because the nutrients would be easier to assimilate by the Ma-B flocs, and therefore the
release of CO2 (by heterotrophic bacteria), which is essential for the growth of microalgae,
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is increased [25,26]. On the other hand, the less intense brown coloration of the slurry
favors better photosynthetic growth of microalgae. In the literature, filtration and/or
centrifugation steps, in addition to dilution, are often recommended to reduce the color
intensity of this kind of effluent [5,17]. This could be judicious in the case of our digestate.
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3.2.3. Ma-B Flocs Growth and Biomass Productivity on Liquid Digestate and Slurry

The culture of Ma-B flocs was tested by monitoring the growth rate measured on
day−1 (d−1), as shown in Table 4, for liquid digestate and slurry solutions, considered as
growth media. The comparison of Ma-B flocs productivity values, based on the variation of
g VSS.L−1, was performed at different dilutions of DL and SL (10%, 30%, and 50%) during
14 days of batch culture. The lowest productivities were observed for the initial liquid
digestate and slurry solutions, without dilution, with values of 0.011 ± 0.031 d−1 and
0.017 ± 0.012 d−1, respectively (Table 4). The high ammonium and COD concentrations
(Table 3) could be the main cause of the reduced productivity due to a toxicity effect.

Table 4. Specific growth rate (d−1, mean value ± SD) of batch culture for Ma-B flocs using liquid
digestate and slurry (with and without dilution) as culture medium compared to synthetic wastewater.

Media Ma-B Flocs Growth Rate (d−1)
(Mean Value ± SD)

Synthetic Wastewater 0.032 ± 0.021

Liquid Digestate

DL0 0.011 ± 0.031
DL10% 0.015 ± 0.042
DL30% 0.024 ± 0.021
DL50% 0.018 ± 0.014

Liquid Slurry

SL0 0.017 ± 0.012
SL10% 0.028 ± 0.022
SL30% 0.021 ± 0.031
SL50% 0.018 ± 0.043
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According to the data in Table 4, the highest growth rate for liquid digestate effluent
corresponds to a 30% dilution and is worth 0.024 ± 0.021 d−1. Indeed, the liquid diges-
tate collected from the anaerobic digestion of agricultural waste would have favored the
cultivation of photosynthetic algae (Tetradesmus obliquus) and cyanobacteria (Arthrospira
maxima) due to the availability of nitrogen, as cited by [18]. Another study showed that
when using liquid digestate diluted to 30%, the biomass concentration of the microalgae
Chroococcus sp. Reaches its optimal value with a value of 0.79 ± 0.06 g·L−1 [13]. For the
case of experiments with slurry, the biomass productivity reached 0.028 ± 0.022 d−1 for
SL10%, which is higher than those fed with DL30% and other dilutions. The two dilutions
of SL10% and DL30% are therefore the most interesting.

Microalgae biomass productivity, as indicated by the change in mg Chl (a)·g−1 VSS in
the DL30%, SL10%, initial DL0, and SL0 trials and in comparison to synthetic wastewater,
is shown in Figure 3a,b.
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wastewater (WWS) a control.

When algae were grown at 51.1 mg NH4-N·L−1, contained in the DL30% test, the total Chl
(a) content increased from 1.4 ± 0.01 mg Chl (a)·g−1 VSS to 2.67 ± 0.01 mg Chl (a)·g−1 VSS
(Figure 2) at the end of the culture. The ammonium concentration of 192.6 mg NH4-N.L−1

in DL0 (Table 4) seems to have resulted in a decrease in biomass productivity and a lower
Chlorophyll (a) value of 1.87 ± 0.02 mg·g−1 VSS, which is also lower than the control test with
synthetic wastewater, due to an inhibition effect. Ref. [27] also reports this inhibitory effect
of ammonium concentration in pig manure digest on chlorophyll (a) production by algae.
In our results, it is observed that as the total NH4-N concentration decreased (14.4 mg·L−1),
the algal biomass reached its growth optimum with 2.98 ± 0.04 mg Chl (a)·g−1 VSS on day
14, in the case of the 10% liquid slurry. Thus, the maximum growth rate (0.028 days−1)
and maximum Chl (a) concentration (2.98 mg·g−1 VSS) were observed with highly diluted
substrate SL10%.

The trophic status of the microalgal-bacterial community is explained by the au-
totrophic index (AI). In our batch experiments, the decrease in AI confirms the autotrophic
abundance of microalgae in the Ma-B flocs inoculum. The lowest values were obtained
after 14 days for the effluents SL0, DL0, DL30%, SL10%, and synthetic wastewater. The AI de-
creased from 711.8 to 374.2 after 14 days of culture in DL30% and to 532.6 for DL0 (Figure 3).
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The slurry effluent SL10% had the lowest activity index of 335.3, consistent with strong au-
totrophic dominance, in comparison to the other effluents. In this case, the slurry medium
further promoted algal growth in Ma-B flocs and also increased ammonium and COD
removal efficiencies.

3.3. Production of Biomethane from Microalgae-Bacteria Flocs

Daily and cumulative methane production measurements in batch experiments, pre-
sented in Figures 4 and 5, were performed for two inoculums, digestate and slurry, and one
substrate, which is Ma-B flocs. The production is noted in terms of mL CH4·g−1VS of the sub-
strate. In addition to a control containing only digestate or slurry, three substrate/inoculum
ratios (gVSsubstrate/g VSinoculum) were tested: 0.2, 0.5, and 0.8, where the substrate was
Ma-B flocs. Anaerobic digestion was carried out in a mesophilic operation at 38 ◦C. Cumula-
tive methane production related to these ratios is shown in Figures 4a and 5a below. In all
cases, methane production was monitored for 30 days.

Cumulative and Daily Biogas Production for Slurry and Digestate

The cumulative methane yield for the initial biomass (Digestate) reached the highest
value of 245.6 mL CH4·g−1 VS substrate after 30 days of operation. However, for mesophilic
digestion with Ma-B flocs as the substrate, the CH4 production reached 165.7, 30.9, and
14.3 mL CH4·g−1 VS substrate for the S/I ratio of 0.2, 0.5, and 0.8, respectively, at the end
of the batch. According to these data, the highest methane yields were observed at a ratio
of 0.2.

Figure 4b shows that daily methane production starts from day 1 and increases to the
maximum of 32.2 and 21.9 mL CH4·g−1 VS substrate, respectively, for the digestate control
(Dg0) and digestate plus Ma-B flocs digestion at a ratio of 0.2 after only 4 days.

In the case of the slurry control , methane production increased from
35.2 mL CH4 ·g−1 VS substrate to 726.7 mL CH4·g−1 VS substrate after 30 days, which
is significantly higher than the values reported for the digestate control (Figure 4a). With
slurry plus Ma-B flocs digestion, the highest cumulative methane yield of 317.2 mL CH4·g−1

VS substrate was reached at a VS substrate (g)/VSinoculum (g) ratio of 0.2. For the 0.5
and 0.8 ratios, due to a higher addition rate of Ma-B flocs to the reaction medium, lower
yields of cumulative methane were observed (Figures 4a and 5a). From the daily methane
production profiles, various fluctuations were noted in Figure 5b for the slurry inoculum.
As assumed by [13], these fluctuations could be related to insufficient contact between the
anaerobic microbial flora and the substrate. Methane productivity is also influenced by
the characteristics and thickness of the cell wall and the macromolecular distribution of
the substrate [6]. Thus, the fine structure, high cytoplasmic content, and low resistance to
biological degradation of the microalgae cell wall led to an increase in methane volume
by anaerobic digestion [28]. In conclusion, slurry gave excellent results compared to the
good values obtained for the digestate. It is difficult to find a satisfactory explanation for
the better performance of slurry, especially because the composition of slurry is not very
different from that of digestate. As indicated by [29], the only significant difference is in dry
matter, with 9% for the cattle slurry versus 4.9% for the digestate. Dry matter is considered
an indicator of available nutrients because it includes fiber, protein, ash, water-soluble
carbohydrates, and lipids, etc. This means that the slurry would contain more nutrients
essential for the growth of Ma-B flocs.
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4. Conclusions

For the first part of the study, the best performance for cultivating Ma-B flocs was ob-
tained by digestate diluted to 30%, with 93 ± 1.1% for ammonium removal and 37.7 ± 4.0%
for COD removal, and by slurry diluted to 10% with 84 ± 2.9% for ammonium removal and
83.1 ± 6.0% for COD removal. A higher dilution seems to give the most advantageous effect,
likely due to greater access of Ma-B flocs to nutrients and light, as mentioned before. Regard-
ing anaerobic digestion, for both slurry and digestate controls, the best results of methane
production after 30 days were achieved by slurry with 726.7 mL CH4·g−1 VS substrate
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compared to 245.6 mL CH4·g−1 VS substrate for the digestate). Digestion with Ma-
B flocs at different ratios showed that the best results were with a ratio of 0.2 with
317.2 mL CH4·g−1 VS substrate compared to 165.7 mL CH4·g−1 VS substrate. However,
in both cases of slurry or digestate used as the inoculum, methane production did not reach
high values after 30 days. The anaerobic digestion of Ma-B flocs is then proven, but further
studies should question these results to determine the favorable conditions for better biogas
production by Ma-B flocs.
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