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Abstract: Anaerobic digestion followed by microalgal cultivation is considered a promising renewable
alternative for the production of biomethane with reduced effluent generation, thus lowering the
environmental impact. In this arrangement, in addition to generating energy, the microalgae act
by potentiating the refinement of the effluents generated via anaerobic digestion (digestates). In
this study, the microalga Tetradesmus obliquus was cultivated in photobioreactors with the final
digestate resulting from the co-digestion of Arundo donax L. plant biomass and cattle wastewater.
The biotechnological route used was efficient, and the biogas production ranged from 50.20 to
94.69 mL gVS−1. The first-order kinetic model with variable dependence (FOMT) provided the best
fit for the biogas production data. In the microalgal post-treatment, the removal values ranged from
81.5 to 93.8% for the chemical oxygen demand, 92.0 to 95.3% for NH4

+-N, and 41.7 to 83.3% for
PO4

3− after 26 days. The macromolecular composition of the algal biomass reached lipid contents
ranging from 33.4 to 42.7%. Thus, the proposed process mediated by microalgae can be considered
promising for the bioremediation and recovery of effluents produced by agriculture through the use
of microalgal biomass for bioproduct production.

Keywords: Tetradesmus obliquus; nutrient removal; bioremediation; biogas; biodiesel

1. Introduction

Technological solutions for renewable energy sources are a global reality in the face of
the depletion of fossil fuels and the negative environmental impacts they cause. Anaerobic
digestion (AD) is considered an efficient technology because it combines the treatment of
waste with the recovery of organic matter in products with significant added value [1].
Biomass energy is expected to account for a significant share of renewable energy in the near
future. Technologies and processes involving the use of biomass for bioenergy production
are alternatives for energy recovery and are emerging as an efficient and integrative option
with high potential for implementation [2,3].

AD is an excellent alternative for the treatment and use of the nutrients present
in animal waste, reducing the potential for pollution and health risks, in addition to
promoting the generation of bioenergy [4,5]. Livestock production produces a significant
amount of cattle residues, and the management of these residues to minimize their negative
impact on the environment has become a major challenge for the confinement systems
of livestock farms [6]. AD results in lower sludge production compared to conventional
aerobic technologies and allows energy recovery through biogas production [5,7].
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Likewise, the biomass of perennial energetic grasses represents an alternative raw
material for sustainable energy generation through biological processes such as AD [8]. The
great advantage of using grasses in bioenergy production is the high yield potential. Strate-
gies to improve the AD of grasses are important for increasing methane production [9].

Thus, evaluation of the plant biomass of Arundo donax L. (family Poaceae, order
Cyperales, class Liliopsida), also known as the giant reed, is justified. This species is an
erect, herbaceous, perennial, aggressive, and invasive grass with the ability to reproduce
quickly, via either seeds or vegetative propagation [10]. This grass has average dry matter
yields of 15 to 40 t ha−1 year−1 [11,12] and can be used for energy generation [13]. Therefore,
conducting studies of the use of this grass for biogas production is relevant [14]. Antal [11]
provides a comprehensive analysis of Arundo donax L. as a bioenergy species, highlighting
its economic potential and the challenges associated with biomass production. Biomass
production from Arundo donax L. is considered a viable source of bioenergy due to its rapid
growth rate and high productivity, with various forms of utilization, including combustion,
anaerobic digestion, and biofuel production. The challenges related to Arundo donax L.
include the need for sustainable management to avoid negative ecological impacts, as it is
considered an invasive plant, and the difficulty of decomposition due to lignin, which can
affect the nutrient availability in the substrate.

Increasing the efficiency of AD is extremely important when considering this process
as an alternative for energy and bioproduct production. The benefits of improved bioenergy
production associated with the efficiency of biogas production from digesters that use co-
substrates have attracted researchers to investigate the anaerobic co-digestion of cattle
manure with other types of biomass to improve biogas production [15–17].

The transformation of waste into energy and other by-products has been considered
a social and scientific priority because of the resulting environmental impacts, with the
consequent accumulation of waste. In this sense, microalgae may offer solutions for
wastewater treatment through bioremediation, yielding a low-cost source of nutrients [18].
In addition, microalgae can serve as raw materials for biofuels and other sustainable
biological products from lipids, proteins, and carbohydrates, the main macromolecular
components [19–22]. Although agricultural and agro-industrial effluents are rich in organic
matter, high levels of ammonia and suspended solids inhibit microalgal growth [23,24].
Consequently, a pretreatment step encourages the application of new methods to reduce the
toxicity of the effluent and ensure an appropriate culture medium for microalgal growth.

The use of anaerobic systems combined with photobioreactors is probably one of the
most promising options for the future of wastewater treatment in agropecuary. Effluents
from anaerobic reactors still contain high concentrations of nitrogen and phosphorus, which
limit their secure discharge in the water bodies [24]. In contrast, microalgae can capture
these water pollutants as nutrients for their growth and promote the advanced treatment
of secondary wastewaters [18,24]. While microalgae are recognized for their potential in
bioremediation, there is limited exploration of their use in conjunction with digestates
from this specific biomass and wastewater combination. This study aims to address these
gaps by evaluating the effectiveness of this integrated approach for biogas production and
nutrient recovery.

In recent years, studies have been conducted in photobioreactors with microalgae for
the post-treatment of effluents to analyze the efficiency of organic pollutant and nutrient
removal from animal wastewater and explore the possibility of producing various products
from biomass [25–27].

This study’s novelty lies in the integration of anaerobic co-digestion of Arundo donax
L. biomass with dairy cattle wastewater, combined with use of cultures of the microalga
Tetradesmus obliquus for bioremediation. This approach not only enhances biogas produc-
tion but also explores the potential of microalgae as a valuable resource for bioproduct
production and sustainable nutrient recovery. The objectives of this study are to evaluate
the efficiency of the process and the production of biogas via anaerobic co-digestion and
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to evaluate microalgae-mediated bioremediation and the potential of algal biomass for
bioproduct production, as characterized in terms of lipids, carbohydrates, and proteins.

2. Materials and Methods
2.1. Substrates and Inoculum

Samples of dairy cattle wastewater (DCW) were collected from a dairy farm, Fonte
Leite–Exploração Agrícola e Pecuária, S.A., in Azambuja, Portugal. The collected material
was stored in properly closed drums and transported to the National Laboratory of Energy
and Geology (LNEG) in Lisbon, Portugal. The homogenized DCW substrate was filtered
through a 2 mm mesh screen, resulting in the total solids content of the sample of ±2%,
and then characterized and stored at 4 ◦C for later use in the co-digestion substrate mixture
(Table 1). The DCW was used to prepare the inoculum on the basis of the methodology of
Steinmetz et al. [28].

Table 1. Substrate characteristics of dairy cattle wastewater (DCW).

Parameter Values

pH 7.68 (0.02)

Alkalinity (mg L−1) 9760 (0.1)

CODt (mg L−1) 11,464 (88)

CODs (mg L−1) 4860 (152)

CODS (%) 42.4

TKN (mg L−1) 1360 (67.3)

NH4
+-N (mg L−1) 850 (2.63)

NOrg (mg L−1) 510

PO4
−3 (mg L−1) 38 (1)

N-NO3
− (mg L−1) 0

TS (mg L−1) 18,104 (0.02)

FS (mg L−1) 6341 (0.02)

VS (mg L−1) 11,763 (0.04)

TSS (mg L−1) 12,375 (0.02)

FSS (mg L−1) 3500 (0.02)

VSS (mg L−1) 8875 (0.04)

Values in parentheses indicate standard deviation. CODT = total chemical oxygen demand; CODS = soluble
chemical oxygen demand; TKN = total Kjeldahl nitrogen; NH4

+-N = ammoniacal nitrogen; NOrg = organic
nitrogen; PO4

−3 = phosphate; N-NO3
− = nitrate nitrogen; TS = total solids; FS = fixed solids; VS = volatile solids;

TSS = total suspended solids; VSS = volatile suspended solids; FSS = fixed suspended solids.

Arundo donax L. is commonly found in Portugal and has characteristics conducive to
this study, i.e., rapid growth and high production of plant biomass that is available and can
be harvested on the LNEG campus. The grass was cut at a height of 0.25–0.28 m from the
soil surface with pruning shears. With the same cutting tool, the grass was subsequently
cut into pieces ± 1 cm thick.

2.2. Anaerobic Co-Digestion of DCW with Grass of Arundo donax L.

Four experimental conditions with different percentages of Arundo donax L. plant
biomass were established for performing the co-digestion batch assays. Initially, 1000 mL of
DCW and 200 mL of acclimated inoculum were used in each assay. The inoculum volume
represented 20% of the total volume. The reactors were organized as follows: CT, control
with DCW (mL) and inoculum (mL); R5, R10, and R20, co-digestion with DCW (mL) and
inoculum (mL) with more than 50, 100, and 200 g plant biomass in the mixtures. Using a
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food processor (model 7010S 1L 2 Speed w/Timer, Waring Laboratory, New Hartford, CT,
USA), the samples were mixed for 120 s. These concentrations were chosen because they
would not cause a functional imbalance in the reactors, as the recalcitrance of lignocellulosic
biomass is still a major challenge in biogas production [13]. After homogenization, with the
total volume of the samples for each assay, the reactors were prepared in duplicate in glass
Schott flasks with a total volume of 500 mL, containing 400 mL of reaction volume (mixture)
and 100 mL of headspace (gas volume). The reactors were placed in a thermostatic bath
with water circulation at a controlled temperature of 37 ◦C. After the flasks were closed, the
reactors were purged of oxygen with nitrogen gas (N2) for 2 min to provide an anaerobic
environment. The reactors were connected to a graduated burette system to store the biogas
produced. The volume of biogas produced was monitored daily in a Mariotte bottle filled
with NaCl solution via the movement of the liquid column. The reaction time was 21 days.

2.3. Analytical Methods

Analytical methods were used throughout the experiment to assess the chemical
demand for the total and soluble oxygen (CODt and CODs), total solids (TS), volatile
solids (VS), fixed solids (FS), total suspended solids (TSS), volatile suspended solids (VSS),
fixed suspended solids (FSS), ammoniacal nitrogen (N-NH4

+), total Kjeldahl nitrogen
(TKN), nitrate nitrogen (N-NO3

−), phosphate (PO4³−), alkalinity, and pH according to
standard methods [29]. The organic nitrogen (NOrg) content was calculated by subtracting
the ammoniacal nitrogen from the TKN. All the analyses were performed in duplicate.
Differences in the means were evaluated using analysis of variance (ANOVA) followed by
a Tukey test for a mean comparison at a 5% significance level (p ≤ 0.05) using the PAST
4.03 software.

2.4. Microalgae

The microalgal species selected in this study were obtained from the Culture Collection
of LNEG, Lisbon, Portugal. The cells were pre-cultured in Chu’s medium in 500 mL
Erlenmeyer flasks under photoautotrophic conditions at 22 ◦C (±3 ◦C), illuminated at
5 klx by five 18 W Philips white fluorescent lamps and shaken at 100 rpm in an incubator
with agitation in a controlled environment (New Brunswick Scientific, Edison, NJ, USA).
Initially, preliminary tests were performed with different dilutions (10, 20, 30, 50, and 100%)
of cattle wastewater with the microalgal species Tetradesmus obliquus, Chlorella vulgaris,
and Desmodesmus subspicatus to determine the efficiency of the algal biomass growth.
After the strain selection tests, the microalga Tetradesmus obliquus ACOI 204/07 (ACOI
Culture Collection, Coimbra University, Portugal) was chosen to be inoculated into the
final digestate of the anaerobic treatment at a ratio of 1:1 in water because it presented
better algal growth results. The concentration of microalgal biomass used to inoculate
the photobioreactors was 20% of the total sample in the reactors. The selected species
shows potential for treatment through AD technology, where this integration appears
promising [18,21].

2.5. Digestate Treatment with Microalgal Cultivation in Photobioreactors

For the tests in the photobioreactors, the anaerobic digestate was used as the culture
medium. After anaerobic co-digestion, the digestate was subjected to additional sedimenta-
tion in an Imhoff cone for 2 h and then stored in a cold chamber at 4 ◦C (±1 ◦C) until the
assembly of the photobioreactors. The reactors were prepared in glass Schott flasks (500 mL)
containing 150 mL of digestate + 150 mL of water (1:1) + 20% (60 mL) of Tetradesmus obliquus
inoculum already adapted to the DCW (concentration of ±1 × 106 colony forming units
(CFU) mL–1). The cultures were maintained at room temperature (21 ◦C) with an air flow
of 0.6 vvm under continuous lighting provided via a light plate composed of white LED
strips (brand: IP4, model: 3528 IP20 3M). The photoperiod was set to 24 h of light and 0 h
of darkness.



Sustainability 2024, 16, 10328 5 of 20

The batch experiment lasted 26 days. Samples from all the reactors were collected
every two to three days for experimental tests and monitoring of microalgal growth. The
pH was measured with a potentiometer (InoLab WTW, Weilheim, Germany). During this
period, growth was evaluated by measuring the absorbance at 540 nm (optical density, OD)
using a spectrophotometer (Hitachi U-2000, Tokyo, Japan), and the dry mass of the biomass
was calculated by filtering 2 mL samples through a Millipore membrane filter (0.45 µm),
followed by drying at 105 ◦C in an oven. Growth curves were prepared by plotting the dry
mass of the biomass against the time (days). A linear correlation analysis was performed
between the dry mass (g L−1) and the OD at 540 nm according to the following equations:

CT = Y = 0.7176x(OD540nm) + 1.3693; R2 = 0.8334 (1)

R5 = Y = 0.8096x(OD540nm) + 1.4618; R2 = 0.9388 (2)

R10 = Y = 0.7798x(OD540nm) + 1.4184; R2 = 0.9069 (3)

R20 = Y = 0.5814x(OD540nm) + 1.5651; R2 = 0.9069 (4)

where CT, control with DCW; and R5, R10, and R20, co-digestion with 5%, 10%, and 20%
plant biomass concentrations in the mixtures.

2.6. Biomass Processing and Biochemical Analysis

At the end of the experiment, the liquid suspension was centrifuged (Multifuge 3SR
centrifuge, Thermo Fisher Scientific, Waltham, MA, USA) for 10 min at 13,000 rpm. Freeze-
dried algal biomass (Heto Power Dry LL3000, Thermo Fisher Scientific, Waltham, MA, USA)
was used for the biochemical analyses of proteins, carbohydrates, and lipids in triplicate.

The supernatants of the final samples from the photobioreactors were analyzed via
the analytical methods described above. The protein content was estimated via the Lowry
method in samples previously treated with 0.1 mol L−1 NaOH [30]. The lipid content
was obtained gravimetrically after Soxhlet extraction with n-hexane for 6 h. After each
extraction, the solvent was evaporated on a rotary evaporator (Buchi Water Bath B-480,
Germany) with a thermostatically controlled bath at 50 ◦C. The carbohydrate concentrations
were measured via the phenol-sulfur method at an optical density of 490 nm a spectropho-
tometer (Hitachi U-2000, Tokyo, Japan). The moisture and ash contents were determined
gravimetrically by drying in an oven at 105 ◦C until a constant weight was reached and
incinerating at 550 ◦C in a muffle furnace.

2.7. Kinetic Modeling

Once the experimental data for the biogas production were obtained, the kinetic param-
eters were calculated by fitting the models described in Table 2. The Levenberg–Marquardt
algorithm available in the OriginPro software, trial version (OriginLab, Minneapolis, MN,
USA) [31] was used, and the significance of the regressions were evaluated (α = 0.05). The
kinetics of the biogas production can be used to evaluate the biodegradability patterns of
organic matter during AD [32]. Kinetic models can provide a description of the character-
istics of the anaerobic digestion process and help determine the key parameters needed
to design biochemical reactors and predict their yield and biogas performance. Nonlinear
models were fitted to the biogas production data. The consistency of the results of the
kinetic models with the experimental data was measured in terms of the coefficient of
determination (R2) and via the fit of the root mean square error (rRMSE), and the residual
plot profiles were also observed. A lower rRMSE indicates that the kinetic model provides
a better description of the digestion process [33].
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Table 2. Kinetic models applied in anaerobic co-digestion.

Model Equation

First order Y(i) = Ym(1 − exp−kt) (5)

Logistic model Y(i) = Ym

1+exp
[

4×µm
Ym

×(λ−t)+2
] (6)

Cone Y(i) = Ym
1+(kt)−n (7)

Modified Gompertz Y(i) = Ym × exp
{
−exp

[
µm e(λ−t)

Ym

]
+ 1

}
(8)

FOMT Y(i) = Ym(1 − exp−ktγ

) (9)

FOIT Y(i) = Ymexp
(
−k
t

)
(10)

Y(i) = cumulative gas production at time t; Ym = final gas production at specific time t; µm = maximum gas
production rate; λ = lag phase, delay time in days; t = digestion time (days); n = form factor; k = organic matter
removal coefficient (d−1), γ = adjusted constant.

3. Results and Discussion
3.1. Phase I: Co-Digestion
3.1.1. pH, Alkalinity and Solids Removal

In the reactors, the initial pH values ranged between 7.60 and 7.88, whereas the final
values, corresponding to the digestates, were between 7.58 and 7.69. The pH value re-
mained within the stable range for anaerobic digestion, which is 6.50 to 8.20 [34], indicating
appropriate conditions for the degradation of organic material and microbial growth. pH
values lower than 6.60 can inhibit the growth of methanogenic microorganisms [35]. There-
fore, the pH has a significant influence on the performance of digesters and consequently
on the biogas production [36].

The alkalinity recorded in the reactors increased during the anaerobic process, ranging
from 3750 to 7350 mg L−1 at the input and from 7500 to 9000 mg L−1 at the output. The
output values indicated the buffering function of the system, i.e., its ability to avoid sudden
changes in pH and maintain the anaerobic process under good operating conditions.
According to Mendonça et al. [5], methane production increases the alkalinity under
appropriate operating conditions, in addition to neutralizing the organic acids produced
during the digestion process.

The TS values of the initial samples were 1.85, 2.15, 2.42, and 2.85%, for the CT, R5, R10,
and R20 treatments, respectively, whereas the output values were 1.42, 1.65, 1.65, and 1.93%,
respectively, after a reaction time of 21 days. Wet AD systems are usually fed substrates with
a TS content less than 10% [37]. The precise characterization of the TS and VS contents in
the substrates is crucial for AD investigations because of its impact on methane production
and process stability. The reduction in the potentially degradable fraction of TS after AD
treatment is environmentally sustainable because it not only reduces the disposal load but
also decreases the carbon footprint when solids converted into methane are used as an
energy resource, such as biogas [38].

3.1.2. Removal of Total and Soluble COD

The organic matter removal efficiency reached values of 37 to 40% for CODt and 74 to
77% for CODs in this study (Table 3). In a study with cattle wastewater in a UASB hybrid
reactor, Mendonça et al. [5] reported the highest organic removal rates at retention times of
5 and 6 days, with mean efficiencies of 76% and 81% for CODt, respectively. In previous
studies on cattle manure AD systems, the chemical oxygen demand (COD) removal rates
were lower than or close to 80% [39–41].
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Table 3. Total and soluble COD values at the inlet and outlet of the process.

Treatments
CODt (mg L−1) CODs (mg L−1)

In Out R (%) In Out R (%)

CT 12,731 c
(694) 7727 c

(2) 39 5324 b
(231) 1363 a

(2.27) 74

R5 15,972 bc
(694) 9545 b

(2) 40 3703 c
(2) 909 a

(2.27) 75

R10 16,667 b
(463) 10,000 b

(2) 40 4860 c
(2) 1136 a

(227.3) 76

R20 20,833 a
(463) 13,182 a

(2) 37 6944 a
(2) 1590 a

(227.3) 77
In = input mixtures in each reactor; Out = outlet, effluent treated by co-digestion process. R (%) = removal. Values
in parentheses indicate standard deviation. Mean values followed by the same letters within each column do not
differ statistically from each other according to Tukey’s test at the 5% significance level.

The postdigestion effluent contains considerable levels of organic matter, and the
corresponding COD value varies within a wide range from 9.2 to 78 g L−1 [42]. In the
present study, the postdigestion COD values of the digestate ranged from 7.7 to 13.2 g L−1,
indicating the potential for pollution. Therefore, after analysis of the organic load, post-
treatment of the final digestate becomes an interesting possibility. Such treatment would
result in better biodegradability for the liquid fraction of the digestates from co-digestion
facilities, for both the gross liquid fraction and the soluble fraction after removal of the
suspended particles.

3.1.3. Nitrogen and Phosphate Compounds

The concentration of TKN increased after AD in all cases (Table 4). The ammoniacal
nitrogen also increased, confirming the mineralization of the residues. The increase in
TKN throughout the process was expected because of the nature of the residue, which is
a rich source of nitrogen because it is of animal origin. Notably, anaerobic co-digestion
is a viable alternative with which to address problems associated with mono-digestion,
such as the rapid acidification and low C: N ratio, which can inhibit the processes [10]. The
nitrogen compound values in the effluent did not hinder the development and stability
of the system. This can be attributed to the addition of carbon-rich co-substrates, such as
plant biomass, which helps maintain the proper functioning of the reactors and improves
the methane yield.

Table 4. Nitrogen compounds and phosphate.

Treatments
TKN (mg L−1) NH4

+-N (mg L−1) NOrg (mg L−1) NO−3 (mg L−1) PO4−3 (mg L−1)

In Out In Out In Out In Out In Out

CT 1481 c
(30.8) 1640 b

(0.02) 924 ab
(0.14) 1134 b

(14) 557 506 405 c
(5.35) 362 a

(19.33) 34 a
(4.5) 39 a

(0.75)

R5 1526 bc
(2.8) 1568 c

(0.02) 966 a
(14) 1050 c

(14) 560 518 424 c
(5.45) 386 a

(5.20) 22 a
(0.02) 43 a

(1.0)

R10 1587 ab
(2.8) 1657 b

(0.02) 938 ab
(14) 1162 ab

(14) 649 495 610 b
(6.94) 375 a

(12.64) 23 a
(0.25) 44 a

(0.02)

R20 1630 a
(2.8) 1836 a

(0.02) 896 b
(0.14) 1204 a

(0.14) 734 632 800 a
(1.19) 360 a

(0.5) 24 a
(0.02) 46 a

(2.5)

In = input mixtures in each reactor; Out = outlet, effluent treated by co-digestion process. Values in parentheses
indicate standard deviation. Mean values followed by the same letters within each column do not differ statistically
from each other according to Tukey’s test at the 5% significance level.

The input NH4
+-N concentration varied between 896 and 966 mg L−1 in the mixtures

and between 1050 and 1204 mg L−1 in the digestate (Table 4). However, the concentrations
of NH4

+-N at the input and output were within the range for stable AD, i.e., less than
5000 mg L−1 [34], and below the values that cause inhibition, which range from 1500 to
7000 mg L−1 [43,44]. The effects of toxic or inhibitory compounds can be minimized with
the use of different co-digested substrates, improving the process stability and performance.
Thus, the reactor with 5% plant biomass did not have a considerable increase in NH4

+-N,
which suggests that methane production may be beneficial in this context. These results
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demonstrate the importance of the appropriate proportions of the substrates to ensure the
effectiveness of the process.

The PO4
3− concentrations in the input samples ranged from 22 to 34 mg L−1, values

that did not negatively affect the development and stability of the process in the reactors.
The concentrations at the output were higher than those at the input in all the reactors,
indicating an accumulation of this compound in the biological sludge generated. Macronu-
trients such as carbon, nitrogen, and phosphorus are essential for the efficient production
of biogas because of the microbial demand for these elements [45].

3.1.4. Biogas Production

The daily volumetric production of biogas was normalized to standard temperature
and pressure conditions and converted into the biochemical biogas potential (BBP), as
expressed in mL biogas gVS−1. The incubation time of the reactors was 21 days at a
mesophilic temperature. The BBP was 73.13, 94.69, 65.23, and 50.20 mL gVS−1 for the
CT, R5, R10, and R20 treatments, respectively. Biogas production was the greatest in the
co-digestion treatment with 5% plant biomass. This finding indicates that an adequate
proportion of co-substrate supplements the organic carbon and other nutrients for the
microorganisms. However, a high proportion of co-substrate can introduce inhibitors
to microbial growth. The presence of lignin at high concentrations can reduce methane
production due to its low biodegradability and toxicity during AD [46]. The inhibition
caused by lignin affects the initial rate of biogas production, especially in the hydrolysis
phase, as it increases the difficulty of cellulose enzymatic hydrolysis, resulting in lignin
depolymerization [47].

Mirabi et al. [48] investigated the production of biogas in the anaerobic co-digestion
of lignocellulosic residues with cattle manure, in batch mode and under mesophilic con-
ditions. The main factors that contributed to the ineffectiveness of the process were the
accumulation of volatile acids, a pH below 5, and an ammonia imbalance, which im-
paired the methanogenic reactions and biogas production. The authors also reported
synergistic effects on co-digestion, which varied according to the proportions of the co-
substrates. Mixtures that abruptly change the pH and produce inhibitory compounds, such
as ammonia and other inorganic salts, have been identified as having poor performance
factors [43,49,50]. The amount of substrate mixture influences the production of biogas
and methane. The ideal proportion of co-substrates is often determined by laboratory
experiments with discrete combinations or by modeling, where the inhibitory parameters
present in the co-substrates are evaluated [34,49,51,52].

Several factors, such as the substrate type, experimental conditions, operating param-
eters, and reactor structure, can influence the accuracy and reliability of the model [53].
Multiple models are beneficial for ensuring the authenticity of the fit data. With respect
to the prediction of performance when kinetic models are applied, it is important that the
rRMSE is less than 10%, because it describes the real error between the experimental and
predicted values, and that R2 is greater than 0.9, because it indicates the accuracy of the
algorithm in describing the variation in the data [54]. To study the effects of co-digestion
mixtures on biogas production, six kinetic models were initially evaluated and adjusted
to the data from the CT (Table 5). In the evaluation of the models, an R2 > 0.96 and a
maximum rRMSE of 11.2% were found for the CT. The proximity of the R2 values to one
provides further evidence of the correlation between the kinetic model and the observed
biogas production.

Four of the six models analyzed showed excellent performance, with rRMSEs lower
than 5%. The modified Gompertz equation, often used to describe the degradation of
simple organic substrates, is the most commonly used model for determining the kinetics
of methane production [55]. Although the modified Gompertz model had an rRMSE of
2.2%, it underestimated the maximum methane production, which, for the CT reactor con-
dition, was experimentally determined to be 73.13 mL gVS−1. Other studies also reported
underestimated values when the modified Gompertz equation was used [56,57]. Notably,
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although these classical models have been used to predict biogas and methane production
in numerous full-scale and laboratory tests [32,54,58], the suitability and precision of the
models vary considerably depending on the experimental conditions, operating parameters,
origin of the inoculum, and type of substrate used.

Table 5. Results of the six kinetic models fitted to the CT treatment data.

Model R2 (%) rRMSE (%)

First order 96.6 11.2

Logistic model 99.7 3.4

Cone 99.7 3.7

Modified Gompertz 99.9 2.2

FOMT 99.9 2.1

FOIT 99.2 5.6

R2—coefficient of determination; rRMSE—relative root mean square error.

Thus, to compare the kinetics of the different mixtures, the first-order modified model
with variable time dependence (FOMT), also known as the sigmoidal model, was used.
This model provided relatively low rRMSE values and high R2 values. The model presented
R2 values of 0.9994, 0.9991, 0.9993, and 0.9988, and rRMSE values of 1.6, 1.9, 1.7, and 2.1%,
respectively, for R5, R10, R20, and CT. These R2 values were all close to one, and the rRMSE
values were lower than 2.5%.

This FOMT model was also used by Howell et al. [58] to predict the anaerobic potential
biogas in biologically treated municipal solid waste, with relatively low values for the
rRMSE (2.74 to 2.92%) and a high R² (0.9958). Strömberg et al. [54] also used the FOMT
model, among other methods, to predict the BBP and the required degradation time of
various types of substrates, in which the final gas production could be predicted at an
earlier stage. The study was proposed to solve one of the possible disadvantages of BBP
tests, which is the long duration. Soares et al. [59] also used the “time-dependent” model to
study the kinetics of organic matter removal in constructed wetlands. The authors reported
a graph that reflects the “tailing-off” situation (concave curve).

The FOMT kinetic model was used to simulate biogas production during the anaerobic
co-digestion of Arundo donax L. biomass with DCW in varying proportions. Figure 1 shows
the cumulative biogas production over the experimental digestion time, comparing the
experimental data with the predictions from the FOMT kinetic model. The figure also
shows the values of the parameters k (reaction coefficient, in d−1), n (form coefficient,
dimensionless), and Ym (maximum biogas production, in mL gVS−1).

The Ym values predicted by the model are close to the experimental values. Figure 2
shows the variation in the predicted Ym values with an increasing plant biomass concentra-
tion. A model was fitted to describe the behavior, and the following equation was obtained:
y = −0.1369x2 + 1.0361x + 82.066.

Figure 3 shows the reaction coefficients k (d−1) for each reactor with the varying
proportions. A linear model with R2 = 0.8356 was fitted. The reaction coefficient decreased
with an increasing plant biomass concentration in the reactor because the increase in the
organic load hinders degradation.
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Figure 1. Cumulative biogas production for each treatment in each reactor, as fitted to the
FOMT model.
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3.1.5. Digestate

The use of anaerobic digestate as a nutrient source has been evaluated previously [42,60].
The final anaerobic digestate, if untreated, can cause serious environmental impacts due to
its high concentrations of nutrients, organic substances, and other toxic elements. Thus,
the secondary treatment of digestates is recommended to significantly reduce the environ-
mental problems, such as soil and groundwater pollution affecting aquatic life, leaching,
eutrophication, and increased greenhouse gas emissions. New routes have been proposed
for digestate recovery, such as the production of biofuels and other value-added bioprod-
ucts, constituting positive gains for the concept of a circular economy [17,60,61].

In view of the above, investigations of the liquid fractions of digestates have increased
recently, and one promising method is the cultivation of microalgae in this effluent, as
they are able to reduce the level of organic and inorganic substances in the digested
liquid [60,62–64]. Microalgae can live and grow under adverse environmental conditions,
including liquid digestate. Microalgae use the nitrates, ammonia, and phosphates still
present in the residue, significantly reducing the concentrations of organic pollutants and
nutrients in the environment in which they develop. In addition, they possess several
advantages, such as the conversion of organic carbon into cellular components and the
ability to produce biomass with high concentrations of lipids and carbohydrates [65].
The algal biomass produced is valuable as a raw material for biobased products, such as
bioplastics, bioinks, animal supplements, biofertilizers, and biofuels or bioenergy [19,66].

In this scenario, the digestates produced by anaerobic co-digestion in the first phase of
the experiment were used as a growth medium for the microalga Tetradesmus obliquus in
the photobioreactors. The concentrations of NH4

+-N, N-NO3
− and PO4-3 in the digestate

were conducive to efficient algal growth, as described above.
The values of COD and solids, as well as the concentrations of organic pollutants

and nutrients in the liquid digestate, were significantly reduced. The high turbidity of the
digestate may be the main obstacle if the liquid fraction is used for microalgal cultivation
because of the need for light penetration for algal growth [60,67,68]. This factor may
inhibit the growth of microalgae in complete medium. To advance the study of the process
mediated by microalgae, we diluted the digestate in water. Thus, faster growth was
achieved due to the greater clarity of the culture medium, facilitating light penetration.

3.2. Phase II: Photobioreactors–Secondary Treatment, Microalgal Culture in the Digestate

The digestates produced by anaerobic co-digestion have a very dark brown color
that can hinder the penetration of light and therefore the photosynthesis of microalgae in
the autotrophic phase. A 1:1 dilution was therefore required to significantly decrease the
turbidity and color to levels suitable for microalgal growth.

3.2.1. Dry Biomass and Volumetric Productivity

Figure 4 shows samples collected from the photobioreactors (PR) on days 1 and 26 for
measurement via a spectrophotometric. Differences in the color tone of the samples, which
is indicative of algal biomass growth, were observed.

Figure 5 shows a growth curve representing the production of dry biomass throughout
the cultivation period. The maximum concentration of dry biomass was 3.48 g L−1 for
PR5 after 23 days of cultivation, followed by PR10 and PR20 at 2.90 g L−1 after 19 days. In
the CT, the maximum concentration was reached after nine days of culture (2.48 g L−1).
After an initial growth period in the CT, the nutrients available in the culture medium were
exhausted, limiting the growth of the microalgae and leading to a decrease in biomass,
where the cell death rate exceeded the growth rate. Therefore, the average volumetric
production of biomass was 0.133, 0.111, 0.111, and 0.095 g L−1 day−1 for reactors PR5, PR10,
PR20, and CT, respectively.
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Figure 5. Dry biomass growth curve (g L−1) of Tetradesmus obliquus cultivated in digestate.

In PR5, the nutrient concentration was ideal for algal growth, and the higher growth
rate may indicate that these microalgae were in a longer and healthier exponential growth
phase, with the reduction occurring only after 26 days. The pH plays a crucial role in algal
growth; the higher concentration of plant biomass in PR10 and PR20 may cause an increase
in the pH, which negatively impacts photosynthesis efficiency and nutrient absorption, as
well as the potential osmotic stress on the cells.

Dry biomass values close to those recorded in the present study were also reported by
Mendonça et al. [18], who cultivated Tetradesmus obliquus microalgae in cattle wastewater
anaerobically digested in a hybrid reactor and reached a maximum dry biomass concentra-
tion of 3.7 g L−1. The authors indicated that higher biomass concentrations can be obtained
in batch modes than in continuous modes. Recent studies, such as those by Mendonça
et al. [21], Ferreira et al. [64,69], and Molinuevo-Salces et al. [70], also investigated dry
biomass using treated wastewater from livestock farms and other animal wastes as a culture
medium for Tetradesmus obliquus in photobioreactors.

3.2.2. Bioremediation: Removal of Organic Matter and Nutrients

Evaluating the possibility of effluent release into water bodies after the separation
and harvesting of the microalgae without any harmful consequences to the environment is
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essential. The supernatant was collected and characterized to evaluate the bioremediation
performance of the microalgae. The bioremediation of wastewater from the proposed
system was evaluated by measuring the nutrient content (N and P) and organic load (COD)
remaining in the final digestate of the microalgal growth tests. Table 6 shows the nutrient
removal efficiency (%). Although PR10 and PR20 exhibited higher removal rates of COD,
NH4, and PO4 compared to PR5, the growth of the microalgae was lower in these reactors
due to several factors. The elevated pH, resulting from the higher concentration of biomass,
negatively impacted photosynthesis and nutrient absorption, hindering the survival and
growth of the microalgae. Furthermore, even with efficient nutrient removal, the nutritional
balance may not have been ideal for growth, limiting the health and productivity of
the microalgae.

Table 6. Values of COD, NH4
+-N and PO4³−: inflow and outflow of the photobioreactors.

Treatments
COD (mg L−1) NH4

+-N (mg L−1) PO4−3 (mg L−1)

In Out Rem (%) In Out Rem (%) In Out Rem (%)

CT 3860 c
(1) 645 ab

(0.02) 83.3 565 b
(3.5) 28 a

(0.14) 95.0 19 a
(0.4) 4.6 b

(0.37) 75.8

PR5 4770 b
(1) 887 a

(80.6) 81.4 522 c
(3.5) 42 a

(14) 92.0 21 a
(0.5) 3.5 b

(0.01) 83.3

PR10 4992 b
(1) 564 ab

(80.6) 88.7 577 b
(3.5) 42 a

(14) 92.7 22 a
(0.01) 4.3 b

(0.25) 80.5

PR20 6588 a
(1) 403 b

(80.6) 93.8 600 a
(3.5) 28 a

(0.14) 95.3 23 a
(1.3) 13.4 a

(2.87) 41.7

In = input, anaerobic digestates diluted (1:1); Out = outlet, effluent treated by photobioreactors. Rem = removal.
Values in parentheses indicate standard deviation. Mean values followed by the same letters within each column
do not differ statistically from each other according to Tukey’s test at the 5% significance level.

The COD removal rates for the CT, PR5, PR10, and PR20 treatments were 83.3%, 81.4%,
88.7%, and 93.8%, respectively. These results are compared with the data from other studies
presented in Table 7. The use of wastewater contributes to the growth of microalgae, which
use the available nutrients for their development, simultaneously resulting in a reduction
in the COD load of the wastewater.

The NH4
+-N removal rates were close to 100%, indicating high consumption efficiency

in all the photobioreactors. Interestingly, the selected Tetradesmus obliquus strain supported
NH4

+-N concentrations between 522 and 600 mg L−1 (Table 6) in batch cultivation, with a
dilution of 1:1, demonstrating successful growth and effective nutrient removal. Mendonça
et al. [18] cultivated Tetradesmus obliquus in batch and continuous operation systems with
anaerobically digested cattle wastewater. On the 12th day, the NH4

+-N removal rates were
98 to 99%, and after 14 days, the removal rate reached 100%. In addition, in almost all
the studies presented in Table 7, almost complete removal of NH4

+-N was observed. The
temperature and pH are the parameters that most influence ammonia removal rates [71].
The average initial pH value of the microalgal cultures in the reactors was 9.60, whereas the
average final value was 10.05. The pH can reach values higher than 9.0, providing favorable
conditions for the volatilization of ammoniacal nitrogen [72]. These findings corroborate
the effective elimination of ammoniacal nitrogen, with removal rates close to 100%.

Ferreira et al. [69] evaluated the biostimulant and biopesticide potential of microalgae
grown in different dilutions of swine wastewater. Treatment with the microalga Tetradesmus
obliquus in diluted wastewater (1:20) efficiently removed nutrients, resulting in reductions
in COD of 73%, NH4

+-N of 87.5%, and PO4
3− of 98%. The authors also reported difficulties

in the growth of algal consortia when undiluted effluent was used. A 1:20 dilution was used
to reduce the ammonia concentration and color to levels suitable for microalgal growth.
With respect to PO4

−3, removal rates of 83.3 and 75.8% were found for co-digestion and
the control, respectively. These results were compared with the data from other studies
presented in Table 7. These results indicate that Tetradesmus obliquus efficiently uses the
nutrients of the digestate of anaerobic co-digestion, maintaining its growth. Studies have
shown that combined nitrogen and phosphorus stress can increase biomass and lipid
productivity [73–75].
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Therefore, the ideal conditions for co-digestion, including the appropriate selection of
substrates, temperatures favorable to anaerobic microbial activity, promotion of effective
synergy, and suitable pH levels, are fundamental for the growth of microalgae and the
removal of pollutants. Co-digestion under optimal conditions allows microalgae to remove
excess nutrients, such as nitrogen and phosphorus, from the digestate, contributing to the
reduction of eutrophication in water bodies. Furthermore, the combination of anaerobic
digestion with algal growth helps reduce the organic load, as the algae utilize the organic
compounds in the digestate as a carbon source.

Table 7. Bioremediation of agro-industrial wastewaters in photobioreactors.

Substrate Strain Operation Mode COD (%) NH4
+ (%) PO4−3 (%) Reference

Treated aerobic dairy
farm wastewater Mix a Batch 98.8 100 98.8 Hena et al. [76]

DCW anaerobically
digested by hybrid

reactor and sedimented

Tetradesmus obliquus Batch 65–70 98–99 69–77.5 Mendonça et al. [18]

Cont. 57–61 94–96 65–70

DCW diluted with sterile
distilled water Coelastrum sp. Semi-batch 42 >80 100 Mousavi et al. [77]

Digestate of
agro-industrial wastes
diluted with water at

10% (v/v)

Parachlorella kessleri Batch 39.1–59.4 >98 59–88.4 Koutra et al. [78]

Acutodesmus obliquus

Chlorella vulgaris

Tetraselmis tetrathele

Dairy wastewater
diluted (70%) Mix b Batch 61 NR 84 Chandra et al. [79]

Piggery wastewater
diluted (1:20)

Synechocystis sp. NR 61.6 92.4 90.1 Ferreira et al. [69]

Tetradesmus obliquus 73.1 87.5 98.1

Chlorella protothecoides 68.4 92.0 98.5

Chlorella vulgaris 79.2 79.4 98.6

Piggery wastewater
pre-treated with

photo-Fenton
Tetradesmus obliquus Batch 48.6 37.3 100 Ferreira et al. [64]

DCW was pre-treated in
an activated sludge

Tetradesmus obliquus Batch 74 100 100 Mendonça et al. [21]

Cont. 78 94 74

Chlorella vulgaris Batch 50 100 100

Cont. 60 92 61

Digestate diluted (1:1)
originating from the

anaerobic co-digestion of
the plant biomass Arundo

donax L. and DCW

Tetradesmus obliquus Batch–PR5 81.4 92.0 83.3 Present work

PR10 88.7 92.7 80.5

PR20 93.8 95.3 41.7

CT 83.3 95.0 75.8

NR—not reported. Mix a—Chlorella saccharophila, Chlamydomonas pseudococcum, Scenedesmus sp. and Neochloris
oleoabundans. Mix b—Chlorella minutissima, Nostoc muscorum, Spirulina sp.

3.3. Macromolecular Composition

Initially, freeze-dried digestate samples were characterized to evaluate the availability
and suitability of organic nutrients, with the objective of using these digestates as culture
medium in the photobioreactors (Figure 6). The chemical compositions of the pretreated
anaerobic digestates quantified as the protein, carbohydrate, lipid, and ash contents in the
total dry mass were 55.2, 21.1, 4.0, and 17.5%, respectively, for the CT; 47.9, 23.3, 2.9, and
14.1%, respectively, for PR5; 46.6, 24.4, 3.1, and 14.2%, respectively, for PR10; and 45.7, 26.8,
4.7, and 14.7%, respectively, for PR20. The PR20 treatment had the highest carbohydrate
content, which can be attributed to the greater contribution of the plant biomass. In
contrast, the CT presented the highest protein content because of the mono-digestion with
cattle manure.
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Figure 6. Samples were centrifuged and then freeze-dried. (A) Anaerobic digestate biomass, sample
treated by co-digestion. (B) Microalgae biomass, sample treated by photobioreactors. The supernatant
was characterized to evaluate the bioremediation performance of the microalgae.

In the biomass collected via the centrifugation of the anaerobic digestates, the protein
content was higher, as was expected, due to the high availability of N, especially in the
form of ammonium. The macromolecular composition of the microalgal biomass treated
with the photobioreactors (Figure 6B) is available in Table 8. The carbohydrate (29.7 to
34.7%) and lipid (33.4 to 42.7%) contents were greater than the protein (7.0 to 11.6%)
content. Carbohydrate synthesis increased due to the decrease in the nitrogen levels at
the end of the process, leading cells to synthesize energy that accumulated in the form of
intracellular lipids.

Table 8. Macromolecular composition and productivity.

Treatments
Carbohydrates (%) Lipids (%) Proteins (%)

Ash (%)
AB (%) Prod. g L−1 AB (%) Prod. g L−1 AB (%) Prod. g L−1

CT 29.7 (1.31) 0.73 33.4 (1.3) 0.82 11.6 (0.43) 0.28 9.4 (0.27)

PR5 34.7 (0.54) 1.20 42.7 (2.4) 1.48 7.9 (0.62) 0.27 8.0 (0.19)

PR10 33.6 (1.44) 0.97 40.3 (1.6) 1.16 7.1 (0.13) 0.20 8.1 (0.14)

PR20 32.6 (1.88) 0.94 36.5 (0.4) 1.05 7.0 (0.18) 0.20 8.9 (0.38)

AB—algal biomass, sample treated in photobioreactors; Prod.—productivity. Values in parentheses indicate
standard deviation.

The highest lipid contents were found in the microalgal biomass, reaching close to
42.7% for the co-digestion digestates, whereas the percentage of lipids in the CT reactor was
33.4% (Table 8). The microalgae may have been stressed by a lack of nitrogen and the scale
of the dilution, triggering the accumulation of lipids. The dilution may have influenced the
results, since the low biomass concentration facilitates the capture of light by the microalgal
cells, triggering lipid storage and the removal of nutrients from the medium [80,81]. The
values obtained are suitable for the recovery of biofuels from microalgal biomass cultivated
in wastewater [61,82]. These results highlight the importance of the proposed co-digestion
process, both to increase biogas production and to produce biodiesel from microalgal
biomass [83].

The lipid composition of the biomass can vary between 2% and 40%, depending on
the microalgal species [84]. Sohail et al. [85] evaluated the performance of effluents with
high nutrient contents using Tetradesmus obliquus and reported a lipid content of 28.4% in
the anaerobic digestate. The rapid growth of the species Tetradesmus obliquus is understood
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in terms of its potential for wastewater treatment [86]. Gupta et al. [87] reported that
the lipid content of Tetradesmus obliquus increased from 15.8% to 28.3% after exposure to
nutrient-deprivation conditions, highlighting its potential for comprehensive wastewater
treatment and biomass production for biofuels.

After secondary treatment, livestock wastewater can be used for the production of
biodiesel from microalgae [26]. Trivedi et al. [88] reported an increase in lipid production in
Tetradesmus obliquus through nitrogen deprivation, with a lipid content of 45%, indicating
that the species is ideal for biofuel production. Our study demonstrates the benefits
of anaerobic co-digestion, highlighting the energy potential of biogas and wastewater
treatment. In addition, the results are consistent with these findings and highlight the
ability of the species to grow in the digestate of anaerobic co-digestion and to produce
by-products such as biodiesel.

The low protein contribution of the microalgal biomass (from 7.0 to 7.9%) suggests
an adequate feedstock for the production of bio-oil through hydrothermal liquefaction.
Biomass with low protein content is expected to produce bio-oil with low nitrogen levels,
which, in turn, may result in a drop-in biofuel with lower NOx emissions. This implies
fewer unit modernization operations, which is beneficial.

The potential of bioproducts generated from microalgae can be evidenced by carrying
out different bioassays to analyze their applications in the production of biofuels, such
as biodiesel from lipids [89,90]. In this context, the use of biomass in co-digestion with
residues or agro-industrial wastewater via anaerobic digestion, combined with the use of
microalgae to remediate wastewater for biofuel production, represents a more sustainable
and ecologically beneficial option [91,92].

4. Conclusions

Anaerobic co-digestion is a promising strategy for effective waste management and
resource recovery, offering synergistic effects that increase the yield of biogas from the
substrate and achieve efficient waste reduction. Compared with those of the CT, the removal
of solids and the COD content and the biogas yield were greater when a mixture of DCW
and Arundo donax L. plant biomass was used. The final digestate of the anaerobic process
has the potential to be used as a culture medium for microalgae, favoring bioremediation,
with removal values of up to 94% COD, 83% PO4

3− and almost 100% for NH4
+-N. The

algal biomass contained 42.7% lipids and 34.7% carbohydrates, which are relevant levels
for the production of bioproducts.

From this perspective, our study provides insights into how microalgae can connect
the anaerobic treatment of agricultural effluents, particularly within the context of co-
digestion. Our work demonstrated that microalgae such as Tetradesmus obliquus have the
ability to treat anaerobic digestates by capturing nutrients while simultaneously promoting
the production of algal biomass for biodiesel or bio-oil, depending on the conversion
pathway adopted.

In conclusion, our results position the use of microalgae as a promising resource in the
post-treatment of digestates derived from the anaerobic co-digestion process. This study
highlights the importance of exploring innovative bio-based solutions and advancing the
circular bioeconomic practices of microalgal cultivation in anaerobic co-digestion with
the recycling of animal and plant waste for bioenergy use to develop a scalable and
sustainable model.

Considering that this study was carried out in laboratory batch mode, in large-scale
applications, dilution is a challenge to be overcome due to the increased water footprint of
the process. For future studies, it is recommended to evaluate the circular bioeconomy of
microalgae cultivation through anaerobic co-digestion with the recycling of animal and
plant waste for bioenergy utilization in order to develop a scalable and sustainable model.
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