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Abstract: The increased production of biogas through the anaerobic digestion (AD) process has raised
several concerns regarding the management of liquid digestate, which can present some environmen-
tal risks if not properly handled. Among the different techniques to treat AD digestate, microalgae
and cyanobacteria cultivation has emerged as a sustainable approach to valorizing digestate while
producing valuable biomass for production of biofuels and high value bioproducts. However, the
intrinsic parameters of the liquid digestate can strongly limit the microalgae or cyanobacteria growth
as well as limit the uptake of residual nutrients. In this study, the detoxification potential of activated
carbon (AC) was evaluated on agro-industrial liquid digestate prior to Spirulina platensis cultivation.
Different doses of AC, ranging from 5 to 100 g/L, were tested during adsorption experiments in order
to determine the adsorption capacity as well as the removal efficiency of several compounds. Experi-
mental results showed the high reactivity of AC, especially towards phosphate (PO4-P), total phenol
(TP) and chemical oxygen demand (COD). At a dosage of 50 g/L, the AC pretreatment successfully
achieved 54.7%, 84.7% and 50.0% COD, TP and PO4-P removal, corresponding to adsorption capacity
of 94.7 mgDCO/g, 17.9 mgTP/g and 8.7 mgPO4-P/g, respectively. Even if the AC pretreatment did
not show significant effects on Spirulina platensis growth during toxicity assays, the AC adsorption
step strongly participated in the digestate detoxification by removing hardly biodegradable molecules
such as phenolic compounds.

Keywords: cyanobacteria; Spirulina platensis; activated carbon; detoxification; anaerobic digestate;
nutrients; circular economy

1. Introduction

Anaerobic digestion (AD) is the biological process where organic matter is converted
into biogas, mainly composed of methane and carbon dioxide. This biological process is
based on the breakdown of organic materials by microorganisms in the absence of oxygen,
under regulated conditions [1]. According to the European Biogas Association (EBA),
the overall EU methane production may increase by at least fivefold by 2050 [2]. Along
with the biogas, the AD process generates a co-product, referred as digestate, which is
usually found as a brown-dark liquid/solid slurry in the case of agricultural digestate.
Today, AD digestate is mainly used as biofertilizer for soils in agriculture, as it is a source
of a large quantity of nutrients, such as nitrogen (800–1600 mg N/L) [3] and phosphorus
(200 mg PO4

3–/L) [4]. Digestate is a simple product to handle and apply, and it may be
used successfully as a mineral fertilizer alternative. The organic portion of digestate, on the
other hand, can contribute to soil organic matter turnover, altering biological, chemical and
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physical soil characteristics as a soil amendment [5]. With the predicted growth tendency
of the AD sector, the production of liquid digestate is expected to strongly increase, and
other treatment techniques must be developed to valorize this AD by-product.

Traditional processing of digestate requires large amounts of energy and poses en-
vironmental dangers such as eutrophication [6]. Aquatic microalgae and cyanobacteria
may provide an innovative, interesting and alternative digestate treatment method [7].
These photosynthetic microorganisms are used for their ability to remove heavy metals as
well as some toxic organic compounds while producing compounds of interest [8]. The
utilization of chemically based nutrients for microalgae growth can account for up to half
of the cost of the culture [9]. The combination of on-site liquid digestate treatment with
microalgal production has the potential to significantly reduce the costs associated with
the preparation of culture media [6]. In photoautotrophic conditions, CO2 or bicarbonate
ions can be used as inorganic carbon sources for microalgal growth [10]. Thus, coupling
the AD process with microalgae or cyanobacteria cultivation could contribute to nutrient
bioremediation from liquid digestate as well as CO2 capture from biogas [11].

Among a large number of microalgae and cyanobacteria species, several studies have
demonstrated the opportunity of cultivating Spirulina using AD digestates as sustainable
and low-cost source of nutrients [12–16]. The relatively large size and filamentous structure
of Spirulina facilitate its harvesting [17], which can considerably reduce the overall biomass
production costs [18]. In addition, Spirulina contains a large variety of compounds of
interests such as proteins, carbohydrates vitamins, minerals and pigments for applications
in the food industry [19], cosmetics [20] and the fuel sector [21].

However, several limiting factors such as high concentrations of ammonia and chemi-
cal oxygen demand (COD), risk of bacterial contamination and strong turbidity limit the
direct utilization of raw AD digestate for algae or cyanobacteria cultivation [22]. Due to
its slightly alkaline pH, which favors the free-ammonia form of nitrogen (potentially toxic
for microalgae and cyanobacteria development), digestate presents one difficulty for the
culture of such microorganisms [23]. Pretreatments such as filtration [24], volatilization [25],
absorption [26], autoclaving [27] and dilution [28] have been investigated to reduce the
overall toxicity of the AD digestate [6]. Nevertheless, dilution was utilized in the majority
of the investigations to diminish the inhibitory effect produced by total ammonia nitrogen,
free ammonia nitrogen and turbidity [29].

Furthermore, the diluting procedure uses a significant amount of freshwater, hav-
ing several negative environmental impacts. Another innovative technique for digestate
pretreatment would be the use of different adsorbents such as zeolite [30], clay [31] and
biochar [32] preceding a biological treatment such as algal or cyanobacteria cultivation.
Activated carbon (AC) can adsorb heavy metals [33] and inorganic impurities [34] along
with residual organic matter. As an all-purpose sorbent, AC has been mostly employed as
a detoxification agent in the literature [35].

In this context, this study aims at using AC as an alternative and sustainable pre-
treatment of AD liquid digestate prior to Spirulina platensis cultivation. This pre-treatment
could contribute to the turbidity reduction along with the detoxification of the digestate,
especially for recalcitrant molecules such as phenols, which are not easily degraded by
conventional biological process. In the first part of the study, a series of detoxification tests
was performed to evaluate the optimal dose of AC (from 5 to 500 g/L) for removing several
pollutants such as phenols and COD. Then, cyanobacterium cultivation assays were carried
out to compare the growth properties of Spirulina platensis in the raw digestate as well as
the pre-treated digestate, diluted at three different dilution rates.

2. Materials and Methods
2.1. Anaerobic Digestate

The digestate used in this study was collected at the “XL-Methalandes” territorial
biogas plant located in Hagetmau (Nouvelle-Aquitaine, France). The industrial plant is
composed of two digesters of 7500 m3 operating under mesophilic conditions and generat-
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ing an average methane production of 562 Nm3/h. The feedstock is mainly composed of
agricultural residues, animal manure and food wastes. The digestate was directly sampled
from the digester tank and subsequently filtered at 50 µm to remove large particles. After
filtration, it was stored at −20 ◦C before testing the different adsorbents. The principal
characteristics of the liquid digestate are summarized in Table 1 (cf. Section 2.4.3 for the
analytical methods).

Table 1. Composition of liquid AD digestate after filtration.

Parameters Values

pH 8.5 ± 0.0
Conductivity (mS/cm) 22.97 ± 0.6

COD (mg/L) 8650 ± 265
NH4-N (mg/L) 4405 ± 79
PO4-P (mg/L) 869 ± 5

Total phenol (mg/L) 1054 ± 43

2.2. Adsorbent Treatment

The activated carbon CYCLECARB® 401 was provided by the company Chemviron
(A Kuraray Company, Calgon Carbon Corporation), who carried out the thermal activation
of the material at temperatures higher than 800 ◦C. In this study, the digestate pretreatment
experiments were performed by mixing 20 mL of digestate at different concentrations of
adsorbent: 5, 10, 25, 50 and 100 g/L. The mixture was kept stirred at 250 rpm at room
temperature for 2 h. At the end of the experiment, the biphasic system was centrifuged
at 10,000 rpm for 5 min, and the supernatant was filtered on a 1.6 µm filter before being
analyzed (cf. Section 2.4: Analytical Procedures).

2.3. Cyanobacterium Cultivation Assays

The Paracas strain of Spirulina platensis (S. platensis) was purchased from the company
Teramer (France). After reception, the strain was cultivated and maintained for several
days in a bubble column photobioreactor located in a greenhouse and supplied with BG11
media (diluted twice with demineralized water) together with 8 g/L of NaHCO3. After
45 days of cultivation, the S. platensis culture reached an optical density (at 680 nm) of 1.6,
before being used as inoculum.

The cyanobacteria cultivation assays were performed in 250 mL tubes using a working
volume of 200 mL. The inoculum volume was fixed to 20% of the total working volume. The
treated and raw digestates were diluted with demineralized water and the algal inoculum
to reach appropriate dilution factors of 20×, 40× and 60×. To evaluate if any nutrients were
transferred from the inoculum to the culture media, a negative control was incubated in
the same conditions with only demineralized water. A positive control using BG11 culture
media was investigated in the same conditions. Artificial light was used to illuminate
the tubes at an average intensity of 60 µmol/m2/s using light/dark cycles of 16/8 h. The
cultures were kept under agitation by continuously injecting air at a flowrate of 0.5–1 L/min.

2.4. Analytical Procedures
2.4.1. Microalgal Growth

During the cultivation assays, S. platensis growth was continuously monitored by
measuring the optical density at 680 nm with a UV-visible spectrophotometer (Jenway, UK).
The specific growth rate (µ, d−1) was determined using the following equation:

µ = ln (ODf/ODi)/(tf − ti) (1)

where ODf and ODi were measured at the end (tf) and at the beginning of the exponential
phase (ti), respectively.
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The algal dry weight was measured by vacuum filtration of a specific volume of algal
culture sample using a pre-weighed glass microfiber filter with a retention size of 0.7 µm
(MF300, Fisherbrand, Toronto, ON, Canada). After drying the filter 24 h at 105 ◦C, the
dry weight was finally calculated by weight difference. A calibration curve was prepared
by measuring the optical density (OD) at 680 nm as well as the dry weight (DW, g/L) of
solutions with different quantities of S. platensis. The linear regression showed a coefficient
of determination (R2) of 0.9910 with the following equation:

DW = 0.6052 × OD + 0.0003 (2)

The biomass concentration, expressed in g/L, was determined by selecting the final
optical density obtained after 10 days of cultivation and converting it into dry weight
with Equation (2). The biomass productivity, expressed in mg/L/d, was calculated from
the difference between the initial biomass concentration (after inoculation) and the final
biomass concentration, divided by the cultivation duration.

2.4.2. Adsorbent Characterization

The AC adsorbent was characterized using different techniques, including elemental
analysis by X-ray fluorescence; N2, CH4 and CO2 adsorption by volumetric analysis and
pH measurement in aqueous suspension (Table 2).

Table 2. Characteristic of the commercial AC adsorbent used in this study.

Parameters Values

Physical properties
pH 10.77 ± 0.03
Particle size (µm) <300
N2—specific surface (m2/g) 894.6 ± 2.0
N2—total pore volume (cm3/g)

CO2—specific surface (m2/g)
CO2—micropore volume (cm3/g)

0.358
495.5 ± 8.5

0.081
Chemical properties (wt. %)

C 94.490
O 2.587
Mg 0.086
Al 0.882
Si 0.693
P 0.018
S 0.415
Cl 0.046
K 0.052
Ca 0.198
Fe 0.262
Zn 0.002
Sr 0.007
Na 0.197

A wavelength dispersion X-ray fluorescence (WDXRF) spectrometer (Zetium, Pana-
lytical, Almelo, The Netherlands) was used to perform the XRF measurements on pellets
made of 0.1 g of the sample and 0.2 g of binder boric acid (H3BO3).

Surface area and porosity measurements were carried out using Micromeritics ASAP2420
equipment (Norcross, GA, USA). Around 100–200 mg of sample was degassed under sec-
ondary vacuum at 300 ◦C for 12 h. After that, samples were placed at 100 ◦C for 2 h directly
on the analysis port to remove surface water and eventual residual volatile organic species
before being analyzed. Analysis was carried out on CO2 adsorption at 0 ◦C (with temperature
control being achieved with an ice-water bath) and N2 at −196 ◦C (in a liquid nitrogen bath).
The apparent specific surface area was calculated by applying the Brunauer, Emmett and
Teller (BET) equation. Adsorption tests were carried out up to a relative pressure (P/P◦) of
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0.03 for CO2 to examine the ultramicro- and micro-pore region, and up to 1 (P/P◦) for nitro-
gen, to explore the micro- and meso-pore region. The pore size distribution was determined
using the density functional theory (DFT) method.

The pH of the activated carbon was measured by suspending 1 g of sample into
10 mL of deionized water. After 1 h of stirring, the agitation was stopped and the solid
phase decanted. The pH of the limpid solution was measured using a calomel electrode–
glass electrode system.

2.4.3. Digestate Composition

After applying the treatment, the digestate was analyzed to evaluate the adsorption
capacity of the AC at various concentrations. pH and conductivity were measured using
a pHmeter and a conductivity meter, both from the brand WTW. The color of the solution
was quantified by measuring the OD at 450 nm using a microplate reader (Hepoch, BioTek
Instruments, USA). Conventional reagent kits from Spectroquant were used to determine
the COD (APHA 522 D), phosphate (APHA 4500-P C) and ammonium (APHA 4500-NH3 F)
concentrations following standard protocols (APHA, 1995 [36]). Total phenols concentration
was evaluated with a slightly modified Folin–Ciocâlteu method, as described previously [37].

2.4.4. Adsorption Performance

The removal efficiency (R) as well as the adsorption capacity (Q) of the AC were
calculated based on the following equations:

R (%)= (Ci − Cf)/Ci × 100 (3)

where Ci and Cf are the initial and final concentration of pollutants quantified in the
solution, respectively.

Q (mg/g) = (Ci − Cf) × V/M (4)

where V and M are the volume of digestate and the weight of adsorbent used during the
detoxification experiment.

2.5. Statistical Analysis

All the detoxification tests as well as the cultivation assays were performed in triplicate,
and results were expressed as mean value with the associated standard deviation. A one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc analysis was conducted
to detect statistical differences between the different experimental groups, using a 95% level
of confidence. The statistical analysis was performed using the OriginPro 2022 software,
version 9.9.0.220.

3. Results and Discussion
3.1. Adsorption Tests with Activated Carbon

Liquid digestate generated from AD processes is a complex by-product with the pres-
ence of various recalcitrant compounds, which often inhibit the cyanobacteria proliferation.
Therefore, adsorption pre-treatment could be used to reduce the overall digestate toxicity
in order to promote cyanobacteria growth and nutrient uptake. However, the selection of
appropriate adsorption conditions should be deeply studied to achieve high detoxification
responses together with relatively low operating costs.

The different concentrations of AC presented various responses to the overall digestate
detoxification performance (Figure 1). In general, the adsorption capacity was relatively
high at low adsorbent dosage and decreased while increasing the adsorbent concentration
for COD, phosphate and phenol parameters. The opposite behavior was observed in the
case of removal efficiency for the same parameters. For instance, COD removal varied from
23.6 to 64.2% while increasing the adsorbent concentration from 5 to 100 g/L (Figure 1A).
However, the statistical analysis indicated that increasing the adsorbent concentration
from 50 to 100 g/L did not present any significant effect on the COD removal efficiency
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(p-value > 0.05). The highest phosphate removal of 54.5% and adsorption capacity of
29.6 mg/g were achieved with the use of 100 and 5 g/L of AC, respectively (Figure 1B). As
observed for the COD, the phosphate adsorption capacity decreased with the quantity of
AC used during the detoxification tests. In addition, the AC was highly reactive with the
phenolic compounds present in the digestate. Even at the lowest adsorbent concentration
of 5 g/L, 39.6% of the initial phenol concentration was removed after 2 h of reaction,
corresponding to an adsorption capacity of 83.5 mg/g (Figure 1C). The phenol removal
efficiency was then increased with higher concentration of AC. At 50 g/L of AC, up to
84.7% phenol uptake from the digestate was achieved, which was found to be at the same
significance level as the treatment performed at 100 g/L (87.8% of phenols removed).
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On the other hand, small variations of pH were observed during the AC treatment
(Table S1). Starting from 8.50, the pH of digestate was slightly higher when increasing the
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AC dose, with the highest value of 8.67 observed with 100 g/L of AC. Furthermore, the AC
did not react with the ammonium present in the AD digestate, with an average removal
efficiency of 2.7% and no statistical differences among the different concentrations of AC
(Table S2). Finally, the different AC treatments were efficient in removing the color of the
liquid digestate from 5.3 to 48.9% of the initial color (Table 3). The maximum OD removal
of 48.9% was obtained after 2 h of treatment using 50 g/L of AC. This condition was found
to be statistically higher than all the other AC concentrations (p < 0.05) and equally effective
as compared to 100 g/L of AC (p > 0.05).

Table 3. Optical density (OD) variation and reduction efficiency quantified during the digestate
pretreatment using various doses of AC. For the OD reduction, different letters indicate statistical
differences among different AC concentrations (p < 0.05).

AC Concentration (g/L) OD 450 nm OD Reduction (%)

0 3.5 ± 0.0 -
5 3.3 ± 0.1 5.3 ± 2.7 c

10 3.2 ± 0.1 10.2 ± 2.1 c

25 2.3 ± 0.2 35.3 ± 6.6 b

50 1.8 ± 0.1 48.9 ± 4.0 a

100 2.0 ± 0.2 44.4 ± 5.2 ab

Several studies reported the use of AC treatment to detoxify waste streams polluted
with hazardous compounds such as micropollutants [38], phenol [39] and phosphorus [40].
Removing phenolic compounds is a critical detoxification step since such organic molecules
can negatively affect microalgae and cyanobacteria metabolism when exposed to a certain
concentration. Parsy et al. [41] recently reported the effect of various phenol concentrations
on six microalgae strains (Chlorella sp., Dunaliella sp., Nannochloropsis sp., Tetraselmis sp.,
Picochlorum sp. and Coccomyxa sp.) and one cyanobacterium (Synechococcus sp.) when
performing microplate toxicity assays. For most of the investigated strains, the half maximal
effective concentration (EC50) ranged from 58.1 to 500 mg/L of phenol, except for D. salina
and C. simplex, which had higher resistance. Similarly to our study, Lütke et al. [39]
obtained a slightly lower adsorption capacity of 73.95 mg/g when treating a solution
with 500 mg/L of phenol. The adsorption was performed at 25 ◦C and 150 rpm for a
contact time of 24 h using 1 g/L of AC produced from black wattle bark residues. Authors
highlighted the possibility of reusing the adsorbent after performing a desorption step at
300 ◦C for 2 h [39]. As suggested by Mattson et al., the phenol adsorption mechanisms
on AC are due to the formation of a donor/acceptor complex between the phenols and
the carbonyl-based functional groups, where the latter represent an electron-donating
group and the phenols represent an electron acceptor [42]. In another study, Marazzi
et al. [25] tested different doses of a commercial AC (1 to 40 g/L) to remove the high
turbidity of the liquid fraction of digestate. By measuring the optical density at 680 nm,
results indicated that an AC dosage of 40 g/L combined with 10 min of reaction generated
an OD diminution of 88%. Besides the experimental conditions, such as the pH, the
temperature and the coexisting ions in the solution, the phosphate adsorption by carbon
materials is generally driven by the surface chemistry of the sorbent, the porosity of the
carbon matrix, the presence of specific functional groups, the high surface area and the
presence of modification elements. Modifying the commercial AC was demonstrated to
largely improve the phosphate adsorption capacity. The AC used in this study contained
0.26 wt. % of iron, which probably contributed to the phosphate ion adsorption due to the
creation of efficient adsorption sites [43].

After evaluating the experimental results of the AC detoxification tests, it was con-
cluded that a dosage of 50 g/L was sufficient to achieve an overall pretreatment of the AD
digestate prior to the cyanobacteria cultivation step, as compared to lower AC concentra-
tions. In addition, increasing the dosage to 100 g/L did not show significant effects on all
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the investigated responses, and its utilization would considerably affect the operating costs
of the pretreatment step.

3.2. S. platensis Cultivation and Growth Properties

The large diversity of macro- and micronutrients present in the AD digestate can
be favorable to cyanobacteria metabolism. Even if the AC pretreatment considerably
reduced several parameters, including COD, turbidity and phenol content, the ammonium
concentration of the raw (4405 mg/L) and pretreated digestate (4220 mg/L) were still above
the threshold concentration supported by Spirulina cyanobacteria (100–150 mg/L) [44–46].
In this context, a series of cyanobacteria toxicity assays were performed using both raw and
pretreated digestate diluted at three different dilution rates: 20×, 40× and 60× (Table 4).
The undiluted digestates, treated or not with AC, were not tested in this experiment since
preliminary cultivation assays showed they were too toxic to S. platensis culture (data not
shown). Thus, the aim of the experiment was to compare the growth performance between
the two types of digestate diluted at different dilution rates as well as two control groups.
The OD at 680 nmwas continuously measured over 10 days in order to evaluate the growth
profiles of all the conditions.

Table 4. Physical–chemical properties of the raw digestate (RD) and the treated digestate (TD) as
well as the different diluted media used for the cultivation assays (values estimated based on RD and
TD analysis).

Raw Digestate Treated Digestate with 50 g/L of AC

Parameters RD RD20 RD40 RD60 TD TD20 TD40 TD60
COD (mg/L) 8650 433 216 144 3917 196 98 65

PO4-P (mg/L) 869 43 22 14 434 22 11 7
NH4-N (mg/L) 4405 221 110 74 4220 211 106 71

Total phenols (mg/L) 1054 53 26 18 161 8 4 3

Similar growth tendency of S. platensis was observed in both the raw digestate
(RD) and the treated digestate (TD) conditions tested at three different dilution factors
(Figure 2A,B). Higher growth responses were generated when increasing the dilution factor
of the cultivation media for both the raw and pretreated digestate. Similarly, the lag phase
of S. platensis was affected by the dilution factor of the raw and pretreated digestate, with a
longer lag phase observed the more the digestate was concentrated. For example, the lag
phase of the untreated digestate diluted 20 and 40 times lasted 4 and 2 days, respectively.
However, the extended lag phase could be potentially reduced by acclimating the inoculum
to the anaerobic digestate, as proposed by Japar et al., who improved growth performance
of different microalgal species with a specific acclimatization to anaerobic digested palm oil
mill effluent [47]. The positive control achieved the strongest cyanobacteria proliferation
with no lag phase, followed by the highest optical density of 2.4 achieved after 10 days of
cultivation (Figure 1A). On the other hand, S. platensis cells were not able to grow in the
negative control, with only a small variation of the optical density at the beginning of the
experiment (Figure 1A).

As observed previously, the growth rate of the BG11 media was significantly higher
than all the other conditions, with a value of 0.22 d−1 (p < 0.05). The statistical analysis
indicated that there were no statistical differences between the pre-treated and the raw
digestate for all the dilution factors investigated (Figure 3). Since the pretreatment did not
show any major effects in the growth responses, the procedure was stopped after 10 days
of cultivation, even though several cultures were still in the exponential phase. The very
limited growth observed in the case of the negative control (0.09 d−1) indicated that the
cyanobacteria inoculum, introduced at the beginning of the experiment, did not provide
any nutrients to the S. platensis growth. Consequently, the cyanobacteria development
observed in the other conditions performed with AD digestate was directly linked with the
utilization of nutrients such as nitrogen and phosphorus.
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Figure 3. Spirulina platensis specific growth rates calculated for all the investigated conditions,
including the control groups and the raw (RD) and treated digestate (TD) diluted at three dilution
factors (20×, 40× and 60×). For all the culture conditions, different letters above bars indicate
statistical differences (p < 0.05).

As observed previously, diluting the raw and the treated digestate presented positive
effects on S. platensis growth, more specifically on the biomass production response (Table 5).
The highest biomass concentration and productivity were obtained at a dilution factor of 40,
with no statistical differences between the raw and the treated digestate. For instance, biomass
productivity of 63 and 68 mg/L/d were generated for the raw digestate and the digestate
treated with 50 g/L of AC, both diluted 40 times. In addition, employing a higher dilution
rate of 60× did not show any significant positive responses to the biomass concentration or
productivity parameters (p > 0.05). Finally, the positive and negative controls achieved the
highest and lowest growth responses, with 115 and 17 mg/L/d, respectively.
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Table 5. Biomass concentration and productivity obtained after Spirulina platensis cultivation assays
performed in 250 mL tubes with the raw digestate (RD) as well as the treated digestate (TD) diluted
at three dilution factors (20×, 40× and 60×). Cultures carried out in BG11 and demineralized water
represent the positive and negative controls, respectively. For each parameter, different letters indicate
statistical differences among the groups (p < 0.05).

Controls Raw Digestate Treated Digestate with 50 g/L of AC

Parameters BG11 Water RD20 RD40 RD60 TD20 TD40 TD60

Biomass concentration *
(g/L) 1.36 ± 0.13 a 0.38 ± 0.02 e 0.62 ± 0.02 d 0.86 ± 0.07 bc 0.93 ± 0.04 b 0.66 ± 0.15 cd 0.92 ± 0.02 b 0.91 ± 0.03 b

Biomass productivity
(mg/L/d) 115 ± 9 a 17 ± 0 d 36 ± 1 cd 63 ± 8 b 71 ± 4 b 40 ± 1c 68 ± 0 b 66 ± 1 b

* Measured after 10 days of cultivation.

In the present study, S. platensis was able to proliferate using an initial ammonium-
nitrogen (NH4

+-N) concentration between 221 and 71 mg/L depending on the dilution
factor and the pretreatment condition. In general, higher dilution of the raw and the pre-
treated digestate generated higher growth. Similarly, Jiang et al. reported higher Spirulina
subsalsa cultivation responses when diluting complex wastewater from the monosodium
glutamate production process. The high concentration of ammonia (120 mg/L) detected in
the raw effluent inhibited Spirulina subsalsa growth, and a 50% (v/v) dilution with modified
Zarrouk medium was necessary to support any algal proliferation [44]. In another study,
slightly different behavior was observed when cultivating Arthrospira platensis in seawater
supplemented with four different ratios of digestate (2.5–15%, v/v) in a fed-batch sys-
tem [16]. The highest biomass production of around 1300 mg/L was obtained after 7 days
of cultivation using 5% (v/v) of digestate. According to Markou et al., the supplementation
with 2.5% (v/v) of digestate did not provide enough essential nutrients to Spirulina, whereas
digestate concentration higher than 5% (v/v) limited the light availability due to the strong
turbidity of the digestate.

4. Conclusions

The commercial activated carbon used in this study presented significant detoxification
properties towards several compounds initially present in the agro-industrial digestate,
including color, phenol, COD and phosphates. In general, increasing the AC dose generated
higher removal efficiencies but considerably reduced the adsorption capacity of the material.
On the other hand, AC adsorption agent showed negligible effects on ammonium nitrogen
removal, with almost no variations of the initial concentration for all the investigated
adsorbent dosages (≤100 g/L). Consequently, the dilution of the pretreated digestate was
mandatory (at least 20 times) in order to reduce the ammonium toxicity and promote S.
platensis proliferation during the cultivation assays.

Even if the AC pretreatment did not improve the S. platensis growth response and
biomass productivity, the anaerobic digestate was strongly detoxified by removing hardly
biodegradable compounds such as phenolic compounds and other organic compounds.
Based on the experimental results, the AC detoxification strategy has the potential to be
applied to a wide range of liquid effluents such as manure, digestate and wastewater.

The integration of AC pretreatment together with other techniques such as ion ex-
change (IEX) material (resin, zeolite, clay, etc.) for ammonium removal could be a solution
for the valorization of AD digestate with sustainable cyanobacteria cultivation media with-
out employing freshwater input. However, such an approach should be carefully studied
to ensure that it is scalable and economically viable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15054571/s1, Table S1. Initial and final pH measured during
digestate pre-treatment using various doses of activated carbon (AC). For the variation of pH,
different letters indicate statistical differences among different AC concentrations (p < 0.05). Table S2.
Ammonium concentration variations observed during digestate pre-treatment using various doses of

https://www.mdpi.com/article/10.3390/su15054571/s1
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activated carbon (AC). The same letter indicate no statistical differences were observed among the
different AC doses (p > 0.05).
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