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Abstract: The present study aimed to obtain an efficient liquid nitrogen fertilizer from the by-product
of anaerobic digestion for its subsequent use in the production of cyanobacteria (Spirulina). A simple
recovery technology was tested based on the stripping and acid absorption, modifying temperature
(50 and 70 ◦C) and pH (10 and 12), of the ammonia nitrogen contained in the digestate produced in
a large-scale plant treating livestock manure and grass silage. The results demonstrated how, at a
relatively low temperature (50 ◦C), using sulfuric and citric acid solution, it is possible to recover
nitrogen from a digestate in the form of ammonium sulfate and ammonium citrate with yields of 70%
and 72.1% respectively. By carrying out Spirulina growth tests, promising results were obtained under
semicontinuous production, with a maximum dry biomass daily productivity of 0.344 g L−1 day−1

with ammonium sulfate and 0.246 gDW L−1 day−1 with ammonium citrate. The results showed that
nitrogen can be efficiently recovered on site by using the organic acid, digestate and waste heat from
anaerobic digestion for Spirulina biomass production.

Keywords: ammonia stripping; nitrogen recovery; anaerobic digestate; livestock manure; ammonium
sulfate; ammonium citrate; Spirulina

1. Introduction

In the Green Deal communication, the European Commission outlined a plan to
achieve climate neutrality by 2050 where the recovery and supply of renewable energy
are considered one of the key challenges [1]. Anaerobic digestion (AD) plants, in this
context, would help decrease greenhouse gas emissions such as CO2, N2O, and CH4,
produced in large quantities in rural environments during animal manure storage and
field application, with subsequent recovery of renewable energy (energy-rich biogas) and
odor control [2,3]. However, AD effluents typically contain high amounts of ammonium,
phosphate, suspended solid (SS), and persistent organic substrate [4]. The nitrogen content
of the treated substrate is not affected by AD even if it allows the mineralization of organic
N in the form of protein and amino acid, which at the end of the process is present as
ammonium (NH4

+) [5–7]. Further treatments are therefore required for better managing
the land application of the digestate and avoiding negative environmental consequences,
such as ammonia emission in the atmosphere, resulting in the formation of acid rain and
particulate matter (PM2.5), and contamination of surface and groundwater with excess
nitrogen and phosphorous if it is used directly as a fertilizer in the field [5–7].

Several techniques have been studied to remove ammonia from organic waste flows,
thus limiting the environmental impact of nitrogen dispersion in the environment, such as
gas-liquid stripping and absorption, ion exchange, electrodialysis, membrane separation,
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adsorption, struvite precipitation, and biological processes (nitrification and denitrifica-
tion) [8]. Among all, NH3 stripping and absorption can be selected as efficient and attractive
low-energy requiring technologies for nutrient recovery from digestate with a high con-
centration of suspended solids [8,9]. This technology enables the production of a valuable
fertilizer while controlling the nutrient content of residual organic waste streams [10,11].
The stripped ammonia is transferred from the waste stream into the gas phase and then
absorbed into a strong acid solution [12]. These technologies have already been imple-
mented at full scale and can produce marketable end-products such as ammonium salts [13].
The commonly produced salt is ammonium sulfate, due to the use of sulfuric acid in the
recovery process [14,15] which has to be stored and handled in significant amounts in
full-scale operations. Sulfuric acid is widely used in industrial applications mainly due to
its low price and high market demand for ammonium sulfate fertilizer [9,16]. However,
the problems associated with the use of this acid relate to the effects of corrosion during
plant operations and environmental problems. As an alternative to sulfuric acid, nitric
acid has been used in pilot- and full-scale applications, but has been found to be more
hazardous than the sulfuric one [9]. An alternative, analyzed in this study, could be found
using organic acids, such as citric acid. Furthermore, a variety of agro-industrial and waste
materials generated in food industries are used with solid-state fermentation techniques for
their potential as substrates for citric acid production, such as cassava bagasse, coffee husk,
wheat bran, apple pomace, rice bran, pineapple waste, kiwi fruit peel, grape pomace, citrus
waste, etc. [17–19]. We believe that it is important to intensify research in this area, directing
this technology towards the use of organic acids that can be recovered from biomasses,
thereby reducing the use of sulfuric acid.

An innovative way to exploit nitrogen recovery through stripping and absorption in
an acid solution is to combine it with the industrial cultivation of Arthrospira platensis (Spir-
ulina), using the recovered nitrogen for its growth. Among microalgae and cyanobacteria
species, Spirulina is one of the most globally commercialized due to its high protein content,
about 60% by dry weight, carbohydrates (15%), lipids, phycobiliproteins, carotenoids,
vitamins, and minerals [20,21]. Its biomass is widely used as a health food, food supple-
ment, and source of compounds with high added value for the nutraceutical, animal feed,
agriculture, and pharmaceutical sectors [20].

The conventional source of nitrogen for Spirulina growth is nitrate from fossil
sources [22]; thus, the use of ammonium salts is particularly attractive from an environ-
mental and economic point of view [23], and they could be produced using agro-industrial
wastes. The use of ammonium salts would allow the high amount of nitrogen in the
digestate to be used in an integrated system AD—Spirulina cultivation, where it could
be recovered in the form of ammonium sulfate or ammonium citrate by heat treatment
with AD waste heat. Consequently, the recovered nitrogen could be used to produce high
value-added biomass (Spirulina) and significantly reduce the environmental impact from
the use of synthetic fertilizer [24]. For this reason, it is important to assess the feasibility of
using recovered nutrients for the cultivation of products, to replace synthetic fertilizers,
and to avoid the direct use of digestate as fertilizer, which causes several environmental
problems [5–7]. With the objective of recycling and reusing waste products in a circular
economy perspective, the digestate generated during the AD process is used to feed sec-
ondary process, such as fertilizer production with subsequent Spirulina production [25,26].
Not only the EU, but also the European Industrial Organization of Fertilizers recommend
that the production of fertilizers should be closed in a cycle. From this perspective, some
of the raw materials should be replaced with residual biomass [26]. Furthermore, nu-
trient management technologies are recognized in the United Nations (UN) Sustainable
Development Goals, which contain targets for sustainability, recovering resources such
as nutrients [27]. In particular, we believe that this integrated process, also considering
Spirulina production, could achieve SDGs 2, 6, 12, 13, and 14 (zero hunger, clean water and
sanitation, responsible consumption and production, climate action, and life below water,
respectively) [28].



Sustainability 2023, 15, 675 3 of 14

The novelty of this study was to evaluate the feasibility of a recovery system of
ammonium sulphate/citrate from the digestate integrated with the cultivation of Spirulina.
The recovery of the nitrogen is based on an on-site technology capable of exploiting the
waste heat of the AD, thus limiting the external energy input. The overall process also
allows for a decrease in the ammonia concentration in the digestate, for better management
from an agronomical point of view. To the best of the authors’ knowledge, there are no
studies on such a combination of processes aimed at digestate valorization.

2. Materials and Methods
2.1. Digestate

The digestate was collected at a mesophilic AD plant treating livestock manure and
grass silage, located in southern Sardinia (Arborea, Italy) and stored at 4 ◦C. The digestate
was sampled after the solid/liquid separation step was performed using a screw press
and coarsely filtered to remove large suspended materials, such as straw or silage residues
before use. The pre-treatment avoided the excessive presence of fibers, which could hinder
the efficiency of the air-stripping process, allowing for a more homogeneous liquid-to-gas
mass transfer and ammonia stripping [29]. The main characterization parameters for the
digestate are reported in Table 1.

Table 1. Characterization parameters of the digestate.

Parameter Unit Value

pH - 7.6 ± 0.1
Total solids % 6.6 ± 0.1
Volatile solids % TS 68 ± 2
Ammonia nitrogen g L−1 1.34 ± 0.16
Chemical oxygen demand g L−1 45.9 ± 0.5

2.2. Ammonia Recovery Batch Tests

A schematic flow diagram of the batch process for ammonia recovery is shown in
Figure 1. The experimental setup consisted of a two-liter glass reactor (working volume = 1
L, stripping unit) connected in series to two 0.800 L reactors. The first one was kept empty
and was intended to capture the foam generated during the process (foam trap), while
the second (absorption unit) contained 0.500 L acid solution. Air was bubbled inside the
stripping unit at 5 L Ldigestate

−1 min−1 utilizing an air pump (Hailea aco-208, Guangdong,
China) and a flow meter (model A/M-145, La Tecnica Fluidi, Stezzano, Italy), according
to previous experiments performed by Lei et al. [4]. Jamaludin et al., [9] have shown that
the temperature in the acid scrubber is determined by the inlet gaseous temperature from
the stripper. In this case, our consideration is that cooling down the scrubbing unit would
cost a constant high amount of energy considering that the stripping unit is continuously
warmed up. Since the temperature in full-scale plants is the same, it was decided to work
under these operating conditions.
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Figure 1. Schematic of the experimental setup: 1. air pump; 2. stripping unit; 3. foam trap;
4. absorption unit; 5. heating bath.

To evaluate the effect of temperature and pH on ammonia stripping, two tests were
performed through temperature control, tests A (50 ◦C) and B (70 ◦C) without pH control,
and two tests through pH control, tests C (pH 10) and D (pH 12) at room temperature.
All the reactors were placed in a thermostatic bath during the tests with temperature
control (tests A and B), according to other works [9,11,30]. For tests C and D, the pH
of the digestate was adjusted by adding sodium bicarbonate (NaHCO3) (Merck KGaA,
Darmstadt, Germany) until the desired pH was reached.

All tests were carried out using both sulfuric acid (CARLO ERBA Reagents, Cornaredo,
Italy) and citric acid (Nortembio, El Puerto de Santa María, Spain) as the absorption solution.
Absorption solutions were prepared by adding 2.23 mg of sulfuric acid or 5.02 mg of citric
acid per mg of NH3, according to a stoichiometric calculation [9]. The digestate was
characterized by an ammonia nitrogen concentration of 1340 g L−1 (1630 gNH3 L−1), but,
using a precautionary approach, the amount of acid added in the absorption unit was
calculated considering a gas phase transition of 2 g of free ammonia per liter of digestate
used in the stripping unit. This resulted in 0.1 M solutions prepared with sulfuric acid and
citric acid, respectively.

Ammonium was measured in the digestate at the beginning and the end of the tests
and in the acid solution every hour. All tests were carried out for 4 h, in triplicate, and
averaged results are reported.

2.3. Setup for the Cultivation of Spirulina

Spirulina was sampled using a 5 L container from the raceway pond at the cultivation
plant located in Arborea, managed by Livegreen Società Agricola Srl.

Spirulina growth and biomass productivity on ammonium sulfate and ammonium
citrate medium were measured during semicontinuous cultivation. The trials were carried
out using a column photobioreactor (PBR) (d = 10 cm; h = 70 cm) with 4 L of a culture
characterized by a starting dry weight of 0.1 g L−1. The temperature was kept constant
at 30 ± 1 ◦C with a 300 W aquarium heater (Eheim-Jager, Deizisau, Germany), while
continuous illumination of the culture was provided by a 150 W led lamp (C-LED Green-
house Toplighting Hortis, Imola, Italy) with a photon flux at the surface of the reactor of
162 µE m−2 s−1 and dominant wavelengths of 455 and 660 nm. In the lower part of the PBR,
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the air was bubbled with a pump, allowing for homogenization of the culture, favoring the
stripping of oxygen, and preventing the formation of sediments.

The dilution rate in the PBR was kept constant throughout the experiment and was
determined by preliminary batch cultivation in Zarrouk medium [31]. Then, a starting
biomass concentration of around 0.1 g L−1 was set for the following semicontinuous trials
to maintain Spirulina in the exponential growth phase during cultivation experiments.
Ammonium sulfate and ammonium citrate were fed on a productivity basis, according to
a nitrogen content in the biomass of around 10% of dry weight on average [32], and then
added to Zarrouk medium in place of nitrate as a nitrogen source.

2.4. Analytical Methods

Total solids (TS), volatile solids (VS), and chemical oxygen demand (COD) of digestate
were measured according to APHA procedures [33]. Ammonium was measured using the
Nessler reaction method [34].

Spirulina growth and dry weight (DW) were determined, indirectly, using spectropho-
tometric measurements at 750 nm (Onda Spectrophotometer UV-20, Giorgio Bormac S.r.l.,
Carpi, Italy). Nevertheless, direct dry weight determinations were performed during the
experiment to confirm the data obtained through absorbance measurements. To do this,
10 mL of each culture was filtered through pre-weighed Whatman GF-C filters (Whatman,
Maidstone, United Kingdom) and subsequently dried at 105 ◦C (Thermocenter TC40/100,
Salvis Lab, Rotkreuz, Switzerland) for 3 h or until constant weight. A linear correlation
between absorbance of the cultures at 750 nm and biomass dry weight was found (R2 = 0.94;
p < 0.05; n = 24).

2.5. Calculations

Theoretically, the free ammonia fraction (f NH3 ) represents the fraction of ammo-
nia that can be stripped by transfer from liquid to gas and is expressed according to
Equation (1) [35]:

fNH3 =
[NH3, l]

[NH3, l] +
[
NH+

4
] (1)

where [NH3, l] and
[
NH+

4
]

are the molar concentration (mol L−1) of free ammonia and
ammonium ion, respectively.

The free ammonia fraction was also calculated according to Equation (2):

fNH3 =
1

1 +
(KNH3

KH2O

)
× 10−pH

(2)

where KNH3 and KH2O are the ionization constants for water and ammonia, respectively,
theoretically defined according to Equations (3) and (4): [35].

KH2O =
[
H+

][
OH−

]
(3)

KNH3 =

[
NH+

4
][

OH−
]

[NH3, l]
(4)

The ionization constants were calculated as a function of the absolute temperature (T,
expressed in K) according to Equations (5) and (6): [35].

lnKH2O = 140.932− 13445.9/T− 22.4773lnT (5)

lnKNH3 = 97.976− 5930.7/T− 15.063lnT− 0.01127T (6)

The parameters used to evaluate stripping test performance are nitrogen recovered
(Equation (7)) and nitrogen stripped (Equation (8)), where [NH4

+-N] is the concentration
of ammoniacal nitrogen, AS is the acid solution, and D is the digestate. The nitrogen mass
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balance was also calculated at the end of each batch test (Equation (9)). The term “balance”
represents the N mass that was recovered from and left in the digestate, which may have
been lost due to inaccuracies in analytical measurements or sample inhomogeneity, and
was therefore required to close the mass balance.

NH+
4 −Nrecovered =

[
NH+

4 −N
]

AS,4h[
NH+

4 −N
]

D,0h
×100 (7)

NH+
4 −Nstripped =

[
NH+

4 −N
]

D,0h −
[
NH+

4 −N
]

D,4h[
NH+

4 −N
]

D,0h
×100 (8)

Balance (N) =

[
NH+

4 −N
]

AS,4h +
[
NH+

4 −N
]

D,4h[
NH+

4 −N
]

D,0h
×100 (9)

Daily volumetric productivity (Pb) and the specific growth rate (µ) of Spirulina biomass
were calculated using the following equations (Equations (10) and (11)):

Pb =
Cb−C0

t
(10)

µ =
1
t
× ln

(
Cb
C0

)
(11)

where Cb and C0 are the concentrations of biomass at the end and the beginning of a run,
and t is the duration of the run.

3. Results and Discussion
3.1. Nitrogen Recovery

The digestate used in this study was characterized by an initial concentration of
1340 ± 160 mg NH4

+-N L−1. As can be seen from Table 2, varying the temperature and
pH in the digestate was found to affect ammonia stripping and the amount of nitrogen
recovered. Regardless of the acid used in the absorption unit, the highest percentage of
nitrogen was recovered at a temperature of 70 ◦C (test B, sulfuric acid: 82.7 ± 2.1%; citric
acid: 79.5± 1.6%). When lowering the operating temperature to 50 ◦C (test A), significantly
lower nitrogen recovery percentages were achieved for both acids used in the absorption
unit (sulfuric acid: 70.0 ± 2.5%; citric acid: 72.1 ± 2.7%). These results are confirmed also
by the free ammonia value in test A (50 ◦C) which ranges from 0.36 (initial pH) to 0.90
(final pH) of total ammonia, while in test B (70 ◦C) from 0.63 (initial pH) to 0.98 (final pH)
of total ammonia. As the free ammonia fraction increases, stripping and recovery also
increase, showing a relationship between the fraction of free ammonia and the fraction of
ammonia stripped during the tests. Moreover, the results of tests A and B show that there is
no significant difference between using citric or sulfuric acid to recover ammonia nitrogen;
however, the use of a weak organic acid such as citric acid is to be considered preferable
over a strong mineral acid such as sulfuric, which raises both environmental and worker
safety issues.

Table 2. Results obtained during the tests.

Test Acid NH4
+-Nrecovered

[%]
NH4

+-Nstripped
[%] Balance (N) [%] Initial/Final pH f NH3

Digestate
Volume

Decrease [%]

A (50 ◦C) Sulfuric 70.0 ± 2.5 76.1 ± 8.0 93.9 ± 6.0 8.22 ± 0.21/
9.44 ± 0.06 0.36/0.90 12Citric 72.1 ± 2.7 74.6 ± 3.3 97.5 ± 5.8

B (70 ◦C) Sulfuric 82.7 ± 2.1 89.7 ± 4.5 93.9 ± 5.6 8.22 ± 0.03/
9.87 ± 0.19 0.63/0.98 23Citric 79.5 ± 1.6 86.1 ± 6.6 94.0 ± 9.1

C (25 ◦C,
pH = 10)

Sulfuric 18.6 ± 0.9 25.5 ± 5.6 93.0 ± 4.9 10.0 ± 0.1/
9.91 ± 0.04 0.87 2.5Citric 20.6 ± 4.9 25.6 ± 5.5 94.8 ± 1.0
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Similar results were reported by Jamaludin et al. [9], who achieved a maximum
ammonia removal of 85% at 67–70 ◦C, with a recovery of around 90% for both sulfuric acid
and citric acid solutions. Folino et al. [36] achieved more than 95% nitrogen removal from
swine wastewater at 40 and 60 ◦C using an airflow of 5 L Lsubstrate

−1 min−1 with a recovery
higher than 95% in a 0.1 M H2SO4 solution. Laureni et al. [3] obtained ammonia removals
greater than 90% after 225 min from pig slurry digestate at 50 ◦C, with a recovery in the
first absorption unit of more than 80% with sulfuric acid.

Temperature is not the only operating parameter that influences the ammonium strip-
ping process. In both tests, an increase in pH was observed, although no specific alkali was
added, as a result of several interdependent reactions related to the carbonate/bicarbonate
and ammonia/ammonium chemical equilibria. Ammonia nitrogen in the digestate is
largely present as ammonium bicarbonate (NH4HCO3) which dissociates according to
Equation (12) [37]:

NH4HCO3(aq) ↔ NH3(aq) + CO2(gas) + H2O (12)

Depending on the operating conditions of temperature and pH, the ammonia/
ammonium chemical equilibrium will shift towards the gaseous form of NH3, allow-
ing it to be removed by the stripping air. Since Henry’s volatility constant of CO2 is higher
than that of ammonia, free CO2 tends to strip off. This in turn determines a shift in the
carbonate/bicarbonate chemical equilibrium, with the formation of hydroxide ions from
water, determining an increase in pH, which improves ammonia recovery [9,11].

The results of test C refer to stripping at pH 10 and room temperature (Table 2). The
percentage of N recovery measured was significantly lower than that obtained with tests
A and B, regardless of the type of acid used for absorption. Nitrogen recovery of 18.6 ±
0.9% (with sulfuric acid) and 20.6 ± 4.9% (with citric acid) after 4 h was observed, with
a percentage of ammonia stripping of 25%, even if the fraction of free ammonia was 0.87
of the total ammonia at the beginning of the test. Although the fraction of free ammonia
in the test C is also high, this does not correspond to an equally high removal efficiency.
This could be due to the particularly dense foam formed during the test C after alkaline
reagent addition. The fraction of free ammonia is an indicator for stripping availability,
this availability does not always correspond to effective stripping if the process is not
efficient. Increasing the pH further to 12 did not lead to any improvement in performance;
on the contrary, the test was stopped due to the copious formation of foams. Similar results
were reported by Jiang et al. [38], with low recovery yields of 30%, at a pH of 10 and a
temperature of 25 ◦C.

The trends of tests A and B shown in Figure 2 are similar to those of a sigmoid. This is
because the test started as soon as the fresh digestate was fed to the experimental setup
at room temperature, i.e., without preheating. This led to slower recovery in the earliest
phase of the tests. The target operational temperature of 70 ◦C was reached after 55 min of
heating in test B, while the temperature of 50 ◦C was reached after about 35 min in test A.

During tests A, B, and C, the nitrogen balance exceeds 90% for both citric acid and
sulfuric acid. The application of this system on a large scale could bring benefits, especially
in agricultural areas where there are limitations to the use of a digestate.
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Figure 2. (A) Ammonia nitrogen recovery after stripping at 50 ◦C; (B) ammonia nitrogen recovery
after stripping at 70 ◦C; (C) ammonia nitrogen recovery after stripping at pH 10.

Foam Formation

Data could not be retrieved during the progress of test D. The foam formed during the
process completely clogged the reactor containing the digestate and the foam trap until it
reached the reactor containing the acid solution. This did not happen during the other tests,
where the foam did not pass the trap. The foaming process during the ammonia stripping
test is defined by Wu et al. [39] as one of the most annoying and widely encountered
problems in gas-liquid mass transfer processes, such as the one under consideration,
attributing the problem to the presence of surfactants such as oils, volatile fatty acids,
detergents, proteins, and the particulate matter of the treated sewage. A possible solution



Sustainability 2023, 15, 675 9 of 14

to this problem could be to add antifoam agents that limit its formation. Wu et al. [36]
evaluated the stripping efficiency with the addition of silicone oils with an antifoam effect,
finding a decrease in foam formation, but also a worse stripping efficiency. However, high
pH and the presence of an antifoam agent should be carefully considered if the treated
digestate is destined for spreading on the field.

3.2. Nitrogen Utilization by Spirulina

The growth data obtained, shown in Figure 3, refer to four distinct growth phases.
Phase I is the batch adaptation phase with potassium nitrate, phase II is an adaptation
phase with ammonium sulfate, phase III is a productive phase with ammonium sulfate and
phase IV is a productive phase with ammonium citrate.

Figure 3. Spirulina growth trend with Zarrouk medium (Phase I), ammonium sulfate (Phase II and
III) and ammonium citrate (Phase IV).

The growth of Spirulina on the synthetic medium inside the PBR (phase I) made it
possible to visually assess the characteristic growth trend of the cyanobacterium and to
acclimatize it to the new environment, as it was taken from an open pond, in view of the
transition to the semicontinuous system. It was decided to use a semicontinuous system for
growth using ammonia as a source of nitrogen as, in addition to being a system applicable
on an industrial scale, it made it possible to dose low quantities of solution with ammonium
sulfate and citrate. The ammonium salt is directly assimilable by Spirulina and reduces
the possibility of any contamination by other microorganisms. However, ammonia can
be toxic to cyanobacteria and microalgae if present in high concentrations [40] and high
concentrations of ammonium, at high pH and temperature, could leave the system in the
form of ammonia being no longer available as a nutrient for Spirulina. The final pH value
in the liquid fertilizer was 5 and the low amount added did not affect the pH value in the
growth reactor, also considering the buffering effect of the bicarbonate. However, it should
be taken into consideration that the presence of residual free acid could lower the pH levels
of the recovered liquid fertilizer and therefore the acid must be dosed stoichiometrically.

During the growth phase with synthetic medium, the culture reached a steady-state
phase around the fourth day. Evaluating the growth curve (phase I), it was possible to
observe how the exponential phase found between the second and third day allowed
productivity of about 0.390 gDW l−1 day−1, which corresponds to the optimal specific
growth rate of 0.69 d−1, which, in a continuous system and at steady state, coincides with
the percentage of dilution (d), according to Equation (13):

dx
dt

= (µ − d)x (13)
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Maximum productivity (Pb) and the specific growth rate (µ) were used as the basis
for the next step in semicontinuous operation. The first data were used to calculate the
amount of ammonia nitrogen needed to replicate the exponential growth experienced with
the synthetic nutrient. The amount of ammonium sulfate or citrate required to achieve a
concentration of 39 mgN L−1 (10% of productivity) was added to the medium to produce
0.390 gDW L−1 of biomass in one day.

The medium was diluted by replacing daily a known amount with clean water and
liquid nutrients.

During the second phase (semicontinuous step), the alga went into an adaptation
process due to the change in metabolism caused by the different nitrogen sources used,
reaching an average productivity of 0.271 gDW L−1 day−1 while during phase III produc-
tivity reached an average of 0.344 gDW L−1 day−1. This result agrees with growth on a
synthetic medium. During the IV phase, using ammonium citrate as a nitrogen source for
its growth, an average productivity of 0.246 gDW L−1 day−1 was reached.

Rodrigues et al. [40], in an open tank and fed-batch cultivation obtained a productivity
of 0.179 g L−1 day−1 and a specific growth rate of 0.77 d−1, using a mixture of sodium
nitrate and ammonium sulfate as a nitrogen source. The different results can be attributed
to the different setup used for cultivation. Bazerra et al. [41], using NaNO3 as the nitrogen
source and a semicontinuous system, obtained a productivity of 1319 g L−1 day−1 by
running multiple tests with different dilution factors and light intensities.

To the best of the authors’ knowledge, no similar studies have been conducted so far
on the use of an organic acid, such as citric acid, to produce a nitrogen source for Spirulina
cultivation. For this reason, it is not possible to compare the results with other works.

3.3. Preliminary Considerations on the Implementation of a Plant for Combined Nitrogen Recovery
and Spirulina Growth

The obtained preliminary results allowed us to outline two pilot-scale process scenarios
for the recovery of NH4

+-N to be used in the Livegreen Spirulina cultivation plant. The pilot
plant consists of a tank for digestate accumulation; a first reactor in which the digestate
is heated to 50 ◦C using the waste heat produced by the nearby cogeneration plant and
the air is bubbled for both mixing and ammonia stripping; a second reactor in which the
stripped gas phase is injected into the acid solution kept at 50 ◦C. Finally, an accumulation
tank is used to collect the N-rich solution before it can be used to supply cultivation. The
size of the reactors in the pilot plant was based on the amount of nitrogen to be recovered,
which was defined as an average of 4.5 kg N per day needed for the production of Spirulina
in Livegreen’s plant (45 kg on a daily average).

Two process scenarios (Figure 4) were drafted based on the type of acid used in the
second reactor, which affected the recovery efficiency and consequently the size of the
reactors.
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Figure 4. Implementation of two scenarios for the recovery of nitrogen necessary for the production
of 45 kg of Spirulina.

In the first scenario (A), where sulfuric acid is used, with a recovery of 70% and
an average ammonium nitrogen content of 1345 kgN-NH4

+/m3
digestate, the volume of the

digestate to be treated is 4.78 m3 and the total acid dose is 12.97 kgSulfuric Acid (based on
the ratio of 2.37 kgacid/kgNH3 stated by Jamalaudin et al. [9]. In the second scenario (B),
where citric acid is used, considering a recovery of 70% and the same average ammonium
nitrogen content in the digestate, the volume of the digestate is 4.78 m3 and the total acid
dose is 27.36 kgCitric Acid (based on the ratio of 5.02 kgacid/kgNH3 stated by Jamalaudin
et al. [9].

4. Conclusions

Tests of nitrogen recovery from the by-product of anaerobic digestion, through am-
monia stripping and subsequent recovery in absorption units, have shown promising
results in terms of process efficiency. A high percentage of nitrogen was recovered in a
relatively short time (4 h), demonstrating a limited difference in recovery between citric
and sulfuric acid, 72.1% and 70% of nitrogen recovery, respectively, according to previous
studies on the subject. The fertilizer obtained from citric acid capture would not only be
more environment-friendly than that obtained from sulfuric acid, but would also have a
higher selling price [9]. The volume decrease (−10% at 50 ◦C) of digestate, in addition to
the low amount of residual nitrogen, would make the digestate more manageable. The
results obtained in this work have shown how nitrogen recovered in the form of ammo-
nium sulfate and citrate can be used for the cultivation of Spirulina, achieving promising
growth results in a semicontinuous system. In particular, a growth of 0.344 and 0.246 gDW
L−1 day−1 was obtained, using ammonium sulfate and ammonium citrate, respectively.
The data obtained allowed us to design a full-scale application where, with 12.97 kg of
sulfuric acid and 27.36 kg of citric acid, it is possible to produce the nitrogen fertilizer to
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feed a full-scale Spirulina cultivation plant producing theoretically up to 45 kg/day of dried
Spirulina.

The data obtained demonstrated how an integrated Spirulina cultivation—anaerobic
digestion system can be attractive from a circular point of view, also considering that citric
acid can be recovered from the treatment of several agricultural wastes [17–19].

Possibilities for future work include expanding the application of these results on a
pilot scale and conducting trials using citric acid recovered from agro-industrial wastes to
produce ammonium citrate and evaluating the possibility of heterotrophic growth with its
use. Particular attention to economic aspects must be given in order to evaluate the overall
sustainability of the integrated process.
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