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Abstract. The combination of anaerobic digestion of waste biomass (e.g. livestock manure,
energy crops and organic waste) and digestate treatment makes it possible to obtain green
energy (from biogas/biomethane) and return nutrients to the soil, satisfying the principles
of the circular economy. Digestate has valuable potential as an organic fertiliser and soil
conditioner, as it can be an important source of nutrients, nitrogen and phosphorus (N and
P), which are essential for crop growth. However, digestate production sometimes exceeds
the capacity of farmland to utilise the nutrients. Therefore, the recovery of nutrients from
digestate and organic matter becomes important for the sustainability of livestock farms
and environmental protection. In this study, a method combining struvite precipitation and
ammonia stripping was tested in the laboratory, allowing the recovery of N and P, while the
presence of oxygen aeration allows for the reduction of the organic load (COD). The results
obtained indicate that over 60% of the total P was removed in the form of struvite, which
can be used as a fertiliser to replace fossil mineral fertilisers. The recovery of N and P from
digestate through struvite crystallisation allows the removal of excess nutrients and COD,
reducing the environmental impact of the use of slurry/digestate in agriculture. Finally, the
recovery of struvite allows the production of a fertiliser that can be easily exported by farms,
promoting the circular economy.

1.Introduction

The proposed research project focuses on the treatment of digestate using methods that allow
for the removal and simultaneous recovery of nutrients (i.e., N and P) dissolved in the liquid
fraction, with the aim of obtaining end products for use in agriculture as fertilisers. At the same
time, the aim is to ensure the reduction of the residual organic component present in the digestate
by means of a hydrodynamic cavitator that breaks down coarse particles, thus promoting the
microbiological activity of organic matter degradation. The ultimate goal is to remove all types of
pollutants and recover a clariied liquid with chemical and physical characteristics suitable for
discharge into surface water bodies. The digestate treatment process aims to valorise the waste
product of anaerobic digestion, recovering nutrients of great agronomic value, as well as producing
quality water that can be recirculated within the plant according to a circular economy model,
reducing water requirements, or, alternatively, ensuring discharge into surface water bodies
without any impact on the environment.
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The research project is of great environmental importance, as the recovery of nutrients
dissolved in the digestate prevents possible eutrophication phenomena with inevitable
repercussions on the environment. The process will allow the nutrients extracted from the
digestate to be recovered in the form of fertilisers (e.g., struvite, ammonium sulphate), thus
allowing them to replace synthetic and/or fossil-based fertilisers. This aspect plays an important
role, as the decline in demand for inorganic fertilisers signiicantly reduces carbon dioxide (CO3)
emissions into the atmosphere, which are linked to the synthesis of these products. Not to mention
the possibility of extracting less P from mineral reserves, which are now running out, for the
manufacture of phosphoric fertilisers. Another important function of digestate treatment, from an
environmental point of view, is linked to the recovery of the clariied fraction in order to reduce
water demand and promote water recycling. In this context, the hydrodynamic cavitator will
reduce the organic load dissolved in the liquid fraction of the digestate (identiied by Chemical
Oxygen Demand, COD), allowing it to be reused or discharged into surface water bodies. The COD
abatement treatment will make it possible to obtain high-quality water, providing a great
environmental service in water recirculation, bearing in mind the inestimable importance of water
for the survival of nature, humans and their activities. The goal is therefore to create a by-product
that can be exploited and that plays a role as input in other production cycles, so that it never
reaches the end of its life. Digestate, stripped of its nutritional component, can be an excellent soil
improver to enhance the physical, chemical and microbiological characteristics of the soil, allowing
for a signiicant increase in organic matter, an element that our soils are lacking.

2.Materials and Methods

2.1 Theoretical basis and state of the art

The state of the art produced by a previous study [1] focuses on the ability to remove and
recover dissolved nutrients in the digestate liquid fraction by chemical struvite precipitation and
N stripping methods. More detail, the project from which the following work takes its cue involves
the treatment of digestate in order to precipitate N and P in the form of struvite (Magnesium
Ammonia Phospate, MAP). The latter is a ternary salt composed essentially of magnesium (Mgz*),
ammonium (NH4*) and phosphates (e.g., HPO4%, PO43-). Under particular conditions (i.e., pH and
agitation) these three ions tend to react with each other forming a crystalline solid, according to
the reaction below (Equation (1)):

Mgzt + NHa* + HPO42- + 6 H20 = MgNH4PO4 - 6 H20 + H*(1)

Struvite crystals formed by this reaction tend to grow over time and precipitate on the bottom,
thus ensuring a removal which, from experimental evidence, is about 90% of P. The digestate is
characterized by a high concentration of nutrients which, during the anaerobic digestion phase,
are not degraded by microbial metabolism but are made more readily available by converting from
organic forms to inorganic forms (i.e., NHa4*, HPO4%, PO43-).

The digestate, therefore, already has a good content of these elements, in particular N and P,
less than Mg. Thus, for the initiation of the reaction it will be suficient to add an external source of
Mg (with molar Mg:P ratio between 1.2 and 2) and adjust the pH to basic values in order to provide
the necessary conditions for struvite formation and precipitation.

Struvite precipitation reaction is reported to ensure simultaneous removal of N and P.
However, the majority of N is extracted through another process known as stripping.
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This chemical process allows the removal of N from the liquid fraction by volatilization. In
other words, the N present as NHy4*, dissolved in the liquid fraction of the digestate, is converted
into NH3 in gaseous state. The volatilized N is readily captured by a trough of sulphuric acid (H2S04)
in order to produce ammonium sulphate ((NH4)2S04) recognized by DM 75 of 2010 as agricultural
soil improver. The volatilisation of nitrogen in the form of gaseous NH3 is dependent on two
thermodynamic equilibria, as follows (Equation (2), (3)):

NH3 4+ H20 & NHs* 4+ OH- (2)
NHs (g)« NHs (aq)(3)

The two reactions are governed by two main factors: pH and temperature. In the face of
temperature and pH increases, the N dissolved in the digestate in the form of NH4* converts to NH3
in solution and then passes into the gaseous phase by a low of gas (e.g., gas) from below, which
removes the N from the liquid. Since the precipitation of struvite, as already mentioned above, is
conducted at basic pH (approx. 10) also the stripping reaction will be stimulated.

Studies on the combined method of removing and recovering N and P have pointed to the great
inluence of the low of gas within the reactor. In fact, through the regulation of the low of incoming
gas it was possible to increase the degree of removal of N (50-60%), highlighting its strong inluence
on the stripping capacity. Infusing air into the digestate enriched with Mg and corrected for basic
pH allows on the one hand to have a good mixing of the liquid mass, thus favoring the reaction of
growth and precipitation of struvite, while it encourages the release of the NHz molecule in gaseous
form.

2.2 Stages of testing

The following highlights the methodologies and results obtained from the previous study
carried out at our laboratory (Trotta et al.), which represented an important starting point for the
implementation of this research project, Contributing to the creation of fundamental know-how in
the ield of digestate treatment. First, struvite precipitation and ammonia lushing tests were
compared in a test tube under different operating conditions. In particular, the effects induced by
different values of:

1. pHof8,50r9,5,
2. molar ratio Mg:P, or 1,3 or 2, and
3. the type of stirring, either mechanical or by airlow.

The moisture content of the digestate, that is the total solids (TS) content, may also affect the
performance of the process but in this case the TS (TS = 6 1%) represented well the average TS
content of bovine digestate, that is 6.4 + 1.24. The pH was adjusted with 1 mol L of sodium
hydroxide (NaOH) to achieve the required pH values (8.5 or 9.5).

The molar ratio Mg:P of 1,3 or 2 was obtained by adding a 20% (w/v) MgCl, magnesium
chloride solution.

Finally, the digestate was agitated with a magnetic stirrer (500 rpm) or with air low (1 LPM).
In addition, a few drops of antifoam have been added to prevent the digestate from leaching. Eight
different tests with hydraulic retention time were carried out (HRT) of 16 hours. The Operating

conditions for lask tests are shown in Table 1.
Table 1. Operating conditions for flask tests

SAMPLE VOLUME [mL] Mg:P pH Agitation
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FS1 900 1.3 8.5 Magnetic stirring (500 RPM)
FS2 900 1.3 8.5 Magnetic stirring (500 RPM)
FS3 900 2.0 9.5 Magnetic stirring (500 RPM)
FS4 900 1.3 9.5 Magnetic stirring (500 RPM)
FS5 900 2.0 8.5 Air Flow (1 LPM)
FS6 900 1.3 8.5 Air Flow (1 LPM)
FS7 900 2.0 9.5 Air Flow (1 LPM)
FS8 900 1.3 9.5 Air Flow (1 LPM)

The removal values were 51.87 + 2.46% versus 59.05 * 3.36% (p <0.05) for samples with pH
set to 8.5 and 9.5 respectively. In addition, the effect of pH was more evident in airlow tests and
less pronounced in magnetic stirring. These results agree with those of several previous studies in
which a higher P removal eficiency was reported at high pH values.

The molar ratio Mg:P showed marked differences, in particular at high pH values. At a pH of
9.5, under magnetic stirring conditions, the P removed was 49.43 + 8.13% and 54.89 * 6.10% with
molar ratios Mg:P of 1.3 and 2.0 respectively; whereas at pH 8.5 the situation was completely
opposite : the lower molar ratios Mg:P showed an increase in phosphorus removal, while higher P
showed no. The phosphorus removal values were 50 + 5.69% and 38.22 + 10.16% with molar
ratios Mg:P of 1.3 and 2.0 respectively. In samples treated with air agitation, higher P removal
values were measured with a molar Mg:P ratio of 2 at pH 9.5, whereas the values measured at pH
8.5 were lower. The stirring technology used was crucial in terms of P removal.

Higher average percentage values of P removal were measured (p < 0,05) for samples treated
with airlow compared to those in which magnetic shaking was used, that is a P removal of 55.46 +
4.71% and 48.13 8.76%, respectively. The recovery rate of N in struvite was 0.65+ 0.08% with
airlow. The highest calculated recovery value of N in struvite form was obtained in the FS7 and FS8
tests, respectively 0.70+ 0.03% and 0.76+0.05%; while the other tests showed values between 0.59
and 0.68. The remaining nitrogen was most likely released in the form of NH3, as shown by equation
(3) of nitrogen stripping. As expected, for high pH values, the reactions reported in equations (3)
and (4) have been shifted to the left; in other words, towards NH3 production. In addition, the most
successful condition that ensured the removal of nitrogen from digestate was found in test number
8, with pH values of 9.5 and 1 LPM airlow. Unlike the removal of PO43 , the removal of N from
digestate was dependent on HRT. Therefore, the best combination of factors in the lask was found

in the FS7 and FS8 tests, characterized by pH values of 9,5 and airlow treatment.
Table 2. Results obtained in flask tests

SAMPLE
POas3- NHs
TP Recovery Stripped N recovery
Removed [%] [%] [%] (struvite) [%]
FS1 50+6 74+6 409 +6.6 061
FS2 38.2+10.2 73+17 423+23 0.59 +0.14
FS3 494 0.1 79+13 439+0.4 0.6+0.1
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FS4 549+6.1 83.5+10.6 39.6+55 0.68 + 0.09
FS5 521 77.5+2.1 31.5+14.2 0.63 +0.02
FS6 51.7 £4.1 777 29.1+11.8 0.62 +0.06
FS7 562 86.5+3.5 3210 0.70 £ 0.03
FS8 614 +24 94+6 65.6 £ 6.7 0.76 £ 0.05

*Trotta et al. 2023

In addition, no HRT inluences were found from the measurements made. After 1 hour of
processing, PO4s3 was completely precipitated. The amount of N precipitate as struvite was
calculated stoichiometrically, starting from equation (1), based on the amount of struvite produced
by the reaction. The results are shown in Table 2.

2.3 Laboratory-scale crystalliser design and obtained results

Based on the results of the lask tests, a prototype small-scale crystalliser was designed (Figure
1) and built (Figure 2) in the laboratory and two different tests were carried out under the
conditions shown in Table 3 :
1. high pH value (pH equal to 10) which, in addition to promoting struvite
precipitation, allowed us to remove a greater amount of N;
2. the same molar ratios Mg:P, i.e,3 or 2; 3. air low of 9.0 LPM as the stirring
method.

Table 3. Operating conditions for lab-scale crystallizer tests

SAMPLE VOLUME [mL] pH [Mg:P] Agitation
CLS1 2000 10 1.3 Air flow (9 LPM)
CLS2 2000 10 2.0 Air flow (9 LPM)

*Trotta et al. 2023
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Figure 1. Design of lab-scale crystalliser and experimental design of the test performed

*Trotta et al 2023

Figure 2. Design of lab-scale crystalliser and experimental design of the test performed

*Trotta et al 2023

A compact polycarbonate (PC) crystalliser has been specially designed to reproduce the optimum
conditions for struvite precipitation (Fig. 2). In particular, this laboratory scale prototype made it
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possible to achieve a supersaturation condition which ensured the nucleation and growth of
struvite, the low of air entering through a plate diffuser at the bottom of the crystalliser. The
crystallizer volume was 2 L and HRT was ixed at 16 hours.

As before, samples were collected 60, 120, 180, 240 and 960 minutes after start to build a
record of the trend of P and N reduction in digestate and of the chemical and physical differences
in terms of pH, EC and TS.

The results obtained from the two laboratory tests performed (Table 4.)showed an overall
reduction of P equal to 37.64 + 10.16% and 57.47 + 1.62% respectively for the CLS1 and CLS2
testsValues similar to those of the beuta tests were observed, in which a removal of P equal to 56.61
+ 2.03% and 61.49 * 2.44% respectively for the FS7e FS8 test were measured. Some consistency
of the values obtained on a small scale was thus demonstrated. The recovery rate of P did not
appear to be affected by HRT, as had been previously found. The reduction in P had already been
achieved after 1 hour and remained constant for the next 16 hours.

Table 4. Obtained results in lab-scale crystallizer tests performed

SAMPLE
POas- NH3
TP Recovery Stripped N recovery
Removed [%] [%] [%] (struvite) [%]
CLS1 37.64 £ 10.16 75+15 57.90 + 7.40 0.6 £0.10
CLS2 57.47 + 1.62 79.50 + 2.10 61.60 + 9.20 0.63 + 0.02

*Trotta et al. 2023

However, the N results were strongly inluenced by the hydraulic retention time (HRT) and the
incoming air low. In fact, the percentage of nutrient removal ranged from an initial 7.79% to a inal
59.16% for the CLS1 test; for the second test (CLS2) an initial value of 6.12% was recorded, with
68.15% reached after 16 hours. In addition, by increasing the HRT from 16 hours to 24 hours, the
percentage of nitrogen removal was higher and equal to 86.9% (data not reported in this work).

3. New perspectives

3.1. Prototype medium-scale crystalliser with hydrodynamic cavitator

Based on the knowledge acquired in the previous study, a research work is now proposed to
optimize the digestate treatment process by introducing within a medium scale prototype with a
hydrodynamic cavitator capable of facilitating the above reactions.

The hydrodynamic cavitator, shown in Figure 3 is a machine capable of producing cavitation,
i.e., the formation and subsequent implosion of microbubbles in the liquid phase which, in turn,
generates a sequence of shock waves. [2]
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Figure 3. Hydrodinamic cavitator

*Laboratory picture

This mechanism produces substantial variations in temperature (approx. 5,000 K) and
pressure (20-50 MPa) in the collapse zone of the microbubbles. These variations may be conducive
to N volatilization which, as mentioned above, is favored by temperature increases.

In conjunction with this, the formation of microbubbles would allow a good mixing of the mass,
thus favoring the precipitation reaction of struvite. In the inal analysis, the hydrodynamic cavitator
makes it possible to introduce oxygen, so as to promote the degradation of the residual organic
material present in the liquid clariied, obtaining a water less loaded with COD.

The COD is an extremely important value when it comes to water, in particular when the latter
is poured into a body of water. The liquid fraction obtained by physical treatment processes usually
has an organic substance content not in line with the limits imposed by D.Lgs 152/2006 on
discharge to surface water bodies.

Therefore, we want to try to break down the dissolved organic matter in the digestate so that
it comes within the legal limits.[3], [4], [5]

Having already had the opportunity to work and deepen the issues concerning the treatment
of digestate, the company proposing this solution has acquired a certain know-how in the
realization of this type of prototypes. [6]This certainly gives a signiicant advantage to the company
in the possibility of replicating, with the necessary modiications, a prototype plant on a large scale
in order to test the eficiency of digestate treatment. The project proposal has set itself the objective
of implementing the studies and trials already carried out and certiied at the TRL-4 level, bringing
the level of technological maturity to TRL-7 with the creation of an industrial prototype crystallizer
assisted by the addition of a hydrodynamic cavitator.

The medium-scal crystallizator project and reale picture are shown in Figure 4a) e 4b)
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Figure 4. a) On the left, the experimental design of the medium-scale crystalliser;

b) on the right the crystallizer was made.

*Laboratory picture

4. Results and Discussion

4.1 Medium-scale crystalliser design and obtained results

The tests followed the same scheme of the previous study, with the difference that inside the
crystallizer where our digestate has been inserted will also operate a cavitator. Under the pressure
of a pump, the cavitator mechanism will be activated, producing in the collapse zone, microbubbles
that will cause changes in temperature and pressure which may be useful for the N volatilization

favored by the increase of temperature.
Table 5. Operating conditions in lab-scale crystallizer tests
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SAMPLE pH [Mg:P] Agitation
Volume POas- NHa+
[L] (mg/L)  (mg/L)  COD (g/L)

MLS1 100 10 1.3 130 1200 60
Air flow
(40LPM)

MLS2 100 10 2.0 130 1200 60
Air flow
(40LPM)

In addition, the formation of micro-bubbles will allow good luid handling which will favor the
precipitation of struvite crystals and, ultimately, the introduction of air or oxygen via a suitable
cylinder, will promote the degradation of the residual organic material present in the liquid
clariied, obtaining a water less loaded with COD. [7], [8], [9]

It should be speciied that, in order to optimize the COD reduction process, the use of 0, will be
preferred so as to stimulate the metabolism of aerobic bacteria and obtain a more proitable result.
The analysis of N, P and COD were carried out at TO (time 0) or at the beginning of the trial, T1
(after 60 min), T2 (after 120 min), T3 (after 180 min), T4 (after 240 min) and TF (overnight).

The data retrieved from the tests will allow to identify the best combination of the different
tests to be tested on the industrial-scale crystallizer.

Finally, Table 6 shows the eficiency of pollutant removal. [10]

Table 6. Obtained results in medium-scale crystallizer tests performed

HRT TP PO43- NH3 COD (%)
Removed Recovery  Stripped
[%] [%] [%]
N
recovery
(struvite)
[%]
MLS1 25+4 75%4 55+2.1 0.06+0.04 57+2
MLS2 50+4 8550+3 72.5%5 0.09+0.2 68+4

10
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[t can be seen that, in this case too, the objective of removing pollutants such as ammoniacal
nitrogen was largely achieved; the process, in fact, led to a removal of 72.5+5 % in the test carried
out with pH 10 and a ratio Mg:P of 2 but the removal eficiency is still above 50% for each test
carried out under different conditions of Mg:P ratio. Finally, as regards the removal of COD, tests
with O insuflation have given expected results, attesting to an eficiency of removal of 57+2 for the
sample MLS1 and 684 for the sample MLS2 compared to the initial operating conditions.

The results conirm the effectiveness of the method in recovering nutrients (P and N). In
addition, it should be noted that the use of O is indeed the key point for the implementation of the
proposed technology in terms of COD removal. As shown by the data, this has led to a reduction of
COD in the digestate of almost 60%. The proposed data are suficiently encouraging for the design
and development of the large-scale prototype which will be tested in the coming months,
supported by the presence of the hydrodynamic cavitator, from the bibliography, should make
further improvements to the process, until the inal and overall objective of this project is reached,
which we remember being the re-evaluation and subsequent reuse of a potentially waste product
such as digestate.

5.Conclusion

This digestate treatment technology will be designed on an industrial scale to assess its
eficiency and operating costs; in particular for energy and chemical use, as well as to improve
quality and predictability of fertilisers produced.

The struvite precipitation process could play an important role in recovering P, and thus
counteracting the substantial reduction of nutrient reserves, as well as providing a solution to the
problems arising from the increase in the number of biogas plants. In this context, the research
project and the subsequent industrialization of the results obtained have been studied and
deepened in accordance with current Community and national regulations. In particular, the
objective of the project is to reduce or eliminate the environmental impact in accordance with
D.Lgs. 152/2006.

The digestate valorization project, aimed at recovering the nutrients dissolved in the liquid
fraction, aims to enhance a product that is currently considered a waste of anaerobic digestion
production to be sent for spreading, with the associated costs not low. On the contrary, the
treatment of digestate allows to obtain products with high agronomic value recognized as
fertilizers, according to the European Regulation 2019/1009. [11], [12], [13]

The latter highlights the importance of creating plants that promote a circular production
model, which reduce or eliminate the generation of waste and which, on the contrary, promote the
recycling of matter (Circular Economy). [14], [15], [16], [17], [18]

In addition, the recovery of nutrients contained in digestate is to be considered a best practice
since it allows compliance with the limits imposed by the Nitrates Regulation (Directive
91/676/EEC). [19] [20]
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