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Abstract

This work investigates an innovative process to valorise agricultural digestate by the exploitation of solar energy. Diges-
tate has been located in a lab-scale greenhouse to evaporate the liquid phase. Digestate vapours, rich in ammonia, are sent
in a Drechsler trap, filled with 38% w/w sulfuric acid solution, through three solar air fans. A concentration of about 2 M of
ammonium sulphate solution was recovered. The remaining dried solid phase, rich in phosphorous compounds, was evalu-
ated as alternative to the commercial fertilizers (46% P,0Os) in the growth of maize plants. Equal amount of P was applied
to each pot (25 mg/kg soil). The plants were evaluated along the 8 weeks in a greenhouse monitoring the growth parameters
and leaf SPAD index, micro-, macronutrients and non-essential heavy metals. The results evidenced that the dried solid
phase of digestate can be used as an alternative source of P.
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Statement of Novelty

This experimental work aimed to close the loop of the anaer-
obic digestion, showing the validity of the digestate for (i)
the obtaining of a solution of ammonium sulfate, a com-
mercial fertilizer, and (ii) its adoption as substitute of the
conventional P-based fertilizer. These scopes were achieved
through the exploitation of a totally clean energetical source,
the solar one. In particular, the ammonium sulfate recovery
was optimized by conduction of a preliminary stage of filtra-
tion to remove biggest solid particles, which was observed
to be responsible of the ammonia adsorption, reducing the
ammonium sulfate recovery. Then the dried digestate was
tested as phosphorous nutrient to maize plants along two
consecutive growth cycles, demonstrating very similar per-
formances to the commercial fertilizers.

Introduction

In 2017 the European Union relaunched the efforts to limit
to fossil fuels adoption in the economic activities in favor
of renewable sources. Among them, agri-farm residues are
the most abundant ones. Under the name of “agricultural
residues”, two main typologies of wastes are embedded:
primary residues are represented by solid vegetal residues
and animal manure; secondary residues are the byproducts
derived from one or more unit-operations for the production
of an economic good (for instance, olive pomace from olive
oil production) [1]. It was estimated that 395 million tonnes
of dry matter (Tdm) of primary agricultural residues are
annually produced in the EU countries but just 62 million
Tdm are collectable as feedstock for the synthesis of bio-
based materials, nutrients recovery and bioenergy applica-
tions [2]. Regarding the livestock sector, more than 1400
million tonnes of manure are estimated to be annually gen-
erated in the EU [3]. Animal manure is rich in nitrogen and
phosphorous compounds, which are mainly lost (50-70%) to
environment via NH3 volatilization, denitrification, leaching
and run-off in pastures or during storage and/or following
application of the animal manure to land [4]. The 2008/98
European Directive introduced the “waste hierarchy” con-
cept, which promotes the production of bio-based materials
and the recovery of nutrients from wastes as fundamental
options in order to realize the transition from a linear eco-
nomical model to the circular one [5]. When exploited, agri-
farm residues are essentially adopted for bioenergy scope, in
particular for the biogas production by anaerobic digestion
(AD). Digestate is the main byproduct from AD, which can
be adopted as soil improvers or fertilizer production in a
circular economy optic. Digestate supplies stable carbon on
fields thus increasing the carbon sink capability of soils and
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is rich in nitrogen (N), phosphorus (P), and potassium (K),
important macro and micro- nutrients for intensive agricul-
ture [6]. In particular, nitrogen is the most important and
commonly lacking nutrient.

A fertile soil has the capacity to retain a reserve of essen-
tial nutrients for the crops, depending on the presence of
clay particles and the organic matter’s composition of the
soil. Only 2-3% of nitrogen compounds are in nitrate and
ammonium forms, the ones which plants are able to assimi-
late [7]. The phosphorous compounds availability in the soil
is even five folders lower than nitrogen ones [8]. Therefore,
digestate valorization is able to provide a double beneficial
scope: (i) closing the loop in the biogas AD process and (ii)
recovering of nitrogen and phosphorous compounds, wel-
coming the indication of the “waste hierarchy” approach [9].

The application of agricultural digestate has been tested
on the soil with the aim to increase the interaction of the
soil-plant systems favoring the growth of the foliar area and
weight of the vegetal and the distribution of photo assimi-
lates between the different organs of the plants [10, 11]. The
liquid and solid fractions of digestates contains macronutri-
ents contain N and P compounds, respectively [12] and it
was reported to be an alternative source of inorganic P ferti-
lizers in several plant species such as amaranth and sorghum
[13, 14], maize [13], plant ornamental species [15], ryegrass
[16, 17], barley [18] and tomato [12]. But the direct digestate
application on the soil has some drawbacks: bad odors, the
presence of no stabilized compounds, of pathogens and, in
some case, of heavy metals [19]. Consequently, the Euro-
pean Nitrate Directive, remark the need of an upgrade pro-
cess for the digestate. Liquid fraction of digestate, rich in
ammonia, is often sent to stripping process where ammo-
nia is transferred from liquid to gas phase and converted in
ammonium sulfate, a common N-based fertilizer, after the
reaction with a solution of sulfuric acid [20-22]. The strip-
ping process is characterized by high energy consumption
to heat the digestate in the stripper till to 80 °C, and by high
reagents (NaOH and H,SO,) consumption [23]. Instead,
solid fraction rich in phosphorous can be exploited ad sub-
stitute of the common commercial P-based fertilizer [17].

The aim of this work had the ambitious to propose a
model of circular economy focused on the use of the solar
energy for a green exploitation of digestate, usually con-
sidered a by-product of the AD. In particular, the digestate
drying and the ammonia recovery from the liquid phase of
digestate was conducted by solar energy, with the avoiding
of the consumption of electricity. An agriculture digestate,
coming from a dry AD process, has been located in a trans-
parent greenhouse, exposed to sunlight (Fig. 1).

After the drying process, the agricultural digestate was
also tested as a P source for maize plants through pot experi-
ments in a low P-containing silt loam soil comparing its
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Fig. 1 Valorization of the agricultural digestate for (i) the ammonium sulfate recovery and (ii) as P-based fertilizer

performance to a commercial inorganic fertilizer (triple
superphosphate, TSP). Two consecutive growth experiments
were carried out using the same treated soils of the first one
in order to evaluate the residual P fertilization effects of the
different sources.

Materials and Methods

The recovery of Ammonium Sulfate Through
the Drying of Digestate

Lab-Scale Solar Greenhouse Set-up

The ammonium sulfate recovery was tested on a dried agri-
cultural digestate taken from a biogas plant treating a mix-
ture of bovine manure, chicken manure and rice straw and
operating at mesophilic conditions in dry conditions, ADDC
(Agricultural Digestate Dry Condition) with a Total Solids
(TS) content after AD of about 18% w/w.

The lab-scale greenhouse, adopted for the drying of the
digestates, had the dimensions of 50 x40 30 cm. In order
to have temperatures comparable to the ones of the city of
Stax (where the BiogasMena project aims to realize the scale
up of the process), the tests were conducted in summer. The
lab-scale greenhouse was putted under the solar irradiation
in a quiet zone of the garden of the Department of Biotech-
nology of the University of Verona (latitude 45°24'09"N,

longitude 10°59'54"E). Verona city is located in the Po
Valley (Northern Italy), having a continental climate with
summer average temperatures of 29 °C and 23 °C in the
maximum and minimal values, respectively. The rainfalls are
distributed along all the year, with a major concentration in
the hottest months [24].

10 L of the ADDC were fed in the greenhouse and were
discharged when the TS concentration raised the value of
60% w/w. This is the minimal value of TS content required
by Italian legislation for the preliminary drying process [25].
Before the feeding in the solar greenhouse, ADDC was pro-
cessed with a preliminary filtration step (mesh size of 2 mm)
in order to remove the fibers materials, which in our previous
research work adsorbed ammonia molecules with a conse-
quent reduction of the ammonium sulfate yield [6].

The digestate drying inside the greenhouse was facili-
tated by three air fans (Digiflex Solar Powered Cooling Fan)
which had a diameter of 6 cm and a solar panel (5 X6 cm).
These solar fans had also the scope to carry the ammonia
vapors from digestate into a Drechsler trap, a bottle provided
with porous material filling to favor contact between sulfuric
acid solution (38% w/w) and digestate’s vapors [22]. The
greenhouse presented also a section shrinkage to increase
speed of vapors towards the Drechsler trap. The porous
material was constituted by borosilicate glass with porous
dimensions in the range of 100—160 um, which is usually
used to gas transfer in a liquid phase. The amount of sulfuric
acid solution in Drechsler trap was 0.4 L.
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The Evaluation of the Test Performances

The performances of the test were evaluated essentially tak-
ing into account the following factors [6]:

i) The concentration of ammonium sulfate solution recov-
ered within the Drechsler trap from ADDC;

ii) The yield of the ammonia recovery expressed as amount
gone in the reaction with sulfuric acid and recovered as
ammonium sulfate (n)), expressed as:

(%) = 100

Amount of ammonia gone in reaction with sulfuric acid and recovered as ammonium sulfate (g)

Exploitation of the Dried Digestate as Alternative
to the Commercial P-Based Fertilizers

Description of the Pot Tests

Two sequential greenhouse pot experiments were carried
out to evaluate the agricultural digestate (ADDC) as alter-
native P source to sustain the growth of maize seedlings
comparing it to a commercial inorganic fertilizer (triple
superphosphate, TSP, 46% P,0s). Taking into account the
specific scope of Biogasmena project, which is focused on

ey

Amount of ammonia initially present in digestate (g)

where the numerator was calculated considering the ammo-
nium sulfate concentration (M) in the Drechsler trap and the
molar coefficients of Reaction 1.
2 NH3 + HZSO4 g (NH4)2SO4 (Reaction ])

The drying of ADDC was tested in duplicate in order to
verify its repeatability and reduce the weather conditions’
influence.

Several parameters were considered for the characteriza-
tion of ADDC at the beginning and at the end of the test: pH,
total Chemical Oxygen Demand (COD), TS, Volatile Solids
(VS), and the concentrations of total nitrogen compounds
(TKN), ammonia and total phosphorus (TP). TS, VS, COD,
TKN, ammonia and TP were determined using the stand-
ard methods described in the scientific literature [26]. To
determine the ammonium sulfate content in the Drechsler
trap solution, the back titration method has been adopted. In
particular, this technique is based on dissociation of ammo-
nia salts and the ammonia evaporation from solution by the
addition of sodium hydroxide (Reaction 2) until to reach a
pH of 11. At this condition all ammonia compounds were
transferred in gaseous phase, which has been distilled by
VELP UDK 159 distillation unit [27]. Then, 2—-3 drops of
phenolphthalein are added to the solution, which is then
titrated with hydrochloric acid solution (0.1 N) (Reaction
3), until the red color is lost.

(NH,),SO,, + NaOH,,,, - NH;,, + Na,SO,,, + 2 H,0,
(Reaction 2)

NaOH + HCI — NaCl + H,0 (Reaction 3)
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the implementation of a pilot anaerobic digester working at
dry condition, ADDC were adopted for this specific part of
the experimentation.

Considering the scope to evaluate the ADDC usage at
the place of the P based commercial fertilizers a silt loam
soil (sand 26%, slit 61.5% and clay 12.5%) with a low bio-
available P content (3.9 mg/kg) [28], was selected for this
study. Its main physical-chemical characteristics were pH
(H,O) value of 7.0, a cation exchange capacity (C.E.C) of
23.7 meq/100 g, a percentage of organic matter of 2.21.
The experiment was carried out using 4.5-L pot containing
3.3 kg of soil treated with the same quantity of P equal to
82.5 mgP/pot (25 mgP/kg soil) corresponding to an agro-
nomical P recommended dose of 96 kgP/ha for maize growth
in a low P content soil [29]. In particular, 41.25 g/pot ADDC
and 0.41 g/pot TSP with the 3.3 kg of soil were mixed in
order to obtained ADDC-treated pot and TSP-treated ones.
Five pots were set-up for ADDC treatment, five for the TSP
treatment and five for negative control (C—, soil without
addition of any P source). In addition, the quantity of N
between pots treated with ADDC and those treated with
TSP e C— were balanced with NH,NO; to obtain the same

Table1 The characteristics of ADDC before and after the drying
operation

ADDC In ADDC Out
pH 7.92+0.04 Not measured
TS (% wiw) 8.97+0.37 64.19+4.41
VS (% wiw) 6.08+0.26 41.14+0.86
VS (% TS) 67.78 £3.14 64.09+3.51
COD (g/L) 40.75+3.09 33.58+£3.00
TKN (g/kg) 5.14+041 2.82+0.36
NH; (g/kg) 3.89+0.28 1.01+0.24
NH,/TKN(%) 78.74+£2.02 35.82+£0.98
P (g/kg) 1.09+0.27 1.48+0.07
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Fig.2 ADDC at the end of the
solar drying (A), the ammonium
sulfate spontaneously crystal-
ized within the trap (B) and
ammonium sulfate recovered
after solvent evaporation (C)
(Battista and Bolzonella, [6])

Table 2 Factors summarizing the solar drying performances of diges-
tates

ADDC
(NH,),SO, concentration in Drechsler trap (M) 1.86+0.46
n NH; (%) 65.02+2.41
teo (days) 6.50+1.00
T max average along the test (°C) 31.11+£2.93
T min average along the test (°C) 20.33+2.00

dose of N per pot (240 mgN/pot, 72.72 mgN/kg soil, about,
corresponding to 283 kgN/ha) [29]. All pots were fertilized
with the same quantity of K (as KCl) equal to 42.18 mgK/
pot (112.78 mgK/kg soil corresponding to 100 kgK/ha)
[29] and 10 mL of a solution with the following compo-
sition: 0.05 mM ZnSO,, 0.02 mM CuSO,, 1 mM H;BO;,
0.001 mM (NH,)Mo0,0,,, 0.04 mM Fe-EDTA and 2 mM
CaSO,. Maize seeds (P0943 Hybrid, Pioneer Italia S.p.A.)
were soaked in water for 24 h, germinated in the dark on wet
filter paper for 48 h and then one seedling was transferred in
each pot. Pot tests were located in a greenhouse (mean day
temperature of 35 °C, a mean night temperature of 27 °C and
a relative humidity of 45%) according to a randomized block
scheme. Every week, the pots were re-organized in a new
randomized block scheme in order to avoid differences due
to different light conditions. In addition to sunlight, artificial
light was provided to obtain a 16/8 h light/dark photoperiod.

Evaluation of the Pot Tests

During the growth experiment, the volumetric water con-
tent of each pot was regularly measured using the TDR
150 Soil Moisture Meter (FIELDSCOUT) and maintaining
about 35% adding deionized water. Every 2 weeks pots were
treated with 10 mL of a solution with the following composi-
tion [29]: 0.05 mM ZnSO,, 0.02 mM CuSO,, 1 mM H;BO;,
0.001 mM (NH,)¢Mo,0,,, 0.04 mM Fe-EDTA and 2 mM
CaSO,. Starting from the third and second week for the first
and second cycle respectively, leaf number, stem length and
leaf SPAD (Soil-Plant Analysis Development) index were
weakly measured. The average SPAD index of 7 measure-
ments taken for each leave of the maize plants was recorded
using the SPAD-502 (Konica Minolta). At the end of this
first growth experiment (8 and 9 weeks for the first and sec-
ond cycles respectively) a sample of soil was collected from
each pot for the quantification of the available P and plants
were harvested separating stem from root apparatus. The
fresh weight (FW) was measured both for shoots and roots.
The tissues were then washed 5 times with deionized water
(18.2 MW-cm at 25 °C) and dried at 60 °C for 72 h, then
weighted (dry weight, DW) and processed for the elemental
analysis by ICP-MS. The same soil of each pot used for
first growth experiment was collected and used for a second
cycle of growth using the same experimental design. A new
2-day-old maize seedling was transferred in each pot. The
growth was carried out in the same way and using the same
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Fig.3 Leaf number (A), stem length (B) and SPAD index (C) of
maize plants recorded during the first growth cycle (8 weeks). Data
are expressed as mean +s.d. (n=>5 replicates; one-way ANOVA with
Tukey’s post hoc test, p<0.05, significant differences are indicated
by different letters). C— negative control, no fertilization with P; TSP
treatment with TSP; ADDC treatment with ADDC

conditions of the first cycle except for the duration (9 weeks)
and the starting week of the collection of parameters (sec-
ond week). Soil and plant tissue samples were collected and
treated as previously described.

The concentration of available P in each soil samples
was determined using 2 g of soil and following the method
described by Olsen et al. [28].

The Multielemental analysis of plant tissues was per-
formed as following. Dried plant tissues (about 10 mg) were
mineralized in a 3-ml TFM microsampling insert (Milestone
Stl) using 250 mL of ultrapure grade HNO; (69%, Romil).
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The reaction was carried out at 180 °C for 20 min using
a StartD (Milestone Srl) microwave digestor. Three inserts
were placed in a TFM 100-mL vessel with 11 mL of Milli-
Q water and 1 mL of ultrapure grade H,0, (30%, Romil).
The samples were then diluted to 2% HNO with ultra-pure
grade water (18.2 MW-cm at 25 °C). The multielemental
analysis of samples was performed using an Agilent 7500ce
ICP-MS detection system (Agilent technologies). Calibra-
tion curves were obtained by diluting a custom-made multi-
element standard (Romil LTD). Measurement accuracy and
matrix effect errors were checked using a standard reference
material (NIST 1515 Apple leaves). Elements that were not
measured accurately (more than+ 10% deviation from the
certified value) were not further processed and reported in
the result section.

Statistical Analysis

Statistical analyses were carried out through one-way analy-
sis of variance (ANOVA) followed by a post hoc Tukey’s test
using the GraphPad Prism 7 (GraphPad Software). Different
letters indicate statistically significant differences (p <0.05).

Results and Discussions
ADDC Characterization

Table 1 summarizes the physical and chemical characteriza-
tion of the ADDC tested along the research work.

The pH value of ADDC was slightly basic at the begin-
ning of the tests, as consequence of the high content of
ammonia concentration (Table 1). ADDC had high VS/TS
ratios, around 65-70%, with a lower value at the end of dry-
ing process as consequence of the anaerobic degradation
of the organic matter. The amounts of carbon and nitrogen
are fundamental to define the efficacy of a soil amendment.
As reported by COD values in Table 1, the organic matter
concentration in ADDC was of about 40 g-p/L, lower than
not filtered agricultural digestates, which show average COD
contents around 45-50 g/L [6]. It was due as effect of the
removal both of fibers and of all particles with diameter
superior than 2 mm. Being organic matter, these materials
contributes to the total COD increasing.

Regarding the nitrogen compounds, Kirchmann et al. [30]
evidenced that, rather than the total concentration (TKN),
is the balance between organic and mineral (ammonium) to
influence the agronomic use of digestate. The higher is the
share of ammonium, better is the efficiency of the diges-
tate used as a N- based fertilizer [21]. In fact, ammonium is
immediately available to be adsorbed and used by the plants;
thus, high NH,*/TKN ratio is preferable because it reduces
the volume needed for spreading on fields. Ammonium
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Fig.4 Shoot fresh (A) and dry (B) weight and root fresh (C) and
dry (D) weight of maize plants at the end of the first growth cycle
(8 weeks). Data are expressed as mean+s.d. (n=5 replicates; one-
way ANOVA with Tukey’s post hoc test, p<0.05, significant dif-

derives from the biological degradation of nitrogenous mat-
ter, mostly present in form of proteins and urea [31]. Typical
protein rich substrates are manure and some typologies of
food wastes [21, 32]. It allows to explain the high content of
TKN and ammonia in ADDC.

Lastly, some considerations for phosphorous content in
digestate. AD is known to not having a relevant ability to
reduce the phosphorous compounds [17]. Consequently, it
still contains a high level of phosphorus (either organic or
inorganic phosphate) that, when directly discharged on soil,
could be the cause of different environmental issues, firstly,
eutrophication, which severely damages aquatic ecological
systems. Table 1 seems to confirm that total phosphorous
concentration remained high, even increasing after the solar
drying process, as consequence of the liquid phase evapora-
tion. Being mainly retained in the solid phase, phosphorous
compounds in digestate could be converted in a precious
resource after the drying process, closing the loop of the
circular economy of the AD process. Phosphorus, in fact,
is known to be a non-renewable plant nutrient and therefore

B shoot DW

1.57

DW (g)

0.5

0.0

ferences are indicated by different letters). C— negative control, no
fertilization with P; TSP treatment with TSP; ADDC treatment with
ADDC

essential for agriculture. Thus, digestate has been valorized
as substitute of the conventional P-base fertilizer (Paragraph
3.3). By this way, the valorization of agricultural digestate
would offer a green way of producing P based fertilizer. Cur-
rently phosphorous is unsustainably mined from phosphate
rock, causing the depletion of this resource within the end
of the century [33].

Ammonium Sulfate Recovery from Agricultural
Digestate

The recovery of a solution rich in ammonium sulfate from
different digestates was conducted in a previous our work
[6], where ammonia adsorption phenomenon on solid par-
ticles was observed in agricultural digestate having a high
content of TS. It represented a problem as it reduced the
ammonia availability in the liquid phase, and so its recovery
in the Drechsler trap. Along this experimental campaign, the
process was optimized to increase the ammonium sulfate

@ Springer
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Fig.5 Total quantity of P accumulated in shoot (A) and (B) soil
available P content determined at the end of the first growth cycle
(8 weeks). Data are expressed as mean+s.d. (n=5 replicates; one-
way ANOVA with Tukey’s post hoc test, p<0.05, significant dif-
ferences are indicated by different letters). C— negative control, no
fertilization with P; TSP treatment with TSP; ADDC treatment with
ADDC

recovery even in presence of an agricultural digestate, rich
in solids concentration.

Figure 2 [6] shows the effect of solar drying on ADDC
(Fig. 2A), the formation of white ammonium sulfate crys-
tals on a component of the Drechsler trap (Fig. 2B) and the
ammonium sulfate solution recovered after a slow solvent
evaporation at 60 °C (Fig. 2C). The ammonium sulfate crys-
tals’ formation is probably due to a local increasing of the
ammonium sulfate concentration in correspondence of the
walls and of the other components of the Drechsler trap,
which favored the precipitation of the salt.

Table 2 summarizes the concentrations of ammonium
sulfate solutions in the Drechsler trap, the yield of ammonia
gone in reaction with sulfuric acid (n) and the time needed
to reach the TS concentration of 60% w/w (t4).
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Table 3 Total content of macronutrient, micronutrient and non-essen-
tial metals of shoot of the first growth cycle

C- TSP ADDC

Macronutrient (mg)

Ca 28.19 + 6.56b 42.67 +7.31a 32.80 + 4.66ab

K 72.17 +17.84c 126.85 +22.32b 199.90 +47.37a

Mg 5.60 +1.31b 16.27 + 4.41a 9.54+2.57b
Micronutrient (pg)

B 30.31+11.40b 62.11+12.92a 80.69 +13.83a

Cu 24.58 +7.90b 46.38 +10.36a 48.76 +13a

Fe 948.71 +566.65 590.19+313.93 869.58 +445.34

Mn 137.03 +40.82b 238.11 + 52.67a 226.00 +51.71a

Mo 0.55+0.14¢ 1.33+0.41b 2.55+0.64a

Ni 8.42+2.87 11.61+4.70 13.05+5.96

Zn 89.66+24.13 95.58+21.90 149.69 +£52.45

Values in bold marked the existance of strong statistic difference
between C-, TSP and ADDC tests

Data are expressed as mean +s.d. (n=>5 replicates; one-way ANOVA
with Tukey’s post hoc test, p<0.05, significant differences are indi-
cated by different letters)

C —negative control, no fertilization with P; TSP treatment with TSP;
ADDC treatment with ADDC

ADDOC reached the good ammonium sulfate concentra-
tion and the ammonia recovery yield (1)) respectively of
1.86 M and 65.02%. Our previous work [6] achieved lower
performances with the same typology of digestate: of 1.04 M
and a n) of 37.11% of ammonium sulfate concentration and
anomia recovery yield, respectively. It can be explainable
because fibers in ADDC are able to adsorb ammonia mol-
ecules impeding them the transferring from the liquid to the
vapor phase [34].

Table 1 reports the characteristics of the dewatered
ADDC too. Solar irradiation does not influence the VS/TS
ratio, meaning that the aerobic degradation phenomena did
not occurred and that substrates were well stabilized by AD.
Also, the phosphorous compounds’ concentration kept con-
stant after the drying process, while nitrogen compounds
saw a decreasing, as consequence of ammonia evapora-
tion. In fact, NH4+/TKN ratio showed a reduction of about
50-55%, demonstrating that organic nitrogen was almost not
involved by the process and the remaining ammonia (1.01 g/
kg) was probably absorbed by the finest fibers which was not
filtered and remained in the ADDC.

Evaluation of the ADDC as an Alternative P Source
for Maize Plants

After the drying operation in the solar greenhouse, ADDC
was exploited as green substitute of the P commercial ferti-
lizer (TSP) for the maize growth, conducted in two cycles.
The second one was carried out in order to evaluate the
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Table 4 Concentration of Cc— TSP ADDC

non-essential metals of in shoot

tissues of the first growth cycle Al (mg/gDW) 0.62+0.35a 0.12 +0.09b 0.40+ 0.14ab
As (ng/gDW) 258.63+117.12a 83.70 + 43.49b 114.17 + 46.66b
Cd (ng/gDW) 121.54 +15.84 115.99+16.23 127.50+15.24
Co (ng/gDW) 358.88 + 75.94a 126.72 + 43.88b 154.56 + 40.54b
Cr (ug/gDW) 18.20 + 3.15a 9.27+2.57b 10.63 +1.52b
Na (pg/gDW) 37.00 +17.34ab 18.60 + 11.47b 56.03+22.41a
Pb (ng/gDW) 559.26 + 281.78a 199.25 + 90.29b 251.59+71.83b
V (ng/gDW) 1166.87 + 565.62a 257.14+173.37b 663.42 +262.07ab

Values in bold marked the existance of strong statistic difference between C-, TSP and ADDC tests

Data are expressed as mean+s.d. (n=5 replicates; one-way ANOVA with Tukey’s post hoc test, p<0.05,
significant differences are indicated by different letters)

C —negative control, no fertilization with P; TSP treatment with TSP; ADDC treatment with ADDC, n.d.

not detected

residual effects of the two different P sources, reusing the
soils of the first cycle.

First Growth Cycle

Plant growth parameters, such as leaf number and stem
length and leaf SPAD index were weakly measured (Fig. 3)
in order to compare the effects of ADDC and TSP. Addition-
ally, at the end of the experiment (8 weeks) the FW and DW
of shoots and roots were determined (Fig. 4). The treatment
with ADDC significantly increased plant steam length, num-
ber of leaves (Fig. 3A, B) and shoot FW and DW (Fig. 4A,
B) in comparison to not P-fertilized plants (C—), promoting
a growth comparable to TSP-treated ones. A similar effect
between an anaerobically digested orange waste and inor-
ganic fertilizers on leaf numbers and shoot length of plants
was reported for Chinese cabbage and ryegrass [35]. Con-
sidering the shoot FW and DW, our data are in line with the
results reported in previous work where the comparison of
the application of solid fraction of digestate and commonly
used fertilizers investigated on different plant species [13,
14, 16, 17]. In particular, in pot experiments carried out
with maize treated with the solid fractions of two digestates
derived by different mixtures in the plant (dairy slurry, 57%,
w/w and maize silage 43%, w/w and on energy crops only—
87%, maize silage, 9% cereal whole plant silage, and 4%
grass silage, w/w—respectively) was observed a production
of dry matter measured similar to that obtained with NPK
fertilizer [13]. Furthermore, the root FW weight of ADDC-
treated plants showed no significant difference with the TSP-
treated and untreated plants (C—) (Fig. 4C, D). In the case
of root DW, highest values of biomass were recorded for the
C— plants (Fig. 4D). The lowest shoot and the highest root
DW observed for these plants grown in a low P available soil
suggested that they exhibited the typical response to P defi-
ciency based on the reduction in the shoot/root ratio brought

about by a major inhibition in shoot growth rather than root
[36]. Regarding plant leaf chlorophyll content, no significant
differences were observed in SPAD index between the three
nutritional conditions during the experiment (Fig. 3C) with
the exception of data concerning the 5th week. These results
suggested that the chlorophyll concentration in leaf is not
affected by low availability of any macro- or micronutrients
at least over the experiment [36, 37].

Analysis of the plant P content determined by ICP-MS in
shoot tissue at the end of the experiment (Fig. SA), showed
a similar pattern of the plant shoot biomass (Fig. 4A, B).
Interestingly, the ADDC-treated plants accumulated P in
shoot in similar quantity of TSP-treated ones (Fig. 5A).
Similar results concerning total P (shoot + flowers) quantity
was observed for pot experiment carried out with sunflower
and marigold treated with steam-dried solid digestate and
TSP as control [15]. In addition, no significant differences
were reported in P uptake when plants of amaranth, maize
and sorghum were fertilized with two solid digestates and
inorganic NPK fertilizer [13]. At the end of the first cycle
of growth, the available P concentration of soil was similar
ADDC and TSP treatments (Fig. 5B). This confirms previ-
ous results reported for maize [13].

We also investigated the total shoot content of other
macronutrients, micronutrients and non-essential metals
(Table 3). Plants fertilized with ADDC accumulated high-
est levels of K than TSP-treated and untreated plants (C—),
whilst the levels of Ca and, in particular of Mg, were sig-
nificant lower in shoot of ADDC-treated and C— plants
(Table 3). Anyway, the contents of macronutrients in shoot
(data not shown) were in all condition well above the opti-
mal levels reported for shoot plants [38]. In alfalfa the fer-
tilization with digestate increase the K content in plants in
comparison to inorganic fertilizers [39]. A lower level of
Mg content was recorded in aspen stem wood when seed-
lings were fertilized in pots with digestate in comparison to
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Fig.6 Leaf number (A), stem length (B) and SPAD index (C) of
maize plants recorded during the second growth cycle (9 weeks).
Data are expressed as mean +s.d. (n=5 replicates; one-way ANOVA
with Tukey’s post hoc test, p<0.05, significant differences are indi-
cated by different letters). C— negative control, no fertilization with
P; TSP treatment with TSP; ADDC treatment with ADDC

the treatment with sewage sludge and wood ash [40, 41].
In addition, both ADDC and TSP caused an increase in
micronutrient total content particularly evident for B, Cu
and Mn whilst for the levels of Mo were highest in response
to ADDC supply (Table 3).

Analysing the non-essential metals, we observed that
their concentration in shoot was higher in the unfertilized
plants with the exception of Cd (Table 4). The plants treated
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with ADDC and TSP displayed similar concentration for all
these metals that exhibited the highest level in P-fertilized
plants (both with ADDC and TSP) and besides Na (Table 4).

Second Growth Cycle

The residual effect of the treatment of soil with different P
sources was evaluated regrowing maize plants in the soil of
the first experiment. Data show that in this cycle the plants
fertilized with ADDC performed better than those treated
with TSP as suggested by leaf number and stem length
(Fig. 6A, B). On the other hand, as previously observed,
any significant differences in leaf SPAD index between the
three nutritional conditions was observed with the excep-
tion of data of the 6th week (Fig. 6C). Interestingly, in this
second growth experiment the differences in shoot biomass
between ADDC and TSP was more evident (Fig. 7A, B).
Any significant difference was observed in weight of root
apparatus (Fig. 7C, D). Taken together, these results show
that in our experimental condition the residual fertilization
capacity of ADDC is higher than TSP and able to sustain and
enhanced growth of maize plants particularly considering
shoot biomass accumulation.

This consideration is also supported by the results con-
cerning the P accumulation in shoot and the P available
content of the soils measured at the end of the growth. In
particular, in this cycle of experiment were more evident
the differences between nutritional conditions in the shoot
P content, with highest values for ADDC-treated plants
(Fig. 8A). This trend agrees with that exhibited by the P
available content of the soils (Fig. 8B). Similar considera-
tions have been made in the case struvite [40—42]. In addi-
tion, Grigatti et al. [43] showed that the solid fraction of AD
of maize had the highest potential P availability (Olsen-P)
in comparison to inorganic P source (Ca(H,P04),.H,0), in
line with our results.

In this second cycle of growth, the ADDC treatment
improved the accumulation of nutrients in plant shoot.
Regarding the content of other macronutrients at the end
of the experiment (Table 5), the highest K concentration
was determined in ADDC-treated plants. Interestingly, in
this second cycle of growth were more evident the differ-
ences in K between plants treated with ADDC and TSP that
exhibited similar level of the macronutrient to unfertilized
ones (Tables 3 and 5). In addition, in this second experiment
was less evident the differences in Mg as underlined by the
similar level in the case of both P sources (Table 5). The
ADDOC fertilization displayed the highest values of several
micronutrient as B, Cu, Mo, Ni and Zn not only in compari-
son with not-fertilized plants but also with TSP-treated ones
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Fig.7 Shoot fresh (A) and dry (B) weight and root fresh (C) and
dry (D) weight of maize plants at the end of the second growth cycle
(9 weeks). Data are expressed as mean+s.d. (n=5 replicates; one-
way ANOVA with Tukey’s post hoc test, p<0.05, significant dif-

(Table 5). It could be possible that the effect of organic mat-
ter applied to the soil with ADDC treatment is more evident
in this second growth experiment, when the macronutrients
availability (in particular for P) could become limiting. It is
well known that organic matter affects soil physico-chemical
properties that influence the availability of micronutrients as
Zn, Cu, Fe, Mn, B and Mo [44]. Organic matter plays role in
the distribution of micronutrients between soil colloids and
solution. In particular, its high specific surface area, the cat-
ion exchange capacity and the presence of functional groups
are involved in the formation of complexes with metals [44].

In this growth experiment, the shoot concentration of
non-essential metals was in general higher in TSP- and
ADDC-treated plants (Table 6). Only Cd and Na displayed
the highest levels in response to the growth with ADDC.
Anyway, the concentration of these metals was lower than

shoot DW

1.5

1.0

DW (g)

0.5+

0.0

ferences are indicated by different letters). C— negative control, no
fertilization with P; TSP treatment with TSP; ADDC treatment with
ADDC

those reported for tissues of maize plants grown in contami-
nated soils and those corresponding to limits of heavy metal
in vegetables [45].

Conclusion

Agricultural digestate was adopted for agronomic scopes.
Ammonia content was recovered from the liquid fraction
of ADDC in order to obtain an ammonium sulfate solution,
through an innovative operation which exploited the solar
irradiation in a lab-scale greenhouse. A final solution of
about 2 M was recovered when the process was optimized.
The remaining dried solid phase of the agricultural diges-
tate was tested as P-based fertilizer on the growth of maize
plants. Its performances, compared to the conventional
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Fig.8 Total quantity of P accumulated in shoot (A) and (B) and soil
available P content determined at the end of the second growth cycle
(9 weeks). Data are expressed as mean+s.d. (n=5 replicates; one-
way ANOVA with Tukey’s post hoc test, p<0.05, significant dif-
ferences are indicated by different letters). C— negative control, no
fertilization with P; TSP treatment with TSP; ADDC treatment with
ADDC
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Table 5 Total content of macronutrient, micronutrient and non-essen-
tial metals of shoot of the second growth cycle

C- TSP ADDC
Macronutrient (mg)
Ca 17.04 +£4.65 22.43+3.75 23.69+4.33
K 58.79 + 12.38b 58.99 + 11.84b 155.10 +19.08a
Mg 4.65+1.31b 9.65 + 1.86a 8.02+1.95a
Micronutrient (pg)
B 16.55+5.45b 23.64 +5.71b 35.53 +5.76a
Cu 12.90 +3.37¢ 23.03 +4.67b 33.37+6.27a
Fe 135.47 +41.03b  265.36 + 74.83ab 330.38 + 137.44a
Mn  105.51+26.25b  194.53+34.73a 231.71 +59.33a
Mo  0.29+0.08c 0.59 +0.10b 1.47 +0.24a
Ni n.d n.d 0.67 +0.57
Zn 57.99 + 21.82b 73.23+13.47b 137.63 +26.70a

Values in bold marked the existance of strong statistic difference
between C-, TSP and ADDC tests

Data are expressed as mean +s.d. (n=>5 replicates; one-way ANOVA
with Tukey’s post hoc test, p<0.05, significant differences are indi-
cated by different letters)

C —negative control, no fertilization with P; TSP treatment with TSP;
ADDC treatment with ADDC, n.d. not detected

Table 6 Concentration of non-essential metals of in shoot tissues of
the second growth cycle

c- TSP ADDC
Al (mg/gDW)  4.94+0.32b  6.39+0.85a  3.98+0.48b
As (ng/gDW)  23.83+2.65 40.00+22.00 41.89+11.10
Cd (ng/gDW)  43.82+140c  57.87+5.60b 88.19+10.57a
Co (ng/gDW)  12.72+6.74 1835+6.83  11.68+11.05
Cr (ug/gDW)  1.46+0.31 1.52+0.27 1.93+0.70
Na (ug/egDW)  11.69+0.39ab  6.51+5.61b  26.54+14.54a
Pb (ng/gDW)  56.96+9.54 759142999  64.50+29.21
V (ng/gDW)  59.04+9.57 97.10+4426  87.86+48.22

Values in bold marked the existance of strong statistic difference
between C-, TSP and ADDC tests

Data are expressed as mean +s.d. (n=>5 replicates; one-way ANOVA
with Tukey’s post hoc test, p<0.05, significant differences are indi-
cated by different letters)

C —negative control, no fertilization with P; TSP treatment with TSP;
ADDC treatment with ADDC, n.d. not detected
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phosphorous fertilizers, led to similar plants’ length, weight
and numbers of leaves. Also, the capacity to adsorb macro
and micronutrients were similar, demonstrating the efficacy
of agricultural digestate as soil improvers.
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