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ABSTRACT

A mixture of digestates from biogas plant and bottom ashes from biomass combustion can be a valuable source of
nutrients and organic substances as well as an improver of the adsorption capacity and water-air properties of the
soil. Pelletization of such a mixture makes its composition more stable and the handling easier. However, the prop-
erties of pelletized fertilizer are affected by the external factors. The paper presents the results of the research on
the impact of air accessibility during the storage of fertilizer pellets produced on the basis of digestate from biogas
plants, bottom ashes derived from the biomass combustion and mineral additives (quicklime, zeolite and benton-
ite) on their fertilizing properties, enzymatic activity and technical parameters, such as resistance to mechanical
loads. The research showed that the fertilizers stored under the roof, exposed to the atmospheric air for 1 year,
contained by 5.5% more water compared to the samples shielded from the air. These more humid fertilizers were
also characterized by slightly higher nitrogen content and 1.7-fold lower enzymatic activity of dehydrogenases
and 1.6-fold higher activity of phosphatases, but their resistance to mechanical loads, both static and dynamic was
lower. On the other hand, the effects of storage conditions on the urease activity and the content of potassium,
phosphorus and heavy metals were not observed. Generally, the storage of fertilizers in airtight containers is more
advantageous, because under such conditions the changes in the fertilizing properties are insignificant, while their
resistance to mechanical loads is much higher.

Keywords: digestate, bottom ashes, fertilizer pellets, dehydrogenase, urease, phosphatase, crushing index, me-
chanical durability.

INTRODUCTION

Recovery is the basic principle of rational
waste management [Waste Framework Direc-
tive]. Different types of organic and mineral
waste can be a source of valuable substances that
— if properly prepared — can replace other raw
materials or contribute to the improvement of the
environment quality [Zwieten et al., 2010; Salem-
deeb et al. 2017].

The digested materials from agricultural bio-
gas plants can be a source of biogenic elements
or organic substances that increase the sorption
capacity of soils and improve their water-air
properties [Nkoa, 2014]. However, high water
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content and biodegradability limit the possibili-
ties of agricultural digestate use [Aladjadjiyan
et al., 2016]. Additionally, the content of some
nutrients may be insufficient. Mixing with other
components, for example with bottom ashes from
the biomass combustion that are rich in macronu-
trients, e.g. P, K, Ca, Mg [James et al. 2012], as
well as the granulation process that improves the
stability of composition and facilitates transport
and storage, may solve the problem. The granula-
tion process is used in practice for the consolida-
tion of different materials such as sawdust, shav-
ings, agricultural raw materials, coal dust, and
other industrial fine-grained wastes [Nilsson et
al., 2011; Ozga and Borowski, 2018]. Pelletiza-
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tion constitutes one method of granulation. The
process is performed in pellet mills, also called
pellet presses or extruders, under high-pressure
conditions (Garcia-Maraver and Carpio, 2015).
The advantages of pelletization in relation to fer-
tilizers, such as increasing durability, slow release
of nutrients in the soil, prolonging storage time
without loss of quality, facilitating transport and
introduction into the ground or reduction of odour
nuisance were noticed a long time ago and ap-
plied in the practice [Patent US5772721A, 1998;
Patent US6517600B1, 2003; Wu et al., 2008].

However, the fertilizers in the form of pel-
lets are also subject to the influence of external
factors, such as humidity, oxygen access, tem-
perature, which can significantly change their
composition and properties, governing usability.
A key condition for maintaining the high quality
of the fertilizer is ensuring its proper chemical
composition, but the physical structure is also of
practical importance.

The aim of the research was to assess the im-
pact of long-term storage conditions on the fertil-
izer value, mechanical durability and biochemi-
cal properties of the pelletized fertilizer produced
from digestate, ashes from biomass combustion
and mineral components (quicklime, zeolite and
bentonite). On the other hand, the practical aim of
the research was to determine the guidelines for the
packaging method and storage conditions of the
fertilizer that ensure maintaining its high quality.

MATERIALS AND METHODS

The examined material

A pelletized fertilizer produced in a pilot plant
on the basis of two waste substrates, including: di-
gestate from the biogas plant (pH 7.7, TS 96.1%,
TVS 54.3% of water) and ash from biomass com-
bustion (pH 11.3), was the subject of the research.
The additional components that act as modifiers
of physical and chemical properties were natural
mineral supplements: zeolite, dolomite and ben-
tonite. The digestate came from a biogas plant
in Siedliszczki (Piaski commune, Lubelskie
Voivodeship), in which maize silage, whey, fruit
processing waste, distillery and vegetable waste
from shops and restaurants were digested.

The fertilizer production line included; prepa-
ration of the digestate, consisting in its concentra-
tion to a dry matter content of approx. 30%, then

mixing with modified minerals (<2 mm in diam-
eter) in the proportion of 6 kg of mineral additives
per 100 dm* of digestate. The ash from the biomass
combustion and calcium oxide in a 3.5:1.75:1
weight ratio were introduced into the homoge-
neous organo-mineral mixture. The reaction of
calcium oxide with water caused a rapid increase
in the temperature to over 60°C and pH>12, which
ensured the dewatering and hygienisation of the
fertilizer. The next production stage consisted in
cooling the mixture to 45°C in the air stream and
subjecting it to a pelletization process.

The examined fertilizers, provided to the labo-
ratory by the producer, were stored for a year in an
unheated warehouse under varied air temperature,
depending on the local climate conditions typi-
cal of the Lubelskie Voivodeship: average annual
ambient temperature ca. 9.0°C [WIOS 2016] and
average relative humidity ca. 80% [Situch 2005].
The pellets were divided into two parts: one part
— stored in an 80 cm of height pile was exposed to
the air during storage (sample A), while the other
one — tightly closed in a plastic bag, was shielded
from the air during the storage (sample C).

Methods for determining the chemical
parameters of the fertilizers

The moisture content was determined gravi-
metrically, on the basis of the weight loss oc-
curred during drying the samples at 105°C in a
laboratory dryer [PN-EN 15934:2013-02]. The
value of pH was measured in the water suspen-
sion of fertilizer (volumetric ratio of fertilizer
and distilled water was 1:5) an hour after the
mixing was stopped, using a pH-meter (Elmetron
CP-401) with calomel electrode. The measure-
ments were conducted after one hour shaking
of the samples, when the meter readings were
stabilized [PN-EN 13037:2011]. The content of
total Kjeldahl nitrogen was determined with the
distillation method (Kieltec FOSS TECATOR
8200, Denmark). The samples of the fertilizer
were mineralized in the mineralization unit of
the apparatus at 420°C, according to the speci-
fication given in the Application note No 3503.
After cooling, the sample was placed in the distil-
lation unit. The nitrogen content in the distillate
was determined by titration with 0.IN solution
of HCI. The content of ammonium nitrogen was
analysed with the flow injection analysis method
(Foss FIAstar 5000) in the filtrate obtained as a
result of treating the fertilizer sample with 1%
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K,SO, solution. The macronutrients (Ca, K, Mg,
P) and heavy metal (Cr, Cd, Hg, Ni, Pb) contents
in the fertilizer were determined using the ICP
OES method (JY 238 ULTRACE ICP-OES Spec-
trometer, Horiba Jobin Yvon). Prior to the analy-
sis, the samples were mineralized with HNO, and
HCI in Microwave 3000 solv (Anton Paar).

Methods for determining the enzymatic
activity of fertilizer

The activity of dehydrogenase was deter-
mined with use of Thalmann [1968] method, and
it was reported as the volume of H, that is neces-
sary for the reduction of TTC (triphenyltetrazo-
lium chloride used as an artificial electron accep-
tor) to TPF (triphenylformazan). The phosphatase
activity was determined with the Tabatabai and
Bremner [1969] methods that involve the colo-
rimetric estimation of the p-nitrophenol (PNP)
released by the activity of phosphatase when the
sample is incubated with sodium p-nitrophenyl
phosphate solution and toluene at 37°C for 1
hour, and it was given in mmole of PNP. The ure-
ase activity was determined using the Zantua and
Bremner [1975] method and it was given as the
amount of N-NH," released from the hydrolyzed
urea. A detailed description pertaining to the pro-
cedures of the above mentioned assays is given
in the paper of Russel et al. [2006]. The units in
which the activity of individual enzymes was re-
ported are in line with the current recommenda-
tions [Filipek et al. 2001].

Methods of research on durability of the
fertilizer pellets on static and dynamic
loading

Examination of mechanical properties of the
pellets was carried out in the laboratory of the Fac-
ulty of Civil Engineering and Architecture of the
Lublin University of Technology, on the samples
with a unified granulometric composition (4—8
mm), with a volume of 1.8 dm?. The tests included
the samples which differed in terms of the mois-
ture content that was modified by adding a cer-
tain amount of water to the air-dry pellets. Each of
the tests was subjected to static and dynamic load
tests. The tests were carried out in duplicate.

The static strength tests were carried out in
the MTS 809Axial/Torsional Test System, used to
examine the compressive strength of loose ma-
terials. The samples were placed in a steel mor-
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tar with a diameter of 150 mm (Figure 1). The
compression of the sample occurred with a rate
of 0.15 kN/s, until a force of 20 kN was obtained.
After compression, the sample was taken out
from the mortar and passed through a | mm diam-
eter sieve. After sieving, the sample remaining on
the sieve was weighed. The test was performed in
duplicate. The crushing index (X) was calculated
according to Equation 1:

X=% -100; % of weight (1)
2

where: m, — amount of the material that was
crushed during the test [g],
m,—amount of the material that was taken
to the test [g].

The examination of the pellets durability on
the dynamic loading was performed using the
portal hydraulic press Zwick. A 100 kg weight
that was mounted on the press was released from
a height of 25 cm. The weight fell freely on the
mortar in which the sample was placed. After the
test, the sample was passed through a 1 mm mesh
screen, the material remaining on the sieve was
weighed, and then the crushing index (X) was
calculated, according to Equation 1.

Figure 1. Sample of the examined fertilizer in the
mortar before the durability test (Photo: D. Gil)

Statistical analysis

Mean values and standard deviations were
calculated for the parameters determined in rep-
etitions. The best-fit line was applied using the
least squares method to find the correlation be-
tween variables. The analyses were carried out
using Excel 2013 software. Significant difference
between the average value were estimated with
using t-Student test (0=0.05).
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RESULTS AND DISCUSSION

Morphology and chemical properties of the
fertilizers

The examined fertilizers had a form of pel-
lets with the length ranging from 10 to 24 mm
and the diameter of 4 mm. In terms of colour,
the pellets were in various shades of brown. The
colour of the pellets stored in direct contact with
atmospheric air (sample A) was darker compared
to those stored in a sealed container (sample C)
(Figure 2). Considering that the components of
the fertilizers such as organic compounds and clay
minerals are similar to those occurring in soils, it
can be assumed that the main cause of differences
in the colour of pellets is their humidity, because
this phenomenon is observed in soils [Bhadra
and Bhavanarayana, 1997]. The pellets stored in
air access (Sample A) were characterized by 1.5
times greater humidity than the sample shielded
from the air [Kasprzycka et al., 2018].

Fertilizers were characterized by the smell of
ammonia, which was stronger in the case of sample
A, stored in air access. The results of our previous
study [Kasprzycka et al., 2018], showed that the to-
tal nitrogen content in these samples amounted to
0.60% of wet weight and was 21% higher than in
the samples stored in the airtight container (sample
C), while the content of ammonium nitrogen in the
sample A equalled 22.3 mg kg of dry weight, and
it was up to 6 times higher compared to the sample
C. However, the proportion of N-NH," in the to-
tal nitrogen content in the fertilizer exposed to the
air was small and amounted to 0.3%, while in the
sample shielded from the air it was even smaller
and amounted to 0.1%.

These observations indicate the intensive
release of nitrogen in the form of ammonia dur-
ing the storage of pellets in the airtight container,
which can be explained by the differences in the
moisture content of the fertilizers. Ammonia dis-
solves well in water (52.2 g of ammonia dissolves
in 100 g of water at 20°C, Mizerski [2003]), so
in the material with higher humidity its content
should be higher. Such a low content of ammo-
nia in the fertilizers, which was created on the
basis of digestate, can be surprising. According
to Lagocka et al. [2016] the nitrogen concentra-
tion in the digestate ranged from 0.6 to 4.9 g dm?,
and it remains mainly in the form of ammonium.
However, in the case of the examined fertilizers,
such low nitrogen content is caused by a very high
pH value, which reached 12.5, and it did not de-
pend on the storage conditions [Kasprzycka et al.
2018]. At such pH, the ammonia turns into a gas-
eous form almost completely and releases from
the solution. On the other hand, the examined fer-
tilizers were a rich source of potassium and phos-
phorus. The concentrations of these macronutri-
ents in samples A and C were: 3.13 and 4.47%
of K and 0.36 and 0.44% of P in wet material,
respectively. For comparison, the concentration
of K and P in the wet digestate (with total solid
content of 2-9%) ranged from 0.08 to 0.3% and
0.01-0.12%, respectively [Lagocka et al., 2016].
One year storage under different conditions did
not significantly influence the concentrations of
these elements in the fertilizers.

There was also no significant effect of the
storage conditions on the content of heavy metals
in the examined fertilizers (t-Student test for a =
0.05). All metals listed in the legal regulations on
organic and mineral fertilizers (Journal of Laws

Figure 2. Colour of examined fertilizer pellets (Photo: M. Pawlowska)
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Table 1. Concentration of heavy metals (mg kg'dry weight) in the examined fertilizers

Type of the sample Limit values of the content of impurities in the
- organic and organo-mineral fertilizers as well
Element Sample exposed to | Sample shielded from | 45 organic and organo-mineral plant growth
the air during storage | the air during storage promoting substrates
(sample A) (sample C) (Journal of Laws 2008 No.119 item 765)
Cd 2.18+049 1.88+0.49 5
Cr 38.45+2.65 39.4+5.1 100
Ni 16.12+4.80 21.48+0.33 60
Pb 53.29+6.31 40.8246.17 140
Hg <0.1 <0.1 2

2008 No. 119 item 765) occurred in the concen-
trations lower than the permitted values (Table 1).

Enzymatic activity of the fertilizers

Enzymatic activity is a good indicator of the
biochemical changes taking place in the stud-
ied media. The results of the studies on the ac-
tivity of selected enzymes were often used as a
basis for the assessment of soil quality [Joniec
and Frac, 2017, Ning et al., 2017], topsoil layer
of reclaimed and unreclaimed post-mining sites
[Hedénec et al., 2017; Btonska et al. 2019] or
composted waste with different origin used as
organic fertilizers [Cordovil et al., 2017]. The
activities of three basic enzymes that play an im-
portant role in the transformation of compounds
contained in the soil: dehydrogenase (EC 1.1.1)
— which is an indicator of the intensity of the
degradation of carbon compounds, urease (EC
3.5.1.5) — being an indicator of the transforma-
tion of nitrogen compounds, and phosphatase
(EC 3.1.3), indicating the intensity of phosphorus
compounds transformation (Enzyme Nomencla-
ture 1992), were adopted to assess the quality of
the tested fertilizers. The studies showed that re-
gardless of the storage conditions, the fertilizer
samples were characterized by a high dehydro-
genase activity (> 9 cm® H,-kg'-d""), which indi-
cates the intense metabolism of the microorgan-
isms contained in the fertilizers. The dehydroge-
nase activity, measured using TTC as a reducing
compound, reflects the activity of a complex soil

microorganism population and is one of the most
important indicators of the soil quality [Wolinska
and Stepniewska, 2012]. In the samples of the
material stored in an airtight container (sample
C), dehydrogenase activity was 1.7-fold higher
than in sample A (Table 2), and was at a relatively
high level compared to the values recorded in
soils [Futa et al., 2016]. The phosphatase activ-
ity in both types of the fertilizers was also high,
compared to soils [Futa et al., 2016], although
storage at air access increased this activity about
1.6 times, up to ~5 mmol PNP-kg'-h' (Table 2).
The activity of phosphatase shows the intensity
of phosphate release from the fertilizer to the soil
solution, which is a condition for the availability
of phosphorus for plants.

The urease activity in both materials was
at a similar, very low level compared to soils
[Futa et al. 2016]. It oscillated around 0.2 mg
of N-NH,"kg'-h"' (Table 2), which indicates a
low rate of transformation of the compounds con-
tained in the fertilizers, leading to the formation
of ammonia. The urease activity determined in
the fertilizer was comparable to that found in soil
substrata on post-mining heaps, covered with dif-
ferent plant species, which varied from 0.15-0.22
mg N-NH,kg'-h"' [Btonska et al. 2017].

Durability of the fertilizer pellets on static
and dynamic loading

During transport or storage, fertilizers are
exposed to mechanical factors that can lead to

Table 2. Enzymatic activity of pelletized fertilizers (average value and confidence interval, n =3, a. = 0.05)

Enzymatic activity
Enzyme Unit
Sample A Sample C
Dehydrogenase cm® H,kg™'-d’ 9.02+1.06 15.34+1.06
Phosphatase mmol PNP-kg'-h-"! 4.98+0.60 3.02+0.35
Urease mg N-NH,*-kg"-h"! 0.22+0.04 0.19+0.03
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their damage. These factors may act gradually
or rapidly, causing the pellets to break, crush or
crack. The effects of these forces depend on the
resistance of the pellets to crushing that changes
with the humidity. During storage in piles or si-
los, static loads, which may result in the crushing
of pellets, act on the layers of the pellets lying
below. The susceptibility of the tested pellets to
this type of force was assessed on the basis of
the compressibility tests carried out in a labora-
tory apparatus used to determine the compressive
strength of loose materials. The results of these
tests are presented in Table 3.

The pellets showed a high resistance with the
compressive strength of 20 kN, which was ob-
tained by gradually increasing the pressure at a
rate of 0.15 kN/s. The crushing index ranged from
15 to 26%, and significantly depended on the
moisture content of the material (R> = 0.9812).
This dependence can be described by the loga-
rithmic equation presented in the graph (Figure 3)

The resistance to dynamic loading also de-
pended on the moisture content of the material.
A higher crushing index, and therefore lower du-
rability, was observed in the case of more humid
pellets. The difference in the crushing index for

the materials with a moisture content of 10.5%
and 22.5% amounted to 1.4% (Table 3), and it
was statistically significant.

According to the results presented in our pre-
vious publication [Kasprzycka et al., 2018], the
pellets stored for 1 year under different condi-
tions varied significantly in terms of humidity.
The difference between the values of this param-
eter in the pellets stored in the piles under the roof
(sample A) and in an airtight container (sample
C) was about 5.5%. The results of the studies on
the influence of humidity on the pellets durabil-
ity showed that the increase of moisture of pellets
(with the water content in the range 15.0-22.5%)
by 1% caused an increase of the crushing index
determined in static load tests by 0.63%, and in
dynamic load test — by 0.12%. Considering that
the humidity of pellets stored under different con-
ditions was within the above-mentioned range, it
was calculated that the change in moisture of pel-
lets observed during storage will be accompanied
by an increase in the crushing index by approx.
3.4% by weight for static conditions, and by 0.7%
for dynamic conditions. Thus, the pellets having
direct contact with atmospheric air (e.g. stored
in jute bags or on piles) will be less resistant to

Table 3. Results of a mechanical durability test of pellets with different moisture content (average value and

confidence interval, n =2, o = 0.05)

Crushing index [% of weight]

Moisture content [% of weight]

Under static load

Under dynamic load

10.5 15.00 + 1.37 20.1+0.78
225 225+235 21.5+0.49
40.8 26.0 £ 0.49 Not analysed

ey y=8, N(X) - 3,8
Eﬂ 30 ‘ - ‘
Y . S
§ 20 I .“..". - _22'5
% 15 ¥_.i_5
£ |
o |
o 10 ‘
£
S 5
5 |
Q 0 |
10 0 - L ]

Moisture content [% of weight]

Figure 3. Dependence of crushing index obtained for the fertilizer pellets under static loading test
and its moisture content
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mechanical factors. They will therefore be more
susceptible to the damage during transport and
storage. However, this effect will be more evident
in the case of pressure than striking.

CONCLUSIONS

The pelletized fertilizers produced on the ba-
sis of the waste generated in the processes of en-
ergy production from biomass, stored for a year
under various conditions, were characterized by
a high pH value, high concentration of potassium
and phosphorus, but low nitrogen content. The
concentrations of heavy metals listed in the legal
regulation on the quality of fertilizers did not ex-
ceed the limit values. However, it was observed
that the air access to the fertilizer during storage,
resulted in a significant increase in its moisture
that affected the nitrogen content, enzymatic ac-
tivity and resistance to mechanical loads.

Higher enzymatic activities of phosphatases,
which indicate the more intense biodegradation
of phosphorus compounds, were observed in the
fertilizers exposed to air. However, the samples
stored in sealed packages, characterized by lower
humidity, were more resistant to mechanical fac-
tors, such as pressure or striking, evident in a
positive correlation found between the moisture
content of the fertilizer and the crushing index.

On the other hand, no influence of the storage
conditions on the urease activity as well as the
content of potassium, phosphorus and heavy met-
als was found.

Practical hints on the fertilizer storage con-
ditions were derived from the study. It is advis-
able to store the pellets in sealed packages that
prevent their contact with the atmospheric air.
Although storage under such conditions leads
to small changes in the chemical composition of
the fertilizer, mainly in relation to the content of
ammonium nitrogen, it also reduces the contact
with water vapour contained in the air, which im-
proves the resistance of the pellets to the pressure
exerted by the upper layers of the fertilizer or the
impacts caused by throwing the packaging during
a transport.
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