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Abstract. The focus of the present study was on phosphorus migration into soil profile fertilized with
struvite with various doses (0.0 g — control, 0.1 g, 0.5 g and 1.0 g). Lysimeter examinations were carried
out in 3 columns which modelled 3 levels of soil washing (10, 20 and 30 cm) for each soil mixture with
specific struvite doses. Each experiment consisted in flushing water through a column filled with a
mixture, with an amount modelling the average annual rainfall for the area of the city of Czestochowa,
Poland, adopted at the level of 650 mm. The tests were conducted for 12 days, with simulation of monthly
rainfall performed on each day. The phosphorus content was analyzed in the leachate. It was found based
on the results that the amount of leached phosphorus was directly connected with the struvite dose in the
mixture. The highest phosphorus concentrations were observed at the level of 20 cm of the height of soil
profile for the dose of 0.1 g struvite. In the case of the higher struvite doses, i.e. 1.0 g, the highest
concentration was found for the height of 30 cm. A decline in concentration of the leached phosphorus
was observed after the sixth sampling of the eluate, which resulted from leaching the soil profile with

simulated annual rainfall amount.

1 Introduction

Phosphorus is one of the basic nutrients for plants and an
element which substantially impacts on eutrophication of
waters, which is an unwanted effect [1]. It is claimed that
the content of the active phosphorus in the soil,
necessary for proper growth of plants, ranges from 6 to 8
mg/kg. In agriculture, phosphorus has been used in
mineral and organic forms. It has a strong effect on soil
properties and processes occurring in the soil, being a
factor that determines intensity of accumulation of
organic carbon and nitrogen. The amount of phosphorus
present in the soil depends on its type, physicochemical
properties and a way the soil is used [2]. Primary sources
of phosphorus in soils include phosphorus minerals
present in parent rocks, mainly apatites. Secondary
sources are composed of dead matter of vegetation and
animals, rainfall water, ground water, surface water and
fertilizers in the form of pig manure, poultry manure and
bird guano [3], and, more recently, mineral fertilizers
manufactured based on natural phosphorites, extracted
mainly in the West Africa. The source of phosphorus
also include agricultural and industrial waste, sewage
and sewage sludge, post-harvest residue, compost and
waste of agricultural products, included in the food chain
[4].

Phosphorus removed from the soil with the plants or
due to erosion, surface flow or washing, can be
supplemented only from the external sources. It is
estimated that the use of phosphorus fertilizers will be
increasing by ca. 1.5-3.6% per year [5], whereas

according to various estimates, the resources of fossil
fuels rich in phosphorus will be depleted in ca. 60-90
years [6]. Therefore, it is critical to find alternative
sources of phosphorus obtained from e.g. waste or
synthesized in chemical reactions following sewage
treatment as struvite (MgNH4PO4 -6H>0). Struvite is a
mineral with crystalline structure, obtained through
synthesis [7]:

Mg + NHq+ + PO + 6H,0 = MgNH,PO, -6H,0 |

A specific ratio of magnesium, ammonium and
phosphate concentrations is needed, with 1 mol Mg?*, 1
mol NH4" and 1 mol (PO4*, respectively [8]. This
mineral is an alternative source of phosphorus in the soil
environment [9]. This is the most effective form of
phosphorus, bioavailable to plants since fertilizing
components are released slowly, which limits the
necessity of frequent fertilization. Struvite can be used
directly in agriculture as a mineral fertilizer [10].
Depending on the form and varied soil and water
conditions, phosphorus can be released to soil solution
and ground water, and then migrate in the process of
leaching towards the soil profile and be subjected to the
process of washing to the waterways and other surface
waters [11]. A fast movement of solutions concerns both
water from the surface and movement of underground
water [12]. According to some authors [13], the process
of phosphorus leaching is not the actual washing (as it is
in the case of e.g. nitrogen), but a type of the flow of
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phosphorus compounds through privileged pathways of
underground flow, including the networks of regular
cracks and macropores, huge cracks in the soil, chasms
and channels carved by the soil fauna, root channels and
wedges, lenses and layers that are characterized by
improved parameters of filtration compared to the soil
mass around them. These migration pathways determine
the intensity and time of movement of solutions during
rainfalls and thaws [14].

As demonstrated by Toor et al. (2003) [15], most of
phosphorus removed from soil through leaching (55-
76%) is phosphorus in the form of non-reactive particles,
composed of mainly monoesters and diesters of organic
phosphorus. The phosphorus content in the soil profile
decreases with the depth. The natural factors that impact
on biogen migration, including phosphorus, include
natural and anthropogenic factors such as:

® soil mineralization of organic matter [ 16];

e atmospheric conditions, especially the amount and
distribution of precipitation (after intensive rainfalls
and thaws in spring, intensification of loss of
biogenic substances) and air temperature (especially
in the growing period);

e form of the nitrogen fertilizer used,

® shape and inclination of the terrain: greater
inclination means faster and greater surface flow i.e.
greater erosion and leaching;

® physicochemical soil properties i.e. soil reaction,
content of organic matter (mainly soluble forms) and
content of individual forms of Fe and Al [16, 17];

e way the land is used, character of agricultural
activity, including the species of plants and degree of
covering the soil with vegetation;

® microorganisms and soil microfauna [18], which can
potentially stimulate phosphorus circulation in the
soil through intensified solubility of the phosphorus
compounds present in minerals through soil
acidification, enzymatic distribution of organic
phosphorus and generation of biogenic structures in
the soil, changing availability of phosphorus and
having impact on the migration of this element
through infiltration and surface flow.

In certain environmental conditions, various amounts
of phosphorus can be leached by water filtrating through
the soil profile, which leads to a gradual reduction in its
resources in soil environment and limitation of
availability to plants [19]. Therefore, it seems important
to evaluate the level of this migration especially in the
case when actions are taken to replenish the lacks of
phosphorus in the soil through dosing its compounds in
the form of e.g. struvite. This study presents initial
results of the analysis of phosphorus migration in the soil
profile enriched with different doses of struvite.

2 Materials and methods

The cycle of examinations was conducted in lysimetric
columns that reflect soil profile, filled with the soil
fertilized by specific doses of struvite obtained through
chemical synthesis. Water was flowing through the

columns in dynamic conditions, simulating the assumed
dose of the atmospheric precipitation.

2.1 Substrates for research

The soil for the examinations was obtained from a house
garden, which after drying until the air dry state, was
sieved through a sieve with 2 mm mesh. According to
the Classification of Polish Society of Soil Science, the
2008 and USDA (United States Department of
Agriculture) material was loamy sand.
This initial material was used to obtain 3 mixtures
with different weight ratio, for 250 g of soil:
e mixture with content of 0.1 g struvite, denoted as
M/0.1(53,2 kg/ha)
e mixture with content of 0.5 g struvite, denoted as
M/0.5 (266,2 kg/ha)
e mixture with content of 1 g struvite, denoted as
M/1.0 (533,5 kg/ha)
The control sample (soil without struvite addition) was
denoted as M/0.0. Basic physical and chemical analyses
were performed for samples of soil and soil mixtures
(see Table 1).

Synthetic struvite was obtained from solutions
prepared based on distilled water and phosphate salt in
the form of KH,PO4, ammonium salt in the form of
NH4Cl and magnesium salt in the form of MgSO4 x
6H,O. Previous studies have determined the most
beneficial proportion of ions and pH which yield the
highest struvite mass. Ion concentrations used to obtain
struvite were: 100 mg PO4>/L, 500 mg NH,"/L, 20 mg
Mg?/L, and pH=10. Phase composition of the
precipitate sediment was analyzed by means of an X-ray
ADVANCE D8 diffractometer (Bruker).

Simulation of the rainfall was performed using
deionized water, with its dose calculated according to
annual rainfall levels in the area where soil sample was
obtained.

2.2 Physical and chemical analysis

The graining of the test material has been determined by

the organoleptic method in accordance with the

Classification of the Polish Society of Soil Science, the

2008 and USDA (United States Department of

Agriculture). Analyses of soil material included:

determination of the content of organic matter (OM), pH

in water and KCI, total alkaline cations, total carbon
content, total phosphorus, available phosphorus and
nitrogen. The following methods were used for each test:

e organic matter (OM) [20];

e pH in H,O and 1M KCI for the soil was determined
using the potentiometric method by means of a
multiparameter meter (HANNA INSTRUMENTS HI
9828) [21];

e total alkaline cations were evaluated using the
Kappen method [22];

e total carbon content was evaluated by means of the
Multi N/C 2100 analyzer (Analityk Jena) [23];

e total phosphorus content was evaluated [24];
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e available phosphorus extraction by the Egner-Riechm
method determined on a spectrophotometer [25];

e total nitrogen was determined by the Kjeldhal
method [26] using the BUCHI 435 mineralizer and
the BUCHI 355 distillation system.

Each evaluation was repeated for three times, and the

analysis was based on mean values.

2.3 Research procedure- column test

Column tests were used to investigate the impact of
dynamic conditions of water flow through the soil
substrate, causing washing or precipitation of struvite.
The study used a column made of acrylic glass with the
length of 1.0 m and inner diameter of 5 cm. The bottom
of the column is equipped in a valve to collect leachate.
Lysimeter examinations in the columns were carried out
in 3 columns modeling 3 levels of soil washing (10, 20
and 30 cm) for each soil mixture with an appropriate
dose of struvite and soil without struvite. Each
experiment consisted of flushing water through a column
filled with a mixture, with an amount modeling the
average annual rainfall for the area from which the soil
sample was taken, which was assumed at the level of
650 mm. The amount of water needed for precipitation
simulation was obtained by converting the average
annual rainfall to the surface of lysimeter columns of
0.001963 m?. The dose calculated in this way was
divided into 12 portions corresponding to monthly
precipitation, which were administered to the column for
the next 12 days. Before the experiment began, the
material in the columns was watered to similar water
content (97.65%). Leachates from the columns were
collected every 2 days and designated as L1 (leachate
after 2 days), L2 (leachate after 4 days), L3 (leachate
after 6 days), L4 (leachate after 8 days), L5 (leachate
after 10 days), L6 (leachate after 12 days). The research
stand for the column experiments is shown in Figure 1.

Fig. 1. Stand for column experiments

3 Results and discussion

3.1 Characteristics of research substrates:
struvite, soil and soil mixtures

The analysis of the surface composition of the sediments
obtained in laboratory settings from an X-ray

diffractometer. The results of the analysis demonstrate
that the sediments contain 99% of the mixture of
struvite, its amorphous forms and trace contents of
compounds used for synthesis of the compound, and
NaOH used for correction of pH.

Table 1 presents overall characterization of soil and
mixtures of soil with various doses of struvite.

Table 1. Physical and chemical properties of test substrates:
soil and soil mixtures

Substrates

Parameters

(M/0.0) (M/0.1) (M/0.5) (M/1.0)
OM, % 3.50£0.11 3294024  3.36+0.08  3.27+0.14

H,0:7.72  H;0:7.75 H,0:7.78  H,0:7.84
H () £0.05 +0.01 +0.04 +0.02

Pt KCL7.42 KCL 74+ KCL741  KCL 7.45

£0.02 0.01 +0.01 +0.01
Total
alkaline
cations, 0.18+0.03 020+£0.05 021+0.07 022+0.1
mmol (+)
/100 g
Total

14.61 £ 14.78 + 14.81 +
Zarbon, mg/ 0.02 0.03 0.05 14.87 £0.1
Total
phosphorus, ¢ 35,0 11 698021  11.460.13  17.7120.17
mgP205/
100 g soil
Ahvjsﬂilb;fus 280.0 + 3110+ 489.0 + 754.0 +
phosphorus, 0.12 0.09 0.23 0.16
mg P/ kg
Total
nitrogen, 0.80+0.12 081018 085£0.08 0.98=0.04
mg/g

+ standard deviation

Percentage of the OM for the soil was 3.50%, whereas
for the mixtures, it ranged from 3.29% to 3.36%.
Content of total phosphorus for the soil was ca. 440.1
mg/kg, whereas the contribution of the available forms
represented 64%. Total phosphorus content and available
forms in the mixtures increased with the increasing of
struvite percentage. A noticeable increase in the content
of available forms of phosphorus (90%) was observed
for the mixtures with addition of 0.5 g and 1 g struvite.
The content of total carbon for soil and the mixtures was
at a similar level, ranging from 14,61 mg/g to 14.87
mg/g, whereas of total nitrogen was at a low level, from
0.80 mg/g to 0.98 mg/g. Addition of struvite to soil led
to the increase in the content of biogenic elements: total
nitrogen and phosphorus, especially in the mixture of
soil with 1 g struvite. The interaction between the solid
phase of the soil and the water contained in the soil
determines its acid or alkaline character. Some nutrients
in acid soils transform into hardly available forms e.g.
molybdenum, boron and phosphorus. All the substrates
were characterized by an alkaline reaction. Analysis of
these parameters showed that the sample is alkaline
mineral soil with high phosphorus content.




E3S Web of Conferences 86, 00033 (2019) https://doi.org/10.1051/e3sconf/20198600033
Ecological and Environmental Engineering 2018

3.2 Analysis of the soil after completion of the on the natural or anthropogenic environment, pH and
experiment chemical composition are formed [29].

In the soil sample without struvite and mixtures
After completion of the experiments, the soil was containing 0.1 and 0.5 g struvite, the content of
removed from the columns, averaged (3 columns with phosphorus available to plants declined insignificantly,
different height of soil profile were connected) for each whereas in the cases of the dose of 1.0 g, it rose to the
combination and subjected to the analysis as in the case level of over 97% of total phosphorus.

of initial tests. Table 2 contains the results of physical
and chemical analysis for all combinations (soil mixtures

and soil) after 12 days of running the experiment. 3.3 Analysis of a phosphorus content in the

leachate from columns lysimeter
Table 2. Selected physical and chemical properties of test

substrates: soil and soil mixtures (after experiment) I soil profile 10 cm
[ soil profile 20 cm
2.4- soil profile 30 cm
Substrates 22]
Parameters 2.0
(M/0.0) (M/0.1) (M/0.5) (M/1.0) 18]
‘T_I 1.6
324+ 3.05+ 322+ 315+ 2 14
0 £
OM, % 0.26 0.18 0.12 0.24 & 12]
H,0:7.82  H,O: 7.66 H,0: 7.68 H,0: 7.60 &N 1.0
_ +0.04 +0.06 +0.03 £0.05 5 o0s] zZ
pH KCI: 740  KCI: 7.30 KCI: 7.28 KCI: 7.25 § 0.6
+0.02 +0.08 +0.06 +0.07 04]
Tot'al alkaline 020+ 021 + 022+ 0.2
cations, mmol 0.08 0.22+0.1 0.06 012 0.0
(1 100g" : i i ’ L1 L6
Total carbon, 16.00 = 16.34 + 17.45 + 18.23 + Leachate
mg/g 0.55 0.14 0.12 0.57
Total Fig. 2. Content of P20s for the M/0.0 sample (soil without
phosphorus, 6.074 = 6.52+ 10.77 + 1535+ struvite)
mgP,05/100 g 0.17 0.27 0.13 0.14 _ _
: I soil profile 10 cm
soil . [ soil profile 20 cm
ghv (’;‘S‘;‘Lbolfus 2480+ 3020+ 487.0= 675.0 = " ez soll profile 30 em
i Pk 0.15 0.07 0.1 0.05 100 ] -
9.54
Total nitrogen, 091+ 098+ 1.01+ 1.02+ 9.0
mg/g 0.21 0.18 0.07 0.03 T, 85l 2 7
+ standard deviation g g'g' )
0: 7.0
Since the experiments were conducted for the soil T 659 7
without dedicated vegetation, the content of OM after g g:g:
completion of the experiment was not significantly ° 504
changed (decline by 4.1-7.5%), whereas short duration e
of examinations prevented the indigenous flora and 351 M . . . : i,
L1 L2 L3 L4 L5 L6

fauna from mineralization.

An insignificant reduction in the pH value was found
with the increase in struvite content in the soil. Similar to Fig. 3. Content of P20s for the M/0.1 (Soil + 0.1 g struvite)
soil and control mixtures, the samples were characterized
by an alkaline reaction, with the value of pH ranging i
from 7.60 to 7.82 in distilled water, whereas these values 522:.' ,‘2:215.':: 23 o
of KCI ranged from 7.25 to 7.40. The values of pH 31 £z soll profile 30 cm
decreased with the increasing struvite dose in the
samples. Availability of nutrients for plants depends on
acidity of soil they grow in [27]. Some nutrients in acid T 7 )
soils transform into hardly available forms e.g.
molybdenum, boron and phosphorus [28].

Leachate

content ons, mg L 1
n
B>
1

An increase in total carbon and total nitrogen was 2] Z
found with respect to the samples before the experiment. 20]
Total carbon increased with the struvite dose in the 18]
mixture and was: 16.0 mg/g for soil without additions, 16] % % %
16.34 mg/g for the mixture with the dose of 0.1 g 1 L2 L3 W Us 6
struvite and 17.45 mg/g and 18.23 mg/g for samples with Leachate
0.5 and 1 g struvite. The basic factor that impacts on
mobility of elements in soil is water, where, depending Fig. 4. Content of P2Os for the M/0.5 sample (Soil + 0.5 g
struvite)
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The amount of leached phosphorus is directly related to
the dose of struvite in the mixture. As the dose increases,
the content of leached into the phosphorus eluate
increases. Figs. 2-5 present the content of P,Os in
leachates recorded for individual heights of soil profiles
in the soil samples for consecutive samples of leachates.
Analysis of changes in phosphorus content in leachates
was based on the means from 3 repetitions.

For the control sample (M/0.0), leaching of
phosphorus present in soil occurs steadily only in the
case of a profile with height of 30 cm, whereas
differences in its content in individual leachates reached
max. 17.4%. In the case of the samples with height of 10
cm and 20 cm, substantial variability can be observed,
especially noticeable in the first stage of the experiments
for the samples with height of 20 cm: differences in the
level of leaching reach up to 80%. In the further part of
the experiment, the amount of the leached phosphorus

remained at a similar level.

I soil profile 10 cm
[ soil profile 20 cm
soil profile 30 cm

130 7
120
110
- ] 7
7, 100 7
2 o
o: 80
a 70
€
£ 60+
c
8 50
40
30
T T T T T A"
L1 L2 L3 L4 L5 L6

Leachate

Fig. 5. Content of P2Os for the M/1.0 (Soil + 1.0 g struvite)

The process of phosphorus leaching from the samples
containing 0.1 g struvite became steady after 4 days of
watering, showing a general upward tendency for all the
analyzed heights. This dynamics of phosphorus release
can suggest stabilization of leaching conditions with
time. Maximal content of phosphorus in leachates was
10.05 mg/ L.

The lowest regularity can be observed in the process
of leaching phosphorus from the soil sample containing
0.5 g struvite. After half of the experiment time, leaching
through the 10 cm profile became steady, reaching the
level of 19-20 mg L''. After the 6th day of leaching, the
level of phosphorus leaching from the sample with
height of 20 c¢m ranged from 26.7 to 29.7 mg L
(variability at the level of 11%). After an initial decline,
the content of phosphorus leached from the sample with
height of 30 cm showed an upward tendency.

For the struvite dose of 1.0 g, phosphorus leaching
process became steady from the 4th day of watering for
10 cm and 20 cm samples, whereas for the 10 cm profile,
the tendency was slightly declining (differences at the
level of 12.6 cm). Furthermore, for the 20 cm profile, the
tendency was slightly upward (differences of 13.8%). A
strong increasing tendency characterizes leaching the
phosphorus from the 30 cm sample (the longest reaction

route), whereas the content of the leached element
reached the maximal value of 132.8 mg L.

The struvite dose applied to the soil has a direct
effect on the amount of leached phosphorus determined
in leachates. The results obtained in the study
demonstrate that the mechanism of release of
phosphorus is similar, regardless of the struvite dose
used, whereas the amount of leached phosphorus is
proportional to the additive dose used. The examinations
revealed the relationship observed by other authors [20;
44] between pH and the content of leached phosphorus.
A decline in the value of this parameter (Table 3) results
in the increase of phosphorus content in leachates.

The study published by Djodjic et al. (2014) [11]
found that specific factors of the soils examined are the
indicators of the phosphorus loss following leaching.
However, a single universal indicator cannot be found
for all the soils studied. Roy (2017) [30] distinguished
between the following mechanisms of phosphorus
transfer from soil to waters:

® Chemical process of phosphorus solving;

® Physical mechanism of separation and removal of
soil particles through erosion;

® [ncidental migration of phosphorus from soil to water
after application of phosphorus fertilizer or manure in
conditions which are not conducive to permeating of
this component into the soil structure and with excess
water that facilities its washing.
Since this study represents an initial analysis of
phosphorus leaching from soils enriched in struvite, the
mechanism of this phenomenon cannot be unequivocally
demonstrated at this stage. Therefore, the authors are
designing another series of experiments which will allow
for explanation of this process.

4 Conclusions

It was found that the struvite dose applied to the soil has
a direct effect on the amount of leached phosphorus.
Furthermore, the results obtained in the study
demonstrate that the mechanism of release of
phosphorus remains the same, regardless of the struvite
dose used and that the amount of leached phosphorus is
proportional to the additive dose used.

The highest phosphorus concentrations were
observed for the height of 20 cm of soil profile for the
dose of 0.1 g struvite. In the case of higher doses of
struvite, i.e. 1.0 g, the highest concentration was found
for the height of 30 cm. A decline in the concentration of
the leached phosphorus was observed after the sixth
sampling of the eluate, which resulted from leaching the
soil profile with simulated annual rainfall amount. It
should be expected that further washing of the bed will
lead to leaching smaller doses of soluble phosphorus
until depletion of its soluble forms.
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