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Abstract Problem of decreasing resources of phosphate
rock for phosphorus fertilizers production, can be mitigated
by biological degradation of low quality substrates, per-
formed by bacterial species able to produce mineral and
low molecular organic acids. It was found that Bacillus
megaterium was able to solubilize phosphorus incorporated
with organic matter—biogenic apatite—bones. Using the
microbial treatment (by acids produced by microorgan-
isms) it was possible to produce liquid phosphorus fertil-
izers. At the same time the problem with utilization of
noxious wastes can be solved. Two materials were used:
bones and phosphorite. Two times higher solubilization
factor for bones were achieved when compare to phos-
phorite. It was possible to obtain the organic liquid fertil-
izer with the content of P,O5 0.09 % (m/m). It is necessary
to evaluate the utilitarian properties of obtained fertilizer in
the germination test.

Keywords Bacillus megaterium - Bone - Microbial
degradation - Phosphate raw material - Soulubilization

Introduction

It is surprising that so much global attention has been paid
to “peak oil” that we have missed noticing the threat of
“peak phosphorus”, since the last few years decrease in
fertilizer production all over the world is observed [1-3].
The reason of such wide exploitation of phosphorus are
its irreplaceable properties. Phosphorus is essential and
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unsubstitutable nutrient for plants and animals [4, S5].
Animals can gain P with food, while plant from soil.
Because soil has been intensively exploited during the last
50 years it is necessary to supplement the deficiency
caused by intense agriculture, what can be done by appli-
cation of phosphorus fertilizers. Fertile soils are the key to
sustainable commercial-scale production of crops for food,
feed and fibre [4].

There are two main raw materials used for phosphorus
fertilizers production: phosphorite (sedimentary rock) and
apatite rock (volcanic sediment) [6]. Processes responsible
for the formation of phosphorus ore—phosphogenesis are
based on integral physical phenomena and chemical reac-
tions, that last for thousands of years [4].

Typical sedimentary rocks have an average P con-
centration of about 0.1 wt %, whereas phosphate rocks
have P concentrations more than 100 of that amount [1,
7]. An element is taken from a high-concentration
source and distributed broadly—although the elemental
P mass is conserved, it is now scattered across the globe
and effectively diluted. As with all resources, millions
of years was needed to form sedimentary deposits with
high P concentrations, but humans have extracted these
resources at rates so high that the current phosphate
rock reserves might be largely depleted in this century
[1].

Given the resource limitation, steps should be taken to
increase the efficiency of P use in agriculture, reduce the
loss of P from agricultural soils, consider crops that more
effectively take up P that has been over-applied (e.g.,
perennial crops), and effectively recycle P from our waste
streams.

By application of biotechnological methods it is possible
to activate/mobilize reserves present in the soil, that occur
in not available form to plants (bound with Fe, Al and
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Mg)—retrogradation form. By this way it is possible to
increase intake of phosphate as a nutrient using agriculture.

Bones

The use of bones as fertilizers represents a valuable recy-
cling strategy [8]. Soil application of animal residues has
become a valuable strategy for animal disposal. The
problem of Bovine Spongiform Encephalopathy and the
consequent EU prohibition on the use of meat waste for
feeding animals destined for human consumption created
the problem with the utilization of bones [9]. The most
concentrated form of organic phosphorus are bones [5, 10].
The total production of MBM in the European Union (EU)
exceeds 3,500,000 tons/year. The progressive restriction of
the use of MBM in applications, such as animal feed [11]
(except pet food [12]) has led to a significant increase in the
amount of MBM to be eliminated [13].

Considering that MBM has a heating value ranging
between 13 and 30 MJ/kg, incineration in a thermal plant
could be one of the most appropriate methods to eliminate
this residue [13]. However, incineration always produces
ashes that must then be managed. It has been shown that
between 100 and 310 kg of ash is produced for each ton of
MBM that is incinerated. Thermal treatment of the entire
production of MBM in Europe would then produce a large
amount of ash (350,000-1000,000 tons/year). Therefore,
the fate of such a stock of ashes is a major environmental
concern [13].

Bone meal or degelatinized bone meal are among the
fertilizers allowed by the European legislation in organic
farming [14]. Cayuela [9] reported the soil amendment
with meat bone meal resulted with an immediate and
remarkable increase of C mineralization and N availability
(carbon and nitrogen mineralization are the main process
regulating the availability of nutrients for plant) and
microbial biomass size and activity in the soil, that fatherly
control decomposition dynamics. They are the main source
of enzymes in the soil [15].

Another alternative for utilization of bones is to use high
content of phosphorus. The calcium and phosphorus con-
tents in MBM ashes (25-29 % Ca and 15-19 % P) were of
the same order of magnitude with the average contents
found in natural phosphate rocks (35 =2 % Ca and
15+ 1% P) [13].

Bones, or other by-products obtained from its rendering
industry may serve as an additional P resource. Bone can
be divided into main parts inorganic and organic. The
former consisted mainly of calcium phosphate. The latter is
made up of gelatin [16]. Utilization of bones as a source of
phosphorus has already a long history. After 1770, when
phosphorus was discovered in bones and many other parts
of various animals, many attempts were made to obtain
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phosphorus from them. Until the middle of nineteenth
century, bone and guano were used as the raw material to
produce phosphorus and phosphoric acids [16]. In 1842
John B. Lawes had the first British patent in this field on
the manufacture of superphosphate by reacting bone with
sulphuric acids [16].

Depending on the age of rocks, phosphates have a dif-
ferent chemical activity, lower- older (hard) or higher—
younger (soft) [1]. If we will compare the two forms of
phosphorus that can be found in bones with that found in
sediments we will arrive to a conclusion, that it is easier to
work with bone as more reactive form of phosphorus.

At the same time, phosphate minerals efficiently capture
cations, they may naturally contain high concentrations of
metals and other impurities (contaminants) that could be of
concern when they are used [17, 18]. Biogenic apatite
(bone) has the lowest total concentrations of all elements.
Low concentrations of impurity in biogenic apatite are the
result of a short accumulation time (few weeks are needed
for bone formation) [19]. However, after this material
becomes deposited in sediments, it incorporates trace ele-
ments over geological timeframes at concentration levels
that are enriched by many orders of magnitude over initial
levels [18]. Another advantage of application of bones is
the lack of fluorine in bones, that plays a major role in the
formation of sedimentary apatite and contributes to its
preservation in sediments [20].

Additionally, it was found that biogenic apatite (bone)
had the largest apparent solubility after 12 days with a
log(Ksp) of 45.2, compared with 57.0 for the mined rock
phosphate and 48.0 for beneficiated phosphate rock [13].

Also, biogenic apatite had the highest P concentrations
in the water soluble fraction (505 mg/kg compared with
307 mg/kg for processed phosphate and 22 mg/kg for
mined phosphate). Biogenic apatite has lower concentra-
tions of impurities than mined and beneficiated phosphate,
especially mined and processed phosphates from older
deposits [17].

Bones and Microbes

It is known that phosphate deposit contains the teeth, bones
and waste excrements from marine life and also the bones
of terrestrial pre-historic animals. Biological and chemical
changes transformed the phosphate that existed in the sea
into the phosphate sediment that is mined today [17].
Microbes are considered to play an important role in
phosphate enrichment and phosphogenesis [21].

Most heterotrophic bacteria and fungi have the capa-
bility to hydrolytically break down organically bound
phosphate using specific enzymes as catalysts (e.g., phos-
phatase, phytase, nucleotidase, etc.). Microbial solubiliza-
tion can be achieved through: (1) the production of
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inorganic and organic acids that attack the solid phos-
phates; (2) the production of chelators, such as 2-ketog-
luconate, citrate, oxalate, and lactate, that complex the
cationic part of solid phosphates and thus force their dis-
solution; and (3) the production of H,S, which may induce
the formation of iron sulfide and liberate phosphate [2].

On the Fig. 1 the simplified cycle of phosphorus was
presented. It is possible to replace the long term process of
formation of phosphorus ore—phosphogenesis, that leads
to obtain main raw material for fertilizers production, by
solubilization performed by microbes of animal wastes that
plays the role of main phosphorus sink [22]. Nature gives a
hint to utilize properties of microorganisms that are con-
sidered to play an important role in the phosphogenesis to
solve problems with deficiency of phosphorus.

Mechanism

Many microorganisms present in the soil have been iden-
tified to produce low-molecular-weight organic acids and
sulfuric acid that are reported to solubilize phosphorus
[23]. Solubilization of phosphate-bearing inorganic mate-
rials by microorganisms excreting organic acids seems to
be an attractive approach that has been actively studied
during the last decade [24-26]. Figure 2 presents examples
of microbes and acid produced by them. But in the litera-
ture there is a lack of information related to microbial
solubilization of bones as a sources of phosphorus.
Nowadays, phosphorus fertilizers are mainly produced
from phosphorite treated with sulfuric acid that decomposed
phosphate rock into a waste phosphogypsum (CaSO4-2H,O
(dihydrate) and CaSO,4-0.5 H,O (semi-hydrate)) and wet
process phosphoric acid [3, 27]. Similar to a certain extent,

Fig. 1 Simplified cycle of
phosphorus

MICROORGANISM

process can be performed by Thiobacillus ferroxidans or
Acidithiobacillus thiooxidans that are able to produce sul-
furic acid [28, 29]. The possible chemical reactions of
microbial solubilization are presented in the Fig. 3.

It is also possible to use the ability of microbes to
solubilize, other than bones, sources of phosphorus
(Fig. 4). Phosphorite treated with organic acids/H,SO,4
produced by microorganism is an interesting alternative
to conventional process of production phosphate fertiliz-
ers. When bones or sludge from enhanced biological
phosphorus removal (both have high level of phosphorus
[3]) serves as a source of P in the cultivation of mircobes
solubilizing P, additionally, organic form of carbon and
other nutrients are supplied to the growth medium [30],
making solubilizing process easier and more efficient.
Biochar [31] or bones ash are other alternative sources of
phosphorus, possible to use as raw material for fertilizers
production in the case when microbes are utilized. Both
of them are free of organic matter that can be used as a
source of carbon for solubilizing phosphorus bacteria, but
the content of P (P,Os) is higher than in bone and sludge
from EBFR [32].

Materials and Methods

Phosphate Source

In solubilization experiment, as sources of phosphorus,
poultry boiled bone that contains about 18.6 % P,Os and
Morocco phosphate rock with 22.7 % P,05 were used.

Both phosphate substrates were grinded by blender. The
results of sieve analysis of used material was presented in
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Fig. 2 Mechanism of
soulubilization of phosphorus
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Fig. 3 The microbial solubilization of phosphorus—chemical
reactions

the Table 1. While the structural characterization of
phosphate source were presented on the Fig. 5.

Bacteria and Culture Medium

Phosphate sources were treated with Bacillus megaterium
as a phosphate—solubilizing microorganism. Bacteria was

Fig. 4 Graph of proposed
solubilizing process for
production of phosphorus
fertilizers form renewable raw
material

Bone

Orgranic acids

Bacillus megaterium
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Bone ash

DECREASE the pH

obtained from Polish Collection of Microorganisms located
at the Institute of Immunology and Experimental Therapy
in Wroclaw. For cultivation of bacteria growth medium,
containing: 10 g glucose; 0.5 g (NH4),SO4; 0.2 g NaCl;
0.1 g MgS0O4-7H,0; 0.2 g KCI; 0.002 g MnSO, H,O;
0.002 g FeSO4-7H,0; 0.5 g yeast extract [22] was used.

Experimental and Analytical Methods

The solubilization experiment was conducted in Erlen-
meyer’s flasks (capacity 500 mL) with 250 mL medium
and 1.00 g phosphate source at 34°C under sterile condi-
tions. The medium solution with the phosphate source was
inoculated with bacteria from agar slant by inoculating
loops and incubated as batch cultures. For 14 days, pH was
recorded by pH-meter Mettler Toledo SevenMulti. After
shaking the flasks for predetermined time intervals (one
time per day), the reaction mixture was filtered through

Biochar Sludge EBPR

Phosphorite Raw Material

Microorganism

H,SO0,

Acidithiobacillus ferrooxidans

Solubilzation PO,3
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Table 1 The sieve analysis of bone and phosphorite

Particle size (mm)

Weight fraction (%)

Bone Phosphorite
5 10.96 0.65
4 18.88 0.00
3.15 21.86 2.90
2.5 16.63 2.51
1.6 14.50 6.36
1.25 3.60 1.79
1 1.60 2.19
0.8 1.16 2.35
0.63 1.09 2.87
0.5 0.67 4.40
0.4 5.01 4.73
0.315 2.67 9.65
0.25 0.81 7.83
0.16 0.54 26.72
0.125 0.00 12.95
0.1 0.00 3.28
0.09 0.00 4.15
0.08 0.00 1.31
0.071 0.00 3.07
0.063 0.00 0.30

filter paper, the filtrate was used to analyze P,Os concen-
tration. The soluble-P,Os5 concentration in culture medium
was measured by colorimetric vanadomolybdophosphoric

Fig. 5 FTIR of phosphorite
Marocco (green) and poultry
bones (red) by Bacillus
megaterium

%T

85

80 |
75
70 |

65 |

55

25 |
20 |

15 |
13.0

2§55.69
2926.30

343295

29p4.71

3384.35

2928.99

2517.26

acid colorimetric method with a Varian Cary 50 Cone UV—
Visible Spectrophotometr at 420 nm. The method is based
on the formation of yellow vanadomolybdo- phosphoric
acid upon the addition of ammonium molybdate and
vanadium to ortho-phosphate solution. Ammonium
molybdate reacts under acid conditions to form a hetero-
polyacid. In the presence of vanadium, yellow vana-
domolybdophosphoric acid is formed, the intensity of
which indicates the amount of orthophosphate present.
The equation of calibration curve y = —0.0542 +
0.0233 x (R2 = 0.988) was obtained.

In order to investigate efficiency and consequently
bioavailability of phosphorus, P,Os ammonium citrate and
water soluble fractions were determined. The experiment
was carried out in two stages, by 1 h at 65 °C for ammo-
nium citrate and 30 min at 25 °C for water, according to
Regulation (EC) No 2003/2003 of the European Parliament
and of the Council relating to fertilizers (method 3.1.4
Extraction of phosphorus which is soluble in neutral
ammonium citrate, and 3.1.6 Extraction of water soluble
phosphorus). The contribution of soluble and available of
phosphorus was evaluated by colorimetric phosphomo-
lybdate method.

In the structural characterization of phosphate source by
FT-IR, about 1 mg of samples with 100 mg of KBr were
ground. The mixture was compressed into a transparent
disc. Prepared sample was analyzed by using spectrometer
Perkin-Elmer System 2000 FT-IR in the mid-IR range
between 4,000-400 cm ™"
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Fig. 6 The results of 3
solubilization of biogenic

apatite (bone) 100% P available

P soluble

Pnot available

Fig. 7 The results of 3
solubilization of Morocco

phosphate rock by Bacillus 100% Psoluble 0,7% — | |
megaterium

P not available.
Results

The results of sieve analysis of used material is presented
in Table 1. While the structural characterization of phos-
phate source are presented in Fig. 5. The mineral fraction
(PO,>~, CO327) of phosphate substrates was detected as
peaks between 750 and 1,195 cm™' spectral region.
Results are presented on the Fig. 6 for bone solubiliza-
tion and for Morocco phosphate rock on Fig. 7.
Phosphorus content of bones (Fig. 6) and phosphate
rock (Fig. 7) can be divided into two types of fractions
based on the availability to plants (extraction with water
and citrate) [22, 33]. In the case first, the higher pool of
phosphorus 94 %-not available to plant, and 6 %-avail-
able (2.8 % that dissolved in the water, and the remaining
3.2 dissolved in the citrate). Similar results were obtained
for phosphorite.
All phosphorus not available to plants present in the
bones was transformed into the form available to plants.
An increase of amount of available P to plant after
microbial solubilization was also observed in the case of
phosphorite (Fig. 7) and was satisfactory. From the Eq. (1),
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the solubilization factor (SF), % (Fig. 6) for bones and
phosphorite were determined.

SF = _CPOs

CP—source

x 100 % (1)

During the solubilization experiment the solubilization
factor (SF) increased (Fig. 8) while pH decreased (Fig. 9).
On the Fig. 8 the results of solubilization of phosphorite and
poultry bone in bacteria medium without bacteria, are
presented. The bone as well as phosphorite are slightly
soluble in the microbiological media. SF calculated for bones
was 9.21 % in the 14th day of incubation, while for phosphorite
2.31 %. At the same time the pH slightly increased from 6.2 to
6.6 for bones and from 7.1 to 8.0 in the case of phosphorite.
These findings confirm the crucial role of microorganism in
efficient solubilization. The production of organic acids by
Bacillus megaterium significantly modifies the phosphorous
sources from not available to plants to increased availability.

Two times higher solubilization factor for bones were
achieved when compare to phosphorite. The differences in
solubilization of phosphorus efficiency by solubilizing
bacteria from bones and phosphorite was related with the
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Fig. 8 Degree of P,Os solubilization in time
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Fig. 9 Change of pH during solubilization experiment

different chemical activity of used materials (lower time of
formation and lower degree of mineralization—bones—
higher solubilization efficiency; higher time of formation
and higher degree of mineralization—phosporite—lower
solubilization efficiency). Microorganisms (bacteria and
fungi) present in the soil are able to mobilize phosphorus
present in the soil, for example by lowering the pH which
makes the phosphorus more available. But it is rather time-
consuming process, that in natural environment is not
efficient enough to cover needs of intense agriculture.
Application of bacteria able to solubilize the unavailable
phosphorus make the process more efficient, and may be
alternative to traditional phosphorus fertilizer production
methods [34]. Application of bones as a raw material for
phosphorus fertilizer production has another valuable
attribute; lower concentration of inpurities, which is the
result of short accumulation time for metals into bones.

Conclusions

There is a need to develop a more effective, eco-friendly
and sustainable system where the supply of P to plants can

be ensured [35]. In the present work the possibility of
utilization of the intermediates from agriculture and
industry such as bone or other (bone ash, biochar, sludge
EBFR) as a raw material for phosphorus fertilizers pro-
duction was presented. Meat and bone meal are not
authorized for cattle but they can be used for others animals
such as pets, or other animals not intended for consumption
like fur animals, but they can not be used for any other
others animals such as poultry or pigs according to the
Regulation (EC) No 999/2001 of the European Parliament
and of the council of 22 May 2001, laying down rules for
the prevention, control and eradication of certain trans-
missible spongiform encephalopathies. The problem of
BSE and prohibition on the use of meat-bone wastes in
animal feeding make the use of bones as fertilizer, a
valuable recycling strategy. By utilization of raw material
that did not undergo the phosphogenesis, it possible to
obtain liquid fertilizer in mild conditions and by a weak
acids produced by microorganism in solubilization process.
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