
*Corresponding author: agnieszka.saeid@pwr.edu.pl

DOI: 10.7569/JRM.2017.634132

J. Renew. Mater. Supplement June 2017

� CC-BY – Creative Commons Attribution License
This license allows users to copy, distribute and transmit an article, adapt the article 
as long as the author is attributed. The CC BY license permits commercial and non-
commercial reuse. © 2017 by Małgorzata Wyciszkiewicz et al. This work is published 
and licensed by Scrivener Publishing LLC.� 39

Solubilization of Renewable Phosphorus Sources with 
Organic Acids Produced by Bacillus megaterium 

Małgorzata Wyciszkiewicz, Agnieszka Saeid* and Katarzyna Chojnacka

Department of Advanced Material Technologies, Faculty of Chemistry, Wroclaw University of Science and Technology, Gdańska 7/9, 
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ABSTRACT:	� The aim of this work was to evaluate the effects of using B. megaterium in solubilization of phosphates from 
different secondary raw materials, such as fish bones, poultry bones, ashes and phosphorite, by identification 
of the effect of different doses of phosphorus-bearing materials on the growth of microbial cells and the 
effectiveness of the solubilization process. Both FTIR as well as SEM-EDX techniques were used to compare 
the effect of the acids on renewable phosphorus source. Two doses of mentioned materials were used: 2 and 
30 g/L. The effect of solubilization was expressed as the solubilization factor (SF, %), defined as the ratio 
(expressed as percentage) of soluble P2O5 present in the solution and total phosphorus (expressed as P2O5) 
introduced into solubilization medium in the solid form. The evaluated SF ranged between 0.672% obtained 
for phosphorite (30 g/L) and 85% for fish bones (2 g/L) with variations among different sources of phosphate 
and different doses used in the experiment. 
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1  INTRODUCTION

Recent increases in global prices of phosphate rock, 
together with the need to remove phosphorus (P) from 
wastewater to control and avoid eutrophication, make 
phosphorus recovery economically and environmen-
tally important [1]. Apatite and phosphorite miner-
als are the main nonrenewable raw materials used in 
the manufacturing of fertilizers [2]. The results show 
that 70% of global production currently comes from 
reserves which will be depleted within 100 years [3]. 
As an alternative to phosphorus rock, phosphorus can 
be recycled from phosphorus-rich residues such as 
meat and bone meal (MBM), municipal sewage sludge, 
phosphorus-rich ashes, and agricultural residues [4]. 
Today, only about one fourth of the P applied to agri-
cultural fields is actually recycled [5]. Sustainable, 
innovative recycling and reuse technology methods, 
where the phases of the phosphate-bearing materi-
als would be transformed into plant available phos-
phates, need to be developed and implemented. What 

is more, the obtained product should be characterized 
by high bioavailability and a toxic element fraction 
below the limit values of the fertilizer directive, thus 
fulfilling the quality parameters for a P-fertilizer [6]. 

Recovery of phosphorus from renewable resources 
can be carried out through an extraction procedure, 
such as acid leaching or electrodialysis [5], to liberate 
the phosphorus trapped in an unavailable form such 
as apatite in the case of bones, fish bones, meat bone 
meal (MBM) and bone meal (BM). Organically bound 
phosphates, similar to those present in the sewage 
sludge from wastewater treatment plants that per-
form the III° stage of the biological treatment stage (P 
is usually immobilized and polymerized in granules 
inside the cells in sewage sludge during wastewater 
treatment by phosphate-accumulating organisms), 
can be found in the MBM and BM. Due to the low 
boiling points of organic phosphorus compounds, it is 
assumed that these are released as gaseous phospho-
rus oxides in the furnace, for example, in the incinera-
tion of sludge where ashes enriched with phosphorus 
are obtained. The phosphorus oxides are condensed in 
the temperature range of 400–600 °C, forming primar-
ily phosphorus-oxide, P4O10, and, in the likely pres-
ence of water, orthophosphoric acid, H3PO4 [4]. 
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The utilization of the phosphorus-bearing sec-
ondary substrates as fertilizer on arable land is also 
possible after a digestion step performed by the use 
of acids. The acid digestion can be performed by 
synthetic acids as well as natural acids produced by 
microorganisms. Bacteria and fungi that can produce 
acids are classified as phosphate solubilizing bacteria 
(PSB) and phosphate solubilizing fungi (PSF) and both 
as a phosphate solubilizing organism (PSO). What is 
more, the type of synthesis by microorganism acids 
varies depending on the type of growth medium com-
ponent used (the environment of bacterial growth) 
[7]. Some of the agriculture or food industry second-
ary phosphorus sources contain considerable amounts 
of phosphorus, together with organic matter and other 
plant nutrients such as nitrogen, sulphur and potas-
sium presented in organic form such as bones, fish 
bones and slaughterhouse wastes. 

Usually, one gram of fertile soil contains 101–1010 bac-
teria, and their live weight may exceed 2000 kg ha1. The 
utilization of the ability of PSB that are ubiquitous with 
variation in forms and population in different soils [8] 
to liberate the phosphorus is a sustainable approach to 
the phosphorus problem. At present, the challenge is to 
develop an efficient method which has low impact on 
the environment and is economical as well.

The aim of this work was to evaluate the effects of 
application of soil bacteria B. megaterium in the solubili-
zation process of phosphates from different secondary 
phosphorus-bearing raw materials, such as fish bones, 
poultry bones, ashes and phosphorite, by the identifi-
cation of the effect of different doses of materials used 
in the experiment on the growth of microbial cell, the 
changes of pH value, the amount of solubilized phos-
phorus (expressed as P2O5) as well as the effectiveness 
of the solubilization process. Both FTIR and SEM-EDX 
techniques were used to compare the effect of the 
acids on the secondary phosphorus source.

2  MATERIAL AND METHODS

2.1  Bacteria and Culture Medium

Phosphate sources were treated with Bacillus mega-
terium (PCM 1855) as a phosphate-solubilizing 
microorganism. Bacteria were obtained from the 
Polish Collection of Microorganisms located at the 
Institute of Immunology and Experimental Therapy 
in Wroclaw (WDCM106). For cultivation of bacteria, 
growth medium was described previously [9].

2.2  Phosphate Source

In solubilization experiments, the phosphate sources 
used were poultry cooked bones, fish bones, ash from 

wastewater sludge (originating from Łyna plant in 
Olsztyn, Poland), as well as Morocco phosphate rock 
(phosphorite). All phosphate substrates were ground 
with a blender and sieved to pass through 1 mm par-
ticle size fractions for chemical and solubilization 
studies.

2.3  Extraction of P2O5

In order to investigate the efficiency and consequently 
bioavailability of phosphorus (expressed as P2O5) 
from phosphate sources used in experiments, ammo-
nium citrate and water extracts were determined as 
described previously [10]. 

2.4  Experimental and Analytical Methods

The solubilization experiment was conducted in 
Erlenmeyer flasks (capacity 500 mL) with 250 mL 
medium and 2 g and 30 g per 1L of phosphate source 
at 34 °C under sterile conditions. The medium solu-
tion with the phosphorus sources was inoculated with 
bacteria from agar slant by inoculating loops and incu-
bated as batch cultures. During 8 days of cultivation/
solubilization, culture medium was shaken at 120 rpm 
and incubated at 34 °C (Gerhardt Thermoshake incu-
bator shaker). Samples of microorganism suspension 
from all culture groups (four groups: poultry cooked 
bone, fish bones, ash from wastewater sludge and 
Morocco phosphate rock) were collected at the same 
time. The reaction mixture was filtered through filter 
paper and permeates were used for the estimation of 
pH and P2O5 concentrations, which were measured by 
colorimetric vanadophosphomolybdate method. At 
the end of the experiment, the solids separated through 
filtration were analyzed by FTIR and SEM-EDX. The 
pH measurements were conducted with a Mettler 
Toledo SevenMulti pH meter equipped with an elec-
trode InLab 413 with compensation of temperature. 

2.5  Cell Growth

The biomass concentration of B. megaterium was 
measured spectrophotometrically as described 
previously [11].

2.6 � Fourier Transform Infrared (FTIR) 
Spectroscopy

The FTIR spectroscopy technique was used to iden-
tify functional groups present on the surface of 
phosphorus-bearing materials. Before analyzation, a 
few milligrams of material were ground and mixed 
with potassium bromide disks in an amount provided 

http://dx.doi.org/10.7569/JRM.2017.634132
http://dx.doi.org/10.7569/JRM.2017.634132


DOI: 10.7569/JRM.2017.634132� Małgorzata Wyciszkiewicz et al.: Solubilization of Renewable Phosphorus Sources with Organic Acids

J. Renew. Mater. Supplement June 2017�   CC-BY Creative Commons    41

by the material at concentration of 2% by mass. The 
FTIR spectra of prepared samples were collected using 
a PerkinElmer System 2000 (Waltham, MA, USA) 
equipped with a deuterated triglycine sulfate (DTGS) 
and mercury cadmium telluride (MCT) detector. The 
assay was conducted within the wavenumber range 
of 400–4000 cm−1 (mid-infrared region) using a potas-
sium bromide window at room temperature (°C). The 
FTIR spectra were elaborated with a System 2000 com-
patible software (PerkinElmer, Waltham, MA, USA), 
which was used to perform the background calcu-
lation in order to set the necessary entries for result 
assessment. Obtained background, corresponding 
to pure potassium bromide (KBr), was automatically 
subtracted from each sample spectrum. All spectra 
were plotted using the same scale on the transmittance 
axis.

The area under the FTIR spectrum as a measure of 
the amount of phosphates in the phosphorus-bearing 
materials was calculated from Equation 1 where: A is 
absorbance and is wavenumber, cm–1, i = 2, 3, 4… are 
the next measurements of wavenumber in the range of 
absorbance from 900 to 1200 cm–1.
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2.7 � Scanning Electron Microscopy with 
Energy-Dispersive X-Ray (SEM-EDX) 
Analytical System

Physical and morphological characterizations were 
performed on phosphrous-bearing materials before 
and after solubilization by scanning electron micros-
copy with energy-dispersive X-ray analysis (SEM-
EDX). A total of twelve samples of phosphorus-bearing 
materials were fixed in 2.5% of glutaraldehyde (Sigma-
Aldrich, http://www.sigmaaldrich.com/) and next 
were dehydrated by ethanol (from 30% till 100% con-
centration). Treated mass was sampled and prepared 
in two planes, enabling observation of the cross sec-
tion and its surface. All samples were mounted onto 
a proper stub and afterwards gold sputtered using 
HHV Scancoat Six equipment (Crawley, Oxfordshire, 
UK). Observation and images of microalgae surface 
composition were taken with a Zeiss LEO 435 VP 
SEM scanning electron microscope (Oberkochen, 

Table 1  The specific growth rate of B. megaterium in four dif-
ferent medium compositions and solubilization factor evalu-
ated for different phosphorus materials and different doses.

Raw material SF, % ΔpH µ, 1/day R2

Poultry 
bones

2 g/L 77.8 –2.071 3.25 0.896

30 g/L* 21.9 –1.52 2.15 0.679

Fish bones 2 g/L 85.0 –1.703 2.76 0.973

30 g/L* 24.7 –2.17 2.09 0.767

Ash 2 g/L 42.8 –2.40 1.72 0.984

30 g/L* 16.2 –1.7 1.83 0.702

Phosphorite 2 g/L 29.1 –2.43 1.86 0.872

30 g/L* 0.672 –0.143 1.905 0.977

*[7]

Germany), operating at 20 kV. The concentration of 
particular surface constituent was recorded using 
a RÖNTEC GmbH energy-dispersive X-ray system 
(Berlin, Germany) as additional microscope equip-
ment. As a result, the X-ray spectra of elemental com-
position, specific for natural acids and solubilized by 
bacteria surface were obtained.

2.8  Calculations

The arithmetic mean values, standard deviations (SD) 
and t tests, as well as the model parameters of equations 
describing the experimental data, were determined 
using nonlinear estimation and multiple regression 
modules of Statistica software version 9.0. Correlation 
was considered statistically significant at α < 0.05. 

Chi-square test (χ2 test) was also used, which was 
calculated from Equation 2, which more accurately 
described the fit of the model to experimental data 
compared to the determination coefficient R2.

  χ
2

2

=

−( )experimental value model value

model value
� (2)

3  RESULTS 

3.1  Growth of Bacillus megaterium

The specific growth rate of B. megaterium in four dif-
ferent medium compositions and solubilization fac-
tor evaluated for different phosphorus materials and 
different doses are presented in Table 1. It was found 
that in the case of organic phosphorus-bearing materi-
als, such as poultry bones and fish bones, growth rate 
was higher when the doses of materials used in the 
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experiment were lower (2 g/L) when compared with 
the higher dose of 30 g/L.

3.2  Concentration of P2O5

The changes of phosphorus (expressed as the P2O5) 
concentration during solubilization process performed 
by B. megaterium with the utilization of four different 
phosphorus raw materials are presented in Figure 1a. 
The influence of different doses on the solubilization of 
various phosphorus-bearing materials was presented 
by a model that describes the kinetics of phosphorus 
release (expressed as the P2O5) (Equation 3):

	 C f t
C

b k tP O
P O

2 5
2 5

1
= ( ) =

+ ⋅
− ⋅

max

exp
� (3)

where the CP O2 5

max , mg/L is the maximum concentration 
of P2O5, b is the constant that expresses time when is 
CP2O5 equal to ½ of CP O2 5

max  and k is the 1/day constant is 
the variable slope, which is called the Hill slope. When 
k is greater the curve changes more sharply, which 
means that the solubilization process proceeds faster. 
Table 2 collects the evaluated values of all parameters 
of the proposed model, as well as the p-value and 
errors that express the fit of the model to the experi-
mental data. The highest maximum P2O5 concentration 
was found for poultry bones and fish bones, 310 mg/L 
and 230 mg/L, respectively (Table 2, Figure 1a). The 
content of phosphorus (expressed as P2O5) in used 
materials varies, the total P2O5, mg/kg was 12.8, 19.6, 
13.5 and 34.2 for poultry bones, fish bones, ash and 
phosphorite, respectively. While the available P2O5 
was mg/kg 0.0185, 0.0389, 0.14 and 0.0205 for poultry 
bones, fish bones, ash and phosphorite, respectively.

3.3  pH

The relationship between pH value and phosphorus 
(expressed as P2O5) concentration in the solubiliza-
tion process performed by B. megaterium with the 
utilization of four different phosphorus raw materi-
als is shown in Figure 1b. The solubilization of phos-
phorus-bearing sources by B. megaterium strain was 
accompanied by a significant drop in pH for 2 g/L of 
phosphorus sources to 4.59, 4.50, 4.85 and 4.60 from 
an initial pH of 6.66, 6.20, 7.27 and 7.002 after 8 days 
for poultry bones, fish bones, ash and phosphate rock, 
respectively. In the case of a dose of 30 g/L of phos-
phorus sources, a decrease was also observed with the 
exception of phosphorite, where a slight increase of 
pH was observed [7]. 

The P2O5 concentration is correlated with the pH 
of the liquid phase through the following equation 
(Figure 1b):

	 pH f C
A pH C

C
= ( ) =

+ ⋅

P O
P O

P O
2 5

2 5

2 5

min
� (4)

where A, mg/L is a constant describing the decay of 
the curve. Evaluated value of pHmin can be interpreted 
as the minimal value of pH. A strong correlation was 
found between pH and soluble P2O5 concentration. 
The parameters of the proposed model as well as the 
p-value and errors that express the fit of the model to 
the experimental data are presented in Table 3 for the 
concentration 2 g/L; additionally, the data from pre-
vious experiments performed for the concentration 
30 g/L published elsewhere [7] are presented to com-
pare the effect of different doses.

3.4  FTIR

Figure 2 shows the FTIR spectra of samples of different 
phosphorus-bearing materials before and after solubi-
lization undertaken at different conditions (different 
doses of material). It can be found that the characteris-
tic bands for PO4

3− group consist of three main regions 
marked in Figure 2 as A, B and C. The first region 
(region A in Figure 2a-bones) is represented by the 
peaks 1095, 1037 cm−1 corresponding to stretching mode 
and 958 cm−1 associated with stretching mode. The sec-
ond region (region B in Figure 2a) of phosphate ions 
is represented by the band with well-defined peaks at 
667, 603 and 563 cm−1 corresponding to bending mode. 
The third region (region C in Figure 2a) is observed at 
468 cm−1, exhibiting weak bands corresponding to bend-
ing mode [12–14]. Values representing the phosphorus 
valuated from Equation 1 are presented in Table 4.

Hydroxyl stretching mode is observed on all sam-
ple spectra 3000–3700 cm−1 represented by very low 
intensity peaks in the case of phosphate rock and ash 
and high intensity in the case of bones and fish bones. 
Observed broad band can be assigned to different 
structural OH groups in HAp crystals (−OH groups 
with more or less hydrogen bond association with 
phosphate groups, and others with less or no interac-
tions with the environment) [13, 15, 16].

Concerning carbonate ions, there are usually three 
vibrational bands which can be observed in the infra-
red spectra of bone and hydroxyapatite, but bands 
exhibit very low intensity and are rarely observed. 
In analyzed samples, carbonate ions were detected in 
two different sites: a) low intensity peak at 880 cm−1 
attributed to the CO3

2– group and characteristic of a 
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Figure 1  (a) Changes of phosphorus (expressed as the P2O5) concentration during solubilization process performed by B. 
megaterium with the utilization of four different phosphorus raw materials. (b) Relationship between pH and phosphorus 
(expressed as P2O5) concentration in the solubilization process performed by B. megaterium with the utilization of four different 
phosphorus raw materials.
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carbonated apatite (with the substitution of PO4
3– by 

CO3
2– ions in the apatite structure [15] and b) peaks 

from 1639 to 1384 cm−1 [12, 16–18].
Bands appearing at wavenumber values of 2855 and 

2925 cm–1 were assigned to the absorption of organic 
material [12]. Additionally, the bands of C1⁄4O and 
C1⁄4C (protein and collagen) were assigned to the peaks 
at 1500–1600 cm–1 corresponding to the organic phase 
of bone material. These peaks disappear in the case of 

ash and phosphorite, indicating their removal from the 
bone material during pyrolysis in the case of ash and 
phosphogenesis in the case of phosphate rock [14, 19]. 

3.5  SEM-EDX

The scanning electron micrographs are shown in 
Figure 3. EDX analysis was performed and the results 
are shown in Figure 5 and Table 5.

Table 2  Parameters of model describing the kinetics of changes of concentration P2O5 during the solubilization process.

Phosphorus 
raw 
material

2 g/L 30 g/L*

Parameters SD p value R2 c2 Parameters SD p-value R2 c2

Poultry 
bones

CP O2 5

max , mg/L 310 26 0.000272 0.987 30.5 1299 28 0.000022 0.999 13.9

b, day 60.3 5.5 0.0725 0.471 0.028 0.000466

k, 1/day 1.35 0.146 0.00669 3.81 0.07 0.000014

Fish bones CP O2 5

max , mg/L 230 12 0.000043 0.993 14.9 955 21 0.000024 0.999 6.96

b, day 40.5 12.8 0.107 0.488 0.031 0.000558

k, 1/day 1.18 0.18 0.00338 3.69 0.07 0.000017

Ash CP O2 5

max , mg/L 125 10 0.000220 0.995 14.9 703 31 0.000186 0.997 28.3

b, day 44.1 3.9 0.0217 0.456 0.059 0.00452

k, 1/day 0.931 0.096 0.00275 4.68 0.15 0.000073

Phosphorite CP O2 5

max , mg/L 207 27 0.000873 0.993 10.8 188 511 0.737 0.959 7.79

b, day 46,3 3.7 0.0113 0.117 0.099 0.324

k, 1/day 0.951 0.088 0.00330 10.0 17.4 0.607

*[7]

Table 3  Parameters of model describing the changes of pH and P2O5 concentration during the solubilization process.

Phosphate 
sources

2 g/L 30 g/L*

Model 
parameters SD p value R2 c2

Model 
parameters SD p-value R2 c2

Poultry 
bones

A, mg/L 43.4 4.4 0.000596 0.979 0.0253 61.7 4.8 0.000204 0.988 0.0107

pHmin 4.57 0.10 0.000001 4.71 0.06 0.000000

Fish bone A, mg/L 22.3 5.6 0.0161 0.89 0.0723 84.0 11.1 0.001617 0.966 0.046

pHmin 4.82 0.16 0.000007 4.62 0.13 0.000003

Ash A, mg/L 33.5 4.1 0.00128 0.73 0.599 53.9 8.9 0.003872 0.949 0.0611

pHmin 4.00 0.17 0.000021 5.38 0.18 0.000007

Phosphorite A, mg/L 24.5 11.5 0.0994 0.97 0.0567 0.407 3.69 0.917344 0.055 0.0127

pHmin 5.22 0.50 0.000483 7.55 0.16 0.000001

*[7]

http://dx.doi.org/10.7569/JRM.2017.634132
http://dx.doi.org/10.7569/JRM.2017.634132


DOI: 10.7569/JRM.2017.634132� Małgorzata Wyciszkiewicz et al.: Solubilization of Renewable Phosphorus Sources with Organic Acids

J. Renew. Mater. Supplement June 2017�   CC-BY Creative Commons    45

4000

(a) (b)

(c) (d)

3500 3000

2921.9145

2852.4829

958.5423

871.7527

719.3889

468.6635

1101.2628

1027.9739

A V

V

B C

561.239

603.6695

2500 2000 1500 1000 500

Poultry bones row material
Poultry bones after solubilization-2 g/L
Poultry bones after solubilization-30 g/L

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e

Wavenumber cm–1

4000 3500 3000

2923.8432

V

2850.5542

605.59811045.3318

1093.5482
568.9537

964.3282

864.0381

470.5922

AV
V

B C

2500 2000 1500 1000 500

Phosphorite row material
Phosphorite after solubilization-2 g/L
Phosphorite after solubilization-30 g/L

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e

Wavenumber cm–1

4000 3500 3000

2923.8432

V

2962.4163

1037.61721116.6921

555.4531

599.8122

466.7349

AV
V B C

2500 2000 1500 1000 500

ASH row material
ASH bones after solubilization-2 g/L
ASH bones after solubilization-30 g/L

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e

Wavenumber cm–1

4000 3500 3000

2925.7718

V

V

2854.4115

1027.9739

1099.3342 561.239

601.7408

960.4709

875.61

721.3175 478.3068

A
V

B C

2500 2000 1500 1000 500

Fish bones row material
Fish bones after solubilization-2 g/L
Fish bones after solubilization-30 g/L

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e

Wavenumber cm–1

Figure 2  Normalized FTIR absorption spectrum of selected functional groups exposed on the surface of phosphorus-bearing 
materials: (a) poultry bones, (b) fish bones, (c) ash and (d) phosphorite.

Table 4  The area under the FTIR spectrum as a measure of 
the amount of phosphates in the phosphorus-bearing mate-
rials (calculated from Equation 1).

Raw material
f v dv� �( )∫

900

1200

Poultry bones raw 142.26

2 g/L 189.69

30 g/L 217.15

Fish bones raw 151.05

2 g/L 146.68

30 g/L 196.34

Ash raw 242.04

2 g/L 244.31

30 g/L 237.31

Phosphorite raw 187.00

2 g/L 158.56

30 g/L 189.25

4  DISCUSSION 

The solubilization process was performed for two dif-
ferent doses of phosphorus-bearing materials, 2 and 
30 g/L. Selection of concentrations was made based on 
the previous research that confirmed the strong rela-
tionship between solubilization factors and applied 
in the experiment doses of materials used as a source 
of phosphorus. With increased doses the decrease of 
solubilization factor was observed [10], which is why 
the two extreme doses were chosen. The effect of solu-
bilization was expressed as the solubilization factor 
(SF, %), defined as the ratio (expressed as percentage) 
of soluble P2O5 present in the solution and phospho-
rus (expressed as P2O5) introduced into solubilization 
medium in the solid form.

The efficient growth of bacteria is crucial in solu-
bilization of phosphorus-bearing materials. Bacteria 
are responsible for production of organic acids 
that are the main factor that affects the release of 
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phosphorus from the apatite structure. The monitor-
ing of its growth and providing appropriate condi-
tions for growth ensure efficient solubilization. Too 
high of a dose of nutrients delivered in the form of 
poultry bones as well as fish bones decreases the 
growth of bacteria, which confirmed that this form 
of nutrients is more available for microbial cells 
when compared with inorganic substrates (such as 
ash and phosphorite). Substrate inhibition of micro-
bial growth is well documented, but experiments 
evaluating the effect of dose of substrate on the 
growth should be performed to evaluate the specific 
growth rate by the application of Monod (without 
substrate growth inhibition) or Haldane (with sub-
strate growth inhibition) models [20]. Different phe-
nomena were recognized in the case of inorganic 
materials, such as ash and phosphorite, when the 
dose did not affect the growth of bacteria (Table 1). 
This finding could be explained as a reason for the 
form of nutrients delivered in that inorganic form 
which is probably not available for bacterial cells; 
therefore, even if the dose of substrate increases, no 
effect would be observed.

Although the effect on the growth of bacteria was 
not noticeable only in the case of phosphorite, the 
inhibition of solubilization caused by a higher dose of 
material was observed (the was lower for the dose of 
phosphorite 30 g/L when compared with the obtained 
for 2 g/L). In all considered cases the increase of dose 
of material used as a source of phosphorus resulted 
in a decrease of solubilization factor for 2 g/L 77.8, 
85.0, 42.8 and 29.1 for poultry bones, fish bones, ash 
and phosphate rock, respectively, while for 30 g/L the 
following solubilization factor was evaluated: 21.9%, 
24.7%, 16.19% and 0.672%. 

According to our previous studies, during the 
solubilization process performed by B. megaterium, 
different organic acids were produced and their com-
position was strongly related to the material used as 
a source of phosphorus [10]. Acids produced by bac-
teria caused an increase of concentration of hydrogen 
ions and higher release of P2O5. It can be found that in 
all considered cases, with the exception of fish bones, 
the increase of doses of phosphorus-bearing material 
resulted in the higher value of evaluated parameter 
pHmin. These phenomena can be explained by the more 

(a)
1 µm 2 µm 2 µm 2 µm

1 µm 2 µm 2 µm 2 µm

1 µm 2 µm 2 µm 2 µm

(d) (g) (j)

(b) (e) (h) (k)

(c) (f) (i) (l)

Figure 3  The surfaces of poultry bones untreated (a) and poultry bones exposed to solubilization process (2 g/L [b]; 30 g/L [c]). 
The surfaces of fish bones untreated (d) and fish bones exposed to solubilization process (2 g/L [e]; 30 g/L [f]). The surfaces of 
ash untreated (g) and ash exposed to solubilization process (2 g/L [g]; 30 g/L [i]). The surfaces of phosphorite untreated (j) and 
phosphorite exposed to solubilization process (2 g/L [k]; 30 g/L [l]. Scale bar 1 µm for a, b, c, and 2 µm for d, e, f, g, h, i, j, k, l.
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abundant presence of substances originating from 
materials used as a source of phosphorus that neu-
tralized the protons produced by bacterial cells in the 
solubilization process. 

Obtained parameters, such as , pHmin, μ, SF, and 
ΔpH, used for describing the data were statistically 
tested to find whether they are correlated. A statisti-
cally significant correlation between SF and pHmin (r 
= 0.809, p = 0.0148) was found for data obtained for 
2 and 30 g/L (n = 8). Moreover, a statistically signifi-
cant correlation was found between SF and pHmin (r = 
0.927, p = 0.073), between and μ (r = 0.908, p = 0.092) 
and between pHmin and μ (r = −0.931, p = 0.069) when 
only the dose of 2 g/L was taken into consideration 
(n  =  4). Additionally, a statistically significant cor-
relation was found between SF and pHmin (r = 0.953, 
p = 0.047), between and SF (r = 0.606, p = 0.094) and 
between pHmin and μ (r = 0.939, p = 0.061), when the 
dose of 30 g/L was taken into consideration (n = 4).

Raw phosphorus-bearing materials and materials 
after microbial solubilization performed at the dif-
ferent doses did not show large differences in FTIR 
spectra (Figure 2), which suggested that the chemi-
cal structures were not significantly affected by the 
performed process; nevertheless, the differences in 
the intensity of peaks, particularly in the region that 
determines the presence of phosphate groups, were 
noticeable. According to Pienkowski et al. [21], the 
band intensity can be evaluated as a relative amount 
of detected groups and the changes in the FTIR spectra 
could be explained as changes of the amount of pres-
ent groups that were detected on the surface as a result 
of the action of organic acids produced by Bacillus 
megaterium in the biosolubilization process. The broad 

bands between 900 and 1200 cm-1 are attributed to the 
symmetric and asymmetric stretching vibrations (O-P-
O) of the PO4

3- group, as mentioned by Bonadio at al. 
[16]. According to Álvarez-Lloret et al. [22], the sur-
face area under the graph in that range was used as 
a measure of the amount of phosphates in analyzed 
materials (Equation 1). In the case of poultry bones, 
the solubilization resulted in an increased amount of 
phosphates present on the surface as an effect of dis-
solution of the outer part of the surface by the action of 
organic acids. In the case of fish bones, a small decrease 
of phosphates after the solubilization (at fish bone con-
centration 2 g/L) was observed and an increase in the 
amount of 30% was observed when compared to the 
raw samples. While in the case of organic materials 
(poultry bones and fish bones) the effect of solubili-
zation and influence of different doses were notice-
able, the FTIR spectra of ash and phosphate rock in the 
range of A900-A1200 did not show significant changes. 

The scanning electron micrographs are shown in 
Figure 3. After the solubilization was performed at 
the dose of 30 g/L, surface changes are barely vis-
ible or not visible, which is consistent with previous 
findings concerning the influence of the doses used 
on the estimated solubilization factor. A lower dose 
caused higher SF, so a higher amount of phosphorus 
from the hydroxyapatite structure was released and 
a stronger effect on the surface could be expected. 
Scanning electron microscopy (SEM) analysis of the 
solid material after biosolubilization performed at 
2 g/L showed more surface erosion of the biologically 
leached material than observed in the untreated and 
treated (30 g/L) material. Figure 4 presents the optical 
microscopy images of poultry and fish bones before 

(a)

(d)

(b)

(c)

Figure 4  The optical microscopy (10x) image of poultry (a) before the solubilization and (b) after 7 days of solubilization; bones 
and fish bones (c) before the solubilization and (d) after 7 days of solubilization.
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(a) (e)

(c) (g)

(d) (h)

(b) (f)

Figure 5  EDX results for poultry bones untreated (a) and poultry bones exposed to solubilization process (2 g/L [b]; 30 g/L [c]). 
EDX results for fish bones untreated (d) and fish bones exposed to solubilization process (2 g/L [E]; 30 g/L [f]). EDX results for 
ash untreated (g) and ash exposed to solubilization process (2 g/L [g]; 30 g/L [i]). EDX results for phosphorite untreated (j) and 
phosphorite exposed to solubilization process (2 g/L [k]; 30 g/L [l]). (Continued)
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(i) (k)

(j) (l)

and after 7 days of solubilization (2 g/L), where sig-
nificant digestion of structure is visible.

For fish bones, the most significant effect was 
observed on the surface after solubilization at dose 
2 g/L (Figure 3d–f). It can be seen that the nodules rec-
ognized as a phosphorite [23] in the case of untreated 
material, disappear and appear more amorphous after 
the solubilization at dose 2 g/L where the highest 
solubilization factor was found to be 85%. These find-
ings were not observed in the case of the surface of 
fish bones after the solubilization process performed 
at dose 30 g/L, which is confirmed by the compara-
ble low solubilization factor (24.7%). Also, in the case 
of poultry bones for the samples obtained from the 
solubilization process performed at the dose 2 g/L, 
some changes can be found, such as the appearance 
of cracks, that demonstrate the effect of the action of 
acids on the structure of apatite. The hydroxyapatite 
nodules appear to be smaller (Figure 3b) when com-
pared with the untreated sample (Figure 3a) (the same 
scale bar 1 µm). The phosphorite seems to be most 
resistant to the action of acids on the structure of apa-
tite that is visible on the surface, which is confirmed 
by the smallest solubilization factor when compared 
to all considered materials. The phosphorite is the 

oldest, and at the same time, the most stable material, 
when compared with fish bones generated/built up in 
a few weeks or poultry bones in a few months. In the 
case of ash, bigger nodules can be found on the SEM 
graph (Figure 3g–i). The reason for such phenomena 
is that the thermal decomposition during combustion 
of sludge gives large particle size apatite. The forma-
tion of the big particles in the thermal process can be 
regarded as the tendency of hydroxyapatite grains to 
agglomerate and grow up at high temperatures [24].

The confirmation of the solubilization of phosphates 
present on the surface in the form of apatite can be 
found in the results obtained from EDX analysis. The 
concentrations of elements detected are expressed as 
mass percentages (Table 5). In the case of phosphorite, 
where the solubilization factor was the smallest, there 
were very few changes found in the concentration 
of phosphorus. The highest changes were found for 
the materials that undergo solubilization at the dose 
of 2 g/L, which is consistent with previous findings 
presented in this article. The concentration of phos-
phorus on the surface of poultry bones in the case of 
samples obtained after solubilization was lower when 
compare with the raw poultry bones. What is more, 
the concentration of phosphorus on the surface for 

Figure 5  EDX results for poultry bones untreated (a) and poultry bones exposed to solubilization process (2 g/L [b]; 30 g/L [c]). 
EDX results for fish bones untreated (d) and fish bones exposed to solubilization process (2 g/L [e]; 30 g/L [f]). EDX results for 
ash untreated (g) and ash exposed to solubilization process (2 g/L [g]; 30 g/L [i]). EDX results for phosphorite untreated (j) and 
phosphorite exposed to solubilization process (2 g/L [k]; 30 g/L [l]).
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samples after solubilization performed at the dose 
of 2  g/L was lower than for samples at the dose of 
30 g/L, which remains consistent with previous find-
ings that the dose of raw material has a crucial influ-
ence on the solubilization factor. Lower concentration 
of phosphorus on the surface in this case can be 
understood as a result of more efficient solubilization, 
because a higher amount of phosphorus was released 
from the hydroxyapatite structure. Similar findings 
were found for fish bones and ash, except in the case of 
phosphorite where it was not observed; the reason for 
this is the stability of the structure as a result of longer 
formation time when compared with other materials 
used in this experiment, which was discussed in the 
previous paragraph. Of interest is the appearance in 
the EDX analysis of other elements after solubilization 
which were not detected before, such as S, Si, Zn and 
Ti. Probably the solubilization of the external layers 
exposed the lower, inner parts that were composed of 
the mentioned elements, which affected their detec-
tion in the EDX analysis. In the case of carbon (C) for 
samples of poultry bones as well as fish bones, con-
centration of C after solubilization was higher, while 
for ash and phosphorite the concentration of C was 
almost the same. Probably the reason for that phe-
nomenon is that phosphorite and ash are deprived of 
organic carbon.

According to the chemical formula of the standard 
hydroxyapatite (Ca10(PO4)6(OH)2), the theoretical 
calcium-to-phosphorous molar ratio is approximately 
1.67 [25]. As shown, the Ca/P ratio for the phospho-
rus-bearing materials was higher than theoretical 
calcium-to-phosphorous molar ratio; nevertheless, 
these values lie within the acceptable range for the 
hydroxyapatite. Calcium-to-phosphorus ratio var-
ied in the tested materials from 1.5 for ash after the 
solubilization (30 g/L) to 3.8 for phosphorite after 
solubilization (30 g/L). According to Jabłoński et al. 
[26], average Ca/P evaluated for bones derived from 
mice was 3.42. These findings are similar to those 
presented in this article. Additionally, the elemental 
analysis indicated the presence of Na, K, Mg and S, 
Al, Si, Zn, Ti and Fe (see Table 5). Bone does have 
65–70% hydroxyapatite and 30–35% organic com-
pounds (on a dry weight basis). Collagen is the main 
organic compound present in natural bone (95%), 
besides which there are other organic compounds 
existing in small concentrations such as chondroitin 
sulfate, keratin sulfate and lipids (e.g., phospholip-
ids, triglycerides, fatty acids, cholesterol, etc.) [27]. It 
needs to be noted that the samples that underwent 
EDX analysis did not consist of only pure hydroxy-
apatite; additionally, surface composition analysis 
can sometimes be misleading because of surface con-
tamination [23]. 

5  CONCLUSIONS

The results presented in this article demonstrate the 
effect of the solubilization process on the structure of 
materials used in the experiments. The FTIR spectrum 
as well as SEM-EDX analysis confirm the influence of 
dose on the solubilization factor as well as the influ-
ence of the material used on the effectiveness of solu-
bilization performed by Bacillus megaterium.
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