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Abstract The phosphorous fertilizers are a product of

natural sedimentary phosphorite ores. Using this raw

material to produce phosphoric acid and classic phospho-

rous fertilizers has generated well-known ecological

problems. A new and perspective way to use the same

materials is creating a new type of time-delayed fertilizers

applying high-energy milling (HEM) activation method.

The impact of the mechanical forces over the solids is

mostly revealed through the changes of the quantities being

related to the energetic stability and reactivity of the solid

phase. The aim of this work is to report the results from the

investigation on the chemical and thermal reactions in

composites of natural apatite , which are HEM activated

for different times and thermally treated, (from Tunisia)

and ammonium sulphate. The Tunisian phosphorite

belongs to the ‘basic’ apatites having a Ca/P ratio of

1.70–1.77 and is characterized by a complex mineral

composition with major component carbonate-fluorapatite.

The used ammonium sulphate—(NH4)2SO4 is obtained as a

by-product from cleaning industrial waste gases, using

e-beam technology. The composites of Tunisian phospho-

rite ores and ammonium sulphate, mixed in a mass ratio

1:1, were HEM activated during 10 min to 50 h with

20 mm Fe-milling bodies and temperature treated up to

1,100 �C. As a result, the chemical properties of the treated

composites changed. Proofs were found for (i) formation of

new phases during HEM activation such as NH4Ca(PO3)3

(NH4)2CaH4(P2O7)2, (NH4)2Ca3(P2O7)2.6H2O, CaH2P2O7

and a-Ca2P2O7; and (ii) decreasing of temperature intervals

of phase changes in comparison to untreated composite.
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Abbreviations

HEM High-energy milling

CFAp Natural carbonate fluorapatite Ca5F(PO4)3

TS0 Non-activated mixture Ca5F(PO4)3

? (NH4)2SO4 – mass ratio 1:1

TS5m Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 5 min

TS10m Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 10 min

TS30m Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 30 min

TS60m Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 60 min

TS5h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 5 h

TS10h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 10 h

TS15h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 15 h

TS30h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 30 h

TS40h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 40 h

TS50h Mixture Ca5F(PO4)3 ? (NH4)2SO4 – mass

ratio 1:1, HEM activated 50 h

XRD Powder X-ray diffraction
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FTIR Furies transform infrared

TG/DTG/

DTA TA

Thermal analyses

P2O5
sol Soluble P2O5

P2O5
tot Total P2O5

Introduction

The production of phosphoric acid and Phosphorous fer-

tilizers from natural apatite by the classic acid-leaching

method creates well-known ecological problems [1–3].

Using the method in addition to high-energy ball milling

and thermal methods allows one to obtain new products

(fertilizers) which can transform water-soluble and insol-

uble forms of P2O5 to citrate-soluble forms [4, 5]. A new

possibility in this topic is the creation of ecologically safe

complex fertilizer compounds and soil improvers by ther-

mal and high-energy milling (HEM) methods from natural

apatite mixed with industrial and semi-industrial wastes

[6–8]. An important topic of interest during complex

treatment of natural apatite is a possibility of solid-phase

synthesis of the main (Ca, PO4, F and OH) and accessory

(SiO2, Na2O, R2O3 - R = Al, Fe, etc.) components of the

natural system.

In our previous works we investigated chemical and

thermal reactions of

(i) High energy activated and thermal treated com-

posites of natural apatite from Tunisia and ammo-

nium sulphate (pure for analysis—p. a.) grade in a

mass ratio 1:1, where the HEM activation was

carried out with planetary mill (Cr–Ni milling

balls) and the thermal treatment—at temperatures

up to 1,100 �C. The HEM activation was at wide

range of times [4, 9].

(ii) Thermal-treated composites of natural apatite from

Tunisia and ammonium sulphate—by-product from

the electron-beam waste gas cleaning system in the

Thermal Power Plant Maritsa-East-2, Bulgaria in a

mass ratio 1:1. The thermal treatment was accom-

plished at dynamic and isothermal heating condi-

tions at temperatures up to 1,100 �C [4].

The obtained results show a promising mechanism of

the thermal decomposition reactions requiring additional

refinement.

In order to extend our earlier studies we investigated the

chemical and thermal reactions in a new composite of

natural apatite that is HEM activated for different times

and thermally treated (from Tunisia) and ammonium sul-

phate, obtained as a by-product from cleaning industrial

waste gases, using e-beam technology, in a mass ratio 1:1.

The phase transformations of the composites after HEM

and thermal treatment to solid products are confirmed using

a complex of the different analyses: standard chemical

analysis, X-ray powder diffraction, and infrared spectros-

copy. A relationship was found between phase transfor-

mations in solids and the conditions of HEM activation.

Materials

Raw materials used for the new composite:

– natural carbonate-fluorapatite Ca5F(PO4)3 (CFAp)

[4, 7, 10] from Tunisian sedimentary phosphorite ore

deposit with the following chemical composition:

29.5 % P2O5
total; 6.9 % P2O5

ass (by 2 % citric acid);

3.2 % F; 46.5 % CaO; 0.55 % R2O3 (R = Al, Fe);

1.1 % SO3; 7.3 % SiO2; 0.35 % MgO; 0.05 % Cl;

6,2 % CO2; moisture content 3.14 % and a granulo-

metric size of the particles of 0.8 mm.

– ammonium sulphate (NH4)2SO4—obtained as a by-

product from cleaning industrial waste gases, using

e-beam technology. The parameters and the properties

of ammonium sulphate are given elsewhere [11, 12].

The composite composition: CFAp and by-product of

(NH4)2SO4 in mass ratio 1:1 (TS0).

The initial TS0 is HEM activated for different times: 5,

10, 30 and 60 min, as well as for 5, 10, 15, 30, 40 and 50 h.

As a result, we obtained 10 activated samples, TS5 m,

TS10 m, TS30 m, TS60 m, TS5 h, TS10 h, TS15 h,

TS30 h, TS40 h and TS50 h, respectively.

Methods

The HEM activation was carried out in a planetary mill

Pulverisette-5, Fritsch Co (Germany). The activation times

were from 10 min to 50 h with Fe-milling bodies with

diameter of the milling bodies of 20 mm and sample mass

of 0.020 kg. The HEM activation was chosen from our

previous work [13]. The selection was made in the order to

satisfy earlier obtained results for optimal activation time

and our next investigation for the linear dependence of

activation time and particle agglomeration, whereas the

increasing level of agglomeration depends contrariwise on

the specific surface area [4, 14, 15]. Furthermore, in the

experiment we used another type of milling balls, Fe,

because of their well-known catalytic activity and ability of

increasing the solubility of activated composites [14, 16].

We used standardized methods for determination of

P2O5
sol defined from Bulgarian National Standard

14131-88, according to which P2O5
sol can be determined by
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direct extraction in solution of ammonium citrate with pH 7

or by 2 % citric acid. This method is relevant to the

Instruction of EEO 77/535, p. 3.1.4 ‘Extraction of phos-

phorus soluble in neutral ammonium citrate’ and the

dragging out of P2O5
sol is performed by direct extraction.

The powder X-ray diffraction (XRD) measurements

were made through a DRON 3 M diffractometer, using a

Fe-filtered Cu-Ka radiation in the range 8–60� 2-theta, at

an accelerating voltage of 40 kV and a current of 25 mA.

The obtained Fourier transform infrared (FTIR) spectra

were registered on Bruker Tensor 37 spectrometer in the

range 400–4,000 cm-1, using KBr pellet technique. A

resolution of 2 cm-1 was used for collecting 60 scans for

each sample.

The thermal analyses (TG/DTG/DTA) were performed

on a Stanton Redcroft thermal analyzer STA 780 (England)

in the temperature range 20–1,100 �C, with a heating rate

of 10 �C min-1, the purging gas—dry air and flow

rate 50 mL min-1. a-Al2O3 was used as reference material

[17, 18]. For the thermal analyses experiments the Zirco-

nium open crucibles with diameter of 4.5 mm and the

sample mass of *10 mg were used.

Results and discussion

Chemical analysis

The most important chemical component for plants in

phosphorus fertilizers is P2O5 and more specifically the

quantity of soluble P2O5 (P2O5
sol). The P2O5

sol is slightly

soluble in water, so it is difficult to be washed out by the

rain from the soils. Thus P2O5
sol stays for a long time in

soils and feeds the plants for a longer time. The used

method for chemical analysis presents the quantity of

P2O5
sol in per cent as the ratio to the total P2O5 (P2O5

tot)

-P2O5
tot/P2O5

sol %. In our earlier investigation [5, 19] we

did not measure the quantity of P2O5
sol.

Figure 1 shows the dependence of P2O5
sol from HEM

activation time for the non-activated sample (TS0) and the

ten activated composites TS5 m, TS10 m, TS30 m,

TS60 m, TS5 h, TS10 h, TS15 h, TS30 h, TS40 h and

TS50 h. An activation time–exponential growth depen-

dence of the P2O5
tot/P2O5

sol % for the 10 samples (from

0 min to 40 h) was found. The experimentally measured

values are shown in Fig. 1 by solid circles, while the solid

line is the best fit to them, y = -18.05 exp(x/-7.7)

-12(x/-798.66)?57.84 (R2 = 0.992). A rapid increasing

of the P2O5
sol amount from 0 to 60 min is followed by

gradual increase—from 5 to 40 h activation. The sample

TS50 h (presented by solid circle in the Figure) shows

independent behaviour compared to other samples because

of the strong influence of particle agglomeration [9, 15].

Powder XRD

Figure 2 shows the powder XRD patterns for TS10 m,

TS5 h, TS10 h and TS50 h HEM-activated samples toge-

ther with the established crystalline phases. It is seen that

the increase of the activation time leads to decrease in the

peak intensity and to an increase in the peak widths.

Furthermore, peaks of newly formed phases appear:

Ca3(PO4)2.xH2O, (NH4)2SO4.2CaSO4, NH4Ca(PO3)3,

(NH4)2CaH4(P2O7)2, (NH4)2Ca3(P2O7)2.6H2O, CaH2P2O7

and a-Ca2P2O7 together with phases of the raw materials

Ca5F(PO4)3 b (NH4)2SO4. The existence of ammonium

calcium pyrophosphates speaks in favour of solid-phase

reactions between the components of the system during the

activation. The phases (NH4)2SO4.2CaSO4 and a-Ca2P2O7

result from the thermal decomposition of non-activated

composite and prove the identity of transformations during

thermal treatment and HEM activation [4]. It is important

to be noted that investigated samples indicate some dif-

ferences in comparison with the early studied ones [8]:

(i) the amount of newly formed crystalline phases is higher

than that of the composite form CFAp and ammonium

sulphate (p. a.), HEM activated with 20 mm Fe balls;

(ii) there exist some new phases that were not proven in

earlier powder XRD studies, which applies especially for the

composites activated for 10 and 50 h; and (iii) for recently

investigated samples the phase CaSO4.2H2O is missing.

The formation of the new crystal phases is a result of the

different milling balls used in this investigation. The new

phases contain NH4 and OH- groups, increasing the sam-

ple solubility, a fact, confirming the results from chemical
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Fig. 1 The activation time dependence of measured P2O5
ass: /black

circle/ samples with exponential growth dependence of the

P2O5
tot/P2O5

ass % and the best fit to these data /solid line//TS0,

TS5 m, TS10 m, TS30 m, TS60 m, TS5 h, TS10 h, TS15 h, TS30 h

and TS40 h/; /white circle/ sample outside exponential growth

dependence/TS50 h/
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analysis (Fig. 1). Contrary, the obtained maximal amount

of new phases of TS50 h does not match with the chemical

analysis, because of the strong decreasing of specific sur-

face area of the sample particles [9, 15].

FTIR measurements

The measured FTIR spectra show the influence of thermal

treatment and HEM activation of composite on the for-

mation of new solid phases. The obtained results are shown

on Fig. 3.

The raw CFAp and ammonium sulphate are proven for TS0

and all activated samples with the IR absorption bands of

– PO4
3--group in CFAp: symmetric P–O (m1 and m2)

modes in the ranges 964–968 and 471–473 cm-1,

respectively; asymmetric P–O (m3) modes in the ranges

1,046–1,048, 1,103–1,106 and 1,186–1,188 cm-1;

asymmetric P–O (m4) mode in the ranges 570–575

and 616–620 cm-1.

– SO4-group in (NH4)2SO4: asymmetric S–O (m3) stretch-

ing mode in the range 1,103–1,106 cm-1.

– NH4-group in (NH4)2SO4: asymmetric N–H (m4) bend-

ing mode in the range 1,401–1,404 cm-1.

I/I0, %

50 h

10 h

5 h

10 min

70 60 50 40 30 20

2θ/°
10

Ca5F(PO4)3

(NH4)2SO4

(NH4)2SO4.2CaSO4

Ca3(PO4)2.xH2O

CaH2P2O7

NH4Ca(PO3)3

(NH4)2CaH4(P2O7)2

(NH4)2Ca3(P2O7)2.6H2O

α-Ca2P2O7

β-Ca3(PO4)2

Fig. 2 Powder XRD patterns of composite of CFAp HEM activated for different times and by-product of ammonium sulphate in 1:1 mass ratio /

samples TS10 m, TS5 h, TS10 h and TS50 h/

1600

Asymmetric
stretching O-C-O
(ν3) mode
(A-B-type CFAp)

Asymmetric
stretching

P-O-P (ν3) mode

OH libration
mode

50 h activated
composite

60 min activated
composite

10 min activated
composite

Non-activated composite

1400 1200 1000

Wavenumber/cm–1

T
/%

800 600

Fig. 3 FTIR spectra of non-activated (TS0) and composite/samples

HEM activated for different times TS10 m, TS60 m and TS50 h/of

CFAp and by-product of ammonium sulphate in 1:1 mass ratio
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FTIR data confirm the results obtained by powder XRD

measurements (Fig. 2). Furthermore, the IR measurements

prove a new mineral phase (CaCO3) for all studied samples

with symmetric O–C–O (m2) bending mode

(866–868 cm-1) of CO3
2- in B-type CFAp and asymmetric

O–C–O (m3) stretching mode (1,433–1,450 cm-1) of CO3
2-

in CFAp. The CaCO3 phase is probably amorphous for

proper investigation with powder XRD.

The IR measurements show the changes occurring after

HEM activation of the samples due to the presence of

– OH libration mode (in the range 654–656 cm-1) of

CaH2P2O7—available for all HEM-activated samples.

– Asymmetric P–O–P (m3) stretching mode

(730–738 cm-1 and 1,103–1,108 cm-1) of P2O7
4- in

CaH2P2O7—available for all HEM-activated samples.

– Asymmetric P–O (m3) stretching mode (1,046–1,048 and

1,186–1,188 cm-1) of P2O7
4- in CaH2P2O7—available

for all HEM-activated samples.

– Asymmetric P–O–P (m3) stretching mode

(774–780 cm-1) of PO3
2- in NH4CaP3O9—available

for samples TS60 m, TS5 h, TS10 h and TS50 h.

– Asymmetric O–C–O (m3) stretching mode

(1,500–1,506 cm-1) of CO3
2- in A/B-type

CFAp—available for all HEM-activated samples. This

band is a result from CO3 incorporation in the CFAp

structure [19, 20].

– Asymmetric (m4) bending mode (1,401–1,404 cm-1) of

NH4
? in NH4CaP3O9.

The IR measurements show the following solid-phase

composition: CFAp, (NH4)2SO4, CaH2P2O7 (with structure

incorporated H2O) and NH4CaP3O9. Table 1.

Thermal analysis

The results from thermal analysis are shown on Fig. 4a–c

and Table 2.

The results show that thermal decomposition of the

samples takes place during the following temperature

stages: 310–380 �C, 380–450 �C, 610–770 �C and

770–1,100 �C, accompanied by mass losses from 39 to

44 %. The identified stages, together with the measured

mass losses, are close to our previous measurements where

we used Cr–Ni balls for HEM activation of the composite

of CFAp and ammonium sulphate—p. a. grade in a mass

ratio 1:1 [4].

TG,/DTG/DTA measurements show the decomposition

dependencies of TS0. The analysis of these dependencies

proves that thermal instability of (NH4)2SO4 controls the

mechanism of chemical reaction between CFAp and

(NH4)2SO4. As a result, from chemical interactions in the

composite, the new phases are formed in different tem-

perature stages. In the 310–380 �C range, (NH4)2-

SO4.2CaSO4, CaHPO4 and NH4HSO4 are formed as

products from interaction of the two raw materials. In the

380–420 �C range, CaSO4 and a-Ca2P2O7 are formed as

products from interaction between newly formed CaHPO4

Table 1 Temperature and mass losses stages, measured due to thermal decomposition of non-activated TS0 and HEM-activated composite—

samples TS10 m, TS60 m, TS5 h, TS10 h and TS50 h

Stage Activated composites/activation time

Initial mixture TS0 TS10 m TS60 m TS5 h TS10 h TS50 h

T*/oC Mass % T*/oC Mass % T*/oC Mass % T*/oC Mass % T*/oC Mass % T*/oC Mass %

I – – 41.1 0.63 – – 52.1 1.30 64.1 3.92 69.1 5.28

98.2 0.55 98.2 1.28

II – – 181.3 1.00 186.5 0.79 194.4 2.58 187.3 2.81 189.3 3.00

III 334.6 11.75 321.6 12.15 280.4

308.4

12.83 321.6 8.38 311.6 8.29 314.6 7.88

IV 376.7 5.34 – – – – – – – – – –

V 423.8

444.8

9.92

8.48

423.8 12.32 414.5 11.21 413.8 11.44 417.8 11.20 417.8 11.94

VI 693.3 5.39 632.2

674.2

1.97

1.51

676.7 3.20 642.2

687.3

2.86

1.53

652.2 3.32 622.1

691.3

1.88

1.42

VII 823.5

927.7

2.08

2.96

917.7

1017.9

2.26

0.88

804.3

910.6

6.00 857.6

918.7

4.07

2.19

868.6

928.7

3.53

3.36

866.6

910.7

3.59

1.93

Total 49.51 39.22 41.54 39.86 42.61 43.50

T* inflex point temperature; Mass % mass losses in %
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and NH4HSO4 and raw Ca5F(PO4)3. Additionally, from

ammonium calcium phosphate phases NH4CaP3O9 is

formed. This phase is slowly soluble in ammonium citrate,

a liquid, close to soil solutions. In the 420–450 �C range

new quantity of a-Ca2P2O7 is formed, because of already

possible interaction between CFAp and NH4CaP3O9 in this

temperature range. In the 610–770 �C range a decarboni-

zation of CaCO3 occurs (CaCO3 is presented as impurity in

raw phosphorite ore). In the 770–1,100 �C range runs for-

mation of Ca3(PO4)2 due to interaction between a-Ca2P2O7

and CaSO4 [4, 21].

The thermal decomposition experiments (Fig. 4) show

6–9 % decreasing of mass losses in case of TS10 m. For

sample TS50 h 6 % decreasing of mass losses was found in

comparison with TS0 and 4 % increasing of mass losses

compared TS10 m. At all HEM-activated samples a gen-

eral trend of decomposition temperatures decreasing is

measured, best presented by TS10 m.

The mechanism of thermal chemical reactions of HEM-

activated composite (Table 2) is defined from the main

reactions of decomposition and interaction of raw CFAp

and ammonium sulphate, namely formation of (NH4)2-

SO4.2CaSO4 and Ca3(PO4)2. At increasing temperature

(380–420 �C range) the formation of NH4CaP3O9 and

CaH2P2O7 occurs. The formation of CaH2P2O7 is damaged

from the general catenation rule of P-atom (the ability of

the atoms of phosphorus to form the branched and

unbranched chains), according to which pyro- and poly-

phosphates can be obtained only after the formation of the

hydrogen phosphates [9, 22]. All thermal reactions are two-

staged for the TS0 and one-staged for the HEM-activated

samples. A trend of the decreasing of temperatures of the

thermal decomposition of HEM-activated samples is also

established.

The new crystalline phases are formed during interac-

tion between (i) raw materials and (ii) hydrogen-, ammo-

nium calcium-ortho-, and pyro-phosphates. The latter

phases are a product of temperature treatment and HEM

activation, which complicate the reaction mechanisms

additionally. In the 420–450 �C range there are overlaid

reactions of decomposition/dehydration with formation of

insoluble calcium pyrophosphates.
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Fig. 4 Thermal decomposition of non-activated/TS0/and HEM-activated composite/samples TS10 m, TS60 m, TS5 h, TS10 h and TS50 h/of

CFAp and by-product of ammonium sulphate in 1:1 mass ratio. a TG curves, b DTA curves and c DTG curves
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At higher temperatures of treatment the chemical reac-

tions of HEM-activated samples and TS0 are similar:

decarbonization of CaCO3 and interaction of Ca2P2O7 with

CaSO4 [23].

It is important to note the registration of exothermal

effect of TS10 h, which results probably from HEM acti-

vation (the exothermal effect missing in case of TF0)

(Fig. 4). The effect probably is a product from deformation

of CFAp crystal structure and accumulation of mechanical

energy during HEM activation [1]. Simultaneously, the

spontaneous reconstruction of crystal phases occurs during

relaxation of accumulated energy. All these lead to

formation of stress fields—energy-unstable state for the

system. The accumulated mechanical energy relaxes and

causes chemical reactions with reduced heat energy con-

sumption [24, 25]. With increasing of activation time the

force of exothermal effect decreases probably due to

increasing agglomeration effect.

Figure 5 presents the shifting of sample decomposition

temperature depending on HEM activation time of com-

posite for the different temperature stages. All shown de-

pendences are not functional because of strong particle

agglomeration influence [9, 15]. Nevertheless, it is possible

to note the following trends:

Table 2 Principal scheme of chemical reactions between CFAp and by-product of (NH4)2SO4

No Non-activated composite HEM composite

310–380 �C

1 (NH4)2SO4 = NH4HSO4 ? NH3

4Ca5F(PO4)3 ? (NH4)2SO4 = (NH4)2SO4.2CaSO4 ?

6Ca3(PO4)2 ? 4HF ? 4NH3

2

380–420 �C

Formed during TA Formed during TA

3 Ca5F(PO4)3 ? 3NH4HSO4 = (NH4)2SO4.2CaSO4 ?

3CaHPO4 ?HF ? NH3

Ca5F(PO4)3 ? 4NH4HSO4 = NH4CaP3O9 ?

4CaSO4 ? HF ? 3NH3 ? 3H2O

4 Ca5F(PO4)3 ? NH4HSO4 = Ca3(PO4)2 ? CaHPO4 ?

CaSO4 ? NH3 ? H2O ? HF

2Ca5F(PO4)3 ? 8NH4HSO4 = 2CaH2P2O7 ?

(NH4)2H2P2O7 ? 8CaSO4 ? 2HF ? 6NH3 ? 3H2O

5 3CaHPO4 ? 2NH4HSO4 = NH4CaP3O9 ? 2CaSO4 ?

NH3 ? 3H2O

2Ca5F(PO4)3 ? 5NH4HSO4 = 2CaH2P2O7 ?

Ca3(PO4)2 ? 5CaSO4 ?2HF ? 5NH3 ? 2H2O

6 (NH4)2SO4.2CaSO4 = 2CaSO4 ? NH4HSO4 ? NH3

420–450 �C

7 NH4HSO4 = NH3 ? SO2

Formed during HEM and TA

8 2NH4CaP3O9 ? 5CaCO3 = Ca3(PO4)2 ? 2Ca2P2O7 ?

5CO2 ? 2NH3 ? H2O

9 2NH4CaP3O9 ? 5CaCO3 = Ca(PO3)2 ? 2Ca2P2O7 ?

3CO2 ? 2NH3 ? H2O

Formed during TA Formed during HEM and TA

10 2CaHPO4 = Ca2P2O7 ? H2O (NH4)2CaH4(P2O7)2 ? 3CaCO3 = 2Ca2P2O7 ?

2NH3 ?3CO2 ? 3H2O

11 (NH4)2Ca3(P2O7)2 ? CaCO3 = 2Ca2P2O7 ?

2NH3 ?CO2 ? H2O

12 2CaH2P2O7 ? 2CaCO3 = 2Ca2P2O7 ? 2CO2 ? 2H2O

Formed during TA

13 2Ca5F(PO4)3 ? (NH4)2H2P2O7 = 2Ca2P2O7 ?

3Ca3(PO4)2 ? 2HF ? 2NH3 ? H2O

610–770 �C

14 CO3
2- = CO2 ? �O2 from A- and B-type positions in apatite

15 CaCO3 (impurity in raw phosphorite ore) = CaO ? CO2

16 CO3
2- = CO2 ? �O2 from A/B-type positions in apatite

770–1,100 �C

17 Ca2P2O7 ? CaSO4 = Ca3(PO4)2 ? SO2 ? �O2

18 Ca(PO3)2 ? CaSO4 = Ca2P2O7 ? SO2 ? �O2
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– Stage I (Fig. 5a)—there exist two peaks of thermal

decomposition situated near 41 and 181 �C. The shift

of the peaks is with trend of increasing the temperature

of decomposition by increasing the time of HEM

activation.

– Stages II, III and IV (Fig. 5b) are with peaks situated

near 330, 420 and 693 �C, respectively. The observed

trend is opposite to the previously described one:

decreasing of the decomposition temperature with

increasing the time of HEM activation. It is important

to note that the minimum decomposition temperature

for Stage II is measured for TS60; for Stage III—

sample TS5 h and for Stage IV—sample TS50 h.

– Stage V (Fig. 5c) with peaks near 857 and 927 �C

shows trend similar to the previous one (for the HEM-

activated samples over 60 min).

The obtained trends indicate that thermal treatment up to

190 �C is not sufficient to decrease the temperature of

thermal decomposition in HEM-activated samples. Con-

trarily, the clear decreasing of temperature decomposition

is marked at Stage II (temperature near 330 �C) for the

sample TS60 m. The effects for the HEM-activated sam-

ples over 60 min and for samples threaded at temperature

over 330 �C stay practically unchanged in comparison to

the last described one. Therefore, it is not necessary to heat

the samples at temperature over 330 �C and high energy

activate for over 60 min. These results confirm well the

results from the chemical and FTIR analyses.

As a result of the applied high-energy ball milling, the

crystal structure of apatite accumulates mechanical energy

and passes into a metastable energy state. A change of this

type increases the apatite reactivity, which is accompanied

with the formation of ammonium calcium phosphates. The

appearance of an exothermal effect on the DTA curve

probably is a function of the sample activation (the effect is

missing on the DTA curve of the non-activated sample) [4].

The accumulated mechanical energy relaxes at higher

temperatures, which is indicated by the exothermal effect

on the DTA curve—the effect is best expressed as a

transformation of CaH2P2O7 into a-Ca2P2O7 for the sample

TS10 h. On increasing the activation time the intensity of

the exothermal effect decreases probably due to a stronger

particle agglomeration. Under subsequent thermal treat-

ment of the activated samples, the following reactions

occur: (i) reaction between activated apatite and ammo-

nium sulphate with the formation of ammonium calcium

hydrogen ortho- and pyro-phosphates; (ii) decomposition of

previously formed new phases and (iii) decomposition of

ammonium calcium hydrogen ortho- and pyro-phosphates. In

addition, a reduction of the reaction temperature is observed.

After comparison between results of composite samples,

HEM activated with different milling balls, some inter-

esting facts are found. At HEM activation with 20 mm with

Fe balls: (i) the temperature ranges with most intensive

mass losses stay the same with the ones obtained at acti-

vation with Cr–Ni balls (380–420 and 420–450 �C) and (ii)

one-stage reactions take place, unlike during activation

with Cr–Ni balls, where ammonium- and ammonium cal-

cium-pyrophosphates together with NH4CaP3O9 are

obtained. All these results prove the catalytic and intensi-

fication effect of Fe-milling balls on the investigated

composite [26]. The Fe balls are lighter than the Cr–Ni

ones but their use does not lead to formation of larger

diversity of ammonium salts.

Conclusions

The high-energy ball milling activation and the thermal

decomposition (up to 1,100 �C) experiments of a com-

posite from natural apatite and ammonium sulphate prove

an increased activity of the samples with increasing of

activation degree. We observed evidences for

(i) Solid-phase synthesis of (NH4)2H2P2O7, CaH2P2O7,

a-Ca2P2O7, NH4CaP3O9 and Ca3(PO4)2.

(ii) Optimal time for HEM activation—up to 60 min

because of particle agglomeration process due to

longer times of HEM activation (5 and 10 h), in

spite of maximum number of ammonium calcium

phosphate phases formation during these activa-

tion times. The optimal HEM activation time of

60 min is confirmed as well as of rapid increasing

of P2O5
sol concentration.

(iii) Optimal temperature for thermal activation is up

to 450 �C because of beginning of dehydration

process and decomposition of ammonium calcium

phosphates with formation of insoluble

pyrophosphates.

(iv) Use of by-product of (NH4)2SO4 did not influence

negatively on the chemical reactions and can be

used successfully in obtaining fertilizer compo-

nents and soil conditioner.

(v) To avoid losses of NH3 and SO2 (useful and

expensive industrial raw materials as well as

atmospheric pollutants) during HEM and thermal

activations, the raw material for the composite

needs to be HEM-activated apatite and non-

activated ammonium sulphate.

b Fig. 5 Shifting of decomposition temperatures depending of time for

HEM activation /samples TS0, TS60 m, TS5 h, TS10 h and TS50 h/:

a temperature stage I: 20–195 �C, b temperature stage II:

310–380 �C, temperature stage III: 410–450 �C and stage IV:

620–700 �C, c temperature stage V: 820–1,020 �C
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(vi) Longer activation time (up to 50 h) results due to

agglomeration effects and diffusion problems

arising in chemical reactions between the compo-

nents of the system.

The value of this paper is that the new data obtained

confirm the possibility to recover partially ammonia and

the same time to obtain new fertilizer product with the

content of 3 nutrition elements as N, P and S. A next step of

experimental work is needed to confirm the efficiency of

such new method.
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