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Double calcium/ammonium pyrophosphate monohydrate Ca(NH4)2P2O7•H2O was syn-
thesized as a result of the interaction of calcium carbonate, an aqueous solution containing 
pyrophosphoric and lactic acids, and ammonia. The synthesized powder turned black after the 
thermal treatment in a range of 500—700 C due to amorphous carbon, which is a product of 
the destruction of the organic nature components present in the prepared powder. After the 
thermal treatment at 500 C, the powder is amorphous to X-rays. The phase composition of 
the powder after the thermal treatment at 600  C is presented by β-calcium polyphosphate 
β-Са(РО3)2, while β-calcium polyphosphate β-Са(РО3)2 and tromelite Са4Р6О19 are observed 
after the thermal treatment at 700 C. The calcium phosphate powder colored due to presence 
of amorphous carbon can be used as a photocured suspension component that increases the 
resolution in stereolithographic printing of pre-ceramic semifi nished products with a specifi ed 
geometry of the pore space of calcium phosphate ceramic matrices. The synthesized powder of 
double calcium/ammonium pyrophosphate monohydrate Ca(NH4)2P2O7•H2O can be applied 
as a precursor of biocompatible phases for the fabrication of calcium phosphate ceramics used 
in medicine for the treatment of bone tissue defects. 

Key words: ion exchange, pyrophosphoric acid, lactic acid, calcium/ammonium pyrophos-
phate, amorphous carbon, calcium polyphosphate, tromelite, bioceramics.

Calcium phosphates are of interest for researchers, 
since they are used as food additives, fertilizers, and phar-
maceuticals. The application of materials based on calcium 
phosphates is due to the chemical composition of the 
inorganic component of the bone tissue presented by 
carbonated hydroxyapatite.1 Bioresorbable materials are 
necessary to the development of the modern regenerative 
methods of treatment of bone tissue defects.2 Advantages 
of inorganic synthetic bioresorbable materials are the 
absence of the immune reaction of the organism (unlike 
that in the case of xenoimplants or allotransplants) and 
the exclusion of additional traumatic cases compared to 
the use of autoimplants.3,4 At the initial stage of treatment, 
bioresorbable inorganic synthetic materials fi ll the space 
of a bone defect and, being porous, provide conditions for 
the propagation and growth of bone cells and then are 

gradually dissolved and substituted by the recovered bone 
tissue. For inorganic materials, bioresorbability is related 
to such a property as solubility.5,6 

Tricalcium phosphate (Ca3(PO4)2, Ca/P = 1.5), cal-
cium pyrophosphate (Ca2P2O7, Ca/P = 1), tromelite 
(Са4Р6О19, Ca/P = 0.67), and calcium polyphosphate 
(Ca(PO3)2, Ca/P = 0.5)7 are known among biocompatible 
and bioresorbable ceramic calcium phosphate materials. 
According to the literature data, the materials containing 
these phases are biocompatible and biodegradable. 

Sintering additives that make it possible to decrease 
the annealing temperature due to melt formation are used 
in order to save energy and thermal equipment service life 
and to control the process of ceramic microstructure 
formation.8 These additives can be inorganic powders of 
an eutectic composition9,10 or substances with a low melt-
ing temperature,11,12 the presence of which does not vio-
late the key characteristics of the ceramic material. Of the 
listed above calcium phosphates, calcium polyphosphate 
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Ca(PO3)2 with the molar ratio Ca/P = 0.5 is characterized 
by the lowest melting point (970—1020 С).13 Therefore, 
calcium polyphosphate Ca(PO3)2 can be considered not 
only as the biocompatible and bioresorbable phase but also 
as a component capable of controlling the processes 
of sintering and formation of the calcium phosphate ce-
ramic material with specifi ed phase composition and 
microstructure. 

Synthetic powders of the substances with a similar Ca/P 
ratio are used as direct7 precursors of the Ca(PO3)2 calcium 
polyphosphate phase: Ca(H2PO4)2, Ca(H2PO4)2•H2O,14,15 
CaH2P2O7,16 CaH2P2O7•H2O,17 CaNH4HP2O7,18,19 
Ca(NH4)2P2O7•H2O,20 Ca2NH4H3(P2O7)2•H2O, 
Ca2NH4H3(P2O7)2•3H2O,21 CaH2(HPO3)2,22 and 
Ca(PO3)•xH2O.23 Calcium polyphosphate Ca(PO3)2 with 
the specifi ed ratio Ca/P = 0.5 is formed due to the thermal 
transformation of these salts on heating. 

M o n o c a l c i u m  p h o s p h a t e  m o n o h y d r a t e 
Ca(H2PO4)2•H2O is applied most frequently as a precur-
sor for the preparation of the calcium polyphosphate24,25 
or the calcium polyphosphate phase in the ceramic mate-
rial.26 The formation of double calcium/ammonium 
phosphates/pyrophosphates as possible products of the 
reaction of monocalcium phosphate monohydrate 
Ca(H2PO4)2H2O and carbamide CO(NH2)2 has previously 
been considered predominantly in the works devoted to 
the production of complex fertilizers27,28 or during 
preparation of cements due to the acid—base interaction 
of ammonium dihydrophosphate NH4H2PO4 and calcium 
aluminates.29 Double calcium/ammonium orthophos-
phates were synthesized from calcium oxide CaO, calcium 
hydroxide Ca(OH)2 or calcium carbonate CaCO3, and 
monoammonium phosphate NH4H2PO4 using mechani-
cal activation.30 Insignifi cant amounts of double calcium/
ammonium pyrophosphates were found in the products 
of the interaction of montmorrilonite and calcite with 
ammonium polyphosphates.31

Manufacturing of inorganic mat erials with specifi ed 
properties, such as ceramic or cement stone, requires the 
use of synthetic highly dispersed powders as precursors of 
certain phase and chemical compositions.32

The synthesis of the powders b y precipitation from 
solutions is the stage appropriate for introduction of ad-
ditional components into the powder composition for the 
purpose of further use in certain methods for the prepara-
tion of ceramic materials with both specifi ed phase com-
position and specifi ed morphology/architecture/shape. 
Stereolithographic printing from suspensions containing 
a photocured monomer and inorganic highly dispersed 
powder is applied for the preparation of the osteoconduc-
tive material.33 In this case, the lateral resolution of print-
ing can substantially be improved by the introduction of 
dyes,34 the most effi  cient of which is carbon.35 A compo-
nent of organic nature can be a source of carbon formed 
at the stage of preliminary thermal treatment in the calcium 

phosphate powder. For example, a reaction by-product 
can serve as this component. The following reaction 
by-products were used as an amorphous carbon source in 
synthetic calcium phosphate powders: ammonium for-
mate,36 ammonium acetate,23,37 ammonium saccharate,38 
ammonium lactate,39 and ammonium malate.40

The purpose of this work is th e preparation and study 
of powder of double calcium/ammonium pyrophosphate 
monohydrate Ca(NH4)2P2O7•H2O containing ammonium 
lactate as a reaction by-product. This powder simultane-
ously containing the direct precursor of calcium phosphate 
and the precursor of amorphous carbon will be required 
as a component of photocured suspensions for stereolitho-
graphic printing of porous pre-ceramic semifi nished 
products. 

Experimental

The double calcium/ammonium pyrophosphate monohydrate 
Ca(NH4)2P2O7•H2O powder was synthesized from calcium 
carbonate CaCO3 (GOST 4530-76) and a solution containing 
pyrophosphoric H4P2O7 and lactic C3H5O3H (Rushim) acids 
with the addition of an aqueous solution of ammonia NH3•H2O 
(GOST 3760-79).

Pyrophosphoric acid H4P2O7 was prepared using the dy-
namic ion exchange method.41 The change in the color of the 
cation-exchange resin and the shift of the ion exchange front 
made it possible to visually monitor the ion exchange reaction. 
A solution of sodium pyrophosphate Na4P2O7 (1 L, 0.25 mol L–1) 
was prepared from Na4P2O7•10H2O (GOST 342-77) and passed 
(with a rate of 2—3 mL min–1) through a column 5 cm in diam-
eter packed with the KU-2-8 ion-exchange resin preliminarily 
transformed into the H form (GOST 20298-74). The process 
occurred can formally be presented by the following reaction 
equation (1):

Na4P2O7(s) + 4 H+
(r)  H4P2O7(s) + 4 Na+

(r), (1)

where s and r designate the solution and resin, respectively. 
Portions of the solution (50 mL each) were collected at the 

outlet of the column to monitor the quality of the obtained py-
rophosphoric acid. The content of Na+ ions in the portions of 
acid solutions obtained by dynamic ion exchange was determined 
by the fl ame-photometric method on a Flapho 4 two-channel 
photometer. The analytic signal was obtained by measuring the 
radiation intensity from atoms of the determined element (Na+) 
excited in the fl ame of a combustible gas mixture (propane—air), 
and the calibration plot was constructed by standard solutions with 
the known Na+ concentrations from 1•10–4 to 1•10–3 g-equiv. L–1. 
The concentration of pyrophosphoric acid H4P2O7 in samples 
of the solutions was determined by titration with a solution of 
alkali NaOH (C(NaOH) = 0.1 mol  L–1). The sample volume 
Vp was 1 mL. The acid concentration Сa (in normality units 
g-equiv. L–1) was calculated by the equation 

Сa = С(NaOH)V(NaOH)/Vp,

where V(NaOH) is the volume of alkali required for the neutral-
ization of the acid in the solution. 
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The neutralization of the acid with the alkali was monitored 
by a change in the pH using an Econix-Expert-001 pH meter-
ionometer (Russia). 

The dependences of the concentrations of Na+ and H+ on 
the volume of the solution passed through the column are pre-
sented in Fig. 1.

The portions, in which the Na+ content did not exceed the 
lower boundary of concentrations of the calibrated plot, and 
solutions of the acid with the maximum acid concentration and 
the absence of Na+ were used for the synthesis. According to 
these criteria, ~400 mL of pure pyrophosphoric acid were ob-
tained from 1 L of the initial aqueous solution of sodium pyro-
phosphate. 

A 0.25 М solution (100 mL) of lactic acid was added with 
stirring to a 0.25 M solution (100 mL) of pyrophosphoric acid 
formed due to the dynamic ion exchange. Then calcium carbon-
ate was added in such a way that the ratio Са/Р = 0.5 was fulfi lled. 
This was accompanied by gas evolution, and the formation of 
water-soluble salts could proceed via reactions (2) and (3):

2 C3H5O3H + CaCO3  

 Ca(C3H5O3)2 + CO2 + H2O, (2)

H4P2O7 + CaCO3  CaH2P2O7 + CO2 + H2O. (3)

A 25% aqueous solution of ammonia (GOST 3760-79) was 
added to the obtained transparent solution in order to precipitate 
double calcium/ammonium pyrophosphate monohydrate. The 
precipitate was separated from the mother liquor on the Büchner 
funnel and then dried in thin layer at ~20 C.

After drying the powder was disaggregated in a planetary mill 
in an acetone (GOST 2603-79) medium for 15 min using grinding 
media (balls made from zirconium dioxide) at the ratio powder 
weight to weight of grinding media equal to 1 : 5. Then the powder 
was dried at ~20 C for 2 h in air and passed through a sieve with 
the cell 200200 m. Using the Carver Laboratory Press model 
manual press (USA), compact powder semifi nished products were 
prepared as pellets 12 mm in diameter and 2—3 mm in height 
under a pressure of 100 MPa without using a temporary techno-

logical binder. The molded powder semifi nished products were 
annealed in a furnace at various temperatures in a range of 
500—700 С (heating rate 5 С min–1, holding for 2 h at a speci-
fi ed temperature, and cooling together with the furnace). 

The linear shrinkage and geometric density of the ceramic 
samples were determined by measuring their weight and sizes 
(with an accuracy of ±0.05 mm) before and after annealing. 

The X-ray diff raction analyses (XRD) of the synthesized 
powder and samples after annealing were conducted on a Rigaku 
D/Max-2500 diff ractometer (Japan) with a rotating anode using 
Cu-Kα radiation. Qualitative phase analysis was carried out 
using the ICDD PDF2 database.42

Simultaneous thermal analysis (STA) was carried out on a 
NETZSCH STA 409 PC Luxx thermoanalyzer (NETZSCH, 
Germany) at a heating rate of 10 C  min–1. The weight of the 
sample was at least 10 mg. The composition of the gas phase formed 
upon sample decomposition was studied on a QMS 403C Aëolos 
quadrupole mass spectrometer (NETZSCH, Germany) combined 
with a NETZSCH STA 409 PC Luxx thermoanalyzer. Ionization 
was performed with a beam of fast electrons with the ionization 
energy 70 eV. Mass spectra were recorded for the following mass 
numbers m/z: 18 [Н2О]+, 44 [СО2]+, 15 [NH]+, and 30 [NO]+. 

The microstructures of the samples were studied by scanning 
electron microscopy (SEM) on a LEO SUPRA 50VP electron 
microscope (Carl Zeiss, Germany; autoemission source) at an 
accelerating voltage of 3—20 kV in secondary electrons using 
an SE2 detector. A chromium layer (up to 10 nm) was sputtered 
on the sample surface. 

Results and Discussion

According to the XRD data (Fig. 2), we synthesized 
the powder of double calcium/ammonium pyrophosphate 
monohydrate Ca(NH4)2P2O7•H2O (PDF 44-754 card). 

The precipitate Ca(NH4)2P2O7•H2O was formed via 
reaction (4):

CaH2P2O7 + 2 NH3•H2O 

  Ca(NH4)2P2O7•H2O + H2O. (4)

Since an aqueous solution of ammonia was added 
until pH 9 was achieved in the reaction zone, then water-
soluble ammonium lactate was also formed according to  
reaction (5): 

2 C3H5O3H + 2 NH3•H2O  C3H5O3NH4 + H2O. (5)

Ammonium lactate present in the mother liquor was 
adsorbed on the surface of synthesized particles of the 
powder of double calcium/ammonium pyrophosphate 
monohydrate Ca(NH4)2P2O7•H2O. The amount of dis-
solved substances adsorbed from the mother liquor on the 
surface of the synthesized particles depends substantially 
on their concentration in the solution. For example, the 
concentration of the soluble by-product of the synthesis 
of calcium phosphates depends on the concentration of 
solutions of the initial reagents.43 It is most likely that a 
low concentration of the initial solutions, a lower surface 
area of the specifi c surface of particles of calcium phos-
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Fig. 1. Dependences of the concentrations of H+ (1) and Na+ 
(2) on the volume of the solution passed through the column. 
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Fig. 2. XRD data for the powder after the synthesis (a) and thermal treatment at 500 (b), 600 (c), and 700 C (d): 1, Ca(NH4)2P2O7•H2O 
(PDF 44-754 card); 2, β-Са(РО3)2 (PDF 11-39 card); and 3, Са4Р6О19 (PDF 18-177 card).
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phates of lamellar morphology (for example, brushite)44 
compared to the specifi c surface area of the surface of the 
particles with the shape close to isometric (e.g., hydroxy-
apatite)43 during the synthesis from solutions of the same 
salts with the same concentration, and a restricted sensi-
tivity of the XRD method did not allow us to determine 
the presence of ammonium lactate or lactic acid. 

The powder was aggregated, and the aggregate size was 
8—30 m (Fig. 3, a). The powder particles were character-
ized by the lamellar morphology and were 300—2000 nm 
in size with a thickness of ~50 nm (Fig. 3, b).

According to the STA data, the total mass loss on heat-
ing to 1000 С was 28% (Fig. 4). 

According to the results of studying by mass spectrom-
etry, several temperature ranges where water is isolated 
can be distinguished in the curve for m/z = 18 (Fig. 5). 
An insignifi cant amount of physically bound water is 
isolated in a range of 40—140 С. The next bright peak, 
which refl ects, most likely, hydrate water isolation from 
Ca(NH4)2P2O7•H2O (reaction (6)), is in a range of 
180—270 С. 

Ca(NH4)2P2O7•H2O  H2O + Ca(NH4)2P2O7 (6)

Water formation in the range 400—600 С (slope low-
intensity peak) is probably related to the decomposition 
of residues of the organic component. 

Two distinct peaks are observed on the curve for 
m/z = 15 (the formation of [NH]+ repeats the formation 
of [NH3]+). According to the data of mass spectrometry, 
the concerted isolation of carbon dioxide (m/z = 44) and 
ammonia (m/z = 15), occurs in a range of 120—210 С, 
which can be caused by the decomposition of ammonium 
lactate (reaction (7)).

C3H5O3NH4 + 3 O2  3 CO2 + 3 H2O + NH3 (7)

However, as shown by an experience of the 
authors36—39 and the practice of conducting a number of 
catalytic processes,45 organic substances adsorbed on the 
surface of the inorganic oxide materials are often subjected 
to carbonization on heating, most likely, due to oxygen 
defi ciency or for kinetic reasons. The black color of the 
powders after the thermal treatment in a range of 500—
700 С confi rms the possibility for this process to occur, 
which can be presented by reactions (8) and/or (9).

C3H5O3NH4 + 2 O2  С + 2 CO2 + 3 H2O + NH3, (8)

C3H5O3NH4 + O2  2 С + CO2 + 3 H2O + NH3. (9)

The formation of dilactides, oligomers of polylactic 
acid, or polylactides and their subsequent thermal destruc-
tion cannot be excluded on heating of ammonium lac-
tate.46,47

The second peak on the curve for m/z = 15 in a range 
of 200—350 С, which is overlapped with the main range 
of water formation (180—270 С), is probably related to 
the transformation of double calcium/ammonium pyro-
phosphate Ca(NH4)2P2O7 into calcium polyphosphate 
Ca(PO3)2 (reaction (10)). 

Ca(NH4)2P2O7  H2O + 2 NH3 + Ca(PO3)2 (10)

Ammonia isolated on heating in air can be oxidized to 
form nitrogen oxides. The formation of nitrogen oxides 
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Fig. 3. SEM images of the powder after the synthesis: amplifi ca-
tion 2000 (a) and 20000 (b).
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Fig. 4. STA data: temperature dependence of the mass loss. 
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is illustrated for [NO]+ (m/z = 30) as an example. The 
peaks on the curve for m/z = 30 accompany the above 
described peaks for m/z = 15. In addition, several peaks 
in ranges of 270—400 and 400—620 С can be distinguished 
on the curve for [NO]+ (m/z = 30). It is most likely that 

these peaks can be assigned to the transformation of double 
calcium/ammonium pyrophosphate Ca(NH4)2P2O7 into 
calcium polyphosphate Ca(PO3)2 continued on heating.

The shape of the curve for m/z = 44 assumes that СО2 
isolated at the temperature >300 С due to the gradual 
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Fig. 5. Mass spectrometric curves for m/z = 30 [NO]+ (a), 15 [NH]+ (b), 44 [СО2]+ (c), and 18 [Н2О]+ (d).
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oxidation of the earlier formed products of destruction of 
organic components and carbon. 

The XRD data indicate that the powder is amorphous 
to X-rays after the thermal treatment at 500 С (see Fig. 2). 
Only after the thermal treatment at 600 С, the powder is 
transformed into β-calcium polyphosphate β-Ca(PO3)2. 
An increase in the thermal treatment temperature to 700 С 
results in the formation of the two-phase material contain-
ing both β-calcium polyphosphate β-Ca(PO3)2 and 
tromelite Ca4P6O19 (reaction (11)). 

4 Ca(PO3)2 + H2O = Ca4P6O19 + 2 HPO3 (11)

A similar phenomenon was also observed when study-
ing23 the thermal evolution of calcium polyphosphate 
Ca(PO3)2 obtained from hydrated polyphosphate 
Ca(PO3)2•xH2O. Thus, the synthesized powder can be 
considered as a single-phase precursor for the synthesis 
of a composite ceramic material. The use of the single-
phase powder precursor allows one to prepare multiphase 
ceramics with a high uniformity of the phase distribu-
tion.23,48 

The linear shrinkage after the thermal treatment at 
700  С for the powdered compact samples prepared by 
pressing under a pressure of 100 MPa was 24% (Fig. 6, a). 
The geometric density (Fig. 6, b) after pressing was 
1.3 g  cm–3. Then the density decreased because of the 
decomposition processes that occurred and the absence 
of sintering at 500 and 600 С, while after the thermal 
treatment at 700 С the geometric density somewhat 
exceeded the initial density of the pressed sample being 
1.4 g cm–3.

The micrographs of the cuts of the samples after an-
nealing at 500 and 700 С are presented in Fig. 7. 

After annealing at 500  С, the lamellar morphology 
and size of the initial particles in the sample are pre-
dominantly retained (see Fig. 7, a). The regions on which 
local sintering took place are observed. After annealing at 
700 С, the obtained ceramic material was characterized 
by heterogeneous porosity with the pore size from 200 nm 
to 4—8 m (see Fig. 7, b). It seems impossible to isolate 
the grain boundaries or determine the grain size in the 
material. In this study, we present the data of test anneal-
ings of the compact samples from the powder that can be 
used as a sintering additive decreasing the annealing tem-
perature or as an additional component of ceramic suspen-
sions for stereolithographic printing. In order to attain the 
expected eff ect (a decrease in the annealing temperature 
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Fig. 6. Dependences of the diameter (a) and density (b) of the 
samples pressed from the synthesized powder on the thermal 
treatment temperature; A, after pressing. 
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Fig. 7. SEM images of the cuts of the ceramic samples after the 
thermal treatment at 500 (a) and 700 С (b) for 2 h.
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or an increase in the lateral resolution of stereolithographic 
printing), the synthesized powder of double calcium/am-
monium pyrophosphate monohydrate Ca(NH4)2P2O7•H2O 
or the colored powder of calcium polyphosphate Ca(PO3)2 
should uniformly be distributed in a powdered mixture 
of calcium phosphates with a higher Са/Р molar 
ratio or in a suspension for molding. To conclude, double 
calcium/ammonium pyrophosphate monohydrate 
Ca(NH4)2P2O7•H2O was synthesized for the fi rst time by 
precipitation from the solution containing Са2+ ions, 
pyrophosphoric and lactic acids, and an aqueous solution 
of ammonia. The biocompatible phases are formed due to 
the thermal conversion during the thermal treatment of 
Ca(NH4)2P2O7•H2O: the fi rst formed β-calcium poly-
phosphate β-Ca(PO3)2 (600 С) is then transformed into 
the two-phase material containing β-calcium polyphos-
phate β-Ca(PO3)2 and tromelite Ca4P6O19 (700 С). The 
presence of ammonium lactate C3H5O3NH4 in the syn-
thesized powder makes it possible to impart a black color 
to the powder of β-calcium polyphosphate β-Ca(PO3)2 
or the powder containing β-calcium polyphosphate 
β-Ca(PO3)2 and tromelite Ca4P6O19 due to the thermal 
treatment. The black-colored calcium phosphate powder 
can be applied as a component of the suspension increas-
ing the lateral resolution during molding of units by 
stereolithographic 3D printing. The obtained powder of 
double calcium/ammonium pyrophosphate monohydrate 
Ca(NH4)2P2O7•H2O can be used for the preparation of 
ceramic biocompatible and bioresorbable calcium phos-
phate materials as the precursor of the phase of calcium 
polyphosphate Ca(PO3)2 with a lowered melting point 
(970—1020 С), which can act as a sintering additive 
decreasing the sintering temperature. 

The study was carried out using the equipment pur-
chased in the framework of the Program of Development 
of the Moscow State University. 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 18-29-11079).
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