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¢-CuMgP4012 is an industrial product used for various practical purposes. Its preparaton
from Cu12Mg12(H2P04)2.0.5H20 by calcination was studied by means of thermal analysis
and extraction methods under different experimental conditions, in particular at different
partial pressures of water vapour with the sample in contact. The intermediates and end-
products were identified and the optimal conditions for the formation of c-CuMgP4O12 are
given.

The cyclo-tetraphosphates of some divalent metals have recently proved
to be important inorganic compounds [1]. They have been tested as
microadditives to fertilizers with long-term action [2}, and some of them are
special thermostable inorganic pigments: luminescent [3], anticorrosive [4]
or coloured [5]. The cyclo-tetraphosphates can be prepared by calcination
of the dihydrogenphosphates [6] or mixtures containing phosphoric acid and
compounds of divalent metal ions in the appropriata ratio [7].

It was recently found that calcination also permits the prepartion of "bi-
nary condensed cyclo-tetraphosphates" in which the calcoured "divalent ion"
is substituted by less expensive alkaline eart metal ions (mainly calcium and
magnesium ions). Even in the most recent literature [8-11], no references
can be found to these products.

The present paper describes how c-CuMgP4012 can be prepared by cal-
cination from Cu12Mg12(H2P04)2.0.5H20, and reports on the inter-
mediates and end-products formed under various experimental conditions.
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Experimental

The starting binary dihydrogenphosphate Cui/2Mgi/2(H2P04)2.0.5H20
(light-blue crystals), was prepared by the reaction of copper(Il) and mag-
nesium(II) hydroxide-carbonate with trihydrogen phosphoric acid. The mix-
ture contained the cobalt, magnesium and phosphorus components in
stoichiometric ratio.

The sample was thermoanalysed by the classical dynamic method (i.e.
non-isothermal), using a Derivatograph C apparatus (Hungarian Optical
Works, Budapest). The measurements were carried out in a labyrinth

crucible, with a temperature increase of 2 deg min™, in the presence of air.
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Fig. 1 Simultaneous TG- DTG and DTA curves

The sample weight was about 100 mg (Fig. 1). The binary salt hydrate was
also subjected to TG examination under quasi-isothermal-isobaric condi-
tions [13, 14], with the same equipment. The decomposition rate was 0.1 mg
min~. Various types of platinum crucibles were used for the measurements
(Fig. 2), viz. a multi-plate sample holder (A), an open crucible (B), a
crucible with a lid (C) and a six-component labyrinth crucible (D). Arrange-
ment D allows retention of the water vapour released during calcination of
the strarting dihydrogenphosphate, so that its partial pressure in maintained
at about 100 kPa (quasi-isobaric conditions). In cases A, B and C, the partial
pressure corresponded approximately to 1, 5 and 20 kPa, respectively.
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Fig. 2 Q-TG curves of Cui2Mg12(H2P04)2.0.5H20, recorded under quasi-isothermal .
-quasi-isobaric conditions using a multi-plate sample holder (cutve A); an open crucible
(curve B); a crucible with a lid (curve C); and a labyrinth crucible (curve D)

The intermediates and end-products of the calcination were also
prepared in an electric furnace (type L 112.2 - VEB, Frankenhausen, GDR)
at various temperatures (80, 100, 120, ... , 580, 600°). In a corundum dish (al-
lowing pH,0 =1 kPa) and in a corrundum set of specially shaped crucibles
(ensuring pu,0 = 100 kPa), isothermal conditions were maintained for 30
min.

The samples prepared by calcination in the electric furnace under
isothermal conditions were extracted [15] with acetone (Fig. 3). The extrac-
table phosphate components (phospharic or diphospharic acid) were ex-
pressed as the P20s fraction of the total amount in the calcinate. Thereafter,
the calcinates were extracted with water, which disolves the intermediate
MUH,P;07 formed. The samples calcined above 120° were extracted with
0.3 M HCI, in which only the final product, CaMgP4012 (or Cu2P4012 and
Mg2P4012), was insoluble. The solid residues from each extraction experi-
ment were analysed too. The residues were dissolved by boiling in dilute
(1:1) hydrochloric acid and the CuO/MgO/P20s ratios were determined via
atomic absorption spectrometry.

The starting phosphate, the intermediates and the end-products were
identified by means of TLC [16, 17], IR spectroscopy [18] (Perkin-Elmer 684
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Fig. 3 Extraction experiment on calcinates of Cu12Mg12(HoPO4)2.0.5H20 (a) ,Cu(H2PO4)2
2H20 (b) and Mg(H2P04)2.2H20 (c). Calcination in the presence of pH,0 = 1 kPa

(curves 1.3, 5); pr,0 = 5 kPa (cutve T)jand pr o = 100 kPa (curves 2,4,6). Weight

changes and degrees of conversion were determined by extraction: with acetone (curves
1, 2 ) water (curves 3, 4) and 0.3 M HCl (curves 56,7)

Infrared Spectrometer), X-ray diffraction analysis [19, 20] (an HZG-4 ap-
paratus, GDR) and electron microscopy (Tesla BS 300).
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Results and discussion

The curves recorded by applying a linear heating program and the
labyrinth crucible (Fig. 1) provide much, but not complete information
regarding the dehydration and condensation reactions occurring in
Cu1/2Mg1/2(H2P04)2.0.5H20. From the ccurse of the DTG and DTA curves,
it is obvious that, under the given circumstances, four endothermic proces-
ses took place. On the basis of stoichiometric calculations and comparison
of the results with the inflection points of the TG curve and the minima of
the DTG and DTA curves, it can be supposed that in the subsequent proces-
ses first about 0.5 molecule, then 1, thereafter 0.5, and finally again 0.5
molecules of constitutional water were liberated. The first and second
processes overlapped to such an extent that they could not be distinguished
at all in the TG curve. These two processes are somewhat better separated
in the DTG and DTA curves.

Figure 2 shows the Q-TG curves obtained in experiments carried out
under quasi-isothermal and quasi-isobaric conditions by using various types
of sample holders. Due to the fact that in the various kinds of sample
holders the partial pressures of water vapour directly in contact with the
sample were different, the progress of the overlapping partial processes with
respect to one another also differed. Thus in the Q-TG curves obtained by
using the multi-plate sample holder (curve A) and the open crucible (curve
B), respectively, the first two processes of water loss (0.5 mole of crystal and
1 mole of constitutional water) could clearly be distinguished, in contrast to
curves C and D.

However, the reverse sequence of the effects of water vapour could be
observed in that part of the curves which showed the departure of the last 1
mole of constitutional water. Curve D, obtained by using the labyrinth
crucible, showed the transformation as a two-step process, whilethe Q-TG
curves, obtained by using the other three types of sample holders, showed
this period of the transformation as a one-step reaction.

It will be demonstrated later that in this case not the equilibrium of the
reaction, but the reaction mechanism was influenced by the change of the
pressure of water vapour.

It is also noteworthy that the total weight loss of the sample cor-
responded to the stoichiometric value Am = 18.24%) only when the
labyrinth crucible was applied. In all other cases it was larger than expected.
The difference was the greatest in the case of the multi-plate sample holder,
and it remained negligibly small when the covered and uncovered crucibles
were used.
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This is a very important finding, since it proves that the mechanism of the
partial reactions was different at pg,0 = 100 kPa (curve D) and again dif-
ferent if the partial pressure of water vapour was pg,o0= 1 kPa (curve A) or
pPH0 = 20 or 5 kPa (curves B and C). A weight loss greater than the calcu-
lated one undoubtedly proves that, besides water, other volatile components
also departed.

Analysis of the Q-TG curve (Curve D in Fig. 2) obtained by using the
labyrinth crucible ( pm,0 = 100 kPa) shows that, even before 0.5 mole of
water of crystallization had completely departed, the splitting-off of 1 mole
of constitutional water started. This latter process ended at about 320°,
when Cuy2Mg12H2P207 was formed. Mainly a binary intermediate was
formed in this process, as proved by X-ray and IR examinations, and also in-
directly from the results of extraction experiment (Fig. 3) performed with
heat-treated  Cu1/2Mg1/2(H2P04)2.0.5H20, Cu(H2P0O4)2.2H20  and
Mg(H2P04)2.2H20. Comparison of curve 2 in Fig 3/a with curves 2 in Figs
3/b and 3/c showed that the acetone extraction of samples heated up to
various temperatures did not lead to the formation of identical compounds.

Liberation of the second molecule of constitutional water proceded in
the temperature interval 320-390°. However, the curve shows a break, cor-
responding to the water release occurring in two steps: approximately 2/3
mole of water was released in the interval 320-360°, and 1/3 mole in the in-
terval 360-390°. From this ratio of the departing amounts of water (curve 6
in Fig. 2) and the results of the extraction experiments (Fig. 3), it could be
conclnded with high probability that the end-product consisted of ap-
proximately 2/3 parts of binari c-Cu3;2Mg1/2P4012 (approximate formula)
and 1/3 part of c-MgaP4012. Curve 6 in Fig 3/a also shows a break-point in
the 2/3-1/3 transformation degree (a) range. In other words, 2/3 of the end-
product was formed at a somewhat higher temperature than c-Cu2P4012
(curve 6 in Fig. 3/b), while the remaining 1/3 was formed at a higher
temperature, identical with the temperature of formation of c-MgaP40O12
(curve 6 in Fig. 3/c).

There is every reason to suppose that the whole transformation took
place in another way in the sample situated on the large surface area of the
multi-plate sample holder ( pm,0=1 kPa). On the basis of the weight loss,
which was greater than theoretically expected, and on earlier experiences
[23, 24], it can be supposed that phosphoric acid split off from the various
intermediates (e.g. metal dihydrogenphosphate) under the given conditions
this acid immediately lost water, and H4P207 was formed. On further water
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loss, polyphosphoric acid and finally P20s also appeared. The departure of
this latter caused the excess weight loss. P20s could also have split off in the
later period of the transformation when ultraphosphates were formed from
the various intermediates.

Under the given conditions, it is characteristic of the transformation that
binary copper magnesium compounds decompose to simple phosphates (c-
CuzP4012, c-Mg2P4013). Between H4P207 and other polyphosphoric acids
on the one hand and the intermediate condensation products on the other,
secondary reactions may take place. Accordingly, the many-foldness is char-
acteristic of the mechanism of those reactions which take place in the
presence of water vapour of low partial pressure (pg,0 = 1 kPa). Inde-
pendently of all this, the results of extraction experiments (curve 5 in Figs
3/a, 3/b and 3/c) indicate that c-CuMgP4012 was formed in a significant
amount.

The mechanism of the decomposition showed the best uniformity when
the Cu12Mg1/2(H2P04)2.0.5H20 was examined in the covered and un-
covered crucibles. This is supported by the condition that in curves B and C
in Fig. 2, no break-point can be found in the second period of the condensa-
tion reaction (at about 300°). The same is proved by the course of curve 7 in
Fig. 3/a. In this curve, there is no break-point or other changes indicating
the formation of a compound other than ¢c-CuMgP4012. Accordingly, it can
be supposed that, under the mentioned conditions, the transformation takes
place mainly according to the following equation:

90 — 15¢°
Cu1/2Mg1/2(H2P04)2.0.5H20 —0.5H;0
150 — 260°

- Cu1/2Mg12(H2PO4)2 Cu12Mg12H2P207 -

~H>0

Thus, this medium pressure of water vapour (5-20 kPa) proved to be the
optimum for the formation of the desirable product, c-CuMgP4012. The bi-
nary product is a previously unreported compound of industrial importance,
which has been patented in Czechoslovakia [12].

Its crystal structure has been determined: monoclinic system, group C 2c.
The structural parameters: @ = 1.2066(8) nm, b = 0.8184(6) nm, ¢ =
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0.9733(6) nm, 8 = 118.68(4)°. The elementary cell volume was 0.8432 nm>
and the density 3.180 q.cm"3 .
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Zusammenfassung -— CuMgP4012 ist ein Industrieprodukt, das zu vielen praktischen
Zwecken verwendet wird. Seine Herstellung aus Cuo.sMgo.s(H2P04)2.0.5H20 durch Kai-
zinieren wurde mittels Thermoanalyse und Extraktionsverfahren unter verschiedenen ex-
perimentellen Bedingungen untersucht, insbesondere bezogen auf den die Probe
umgebenden partiellen Wasserdampfdruck. Zwischenprodukte und Endprodukte wurden
identifiziert und die optimalen Bedingungen fiir die Bildung von c-CuMgP4012 gegeben.
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