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Abstract

The isothermal and non-isothermal transformations of polycrystalline CuNH4PO,-H,O in vacuum
and in various gas atmospheres (in open air and in gaseous ammonia atmosphere) were studied at
20-800°C by means of differential thermal analysis, thermogravimetry, X-ray diffraction, paper
chromatography, optical microscopy and chemical analyses. The eftects of the gas phase composi-
tion on the kinetic peculiarities of total gas evolution and on the partial processes of dehydration,
ammonia removal and rearrangement of the anionic sub-lattice were considered.

Keywords: kinetics and mechanism, phosphates, thermal transformation, topochemistry

Introduction

Metal ammonium phosphates, capable of forming a number of monohydrates of the
form M"NH,PO,-H,0 (where M" is Mg, Mn, Co, Ni or Cu), are considered as pro-
spective fertilizers [1]. As potential sources of complex mineral fertilizers they are
characterised by optimal ratios and high concentrations of nutritive elements. In addi-
tion, the low solubility of metal ammonium phosphates in water gives rise to their
long lifetimes as sources of fertilizers. They decompose slowly in the soil, under the
action of bacteria, to give soluble forms available for the plants [2]. The use of metal
ammonium phosphates as fertilizers gives rise to many technological problems, in
particular, investigation of the possibility of removing balast crystallization water
without loss of ammonia. This problem is interesting also from the scientific view-
point, because its solution requires the study of the mechanism of a complex topo-
chemical process. In fact, the heating of a metal ammonium phosphate is associated
with a number of consecutive and parallel chemical reactions [3], such as:
dehydration of the crystal hydrate:

M"NH,PO4-H,0 - MNH,PO,+H,0, (1)

removal of ammonia from the anhydrous salt formed:
MNH4PO, - MHPO,+NH; 2)
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and elimination of the so-called ‘structural’ water with associated anionic condensa-
tion and subsequent crystallization of the diphosphate formed:

2MHPO, - M,P,0,+H,0 3)

The behavior of metal ammonium phosphates on heating has been the subject of
a number of thermoanalytical studies [4—8], but in many cases the results have been
contradictory. The ratio of reaction rates of the processes (1)—(3) and, thus, the com-
position of the intermediate products varies markedly, not only within a series of
metal ammonium phosphates [3], but also for one and the same compound, depend-
ing on conditions of the thermal treatment. One of the possible causes of the observed
discrepancies in the results cited in literature is that , as a rule, the composition of the
gas phase over the sample has not been controlled in the experiments performed. It
has been shown [5, 8], in the thermal decomposition of CoNH,PO,-H,O, that the role
of the gas phase is decisive for the course of the processes under consideration.

Unlike other metal ammonium phosphates, the copper salt has not been studied
sufficiently [3, 5, 10]. There has been mention of neither the composition of the inter-
mediate products formed nor the structure of the initial monohydrate [10]. In this
work we present the results of studies of isothermal and non-isothermal transforma-
tions of copper ammonium phosphate monohydrate occurring on heating in air, in
vacuum and in gaseous ammonia atmospheres in the temperature range 20—-800°C.

Experimental

Crystalline CuNH,PO,-H,0 was prepared by mixing 1 M solutions of ammonium
phosphate hydrate (analytical grade) and copper(Il) chloride (analytical grade) in a
volume ratio 2:1. After ageing for seven days at 7=20°C, the product crystals (square
platelets of average dimension 0.1-0.2 mm) were separated on a ceramic filter,
washed with water and dried to constant mass in air of relative humidity RH=60%. As
found by chemical analyses, the product contained Cu 32.8, P 15.8, NH, 8.7 and H,0
13.9%, which are the values close to those calculated for the monohydrate. The pow-
der X-ray diffraction pattern was practically identical with [10] for CuNH,PO,-H,O.

In non-isothermal experiments in air, use was made of a Derivatograph OD-103
MOM with different sample holders and different heating rates. Kinetic studies of the
isothermal evolution of gaseous products were carried out in a vacuum setup pro-
vided with a quartz spiral microbalance (of sensitivity 0.65 mm mg '), capable of
keeping either a high vacuum (final pressure of 1-10° hPa) or a required pressure of
air or gaseous ammonia. A 60 mg sample, uniformly spread in a flat-bottomed alu-
minium pan, was suspended on the weighing spiral and introduced, through a ground
quartz junction, to the reaction vessel in which a pre-determined temperature
(7%0.1°C) and gas phase composition and pressure (p+1 hPa) were previously settled
and the kinetic experiment was performed. The kinetic data obtained were treated
with the use of the equation a=1-exp(—k’f"), where  is the transformation degree, ¢ is
time, and k" is a constant related to the rate constant by k=n(k")"" [11].
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The products formed at different stages of the isothermal and non-isothermal
transformations of the samples were subjected to X-ray diffraction (Diffractometer
DRF-2,0, radiation CuK,) and chemical analyses. Copper was determined by com-
plexometric titration with methylthymol blue as indicator; phosphorus — by a photo-
colorimetric method; nitrogen — by the Kjeldahl method, and water — from mass loss
on ignition, after subtraction of ammonia. The contents of condensed anionic forms
(di- and tripolyphosphate) in the dehydration products were determined by ascending
paper chromatography using FN 12 paper. The interfering effect of Cu®" cations was
eliminated by addition of EDTA, or by pretreatment of the analysis solution with so-
dium sulfide. In addition, characteristic changes on the crystal surface, occurring dur-
ing the thermal treatment, were observed by optical microscope MIN-8 and recorded
photographic all.

Results and discussion

Non-isothermal transformations of CuNH,PO,H,0 in air

The results of thermal analysis (Fig. 1) show that under conditions of heating in air,
the monohydrate is stable up to a temperature about 140°C, at which its decomposi-
tion begins. The elimination of the main part of its crystal water is reflected in an
asymmetric endotherm on the DTA curve with a peak temperature of 164°C. The an-
hydrous salt formed is fairly crystalline (Fig. 2), but the absence of any distinct effect
due to its formation may be accounted for by a low stability of that compound. The
chemical analysis of the product formed on heating the sample under the conditions
of thermogravimetric experiment up to 185°C (Am=9.3 mass%, corresponding to
elimination of 1 mol of crystal water) shows that, under these conditions, the elimina-
tion of the crystal water is accompanied by a loss of 0.1 mol NH,. In addition, accord-
ing to the results of chromatographic analysis, the product contains about 5% of phos-
phorus in the form of diphosphate, which is equivalent to elimination of 0.025 mol of
structural water.
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Fig. 1 Thermal analysis curves of CuNH4PO,-H,O obtained in humid air atmosphere
(RH=60%); platinum pan, sample mass — 500 mg, heating rate 10 K min "
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Fig. 2 X-ray diffraction patterns of products obtained on heating CuNH4PO4-H,0 un-
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- 26°

der thermogravimetric conditions:

1-20°C,2-146°C,3-165°C, 4 - 185°C, 5 -314°C, 6 — 364°C, 7 - 688°C

(o — CuNH4PO4H,0O; 0 — CuNH4PO4; m — CuHPO,; A — y-Cu,P,07;

x — 0-CuyP,07, the X-ray phase analyses were performed on samples cooled to

room temperature)

al%

Fig. 3 Changes of transformation degree, d, in reactions (1), (2) and (3) depending on

Am/%

total mass loss Am during the heating of CuNH4PO4-H,0 in humid air

(RH=60%);

1 —reaction (1), 2 — reaction (2), 3 — reaction (3). The vertical dashed lines cor-
respond to the calculated values of Am corresponding to successive occurence of
reactions (1)—(3); solid symbol — under conditions of thermogravimetric experi-

ment, open symbol — under isothermal conditions

Decomposition of the anhydrous salt begins at above 290°C. This process is
manifested on the DTA curve by an endotherm with a peak temperature of 356°C. A
small deflection at 323°C suggests that the reactions (2) and (3) follow each other, al-
though the results of chemical analyses (Table 1) show that the release of ammonia
and water, formed in the course of the anionic condensation, proceeds practically si-
multaneously. So, for example, for a sample heated to 314°C under the conditions of
thermogravimetric experiment (Am=14.3%), the degree of ammonia elimination and
the degree of anionic condensation were practically identical and amounted to 48 and

46%, respectively (Fig. 3).
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Table 1 Composition of gaseous and solid products of thermal treatment of CuNH4PO,4-H,O

(P — mono-, P, — di-, P; — triphosphate)

T/°C

Contents of phosphorus in

&m the form/wt%
> /% ;Inz(g II\InI(r)Ii P Py P3

CrystalliPe
phases

Under the thermogravimetric experimental conditions (in humid air (RH=60%); platinum

crucible, the mass of sample=500 mg, heating rate 10 K min™")

20 0 0 0 100 0 0 I
146 29 0.32 0.01 100 0 0 LI
165 7.2 0.74 0.08 100 0 0 ILI
185 9.3 0.91 0.11 95.0 5.0 0 I
314 14.3 1.19 0.48 54.0 46.0 0 ILIIT
364 19.7 1.42 0.94 10.4 79.3 10.3 v
373 22.7 1.48 0.98 9.4 69.0 21.6 v
688 229 1.51 1.00 2.8 74.1 23.1 \Y%
800 22.8 1.5 1.00 0 100 0 \Y

Isothermal heating in air (RH=60%)
146 1.8 - - 100 0 0 LI
153 5.0 0.35 0.20 100 0 0 LI
158 5.5 - - 100 0 0 LI
167 7.3 - - 100 0 0 LI
172 9.8 0.68 0.40 93.7 6.3 0 ILI
180 11.0 - - 95.8 4.2 0 11
Isothermal heating in vacuum (p=1-10"* kPa)

118 0.6 - - 100 0 0 I

131 4.2 - - 100 0 0 LI
137 5.8 0.48 0.15 100 0 0 LI
144 8.9 0.76 0.23 100 0 0 ILI
157 11.0 - - 93.7 6.3 0 I
167 12.2 0.93 0.37 99.2 0.8 0 I

Isothermal heating in ammonia atmosphere (p;, =13 kPa)

110 9.0 0.97 0 100 0 0 I
130 9.4 1.0 0 100 0 0 I
157 9.4 1.0 0 100 0 0 11

“I — CuNH,PO4H,0; 1T — CuNH,PO,; 11l — CuHPOy; IV — y-Cu,P,07; V — a-Cu,P,0; (X-ray phase
analyses were performed for samples cooled to room temperature)
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As the decomposition progressed, the amount of the anhydrous salt diminished and
anew phase, not described in literature, was formed. A feature of the new phase is a peak
on the diffraction spectrum at the reflection angle 26=14°26". As will be shown below,
on isothermal heating of CuNH,PO,-H,O this phase may be obtained in a pure state. It
has been identified as anhydrous copper hydrophosphate. The products of the anionic
condensation (mixture of di- and tripolyphosphates) are initially amorphous, but as the
temperature increases their composition becomes simpler due to increased accumulation
of the diphosphate form. The X-ray diffraction pattern of the product obtained on heating
the monohydrate at 364°C reveals the presence of y-Cu,P,0O, , the modification described
in [10]. According to literature data this phase should be transformed, on further heating,
into the high temperature modification, 3—Cu,P,0, [12]. Such a transformation is evi-
dently the case in our experiment (exotherm with a peak at 688°C on the DTA curve),
but, on cooling the thermally treated sample to room temperature, the high-temperature
modification is converted into the low-temperature 0—Cu,P,0, occurring in X-ray dif-
fraction patterns recorded in our experiments (Fig. 2).

Isothermal transformations of CuNH PO, H,O in air

The data presented above show that, under the conditions of non-isothermal heating
existing during the thermogravimetric experiment, the temperature ranges of the re-
actions (1)—(3) overlap and it becomes impossible to isolate the intermediate products
in their stoichiometric composition, in particular the anhydrous copper ammonium
phosphate. It also proved impossible to obtain this compound on isothermal heating
of the monohydrate in air. The results of chemical analyses of the products obtained
(Table 1, Fig. 3) show that, under such conditions, the dehydration is accompanied by
even stronger decomposition of the complex cation. Even at relatively small degrees
of transformation considerable amounts of ammonia are released. The curves of Am
vs. t, which represent the kinetics of the overall release of gaseous products, are
shown in Fig. 4a. In the initial stages, which feature an overwhelming release of wa-
ter vapour, the kinetic curves have the S-shaped form, which is characteristic for de-
hydration of most crystal hydrates of phosphate salts, but that process slows down
rapidly. The kinetic parameter n from the equation 0=1-exp(—47") used in approxima-
tion of the experimental data (we took 0=1.0 for mass loss Am=18.0% corresponding
to release of 1 mol H,O and 1 mol NH,;) changed from n,=1.7-1.8 to n,=0.5-0.6. Ac-
cording to [11] thus may be accounted for by the fact that the process, first proceed-
ing in the kinetic range, passes further into the diffusion-controlled form.

It should be pointed out that the solid products of dehydration of phosphate crys-
tal hydrates, irrespective of their ease of formation of stable pseudomorphic struc-
tures, do not form kinetic barriers for diffusion of water vapour from the reaction
zone [13]. The presence of transport pores in the solid laminar structure of the phos-
phates enables the reaction to proceed in the kinetic regime. The retardation of the
isothermal process of dehydration, observed in some cases, is usually accounted for
by some associated processes, such as disproportionation [14] or anionic condensa-
tion [8]. In the former case, the retardation effect is due to the decrease of mobility of
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t/ min

Fig. 4 Kinetic curves of gas liberation for isothermal heating of CuNH,PO,-H,O a — in
humid air (RH=60%), b — in vacuum, ¢ — in ammonia (py, =13 kPa);
1-180°C, 2~ 172°C, 3 —167°C, 4 — 158°C, 5 - 153°C, 6 — 146°C, 7 — 167°C,
8 —157°C, 9 —144°C, 10— 137°C, 11 — 131°C, 12 - 118°C, 13 - 157°C,

14 -130°C, 15-110°C

water vapour because of its combining with phosphoric acid (product of dispro-
portionation of hydrophosphate) and, in the latter, due to lattice distortion and a de-
crease of its penetrability for gaseous products.

The process of thermal decomposition of CuNH,PO,'H,0, dealt with in this
work, presents some peculiarities. Firstly, the initial monohydrate, on crystallo-
chemical transformation to the anhydrous salt retains, not only the external form of
the initial crystals (pseudomorphism), but also their transparency. Thus, the relation-
ship between the increasing reaction rate, observed in the initial stages, and its loca-
tion has not been determined. There are no optically distinguishable separation zones
between the reacted and non-reacted parts of the crystal. Secondly, the causes of re-
tardation of the reaction, observed in later stages, are not evident, because the anionic
condensation, which seems to be the cause of an analogous hampering effect in the
thermal decomposition of MgNH,PO,-H,O [15] and MnNH,PO,-H,0 [9] is mani-
fested here only in the advanced stages. It has already been mentioned that the occur-
rence of diffusion retardation may be due not only to the formation of inhibiting layer
of the solid product, but also to the change in mobility of the gaseous products. In
fact, the start of ammonia release may give rise to an interaction of the gaseous reac-
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Table 2 Kinetic characteristics of isothermal decomposition of CuNH4PO,4-H,O in various gas at-

mospheres
7/°C Dm/% n K min"'
in air, 100 kPa (RH=60%)

146 0.4-1.2 n=1.7 2.7-107
1.2-1.8 n=0.5 29107

153 0.5-1.6 n=1.8 5.6107"
1.6-5.0 n=0.5 2.0-10*

172 5.3-7.7 n,=0.5 5.4-107
7.8-9.8 ny=0.1 9.8:10°7°

180 7.8-8.9 n,=0.5 3.7.1073
8.9-11.0 ny=0.1 1410

In vacuum, p=10"* kPa

118 0.3-0.7 n=15 54107
131 0.2-1.7 n=1.4 5.2:107°
1.7-4.2 n=0.5 1.5:10*

0.7-2.0 m=14 211107

144 3.6-8.2 n=0.6 1.9:10°
8.2-9.0 n3=0.2 93107

2.2-6.0 m=1.0 2.2:1072

157 6.0-9.0 n=0.5 5.5:107
9.0-11.0 ny=0.2 3.8:107*

3.4-8.2 n=1.1 471072

167 8.2-10.6 n=0.5 8.0-107°
10.6-12.2 ny=0.1 1.6:10°

Py, =13 kPa

110 0.1-9.35 5.0 3.1-10™
130 0.1-9.3 4.1 8.1-1072
157 0.1-9.4 23 2,610

Table 3 Values of the Arrhenius activation energy E, (kJ mol ") at different steps of the isother-
mal decomposition of CuNH4PO,-H,0O

Atmosphere 2
0.1 0.2 0.3 0.4 0.7 0.9
In air 161 203 243 - - -
In vacuum - 184 195 216 226 168
P, =13 kPa — 96 — 100 97 —

tion products (ammonia and water vapour) either with each other (to form less mobile
association forms) or with acidic centers of the hydrophosphate formed. There re-
mains a question, why such interactions do not appear in the thermal decompositions
of other metal ammonium phosphates. It should be taken into account, however, that
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the product remaining after ammonia elimination from copper ammonium phosphate
has much stronger proton-donor properties and, besides, copper has a much stronger
complexing capacity. As a result, not only quantitative but also qualitative changes
are observed in the mobility of the gaseous reaction products formed.

At higher transformation degrees, where elimination of the structural water be-
gins, the crystal lattice starts to decompose (the crystals become dull although they
retain their outer structural form) and the diffusion retardation increases (7,=0.1). The
kinetics of this process are very complex. The results of the experiments do not per-
mit the determination of reliable values of the Arrhenius’ activation energy E, for the
above-mentioned three reaction stages, which differ in the nature of the rate-limiting
process because their borders (based on Am values) shift depending on temperature
(Table 2). The values of activation energy E, (Table 3) derived from the temperature
dependence of the reaction rate at different transformation degrees must therefore be
considered as only approximate. Nevertheless, they show clearly the regular increase
of activation energy in the process of isothermal reaction (from 161 kJ mol™ at
Am=1.8% to 243 kJ mol ™" at Am=5.4%).

Isothermal transformations of CuNH PO, H,O in vacuum

If CuNH,PO,-H,O is heated in a vacuum, the isothermal process develops analo-
gously to that observed in air with the exception that the temperature region, in which
the reaction proceeds with comparable rates, is slightly shifted towards lower values.
The kinetic curves (Fig. 4b) also exhibit sections of increasing rate with subsequent
retardation, which is reflected in changes of value of the kinetic parameter. Relating
to these values it is possible to distinguish three stages of the process: ‘pure’ dehydra-
tion (kinetic range, n>1), complex dehydration and ammonia release (stationary dif-
fusion, 7n=0.5), and dehydration associated with ammonia release and anionic conden-
sation (non-stationary diffusion, #=0.1). On passage from the first to the second stage,
the value of E, increases from 166 kJ mol”' for Am=3.5% to 233 kJ mol" for
Am=8.0%, but then decreases again, irrespective of the increasing diffusion retarda-
tion. This may be accounted for by the change in the nature of diffusion. At this stage,
the concentration of acidic (Lewis) centers on the surface of the transporting pores is
decreased as a consequence of dehydroxylation accompanying the process of anionic
condensation (Eq. (2)). The limiting stage becomes the molecular diffusion of the
gaseous products, which has a lower activation energy. An identical effect is ob-
served also on heating CuNH,PO,-H,O in air. In this case, however, we failed to de-
termine the decrease of £, because of the insufficient number of kinetic experiments
in the high-temperature region (although they were carried out in intervals of 5-8°C).
Thus, the experiments performed have shown that, under conditions of isother-
mal heating of CuNH,PO,-H,O in vacuum and in air, it is impossible to separate the
processes (1) and (2). The values of Am, at which the kinetic curves pass into practi-
cally horizontal sections, increase monotonously with increasing temperature, in-
cluding also the ranges of Am corresponding to the formation of anhydrous salt.
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Isothermal transformations of CuNH PO, H>0 in ammonia atmosphere

Although the transition from air atmosphere to vacuum was not associated with a
considerable increase in the dehydration rate of CuNH,PO,-H,O, an attempt was
made to separate processes (1) and (2) by retardation of the ammonia elimination
(and thus also the anionic condensation). With this aim, the heating of the
monohydrate was carried out in an atmosphere of gaseous ammonia. Figure 4 shows
the kinetic curves obtained on isothermal heating of the monohydrate at py,, =13 kPa.
It is clearly seen that, in a wide temperature range of 110—157°C, the curves of Am vs.
¢ attain a plateau at Am=9.3%. The results of both chemical and X-ray diffraction
analyses (Table 1) have shown that, under these conditions, a fairly crystalline anhy-
drous salt of stoichiometric composition is formed.

Comparison of the kinetic curves obtained in different gas atmospheres (Fig. 4)
shows that the use of gaseous ammonia not only inhibits the process of ammonia
elimination, but also increases the rate of dehydration. Thus, for heating under vac-
uum for 6 h at 7=110°C the loss of mass Am was below 0.5%, while in the ammonia
atmosphere (py,;, =13 kPa) under identical conditions the dehydration was practically
complete (Am=9.0%). The accelerating effect of the gas atmosphere in relation to a
vacuum is a rather rare phenomenon in the case of reversible reactions. In fact, even
gases not participating in a given reaction usually have a retarding effect of the
so-called ‘gaseous envelope’ [16], as they interfere with gas removal from the sample
surface. It should be taken into account, however, that gaseous ammonia is not an in-
ert gas in the case of dehydration of CuNH,PO,-H,O. From the very beginning of am-
monia release one can observe diffusional inhibition of the removal of gaseous prod-
ucts, including also water vapour. If, however, the dehydration is not associated with
ammonia removal, the whole process proceeds in the kinetic regime (n=1.5). This is
evidently the reason why the reaction rate is higher in cases where it proceeds in the
atmosphere of ammonia.

The results of X-ray diffraction analyses show that the products formed during
isothermal dehydration in the ammonia atmosphere, in vacuum, as well as in air, have
identical structures. We have found only one of the two modifications of CuNH,PO,
described in [5]. Visual observations have shown, however, that the product of stoi-
chiometric composition, obtained in the ammonia atmosphere, exhibits a change in
colour. In the course of dehydration the crystals obtain an intense blue colour which,
on cooling, changes into turquoise. This transition, connected with the change in
structure of the coordination polyhedron, is not associated with a change in mass of
the sample, so it is advisable to regard it as being due to a phase transformation. Un-
fortunately, the equipment used in the work did not allow high-temperature X-ray
diffraction measurements in ammonia atmosphere to be done. These phenomena
were not observed in experiments where the products were obtained on isothermal
heating of CuNH,PO,-H,O in air or in vacuum.

J. Therm. Anal. Cal., 60, 2000
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Isothermal transformations of anhydrous salt

The influence of the gas phase is also observed during decomposition of anhydrous
copper ammonium phosphate. Figure 5 shows kinetic curves of total gas release dur-
ing isothermal heating of CuNH,PO, (samples of the anhydrous salt were obtained in
ammonia atmosphere at 7=130°C) in various gas atmospheres at 250°C. In order to
simplify the comparison of these data with those presented previously, the mass
losses have been calculated with reference to the monohydrate.

From the kinetic viewpoint, the nature of the decomposition of CuNH, PO, in
various gas atmospheres was practically identical. The curves of Am vs. ¢t are para-
bolic, which is characteristic of diffusion-controlled processes, as evidenced by the
values of the kinetic parameter (n=0.3—0.4). The highest rates were observed when
the process was carried out in vacuum, which conforms to the general laws of revers-
ible topochemical reactions [16]. The results of chemical and chromatographic analy-
ses of the solid residue (Table 4) show that isothermal heating in vacuum, under the
conditions specified above, results in release of ammonia (0.81 mol NH;) and water
(0.18 mol H,0O). It also proved impossible to separate the processes (2) and (3) from
each other in experiments carried out in ammonia atmosphere. In this case the total
loss of mass corresponding to identical values of 7 and 7 was much lower than in vac-
uum, but the molar ratio of the gaseous products was practically identical (0.57 mol
NH, and 0.12 mol H,0).

Because water vapour should hamper the process of anionic condensation, it
might have been supposed that use of an atmosphere of humid air would promote the
separation of processes (2) and (3). In fact, the results of chemical analysis (Table 4)
have shown that, on isothermal heating of CuNH, PO, at 250°C in air at relative hu-
midity RH=60%, only gaseous ammonia was released. The solid product formed un-
der such conditions does not contain the condensed anionic forms produced on heat-
ing anhydrous copper ammonium phosphate in vacuum and in ammonia atmosphere.
The X-ray diffraction pattern of that residue contained, along with the peaks due to
the anhydrous salt, the peaks due to a phase not previously described in the literature,
that we identify as anhydrous copper hydrophosphate. Unfortunately, diffusional
hampering of the process did not allow us to obtain, under these conditions, complete
transformation conforming to Scheme (2). An increase of temperature, for instance to
280°C, resulted in occurrence of anionic condensation. The polymeric products ob-
tained (about 20% diphosphate with small admixtures of higher condensed forms) ap-
pear from the X-ray diffraction pattern, to be amorphous hence the only crystalline
phase is copper hydrophosphate.

Effect of conditions of thermal treatment

The effect of the gas phase on the relation of reaction rates of the processes (1)—(3)
may be manifested also by other factors, apparently independent of the gas phase
composition. So, for example, the results cited above lead to the conclusion, that the
composition of the products corresponding to a particular loss in mass, Am, depends
on the parameters of thermal treatment of the sample. In fact, the data of Table 1 and
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Table 4 Composition of gaseous and solid products of isothermal treatment of CuNH4PO,
(T=250°C, =180 min, Am was calculated with reference to the monohydrate)

Am Contents of phosphorus in the CrystalliPe
form/wt% phases
2/% mol H,O mol NHj; P, P, Ps
in vacuum (p=1-10"* kPa)
18.1 1.18 0.82 64 34 2 IIL, 1T
Py, =13 kPa
15.3 1.11 0.57 89 11 0 I, I
In air, 1000 hPa (RH=60%)
13.4 1.0 0.47 100 0 0 111, 11

‘I — CuNH,PO,-H,0; Il - CuNH,PO,; III — CuHPOy; IV — y-Cu,P,05; V — a-Cu,P,0;

Fig. 3 show clearly, that, under the conditions of thermogravimetric experiments,
processes (1) and (2) overlap to a lesser degree and (2) and (3) to a greater degree than
during the isothermal heating. However, in the kinetic and the thermogravimetric ex-
periments different sample masses were used, of the order of 60 and 500 mg, respec-
tively. Besides, in the kinetic experiments the weighed sample was spread in a thin
layer, and in the thermogravimetric experiments a compact sample was placed in the
pan. Such differences may be reflected in conditions of transport of the gaseous prod-
ucts formed and, consequently, on their partial pressure in the reaction space. To
check on this, a thermogravimetric experiment was carried out with the use of a
multibottomed sample holder in which it was possible to spray a 500 mg sample in a
thin layer. Figure 6 shows the thermogravimetric data obtained under such conditions
compared with the data obtained with a conventional sample pan. As may be seen, the
inflexion on the TG curve, that separates the processes (1) and (2), is much weaker in
the conventional pan and is shifted towards greater values of Am. At the same time

20+

Am/ %

200

t/ min

Fig. 5 Kinetic curves of release of gas products on isothermal heating of
CuNH,PO4H,0 at 7=250°C; 1 — in vacuum, 2 — in ammonia atmosphere
(P, =13 kPa), 3 — in humid air (RH=60%)
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201

T/ °C

Fig. 6 Thermogravimetric curves of CuNH4PO,-H,O on heating under conditions: sam-
ple mass — 500 mg, heating rate 10 K min', 1 — platinum crucible, 2 — flat pan
holder

00 300 500 700
T/°C
Fig. 7 Thermal analysis curves of polycrystalline CuNH4PO4-H,0 obtained in humid

air (RH=60%); flat platinum holder, sample mass — 500 mg, heating rate

10 K min™'
another inflexion, corresponding to separation of the processes (2) and (3), appears
on the TG curve. The second endotherm on the DTA curve (Fig. 7) splits into two
with peak temperatures of 270 and 343°C, respectively.

The results obtained conform with the above data on the effect of gaseous prod-
ucts on the relation between the reactions (1)—(3) proceeding under isothermal heating
of the samples. Figure 4 and Tables 1 and 4 show that water vapour (humid air) has
practically no effect (as compared with vacuum) on the rate of elimination of crystal
water and ammonia, but it hampers anionic condensation. The gaseous ammonia
greatly accelerates dehydration, sharply slows ammonia elimination and little influ-
ences upon the anionic condensation process.

As a consequence, decreases of pressure of the two gases should lead to more
pronounced overlapping of processes (1) and (2) and to partial separation of processes
(2) and (3). This was observed in the experiment with the sample material spread in a
thin layer (Figs 6 and 7).
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A similar effect was observed for other factors which increase diffusional trans-
port of the gaseous products. Thus, decreasing the sample mass on non-isothermal
heating, or slowing down the heating rate (the isothermal experiment is a limit from
such a viewpoint), leads to a stronger overlapping of processes (1) and (2) and pro-
motes the separation of processes (2) and (3).

Conclusions

1. The studies have shown that the nature of the chemical and phase transformations
of CuNH,PO,-H,O during heating depends strongly on the composition of the gas
phase over the sample.

2. The observed effect of conditions of the thermal treatment (isothermal and
non-isothermal heating), as well as of the rate of temperature increase and sample
mass distribution (in non-isothermal heating) on the composition of the intermediate
compounds depends on differences in the conditions of removal of the gaseous prod-
ucts (water vapour and ammonia) from the sample and on changes in their partial
pressure in the reaction zone.
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