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Abstract

Phosphates can be thermally dehydrated to polyphosphates or metaphosphates. This is an important reaction in the
preparation of glasses, catalysts and flame retardants. In this study, we have monitored the dehydration process of potassium
and sodium dihydrogen phosphates, using in situ Raman spectroscopy, thermal analysis, X-ray powder diffraction and infrared
spectroscopy. We obtained a good correlation between the thermal data and the structural phase transitions observed during the
reactions, using Raman and infrared spectroscopy. Deuteration of the samples assisted us in assigning some of the vibrational

bands. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphates and polyphosphates are important
ingredients in flame retardants and catalysts. A poly-
phosphate is generally classified as an inorganic poly-
mer and also regarded as a condensed phosphate. The
preparation of a condensed phosphate can be consid-
ered as a polymerization reaction where P-O-P lin-
kages are formed upon the release of water molecules

(Eq. (1))
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Cations balance the negatively charged PO, units in
the equation.

Flame retardants can be protected from oxidation
by coating the char with phosphates and polypho-
sphates during manufacturing [1]. Miller also dis-
cussed a paper on the intumescents that focussed on
the processability of polyphosphate in polypropylene
[2] and the importance of this reaction in the prepara-
tion of glasses and catalysts is well known. An under-
standing of this reaction (1) is of the utmost
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importance in both these applications and this,
together with the availability of phosphates in South
Africa, instigated our interest in this study.

Raman and infrared spectroscopy are excellent
methods for studying PO, units in different environ-
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ments as the number and positions of P-O bands in the
spectra depend on the crystal structure and resultant
bond strength. Factor group analysis is necessary to
understand the spectra completely and various Raman
and crystallographic studies of monobasic potassium
and sodium phosphates have been published [3-8].
For the purpose of this study, we were interested in
two regions of the spectra: 3000-3600 cm ™', where
the vibrations of water molecules occur, and
600-1400 cm ™" where the skeletal P-O stretch vibra-
tions occur.

We used Raman spectroscopy to follow the reac-
tions in situ and to distinguish between the phases
present at different temperatures. As for our studies on
the dehydration of phosphates, we used X-ray powder
diffraction, thermal analysis and FTIR spectroscopy in
addition to Raman spectroscopy to effectively monitor
structural changes during the dehydration of mono-
basic potassium and sodium phosphates. Deuteration
of the samples assisted further in assigning some of the
bands.

2. Experimental

The condensed phosphates were prepared by heat-
ing alkalimetal dihydrogen phosphate. Sodium phos-
phate glasses were made by heating NaH,PO, above
the melting temperature of 630°C. The melt was
quenched in air at room temperature and dissolved
in water.

Raman spectra of the glasses and crystalline forms
at room and elevated temperatures were recorded in
situ in glass tubes, using a high temperature cell
obtained from DILOR®™. The spectra were recorded
on a Dilor®™ XY Raman spectrometer, excited with the
514.5 nm line of a Coherent Innova®90 Ar*-laser,
with a resolution of at least 2 cm ™.

Mid-infrared transmission spectra were recorded
with a BRUKER®™ 113v FTIR instrument. The sam-
ples were pressed between two KBr pellets to avoid
water loss, which could occur if the usual method of
mixing the sample with KBr was followed. The sam-
ple chamber was evacuated (P = 170 mbar) during
the recordings.

Thermogravimetric data were collected by a Stan-
ton-Redcroft™ STA 780 Simultaneous Thermal Ana-
lyser. Samples (+100 mg) were put in a platinum

crucible and heated at a scan rate of 5°C min ™', while
an air-flow, with a flow rate of 20 cm?® min™! , was used
to remove gaseous decomposition products. Differen-
tial scanning calorimetry (DSC) was performed on a
Du Pont® 910 Calorimeter, controlled by a 1090
Thermal Analyser System.

Powder X-ray diffraction data were recorded on a
Siemens™ D501 automated diffractometer equipped
with a secondary graphite monochromator. The
applied potential was 40 kV and the corresponding
current 40 mA. The primary X-ray beam was Cu Ko
radiation. A pattern was recorded from 3 to 70° (20) in
steps of 0.05°. The measuring time per step was 1 s
and the scanning speed 3° (26) per minute.

3. Results and discussion

3.1. Condensation of monobasic potassium
phosphate

In Fig. 1, the thermogravimetric and differential
scanning calorimetry (TGA/DSC) curves of monoba-
sic potassium phosphate (KH,PO,) are presented. The
peaks in the DSC curve before 200°C have previously
been identified as a phase transition connected to the
onset of disordered hindered rotation of the H,PO,
groups around all three axes [9]. No mass loss could be
observed below 200°C and the total mass loss between
200 and 350°C corresponds to the loss of one water
molecule for every KPOj; unit. Peaks in the DSC curve
after 200°C are probably due to phase transitions
connected with the breaking up of the hydrogen net-
work. Powder X-ray diffraction analysis identified the
end product as potassium polyphosphate. The DSC
peak at 810°C represents the transition to the melt,
with no accompanying mass loss as confirmed by the
TGA curve.

The results of the in situ Raman analysis of this
transition are shown in Fig. 2. The room temperature
spectrum of potassium dihydrogen phosphate (Fig.
2A) displays only one band at 914 cm™', which is
the total symmetric breathing vibration (A;) of
P(OH)4. This is in accordance with the tetragonal
(Ty) structure of KH,PO,crystals, where each PO,
tetrahedron is hydrogen bonded to four others [10].
Protons are equally shared between oxygen atoms of
two different phosphate units, making all the oxygen
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Fig. 2. In situ Raman spectra of potassium dihydrogen phosphate at 22°C (A); 230°C (B); and 320°(C).



190 H.-J. de Jager, L.C. Prinsloo/Thermochimica Acta 376 (2001) 187-196

ligands identical and increasing the symmetry of the
phosphate species in the crystal. The increase in
symmetry from C,, (in solution) to Ty caused by
hydrogen bonding in the solid can be seen in the
structure below.

However, the monobasic phosphate species occu-
pies a S, site in the crystal, which means that the
symmetry of the tetrahedral phosphate ion should be
lower. This was observed in the Raman spectrum of
the crystal below 700 cm ! [4], but we observed no
sign of a split of the band at 914 cm™' due to a
reduction in the symmetry. The difference between
S4 and T4 symmetry is only due to a slight difference
in spatial orientation and since the vibrational modes
behave essentially as individual molecular vibrations,
it is concluded that the splitting effect on the phos-
phate band is negligible small.

Spectra recorded at temperatures above 230°C
reflect the water loss seen in the TGA curve and
gradual changes are observed in the spectrum as seen
in Fig. 2B. As water is extracted from the crystal
structure, the A; stretch vibration of the P(OH),4
species of KH,PO,4 at 914 cm ™' is replaced by the
A stretch vibration of the PO, species in the polypho-
sphate at 1149 cm ™', accompanied by the appearance
of a broad band at 705 cm ™', which is assigned to P—
O-P backbone vibrations [11,12]. The A; band of the
monophosphate has completely disappeared at 320°C
(Fig. 2C) and the shift to higher wave numbers of the
P-O band is an indication of the increase in the bond
strength in the polymeric species between the terminal
oxygen atoms and phosphorous atoms as compared to
P(OH),4. In contrast, the P-O-P band originating at
705 cm ™' at 230°C shifts to 670 cm ™' at 360°C, which
is an indication of a decrease in bond strength caused
by the polymerization reaction where linkages between
monophosphates through oxygen are formed. At

360°C, no significant changes in the spectrum could
be observed, except a minor shift of the P-O—P band.
Polymerization is complete and only condensation
between polymers could occur at higher temperatures.

According to the Raman spectra, condensation
takes place without the formation of stable and detect-
able intermediates. The Raman spectra are consistent
with the TGA/DSC curves.

The condensation of KH,PO, to the polymer is
relatively simple compared to the condensation reac-
tion of NaH,PO,-2H,0, where the reaction mechan-
ism is influenced by the formation of a hydrate at room
temperature as discussed below.

3.2. Thermogravimetric analysis of the
dehydration of monobasic sodium phosphate

TGA/DSC curves of the dehydration of sodium
dihydrogen phosphate dihydrate (NaH,PO,4-2H,0)
(Fig. 3) shows that the dehydration occurs in three
steps. According to mass loss calculations, the first
section represents the loss of two crystal water mole-
cules during the temperature increase to 122°C. It
should be noted that on the TGA curve the mass loss
has already started at the onset of the recording. The
difficulty in preparing separate phases of the hydrates
necessitated the in situ measurements of this study. In
the second part, one constitutional water molecule per
two phosphate units is lost at 210°C. Finally, one
constitutional water molecule per two phosphate units
is released in the temperature range 210-343°C.

Close scrutiny of the first part of the curve, i.e. the
process of loosing crystal water, revealed that the loss
seems to proceed in at least two steps, indicating the
presence of at least two different sites for water
molecules. The structural changes that occur in the
temperature range (40-180°C) during the process
were studied by means of infrared and in situ Raman
spectroscopy.

3.2.1. The release of crystal water from
NaH,PO42H,0 (40-150°C)

Infrared spectroscopy is very sensitive to the pre-
sence of water in any sample and water bands corre-
sponding to the symmetric and anti-symmetric OH
stretching vibrations occur in the region 3000-
3700 cm™ ', as well as OH-bending vibrations in the
region 1600—1670 cm ™", In Fig. 4, the infrared spectra
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Fig. 3. TGA/DSC curves of sodium dihydrogen phosphate.

of NaH,P0O,-2H,0 (A); are compared to that of NaH,-
PO4H,O (sodium dihydrogen phosphate monohy-
drate) (B); and NaH,PO, (sodium dihydrogen
phosphate) (C). In the spectrum of NaH,PO,4-2H,O
(Fig. 4A) an asymmetric band at 1650 cm ™' represents
the bending vibrations of crystal water and around
3450 cm™~ ' a broad band represents the stretching
vibrations as mentioned above. At 3570 cm ™' a narrow
band is also present, which is absent in the spectrum of
NaH,PO,4-H,O. We conclude that this peak is asso-
ciated with loosely bonded crystal water, which is lost
before 60°C (Fig. 4A) upon transition to the mono
hydrate. This is in agreement with Bartl et al. [5]
who detected the existence of a water molecule at
the boundaries of very weak hydrogen bonds. The
1650 cm ™' band becomes more symmetrical in appear-
ance when the weakly bonded crystal water is removed
and disappears after removing all the crystal water at
122°C. In fact, even the hydroxy groups originating
from the phosphates cannot be detected in the spectrum,
although they are still present. It is, therefore, suggested
that the large band at 3450 cm ™' in Fig. 3 represents
only the strongly bonded crystal water.

The infrared results were confirmed with Raman
spectroscopy and in Fig. 5, the two different positions

of water molecules are clearly visible, with the sharp
peak at 3577 cm ™' representing the water molecule
loosely bonded to the phosphate species and the peaks
between 3200 and 3600 cm ™' representing the other
crystal water. As in the infrared spectra, the peak at
3572 cm ™' disappears at 60°C.

The loss of the crystal water is not only observed in
the regions where water bands occur, but also indir-
ectly through the changes in the positions of the P-O
bands caused by the change in crystal structure as
water molecules are removed from the crystal lattice.
It was found that P-O bands in the infrared spectrum
overlap heavily, however, in Raman spectroscopy the
various bands representing different crystallographic
phases are well defined, which made it an ideal
technique for in situ analysis of the structural changes
during the dehydration process.

The Raman spectra recorded in situ at various tem-
peratures during the dehydration process are presented
in Fig. 6. The spectrum of NaH,PO,-2H,0 (Fig. 6A) at
room temperature displays three strongbands at910, 945
and 992 cm ™. In comparison with the one band in this
region in the spectrum of KH,PO, (S, symmetry), itis an
indication of lower symmetry for the PO, tetrahedra,
which is in accordance with Bartl et al. who reported a
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Fig. 5. In situ Raman spectra of sodium dihydrogen phosphate at 20°C (A); and 60°C (B) in the region of the water stretch vibrations.
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Fig. 6. In situ Raman spectra of sodium dihydrogen phosphate at 20°C (A); 60°C (B); 150°C (C); 230°C (D); and 400°C (E) in the region of

the P-O stretch vibrations.

large distortion of the phosphate tetrahedron in NaH,-
PO4-2H,0 [5]. A shift of 39 cm™! to lower wavenum-
bers of the band at 910 cm ™' in the deuterated species
(NaD,PQO,4-2D,0) indicates that a P(OH), vibration is
involved. The P-O bands at 945 and 992 cm™" do not
shift to lower wavenumbers upon deuteration and are,
therefore, assigned to be PO, vibrations [13].
Removal of the loosely bonded crystal water at
60°C results in the disappearance of one of the P-O
peaks (Fig. 6B), which means that the PO, units are
now at a higher symmetry. Thus, although this water

molecule is not strongly bonded to the phosphate
species it has quite an influence on the crystal sym-
metry. Previously it has been reported that the two
structures are quite similar [6].

The spectrum of the anhydrous phosphate in Fig. 6C
shows a new band at 876 cm™'. To determine whether
the bands of the anhydrous species at 876 and 924 cm ™"
are in fact P(OH), vibrations, it was compared with the
spectrum of a deuterated phosphate. The P(OH),
vibrations of the deuterated phosphate shifted to lower
wavenumbers, while the PO, vibration moved towards
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higher wavenumbers. This result confirms that the bands
876 and 924 cm ™' are P(OH), vibrations.

The unit cell of the anhydrous phosphate contains
two different types of phosphates [7]. The bands at 874
and 924 cm ™' could reflect the two types of phos-
phates, but the assignments of bands might not be so
straightforward. Choi et al. [8] studied the Raman
spectrum of the anhydrous phosphate in detail using
factor group analysis and reported 96 Raman active
normal modes.

Changes in the Raman and IR spectra correspond to
the peak positions in the DSC curve and the mass loss
in the TGA curve, implying that thermogravimetric
analysis and spectroscopy are consistent with each
other (Fig. 7).

3.2.2. Condensation of monobasic sodium phosphate

Above 200°C, NaH,PO, starts to condense forming
disodium pyrophosphate (Na,H,P,07) as can be seen
in the Raman spectrum at this temperature (Fig. 6D).
The band at 737 cm ™' represents the linkage between
the two phosphate units (P-O—P) as shown in Eq. (1),

while the band at 1023 cm ™' corresponds to the PO,
vibration. The Raman spectra of Na,D,P,0O; and
Na,H,P,07 are compared in Fig. 8 and a definite shift
of the P-O—P band at 737 cm ™' towards lower wave-
numbers is observed. This proves an effect of the
hydrogen atoms on the P-O-P backbone vibration.
The 737 cm™' band could be assigned to a P-OH
vibration to explain the shift, but Raman spectra of
tetra-sodium pyrophosphate (Na,P,O;) and cyclic
sodium metaphosphates (NazPO;) showed a similar
band (not shown) and ruled out this option. The
literature assigned this band to a P-O-P vibration
[11,12]. The authors believe that the P-O-P and P—
OH vibrations cannot be regarded separately and both
vibrations must be combined to one symmetric vibra-
tion in the Raman spectrum. Therefore, the 737 cm ™!
band is a symmetric H-O-P-O-P-O-H vibration,
including the hydrogen atoms in the P-O-P backbone
vibration. This conclusion is confirmed by the absence
of a separate P—-OH band between 800 and 950 cm ™"
The PO, band shifts towards higher wave numbers as
expected.

PO,
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Fig. 7. In situ Raman spectra of disodium dihydrogen pyrophosphate (A); and dideuterium pyrophosphate (B) recorded at 230°C in the region
of the P-O stretch vibrations.
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Metaphosphate (NaPOs); formation starts above
300°C. The TGA/DSC curves in Fig. 3 show that this
process takes place in two steps, one at 310°C and the
other at 345°C. According to mass loss calculations, a
combination of the two steps accounts for the loss of
water in the formation of the meta-triphosphate. In this
temperature range, the Raman spectra also change
(Fig. 8A). The bands of the pyrophosphate are
replaced by bands at 1151 and 694 cm™', which
correspond to the symmetric stretch of the PO, and
the —O-P—O-P—O- backbone species of cyclic meta
triphosphate, respectively [11].

195

In contrast to the formation of potassium polypho-
sphate, sodium polyphosphate cannot simply be pre-
pared by thermal dehydration of monosodium
dihydrogen phosphate. Under these experimental con-
ditions a mixture of two sodium meta-triphosphate
phases is obtained according to a powder X-ray dif-
fraction analysis. From 360°C, the TGA shows no
further mass loss and the DSC peak at 630°C indicates
the transition to the melt.

Below is a summary of the total thermogravimetric
analysis of the condensation of sodium dihydrogen
phosphate.
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Fig. 8. In situ Raman spectra showing the transition from disodium dihydrogen pyrophosphate to cyclic meta-triphosphate in the P-O stretch
region recorded at 320°C (A). Spectrum (B) recorded at 400°C shows the reaction is complete.
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The melt can be quenched in air at room tempera-
ture to form a glass essentially containing linear
polyphosphates. The degree of branching depends
on the Na,O:P,0O5 ratio. Even at Na,O:P,05 below
unity, branching could still occur according to Strauss
and Treitler [14]. They showed that hydrolysis of
branches in a polyphosphate solution accounts for
the decrease in the viscosity of the solution. All
branches should have disappeared after 24 h. A titra-
tion curve of a known aliquot of polyphosphate in
water with a sodium hydroxide solution has an inflec-
tion point near pH 9 representing a state in which all
acidic hydrogen atoms at both ends of all the chains
are replaced by sodium ions. From the amount of
sodium hydroxide used, the average length of a poly-
mer can be calculated. A typical degree of polymer-
ization for a sodium polyphosphate polymer prepared
by quenching a melt in air is 85 phosphate units per
chain, which is low compared to the values in the
literature (400 [15]). An important factor is the purity
of the reagents as well as residual moisture. Dibasic
orthophosphates terminates chain growth and poly-
phosphate formation is very sensitive for the amount
of this phosphate species present in the sample.

4. Conclusion

The dehydration of potassium and sodium dihydro-
gen phosphate has been successfully studied, using a
combination of analytical techniques. In situ Raman
measurements made it possible to monitor structural
changes taking place during the reaction using char-
acteristic vibrational bands of phosphates and poly-
phosphates.

In the manufacturing process of glass, catalysts and
flame retardant it is advantageous to modify the

210°C

310°C-350°C

I NaszP 207

properties of the products by varying the chain length
and degree of cross-linking in the polymer formed.
Reducing the temperature at which transformation to
the resultant glass takes places also reduces produc-
tion cost. This can be done by the addition of additives
or using mixtures of phosphates. Comparing the ther-
mal data and Raman and infrared spectra to those
of the pure reagents will be extremely useful in the
understanding of the role of the additives and will
make the planning of modifications to the products
possible.
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