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Abstract: New insights into the chemistry of alumino-phosphate solutions are provided in this con-
tribution. In a first part, a solution with a P/Al molar ratio of 3.2 was prepared for the first time. The
binders obtained at 500 and 700 °C were compared to those obtained with the 3 and 3.5 P/Al molar
ratio solutions in order to determine the impact of moderate P20s excess on the final phosphate
ceramic nature. In a second part, the widely used P/Al=3 solution was heat-treated at 500 °C using
different heating rates (0.2, 1, and 10 °C/min) to determine how this parameter modifies the final
phosphate ceramic composition. Our data show that moderate P2Os excess is sufficient to obtain
binders with a high amount of stable cubic aluminium metaphosphate compound at 700 °C but not
at 500 °C, where significant P2Os excess is mandatory. We also show that slow heating favors the
formation of cubic aluminium metaphosphate compound at 500 °C.

Keywords: phosphate binder; phosphate solutions; solid state NMR

1. Introduction

Alumino-phosphate binders have been widely used in the development of refracto-
ries materials [1-4] acid-base cements [5] and protective coatings [6-8], due to their high
bonding strength, abrasion resistance, and very high temperature stability. Those binders
are generally prepared by heat-treating alumino-phosphate solutions that are obtained by
dissolving Al20s or Al(OH)s in diluted phosphoric acid solutions. Such solutions, charac-
terised by their P/Al molar ratio, their phosphorus concentration ([P]), and the presence
of additives, have also been widely investigated [1-13]. By heating, the alumino-phos-
phate species of the solutions react to form hydrated alumino-phosphate compounds
(Al(H2POs4)3, x H20 and AIH2P3010, x H20) around 150-350 °C. Then, these hydrated com-
pounds progressively condensate to form anhydrous aluminium metaphosphate Al(POs)s
in a monoclinic structure (space group P21/a), denoted as Al(POs)s [B]. At very high tem-
peratures, this compound is replaced by the cubic aluminium metaphosphate structure
(space group 143d), denoted as Al(POs)s [A]) [9] (Table 1).
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Table 1. The chemical structure and temperature domains of compounds involved in the thermal
evolution of P/Al=3 solution (from [10]).

T/°C Compounds
150-250 °C Al(H2POs4)s
350 °C AIH2P3010, x H2O
500 °C Al(POs)s [B] +[A]
1000 °C Al(POs)s [A]

The presence of Al(POs)s [A] is beneficial for the development of binders because this
compound is stable and only melts at temperatures higher than 1200 °C. Several studies
have been performed on solutions with a P/Al molar ratio of 3 because they present a
similar P/Al ratio than the final AI(POs)s [A] phase [1-4,7-14]. Solutions with a P/Al ratio
lower than 3 produce binders composed of Al(POs)s but also AIPOs compounds [3,4].
However, these solutions are known to be quickly affected by precipitation (a white pre-
cipitate is observed at the bottom of the bottle after a few months of storage), thus hinder-
ing their uses in industrial applications. Solutions with a P/Al ratio higher than 3 contain
phosphoric acid in excess (not participating in the formation of the Al(POs3)s compounds)
and have not been widely studied. However, we showed, in a previous investigation, that
Al(POs)s [A] appears at lower temperature with a P/Al=3.5 solution, which can be consid-
ered as an advantage compared to the classic formulation [10]. We also showed that the
binders contain residual phosphoric acids (HsPOs, HsP207, or HPOs, denoted in the fol-
lowing as HPOn). This can be considered as a drawback compared to the classic formula-
tion. However, during heating, orthophosphoric acid (HsPOs) will progressively conden-
sate to HsP207, HPOs, and P20s to finally evolve from the materials at higher temperatures.
In all the previously mentioned studies, simple or complex thermal treatments were used
[1-14] but many papers only referred to the final curing temperature [1,4,11,12,14] with
no real consideration for the effect of the heating rate used to reach this temperature.
When the heating rate is mentioned [2,3,7-9,13], this parameter does not seem to be opti-
mised, although it can be considered a key parameter.

The X-ray diffraction (XRD) technique has been the technique of choice for the inves-
tigation of these systems [1-3,9,12,13]. However, the efficiency of solid-state magic angle
spinning nuclear magnetic resonance (MAS-NMR) spectroscopy has been clearly demon-
strated in recent papers [10,11,14]. Indeed, 3'P and Al NMR were able to confirm and
complete the data obtained by XRD. NMR is able to highlight the presence of insensitive-
XRD residual phosphoric acids and/or amorphous compounds through very narrow
and/or broad peaks in the 3P NMR spectra. In addition, a qualitative analysis of the ma-
terials can be quickly performed using the chemical shift values observed for the main
alumino-phosphate phases in previous studies (Table 2) [10,15,16]. Quantification can also
be quickly and efficiently achieved through the decomposition of the quantitative 3P
NMR spectra [10,11].

Table 2. 3'P and Al NMR chemical shift values of the Al205-P205-H20 compounds observed during
the thermal evolution of the P/Al=3 solution (from [10,15,16]).

6(1P) (ppm) 8(7Al) (ppm)
Al(POs)s [A] -50.8 -21.4
Al(POs)s [B] -36.5/-37.6/-43.3 -15
AIH:P301, x H20 -20.9/-22.9/-32.5 -13.2/-15.2
Al(H2PO4)3 -15.8 -16.5
Phosphoric Acids 0,-13 i

HPOn
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This work aims to complete the investigation of the alumino-phosphate solution ther-
mal evolution. In a first part, a new solution with a P/Al molar ratio of 3.2 will be prepared
and investigated for the first time. The binders obtained at 500 and 700 °C with this solu-
tion will be compared to the binders prepared with the widely used P/Al = 3 and the pre-
viously investigated (P/Al = 3.5 [10]) solutions. Therefore, the advantages/drawbacks of
moderate P excess will be compared to the advantages/drawbacks previously observed in
case of the P/Al = 3.5 solution. In a second part, different heating rates (0.2, 1, and 10
°C/min) will be applied to the widely used P/Al = 3 solution to prepare binders at 500 °C.
The comparison between the binders nature will allow concluding about the importance
of the heating rate parameter in the thermal treatments. In addition to standard XRD ex-
periments, 1D (and correlation) MAS-NMR will be used in this study to provide quick
and efficient qualitative and quantitative analysis of the prepared binders.

2. Experimental

Three alumino-phosphate solutions with P/Al molar ratio of 3, 3.2, and 3.5 were pre-
pared by introducing appropriate amounts of AI(OH)s in a mixture of 50 mL of 85% HsPOx
solutions and 50 mL of distilled water (Table 3). The mixtures were then stirred and re-
fluxed for 20-45 min before becoming completely clear [2,10]. The density of each solution
was determined using a 50 mL volumetric flask and is given with an error of +/- 0.005. The
solutions were stored at room temperature in glass bottles.

Table 3. Solution preparation parameters (mass of AI(OH)s, volumes of HsPOs and H20, concentra-
tion of P ([P])) and density (p). The error on the density is +/- 0.005.

P/Al mAIl(OH)s vol HsPO4 / H20 [P] p
(g (mL/ mL) (g.mol-) (g.cm™)
3 18.936 50/50 741 1.472
3.2 17.753 50 /50 7.41 1.463
3.5 16.458 50 /50 741 1.452

To investigate the thermal evolution of these solutions, 2-3 g of solution were placed
in a Pt-Au crucible and heat-treated under air in an electric muffle furnace (NABER-
THERM L3/12) following different protocols. In the first part of this study, the three solu-
tions (P/Al =3, 3.2, and 3.5) were heat-treated for 1 h at 500 or 700 °C using a heating rate
of 1 °C/min in order to determine the effect of the P/Al molar ratio on the binder’s nature.
In the second part of this study, the effect of the heating rate on the binder’s nature was
investigated with two sets of experiments performed at 500 °C on the solution with a P/Al
molar ratio of 3. In the first set, all the experiments ended with a 1 h dwell time at 500 °C.
The total treatment times were thus 41, 9, and 1 h and 48 min for the 0.2, 1, and 10 °C/min
heating rates, respectively. In the second set, all the experiments presented a similar total
duration (41 h) thanks to different dwell times (1 h, 33 h, and 40 h and 12 min for the 0.2,
1, and 10 °C/min heating rates, respectively). These two sets of experiments allowed to
distinguish between the kinetic effect (due to the different heating rates) and the total
thermal treatment time.

The resulting powders were analysed by XRD and solid state MAS-NMR. The XRD
experiments were performed on a Bruker D8 Advance diffractometer equipped with an
energy dispersion detector solX. The acquisitions were recorded between 10 and 80°, with
0.02° scan step and 1 s of step time. The 3'P and Al MAS-NMR experiments were per-
formed on a 9.4 T Bruker spectrometer equipped with a 4 mm probe operating at a spin-
ning frequency of 12.5 kHz. The Al MAS-NMR were acquired at 104 MHz with a radio-
frequency field (rf) of 50 kHz (determined on a liquid), a pulse length of 0.5 pis, 256 tran-
sients, and a recycle delay (rd) of 0.5 s. The 3P MAS-NMR experiments were obtained at
163 MHz with a 1f of 100 kHz, a pulse length of 1.6 ps, 16 transients, and a rd of 120 s. The
rd value was optimised on each sample to ensure quantitative measurements. The relative
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proportions between the different resonances of the 3'P MAS-NMR spectra were obtained
with the dmfit software [17]. The chemical shifts were referred to 0 ppm using AI(NOs)s
and HsPOs solutions. The 1D correlation dipolar ZAl(*'P) MAS-NMR Heteronuclear Mul-
tiple Quantum Coherence (D-HMQC [18-21]) experiment was used to produce a Al
NMR spectrum showing only aluminium species interacting with P atoms through very
short P/Al distance deriving from P-O-Al linkages. The experiment was performed with
nt/2-pulse of 9 and 5 ps on the Al and 3'P channels, a 500 us SR421 recoupling scheme,
and 10 k transients separated by a rd of 0.5 s.

3. Results

Data about the composition, P/Al molar ratio, P concentration ([P]), and density (p)
are reported for the three solutions in Table 3. All the solutions are stable at room temper-
ature (no precipitation was observed after several weeks of storage). As shown in Figure
1, the density values decrease when the P/Al ratio increases in agreement with the lower
amount of introduced Al(OH)s compound. The density values found in literature cannot
be compared because the investigated solutions present lower P/Al ratio and/or higher [P]
leading to much higher density values [3,13].

1 .49 T T T T

1.48 ]
G 1.47- } i
£
S
2 1.46 } -
Q.

1.45- } 8

1-44 T T T
2.8 3.0 3.2 3.4 3.6

P/Al molar ratio

Figure 1. Density versus the P/Al molar ratio of the three solutions.

The XRD results are gathered in Table 4. Three compounds were identified in the
XRD experiments (not shown here): cubic AI(POs)s [A], monoclinic AI(POs)s [B] [9], and
AIPOx (berlinite). No other phase was unambiguously identified.

Table 4. Phases identified on the XRD experiments. Final T: final temperature. Only the data ob-
tained on binders prepared with a dwell time of 1 h are reported here.

P/AJ; Final T; Heating Rate Major Compound Minor Compound

3,700 °C; 1 °C/min Al(POs)s[A] Al(POs)3[B]
3.2;700 °C; 1 °C/min Al(POs)s[A] -

3.5; 700 °C; 1 °C/min Al(POs)s[A] -

3,500 °C; 1 °C/min Al(POs)3[B] Al(POs)s[A]
3.2, 500 °C; 1 °C/min Al(POs)s[B] Al(POs)s[A]
3.5; 500 °C; 1 °C/min Al(POs)s[A] Al(POs)s[B]
3; 500 °C; 0.2 °C/min Al(POs)s[A] Al(POs)3[B]

Al(POs)3[A], AIPO: (ber-

3; 500 °C; 10 °C/min Al(POs)3[B] linite)
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The 3P and ¥ Al NMR spectra obtained on the three solutions treated at 700 °C (with
a1 °C/min heating rate) are reported in Figure 2. The Al NMR spectra present two signals
in the chemical shift range corresponding to six-coordinated aluminate species (around -
20 ppm) (Figure 2a). The three NMR experiments contain a high intensity peak centered
at -21.4 ppm accompanied in the P/Al=3 solution spectrum by a very low intensity peak
at —15 ppm. The 3'P NMR spectra show a high intensity peak at -50.8 ppm on the three
spectra (Figure 2b). Low intensity peaks are also observed in the 3P NMR spectra at -36.5,
-37.6, and —43.3 ppm in the P/Al=3 solution and at 0 and —13 ppm in case of the P/Al=3.2
and 3.5 solutions. The comparison between the chemical shift values observed in our
study (given with an error of +/- 0.1 ppm) and the data reported in Table 2 indicates that
the binders obtained at 700 °C are mostly composed of cubic aluminium metaphosphate
(AL(POs)s [A]). This phase is accompanied by low amounts of monoclinic aluminium met-
aphosphate when the binder is prepared with the P/Al=3 molar ratio solution. These re-
sults are in a good agreement with the XRD experiments (Table 4). The presence of resid-
ual phosphoric acids is also highlighted when the binders are prepared from a solution
with P/Al ratio higher than 3 on the 3P MAS-NMR spectra (narrow peaks around 0 and -

13 ppm).

(@) @700°C / 1°C.min-! -50.8 (b)
-21.4

P/AlI = 3.5

P/Al = 3.2
-15 P/AlI = 3.0

] ] ] ] 1 T T T T
40 20 0 -20 -40 0 -20 -40 -60
27Al chemical shift (ppm) 3P chemical shift (ppm)

Figure 2. 7Al (a) and 3'P (b) MAS-NMR spectra obtained at 700 °C on Al/P =3 (bottom), 3.2 (middle),
and 3.5 (top) solutions.

The NMR analysis obtained on the binders prepared at 500 °C (with a 1 °C/min heat-
ing rate) are reported in Figure 3. The Al NMR spectra present the two peaks already
observed in Figure 2a. However, while the —21.4 ppm peak is still the most important one
for the P/Al=3.5 solution, it becomes a low-intensity signal in the P/Al=3.2 and 3 spectra
that are dominated by the —15 ppm signal. The 3P NMR spectra also present identical
peaks to those in Figure 2b. The -50.8 ppm signal is the highest intensity one in the P/Al
= 3.5 spectra but not in the 3.2 and 3 spectra, for which the three peaks at -36.5, -37.6, and
—43.3 ppm dominate. It is also noteworthy that a narrow peak at 0 ppm and a broad peak
at —4.5 ppm are observed in the P/Al = 3.5 and 3.2 spectra, respectively. Based on the as-
signments reported in Table 2, our data show that the nature of the binders prepared at
500 °C is strongly related to the P/Al ratio. While the P/Al = 3.5 solution leads to a binder
mostly composed of Al(POs)s [A], the two other binders contain Al(POs)s [B] as a major
phase. As expected, residual phosphoric acid is found in the P/Al = 3.5 as free HsPOu. The
broad peak (at —4.5 ppm) observed in case of the P/Al = 3.2 solution indicates the presence
of phosphoric acid probably involved in hydrogen bonding.
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Figure 3. 7Al (a) and 3'P (b) MAS-NMR spectra obtained at 500 °C on Al/P =3 (bottom), 3.2 (middle),
and 3.5 (top) solutions.

The Al and 3'P NMR spectra obtained at 500 °C on the P/Al=3 solution at different
heating rates but with a constant dwell time of 1 h are presented in Figure 4. The two
peaks at -21.4 and —15 ppm are present in the three Al NMR spectra (Figure 4a).

P/Al =3 @500°C / 1h
0.2°C / min
1°C / min
JJQC /min 13 25

(b)

27AI chemlcal shift (ppm) 3P chemical shift (ppm)

Figure 4. Al (a) and *'P (b) MAS-NMR spectra obtained at 500 °C on the P/Al =3 solution with 10
°C (bottom), 1 °C (middle), and 0.2 °C (top)/min heating rate. The dwell time is similar for the three
experiments (1 h), leading to different total treatment times.

The -21.4 ppm signal dominates the 0.2 °C/min spectrum and the —15 ppm signal
dominates the 1 and 10 °C/min spectra. This latter also contains an asymmetric signal, not
observed in the previous samples, centered at 40 ppm, characteristic of four-coordinated
aluminate species. The nature of that latter signal was investigated with the correlation
1D Z7Al(*'P) D-HMQC experiment. The obtained spectra is compared to the 1D classic
spectrum (Figure 5a,b). The signal at 40 ppm (and the two others signals as well) is present
in both the 1D and the 1D D-HMQC spectra, indicating that the three aluminate species
belong to aluminophosphate compounds and do not originate to unreacted Al(OH)s. The
comparison with the literature data [22] allows the assignment of this peak to berlinite
AIPOs in line with the XRD experiments (Table 4).
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(@)
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Figure 5. 1D ZAI(*'P) D-HMQC (a) and Al (b) MAS-NMR spectra obtained at 500 °C on the P/Al =
3 solution with 10 °C/min.

The 3'P NMR spectra present the four peaks previously observed in Figures 2b and
3b. The signal at -50.8 ppm dominates the spectrum recorded on the binder prepared at
0.2 °C/min, whereas the peaks at -36.5, -37.6, and —43.3 ppm dominate the spectra ac-
quired on the binders prepared at 1 and 10 °C/min. The latter spectrum also contains
broad peaks around -1 and -13 ppm as well as a narrow peak centered at -25.0 ppm in
line with the presence of berlinite AIPOs compound (Table 2) [22]. Our results show that
the heating rate strongly modifies the nature of the binders obtained at 500 °C. The pres-
ence of Al(POs)s [A] is promoted by a low heating rate (0.2 °C/min), whereas 1 or 10 °C/min
heating rates do not significantly change the Al(POs)s [B] / [A] ratio. However, a clear
difference can be observed between these two heating rates with the presence of alumin-
ium orthophosphate and residual phosphoric acids in case of the 10 °C/min protocol. The
2’Al and 3'P NMR spectra obtained at 500 °C on the P/Al = 3 solution with different heating
rates but with a constant total treatment time of 41 h are presented in Figure 6. The Al
MAS-NMR spectra present the three already mentioned peaks showing the presence of
Al(POs)s [A], AI(POs)s, [B] and AIPOs (Figure 6a). Here again, the slow heating (0.2°/min)
produces the binder with the maximum amount of stable Al(POs)s [A], indicating that
heating rate is a key parameter of the thermal treatment. This conclusion is supported by
the 3P MAS-NMR spectra where the signal corresponding to Al(POs)s [A] presents the
maximum intensity for the slow heating (Figure 6b).

—

a) P/AI =3 @500°C / total time : 41 h (0)

0.2°C / min

1°C / min A

°C / min

%

40 20 0 -
27A| chemical shift (ppm) 31p chem|ca| shlft (ppm)

Figure 6. 77Al (a) and *'P (b) MAS-NMR spectra obtained at 500 °C on the P/Al =3 solution with 10
°C/ (bottom), 1 °C (middle), and 0.2 °C (top)/min heating rate. The dwell times are different and lead
to a similar total treatment time of 41 h for the three samples.
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4, Discussion
4.1. Effect of The P/Al Molar Ratio

In many applications, the formation of inorganic phosphate binders is achieved
through the thermal treatment of the P/Al=3 solution. This P/Al=3 formulation is widely
used [1-4,7-14] because it presents an identical P/Al ratio to that of the final binder com-
ponent (cubic aluminium metaphosphate, Al(POs)s [A]). This ensures that no ‘free” HsPOx
will be released during the thermal evolution. Indeed, HsPOs release can be considered
detrimental especially for the industrial devices used to treat the solution, and it can also
interfere with other chemical compounds in the case of complex formulations. However,
the solution with P/Al =3.5 has shown a strong advantage related to the much lower cur-
ing temperature required to form the stable and final Al(POs)s [A] phase [10]. The first
objective of this study was thus to determine if an intermediate formulation (P/Al = 3.2)
will also present the same advantage of lower curing temperature combined to a lower
amount of ‘free” HsPOs. The molar composition of the binders obtained at 700 and 500 °C
from the three solutions have been derived from the 3P MAS-NMR spectra decomposition
(Table 5) and are reported in Figure 7 (only compounds with relative proportion higher
than 1% were taken into account).

3.5;700°C
3.2;700°C
3,;700°C

[ 1AI(PO3)3[A]
EZ A(PO3)3 [B]
R HPOp,
B AIPO,

3.5:500°C AR
3.2:500°C| AN
3;500°C| &

WAE Sm#

3;0.2°C/min {85

3:1°C/min|_ 2 -
3:10°C/min| 2 R R
0 20 40 60 80 100

Binders comp. / mol%

Figure 7. Binders compositions in mol% derived from the 3P MAS-NMR spectra decompositions.
Only compounds with relative proportion higher than 1% were taken into account, and only binders
prepared with a dwell time of 1 h are reported. Errors on the mol% are estimated to +/- 3%.

Table 5. Percentage of P signals deduced from the 3P NMR spectra decompositions. Final T: final
temperature. The errors on the quantification are +/~ 1%. Only the data obtained on binders pre-
pared with a dwell time of 1 h are reported here.

% of total P (+/- 1) involved in
P/AJ; Final T; Heating Rate Al(POs)s [A] Al(POs)s [B] HPOn AIPO:

3;700 °C; 1 °C/min 94 6 - -
3.2; 700 °C; 1 °C/min 99 - 1 -
3.5; 700 °C; 1 °C/min 98 - 2 -
3; 500 °C; 1 °C/min 6 94 - -
3.2; 500 °C; 1 °C/min 4 71 25

3.5; 500 °C; 1 °C/min 77 11 12 -
3; 500 °C; 0.2 °C/min 84 10 3 3

3,500 °C; 10 °C/min 9 66 19 6
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At 700 °C (Figure 7 top), there is not much difference between the three binders. All
the three binders are mostly composed of the Al(POs)s [A] compounds. As previously re-
ported [10], P in excess in the P/Al = 3.2 and 3.5 solutions allows for a complete transfor-
mation of the monoclinic to the cubic aluminium metaphosphate. The P/Al = 3.2 solution,
presenting a lower amount of residual phosphoric acids, thus appears as the best formu-
lation to prepare binders at high temperature. At 500 °C (Figure 7, middle), the nature of
the binders is clearly different depending on the P/Al molar ratio of the heat-treated solu-
tion. The widely used P/Al =3 solution produces a binder mostly composed of monoclinic
Al(POs)s [B] (94%). As previously reported [10], the P/Al = 3.5 solution allows for the ap-
pearance of AI(POs)s [A] at lower temperature, leading to a binder containing 62% of cubic
Al(POs)s but also large amounts (29%) of residual phosphoric acids. Surprisingly, the in-
termediate composition (P/Al molar ratio = 3.2) combines the presence of the monoclinic
aluminium metaphosphate as a major phase (and thus the absence of cubic Al(POs)s) and
the presence of residual phosphoric acids in high proportion (50%). The corresponding
broad peak on the 3'P MAS-NMR spectrum suggests that the residual HPOn is linked
through hydrogen bonding, which could explain why it does not evolve from the material
at 500 °C (Figure 3b). Our study shows that the P/Al = 3.2 formulation should be preferred
in applications involving high-temperature treatments. However, this solution is not suit-
able for low temperature applications in which better results are obtained with the P/Al =
3.5 solution.

4.2. Effect of The Heating Rate.

In numerous papers devoted to the alumino-phosphate solution chemistry, the ther-
mal treatment is only defined with the final curing temperature with no real information
about the heating rate [1,4,11,12,14]. However, our results obtained on the P/Al = 3 solu-
tion treated 1 h at 500 °C with different heating rates clearly show that this parameter has
a strong impact on the binder nature (Figure 7, bottom). As previously indicated, the
binder obtained with a heating rate of 1 °C/min was composed of 6% of cubic and 94% of
monoclinic aluminium metaphosphate. A much lower heating rate (0.2°/min) allowed for
a better evolution from the monoclinic to the cubic AI(POs)s compound. The binder ap-
pears thus to be composed of more than 85% of Al(POs)s [A] compounds. Surprisingly,
the two Al(POs)s compounds are accompanied by residual HPOn and AIPOs in low pro-
portions (3%). This indicates that the mixed alumino-phosphate species react to create free
phosphate moieties (leading to HPOn) and lower P/Al ratio units (leading to AIPOs com-
pound). This behaviour also occurs in case of a high heating rate (10°/min) but on a much
more important scale, with almost 40% of the binder being composed of HPOn. Moreover,
the cubic aluminium metaphosphate is not dominant compared to the monoclinic com-
pound. Fast heating does not promote the formation of stable binder and should thus be
replaced by slow heating protocol. Of course, the heating rate has a direct impact on the
global treatment time, with slow heating producing longer treatment times. However, the
results reported in Figure 6, where the total treatment times are similar (41 h), clearly show
that the heating rate is a key parameter. The binders prepared with the slow heating con-
tain the maximum amount of stable cubic aluminium metaphosphate. Therefore, we do
believe that slow heating should be preferred to ensure the formation of stable binders at
low temperatures.

5. Conclusion

A new alumino-phosphate solution with a molar P/Al ratio of 3.2 was prepared, and
its efficiency in preparing stable binders at 500 and 700 °C (using a heating rate of 1
°C/min) was tested. Our results confirm that P in excess (P/Al > 3) decreases the appear-
ance temperature of the stable cubic aluminium metaphosphate Al(POs)s[A]. Compared
to the P/Al =3.5 solution, the P/Al = 3.2 solution presents an advantage in the preparation
of the binder at 700 °C, because of the lower amount of “free’” HPOn. However, no ad-
vantage was observed for preparing binders at 500 °C. The effect of heating rates was
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tested on the widely used P/Al = 3 solution to prepare binders at 500 °C. It turns out that
the proportion of Al(POs)s [A] is higher when the solution is treated with slow heating.
We believe that this parameter is critical in the description of the thermal treatment of the
solution and should be systematically mentioned in the respective protocols.

Author Contributions: Conceptualization, G.T. and H.H.; methodology, G.T., HH., A.B., C.P., LEF,;
investigation, G.T.,, HH., AB., C.P,, LF,; data curation, G.T., A.B., C.P., LF.; writing original draft
preparation, G.T., A.B., C.P.,, LF.; writing-review and editing, G.T.; supervisions, G.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable for this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Vippola, M.; Kerénen, J.; Zou, X.; Hovmoller, S.; Lepistd, T.; Méantyld, T. Structural characterization of aluminum phosphate
binder. |. Am. Ceram. Soc. 2000, 83, 1834-1836. doi.org/10.1111/j.1151-2916.2000.tb01477 x.

2. Vippola, M.; Vuorinen, J.; Vuoristo, P.; Lepisto, T.; Méantyld, T. Thermal analysis of plasma sprayed oxide coatings sealed with
aluminium phosphate. J. Eur. Ceram. Soc. 2002, 22, 1937-1946. https://doi.org/10.1016/50955-2219(01)00522-2.

3. Chen, D.; He, L.; Shang, S. Study on aluminum phosphate binder and related Al2Os-SiC ceramic coating. Mater. Sci. Eng. A.
2003, 348, 29-35. doi.org/10.1016/50921-5093(02)00643-3.

4. Wang, M,; Zhang, J.; Tong, W.; Zhou, Q.; Li, Z., Effect of AL'P ratio on bonding performance of high-temperature resistant
aluminum phosphate adhesive. Int. J. Adhes. Adhes. 2020, 100, 102627. doi.org/10.1016/j.ijadhadh.2020.102627.

5. Ernst, A. Tomic, Phosphate cement and mortar. U.S. Patent 4,394,174A, 1982.

6. Balhadere, A.; Thebault, J.; Bernard, B. Method of protecting a part made of a carbon containing composite material against
oxidation. U.S. Patent 5,853,821, 1998.

7. Tricot, G; Nicolaus, N.; Diss, P.; Montagne, L. Inhibition of the catalytic oxidation of carbon/carbon composite materials by an
aluminophosphate coating. Carbon 2012, 50, 3440-3445. doi.org/10.1016/j.carbon.2012.03.007.

8. Joly, A,; Brun, P.; Lacombe, J.; Tricot, G.; Denoirjean, A. Structural characterization of an electrically insulating diffusion barrier
on a plasma-sprayed ceramic for severe environment applications. Surf. Coat. Technol. 2013, 220, 204-208. doi.org/10.1016/j.surf-
coat.2012.12.020.

9. D'Yvoire, F. Sur les polyphosphates a longues chaines et les metaphosphates d'aluminium et de fer trivalent. C. R. Seances Acad.
Sci. 1960, 251, 2182-2184.

10. Tricot, G.; Coillot, D.; Creton, E.; Montagne, L. New insights into the thermal evolution of aluminophosphate solutions: A com-
plementary XRD and solid state NMR study. . Eur. Ceram. Soc. 2008, 28, 1135-1141. doi.org/10.1016/j.jeurceramsoc.2007.09.046.

11. Hahn, D.; Masoudi Alavi, A.; Hopp, V.; Quirmbach, P. Phase development of phosphate-bonded Al203-MgA2Os high-temper-
ature ceramics: XRD and solid-state NMR investigations. J. Am. Ceram. Soc. 2021, 104, 6625-6642.doi.org/10.1111/jace.18022.

12. Li, Y., Chen, G; Zhu, S.; Li, H;; Ma, Z; Liu, Y.; Liu, L. Preparation of an aluminium phosphate binder and its influence on the
bonding strength of coating. Bull. Mater. Sci. 2019, 42, 200. doi.org/10.1007/s12034-019-1912-3.

13. Hong, L.-Y.; Han, H.-J.; Ha, H.; Lee, J.-Y.; Kim, D.-P. Development of Cr-free aluminum phosphate binders and their composite
applications. Compos. Sci. Technol. 2007, 67, 1195-1201. doi.org/10.1016/j.compscitech.2006.05.025.

14. Bemmer, V.; Bowker, M.; Carter, ].H.; Davies, P.R.; Edwards, L.E.; Harris, K.D.M.; Hughes, C.E.; Robinson, F.; Morgan, D.J.;
Thomas, M.G. Rationalization of the X-ray photoelectron spectroscopy of aluminium phosphates synthesized from different
precursors. RSC Adv. 2020, 10, 8444-8452. doi.org/10.1039/c9ra08738a.

15. Tricot, G.; Delevoye, L.; Palavit, G.; Montagne, L. Phase identification and quantification in a devitrified glass using homo-and
heteronuclear solid-state NMR. Chem. Commun. 2005, 42, 5289-5291. doi.org/10.1039/b511207a.

16. Duncan, T.M.; Douglas, D.C. On the 31P chemical shift anisotropy in condensed phosphates. Chem. Phys. 1984, 87, 339-349.
doi.org/10.1016/0301-0104(84)85115-0.

17. Massiot, D.; Fayon, F.; Capron, M.; King, I; Le Calvé, S.; Alonso, B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, G. Modelling
one- and two-dimensional solid-state NMR spectra. Magn. Reson. Chem. 2002, 40, 70-76. doi.org/10.1002/mrc.984.

18. Lesage, A.; Sakellariou, D.; Steuernagel, S.; Emsley, L. Carbon-Proton Chemical Shift Correlation in Solid-State NMR by
Through-Bond Multiple-Quantum Spectroscopy. J. Am. Chem. Soc. 1998, 120, 13194-13201. doi.org/10.1021/ja983048+.

19. Trebosc, J.; Hu, B.; Amoureux, J.P.; Gan, Z. Through-space R3-HETCOR experiments between spin-1/2 and half-integer quad-

rupolar nuclei in solid-state NMR. J. Magn. Reson. 2007, 186, 220-227. doi.org/10.1016/j.jmr.2007.02.015.



Materials 2022, 15, 2337 11 of 11

20. Tricot, G.; Trébosc, J.; Pourpoint, F.; Gauvin, R.; Delevoye, L. The D-HMQC MAS-NMR Technique: An Efficient Tool for the
Editing of Through-Space Correlation Spectra Between Quadrupolar and Spin-1/2 (3'P, #Si, 'H, 13C) Nuclei. Annu. Rep. NMR
Spectrosc. 2014, 81, 145-184. doi.org/10.1016/B978-0-12-800185-1.00004-8.

21. Tricot, G. Mixed Network Phosphate Glasses: Seeing Beyond the 1D P MAS-NMR Spectra With 2D X/*'P NMR Correlation
Maps. Annu. Rep. NMR Spectrosc. 2019, 96, 35-75. doi.org/10.1016/bs.arnmr.2018.08.003.

22. Miiller, D.; Jahn, E.; Ladwig, G.; Haubenreisser, U. High-resolution solid-state ¥ Al and 3'P NMR: Correlation between chemical
shift and mean Al-O-P angle in AIPO4 polymorphs. Chem. Phys. Lett. 1984, 109, 332-336. doi.org/10.1016/0009-2614(84)85596-7.



