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Abstract

Materials such as ceramic matrix composites are developed for mechanical applications at
high temperature, but their cost remains a limitation. Consequently, the use of acid-based
geopolymer matrices may be an alternative to reduce costs.

In this study, the sample was prepared from metakaolin and phosphoric acid. FTIR and NMR
spectroscopies, XRD and thermal measurements were used to understand the structural
evolution of acid-based geopolymers (binders) during consolidation and after thermal
treatments.

According to the results, the consolidation of the binder has been divided into four steps: the
dissolution of the metakaolin, the polycondensation reactions forming AIPO, entities and

hydrated phases, the breakdown of Si-O-Al bonds with formation of various hydrated silica
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networks and finally the completion of the networks. After a thermal treatment at 1000°C, the

binder is constituted of AIPO, phases, quartz and vitreous silica.

1. Introduction

Ceramics are regularly used in high-temperature applications due to their thermal stability. In
the aeronautical industry, components are submitted to high thermomechanical constraints
[1]. For those applications, ceramic matrix composites are used to increase the tenacity of
those ceramics [2]. But those composites (being oxide or non-oxide ceramics [3]) tend to be
expensive [3,4] thus geopolymer matrices can be used as a cost-effective solution. However,
after thermal treatments, traditional alkali-based geopolymers cannot be used due to the
presence of residual alkali cations responsible for the formation of viscous flow and fibers
deterioration [5]. Consequently, in order to avoid these problems, acid-based geopolymers
appear to be a promising alternative.

Several studies were carried out on acid-based geopolymers with various aluminosilicate
sources, different Si/Al ratios and various Al/P ratios [6, 7, ®]. Optimal mechanical properties
were obtained for an Al/P ratio close to 1 [9] and a H3PO, concentration of 10 mol.L™ [10].
According to some authors [11,12], the consolidated geopolymer is constituted of a
tridimensional [Si-O-P-O-Al] network whereas others suggested [7,10] that it is composed of
[Si-O-P-0O-Si] and AIPO,4 networks.

Temperature-dependant studies demonstrated the formation, starting from 250°C, of AIPO,4
polymorphs, crystalline SiO, and phosphosilicates in the case of high Si/P ratios [12, 13].
Moreover, acid-based geopolymers show good mechanical and thermal properties due to the
formation of refractory phases such as AIPO, (observed in all studies) when increasing
temperature. It is thus essential to understand the temperature-dependant structural evolutions

of those samples.



This AIPO, compound, comprised of PO,* and AlO,” tetrahedrons, can be synthetized by the
heat treatment of hydrated aluminophosphate sources extracted from natural materials such as
variscite (AIPO4.2H,0) [14] or from synthetic materials such as AIPO4-H5 usually obtained
by sol-gel route [15]. It is also a refractory phase isostructural with silica with many
polymorphs, the most common ones being berlinite (hexagonal), cristobalite (triclinic,
hexagonal) and tridymite (orthorhombic, cubic) [16]. Those main polymorphs can be
differentiated by X-Ray Diffraction (XRD) [17,18,19], Fourier-Transform Infrared (FTIR)
[20, 21, 22] and Nuclear Magnetic Resonance (NMR) [23, 24, 25] spectroscopies. Finally,
AIPO, also exists in various hydrated AlIPO4.xH,O phases which can be characterized by
XRD [26, 27] and FTIR spectroscopy [22, 27] as well.

In acid-based geopolymers, the initial reactive mixture is composed of aluminum, silicon and
phosphorous sources. To understand the various phases that could crystallize in temperature,
the following section presents the different phases that form in glasses constituted of Al,Os;-
Si0,-P,0s oxides. First, in the binary SiO,-Al,03, AlO,> tetrahedrons are present in the silica
network and form the mullite phase at high temperature. Then, in the binary SiO,-P,0s, the
silica and phosphate networks develop separately except for high silica concentrations leading
to the formation of structures such as SiP,0s [28] that were characterized by FTIR [29, 30]
and NMR [31] spectroscopies. In the binary P,Os-Al,O3, the addition of Al,O3 depolymerizes
the phosphate glass, breaking the P-O-P bonds in favor of the more stable P-O-Al bonds. For

low aluminum concentrations, the presence of Al"!

is observed such as in AI(PO3)3, whereas
Al" is favored for higher concentrations as in AIPO, [32]. Finally, in the ternary SiO,-Al,0s-
P,0s, the Al-O-P bonds are formed preferentially due to their higher stability leading to the
formation of AIPO, and silica-rich zones in the material.

Our research focuses on the understanding of the geopolymer formation from metakaolin and

diluted phosphoric acid as well as of its structural evolution with increasing temperature.



Those evolutions were characterized by FTIR and 2’Al, °Si and *'P NMR spectroscopies to
study the formation of the various networks within the material. Moreover, XRD and thermal
analyses were performed to determine the phases formed during the consolidation and after

heat treatment.

2. Materials and methods

2.1. Raw materials and sample preparation

The samples were elaborated from the 85 wt%-phosphoric acid produced by VWR and the
metakaolin M3 with a Si/Al molar ratio equal to 1 produced by Imerys and studied by
Gharzouni et al. [33]. First, the phosphoric acid was diluted in distilled water to a
concentration of 8.9 mol.L™" and then was mixed with the metakaolin with a P/Al molar ratio
equal to 1. The resulting liquid mixture was then cured in a sealed container at room
temperature for 21 days until consolidation. The sample was then heat-treated at various
temperatures after being grounded in a planetary mill for 40 min at 400 rpm. Low temperature
heat treatments (up to 200°C), were carried out for 30 min in a temperature-controlled
electronic scale. For higher temperatures, the samples were heat treated in a furnace with a

5°C.min™ slope and a 2 h dwelling time.

2.2. Sample characterization

The FTIR spectra of the samples were recorded on a ThermoFicher Scientific Nicolet 380. It
was used in ATR mode for characterizing the raw materials and the samples during
consolidation. Consolidated and heat-treated binders, mixed in KBr pellets, were measured in
transmittance mode. For both modes, the measurements were recorded between 500 and 4000
cm™ with 64 scans and a 4 cm™ resolution. The data were analyzed on the OMNIC software

provided by Nicolet Instrument.



The XRD patterns were recorded with a Bruker D8 Advance diffractometer using CuK,
radiation. The acquisitions were carried out with a 20-angle varying from 5 to 60° with a step
size of 0.02° and an equivalent time per step of 50 s. Analyzing the XRD patterns was
performed using the powder diffraction file (PDF) database of the International Center for
Diffraction Data to determine the various crystalline phases present in the samples. The
deconvolution of the amorphous domes in the consolidating binder was conducted using the
Peakoc software [34]. The refinement was done between 5 and 60° using a VVoigt function that
takes into account the CuKa; and CuKa, wavelengths. Furthermore, the continuous
background was fitted with a 2™ order polynomial.

The thermal analyses were performed on an SDT Q600 apparatus from TA Instruments. The
heat treatment was realized in platinum crucibles under a flow of dry air (100mL.min™) with a
5°C.min"* slope up to 1100 °C.

High resolution MAS-NMR analyses were done at room temperature on a Bruker AVANCE-
400 spectrometer. 120 scans were carried out in which 10 s intervals between successive
accumulations were necessary to minimize saturation effects. Thus, after a 7/2 excitation, *'P,
Al and #Si MAS NMR spectra were recorded at 161.98, 104.26 and 79.49 MHz
respectively. The chemical shift values for these elements are given relatively to the external
85% H3PO, and AICI; aqueous solutions, and (CHj3)4Si. Deconvolutions were then done with
Dmfit and the different spectra were fitted with CSA, quad 1% and Gaussian/Lorentzian
models for 3P, 2’Al and 2°Si, respectively. In the end, the reliability factors of the spectral
simulations are within 2% of the observed spectra, and chemical shifts and intensities have

respective estimated errors of 0.2 ppm and 5% [33].



3. Results and discussion

3.1. Structural evolution during consolidation

a) FTIR study

In order to study the structural evolution of the binder during consolidation, the reactive
mixture was characterized by FTIR ATR spectroscopy (Figure 1). Spectra of the metakaolin
and the phosphoric acid were added for an easier determination of the various contributions.
The metakaolin spectrum presents a broad band at 1055 cm™ attributed to the asymmetric
stretching (vgs) of Si-O-Si bonds. Those Si-O-Si bonds can be linked to the vibrations of the
Q*, Q* and Q? entities referring to the G. Engelhardt NMR notation: Q", n being the number
of bridging oxygens [35]. The band at 790 cm™ is assigned to the bending (8) of Si-O-Si [36].
The spectrum of phosphoric acid displays bands between 3600 and 3200 cm™ due to the OH
stretching of water, SiO-H and PO-H, and at 1630 cm™ attributed to the OH bending of water.
The bands at 1250, 1150, 990 and 880 cm™ represent the 8 P-OH, v, P-O, vs P-O and vs P-OH
bonds respectively [37]. Consequently, the bands at 970 and 870 cm™ observed in the initial
reactive mixture, can be attributed to the phosphate groups (vs P-O (Q°), vs P-OH) whereas the

band at 775 cm™ is linked to the & Si-O-Si bonds.

v OH

Absorbance (%)

4000 3600 3200 2800 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 1: FTIR spectra of the metakaolin (a), the initial reactive mixture (b) and the diluted
phosphoric acid (c).



The sample evolution during consolidation was followed by FTIR ATR spectroscopy at
various time of consolidation (0, 1, 3, 7, 14 and 20 days) in Figure 2.

The evolution of the hydroxyl groups is presented in Figures 2A and 2B. The initial mixture
shows bands at 3553, 3355, 3230, 3154 (clearly visible at day 7) and 2840 cm™ that can be
assigned respectively to the following contributions: (i) the v OH of water molecules for the
three first bands, (ii) the hydroxyl vibration of SiO-H [38] and (iii) the v OH of the phosphoric
acid’s PO-H [37] (Figure 2A). The evolutions of the intensity of these contributions during
consolidation are presented in Figure 2B. In any case, they increase during the first eleven
days and then remain constant indicating the presence of hydrated phases from day eleven.
The 1800 to 600 cm™ zone of the spectra are presented in Figure 2A° and 2B’. During the
initial stage, the bands measured at 1060 and 800 cm™ are related to the metakaolin (v Si-O-
Si and & Si-O-Si) [36] (Figure 2A’). The bands at 970 and 870 cm™ are typical of the
phosphoric acid (vs P-O, vs P-OH) [37]. Between day one and day seven, the intensity of the
band at 1050-1100 cm™, assigned to the vs P-O bond from pyrophosphate entities (Q%),
increases while the band at 970 cm™, attributed to vs P-O bond from orthophosphate entities
(Q), decreases [39]. The intensity of the band at 775 cm™ associated to the & Si-O-Si bond
remains constant. For longer consolidation times, these tendencies remain the same.
Moreover, during consolidation, the band vas P-O-P (900 cm™) appears and the band vs P-OH

(880 cm™) disappears [38].
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Figure 2: FTIR spectra of the sample measured between (A) 4000-2000 cm™ and (A”) 1800-
600 cm™at 0 (a), 1(b), 3(c), 7(d), 14(e) and 20 days (f) of consolidation. (B) evolution of the
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intensity of v M-OH (M=H, Si and P). (B’) evolution o as a function

of the consolidation time.

In order to study the evolution of those two bands, the evolution of the relative intensity

IvasP—0-P
1v,sP—OH

as a function of the consolidation time is presented in Figure 2B’. This relative
intensity increases rapidly up to day eleven and reaches a plateau indicating that the P-OH
entities polycondensate into P-O-P bonds. Consequently, during consolidation,
orthophosphates entities polycondensate to form more polymerized units (Q') and hydrated

phases.



The polymerized networks formed during consolidation are thus principally constituted of
phosphate groups. However, those assignments remain complex due to the presence of silicate
species in the same region. Nevertheless, silica-based networks exist in this material.

b) XRD data

To study the evolution of the various networks present in the binder, diffractograms measured
at different times of consolidation and the XRD pattern of metakaolin are presented in Figure
3. The latter presents a broad dome centered at 24°, characteristic of its amorphous part and
some peaks attributed to crystalline anatase (JCPDS: 01-071-1166) and quartz (JCPDS: 00-

046-1045) [40].
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Figure 3: diffractograms of the metakaolin (a), of the binder at days 1(b), 2(c), 8(d) and 9(e)
of consolidation and of the consolidated geopolymer (f). In this figure are flagged the
positions of anatase (A: 01-071-1166), quartz (Q: 00-046-1045) and of the contributions
assigned to hydrated silica (SOH), silica (S) and geopolymer (G) networks.

Whatever the consolidation time, the binder’s XRD pattern displays a broad dome at a slightly
higher angle of diffraction, typical of amorphous material and the crystalline impurities
identified in the metakaolin. However, during consolidation, some minor differences suggest
the existence of several contributions. In order to get some more precise information,

deconvolutions of the XRD patterns were carried out and the resulting data are gathered in



Table 1. In these calculations, the position of the peak at 21.90°, attributed to pure silica

network, was fixed and all the others parameters were refined.

Table 1: deconvolution of the XRD patterns of the binder at various time of consolidation.

* fixed parameter

Identified peaks

Time Peak 1 (SOH) _ Peak 2 (S) _ Peak 3 (G) _
(days) | Position (°) I'f]‘:fr‘gl‘g Position (%) Eiﬁgl‘g Position (°) Ei’a";‘fs'l‘{;

+-0.01 ) * o0 +-0.01 =6)

1 21.90 27.6 26.49 100

2 21.90 26.7 26.60 100

3 21.90 17.6 26.69 100

4 21.90 11.7 26.62 100

S 6.92 15.8 21.90 105 26.47 100

6 8.48 13.7 21.90 8.8 26.59 100

/ 8.60 13.9 21.90 7.8 26.67 100

8 1017 6.2 21.90 7.4 26.56 100

9 10.16 7.4 21.90 6.5 26.72 100

11 9.10 6.4 21.90 45 26.86 100

12 8.06 213 21.90 35 26.81 100

13 8.34 205 21.90 33 26.79 100

18 8.85 11.7 21.90 33 27.01 100

> 21 days 6.48 35.1 21.90 3.4 26.99 100

During the first day of consolidation, the broad dome is constituted of two contributions at
21.90° and 26.49° with relative intensities of 27.6% and 100% respectively. The diffraction
line centered at 21.90°, thereafter called S, can be assigned to an amorphous silica network

[41] or to an aluminophosphate network [27]. The peak at 26.49°, thereafter called G, which
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position is quite constant during geopolymerization, is in agreement with a previous study [6].
It can be attributed to the formation of an amorphous geopolymer network constituted of
hydrated aluminophosphates as mentioned by Boonchom and Kongtaweelert [26].

Between day one and day four, the relative intensity of S decreases. At day five, a new
diffraction peak appears at around 6.92°, thereafter called SOH, with a relative intensity of
15.8 % and could be attributed to hydrated silica network [42,43]. Between day five and day
seven, the relative intensities of SOH and S decrease showing some reorganizations in the
associated networks. At day eight, the position of SOH shifts from 8.60° to 10.17° and its
relative intensity decreases sharply. That can be linked to a change in hydrated silica.
Between day eight and day eleven, the relative intensity of SOH remains constant whereas S’s
decreases. At day twelve, the position of SOH shifts back to 8.06° and its relative intensity
increases strongly. At longer times of consolidation the relative intensities of the S and G
contributions remain constant.

In conclusion, this study showed the presence of different types of amorphous networks
attributed to hydrated silica, vitreous silica or aluminophosphate and to a geopolymer-like

network.

3.2. NMR study at room and high temperature

In order to determine the structural entities, MAS NMR analyses were carried out on the
consolidated material after 21 days at room temperature and on a sample heat treated at
1000°C. The *'P, #°Si and ?’Al MAS NMR spectra are presented in Figure 4 and the
associated deconvolution results are given in Table 2. The assignments of the contributions
were not trivial and are based on NMR studies on aluminophosphate and aluminosilicate

materials, detailed later for each study. The following notation will be used in the *'P study:
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Q*(yAl) with x the number of phosphorous atoms and y the number of aluminum atoms

bonded to a central phosphorous. The same kind of notation will be used in the %Si study.

a b Al of Al-O-P : Q'(0Al) of quartz
QUAD 1 Sl acid
\ Al" of AI-O-P Q'(2Al) J
aean| £ \
_— f.’.// o o e <~ :-—-7‘?“"-"
20 10 0 -0 -20 -30 -40 -50 50 40 30 20 10 O -10 -20 -30 -40 -50 70 -80 -90 -100 -110 -120 -130 -140 -150
Shift (ppm) Shift (ppm) Shift (ppm)
a’ 4"\|F’0;m':’04 b’ A" of AI-O-P c’ Free vitreous silica
-P=0in Q’ of quartz
|| § vitreous SiO,
- ; ot S \_ mmmmine il A
20 10 0 10 -20 -30 -40 -50 50 40 30 20 10 O -10 -20 -30 -40 -50 70 -80 -90 -100 -110 -120 -130 -140 -150
Shift (ppm) Shift (ppm) Shift (ppm

Figure 4: MAS NMR spectra with their fitting curves for *'P (RT: a, 1000°C: a), >’ Al (RT: b,
1000°C: b’) and ?°Si (RT: ¢, 1000°C: ¢”).

In the consolidated geopolymer measured at room temperature, the 3P spectrum presents
three contributions (with relative intensities) at -0.5 (4.0%), -7.2 (16.0%) and -15.7 ppm
(80.0%) attributed to Q°, Q°(1Al) and Q*(2Al) respectively [44,45]. The main contribution
(80.0 %) is characteristic of an aluminophosphate network. The 2’Al spectrum displays also
two contributions at -12.8 (58.3%) and -22.0 ppm (41.7%) that can be assigned to the AlV'in
the AI-O-P bond [46, 47]. Those contributions result from the transformation of the
metakaolin (containing AI'', AlY and AI'Y). Concerning ?°Si, its spectrum presents several
contributions at -89.9 (3.2%), -93.5 (5.2%), -101.6 (41.3%), -105.5 (8.8%) and -111.2 ppm
(41.6%) assigned to the Q*(34l), Q*(24l), Q*(1Al) and Q*(0Al) of quartz [11, 48] and
silicic acid for the last one [49]. These results confirmed the previous XRD and FTIR studies
with the observation of two coexisting networks, one being of aluminophosphate and the

other of aluminosilicate.
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Table 2: deconvolution of MAS NMR 3P, °Si and ?’Al data measured on the binder at
room temperature and after a thermal treatment at 1000°C.

Chemical shift FWHM
Assignment (Ppm) (Ppm) Percentage (%0)
+/- 0.2 ppm +/- 5%

Q° 0.5 45 4.0
3p Q°(1Al) -7.2 8.0 16.0
Q'(2Al) -15.7 11.5 80.0
AlY! of Al-O-P -12.8 10.0 58.3

27A|
AlY! of Al-O-P -22.0 16.0 41.7

25°C
Qi -89.9 5.0 3.2
Qi 935 6.0 5.2
si Q%4 -101.6 7.5 413
Qi u -105.5 6.0 8.8
Silicic acid -111.2 7.6 41.6
AlPO, of 28.1 3.0 375
phosphotridymite
) _ -30.6 35 53.7
P phosphocristobalite
"P=0in vitreous 37.6 10.0 8.8
1000°C silica

ZAl Al of Al(PO), 39.0 4.4 100
Q* of quartz -104.2 2.5 1.8
29Gj Free vitreous silica -113.6 9.5 97.0
Si-O-P with Si'V -123.7 2.5 1.1

13



The sample treated at 1000°C presents a *'P signal fitted with three contributions at -28.1
(37.5%), - 30.6 (53.7%) and -37.6 ppm (8.8%), the first two being attributed to an AIPO,
phase [24, 25] and the last one to —P=0 bonds linked to vitreous silica [50]. The %Al
spectrum also shows a well defined contribution at 39.0 ppm that can be assigned to the Al'Y
in the AIPO, phase [23]. The #Si spectrum presents a broad band with three contributions at -
104.2 (1.8%), -113.6 (97.0%) and -123.7 ppm (1.1%), respectively attributed to quartz, free
vitreous silica [51, 52] and Si-O-P bonds [53]. After thermal treatment, the binder is
constituted of AIPO, entities and a silica network constituted of quartz and vitreous silica
which can be disordered by the inclusion of phosphate ions.

All these data underline that the reaction between metakaolin and phosphoric acid at room
temperature leads to the formation of different networks that transform in crystalline AIPO4
and non-crystalline silicate phases at high temperatures. In order to understand what happen

during thermal treatment, a study based on thermal analyses, XRD and FTIR will be

presented in the following section.

3.3. High temperature induced structural modifications

a) Thermal analyses

Thermal analyses (TG-DTA) were performed on the consolidated material. For the sake of
clarity, only the temperature range from 20°C to 240°C is represented in Figure 5. However, it
is to be noted that at 980°C the observation of a small exothermic peak was assigned to the
formation of mullite [54, 55].

In the low-temperature range, a broad endothermic phenomenon is attributed to water loss. In
order to better determine the various amounts of water released in this range, the Figure 5 also
presents the derivative of the weight loss as a function of temperature. Thus, four steps can be

identified and will be named I, Il, 11, IV, corresponding to T < 100°C, 100°C < T < 115°C,

14



115°C < T < 150°C and 150°C < T < 230°C respectively. An important weight loss of 17% is
observed for step | and represents the departure of physisorbed water. The other three weight
losses relative to steps Il, 111 and 1V are 7.0, 3.0 and 1.5% respectively and correspond to the
loss of hydrated phases. Consequently, those weight losses for the temperature range 100°C-

230°C are due to metastable phases that can be linked to hydrated aluminophosphates.
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Figure 5: thermal analysis of the geopolymer ((a) heat flow, (b) weight loss and (c) weight

loss derivative) shown between 20 and 240 °C.

b) XRD study

To better identify the sample’s structure, XRD patterns were recorded after thermal treatment
at various temperatures (Figure 6). The consolidated binder presents a main dome centered at
26.99° typical of the geopolymer network. At temperatures of 50°C and 90°C, this amorphous
dome shifts towards lower angles, due to a slight structural reorganization of the material. At
110°C, the main reflections at 20.44° and 21.76° are attributed to a preponderant AIPO,
cristobalite (O) (040) plane [17] and a minor AIPO, tridymite (T) (111) plane [18],
respectively. Moreover, several diffraction peaks, clearly visible at 130°C, appear at 11.47°
and 21.79° and correspond to hydrated aluminophosphates (Hy) [26]. At 150°C, a peak
characteristic of the AIPO, berlinite (H) (012) plane [19] appears at 26.42°. At 200°C, the

hydrated aluminophosphates disappear, which is coherent with the complete water loss
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observed by TG-DTA. Between 200°C and 500°C, the berlinite reflections intensities increase
to the detriment of the cristobalite and tridymite ones disappearing at 500°C. Furthermore, at
1000°C, the tridymite and cristobalite AIPO4 phases reappear with the tridymite phase being
the major contribution, whereas the berlinite form disappears.

Consequently, the increase in temperature modifies the geopolymer’s structure with
major evolutions at medium temperature (90°C to 200°C). Also, we observed the

temperature-dependent existence of three different AIPO,4 polymorphs in the material.
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Figure 6: XRD patterns of the sample treated at various temperatures. In this figure are
flagged the positions T: trydimite-type AIPO, (01-070-4689), O: cristobalite-type AIPO, (01-
072-1161), H: berlinite AIPO, (01-089-4201), Hy: hydrated aluminophosphate such as
Al(H,PO,); (01-14-0377) and Al(H2PO,)(HPO4)H,O (00-76-376), A: anatase (01-071-1166)
and Q: quartz (00-046-1045).

c) FTIR study

FTIR analyses were conducted to study the structural evolution of the geopolymer during heat
treatment. The spectra are given as a function of temperature in Figure 7.

The hydroxyl groups’ contributions are presented in Figure 7A. At room temperature the
bands located at 3530, 3350, 3240 and 3140 cm™ are attributed to the v OH of water

molecules for the first three and to v OH of SiO-H for the last one. With increasing
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temperature, all these contributions decrease and disappear after 200°C, due to the

dehydration of the sample.
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Figure 7: FTIR spectra of the sample measured at various temperatures between 4000-2000
cm™ (A) and 1400-600 cm™* (B) with the main positions of (-) AIPO, hydrated, (-) AIPO,
berlinite, (--) AIPO4 tridymite and cristoballite, (..) 6 Si-O-Si.

The 1800 to 600 cm™ parts of the spectra are presented in Figure 7B. At room temperature,
contributions at 1220 (w), 1155 (w), 1095 and 920 cm™ are typical of stretching P-O bands of
hydrated aluminophosphate [22, 27]. The bands corresponding to Si-O-Si species (Q*, Q°, Q?,
Q) are overlapped by the P-O contributions and only the bending of Si-O-Si is detected at
800 cm™. At 110°C, additional bands appear at 1230, 1180 cm™ (v P-O). 730 and 715 cm™ (v

Al-O) attributed to AIPO4 with tridymite- and cristobalite-like structures [20, 21]. Moreover,
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the contribution located at 1130 cm™ can be assigned to the v P-O of all AIPO, polymorphs
[20, 22]. In the temperature range 110°C-200°C, bands at 1114 cm™ (v P-O), 750, 705 and
698 cm™ (v Al-O) are attributed to AIPO, berlinite [20, 22]. At 500°C, only the bands relative
to the AIPO, berlinite are predominant and those of AIPO, tridymite and cristobalite
disappear. At 1000°C, the bands characteristic of AIPO, tridymite and cristobalite reappear
due to the recrystallization of those phases, while the bands of AIPO, berlinite are absent.

This evolution in temperature confirms the presence of hydrated phases at room temperature
and a mixture of AIPO, phases (berlinite, cristobalite and tridymite) after thermal treatment.
Moreover, those data prove the existence of aluminophosphate nuclei, which is in agreement

with the previous study of the geopolymer consolidation.

4 Discussion

All data corroborate the presence of several silica- and aluminophosphate-based networks as
well as hydrated phases in the consolidated geopolymer. The presence of aluminophosphate is
indeed confirmed by the XRD study (diffraction peak at 27°), the NMR study (presence of
Al-O-P bonds for Al and of Q°(1Al) and Q*(2Al) entities for *'P) and the characterizations
after heat treament demonstrating the presence of AIPO4 nuclei. Moreover, the presence of
hydrated aluminophosphate was shown by thermal analyses, FTIR and XRD. Finally, the
existence of amorphous silica and hydrated silica networks is confirmed by NMR (presence of
Q*(0Al) and silicic acid for #°Si) and XRD studies (diffraction peaks at 8° and 21.90°).

In order to investigate the binder’s formation in acidic medium, the dissolution step of the

metakaolin and the behavior of the phosphate entities must be understood. Thus, the evolution

IvP-0 Q!

f1vP—0Q1
IvP-0QO

s and %6 as a function of the consolidation time is shown in Figure 8. The
IvP-0Q Is

ratio is defined by the intensities of the v P-O Q* (1045 cm™) and v P-O Q° (970 cm™) bands
extracted from FTIR, and represents the polycondensation of the phosphate network. Thei—‘;
S
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ratio is defined by the intensities of the XRD contributions at 21.9° (Is) and at around 27° (lg),

and depicts the formation of the geopolymer network to the detriment of the amorphous silica

network.
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Figure 8: evolutions of the ratio from FTIR spectra (black squares) and of

the i—” ratio from XRD patterns (open circles) as a function of the consolidation time.
S

Both ratios follow the same pattern, with an increase of their value up to 14 days before
reaching a plateau, indicating the formation of polymerized entities including disordered Al-
O-P networks. After a careful examination, the variation of the curves allows to divide the
polymerization process into four zones represented in Figure 8. The dissolution of the
metakaolin and the equilibrium speciation of H;PO,4 [37] take place in zone | (up to day 4). As
a matter of fact, in alkaline medium, the dissolution of the metakaolin leads to the release of
aluminum and silica. However, in acidic medium, only the aluminum is able to solubilize
whereas it is very difficult for the silica [56, 57]. Consequently, during the dissolution step,

I3

only AI** and a few silica are in contact with PO,* entities in the medium. The dissolution of

the metakaolin can also lead to the formation of some AI®* linked to unreacted silica. This

—_— 1 - - -
phenomenon is supported by the slight variation of the I“’P# and ¢ ratios, and the limited

vP-0 QO Ig
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disappearance of PO, entities highlighted by the decrease of the intensity of the v PO (Q°)
band in FTIR.

In zone Il (from day 4 to day 11), both ratios increase rapidly meaning that the
polycondensation clearly begins. Moreover, zone Il sees the formation of hydrated phases.
The FTIR study corroborates the presence of hydroxyl groups and the increase of the intensity
of v Si-OH (3152 cm™), whereas the XRD study shows the appearance of Si(OH), (diffraction

peak at ~ 8°). It demonstrates that some unreacted silica is hydrolyzed in the medium.

1vP-0Q?!

In zone 11l (from day 11 to day 16), the increase of 19 P—0 00

and j—G (until day 13) depicts the
S

polycondensation reactions of phosphate entities, forming an aluminophosphate network as
evidenced by the crystallization of AIPO, nuclei in the temperature dependent XRD study.
The formation of AIPO,4suggests that the bonds between Si-O-Al have been broken to release
AI** and Si**. Furthermore, the diffraction peak attributed to hydrated silica shifts from 10° to
8° while its intensity increases. All these observations lead to the fact that silica species
released in solution are able to react with the other silica available to form a new Si(OH),4

network.

In zone IV (from day 16 to day 21), i—G remains constant, which suggests that the local order
S

_ 1
does not evolve. In parallel, % only presents a slight variation, indicating that the

polycondensation reactions are also finishing. This variation reveals that the various local
networks are formed in agreement with the several phases observed when increasing
temperature. Consequently, the consolidation mechanism can be divided into four steps
resulting in the formation of an Al-O-P network (NMR *'P (-7.2, -15.7 ppm) and %Al (-12.8, -
22.0 ppm)) and a silica gel (NMR #Si (-105.5, -111.2 ppm)) with some remaining Si-O-Al

bonds (NMR #Si (-89.9, -93.5, -101.6 ppm)).

20



0 11 16 Time of consolidation (days)

Completion of reactions

Partial dissolutior
of metakaolin

Metakaolin| —» Release of AI** Silica gel +Al-O-P
+ H,PO, Polycondensation of PO,”, Al + Si-Og-’AI networks
“Si0O” + hydrated silica phases

Figure 9: summary of the geopolymer’s formation mechanism.

5. Conclusion

This study is focused on the understanding of the geopolymer formation process and its
structural evolution after thermal treatments. During consolidation, the formation of
polymerized phosphate networks and hydrated phases was conclusively proved by FTIR. The
various amorphous networks (hydrated silica, silica and geopolymer) were evidenced by XRD
with the decrease in the amount of silica in favor of the formation of hydrated silica and
geopolymer networks. All of this was confirmed by NMR measurements.

The formation of the geopolymer network can be separated into four steps summarized in
Figure 9. The thermal treatment of the binder at 1000°C leads to the formation of various
AIPO, polymorphs, quartz and amorphous silica already present in the sample. Thus, this
material could be used for high-temperature applications due to the formation of stable and

refractory phases at high temperature.
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Table 1

Table 1: deconvolution of the XRD patterns of the binder at various time of consolidation.

* fixed parameter

Identified peaks

Time Peak 1 (SOH) Peak 2 (S) Peak 3 (G)

(days) Position (°) Eié?]tsll\;; Position (°) iF:](:é?]tsii\S Position (°) iﬁféitsii\g

+-0.01 o0 * o0 +-0.01 o0

1 21.90 27.6 26.49 100

2 21.90 26.7 26.60 100

3 21.90 17.6 26.69 100

4 21.90 11.7 26.62 100

S 6.92 15.8 21.90 105 26.47 100

6 8.48 137 21.90 8.8 26.59 100

! 8.60 13.9 21.90 7.8 26.67 100

8 1017 6.2 21.90 7.4 26.56 100

9 10.16 7.4 21.90 6.5 26.72 100

11 9.10 6.4 21.90 45 26.86 100

12 8.06 213 21.90 35 26.81 100

13 8.34 205 21.90 33 26.79 100

18 8.85 11.7 21.90 33 27.01 100

> 21 days 6.48 35.1 21.90 3.4 26.99 100




Table 2

Table 1: deconvolution of MAS NMR *!P, 2°Si and ?’Al data measured on the binder at
room temperature and after a thermal treatment at 1000°C.

Chemical shift FWHM
Assignment (Ppm) (Ppm) Percentage (%0)
+/- 0.2 ppm +/- 5%
Q° 0.5 45 4.0
31 0
P Q°(1Al) -7.2 8.0 16.0
Q'(2Al) -15.7 11.5 80.0
AlY! of Al-O-P -12.8 10.0 58.3
27A|
- Al of AI-O-P -22.0 16.0 41.7
Qi -89.9 5.0 3.2
Qi 935 6.0 5.2
29¢c;
Si Qi -101.6 75 41.3
Qi u -105.5 6.0 8.8
Silicic acid -111.2 7.6 41.6
AlPO, of 28.1 3.0 375
phosphotridymite
) _ -30.6 35 53.7
P phosphocristobalite
"P=0in vitreous 37.6 10.0 8.8
1000°C silica
ZAl Al of Al(PO), 39.0 4.4 100
Q* of quartz -104.2 2.5 1.8
29Gj Free vitreous silica -113.6 9.5 97.0
Si-O-P with Si'V -123.7 2.5 1.1
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Figure 8
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Figure 9
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