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Abstract
The effect of monoaluminum phosphate (Al(H2PO4)3) addition in the thermochemical process of a kaolinitic clay was studied 
and compared with the pure clay. Monoaluminum phosphate incorporation is of technological interest for the widely use of 
this material as an effective binder. From this point of view is important to clarify the processing strategy of kaolinitic clay-
MAP based ceramics. This work comprised the characteristics of the obtained ceramics using differential thermal analysis, 
thermogravimetric analysis (TG), dilatometric analysis, X-ray powder diffraction with Rietveld refinement, mechanical 
resistance and textural properties. The addition of MAP did not affect the temperature of the kaolinite dehydroxilation 
(600–500 °C) but reduced this transformation as it was observed in TG curve. The amount of mullite decreased and cristo-
balite formation was stimulated with MAP presence in the samples fired at 1400 °C. Mullite cell parameters were not modi-
fied. The present study gives information for further clay-based materials designed with MAP. It can be concluded that the 
incorporation of low percentages of MAP in the potential formulation of technological ceramics would not imply important 
changes in the macroscopic properties of these type of ceramic materials.

Keywords Kaolin · Monoaluminum phosphate · Thermal behavior

Introduction

It is well-known that kaolinitic clays are one of the most 
widely used clay minerals, being a major component of the 
raw materials used in the manufacture of ceramics, refracto-
ries, cement, filler pigment for paper, cosmetics, etc.

The kaolinitic clays have kaolinite  (Al2O3.2SiO2.2H2O) 
and quartz as major crystalline phases and usually other 
phases as anatase, rutile, pyrite, siderite, feldspar, etc., 
depending on the geological conditions under which the 
kaolinite was formed [1–3].

Kaolinite has a layered 1:1 structure, one layer of the kao-
linite consists of an alumina octahedral sheet and a silica 
tetrahedral sheet that share a common plane of oxygen atoms 

and repeating layers of the mineral are hydrogen bonded 
together [4].

The thermal reaction of kaolinite is well known because 
of its important industrial use [1, 5–9]. Four thermally 
induced process takes place during calcination of kaolin-
ite: a dehydroxylation of kaolinite to metakaolinite (Eq. 1), 
then the formation of Al-Si spinel phase from metakaolin-
ite (Eq. 2), after that the formation of mullite (Eq. 3) and, 
finally, crystallization of cristobalite from amorphous silica 
(Eq. 4).

On the other hand, aluminum phosphate binder ceramic 
is an inorganic binder used for refractory ceramics and 

(1)Al2O32SiO22H2O
400−600◦C
⟶ Al2O32SiO2 + H2O

(2)
2(Al2O32SiO2)

900−1100◦C
⟶ 2Al2O33SiO2 + SiO2(amorphus)

(3)
3(2Al2O33SiO2)

≥1100◦C
⟶ 2(3Al2O32SiO2) + SiO2(amorphus)

(4)SiO2(amorphus)
≥1200◦C
⟶ SiO2(cristobalite)
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coatings to achieve good strength and abrasion resistance 
[10–13]. Monoaluminum phosphate (MAP or Al(H2PO4)3) 
has been reported as one of the most effective binders 
because of its high green mechanical strength, high solubil-
ity in water, abrasive and corrosive resistance [14]. MAP is 
proposed as a binder in several systems: refractories casta-
bles and mortars [15], corrosion resistance coatings [16], 
eco-friendly construction material [17], ceramic filters [18], 
refractories ceramics [19], etc.

According to the literature, MAP can be produced in dif-
ferent ways; one of these is by reaction of phosphoric acid 
 (H3PO4) and a reactive alumina  (Al2O3) source as aluminum 
hydroxide (Al(OH)3 [20]. In this work, pseudoboehmite 
(AlOOH.0.13H2O) was used as a reactive alumina source 
to obtain MAP.

MAP is used as a binder as was mentioned before in dif-
ferent systems especially with clays [19, 21, 22]. Further-
more, kaolinitic clay is used in refractories as a raw material 
due to its composition of alumina and silica, low cost, good 
green resistance, etc. In the literature, there is not a system-
atic analysis of the thermochemical process in the clay-MAP 
system. This knowledge would be important for future clay-
based material designs with the addition of MAP as a binder.

The aim of this work is to study and describe the effect of 
MAP addition in the thermochemical process of a kaolinitic 
clay and to analyze the changes on the properties of the final 

Table 1  Chemical and 
mineralogical composition of 
the clay

Oxide Mass%

Chemical composition Tincar 
Super clay

SiO2 61.82
Al2O3 27.55
Fe2O3 0.79
MgO 0.66
K2O 0.76
TiO2 0.39
CaO 0.28
Na2O 0.07
Lost of ignition 7.63
Mineralogical composition 

clay
Phase Mass%
Quartz 41
Kaolinite 59

Table 2  Identified crystalline phases, chemical formula and employed 
PDF card

Crystalline phase Formula PDF card

MAP Al(H2PO4)3 00-044-0724
Aluminum tripolyphosphate H2AlP3O10

.H2O 00-048-0354
Aluminum metaphosphate Al(PO3)3 00-013-0430
Aluminum orthophosphate Al(PO4) 00-011-0500

1200 °C Aluminum orthophosphate

Aluminum metaphosphate

Aluminum tripolyphosphate

Monoaluminum phosphate

600 °C

300 °C

110 °C

2θ/°
5 10 15 20 25 30 35 40 45 50 55 60 65 70

Fig. 1  X-Ray diffraction patterns of MAP fired at 110, 300, 600 and 
1200 °C
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ceramics. The thermochemical characterization of the MAP 
was also performed to understand its use as additive in kao-
linitic clays ceramics.

Experimental

Materials

A commercial clay (Tincar Super Piedra Grande—La Toma 
Santa Cruz, Argentina [23]) and Monoaluminum phos-
phate (MAP), made in the laboratory from pseudoboehmite 
(AlO(OH) 0.13H2O) and phosphoric acid (with 95% mass of 
 H3PO4) were used for the following research. The chemical 
and the mineralogical composition of the clay are shown in 
Table 1.

Processing

Two compositions with 2% and 4% mass of MAP were 
studied, they were labeled T2M and T4M, respectively, and 
sample without MAP was labeled T. The mixtures were 
obtained by mixing the MAP with the kaolinitic clay in a 

mortar, dried 24 h at 110 °C and then were diagglomerated 
and sieved (#200) before pressing (Table 2).

Afterward, the mixtures were shaped by uniaxial pres-
suring into discs (15 mm diameter) and prismatic bars of 
(50 mm × 7 mm × 7 mm) under a 40 MPa pressure. Prismatic 
bars were fired in an electric furnace with atmospheric air, 
with a heating rate of 5 °C  min−1, were kept an hour soaking 
and left to freely cool down. The maximum temperatures 
reached were 1000, 1100, 1200, 1300 and 1400 °C.

Characterizations

MAP thermal analysis

MAP was evaluated with simultaneous differential thermal 
(DTA) and thermogravimetric (TG) analysis by a Rigaku 
Evo Plus II equipment. Both thermal analyses were car-
ried out using 10 °C  min−1 as heating rate from 25 °C to 
1400 °C in air atmosphere. According to the literature [1], 
the mineralogical composition of the sample at 110, 300, 
600 and 1200 °C was confirmed by X-ray diffraction (XRD) 
technique. XRD analysis was carried out using a Philips 
PW-3710 diffractometer with Cu Kα (1.5418 Å) radiation, 
Ni filter at constant voltage 40KV. The XRD patterns were 
analyzed with the program FullProf (Version 6.0, July 2017).

MAP‑clay systems

The behavior of the clay and the clay-MAP mixtures dur-
ing heating was evaluated by DTA/ TG analysis. A Linseis 
L74 device was used for the dilatometric analyses, and the 
temperature range evaluated was from 25 °C to 1350 °C with 

Table 3  Compression resistance of T, T2M and T4M before sintering 
process

a The standard deviations for mechanical strength: 10%

T T2M T4M

Compression resistance (MPa)a 4.5 5.0 5.5

Fig. 3  TG versus temperature of 
MAP, T, T2M and T4M
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a heating rate of 10 °C  min−1 in air atmosphere. The crystal-
line phases of samples sintered at 1000, 1200, 1300, 1400 °C 
were determined by XRD, and Rietveld method was used for 
the quantification of the crystalline and amorphous phases 
[24]. The amorphous phase was quantified by the Le Bail 
approach, in which this phase is introduced in the refinement 
as crystalline silica with extremely low crystallite size [25].

The binder effect of MAP in T, T2M and T4M mixtures 
without thermal treatment was tested by direction compres-
sive strength of pseudo-spherical samples carried out in a 
universal testing machine (Instron 5985, USA) at a constant 
strain rate of 0.1 mm  min−1, with steel plates.

Finally, mechanical and textural properties of the bars 
thermal treated at 1000, 1100, 1200, 1300 and 1400 °C were 
studied. At least five specimens were tested for each test, and 
an average value was informed. The module of resistance of 
flexion (MOR) by 3-point bending was evaluated with the 
same equipment as compressive strength.

The Archimedes’ immersion method in water was used to 
determinate apparent density and open porosity of the fired 
materials according to ASTM C373-88.

Results and discussions

MAP characterization results

Figure 1 shows the XRD patterns of the MAP after heat treat-
ment at 110, 300, 600, 1200 °C. MAP after heat treatment 
at 300 °C was in the form of aluminum tripolyphosphate 

Fig. 4  DTA versus temperature 
of MAP, T, T2M and T4M
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hydrate  (H2AlP3O.10H2O) (Eq.  5), because the sample 
absorbed water due to its high hygroscopicity, this trans-
formation also could be observed in DTA and TG curves 
(Fig. 2).

In the DTA curve, there is an endothermic band associ-
ated with a mass loss (3.8%) which can be observed in the 
TG curve in the range of 350–450 °C. These changes in the 
curves are associated with the transformation of tripolyphos-
phate to aluminum metaphosphate (Al(PO3)3) with water 
release (Eq. 6). These crystalline phases were observed in 
the XRD pattern at 600 °C.

Above 1000 °C, TG curve shows an abrupt decrease 
(mass loss of 27.4%) and an endothermic peak is observed 
in the DTA curve. This is caused by the decomposition of 
aluminum metaphosphate to aluminum orthophosphate 
 (AlPO4) with release of phosphoric oxide  (P2O5) (Eq. 7).

Based on previous researches [20] and experimental 
results, the following sequence of thermal transformation 
was determined for MAP in the temperature range of 110 °C 
to 1200 °C.

(5)Al
(

H2PO4

)

3
→ H2AlP3O10 + H2O

(6)H2AlP3O10 → Al
(

PO3

)

3
+ H2O

(7)Al
(

PO3

)

3
→ Al

(

PO4

)

+ P2O5 ↑

Effect of MAP as a binder before the sintering 
process

MAP binding effect in mechanical strength was evaluated 
by compression tests; Table 3 shows the compressive resist-
ance of the mixtures with the addition of 0, 2 and 4% mass 
of MAP before sintering. This study shows that additions 
of MAP slightly enhance the strength of the green samples. 
This binding effect is higher in grog coarse-grained struc-
tural systems [14].

Clay and MAP—clay mixtures thermal analyses

A multitechnique approach was carried out, and Fig. 3 shows 
TG curves of MAP, T, T2M and T4M. There are differences 
between MAP curve and clay-MAP curves. The first mass 
loss of MAP and clay-MAP mixtures is related to dehydra-
tion. The mass loss depends on the amount of MAP in the 
system.

In TG curves of clay-MAP mixtures, between 400 and 
800 °C a mass loss is caused by the dehydroxilation of the 
kaolinite. The mass loss percentages in this temperature 
range are 6.98, 6.42 and 6.07% for the sample T, T2M and 
T4M, respectively. This leads to the conclusion that the pres-
ence of MAP in the mixture reduces the dehydroxilation of 
the kaolinite [13].

Above 1000 °C, the abrupt mass loss related to the release 
of phosphoric oxide (Eq. 7) is only seen on the MAP curve. 
In clay-MAP mixtures, this mass loss does not appear, so 
it could be concluded that the phosphoric oxide reaction 
with spinel and reactive silica present in the system at this 
temperature (Eq. 2).

Fig. 6  XRD patterns of the clay 
and clay-MAP mixtures fired at 
1000, 1200, 1300 and 1400 °C
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DTA curves of MAP and of clay with 0, 2 and 4% mass of 
MAP are showed in Fig. 4. In general, the thermal behavior 
of clay and clay-MAP mixtures is similar to other kaolinitics 
clays [5, 26, 27].

MAP’s curve presents two endothermic peaks between 
100 and 400 °C related with aluminum phosphate transfor-
mation. These peaks only appear in the T4M mixture, but 
these are displaced to lowers temperatures.

Another endothermic peak can be observed in the 400-
600ºC range and corresponds to the dehydroxylation of the 
kaolinite that is overlapped with α → β quartz transformation 
with less energy involved [2].

Around 950 °C, one exothermic peak is present in the 
clay-MAP samples that correspond to metakaolin trans-
formation into the spinel type aluminosilicate phase from 
primary mullite formation process [1, 5, 28]. MAP addition 
does not modify temperature range and intensity of exo-
thermic peak associated with the spinel formation process. 
Finally, second mullite formation after 1100 °C (Eq. 4) was 
scarcely detected in the studied clay and clay-MAP mixtures.

The dilatometric measurements of the clay and clay-MAP 
mixtures are showed in Fig. 5, and the studied materials 
revealed a similar macroscopic thermal behavior in com-
parison with the ones described in the literature [29, 30]. 
The first effect observed is a small shrinkage which corre-
sponds to the release of physically adsorbed water, and then 
thermal expansion range can be observed (positive slope in 
the TMA), from room temperature to 500 °C. After this tem-
perature, the samples start a minor shrinkage which finishes 
at around 900 °C followed by an abrupt shrinkage and a clear 
peak in the d(∆L/Lo)/dT curve, and this process is associated 
with the formation of spinel phase (Eq. 2).

After this formation process, a viscous sintering of the 
clay starts with a shrinkage rate almost constant up to 
1320–1370 °C depending on the sample [30]. From this 

temperature on, mullite formation is observed with a con-
siderably higher expansion achieved for the T2M and T4M 
samples in comparison with the T sample.

Analysis of crystalline phases after sintering process

XRD patterns of samples fired at different temperatures are 
shown in Fig. 6. AT 1000 °C, quartz is the major phase in 
all the mixtures. The samples with MAP addition present a 
new peak associated with a cubic silica that increases with 
the amount of MAP in the mixture, according to the lit-
erature [31, 32], crystallographic aluminum orthophosphate 
system is strikingly similar to the silica system. At 1200 °C, 
the crystalline phases present in all the mixtures are mul-
lite, cristobalite and quartz. The quartz phase decrease and 
cristobalite phase increase when fired temperature of the 
samples increases.

Table 4 shows Rietveld quantification of the fired materi-
als. To fit the cristobalite peaks in the Rietveld refinement, 
two different cristobalite structures were proposed [7, 33, 
34]. One form of cristobalite produced by the thermal trans-
formation of quartz present in the clay and the other from 
the thermal decomposition of kaolinite (they were labeled 
cristobalite 1 and cristobalite 2, respectively). The first one 
presenting lower impurities content [7, 26].

In order to understand the effect of MAP addition in the 
formation of each phase, in Fig. 7 the phase contents (mass 
% obtained by the Rietveld quantification) are plotted as a 
function of the MAP % mass added. The stacked bar plot 
shows that the mullite proportion is slightly over the 20% 
mass, at 1400 °C, and this proportion decreased with MAP 
addition. It is well known that this phase defines the mechan-
ical properties of the clay-based ceramic materials.

The amount of mullite at 1400 °C is higher in the T 
samples than in T2M and T4M samples (25.2%, 18.8% and 

Fig. 7  Crystalline and amor-
phous phase content as a func-
tion of MAP addition fired at 
1000, 1200, 1300 and 1400 °C
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22.5%, respectively). The quartz proportion after 1400 °C 
is around 4–6% for all the mixtures, but the total cristo-
balite proportion is 45.4%, 53.5% and 54% for T, T2M and 
T4M, respectively. This shows that the MAP addition stimu-
lates cristobalite formation and decreases the percentage of 
amorphous phase, probably due to the lower viscosity of 
the resulting transient amorphous phase at high temperature 
[35].

The cristobalite produced by the thermal decomposition 
of kaolinite (cristobalite 2) at 1300 and 1400 °C is present 
in major percentage in T2M and T4M samples. Possibly, 
there are impurities and/or defects in this cristobalite phase 
due formation mechanism that cannot be detected in these 
techniques.

The refined cell parameters and the Rwp parameters are 
shown in Table 5, the Rwp value is a parameter used for 
assessing the quality for qualify of the Rietveld refinement, 
and the obtained values are acceptable and similar to others 
found in the literature for similar materials [36]. The mullite 
cell parameters are in accordance with the literature [37], 
and it can be observed that MAP addition does not modify 
mullite structure.

Mechanical and textural properties 
after the sintering process

Figure 8 shows module of resistance of flexion (MOR) val-
ues of MAP-clay mixtures fired at different temperatures. 
The results indicate that MOR values increase with increas-
ing firing temperature, and the flexural strength of the mate-
rials is influenced by their phase composition. The increase 
in refractory phases (cristobalite and mullite) and the den-
sification of the materials improved their flexural strength. 
It was observed that at any sintering temperature, clay with-
out MAP has higher MOR values compared to clay-MAP 
mixtures. At 1400 °C, the MOR values are 26.0, 8.0 and 
6.0 MPa for T, T2M and T4M, respectively; this is mostly 
related to the percentage of mullite crystalline phase which 
gives it greater mechanical resistance to ceramics.

The apparent density and open porosity of the fired sam-
ples (Fig. 9) show the effect of the studied additive. In all 
formulations, the density of the material increases at a higher 
temperature, while the porosity decreases; this increment of 
the density is related to the elimination of the pores and the 
sintering of the materials [33]. The achieved density values 
are in accordance with the ones expected [2], T samples 
having density values between 1.76 and 2.03 g.cm−3. MAP 
addition in the mixtures does not produce major changes 
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of apparent density values, but it decreases the open poros-
ity percentage reached. T samples fired at 1400 have 17.6% 
porosity, while T4M samples with the same thermal process 
have 13.5% porosity. According to the crystallographic anal-
ysis, it can be concluded that the porosity effect observed in 
Fig. 9 is only textural and it is not related to mineralogical 
changes.

Conclusions

The effect of MAP addition in the thermochemical process 
of a kaolinitic clay and the characterization of the final 
ceramics fired at 1000, 1100, 1200, 1300 and 1400 °C was 
performed. MAP is of technological interest because of its 
use as a binder in coatings, refractories ceramics, refracto-
ries castables and mortars, eco-friendly construction mate-
rial, etc. From this point of view, it is important to clarify the 
processing strategy of kaolinitic clay-MAP-based ceramics.

The addition of MAP did not interfere in the temperature 
of the kaolinite dehydroxilation (500–600 °C) but decreased 
the mass loss as seen in the TG curve, in this range of tem-
perature. This enables to conclude that the presence of MAP 
in the mixture reduced the dehydroxilation of the kaolin-
ite. Furthermore, the spinel temperature formation and the 
shrinkage associated with this process were modified by the 
presence of MAP in the formulation.

X-ray diffraction and Rietveld refinement corroborate 
the evolution of crystalline and amorphous phases. Like 
the model clay, mixtures fired at 1400 °C had mullite and 
cristobalite as principal phases accompanied by quartz and 
amorphous phase. The only aluminum containing crystal-
line phase is mullite  (3Al2O3.2SiO2), all the resulting crys-
talline phases contain silicon (mullite, residual not reacted 
quartz  (SiO2) and cristobalites  (SiO2—quartz derived and 
crystallized)). As no other P containing phase was detected 
by XRD, presumably the phosphorus oxide is present in the 
complex triplex  SiO2-Al2O3-P2O5 non-crystalline phase. The 
amount of mullite slightly decreased, this might be explained 
by the dilution effect accompanied by an increase in the 
glassy phase content due to the incorporation of P to the 
formulation. Cristobalite formation was enhanced with MAP 
presence in the formulation. Mullite cell parameters were not 
affected; therefore, MAP did not modify mullite structure.

MAP addition did not affect significantly the open poros-
ity and apparent density of the fired ceramics. However, the 
4% mass, addition at 1400 °C decreased flexural strength; 
this was related to the mullite phase percentage, which gives 
it greater mechanical resistance in ceramics.

Finally, it can be concluded that the incorporation of low 
percentages of MAP in the potential formulation of techno-
logical ceramics would not imply important changes in the 
macroscopic properties of these type of ceramic materials.
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