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Abstract
The present research deals with the production and characterization of geopolymers prepared by mixing metakaolin,

different amounts of phosphoric acid solution and water. Hardening was performed by aging the geopolymeric pastes
in a climatic chamber.

The workability of the pastes has been improved while the H2O/total solid content has been kept constant and the
P/Si ratio increased. However, such a benefit implies considerable heat output, which must be controlled in order
to limit the formation of extended fractures. The compressive strength of the hardened materials increases with
increasing P/Si ratio at a constant H2O/total solid content, whereas their strength decreases with increasing H2O/
total solid content at a constant P/Si ratio. The open macroporosity, which is directly dependent on the total amount
of water added to the geopolymeric pastes, may explain the above results better than the nano/microporosity and/or
chemical bonds that contribute to building up the materials’ textural features.
Keywords: Geopolymers, phosphoric acid, workability, FTIR, pore size distribution

I. Introduction
Geopolymers are ceramic materials prepared from start-

ing powders that can be consolidated with a chemical
method instead of with a traditional sintering process.
They may be synthesized by means of alkaline or acid
treatment; the former route is documented extensively in
the literature 1 – 8, the latter is a more recent and less docu-
mented preparation process 9 – 13.

Today, the possibility of using alkali-activated alumino-
silicate powders as a hydraulic binder that could replace
Ordinary Portland Cement (OPC) in the manufacturing
of engineering structures is generally accepted 14 – 17; at the
same time it is also known that such geopolymers could
limit the release of many hazardous compounds from in-
organic waste or polluted products 18 – 21 or be used to in-
ertize some industrial by-products 22 – 26.

The reaction that leads to the geopolymeric structure,
however, occurs not only with the addition of an alka-
line activator, but also after the alumino-silicate source is
mixed with a solution of phosphoric acid and water. This
class of geopolymers, formerly well known in the field
of refractory materials, has been recently rediscovered as
it has been demonstrated that it could develop fair ther-
mal 13, 27 – 28, mechanical 29 – 30 or electric 31 – 33 properties
provided that the P/Si (P/Al) ratio is confined within ap-
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propriate ranges. In addition, their production does not re-
quire the use of caustic reagents and they behave better in
acid environments.

In particular, Celerier et al. 34 showed that the behaviour
of geopolymers depends on the metakaolin starting pow-
der used for their production; they reported that the Si-
Al-P ternary diagram can be divided into distinct zones,
which permit to obtain geopolymers that exhibit differ-
ent behaviour during consolidation so that the hardened
materials may then have different fire or water resis-
tance. On the other hand, Louati et al. 29 prepared sev-
eral geopolymers starting from phosphoric acid and illito-
kaolinitic clay; they reported that the maximum com-
pressive strength is achieved when the composition of the
starting components corresponds to a Si/P ratio of 2.75.
Higher or lower ratios lead to lower strength values.

Following on from the above-cited papers, in the present
research several geopolymers have been prepared with in-
creasing P/Si ratio (four in total) and the properties of the
resulting hardened samples have been measured. The first
composition was selected with the same P/Si ratio as the
one that developed the maximum strength according to
the paper by Louati et al. 29, as a particular type of refer-
ence composition. This was used as the one with the mini-
mum P/Si ratio. For each investigated P/Si ratio, the mini-
mum and maximum amount of additional water (in excess
of the amount added with the H3PO4 solution) was deter-
mined with the slump flow test, reported as the water/total
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solid content ratio and discussed in terms of paste work-
ability. This approach enabled the identification of mate-
rials prepared from pastes with different P/Si ratios, but
the same H2O/total solid content, permitting a compari-
son between their characteristics.

Aim of the present research is to find out how the P/Si
ratio affects the minimum amount of water required for
paste workability as well as the properties of the hardened
materials. Geopolymeric hardened samples were then
characterized by means of XRD and FTIR spectroscopy
analysis, compressive strength, water absorption, pore
size distribution, specific surface area, SEM investigation
and stability in water.

II. Experimental

(1) Starting materials
Starting materials for the geopolymers synthesis were

Argical M1200 calcined kaolin (metakaolin-MK) supplied
by Imerys Refractory Minerals and a commercial phos-
phoric acid solution (85 wt%) supplied by Titolchimica
(Pontecchio Polesine, Rovigo, Italy). The chemical com-
position of metakaolin was analysed with a Spectro Mass
2000 Induced Coupled Plasma (ICP) mass spectrometer
and is reported in Table 1 together with the loss on ig-
nition (LOI), which was determined after thermal treat-
ment at 1 000 °C for 2 h. The specific gravity, measured in
compliance with the ASTM C127 and C128 standards, is
2.59 g/cm3.

(2) Preparation and characterization of the starting ma-
terials

The mix proportion design is reported in Table 2, which
also shows the sample identification codes (used here-
after), P/Si ratio, slump flow, water absorption and com-
pressive strength for all compositions. The P/Si was built
up based on the assumptions that only 90 wt% of MK re-
acts for geopolymerization 35, 36 and the water/total solid
content ratio also takes into account the water contained
in the phosphoric solution.

The particle size distribution (PSD) of the as-received
MK was determined with a Horiba LA950 laser scattering
particle size analyzer. Analyses were performed in water
after 3 min sonication. PSD curves (cumulative represen-
tation) are displayed in this work with logarithmic abscis-
sa.

Crystalline phases of the MK as well as those of the hard-
ened geopolymers were investigated by means of X-ray
diffraction (XRD). The XRD patterns were acquired with
a Philips X’Pert diffractometer operating at 40 kV and
40 mA and using a Ni-filtered Cu-Ka radiation beam.
Spectra were collected using a step size of 0.02° with a
counting time of 40 sec per angular abscissa in the range
of 10 – 80°. The Philips X’Pert HighScore software was
used for phase identification whereas their semi-quantita-
tive evaluation was obtained in accordance with the RIR
method 37.

Table 1: Chemical composition (reported in terms of oxides) and LOI of the Argical M1200.

SiO2 Al2O3 K2O+Na2O Fe2O3 TiO2 CaO+MgO Others LOI

wt% 55 39 1.3 1.1 1.5 0.7 1.4 1

Table 2: Mix proportion design of the compositions prepared. The table also displays P/Si ratio, slump flow, water
absorption and compressive strength of all compositions.

Composition
symbolic name

MK (g) H3PO4
(g)*

H2O
(cm3)

H2O/total
solid content

P/Si Slump
flow (cm)

Ass
H2O (%)

r
(MPa)

PG1 100 33.6 68.3 0.57 0.36 18.5 40 8

PG2 100 33.6 61.8 0.52 0.36 14.5 36 14

PG3 100 33.6 55.4 0.47 0.36 11.4 30 17

PG4 100 53.5 75.3 0.57 0.57 18 36 15

PG5 100 53.5 68.0 0.52 0.57 17 32 17

PG6 100 53.5 60.2 0.47 0.57 14.5 30 19

PG7 100 80.2 75.5 0.52 0.86 16.8 28 22

PG8 100 80.2 67.0 0.47 0.86 15.1 25 27

PG9 100 80.2 58.6 0.42 0.86 13.6 21 30

PG10 100 98.8 71.3 0.47 1.05 16.8 20 31

PG11 100 98.8 62.1 0.42 1.05 14.8 17 34

* Solution 85 wt%
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(3) Sample preparation
Geopolymer samples were prepared according to the

mixing proportions reported in Table 2 by mechanically
mixing MK and phosphoric acid solution in different pro-
portions. Mechanical mixing was performed in a Hobart
stirrer (5 L capacity).

It has been observed that, during the first stage of homog-
enization, the slurries display high viscosity, which pro-
gressively decreases on further mixing, reaching a creamy
consistency after about 5 min; mixing was successively
prolonged for a further 15 min. At the end of the mix-
ing process, the pastes were poured under vibration in-
to high-density cylindrical nylon moulds, further vibrated
for 2 min to remove air and sealed with a plastic film.

The spread-flow test was performed in order to evalu-
ate the workability of the slurries 38, 39. In the present re-
search, the slurries were poured into a truncated conical
mould (top diameter = 70 mm, bottom diameter = 100 mm,
height = 60 mm), which was filled up to the top; after 1 min,
the conical mould was lifted vertically and the diameter
of the cake after spreading was measured along two per-
pendicular directions. The mean value of the above two
measurements was used to evaluate paste workability. The
workability limit was assumed when the pastes did not ex-
pand after the mould had been lifted.

After moulding, hardening was performed by aging the
geopolymeric pastes in a climatic chamber at 10 °C and
50 % relative humidity for 48 h followed by thermal treat-
ment at 40 °C for ten days.

(4) Characterization of hardened materials
ATR-FTIR analysis was performed by means of a Nico-

let iS™ 50 FTIR Fourier transform spectrometer using the
attenuated total reflection (ATR) method. The IR spectra
were recorded over a range of 500 – 4 000 cm-1 at a resolu-
tion of 2 cm-1 with 100 scans.

A spectrometer (Axis Ultra, Kratos, Manchester, UK)
was used to perform X-ray photoelectron spectroscopy
(XPS). An Al-ka monochromatic X-ray source was used.
Low-resolution with wide-range scans were performed
using 160 eV pass energy for 0.1 at% resolution. High-
resolution scans were performed using a lower pass ener-
gy, 40 eV, thus improving the compositional resolution to
0.01 at%. The dimensions of the investigated areas were
700 lm x 300 lm, in order to obtain an average from
the heterogeneities at each sample’s surface. Commercial-
ly available software (CasaXPS, Casa Software Ltd., UK)
was used to process the data. Argon sputtering was per-
formed on all samples prior to the analysis, in order to re-
move adsorbed surface contaminants, using 4.2 keV beam
energy, a gun angle of 45°, sample current of about 2 lA
and raster area of 3 mm x 3 mm.

Compression tests were performed on cylindrical speci-
mens with 60 mm diameter and 120 mm height (in accor-
dance with the ASTM C39 standard), using an 810 Mate-
rial Test System (MTS) with a crosshead speed of 2 mm/
min. The data were averaged over three measurements for
each composition.

A modified ASTM C 642 standard was followed to mea-
sure the water absorption of the hardened samples. The

samples were placed in an oven at 80 °C ± 5 K for 24 h and
weighed in air (W1). They were successively aged in an
autoclave at 120 °C and 2 kPa for 2 h using 2 L of water,
cooled down to room temperature (in water), dried with a
cloth and weighed again (W2). Water absorption was eval-
uated according to the following equation:

W (%) = 100 (W2-W1)/W1

Specific surface areas (A), pore size distribution and av-
erage pore size were determined on grit-like samples (di-
mensions approximately 2 – 3 mm) according to the B.E.T.
method based on nitrogen adsorption at 77 K, using a Tris-
tar 3000 gas adsorption analyser (Micromeritics).

The scanning electron microscope (SEM) investigation
was performed by means of a Zeiss EVO40.

The materials’ stability in water as well as their release
were investigated with samples previously submitted to
compressive strength tests: coarse particles were separat-
ed on a 9.5-mm sieve whereas pieces with diameters be-
tween 4 and 9.5 mm were used for a sort of leaching
test adapted to this particular application. Coarse parti-
cles (size > 9.5 mm) were dried in an oven at 90 °C for
24 h and weighed; they were successively soaked in water
for 24 h. After soaking, samples were dried and weighed
again: the different weight, before and after the treatment,
was used to determine the materials’ stability in water.
On the other hand, in order to investigate release, fifty
grams of the samples (size 4 – 9.5 mm) were weighed into a
1000-ml polypropylene plastic bottle containing 1000 ml
water. The suspensions were shaken for 18 h on an end-
over-end shaker at a speed of 30 rpm and then filtered. The
pH of the filtered solutions was measured with a Crison
GLP21 pH-meter.

III. Results and Discussion

As can be seen in Table 1, the chemical analysis of the
MK revealed the presence of high quantities of SiO2,
Al2O3 and minor amounts of other components in
line with the nominal composition of this commercial
product with a Si/Al atomic ratio of 1.19. The XRD
analysis (Fig. 1) revealed the presence of muscovite
(3 %) (PDF 00 – 046 – 0741), free quartz (4 wt%) (PDF
01 – 083 – 2465) and anatase (1 %) (PDF 01 – 071 – 1166)
together with an amorphous phase highlighted by the
presence of the amorphous hump emerging from the back-
ground line. Fig. 2 displays the PSD and cumulative curves
of the MK powder, showing the presence of particles hav-
ing a bimodal distribution highlighted by a small peak
centred at around 300 nm and a larger one at around 7 lm.

The procedure followed for the preparation of all
geopolymers (i.e. aging at low temperature inside a cli-
matic chamber during the first stage of curing followed by
thermal treatment) was established after several attempts,
which showed a strong initial heat output being observed
during the first hours after paste production 35, 36, which
is due to the rapid solubilization of the MK cryptocrys-
talline structure.
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Fig. 1: X-ray diffraction pattern of the as-received metakaolin.
Phases are identified with the following symbols: (M) = muscovite;
(Q) = quartz; (A) = anatase.

Heating caused fast water evaporation followed by
growth of extended cracks on the samples’ surfaces and
bulk. This statement is documented by a SEM investi-
gation made on samples prepared without a controlled
hardening process. Fig. 3 (a – d) show the free surface of
the hardened samples PG3, PG6, PG8 and PG10 which
have different P/Si ratio, but the same water to total sol-
id content. It may be observed that, as the P/Si ratio is
increased, porosity progressively decreases, whereas frac-
tures look increased in number and/or dimension. Aging
at 10 °C could appear excessive for compositions con-

taining a low amount of phosphoric acid (namely those
identified with symbols PG1 – PG6) which exhibit a rela-
tively limited heat output, but proved necessary for com-
positions containing a high quantity of phosphoric acid
(compositions PG7 – PG11) where the strong heat output,
due to the high P/Si ratio, causes fast water evaporation,
fast shrinkage and favours materials fracturing as has been
clearly mentioned in the literature 40, 41. The initial aging
at low temperature allows control of the heat output after
mixing and the preservation of the materials’ integrity.

Fig. 2: Particle size distribution (left axis) and cumulative represen-
tation (right axis) curve of the as-received metakaolin.

Fig. 3 a, b, c, d: SEM images of the free surface of samples PG3 (a), PG6 (b), PG8 (c) and PG10 (d) after uncontrolled consolidation.



2021 The Effect of the P/Si Ratio on the Preparation and Properties of Phosphoric Acid-Metakaolin Geopolymers 5

Table 2 reports the average values of the slump (cm) for all
the compositions whereas Fig. 4 shows the trend as a func-
tion of the P/Si ratio at constant water/total solid content
(0.47). As expected, the slump values decrease, lowering
the amount of water at a fixed P/Si ratio; on the other hand,
it can be observed that, with an increase in the P/Si ratio,
the workability of the pastes is improved for the same wa-
ter/total solid content. In other words, by increasing the
amount of phosphoric acid relative to the MK powder, the
total amount of water might be reduced down to the work-
ability limit, without precluding good homogenization of
the starting components. For each P/Si ratio, the minimal
slump value reported in Table 2 corresponds to the work-
ability limit of the blends prepared using the 5-litre Ho-
bart mixer. The workability limit of the compositions with
the P/Si of 1.05 and 0.86 falls to the value of 0.42 of water/
total solid content whereas that of the compositions with
P/Si of 0.36 and 0.57 falls to the water/total solid content
of 0.47. The authors are aware that, in case of a P/Si of 0.36,
the lowest value of the water/total solid content leads to a
paste that cannot be cast because of its plastic consistency.
It seems reasonable that the workability test used in the
present research is not applicable for that particular com-
position.

Fig. 4: Slump flow versus P/Si at a constant (0.47) H2O/total solid
content ratio.

The X-ray diffraction (Fig. 5) investigations performed
on the hardened materials revealed that the crystalline
quartz and anatase appear inert versus the phosphoric acid
attack since they maintain similar intensity before and af-
ter geopolymerization 34 whereas the peaks of muscovite
tend to decrease with an increasing amount of phospho-
ric acid added to the MK starting powder, thus reveal-
ing its moderate reactivity during the sol-gel reaction. In
addition, it can be observed that the pattern collected on
the MK shows a less intense amorphous hump, character-
istic of the main reactive phase, located at approximate-
ly 25°± 0.5 which is also shifted towards higher degrees
in hardened materials, thus showing that the cryptocrys-
talline structure of MK changes into a new one as an effect
of the polymerization and appears to be independent of
the P/Si ratio.

Fig. 6 compares ATR-FTIR spectra from metakaolin-
ite (MK) and geopolymer (PG) samples. The green ar-
rows in panel (a) highlight the absorption bands at about

1 646 and 3 290 cm-1. They arise from the stretching and
deformation modes of H-O-H and O-H in adsorbed
water 42, 43. The bands at 546 cm-1 and 1 – 040 cm-1 in
the MK spectrum (cf. the blue dotted lines in Figs. 6b
and 6c) are attributed to Si-O-Si vibrations 43, 44. After
geopolymerization, the spectral position of these bands
shifts toward lower (cf. Fig. 6b) and higher (cf. Fig. 6c)
wavenumbers, respectively. In the first case, a partial re-
placement of SiO4 tetrahedra with PO4 units can be hy-
pothesized, resulting in a partial rearrangement of the
local structure 42, 43; in the second one, a similar phe-
nomenon could be due to a limited substitution of SiO4
with AlO4 groups 45. The blue arrow in Fig. 6b identifies
a peak at 785 cm-1 that can also be attributed to the Si-
O-Si bonds 46 even if its intensity greatly decreases af-
ter the sol-gel reaction. The red arrow in Fig. 6b shows
a band at 912 cm-1 representing P-O-Al bonds inside the
samples 47. This peak is absent in the MK spectra and ap-
pears only after reaction. From PG3 (P/Si ratio of 0.36)
to PG10 (P/Si ratio of 1.05) the peak height gradual-
ly increases; its intensity is directly proportional to the
amount of H3PO4 used as a reagent. The results from
ATR-FTIR measurements suggest that Si-O-Si bonds are
partially substituted by Si-O-P and Si-O-Al bonds 44, 48,
confirming XRD results and providing further insights
into the structural and chemical changes occurring af-
ter geopolymerization. It follows that the main building
block of phosphoric acid geopolymers is based on the -P-
O-Si-O-Al-O- bonds that take place during the harden-
ing process.

Fig. 5: XRD patterns of MK and those of the geopolymers PG3,
PG6, PG8 and PG10. For peaks identification see Fig. 1.

Fig. 7 shows the concentration of different elements in
the investigated samples obtained by XPS analysis. It is
possible to observe opposite trends in the P and Al con-
centration. As expected, the amount of P in the MK sam-
ple is 0, because this element is incorporated inside the
geopolymer only after the chemical reaction. Howev-
er, after geopolymerization has occurred, the amount of
phosphorous increases (achieving its maximum inside the
PG10 sample) while the aluminium concentration de-
creases. As already indicated by the results of the XRD
and ATR-FTIR analysis, there is a partial substitution
of Si-O-Si bonds with Si-O-P bonds, which explains the
trend observed during the analysis.
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Fig. 6: ATR-FTIR spectra collected on MK and PG samples (a). Detail of two spectral windows: (b) 500 – 1 000 cm-1 and (c) 900 – 1 300 cm-1.

Fig. 7: Element concentration (atomic %) of P and Si in metakaoli-
nite and geopolymer samples obtained by means of XPS.

The compressive strength data reported in Table 2 range
from a minimum value of 8 MPa for composition PG1 to
the maximum of 34 obtained for composition PG11. It can
be observed that strength grows with decreasing slump
at a constant P/Si ratio i.e. with a decreasing H2O/total
solid content, whereas it increases with increasing P/Si
ratio at a constant H2O/total solid content, as shown in
Fig. 8. The above results also confirm that the strength of
the geopolymers increases with an increases in the amount
of phosphoric acid during their production, in agreement
with the works of other researchers 42.

However, a similar mechanical behaviour would be ex-
pected for the compositions in the same area of the dia-
gram designed by Celerier et al. 34 for the consolidation
time at 70 °C. In fact, samples with composition PG3 and
PG8 display strength values close to PG6 and PG10, re-
spectively. The water absorption measurements highlight

a complementary behaviour (see Fig. 8): as expected, mate-
rials with low strength display high water absorption, con-
versely high strength may be coupled with low water ab-
sorption.

Fig. 8: Compressive strength (plain line) and water absorption
(dashed line) versus P/Si at the H2O/total solid content ratio of
0.47. Error bars are also displayed.

Table 3 shows the textural characteristics of geopolymers
prepared in the present research. It can be observed that
the specific surface area ranges from 39 m2/g measured on
sample PG10 to 83 for sample PG7; pore volume ranges
between 0.04 and 0.05 cm3/g whereas average pore width
ranges from a minimum of 5.1 nm measured on sample
PG7 to 6.8 observed on specimen PG2. Readers may think
that pore volume and average pore width appear to be in-
dependent of the materials’ composition, there being very
little differences between the values shown in Table 3; in
contrast, the specific surface area seems to be affected by
materials’ composition, even if a clear trend is not visible
as function of the P/Si ratio, nor of the H2O/total solid
content. However similar features between materials that
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exhibit the same consolidation time have already been ob-
served 34. In fact, Figs. 9a and 9b show the trend of dV/
dlog D (cm3/g) versus pore diameter of samples PG3 –
PG6 and PG8 – PG10, respectively. Such compositions
correspond to geopolymers with the same H2O/total sol-
id content (0.47), but different P/Si ratio: PG3 and PG6
refer to materials that require a consolidation time longer
than 3 hours, PG8 and PG10 consolidate in a shorter time.
Fig. 9a shows that compositions PG3 and PG6 have simi-
lar pore size distribution with a diameter between 33 and
47 Å. Composition PG3 shows a major amount of pores
with large size, which, however, is not coupled with a high-
er average pore width (Table 3). On the other hand, mate-
rials with compositions PG8 and PG10 show a larger pore
size distribution compared to that of PG3 and PG6, the
pore size in these compositions ranging between 25 and
47 Å.

Figs. 10 (a-d) show the characteristics of samples PG3 (a),
PG6 (b), PG8 (c) and PG10 (d) after controlled geopoly-
merization. It can be observed that, with increasing P/Si
ratio, the porosity (coarse and fine) is progressively re-
duced in its dimensions and quantity; at the same time, the
microstructure appears to be refined: grain size is reduced
and much more uniform, thus confirming the previously
discussed results.

Several authors 2 – 3, 8 have shown that the Si/Al ra-
tio strongly affects the morphology of alkali-activated
geopolymers as well as their structural and/or function-
al properties. In parallel, the literature reports that the
P/Si or P/Al ratios affect the structural features as well as
the mechanical performances of phosphoric-acid-based
geopolymers. Going into more detail, Gao et al. 30 demon-
strated that optimal compressive strength can be obtained
in geopolymers with H3PO4/Al2O3 = 1.3:1; higher or
lower values lead to the production of materials with low-
er strength. Louati et al. 29 showed that optimal compres-
sive strength is developed in material having a Si/P ratio
of 2.75, i.e. P/Si=0.36. Tchakouté et al. 42 demonstrated
that optimal compressive strength may be obtained using
H3PO4 10M solution (P/Si around 0.6) whereas a higher
or lower H3PO4 concentration leads to the production
of materials with lower strength. On the other hand, it
is known that macroporosity influences the materials’
mechanical behaviour more than micro- or nanoporosi-
ty. In the case of geopolymeric materials, macroporosity
strongly depends on the amount of excess water that must
be added to optimize mixing and workability. This ex-
cess water does not react during the geopolymerization
process, remaining outside the network, and therefore es-
capes during drying, indicating more pores in geopolymer
cements. Water absorption data measured in the geopoly-
mers prepared in the present research range from a min-
imum of 17 to a maximum of 40 %, thus appearing rela-
tively high and suggesting the presence of a large amount
of macroporosity in all the compositions. It is therefore
the opinion of the authors of the present paper that the
effect of the excess water used to mix the geopolymeric

pastes on the compressive strength of the hardened mate-
rials is more significant than that of the materials’ textural
characteristics. However, the present work demonstrates
that an increase of the P/Si ratio enables minimization of
the excess water during geopolymeric paste preparation,
leading to an improvement of their compressive strength.

Table 3: Specific surface area (m2/g), pore volume (cm3/g)
and average pore width (nm) of the geopolymers prepared.

Sample name Specific
surface area

Pore volume Average
pore width

PG1 55 0.04 6.3

PG2 54 0.05 6.8

PG3 57 0.05 6.5

PG4 56 0.05 6.6

PG5 58 0.04 6.5

PG6 61 0.04 6.2

PG7 83 0.05 5.1

PG8 79 0.05 5.1

PG9 79 0.04 5.2

PG10 39 0.05 5.9

PG11 45 0.04 5.7

Fig. 9: Pore size distribution of geopolymers samples evaluated
from N2 desorption isotherm: (a) PG3 (dashed line) and PG6 (plain
line); (b) PG8 (dashed line) and PG10 (plain line).
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Fig. 10 a, b, c, d: SEM micrographies (1 600x) of the free surface of samples PG3 (a), PG6 (b), PG8 (c) and PG10 (d) after consolidation.

The test used to investigate the elution/stability of
geopolymers in water is a modified version of the
EN 12457 test, which is typically used to evaluate the
release of heavy metals from contaminated products. No
elution of acid was observed from the geopolymer speci-
mens since all the solutions extracted after dipping of the
geopolymers specimens in water revealed a pH ranging
from 7.2 to 7.5 independent of their composition. In the
parallel experiment, the weight difference of the coarse
material particles submitted to the stability test, before
and after the treatment, ranges from 0.2 to 0.5 %, thus
suggesting good stability in water.

IV. Conclusions

Geopolymers with different compositions were pre-
pared by mixing metakaolin, water and phosphoric acid
solution in different proportions in order to obtain P/Si
ratios of 0.36, 0.57. 0.86 and 1.05. The resulting pastes were
cast into proper moulds and hardening was performed by
aging at 10 °C for 48 h followed by thermal treatment at
40 °C for ten days.
It has been observed that:
– the workability of the geopolymeric paste improves

with increasing P/Si ratio, thus enabling a reduction of
the amount of water;

– XRD diffraction analysis demonstrated that quartz
and anatase are almost inert versus the phosphoric
acid attack whereas muscovite reacts slightly during

geopolymerization. A change of the amorphous struc-
ture in all geopolymers has also been observed, this
change appearing to be independent of the P/Si ratio
of the composition;

– the ATR-FTIR investigation suggests that Si-O-Si
bonds are partially substituted by Si-O-P and Si-O-Al
bonds as a consequence of the geopolymeric reaction,
the same results were obtained with XPS investiga-
tions;

– the compressive strength of the hardened materials in-
creases with increasing P/Si ratio at a constant H2O/to-
tal solid content, whereas their strength is lowered with
increasing H2O/total solid content at constant P/Si ra-
tio;

– pore volume and average pore width are independent
of the materials’ composition; however, the specific
surface area is affected by the materials’ composition,
even if a clear trend could not be observed as a function
of the P/Si ratio, nor of the H2O/total solid content.
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