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Abstract: The preparation and characterization of composite materials based on geopolymers
obtained from fly ash and epoxy resins are reported for the first time. These materials have been
prepared through a synthetic method based on the concurrent reticulation of the organic and inorganic
components that allows the formation of hydrogen bonding between the phases, ensuring a very
high compatibility between them. These new composites show significantly improved mechanical
properties if compared to neat geopolymers with the same composition and comparable performances
in respect to analogous geopolymer-based composites obtained starting from more expensive raw
material such as metakaolin. The positive combination of an easy synthetic approach with the use of
industrial by-products has allowed producing novel low cost aluminosilicate binders that, thanks to
their thixotropicity and good adhesion against materials commonly used in building constructions,
could be used within the field of sustainable building.
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1. Introduction

Geopolymers are a family of inorganic materials obtained by reaction between an aqueous
alkaline silicate solution and an aluminosilicate source [1,2]. This reaction yields an amorphous
three-dimensional structure in which SiO4 and AlO4 tetrahedra are linked by corner-shared O atoms.

Geopolymers are characterized by interesting mechanical properties, low shrinkage, thermal
stability, freeze-thaw, chemical and fire resistance, long term durability and recyclability. For these
reasons, they have the potential for utilization as Ordinary Portland Cement (OPC) replacement in
a wide range of applications, such as fireproof barriers, materials for high temperatures, matrices for
hazardous waste stabilization, toolings and moldings [3,4].

Moreover, with respect to the manufacturing of OPC that consumes a significant amount of
natural materials and energy release of a large quantity of carbon dioxide in the atmosphere [5–8],
the use of geopolymer-based materials in concrete applications could significantly reduce the CO2

emissions [9] thanks to the “low carbon” footprint of several raw materials with a high concentration
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of aluminosilicates from which they can be prepared, i.e., dehydroxylated kaolinite (metakaolin, MK)
or industrial waste such as fly ash.

Fly ash (FA) is a fine powder by-product transported by flue gas after the combustion of coal
in coal-fired power stations typically made up of small glass spheres, consisting primarily of silicon,
aluminium, iron, and calcium oxides [10–14]. The development of FA-based geopolymer concretes
could contribute to recycling waste into construction material, thus reducing, at the same time, CO2

emissions [15–17].
However, FA-based geopolymers typically exhibit brittle behavior with low tensile strength,

ductility, and fracture toughness, thus limiting up to now the actual possibility to use these very
promising materials for extensive and practical applications in constructions. This limit could be,
in principle, overcome by developing geopolymer composites, but, to the best of our knowledge,
very little is reported on this topic. Only recently, Li et al. [18] described the utilization of chitosan
biopolymers for the implementation of composite systems based on geopolymers obtained from fly
ash, in which the formation of a three-dimensional cross-linked composite is achieved by means of
a network of hydrogen bonds between geopolymer and chitosan macromolecules (Figure 1).
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amount produces a decrease of the geopolymerization degree, probably due to an encapsulation 
effect of the fly ash particles that become un-reactive [18]. It is worth noting that, in a bid to obtain 
advanced geopolymer-based composite materials, a wide range of organic polymers have been 
studied in literature as organic fillers, such as polyvinyl acetate [19], polypropylene [20], polyvinyl 
alcohol [21], or water-soluble organic polymers [22]. These kind of composites are usually obtained 
by blending the polymer with geopolymers, sometimes in the presence of compatibilizers [23–25]. 
Nevertheless, a worsening effect of the mechanical properties of the final product [26] for very low 
concentrations (up to ~1 wt %), similar to that previously described in the case of chitosan, has been 
observed. In these last cases, this detrimental effect is probably due to the use of organic materials 
poorly compatible with the inorganic matrix that, at high amounts of the organic components, causes 
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and different organic resins up to 25% in weight [27–32]. These materials show significantly improved 
physical and mechanical properties and remarkably reduced brittleness with respect to the neat 
geopolymers, still preserving good thermal and fire resistance [30,32]. This approach consists of the 
concurrent co-reticulation of both phases that are mixed together when each polymerization reaction 
is already started but is far from being completed, thus allowing for realization of a chemical 
interaction between the organic component and the geopolymeric mixture based on the formation of 
a wide network of hydrogen bonding (Figure 2) [29]. This approach ensures high compatibility 

Figure 1. Schematic representation of the mechanism of interaction between geopolymer (on the left
and on the right, in the hypothesis of Na/Al = 1:1) and N-carboxymethyl chitosan macromolecules
(in the middle). Dashed lines represent hydrogen bonds [18].

In that case, the interaction between the inorganic matrix and the macromolecule is effective
up to 0.1% by weight of N-carboxymethyl chitosan content, while a further increase of the chitosan
amount produces a decrease of the geopolymerization degree, probably due to an encapsulation
effect of the fly ash particles that become un-reactive [18]. It is worth noting that, in a bid to obtain
advanced geopolymer-based composite materials, a wide range of organic polymers have been
studied in literature as organic fillers, such as polyvinyl acetate [19], polypropylene [20], polyvinyl
alcohol [21], or water-soluble organic polymers [22]. These kind of composites are usually obtained
by blending the polymer with geopolymers, sometimes in the presence of compatibilizers [23–25].
Nevertheless, a worsening effect of the mechanical properties of the final product [26] for very low
concentrations (up to ~1 wt %), similar to that previously described in the case of chitosan, has been
observed. In these last cases, this detrimental effect is probably due to the use of organic materials
poorly compatible with the inorganic matrix that, at high amounts of the organic components, causes
a phase separation between the organic filler and the inorganic geopolymer matrix.

Very recently, we have developed an innovative, easy and cost-effective synthetic strategy to
realize hybrid composite materials by using metakaolin-based geopolymers as inorganic components
and different organic resins up to 25% in weight [27–32]. These materials show significantly improved
physical and mechanical properties and remarkably reduced brittleness with respect to the neat
geopolymers, still preserving good thermal and fire resistance [30,32]. This approach consists of the



Materials 2016, 9, 461 3 of 15

concurrent co-reticulation of both phases that are mixed together when each polymerization reaction is
already started but is far from being completed, thus allowing for realization of a chemical interaction
between the organic component and the geopolymeric mixture based on the formation of a wide
network of hydrogen bonding (Figure 2) [29]. This approach ensures high compatibility between
the phases and a very good dispersion even at the nanometric level of the organic phase that can
be included in the mixture up to about 25% by weight, without addition of external additives or
compatibilizers [30].
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In the present paper, we report on the preparation of novel FA-based geopolymer composites,
obtained by extending the synthetic method developed by us in the case of more expensive
metakaolin-based geopolymers to raw waste materials. In such a way, we have succeeded in combining
an easy and sustainable synthetic approach with the use of industrial by-products for the realization of
novel “eco-friendly” aluminosilicate binders in order to preserve the environment and limit the cost of
construction materials.

These new promising materials have been characterized by means of several techniques, such as
scanning electron microscopy (SEM), thermal analysis (TGA), X-ray diffraction (XRD), and compressive
strength tests. Their properties have been compared with neat geopolymer samples and analogous
samples obtained from metakaolin [28].

2. Experimental Section

2.1. Materials and Methods

Class F coal fly ash employed in this work was supplied by the ENEL S.p.A. power plant located
in Brindisi (Southern Italy) and was used as received, without drying treatment. The water content
was found to be 4% after drying in an oven at 105 ˝C until reaching a constant mass. Its chemical
composition was obtained by means of a Perkin-Elmer Optima 2100 DV ICP-OES apparatus (Waltham,
MA, USA) [14,33] and is reported in Table 1. The water content of fly ash was taken into account in the
mix design. Metakaolin was kindly provided by Neuchem S.r.l. (Milan, Italy), and its composition
is reported in Table 1. Epojet® epoxy resin [34] was purchased by Mapei S.p.A. (Milan, Italy).
Sodium hydroxide was purchased from Sigma Aldrich (St. Louis, MO, USA) and used without
further purification. The sodium silicate solution was supplied by Prochin Italia S.r.l. (Naples, Italy),
and its composition is reported in Table 1.
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Table 1. Chemical composition (weight%) of weathered fly ash used in this paper after thermal
treatment at 950 ˝C, metakaolin and the sodium silicate solution.

Fly Ash

Al2O3 SiO2 K2O Fe2O3 Na2O MgO CaO others
28.12 53.75 1.89 6.99 0.87 1.59 4.32 2.47

Metakaolin

Al2O3 SiO2 K2O Fe2O3 TiO2 MgO CaO others
41.90 52.90 0.77 1.60 1.80 0.19 0.17 0.67

Sodium Silicate Solution

SiO2 Na2O H2O
27.40 8.15 64.45

The fly ash particle size distribution was determined by means of a Malvern Mastersizer
3000 laser particle analyser (Malvern, UK). Thermogravimetric analyses (TGA) were performed by
a Mettler-Toledo TGA/DSC2 STARe SYSTEM (Columbus, OH, USA). The thermographs were obtained
with a heating rate of 10 ˝C/min using «10 mg of the powdered sample under air flow. X-ray diffraction
patterns were obtained at room temperature with an automatic Rigaku powder diffractometer mod.
Miniflex 600 (Tokyo, Japan), operating in the θ/2θ Bragg-Brentano geometry. The phase recognition
was carried out by using the PDF-4+ 2014 (International Centre for Diffraction Data®, Tokyo, Japan)
database and the Rigaku PDXL2 software (Rigaky, Tokyo, Japan). SEM analysis was carried out by
means of a Nova NanoSem 450 FEI Microscope (Hillsboro, OR, USA). The compressive strength was
evaluated according to EN 196-1 and measured by testing cubic paste specimens (30 ˆ 30 ˆ 30 mm3)
in a Controls MCC8 multipurpose testing machine (CONTROLS s.r.l., Liscate, Milan, Italy) with
a capacity of 100 kN. The tests were performed after 28 days of curing at room temperature, and the
values reported are the averages of the five compression strength values.

2.2. Specimen Preparation

2.2.1. Preparation of Metakaolin-Based Geopolymer (G-MK)

The alkaline activating solution was prepared by dissolving solid sodium hydroxide into
the sodium silicate solution. The solution was then allowed to equilibrate and cool for 24 h.
The composition of the obtained solution can be expressed as Na2O¨ 1.34SiO2 10.5H2O. Then, the
metakaolin was incorporated to the activating solution with a liquid to solid ratio of 1.4:1 by weight and
mixed by a mechanical mixer for 10 min at 800 rpm. The composition of the whole geopolymeric system
can be expressed as Al2O3 3.5SiO2 1.0Na2O¨ 10.5H2O, assuming that geopolymerization occurred at
100%. Such composition is in good agreement with that actually determined by EDS analyses on the
prepared samples.

2.2.2. Preparation of Fly Ash-Based Geopolymer (G-FA)

The alkaline activating solution was prepared by mixing the sodium silicate solution with
an aqueous solution of sodium hydroxide 10 M. The solution was then allowed to equilibrate and cool
for 24 h. The composition of the obtained solution can be expressed as Na2O 0.9SiO2 14.7H2O. Then, fly
ash was incorporated into the activating solution with a liquid to solid ratio of 0.66:1 by weight and
mixed by a mechanical mixer for 20 min at 800 rpm. The composition of the whole geopolymeric
system can be expressed as Al2O3 3.79SiO2 0.66Na2O 8.9H2O, assuming that geopolymerization
occurred at 100% (see the related discussion in Section 3.1.4).

2.2.3. Preparation of the EPOXY-Geopolymer Composites

Geopolymer-based composites have been obtained by adding Epojet® resin to the freshly-prepared
geopolymeric suspension, and were quickly incorporated by controlled mixing (5 min at 1350 rpm).
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Epojet® is a commercial two-component epoxy adhesive for injection, which, after mixing, takes on
the qualities of a low viscosity liquid. It is obtained by mixing its components in 4:1 ratio in weight,
as specified in the technical data sheet, supplied by the manufacturer [34], and it is usable for 40 min
at room temperature. Before being added to the geopolymeric mixture, Epojet® was cured at room
temperature for 10 min. The resin was added when it was still easily workable and long before its
complete crosslinking and hardening (that takes place in about 5–7 h at 23 ˝C). It is worth noting that
the addition of the unreacted components of the resins to the inorganic suspension produces phase
segregation and, on the contrary, a late mixing of the two components (the cured organic resin and the
geopolymer) results in a strongly reduced homogeneity of the final material.

Different specimens containing up to 20% w/w of resin were prepared: in particular, G-FA-Ep10
and G-FA-Ep20 specimens were obtained by mixing Epojet® epoxy resin (10% and 20% by weight,
respectively) with fly ash-based geopolymer (G-FA); G-MK-Ep10 and G-MK-Ep20 were obtained by
mixing Epojet® epoxy resin (10% and 20% by weight, respectively) with metakaolin-based geopolymer
(G-MK). All the composites started solidifying in few minutes [28].

The composition of the studied samples is reported in Table 2.

Table 2. Composition (wt %) of the samples used in this study.

Mix ID MK FA SS NaOH NaOH soln Resin

G-MK 41.6 - 50.0 8.4 - -
G-MK-Ep10 37.4 - 45.0 7.6 - 10
G-MK-Ep20 33.3 - 40.0 6.7 - 20

G-FA - 60.2 19.9 - 19.9 -
G-FA-Ep10 54.2 17.9 - 17.9 10
G-FA-Ep20 48.2 15.9 - 15.9 20

MK = metakaolin; FA = fly ash; SS = sodium silicate solution; NaOH soln = aqueous sodium hydroxide solution
10 M; Resin = Epojet® Mapei S.p.A. [34].

2.3. Curing Treatments

As soon as prepared, MK-based specimens were casted in cubic molds and cured at room
temperature (=25 ˝C) in >95% relative humidity conditions for seven days. The evaporation of
water was prevented by sealing the top of the molds with a thin plastic film during the curing stage.
The specimens were left for a further 21 days in air at room temperature before being characterized.

FA-based specimens, as soon as prepared, were casted into cubic molds and cured at 60 ˝C for
48 h in >95% relative humidity conditions (the evaporation of water was prevented by sealing the top
of the molds with a thin plastic film during the curing stage) and further five days in >95% relative
humidity conditions at room temperature. Finally, the specimens were left for a further 21 days in air
at room temperature before being characterized.

3. Results and Discussion

3.1. Characterization

3.1.1. X-ray Diffraction Characterization

Figure 3 shows the XRD patterns of the used fly ash (FA), the cured neat FA-based geopolymer
(G-FA), and the composite sample (G-FA-Ep20) containing 20 wt % of organic resin. The diffraction
pattern of the fly ash is characterized by a wide and diffused hump in the interval range 15˝–35˝ 2θ
with a maximum at 2θ˝–25˝. Minor crystalline phases such as quartz (JCPDS 01-070-2517), mullite
(JCPDS 01-076-2579) and hematite (JCPDS 00-013-0534) may also be identified. This amorphous
halo is shifted towards slightly higher angular values (maximum at 2θ˝–30˝) in the G-FA sample,
indicating the formation of an alkaline aluminosilicate hydrate gel (N-A-S-H) with a 3D amorphous
structure [35]. The crystalline phases detected in the initial material (quartz, mullite and hematite)
remain substantially unaltered. In this respect, it is known that, in the fly ash only, the amorphous
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aluminosilicate component is reactive in the geopolymerization reaction [36]. Finally, as far as the
composite specimen is concerned, the X-ray diffraction pattern is very similar to that of the FA-based
geopolymer, even if it is characterized by a more pronounced amorphous halo due to the presence of
the organic resin.
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3.1.2. Thermal Analysis

Thermogravimetric analysis was performed on the neat G-FA geopolymer, on the organic resin,
and on the G-FA-Ep20 composite (Figure 4) after the curing.

In the case of the neat G-FA geopolymer specimen, weight loss starts at =30 ˝C and is completed at
750˝. The overall weight loss is 15% and can be attributed to the removal of water molecules absorbed
(up to «100 ˝C) or differently linked (up to «200 ˝C, free water in the pores; at higher temperatures,
structural water and bound water in the nanopores) to the silicate molecules [37–39].

Epojet® resin shows a degradation mechanism involving two main steps. The resin is thermally
stable up to about 250 ˝C. Above this temperature, a first degradation step that finishes at «480 ˝C is
observed, resulting in a weight loss of 51%. The second degradation process is completed at about
650 ˝C and a combustion residual of about 5% remains.

As far as the G-FA-Ep20 composite specimen, the weight loss shows a complex mechanism
involving different steps: in particular, a first step, corresponding to a weight loss of «4%, is recorded
up to «300 ˝C, while a second step, characterized by a complex path, is observed from «300 ˝C up
to «700 ˝C and corresponds to a further weight loss equal to «22%. It was found [28] that the first
degradation step is associated mainly with the loss of water of the geopolymeric phase while the
second one corresponds to the degradation of the dispersed organic phase. The combustion residual
at 800 ˝C is about 78%. Moreover, it is worth pointing out that, from the DTA of the curves reported
in Figure 4, the peak temperature of water loss for the composite (130 ˝C) is higher than that of the
pure geopolymer (95 ˝C): probably, the polar groups of the resin interact with the water molecules,
delaying their evaporation [28] (see column numbers 4 and 5 of Table 3).

Degradation temperatures and weight losses for the studied systems are summarized in Table 3.
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Figure 4. TGA curves of (a) the cured G-FA neat geopolymer sample (black solid line); (b) the pure
epoxy resins (Epojet, blue dashed line); and (c) the G-FA-Ep20 composite specimen (red dotted line).

Table 3. Thermal properties of the neat geopolymer (G-FA), pure epoxy resins (Epojet), and the
composite specimen (G-FA-Ep20).

Mix ID
Weight Loss

Starting
Temperature (˝C)

Weight Loss
Ending

Temperature (˝C)

Weight Loss at
200 ˝C (wt %)

Weight Loss at
400˝C (wt %)

Residual at
800˝C (wt %)

G-FA 30 750 7.2 8.7 85
Epojet 250 650 2.1 39.4 5

G-FA-Ep20 30 700 2.6 9.2 78

3.1.3. Microstructural Analysis of Fly Ash

Figure 5 shows SEM micrographs of the used fly ash and their particle distribution. It is apparent
that the fly ash consists mostly of glassy cenospheres. Such microstructure is in good agreement with
that reported in the literature [2,12–15]. Moreover, the dimensions of the particles and their aggregates
range between a few microns to «30 microns have been detected. In particular, the D50 is 30.1 µm
(Figure 5B).

Materials 2016, 9, 461 7 of 15 

 

 
Figure 4. TGA curves of (a) the cured G-FA neat geopolymer sample (black solid line); (b) the pure 
epoxy resins (Epojet, blue dashed line); and (c) the G-FA-Ep20 composite specimen (red dotted line). 

Table 3. Thermal properties of the neat geopolymer (G-FA), pure epoxy resins (Epojet), and the 
composite specimen (G-FA-Ep20). 

Mix ID 
Weight Loss 

Starting 
Temperature (°C) 

Weight Loss 
Ending 

Temperature (°C) 

Weight Loss 
at 200 °C  
(wt %) 

Weight Loss 
at 400°C  
(wt %) 

Residual 
at 800°C  
(wt %) 

G-FA 30 750 7.2 8.7 85 
Epojet 250 650 2.1 39.4 5 

G-FA-Ep20 30 700 2.6 9.2 78 

3.1.3. Microstructural Analysis of Fly Ash 

Figure 5 shows SEM micrographs of the used fly ash and their particle distribution. It is apparent 
that the fly ash consists mostly of glassy cenospheres. Such microstructure is in good agreement with 
that reported in the literature [2,12–15]. Moreover, the dimensions of the particles and their 
aggregates range between a few microns to ≈30 microns have been detected. In particular, the D50 is 
30.1 μm (Figure 5B). 
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3.1.4. Microstructural Analysis of Geopolymers and Geopolymer Based Composites

The SEM micrographs of freshly obtained fracture surfaces of the MK-based geopolymer and
FA-based geopolymer are reported in Figure 6.

MK based-geopolymer (Figure 6A–C) is characterized by a compact morphology that only at very
high magnification (Figure 6C) reveals some unreacted kaolinite crystals and the presence of small
spheroidal domains, probably reminiscent of the gelation process of the geopolymer.

The morphology of FA-based geopolymer (Figure 6A’–C’) instead is dominated by the presence
of the unreacted FA particles that are well dispersed in the geopolymer matrix. This disaggregated
morphology is typical of fly ash-based geopolymers [1,33,40] Moreover, in this sample, the globular
morphology of the geopolymeric matrix is rather evident already at 10,000 magnification (Figure 6B’)
and, at variance with the MK-based geopolymer for which the particle dimensions are in the range
20–50 nm (Figure 6C), in this last case, matrix globules have bigger average diameters, in the range
50–100 nm (Figure 6C’).

The limited reactivity of the fly ash particles causing the non-completeness of the geopolymerization
reaction also influences the composition of the geopolymer matrix that, as determined by EDS analysis
performed on a homogeneous moiety of the surface, is characterized by Si:Al and Na:Al ratios equal to
1.11 and 0.16, respectively.
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Figure 6. Scanning electron microscope (SEM) micrographs of MK-based geopolymer (A–C) and
FA-based geopolymer (A’–C’).

In Figure 7, the SEM micrographs of the FA-based geopolymer composite containing the epoxy
resin (10% by weight) are reported (A’–C’) and compared to the images of the MK-based samples
having the same resin content (A–C).

As far as the MK-based sample, resin particles are homogeneously dispersed in the geopolymer
matrix as well-defined microspheres with diameters in the range 1–10 µm. No segregation phenomena
are observed (Figure 7A,B) and a good adhesion between the organic phase (resin) and the inorganic
one (geopolymer matrix) is apparent (Figure 7C) [28].

In the case of the FA geopolymer composite, particles of organic resin strongly interacting with
the matrix are still observed (Figure 7C’) but, in respect to the MK-based composite sample, an increase
of the dimensions and a less homogeneous distribution of the particles is observed, probably due to
the lower reactivity of FA in respect to MK, that allows the coalescence of the drops of resin during
the geopolymerization reaction. In addition, several microspheres of unreacted fly ash particles are
still present. These particles could act as a reinforcing agent of the matrix, improving the mechanical
properties with respect to the neat geopolymer (see Section 3.1.5). In order to help distinguish between
these two types of particles (i.e., the organic resin particles containing carbon and the unreacted fly
ash particles), Figure 7D,D’ shows the EDS maps of the elements carbon (in red) and silicon (in blue)
for the G-MK-Ep10 and G-FA-Ep10 composites. It is worth noting that, in the case of G-MK-Ep10, it
is evident that the organic particles are scratched when the samples are broken to prepare the SEM
specimens (Figure 7B,C), while the unreacted fly ash spheroidal particles preserve their very smooth
surface (Figure 7B’).
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Figure 7. Scanning electron microscope (SEM) micrographs of MK-based geopolymer composites
(G-MK-Ep10; (A–C)) and FA-based geopolymer composites (G-FA-Ep10; (A’–C’)). In (D,D’), the EDS
maps (at 5000 magnification) of silicon (in blue) and carbon (in red) of two representative regions of
the G-MK-Ep10 and the G-FA-Ep10 sample are shown, respectively.
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These experimental pieces of evidence reflect the different interactions of the resin and FA particles
with the geopolymeric matrix, as also shown in Figure 8. In particular, the interaction of the resin
particles with the inorganic matrix is very strong due to the network of hydrogen bonds between the
phases (Figures 7C’ and 8C) [28]. On the contrary, there is a clear gap between unreacted FA particles
and geopolymer matrix (Figure 8D).

Figure 8B reports the EDS analysis taken along a line starting on a resin particle, passing through
the geopolymer matrix and coming to an FA particle (the arrow is shown in Figure 8A in yellow).
By recording the variation of the chemical composition of carbon, silicon and aluminium along this
line, it is apparent that the resin particle is characterized as expected by a high content of carbon
and by the presence of minor Si and Al due to the adhesion of geopolymer matrix on its surface.
Both geopolymeric matrix and fly ash particle instead show a negligible content of C while Si and Al
are present. In particular, in agreement with the chemical composition (see Paragraph 2.1), FA particles
are characterized by a similar content of Si and Al, while, in the geopolymer matrix, the silicon content
is higher than that of aluminium.
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The compressive strengths of FA-based geopolymers (G-FA) and of the corresponding composites 
containing, respectively, 10% and 20% by weight of epoxy resin (G-FA-Ep10, G-FA-Ep20) are reported 
in Figure 9 and compared with the mechanical performances of the composite specimens obtained 
starting from metakaolin and containing the same resin content (G-MK, G-MK-Ep10, G-MK-Ep20). 

As expected on the basis of the limited reactivity of the weathered fly-ash with respect to MK-
based geopolymers [14,33], G-FA samples show a lower compressive strength than G-MK. 

Figure 8. SEM image of the sample G-FA-Ep10: (A): magnification at 20,000ˆ of a part of Figure 6B’
that shows, following the direction of the yellow arrow: (i) the resin particle; (ii) the matrix and (iii) the
not-reacted ash particle; (B) % distribution of C (red), Si (blue), Al (green) along the arrow obtained
by EDS analyses; (C,D) 40,000ˆ magnification image of the interface zone between the geopolymer
matrix and a resin particle, and between the matrix and an ash particle, respectively.

3.1.5. Compressive Strength Test

The compressive strengths of FA-based geopolymers (G-FA) and of the corresponding composites
containing, respectively, 10% and 20% by weight of epoxy resin (G-FA-Ep10, G-FA-Ep20) are reported
in Figure 9 and compared with the mechanical performances of the composite specimens obtained
starting from metakaolin and containing the same resin content (G-MK, G-MK-Ep10, G-MK-Ep20).



Materials 2016, 9, 461 12 of 15

As expected on the basis of the limited reactivity of the weathered fly-ash with respect to MK-based
geopolymers [14,33], G-FA samples show a lower compressive strength than G-MK.

In particular, by comparing the values of mechanical strength (Figure 9), it is possible to observe
that, in the case of neat geopolymer samples, G-MK mixture is characterized by a noticeable increase
of «40% of compressive strength in respect to G-FA mixture.
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As far as composite samples, for both the matrices, the incorporation of the organic resin in the neat
geopolymeric material significantly influences their mechanical properties, as the compressive strength
increases with the organic content (compare G-FA-Ep10 and G-FA-Ep20 vs. G-FA and G-MK-Ep10
and G-MK-Ep20 vs. G-MK) and, in both cases, the best mechanical performance was obtained for the
specimen containing 20% by weight of organic resin. As already demonstrated for the metakaolin
composites, this evident improvement of mechanical properties is probably due to the presence of the
organic resin that acts as reinforcement, thanks to a crack deviation mechanism and absorbing part of
the load by plastic deformation [28].

Moreover, it is worth noting that the differences in the mechanical performances of FA-based
composites and MK-based ones strongly decrease as the organic resin content increases. In particular,
the difference in compressive strength of composite samples is «30% for the samples containing 10%
by weight of resin (G-MK-Ep10 and G-FA-Ep10) and is «5% only in the case of the samples containing
20% by weight of resin (G-MK-Ep20 and G-FA-Ep20).

These data allow for concluding that the presence of the resin is more effective when it is used
with the fly ash-based geopolymer samples, rather than the metakaolin ones.

This observation supports the idea of a valid use of fly ash in place of more expensive raw
materials, such as metakaolin, in particular for those applications for which it is important to save
materials and limit the costs.

Finally, preliminary data (not reported) indicate that, if compared to neat G-FA, G-FA composite
mixtures show an improved adhesion to common construction supports, minimizing pouring
phenomena and avoiding aggregate segregation.
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4. Conclusions

Through a co-reticulation reaction of commercial epoxy-based organic resins and a fly ash-based
geopolymer, new organic–inorganic composite materials with improved mechanical properties
were prepared.

This strategy allows the organic phase to chemically interact with the geopolymeric mixture
during the geopolymerization process through the formation of a wide network of hydrogen bonding
due to the presence of several hydroxyl groups. In such a way, a high compatibility between the
organic and inorganic phases, even at appreciable concentration of resin (20% w/w), was realized up
to micrometric level and a good and homogeneous dispersion (without the formation of agglomerates)
of the organic particles was achieved.

These new materials show enhanced mechanical properties in respect to the neat geopolymer.
In particular, compressive strength of the new composite material is significantly higher than that of
the neat fly-ash based geopolymer, being comparable or even superior to that obtained starting from
the more expensive metakaolin.

It is worth pointing out that, despite the high concentration of organic resin, similarly to the
analogous composites containing melamine based resins [30], preliminary data show that these new
materials are not flammable and do not produce smoke in significant amounts.

Considering the increasing demand for materials with low environmental impact in today’s
construction and housing industry, this paper tries to add new results in the field of sustainable
building materials with reduced environmental footprint. In fact, the following conclusions can
be drawn:

1. the compressive strength of the composite materials is significantly better than that of the
neat geopolymer;

2. fly ash-based composite materials represent a valid alternative in place of more expensive raw
materials, such as metakaolin, in particular for those applications for which it is important to
save materials and limit the costs;

3. the procedure is inexpensive and uses easily available reagents.

Finally, having successfully replaced the metakaolin with fly ash, we can suggest that the novel
composites may have all the conditions to be an Environmentally Friendly Material. In order to
confirm this hypothesis, a complete LCA (Life Cycle Assessment) study is in progress.

Acknowledgments: The authors thank Neuvendis S.p.A. (San Vittore Olona, Milan, Italy) for the metakaolin
supply and Prochin Italia S.r.l. (Naples, Italy) for the silicate solution supply. Thanks for the technical assistance
are due to Giovanni Morieri, Ornella D’Andria and Luciana Cimino.

Author Contributions: G.R. and O.T. conceived and designed the experiments; G.R., L.R., V.R. and F.C. performed
the experiments; G.R., C.F., F.C. and R.C. analyzed and discussed the data; G.R., L.R., and O.T. and C.F. wrote
the paper.

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

References

1. Davidovits, J. Geopolymers: Inorganic polymeric new materials. J. Therm. Anal. 1991, 37, 1633–1656.
[CrossRef]

2. Davidovits, J. Geopolymer Chemistry and Applications, 3rd ed.; Institut Gèopolymère: Saint Quentin,
France, 2011.

3. Cioffi, R.; Maffucci, L.; Santoro, L. Optimization of geopolymer synthesis by calcination and polycondensation
of a kaolinitic residue. Resour. Conserv. Recycl. 2003, 40, 27–38. [CrossRef]

4. Komnitsas, K.; Zaharaki, D. Geopolymerisation: A review and prospects for the minerals industry. Miner. Eng.
2007, 20, 1261–1277. [CrossRef]

5. Concrete Technology, Past, Present and Future; Davidovits, J., Metha, P.K., Eds.; ACI SP-144; American Concrete
Institute: Detroit, MI, USA, 1994; pp. 383–384.

http://dx.doi.org/10.1007/BF01912193
http://dx.doi.org/10.1016/S0921-3449(03)00023-5
http://dx.doi.org/10.1016/j.mineng.2007.07.011


Materials 2016, 9, 461 14 of 15

6. Arm, M. KTH Land and Water Resources Engineering; KTH Royal Institute of Technology: Stockholm, Sweden,
2003; p. 5.

7. Concrete Technology for a Sustainable Development in the 21st Century; Malhotra, V.M.; Gjorv, O.E.; Sakai, K. E &
FN Spon: London, UK, 2000; pp. 226–235.

8. McCaffrey, R. Climate change and the cement industry. In Global Cement and Lime Magazine; Environmental
Special Issue; Climate Strategies: Cambridge, UK, 2002; pp. 15–19.

9. Turner, L.K.; Collins, F.G. Carbon dioxide equivalent (CO2-e) emissions: A comparison between geopolymer
and OPC cement concrete. Constr. Build. Mater. 2013, 43, 125–130. [CrossRef]

10. Goodwin, R.W. Combustion Ash/Residue Management: An Engineering Perspective; Noyes Publications: London,
UK, 1993.

11. Berry, E.E.; Malhotra, V.M. Fly ash for use in concrete—A critical review. J. Am. Concr. Inst. 1980, 77, 59–73.
12. Matsunaga, T.; Kim, J.K.; Hardcastle, S.; Rohatgi, P.K. Crystallinity and selected properties of fly ash particles.

Mater. Sci. Eng. A 2002, 325, 333–343. [CrossRef]
13. Puertas, F.; Martìnez-Ramìrezez, S.; Alonso, S.; Vàzquez, T. Alkali-activated fly ash/slag cement strength

behavior and hydration products. Cem. Concr. Res. 2000, 30, 1625–1632. [CrossRef]
14. Messina, F.; Ferone, C.; Colangelo, F.; Cioffi, R. Low temperature alkaline activation of weathered fly ash:

Influence of mineral admixtures on early age performance. Constr. Build. Mater. 2015, 86, 169–177. [CrossRef]
15. Safiuddin, M.; Jumaat, M.Z.; Salam, M.A.; Islam, M.S.; Hashim, R. Utilization of solid wastes in construction

materials. Int. J. Phys. Sci. 2010, 13, 1952–1963.
16. Provis, J.L.; Bernal, S.A. Geopolymers and related Alkali-activated materials. Annu. Rev. Mater. Res. 2014, 44,

299–232. [CrossRef]
17. McLellan, B.C.; Williams, R.P.; Lay, J.; van Riessen, A.; Corder, G.D. Costs and carbon emissions for

geopolymer pastes in comparison to ordinary portland cement. J. Clean. Prod. 2011, 19, 1080–1090. [CrossRef]
18. Li, Z.; Chen, R.; Zhang, L. Utilization of chitosan biopolymer to enhance fly ash based geopolymer.

J. Mater. Sci. 2013, 48, 7986–7993. [CrossRef]
19. Zhang, Y.; Sun, W.; Li, Z. Infrared spectroscopy study of structural nature of geopolymeric products. J. Wuhan

Univ. Technol. 2008, 23, 522–527. [CrossRef]
20. Zhang, Z.; Yao, X.; Zhu, H.; Hua, S.; Chen, Y. Preparation and mechanical properties of polypropylene fiber

reinforced calcined kaolin-fly ash based geopolymer. J. Cent. South Univ. Technol. 2009, 16, 49–52. [CrossRef]
21. Zhang, Y.; Sun, W.; Li, Z. Impact behavior and microstructural characteristics of PVA fiber reinforced fly

ash-geopolymer boards prepared by extrusion technique. J. Mater. Sci. 2006, 41, 2787–2794.
22. Zhang, S.; Gong, K.; Lu, J. Novel modification method for inorganic geopolymer by using water soluble

organic polymers. Mater. Lett. 2004, 58, 1292–1296. [CrossRef]
23. Zhao, Q.; Nair, B.; Rahimian, T.; Balaguru, P. Novel geopolymer based composites with enhanced ductility.

J. Mater. Sci. 2007, 42, 3131–3137. [CrossRef]
24. Ricciotti, L.; Borbone, F.; Carella, A.; Centore, R.; Roviello, A.; Barra, M.; Roviello, G.; Ferone, C.; Minarini, C.;

Morvillo, P. Synthesis of highly regioregular poly[3-(4-alkoxyphenyl)-thiophene]s by oxidative catalysis
using copper complexes. J. Polym. Sci. A Polym. Chem. 2013, 51, 4351–4360. [CrossRef]

25. Carella, A.; Borbone, F.; Roviello, G.; Caruso, U.; Ferone, C.; Ricciotti, L.; Pirozzi, B.; Persico, P.; Schieroni, A.;
Roviello, A. Rigid chain ribbon-like metallopolymers. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 2412–2421.
[CrossRef]

26. Zhang, Y.J.; Li, S.; Xu, D.L.; Wang, B.Q.; Xu, G.M.; Yang, D.F.; Wang, N.; Liu, H.C.; Wang, Y.C. A novel
method for preparation of organic resins reinforced geopolymer composites. J. Mater. Sci. 2010, 45, 1189–1192.
[CrossRef]

27. Ferone, C.; Roviello, G.; Colangelo, F.; Cioffi, R.; Tarallo, O. Novel hybrid organic-geopolymer materials.
Appl. Clay Sci. 2013, 73, 42–50. [CrossRef]

28. Roviello, G.; Ricciotti, L.; Ferone, C.; Colangelo, F.; Cioffi, R.; Tarallo, O. Synthesis and characterization of
novel epoxy geopolymer hybrid composites. Materials 2013, 6, 3943–3962. [CrossRef]

29. Colangelo, F.; Roviello, G.; Ricciotti, L.; Ferone, C.; Cioffi, R. Preparation and characterization of new
geopolymer-epoxy resin hybrid mortars. Materials 2013, 6, 2989–3006. [CrossRef]

30. Roviello, G.; Ricciotti, L.; Ferone, C.; Colangelo, F.; Tarallo, O. Fire resistant melamine based
organic-geopolymer hybrid composites. Cem. Concr. Compos. 2015, 59, 89–99. [CrossRef]

http://dx.doi.org/10.1016/j.conbuildmat.2013.01.023
http://dx.doi.org/10.1016/S0921-5093(01)01466-6
http://dx.doi.org/10.1016/S0008-8846(00)00298-2
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.069
http://dx.doi.org/10.1146/annurev-matsci-070813-113515
http://dx.doi.org/10.1016/j.jclepro.2011.02.010
http://dx.doi.org/10.1007/s10853-013-7610-4
http://dx.doi.org/10.1007/s11595-007-4522-7
http://dx.doi.org/10.1007/s11771-009-0008-4
http://dx.doi.org/10.1016/j.matlet.2003.07.051
http://dx.doi.org/10.1007/s10853-006-0527-4
http://dx.doi.org/10.1002/pola.26849
http://dx.doi.org/10.1002/pola.27255
http://dx.doi.org/10.1007/s10853-009-4063-x
http://dx.doi.org/10.1016/j.clay.2012.11.001
http://dx.doi.org/10.3390/ma6093943
http://dx.doi.org/10.3390/ma6072989
http://dx.doi.org/10.1016/j.cemconcomp.2015.03.007


Materials 2016, 9, 461 15 of 15

31. Ricciotti, L.; Roviello, G.; Tarallo, O.; Borbone, F.; Ferone, C.; Colangelo, F.; Catauro, M.; Cioffi, R. Synthesis
and characterizations of melamine-based epoxy resins. Int. J. Mol. Sci. 2013, 14, 18200–18214. [CrossRef]
[PubMed]

32. Roviello, G.; Menna, C.; Tarallo, O.; Ricciotti, L.; Ferone, C.; Colangelo, F.; Asprone, D.; di Maggio, R.;
Cappelletto, E.; Prota, A.; et al. Preparation, structure and properties of hybrid materials based on
geopolymers and polysiloxanes. Mater. Des. 2015, 87, 82–94. [CrossRef]

33. Ferone, C.; Colangelo, F.; Cioffi, R.; Montagnaro, F.; Santoro, L. Mechanical performances of weathered coal
fly ash based geopolymer bricks. Procedia Eng. 2011, 21, 745–752. [CrossRef]

34. Epojet. Available online: http://www.mapei.com/public/COM/products/367_epojet_gb.pdf (accessed on
9 June 2016).

35. Criado, M.; Fernández-Jiménez, A.; de la Torre, A.G.; Aranda, M.A.G.; Palomo, A. An XRD study of the effect
of the SiO2/Na2O ratio on the alkali activation of fly ash. Cem. Concr. Res. 2007, 37, 671–679. [CrossRef]

36. Chen-Tan, N.W.; van Riessen, A.; Chi, V.L.Y.; Southam, D.C. Determining the reactivity of a fly ash for
production of geopolymer. J. Am. Ceram. Soc. 2009, 92, 881–887. [CrossRef]

37. Kong, D.L.Y.; Sanjayan, J.G.; Sagoe-Crentsil, K. Comparative performance of geopolymers made with
metakaolin and fly ash after exposure to elevated temperatures. Cem. Concr. Res. 2007, 37, 1583–1589.
[CrossRef]

38. White, C.E.; Provis, J.L.; Proffen, T.; van Deventer, J.S.J. The effects of temperature on the local structure of
metakaolin-based geopolymer binder: A neutron pair distribution function investigation. J. Am. Ceram. Soc.
2010, 93, 3486–3492. [CrossRef]

39. Duxson, P.; Lukey, G.C.; van Deventer, J.S.J. Physical evolution of Na-geopolymer derived from metakaolin
up to 1000 ˝C. J. Mater. Sci. 2007, 42, 3044–3054. [CrossRef]

40. Van Riessen, A.; Chen-Tan, N. Beneficiation of collie fly ash for synthesis of geopolymer Part 2—Geopolymers.
Fuel 2013, 111, 829–835. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms140918200
http://www.ncbi.nlm.nih.gov/pubmed/24013372
http://dx.doi.org/10.1016/j.matdes.2015.08.006
http://dx.doi.org/10.1016/j.proeng.2011.11.2073
http://www.mapei.com/public/COM/products/367_epojet_gb.pdf
http://dx.doi.org/10.1016/j.cemconres.2007.01.013
http://dx.doi.org/10.1111/j.1551-2916.2009.02948.x
http://dx.doi.org/10.1016/j.cemconres.2007.08.021
http://dx.doi.org/10.1111/j.1551-2916.2010.03906.x
http://dx.doi.org/10.1007/s10853-006-0535-4
http://dx.doi.org/10.1016/j.fuel.2013.04.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experimental Section 
	Materials and Methods 
	Specimen Preparation 
	Preparation of Metakaolin-Based Geopolymer (G-MK) 
	Preparation of Fly Ash-Based Geopolymer (G-FA) 
	Preparation of the EPOXY-Geopolymer Composites 

	Curing Treatments 

	Results and Discussion 
	Characterization 
	X-ray Diffraction Characterization 
	Thermal Analysis 
	Microstructural Analysis of Fly Ash 
	Microstructural Analysis of Geopolymers and Geopolymer Based Composites 
	Compressive Strength Test 


	Conclusions 

