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Abstract: This study presents an experimental overview for the development of photocatalytic
materials based on geopolymer binders as catalyst support matrices. Particularly, geopolymer
matrices obtained from different solid precursors (fly ash and metakaolin), composite systems
(siloxane-hybrid, foamed hybrid), and curing temperatures (room temperature and 60 °C) were
investigated for the same photocatalyst content (i.e., 3% TiO, by weight of paste). The geopolymer
matrices were previously designed for different applications, ranging from insulating (foam) to
structural materials. The photocatalytic activity was evaluated as NO degradation in air, and
the results were compared with an ordinary Portland cement reference. The studied matrices
demonstrated highly variable photocatalytic performance depending on both matrix constituents
and the curing temperature, with promising activity revealed by the geopolymers based on fly
ash and metakaolin. Furthermore, microstructural features and titania dispersion in the matrices
were assessed by scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) analyses.
Particularly, EDS analyses of sample sections indicated segregation effects of titania in the surface
layer, with consequent enhancement or depletion of the catalyst concentration in the active sample
region, suggesting non-negligible transport phenomena during the curing process. The described
results demonstrated that geopolymer binders can be interesting catalyst support matrices for the
development of photocatalytic materials and indicated a large potential for the exploitation of their
peculiar features.

Keywords: geopolymer; alkali activated material; photocatalysis; metakaolin; fly ash;
titanium dioxide

1. Introduction

The photocatalytic oxidation (PCO) technology gained great attention in recent years thanks to
the possible applications in both energy production (e.g., hydrogen generation by water splitting [1] or
photovoltaic generation with Graetzel cells [2]) and pollution control (as advanced oxidation process
for polluted air [3] and water [4] treatment). Ambient applications typically involve the development
of photocatalytic devices for air or water active treatment or photocatalytic materials to be placed in
the target environment with large surface installations. This latter application needs the development
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of viable materials typically obtained by dispersing a photocatalyst into a suitable matrix that must,
at the same time, secure the catalyst and allow the exchange of reacting species with the operating
environment. Cement-based matrices are widely studied at both laboratory [5,6] and field scale [7,8]
in order to develop photocatalytic finishing materials for building and environmental applications
with depolluting [9] and self-cleaning [10-13] properties.

Cement, particularly cement clinker production, represents an environmental issue in terms
of CO, emissions, accounting for 5%-8% of global CO, production [14]. Several strategies have
been highlighted for the reduction of embedded CO; in built environments [15]. Apart from plant
efficiency and process upgrades and updates, alternative sustainable binders have been proposed
in the literature. The main category is represented by binders based on alkali-activated materials
(AAMs) and, particularly, geopolymers that can be synthesized by means of alkaline activation of
several solid precursors (e.g., fly ash [16-18] or calcined clays [19-21]), allowing more sustainable
processes than traditional clinker production. Starting from the basis of geopolymers, hybrid
organic-geopolymer/inorganic binders have been proposed in the literature. These innovative
functional materials are obtained by the in situ co-reticulation of metakaolin, a mixture of
dialkylsiloxane oligomers with different degrees of polymerization and an alkaline solution. These
hybrid materials, despite the small amount of contained siloxanes, are characterized by highly
interpenetrated structures, whose properties are not the sum of the single contributions from each
phase, but derive from the synergistic interaction between the phases that arises from interfacial forces
at the nanometric scales [22-24]. These materials revealed widely tunable performance depending on
composition and preparation, with significant potential in the fields of structural [25], fire-resistant,
and insulating [26,27] applications.

The use of AAMs as a catalyst support matrix for PCO applications is therefore very promising in
the perspective of a general environmental footprint reduction in the built environment and considering
the wider variety of AAMs in respect of cementitious matrix. Preliminary results are available in
few studies. Fallah et al. [28,29] reported on the synthesis of a CuyO/TiO; composite photocatalyst
dispersed within a metakaolin-based geopolymer matrix, which showed very effective photocatalytic
activity under specific experimental conditions. Gasca-Tirado et al. [30,31] described the incorporation
of titanium dioxide in a metakaolin-based geopolymer matrix by ion exchange with a titania precursor,
as an alternative pathway for the preparation of photocatalytic geopolymers only in the case of
intermixing procedure. In view of long-term effectiveness, geopolymers might provide more reliable
photocatalytic performance due to different chemistries with respect to cementitious systems. In this
regard, Chen and Poon [32] highlighted potential limitations associated to surface carbonation, which
is a recurrent durability issue with cement-based composites. Furthermore, in the case of road tunnels,
the possibility of relying on geopolymer binders that are able to reduce spalling phenomena is highly
desirable. This promising fire-resistant feature is assessed in the literature for both neat [33] and hybrid
geopolymers [26].

In this study, for the first time, a preliminary assessment of a wide set of photocatalytic
geopolymer/hybrid binders was carried out. Different solid precursors such as metakaolin and
fly ash were used. Particularly, the following matrices were considered: (i) metakaolin geopolymer
(MK samples); (ii) fly ash geopolymer (FA samples); (iii) hybrid siloxane-metakaolin geopolymer
(HS samples); and (iv) foamed hybrid siloxane-metakaolin geopolymer (FHS samples). For all the
investigated systems, the influence of the curing temperature was evaluated. The photocatalytic
degradation of NO and NO, was assessed, and microstructural characterization was carried out by
means of coupled SEM-EDS analysis. The monitoring of these main features related to the wide set of
binders for variable industrial applications and different curing conditions allowed the description
of main trends and defined outlines for future research work. MK and FA samples were designed as
binders for structural purposes, and, particularly, hybrid ones were expected to provide very wide
design perspectives for structural reinforcement [25], improved strength/toughness [22], and enhanced
thermal stability [26,27]. In the case of foamed materials (FHS), the main application can be found in
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thermal and acoustic insulation. The study was so extended to different supports for photocatalysis,
even if characterized by an independent mix design and variable preparation complexities, in order to
define main issues and thus better program future researches.

2. Experimental Section

2.1. Materials and Methods

Metakaolin was kindly provided by Neuchem S.rl. (Milan, Italy), and its composition is reported
in Table 1. Fly ash “EFA-Fiiller HP”, whose composition was reported in Table 1, was supplied
by BauMineral GmbH, Herten, Germany. Sodium hydroxide with reagent grade was supplied by
Sigma-Aldrich. The sodium silicate solution was supplied by Prochin Italia S.r.1. with the composition
reported in Table 1. A commercial oligomeric dimethylsiloxane mixture was purchased from
Globalchimica S.r.1. with the name of Globasil AL20. Silicon powder ~325 mesh was purchased from
Sigma-Aldrich. Photocatalytic titanium dioxide (P25) with a specific surface area of 50 + 15 m?. g~
(Brunauer-Emmett-Teller) and an average particle size of 21 nm (according to the manufacturer) was
supplied by Evonik Degussa.

Table 1. Chemical composition (wt %) of the fly ash, metakaolin, and sodium silicate solution used in

this paper.
Fly Ash
Al,O3 SiO, K,O Fe, O3 Na,O MgO CaO others
21.71 48.59 2.11 8.03 1.06 240 7.32 8.78
Metakaolin
Al,O3 SiO, K>,O Fe, O3 TiO, MgO CaO others
41.90 52.90 0.77 1.60 1.80 0.19 0.17 0.67

Sodium Silicate Solution

Si02 NaZO HzO - - - - -
27.40 8.15 64.45 - - - - -

2.2. Photocatalytic Specimens Preparation

All samples were prepared in glass Petri dishes (diameter 9.0 + 0.1 cm, exposed area 63.5 + 1 cm?).

2.2.1. Metakaolin (MK and MK60) and Fly Ash (FA and FA60) Geopolymer-Based Samples

Concerning to MK and MK60 synthesis, 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
NayO- 1.345i0,- 10.5H,0. Meanwhile, in the case of the preparation of FA and FA60 specimens, the
activating solution was obtained by means of mixing of the sodium silicate solution with a sodium
hydroxide solution (15 M). Moreover, in this case, the solution was left to equilibrate and cool for
24 h. Its composition can be expressed as NayO- 0.7510;- 10.5H,O. For both sets of samples, the raw
materials (metakaolin for MK and MK60 and fly ash for FA and FA60, respectively) were incorporated
into the activating solution (with a liquid-to-solid ratio of 1.4:1 by weight for metakaolin-based samples
and 0.66:1 for fly-ash-based samples respectively) and mixed with a mechanical mixer for 10 min at
800 rpm. Finally, the photocatalyst (3% by weight with respect to geopolymer paste) was added to
the freshly prepared geopolymer suspension and quickly incorporated by controlled mixing (5 min at
1000 rpm).
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2.2.2. Hybrid Siloxane-Metakaolin Geopolymer Samples (HS and HS60)

Hybrid polysiloxane-geopolymer samples were prepared by incorporating 10% by weight
of a commercial oligomeric dimethylsiloxane mixture into the freshly prepared metakaolin-based
geopolymer suspension under mechanical stirring, when the polycondensation reaction of both the
geopolymer and dimethylsiloxane had already started but were far from completion. Moreover, in this
case, the photocatalyst (3% by weight) was added to the freshly prepared polysiloxane-geopolymer
paste and quickly incorporated by controlled mixing (5 min at 1000 rpm).

2.2.3. Foamed Hybrid Siloxane-Metakaolin Geopolymer Samples (FHS and FHS60)

Hybrid polysiloxane—-geopolymer samples were prepared as described in Section 2.2.2.
Afterwards, the photocatalyst (3% by weight with respect to the geopolymer paste) was added
to the freshly prepared geopolymer composite paste and quickly incorporated by controlled mixing
(5 min at 1000 rpm). Finally, silicon powder (0.03% by weight) was added as a foaming agent, and the
system was mixed for a further 5 min at 1000 rpm. In this way, an inorganic foaming process can be
induced thanks to the gas evolution (hydrogen) during the consolidation of the geopolymer mixture,
as reported in the literature [34].

2.2.4. Curing Treatments

As soon as prepared, an initial set of metakaolin- and fly-ash-based specimens (MK; HS; FA)
was cast in the Petri dishes and cured in >95% relative humidity conditions at room temperature for
7 days and left for another 21 days in air at room temperature. A second set of samples (MK60; HS60;
FA60) was cast in glass Petri dishes and cured in the same relative humidity conditions at 60 °C for
24 h and then kept still in >95% relative humidity conditions at room temperature for another 6 days.
Afterwards, the specimens were kept for another 21 days in air at room temperature.

A different curing treatment was reserved for the foamed siloxane-metakaolin-based
photocatalytic samples: an initial set of specimens (FHS) was cast in the Petri dishes and cured
in >95% relative humidity conditions at room temperature for 7 days and left for another 21 days in air
at room temperature. A second set (FHS60) of samples was cast in glass Petri dishes and cured in the
same relative humidity conditions at room temperature for 24 h and then at 60 °C for another 24 h.
Afterwards, the specimens were kept still in >95% relative humidity conditions at room temperature
for another 6 days, and kept for another 21 days in air at room temperature.

All the metakaolin-based samples started solidifying in a few minutes. At the same time, while
FA specimens presented a setting time of about 12 h, FA60 samples started solidifying within about 8 h.

2.2.5. Cement-Based Reference Sample (OPC)

A reference photocatalytic cement paste sample was prepared as follows: 5.40 g of titanium
dioxide (P25) were suspended in 60 g of deionized water, and 120 g of white Portland cement powder
(chloride content 0.02%, w/w, sulfate content expressed as SO3 2.49%, w/w) were then added. The
paste was mechanically mixed using the following procedure: 60 s at low speed, 30 s at high speed,
90 s pause with no mixing, and finally 60 s at high speed. The paste was then poured in the Petri
dish and treated with 30 flow table cycles. The sample was allowed to settle for 7 days into a curing
chamber (20 °C, >90% RH) and then equilibrated into an environmental chamber (23 °C, 50% RH)
until constant weight was achieved. During settling and weight equilibration, the sample was exposed
in dark conditions to unfiltered laboratory air. The titanium dioxide content of the sample OPC is 3%
(as a titania—cement paste weight ratio).

2.3. SEM Analysis

SEM analysis was carried out by means of a Phenom Pro X Microscope (Phenom-World
B.V., Eindhoven, The Netherlands) on the surface and fracture surfaces of the samples, without
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further treatments. The acceleration voltage was in the range 5-15 kV. The energy dispersive X-ray
spectrometer (Phenom-World B.V., Eindhoven, The Netherlands) has the following specifications:
silicon drift detector, thermoelectrically cooled (LN, free); the X-ray window has ultra-thin silicon
nitride (Si3N4) operating with Mn K < 137 eV energy resolution. EDS (Phenom-World B.V.,
Eindhoven, The Netherlands) analyses were carried out both on the surface and at different depths,
along the section of each sample. The corresponding titanium content (see Table 3) was reported as the
average of the four samples.

2.4. Apparent Density and Open Porosity Determination

The hydrostatic weighing technique for apparent density and open porosity measurements was
carried out by means of a balance OHAUS-PA213 provided by Pioneer. The samples were dried in an
oven at 110 °C for 12 h and weighed after cooling at room temperature (weight of dry sample: my).
Afterwards, the specimens were placed in an empty desiccator and kept in a vacuum for 30 min. Later,
the desiccator was filled with water, and the samples were kept immersed for 2 h in a vacuum and
then weighed (weight of soaked sample: ). Finally, the samples were weighed when immersed in
water at atmosphere pressure (soaked immersed sample: m;). Apparent density (D) and open porosity
(P) can be expressed according to the following:

mq
D = ; 1
pr— @
P_ms—md (2)
ms — mj

2.5. Photocatalytic Activity Characterization

The photocatalytic activities were measured with a dedicated experimental system based on a
previously described apparatus for the measurement of the photocatalytic degradation of volatile
organic compounds [35].

Briefly, the computer-controlled system (Figure 1) comprises an air generator based on
digital mass-flow controllers (model 58505, Brooks Instrument, Hatfield, PA, USA), a stirred flow
photochemical reactor installed inside an irradiation chamber, and a chemiluminescence NO/NO,
analyzer (model 200E, Teledyne, San Diego, CA, USA). The stirred flow photoreactor ensures the
uniform reactant concentrations at the sample surface even at a high conversion factor. This allows for
the avoidance of both the errors due to the longitudinal concentration gradient on the catalyst surface
(that is characteristic of laminar flow reactors) and the error propagation in the calculated reaction rate
due to a low conversion operation (i.e., differential conditions).

The sample photocatalytic activity can be expressed as degradation rate according to the following:

r=-0% ®
where r is the degradation rate (mol- m~2.s71), Cand Cy are the equilibrated photoreactor pollutant
concentrations with and without irradiation respectively (mol- m~3), Q is the photoreactor volumetric
air flow rate (m3-s~!), and A is the exposed sample area (m?). In order to ensure that all the
measurements were carried out at the predefined NO concentration independently from the sample
activity, a specifically developed constant-concentration analytical method was used [35]. This method
works to reach the desired reactor internal NO concentration (under UV irradiation) by modulating
the inlet pollutant flow in a successive approximation trial (Figure 2). After the reaching and the
confirmation of the desired target concentration, the UV source is turned off, and the concentration in
dark conditions is measured after equilibration.
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Figure 1. Experimental system for the measurement of the photocatalytic degradation of NO at ambient
conditions and a constant NO concentration.
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Figure 2. Catalytic activity measurement with the successive approximation process. At the third

iteration the pollutant inlet flow required to reach the target concentration C is found; the UV source is
then turned off, and the concentration Cj is measured.

This is particularly important in the case of the comparison of samples with very different activities
because, according to (3), operating with a fixed inlet NO concentration will result in very different
internal reactor concentrations and, consequently, in reaction rate values measured at substantially
different conditions. The use of a flow photoreactor works to take all the concentration measurements
in steady-state conditions following the equilibration of the sample with the target pollutant in the
reactor internal atmosphere.

3. Results and Discussion

3.1. Physical Characterization

A wide set of photocatalytic AAM samples was prepared incorporating a commercial titanium

dioxide photocatalyst into several matrices with various compositions.

conditions are recalled in Table 2.

Mix design and curing
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Table 2. Composition (wt %), curing conditions, apparent density, and open porosity of the samples
used in this study. Photocatalyst (3% w/w) was added to all formulations immediately after preparation.

Open Apparent

Sample Mk Fa SS NaOH NaOH Resin Si Curing Porosity Density

soln o 3

(%) (g-ecm™)
MK 41.6 - 50.0 8.4 - - - RT 39.74 1.46
MK60  41.6 - 50.0 8.4 - - - 60°C,24h 38.89 1.40
HS 374 - 45.0 7.6 - 10 - RT 13.96 1.36
HS60 374 - 45.0 7.6 - 10 - 60°C,24h 12.66 1.25
FHS 374 - 45.0 7.6 - 10 0.03 RT 34.71 0.83
FHS60  37.4 - 45.0 7.6 - 10 0.03 60°C,24h 53.16 0.71
FA - 66.2 244 - 9.4 - - RT 28.80 1.67
FA60 - 66.2 244 - 9.4 - - 60°C,24h 37.74 1.48

Mk = metakaolin; Fa = fly ash; SS = sodium silicate solution; NaOH = sodium hydroxide; NaOH soln = aqueous
sodium hydroxide solution 10 M; Resin = silicone rubber; Si = metallic silicon powder (evolves Hj
during curing).

Foamed samples (FHS and FHS60) showed a relatively low apparent density, with values equal to
0.83 and 0.71 g- cm 3 for room temperature and 60 °C curing, respectively. For other samples, apparent
density ranged from 1.25 to 1.67 g-cm 3. The low open porosity value of hybrid samples (HS and
HS60) indicates a potential low accessibility of photocatalyst by reacting species.

3.2. Photocatalytic Activity

The photocatalytic activity was studied for all samples measuring the NO degradation in air at
ambient concentration. For all measurements, both the NO and NO, degradation rates were reported
(NOy rate r is calculated as the algebraic sum of NO and NO; values).

In order to measure the catalytic activity in consistent conditions throughout the study, all
measurements were carried out operating at constant NO concentration as previously described
(i.e., the NO concentration C inside the irradiated reactor was the same for all samples within
13% tolerance).

The obtained photocatalytic activities of the AAM samples were reported in Figure 3. These
measurements were carried out using ambient NO concentration (75 ppb nominal, 3.045 ymol- m 3
at 27 °C, 1 atm) at 27 + 0.2 °C, 50% + 5% RH and 700 + 10 mL-min~! air inlet flow. The
400 + 10 uW- cm~2 UV-A irradiance was obtained with four 9-W Philips PL-S/10 UV-A fluorescent
lamps (all errors are 1 o estimated repeatability). Before the activity measurement, the samples were
equilibrated for more than 30 days in dark conditions at 23 °C, 50% RH.

The samples demonstrate very differentiated photocatalytic activities depending on
aluminosilicate source and on curing conditions, with NO degradation rate values spanning from about
3 nmol- m~2-s~! to zero (no measurable activity). All samples demonstrate lower NOy degradation
rate in comparison to the NO value, indicating that the NO oxidation was not complete and in these
conditions, some NO; was desorbed from the samples before mineralization. All the samples cured
at 60 °C demonstrate a remarkably lower activity than the corresponding samples cured at RT. In
some cases, the samples cured at 60 °C does not demonstrate any measurable NO degradation
activity. The sample FA based on fly ash and cured at RT demonstrates the best performance
with a twofold NO degradation rate compared with the metakaolin-based sample MK. The hybrid
sample (HS) demonstrates a remarkable smaller catalytic activity (about 30% of the MK sample NO
degradation rate).
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Figure 3. NO and NO, degradation rate r for the alkali activated material (AAM) photocatalytic
samples. Measures carried out at 75 ppb NO concentration and 400 + 10 uW- cm~2 UV-A irradiance.
Bars are 1 o repeatability errors.

The further addition of an expanding agent (metallic silicon) on sample FHS shows appreciable
improvement, but the activity of this sample is lower than that of the metakaolin sample MK. The
sample FA activity (Figure 4) was then compared with the ordinary Portland cement reference sample
OPC using a lower irradiance (120 &= 5 pW- cm 2 UV-A) in order to avoid an excessive conversion
rate for the latter sample. The photocatalytic activity of the sample FA is significantly lower than
the activity of the reference sample OPC, but it can nevertheless be considered in the same order
of magnitude (about a factor two difference). This result is particularly interesting considering the
room for further optimization given by the characteristic variety of AAM materials and the highly
differentiated photocatalytic activities demonstrated in the present work.
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Figure 4. NO and NO, degradation rate r for the ordinary Portland cement photocatalytic sample
(OPC) and for the fly ash AAM sample (FA). Measures carried out at 75 ppb NO concentration and
120 + 5 uW-cm~2 UV-A irradiance. Bars are 1 ¢ repeatability errors.
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3.3. Scanning Electron Microscopy Analysis

Because of UV radiation penetration and the reactant diffusion limits, the heterogeneous
photocatalytic degradation of airborne pollutant is governed by surface processes. In order to study
the catalyst distribution in the AAM matrices, a series of SEM analyses was carried out on the surfaces
of AAM specimens that showed the most interesting photocatalytic activities (MK and FA samples).
Particularly, the SEM images of the surface of the examined samples were reported in Figure 5.
This figure shows that a pristine (i.e., without photocatalyst) metakaolin-based geopolymer sample
(Figure 5A) is characterized by a compact morphology revealing some unreacted kaolinite crystals.
The sample MK (Figure 5B) shows a lesser compact surface structure when compared with the pristine
geopolymer, with the presence of pores of a different size, uniformly distributed.

Figure 5. SEM images of surface at 8000 magnifications of the samples: (A) metakaolin-based
geopolymer; (B) metakaolin (MK); (C) fly ash-based geopolymer; and (D) FA.

The pristine fly-ash-based geopolymer (Figure 5C) is characterized by a very disaggregated
morphology, typical of this kind of geopolymers [36-38]. The specimen FA (Figure 5D) shows a
complex morphology where it is not possible to clearly identify the presence of pores, but the surface
structure appears rather uneven with the presence of small domains, and some appear spheroidal.

SEM images of sections of the MK and FA samples have been also carried out (Figure 6). While
the metakaolin-based sample MK (Figure 6A) shows a poorly compact morphology, quite similar to
that one analyzed on surface of the sample, the morphology of the FA sample (Figure 6B) is dominated
by the presence of unreacted fly ash particles that are well dispersed in the geopolymer matrix. The
uneven morphology of the FA sample is due to the limited reactivity of the fly ash particles and causes
the non-completeness of the geopolymerization reaction.
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5

.

.

Figure 6. SEM images of internal section at 2000 magnifications of (A) MK and (B) FA samples.

In order to assess the titania distribution on the sample, the relative titanium content on the
surface and at different depths along the specimen section was measured with SEM/EDS (Table 3).

Table 3. Relative titanium content for selected samples (energy dispersive X-ray spectrometry

(EDS) analyses).
Sample Ti Surface (%) Ti 150 pm (%) Ti 300 um (%) Ti 600 pm (%)
MK 28 +£0.1 48 +£0.2 8.6+0.2 77102
MK60 1.7 +£0.2 1.8+0.2 28 £0.1 29+01
FA 40+£02 08+0.1 1.2+01 1.5+0.1
FA60 2.6 +0.1 21401 79+0.2 42402

The obtained data indicate uneven catalyst distribution between the surface and the initial layers
(up to 600 um of depth) of the inorganic matrices. Particularly, the fly-ash-based sample cured at
room temperature shows higher surface titanium content than metakaolin-based sample cured in the
same condition. In addition, both samples cured at 60 °C indicate a surface Ti content lower than the
corresponding samples cured at room temperature. Segregation phenomena of titania can be caused
by several physico-chemical phenomena, including agglomeration determined by low shear mixing or
by particle-to-particle surface interactions. The data suggest a possible convective transport during the
casting and curing phase where surface water evaporation can drive local redistribution of unreactive
low dimension particles with marked dependence on ambient conditions (e.g., temperature and RH). It
is worth pointing out that the samples that show a higher surface amount of TiO, also possess a higher
catalytic activity. Meanwhile, the samples that have a lower concentration of catalyst on the surface
show evident segregation phenomena of TiO, in depth (i.e., MK60 and FA60 samples, see Table 3).
Moreover, all the studied samples shows a marked decrease in the photocatalytic activity if cured at
60 °C (Section 3.2), and this appears to be reflected by a significant decrease in the surface titania content
in the corresponding analyzed sections. These data suggest that titania distribution in the sample
surface layers can play a relevant role in the determination of the final sample photocatalytic activity.

4. Conclusions

An initial comparative assessment of the AAM binders potentials as photocatalyst support
matrices was carried out using four different types of AAM: metakaolin geopolymer; fly ash
geopolymer; hybrid siloxane-metakaolin geopolymer; and foamed hybrid siloxane-metakaolin
geopolymer. The samples was characterized by means of SEM-EDS analysis.
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The photocatalytic activity of the samples was evaluated in terms of NO abatement. The
photocatalytic activity data show a strong variation depending on the type of binder and the curing
process. The highest photocatalytic activity was detected for fly ash-based AAM matrices cured at
room temperature. Metakaolin-based AAM matrices also showed promising photocatalytic activity.

A systematic decrease of photocatalytic activity was observed when the same AAM support
matrix was cured at higher temperature (60 °C).

EDS data of the studied samples indicate a conspicuous segregation effect depending on
AAM matrix and curing temperature, with a notable depletion of the surface titania content for
the samples cured at 60 °C. Photocatalytic activity data correlate with the surface titania content
measurements suggesting that titania segregation may play a distinct role in the determination of
photocatalytic activity.

The described results demonstrate that AAM binders can be interesting photocatalyst support
matrices. The high variation of catalytic activity evidenced by the different samples and the
inherent variety of AAM binders suggest, moreover, large possibilities in performance enhancement.
Particularly, the described results indicate that the optimization of the photocatalyst dispersion by
the curing process tailoring and selection of the AAM aluminosilicate precursor—activating solution
combination can play a fundamental role in the development of high performance AAM photocatalytic
materials. Furthermore, given the good activity of the studied AAM samples in comparison to
ordinary Portland cement matrix it is reasonable to expect the future development of high performance
photocatalytic AAM materials.

Acknowledgments: This research was funded by ITC-CNR and Universita Parthenope (Napoli). The authors
thank Prochin Italia S.r.1. for the silicate solution supply.

Author Contributions: Alberto Strini and Giuseppina Roviello shared the idea of AAM application as
photocatalyst support and designed the experiments; Alberto Strini, Luca Schiavi, and Davide Corsaro performed
the photocatalytic activity analyses. Laura Ricciotti and Giuseppina Roviello prepared the samples and performed
SEM observations; Alberto Strini, Giuseppina Roviello, Claudio Ferone, Francesco Messina, and Raffaele Cioffi
analyzed and discussed the data; Alberto Strini, Giuseppina Roviello, Laura Ricciotti, and Francesco Messina
wrote the paper.

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

Abbreviations

The following abbreviations are used in this manuscript:

AAM alkali activated material
PCO photocatalytic oxidation
EDS energy dispersive X-ray spectrometry
RT room temperature
RH relative humidity
References

1.  Liao, C.-H.; Huang, C.-W.; Wy, J.C.S. Hydrogen Production from Semiconductor-based Photocatalysis via
Water Splitting. Catalysts 2012, 2, 490-516. [CrossRef]

2. Sugathan, V.; John, E.; Sudhakar, K. Recent improvements in dye sensitized solar cells: A review.
Renew. Sustain. Energy Rev. 2015, 52, 54—64. [CrossRef]

3. Verbruggen, S.W. TiO, photocatalysis for the degradation of pollutants in gas phase: From morphological
design to plasmonic enhancement. J. Photochem. Photobiol. C Photochem. Rev. 2015, 24, 64-82. [CrossRef]

4. Mahlambi, M.M.; Ngila, C.J.; Mamba, B.B. Recent Developments in Environmental Photocatalytic
Degradation of Organic Pollutants: The Case of Titanium Dioxide Nanoparticles—A Review. J. Nanomater.
2015, 2015, 790173. [CrossRef]

5. Shen, W.; Zhang, C; Li, Q.; Zhang, W.; Cao, L.; Ye, J. Preparation of titanium dioxide nano particle modified
photocatalytic self-cleaning concrete. J. Clean. Prod. 2015, 87, 762-765. [CrossRef]

6. Wang, E; Yang, L.; Sun, G.; Guan, L.; Hu, S. The hierarchical porous structure of substrate enhanced
photocatalytic activity of TiO, /cementitious materials. Constr. Build. Mater. 2014, 64, 488—495. [CrossRef]


http://dx.doi.org/10.3390/catal2040490
http://dx.doi.org/10.1016/j.rser.2015.07.076
http://dx.doi.org/10.1016/j.jphotochemrev.2015.07.001
http://dx.doi.org/10.1155/2015/790173
http://dx.doi.org/10.1016/j.jclepro.2014.10.014
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.073

Materials 2016, 9, 513 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Boonen, E.; Akylas, V.; Barmpas, E; Boréave, A.; Bottalico, L.; Cazaunau, M.; Gaimoz, C. Construction of
a photocatalytic de-polluting field site in the Leopold II tunnel in Brussels. J. Environ. Manag. 2015, 155,
136-144. [CrossRef] [PubMed]

Folli, A.; Strem, M.; Madsen, T.P.; Henriksen, T.; Lang, J.; Emenius, J.; Nilsson, A. Field study of air purifying
paving elements containing TiOy. Atmos. Environ. 2015, 107, 44-51. [CrossRef]

Sugrariez, R.; Alvarez, J.I; Cruz-Yusta, M.; Marmol, I.; Morales, J.; Vila, ]J.; Sanchez, L. Enhanced
photocatalytic degradation of NOx gases by regulating the microstructure of mortar cement modified
with titanium dioxide. Build. Environ. 2013, 69, 55-63. [CrossRef]

Banerjeea, S.; Dionysioub, D.D.; Pillai, S.C. Self-cleaning applications of TiO, by photo-induced
hydrophilicity and photocatalysis. Appl. Catal. B Environ. 2015, 176-177, 396-428. [CrossRef]

Quagliarini, E.; Bondioli, F.; Goffredo, G.B.; Cordoni, C.; Munafo, P. Self-cleaning and de-polluting stone
surfaces: TiO, nanoparticles for limestone. Constr. Build. Mater. 2012, 37, 51-57. [CrossRef]

Guo, M.Z.; Maury-Ramirez, A.; Poon, C.S. Versatile photocatalytic functions of self-compacting architectural
glass mortars and their inter-relationship. Mater. Des. 2015, 88, 1260-1268. [CrossRef]

Janus, M.; Zatorska, J.; Czyzewski, A.; Bubacz, K.; Kusiak-Nejman, E.; Morawski, A.W. Self-cleaning
properties of cement plates loaded with N, C-modified TiO, photocatalysts. Appl. Surf. Sci. 2015, 330,
200-206. [CrossRef]

Schneider, M.; Romer, M.; Tschudin, M.; Bolio, H. Sustainable cement production—Present and future.
Cem. Concr. Res. 2011, 41, 642—650. [CrossRef]

Ferone, C.; Colangelo, E; Messina, F; Iucolano, F; Liguori, B.; Cioffi, R. Coal combustion wastes reuse in low
energy artificial aggregates manufacturing. Materials 2013, 6, 5000-5015. [CrossRef]

Ferone, C.; Colangelo, F; Messina, E.; Santoro, L.; Cioffi, R. Recycling of pre-washed municipal solid waste
incinerator fly ash in the manufacturing of low temperature setting geopolymer materials. Materials 2013, 6,
3420-3437. [CrossRef]

Mejia, ].M.; Rodriguez, E.; de Gutiérrez, R.M.; Gallego, N. Preparation and characterization of a hybrid
alkaline binder based on a fly ash with no commercial value. J. Clean. Prod. 2015, 104, 346-352. [CrossRef]
Ferone, C.; Liguori, B.; Capasso, I.; Colangelo, F; Cioffi, R.; Cappelletto, E.; Di Maggio, R. Thermally treated
clay sediments as geopolymer source material. Appl. Clay Sci. 2015, 107, 195-204. [CrossRef]

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]
Molino, B.; De Vincenzo, A.; Ferone, C.; Messina, F; Colangelo, F.; Cioffi, R. Recycling of clay sediments for
geopolymer binder production. A new perspective for reservoir management in the framework of Italian
legislation: The Occhito reservoir case study. Materials 2014, 7, 5603-5616. [CrossRef]

Campopiano, S.; Iadicicco, A.; Messina, F.; Ferone, C.; Cioffi, R. Measurement of temperature and early
age shrinkage of alkali activated metakaolin using fiber Bragg grating sensors. In Proceedings of the
2014 IEEE Workshop on Environmental Energy and Structural Monitoring Systems (EESMS), Naples, Italy,
17-18 September 2014; pp. 1-5.

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

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

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]

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]

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]

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]

Falah, M.; MacKenzie, K.J.D. Synthesis and properties of novel photoactive composites of P25 titanium
dioxide and copper (I) oxide with inorganic polymers. Ceram. Int. 2015, 41, 13702-13708. [CrossRef]


http://dx.doi.org/10.1016/j.jenvman.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25863437
http://dx.doi.org/10.1016/j.atmosenv.2015.02.025
http://dx.doi.org/10.1016/j.buildenv.2013.07.014
http://dx.doi.org/10.1016/j.apcatb.2015.03.058
http://dx.doi.org/10.1016/j.conbuildmat.2012.07.006
http://dx.doi.org/10.1016/j.matdes.2015.09.133
http://dx.doi.org/10.1016/j.apsusc.2014.12.113
http://dx.doi.org/10.1016/j.cemconres.2011.03.019
http://dx.doi.org/10.3390/ma6115000
http://dx.doi.org/10.3390/ma6083420
http://dx.doi.org/10.1016/j.jclepro.2015.05.044
http://dx.doi.org/10.1016/j.clay.2015.01.027
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.069
http://dx.doi.org/10.3390/ma7085603
http://dx.doi.org/10.1016/j.clay.2012.11.001
http://dx.doi.org/10.3390/ijms140918200
http://www.ncbi.nlm.nih.gov/pubmed/24013372
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
http://dx.doi.org/10.1016/j.matdes.2015.08.006
http://dx.doi.org/10.1016/j.ceramint.2015.07.198

Materials 2016, 9, 513 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fallah, M.; MacKenzie, K.].D.; Hanna, ].V.; Page, S.J. Novel photoactive inorganic polymer composites of
inorganic polymers with copper (I) oxide nanoparticles. | Mater. Sci. 2015, 50, 7374-7383. [CrossRef]
Gasca-Tirado, J.R.; Manzano-Ramirez, A.; Villasefior-Mora, C.; Muiiiz-Villarreal, M.S.; Zaldivar-Cadena, A.A.;
Rubio-Avalos, J.C.; Amig6 Borras, V.; Nava Mendoza, R. Incorporation of photoactive TiO, in an
aluminosilicate inorganic polymer by ion exchange. Microporous Mesoporous Mater. 2012, 153, 282-287.
[CrossRef]

Gasca-Tirado, J.R; Manzano-Ramirez, A, Vazquez-Landaverde, P.A.; Herrera-Diaz, E.I;
Rodriguez-Ugarte, M.E.; Rubio-Avalos, J.C.; Amig6-Borras, V.; Chavez-Pdez, M. Ion-exchanged
geopolymer for photocatalytic degradation of a volatile organic compound. Mater. Lett. 2014, 134, 222-224.
[CrossRef]

Chen, J.; Poon, C.S. Photocatalytic cementitious materials: Influence of the microstructure of cement paste
on photocatalytic pollution degradation. Environ. Sci. Technol. 2009, 43, 8948-8952. [CrossRef] [PubMed]
Temuujin, J.; Rickard, W.; Lee, M.; van Riessen, A. Preparation and thermal properties of fire resistant
metakaolin-based geopolymer-type coatings. J. Non-Cryst. Solids 2011, 357, 1399-1404. [CrossRef]

Medri, V.; Papa, E.; Dedecek, J.; Jirglova, H.; Benito, P.; Vaccari, A.; Landi, E. Effect of metallic Si addition on
polymerization degree of in situ foamed alkali-aluminosilicates. Ceram. Int. 2013, 39, 7657-7668. [CrossRef]
Strini, A.; Schiavi, L. Low irradiance toluene degradation activity of a cementitious photocatalytic material
measured at constant pollutant concentration by a successive approximation method. Appl. Catal. B Environ.
2011, 103, 226-231. [CrossRef]

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

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]

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/10.1007/s10853-015-9295-3
http://dx.doi.org/10.1016/j.micromeso.2011.11.026
http://dx.doi.org/10.1016/j.matlet.2014.07.090
http://dx.doi.org/10.1021/es902359s
http://www.ncbi.nlm.nih.gov/pubmed/19943671
http://dx.doi.org/10.1016/j.jnoncrysol.2010.09.063
http://dx.doi.org/10.1016/j.ceramint.2013.02.104
http://dx.doi.org/10.1016/j.apcatb.2011.01.031
http://dx.doi.org/10.1016/j.proeng.2011.11.2073
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 
	Photocatalytic Specimens Preparation 
	Metakaolin (MK and MK60) and Fly Ash (FA and FA60) Geopolymer-Based Samples 
	Hybrid Siloxane–Metakaolin Geopolymer Samples (HS and HS60) 
	Foamed Hybrid Siloxane–Metakaolin Geopolymer Samples (FHS and FHS60) 
	Curing Treatments 
	Cement-Based Reference Sample (OPC) 

	SEM Analysis 
	Apparent Density and Open Porosity Determination 
	Photocatalytic Activity Characterization 

	Results and Discussion 
	Physical Characterization 
	Photocatalytic Activity 
	Scanning Electron Microscopy Analysis 

	Conclusions 

