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Abstract. 15 

 16 
Geopolymers are ecologically-friendly inorganic materials which can be produced at low 17 
temperatures from industrial wastes such as fly ash, blast furnace slags or mining residues. 18 
Although to date their principal applications have been as alternatives to Portland cement 19 

building materials, their properties make them suitable for a number of more advanced 20 
applications, including as photocatalytic nanocomposites for removal of hazardous pollutants 21 

from waste water or the atmosphere. For this purpose, they can be combined with 22 
photocatalytic moieties such as metal oxides with suitable bandgaps to couple with UV or 23 
visible radiation, or with carbon nanotubes or graphene. In these composites the geopolymers 24 

act as supports for the photoactive components, but geopolymers formed from wastes 25 

containing oxides such as Fe2O3 show intrinsic photoactive behaviour. This review discusses 26 

the structure and formation chemistry of geopolymers and the principles required for their 27 
utilisation as photocatalysts. The literature on existing photocatalytic geopolymers is 28 

reviewed, suggesting that these materials have a promising potential as inexpensive, efficient 29 
and ecologically-friendly candidates for the remediation of toxic environmental pollutants 30 
and would repay further development. 31 
 32 

Keywords: geopolymers; photocatalysis; nanoparticles; degradation efficiency; TiO2; Cu2O; 33 
carbon nanotubes; graphene  34 
 35 
 36 
1. Introduction. 37 

 38 

The development of materials to mitigate the effects of global warming and pollution 39 

generated by human activities is becoming a matter of increasing urgency. The ecological 40 
problems to which solutions are being sought are the increase in greenhouse gas emissions 41 
arising from the manufacture of Ordinary Portland Cement (OPC) and electricity generation 42 
by coal-fired power plants, especially in developing nations with increased demands for 43 
infrastructure. Ecologically-friendly alternatives to OPC which do not involve the high-44 

temperature reaction of clay and limestone, generating large amounts of CO2 are inorganic 45 
polymers, otherwise known as geopolymers [1]. A further advantage of these materials over 46 
OPC is that they can be produced at temperatures from ambient to 80oC by alkali activation 47 
of a range of aluminosilicate minerals [2-7]. For this reason, to date the major interest in 48 
geopolymers has been as alternatives to OPC, although they have many other high-49 
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technology applications [8]. One such area of increasing interest is the mitigation of global 50 

environmental pollution problems, particularly air and water pollution. Over the past two or 51 
three decades photocatalytic degradation of environmental pollutants by exploiting the 52 
conversion of solar to chemical energy has attracted considerable attention. Heterogeneous 53 

photocatalysts have many advantages over other photocatalysts, since they can be cost-54 
effective, stable, non-toxic, strongly oxidsing and effective at ambient temperature and 55 
pressure [9]. The combination of photocatalysts with geopolymers has been exploited in the 56 
construction industry to develop self-cleaning coatings for buildings, where the key factors 57 
are the aesthetic appearance and reasonable costs of cleaning maintenance [10]. Since 58 

geopolymers are environmentally friendly and can readily incorporate photocatalytically 59 
active materials such as ZnO, TiO2, CuO and Fe2O3, they are an excellent option for 60 
construction applications. Geopolymers incorporated with photoactive materials in the 61 
presence of UV and UV-visible radiation [11] can oxidize and decompose the surface 62 
pollutants on a building or roadway, allowing the products to be subsequently easily removed 63 

later by rain, cleaning or washing with water because of the hydrophilic surface of the 64 
photocatalytic geopolymer with a low contact angle for water, allowing it to slide off [12-14] 65 

(Figure 1). 66 

 67 
Figure 1. Schematic mechanism of a photocatalytic air-purifying geopolymer-based 68 
pavement, adapted from Boonen et al.  [15] 69 
 70 
A further ecological problem is associated with atmospheric pollution of waterways and the 71 
atmosphere resulting from manufacturing operations. A less well-researched but equally 72 
important environmental application of geopolymers has been as materials for the destruction 73 
of hazardous organic species in the atmosphere and in waterways. For this purpose, various 74 

photocatalytic species can be introduced into the geopolymer by exploiting its structure and 75 
chemistry, and the photocatalytic process can also be facilitated by the ability of the 76 
geopolymer to adsorb and immobilise the hazardous material in its structure. Thus, the 77 
combination of photocatalytic functionality with the environmental friendliness of 78 
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geopolymers makes these potentially important materials for mitigation of climate change 79 

problems.  80 
The present review outlines the important aspects of the synthesis and chemistry of 81 
aluminosilicate geopolymers, methods for the introduction of photocatalytic functionality by 82 

exploiting aspects of their structure and the application of these photocatalysts for the 83 
remediation of ecological problems. 84 
             85 
2. Aluminosilicate geopolymers: composition, synthesis and structure 86 
 87 

Aluminosilicate geopolymers are a class of alkali-activated materials, which, although 88 
having been known for many years, were first developed in their present form by Davidovits 89 
[1] by the action of alkali on dehydroxylated kaolin clay (metakaolin). These materials had 90 
the advantage of attaining strength at ambient or slightly elevated temperature and did not 91 
rely on the presence of crystalline phases for strength development. Davidovits also coined 92 

the name geopolymer by which these materials are now generally known. Alkali activation of 93 
other aluminosilicates such as coal fly ash [5] and ground blast furnace slag [7] was soon 94 

found to produce aluminosilicate geopolymers with comparable or superior mechanical 95 
properties and these are now most commonly used as construction or engineering materials. 96 
However, although thermally pre-treated kaolin minerals are still the most commonly used 97 
aluminosilicate source for specialised applications such as photocatalytic geopolymers, these 98 

minerals are commercially valuable, and the use of industrial wastes such as fly ash from 99 
coal-fired boilers for specialised geopolymer applications is attracting increasing attention. 100 

Several synthetic methods for aluminosilicate geopolymers have been reported [8], but the 101 
most widely used is the reaction of a finely divided aluminosilicate source mineral or 102 
industrial waste material with an alkali metal hydroxide or a mixture of an alkali metal 103 

silicate and hydroxide. The setting characteristics of the resulting mixture can be controlled 104 
by adjusting the molar composition of the component oxides; in the case of metakaolin 105 

precursors, a molar composition of SiO2/Al2O3 ̴ 3, M2O/SiO2 ̴ 0.3 and H2O/M2O ̴ 10 is 106 
reported [2] to set well and give a product with good strength, but these ratios can vary quite 107 

widely. The resulting geopolymer mixture is cured and hardened at temperatures between 108 
ambient and <100oC. The mechanism of geopolymer formation involves the formation of 109 
aluminate and silicate monomers by alkali attack on the solid aluminosilicate starting material; 110 
these units then condense to a metastable gel which then becomes more fully cross-linked, 111 

allowing it to set and harden [16]. Some of these reaction steps may be concurrent and 112 
overlap, and their kinetics can depend on the nature of the starting material and the activating 113 
solution [16]. The steps of geopolymer synthesis are shown in Figure 2. 114 
 115 
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  116 
Figure 2. Schematic representation of the geopolymer synthesis procedure.  117 
 118 

Aluminosilicate geopolymers consist of a random three-dimensional array of tetrahedral 119 
aluminate and silicate units joined through their apical oxygens. Their lack of long-range 120 
crystallographic order is reflected in their characteristic broad X-ray diffraction pattern 121 

similar to that of a glass [2]. The fourfold-coordinated aluminium atoms in this structure have 122 
been shown by 27Al solid-state MAS NMR spectroscopy to be formed during the alkaline 123 

reaction by conversion of Al(VI) and Al(V) of the precursor to Al(IV) [17,18], resulting in a 124 

negative charge on each Al which is balanced by a positively-charged ion such as hydrated 125 

Na+ or K+ located in the interstices of the gel structure [2] (Figure 3). Since these charge-126 
balancing ions are exchangeable, as in zeolites [19], they provide an important mechanism 127 
for manipulating the properties of the geopolymer and, in particular, they can be exploited to 128 

allow the introduction of photocatalytic moieties. 129 

 130 
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 131 
Figure 3.  Proposed semi-schematic structure for a Na-geopolymer, adapted from Barbosa et 132 
al. [2]. 133 

 134 
3. Mechanism of photocatalysis in geopolymers 135 

 136 
The photocatalysis mechanism in geopolymers is most usually extrinsic, i.e. it 137 

depends on the presence of an introduced semiconducting species such as ZnO or CuO. The 138 
action of light quanta on the semiconductor promotes a photoelectron from the filled valence 139 

band to the vacant conduction band, provided the energy of the photon is greater than or 140 
equal to the bandgap of the semiconductor. In the presence of water, the resulting 141 
photogenerated pair of the hole in the valence band and the electron in the conduction band 142 
can then react to produce HO● radicals which are extremely powerful oxidising agents able to 143 
attack and destroy organic pollutants in solution. Concurrently, the holes in the valence band 144 

can react with oxygen to form anionic superoxide radicals, O2
- . These species are not only 145 

oxidising agents in their own right but are able to prevent electron-hole recombination and 146 

maintain electron neutrality in the photocatalyst. Protonation of the superoxide radical forms 147 
the hyperoxyl radical, HO2

●, two of which can either combine to form H2O2 + O2, or two 148 
highly reactive hydroxyl radicals OH●. All these oxidising species are highly reactive to 149 
organic compounds, reducing them to the benign products H2O and CO2. These processes are 150 
shown schematically in Figure 4. 151 

 152 
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 153 
Figure 4. Schematic illustration of the photoactivation of a photocatalyst in water and air. 154 
 155 

In greater detail, the photocatalytic process can be divided into four steps, namely: 156 
(i) photogeneration of hole/electron pairs by UV irradiation, promoting the photoelectron 157 

from the valence band of the semiconductor to the empty conduction band. This produces a 158 
positively-charged hole in the valence band (h+VB) and an electron in the conduction band (e- 159 
(CB) (Eq. 1). 160 
 161 

Photocatalyst + hν (UV) →  e−(CB) + h+(VB)                           (1) 162 
 163 
(ii) separation of hole/electron pairs and their diffusion to the surface of the electrode. In the 164 

presence of adsorbed water the positive holes in the valence band produce hydroxyl radicals 165 
(Eq. 2).  166 

H2O(ads) + h+(VB)  →   OH•(ads) +    H+(ads)                       (2) 167 
 168 

These OH• radicals generated on the surface of the irradiated semiconductor are powerful 169 
oxidizing agents, able to attack adsorbed organic pollutants and destroy microorganisms.  170 
 171 

(iii) oxygen ion sorption. Reaction of atmospheric oxygen with the electron promoted to the 172 
conduction band generates the anionic superoxide radical (O2

-•) (Eq. 3). 173 
 174 

O2+ e−(CB) →  O2
−• (ads)                                                                    (3) 175 

 176 

The superoxide radical can take part in further oxidation processes and also plays a useful 177 
role in preventing electron-hole recombination. 178 
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 179 

(iv) photo-oxidation and photo-reduction reactions on the surface of the active catalytic sites.  180 
Protonation of the superoxide radical O2

-• produces hydroperoxyl radicals (HO2
•) (Eq. 4), 181 

followed by the formation of H2O2 (Eq. 5) and its separation into highly reactive hydroxyl 182 

radicals (OH•) (Eq. 6). The oxidation and reduction processes both occur on the surface of 183 
the photoexcited semiconductor photocatalyst. The complete process is shown in Eqs. (4) to 184 
(6): 185 
 186 

O2
−• (ads) + H+  →  HOO•(ads)                                                                                                (4) 187 

 188 

2HOO•(ads) →  H2O2 (ads) + O2                                                                                            (5) 189 

 190 

H2O2   (ads) → 2OH• (ads)                                                                                               (6) 191 
 192 

In the specific case where the photoactive semiconductor interacts with and destroys organic 193 
pollutants, the mechanism involves excitation of the organic pollutants by a photon of visible 194 
light (λ > 400 nm) from the ground state (Pollutants) to the triplet excited state (Pollutants *) 195 
(Eq. 7). The triplet excited state pollutant injects an electron into the conduction band of the 196 

photocatalyst and is then converted into a semi-oxidized radial cation (Pollutants+) (Eq. 8) 197 

with the formation of superoxide radical anions (O2-•) and hydroxyl radicals (OH•) .  These 198 
OH• radicals are mainly responsible for the oxidation of the pollutants (Eq. 9), but the 199 

positive holes photogenerated in the valence band and the photogenerated electrons in the 200 
conduction band are also responsible for oxidation and reduction of organic pollutants 201 
respectively (Eqs. 10 and 11) [20-23]. 202 

 203 

Pollutants + hν → Pollutants∗                                                                                                       (7) 204 

 205 

Pollutants∗ + Photocatalyst → Pollutants+ + Photocatalyst−                                             (8) 206 
 207 

Pollutants* + OH● (ads) → CO2 + H2O (via intermediates)     (9) 208 
 209 

Pollutants + H+(VB) → Oxidation products                                                                          (10) 210 

 211 

Pollutants + 𝑒−(𝐶𝐵) → Reduction products                                                                           (11) 212 

 213 

Thus, photocatalytic efficiency depends both on the ability of the photocatalyst to produce 214 
holes and electrons and on the creation of reactive free radicals. Therefore the specific 215 

surface area (SSA), morphology and bandgap of the photocatalyst are important properties 216 
which affect its efficiency. The bandgap is the distance between the valence band and the 217 
conduction band, and semiconductors, including SnO2, MoO3, ZnO, ZnS, Fe2O3, WO3, CeO2, 218 

CdS, ZrO2, SnO2, Cu2O, and TiO2, are commonly used as photocatalysts because of their 219 
unique electronic structure (occupied valence band and unoccupied conduction band) and 220 

sufficiently small bandgaps for solar excitation of an electron into the conduction band 221 
[24,25]. Ideally, a photocalyic semiconductor for insertion into a geopolymer matrix should 222 

be capable of efficiently utilizing visible or near-UV radiation (λ >400 nm), it should be 223 
biologically and chemically inert, photostable, inexpensive and non-toxic [26]. One oxide 224 
commonly used for this purpose is n-type TiO2, but its bandgap of 3.03 eV is such that in 225 
normal sunlight only about 5% of the incident radiation is of suitable wavelength to 226 
photoexcite TiO2 [27]. Another photoactive semiconductor is p-type Cu2O, with a bandgap of 227 
2.172 eV which couples well with visible radiation (λ ≤ 600nm) [28]. The bandgaps of these 228 
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and other potential photoactive materials are listed in Table 1, and photoactive geopolymers 229 

containing some of these materials are the subject of this review.   230 
 231 
Table 1. Band gap energy of various photocatalysts [29] 232 

  233 

Photocatalyst Bandgap (eV) Photocatalyst Bandgap (eV) 

Diamond 5.4 SnO2 3.8 

Cubic ZnS 3.6 SrTiO3 3.4 

ZnO 3.3 TiO2 (anatase) 3.2 

α-Fe2O3 3.1 TiO2 (rutile) 3.0 

WO3 2.8 CdS 2.4 

Fe2O3 2.2 Cu2O 2.1 

CdSe 1.7 CdTe 1.4 

WSe2 1.2 Si 1.1 

 234 
      235 
4. Aluminosilicate geopolymers with photocatalytic functionality 236 
 237 
4.1. Geopolymer/TiO2 photocatalysts. 238 

 239 
TiO2 is one of the more widely-used photocatalysts for environmental applications 240 

such as water purification, air cleaning and self-cleaning surfaces because of its good 241 
photocatalytic activity, chemical stability, low cost, long-term stability, ready availability and 242 
lack of toxicity [30–32]. One of the most challenging criteria for a suitable photocatalyst is 243 

that it must not rapidly recombine photogenerated electrons and holes. In the case of TiO2 its 244 
photocatalytic efficiency can be increased by incorporating it into a TiO2-based composite, 245 

thereby hindering its charge recombination [33]. In this way, TiO2 has been immobilized by 246 
incorporation into a number of different construction materials, including window glass, 247 

cement-based materials, bricks, ceramics and geopolymers, producing environmentally 248 
friendly self-cleaning and air purification products [34]. 249 

Strini et al. [35] demonstrated the use of TiO2-based photocatalytic geopolymers based on fly 250 
ash or metakaolin to decompose nitric oxide in air. The photocatalyst geopolymer was 251 

produced simply by mixing the geopolymer composition with P25 (a commercial mixture of 252 
rutile and anatase polymorphs of TiO2). The ideal amount of TiO2 was suggested to be 3 wt.% 253 
of the geopolymer paste, and the photocatalytic activity of the geopolymer composite 254 

depended on the type of binder and the curing conditions. The highest photocatalytic activity 255 
was found in a TiO2/fly ash-based geopolymer composite cured at room temperature, which 256 

resulted in twice the NO degradation rate compared with that of a TiO2/metakaolin 257 
geopolymer [35]. The photocatalytic activity was also found to depend on the curing 258 

parameters; curing at 60oC produced a poorer photocatalyst, apparently due to segregation 259 
and depletion of the TiO2 in the catalyst surface [35].    260 
 261 
Bravo et al. [36] synthesised metakaolin-based geopolymer spheres with photocatalytic 262 
activity by coating TiO2 nanoparticles on the surface of the spheres. These were produced by 263 

foaming an uncured geopolymer mixture with Polysorbate 80, then dropping the mixture 264 
from a syringe into polyethylene glycol at 80 oC, which reduces the surface tension and 265 
results in the formation of beads 2-3 mm in diameter. After drying at room temperature for 24 266 
hr. then cured at 75 oC for 2 days, the beads were then coated with TiO2 nanocrystals by 267 
heating them with TiO2 at 1200 °C inside a quartz tube under high vacuum. SEM images 268 
confirmed the complete dispersion of TiO2 within the geopolymer spheres. The 269 
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photocatalytic activity of the TiO2/geopolymer spheres in the degradation of methylene blue 270 

dye showed 90% degradation after 10 hr. ultraviolet irradiation, compared with 4.5% 271 
degradation on the uncoated geopolymer spheres [36]. 272 
In another study, Chen et al. [34] deposited TiO2 films by a sol-gel dip-coating method on a 273 

geopolymer substrate based on 95% fly ash and 5% metakaolin cured at room temperature. 274 
The geopolymer matrix was then dip-coated in a mixture of butyl titanate in ethanol with the 275 
addition of diethanolamine to increase the stability of the sol [34, 37]. The dip-coated 276 
samples were then annealed at 500, 600, 700 and 800 °C for 1 hr. and showed desirable 277 
photocatalytic properties for the degradation of methylene blue dye [34], especially the 278 

sample annealed at 600oC (Figure 5c), which was shown to contain the anatase phase of TiO2 279 
and a mesoporous morphology (Figure 5a,b). Improved photocatalytic activity of the 280 
composites could be obtained by double layer sol-gel coating, resulting in an increased 281 
specific surface area, but conversely, it may also increase the probability of electron-hole pair 282 
recombination and decrease the photocatalytic performance. A further problem observed with 283 

the sol-gel coating technique was a tendency for the films to crack upon drying, but this could 284 
be offset by the addition of 6 wt% polyvinylpyrrolidine (PVP) [34].  285 

 286 

 287 
 288 
Figure 5. A. SEM images of a dip-coated TiO2 film annealed at 600 °C for 1 hr, B. Surface 289 
morphology of a typical multilayer-coated TiO2 film, C. Photocatalytic degradation of methylene blue 290 
by TiO2 films coated on a geopolymer, annealed at (a) 500oC, (b) 800oC, (c) 700oC, (d) 600oC, from 291 
data of Chen et al. [34]. 292 
  293 
Gasca-Tirado et al.[38] reported an alternative method for incorporating photoactive TiO2 294 

into a metakaolin-based aluminosilicate inorganic polymer (geopolymer)  by ion exchange 295 
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with ammonium titanyl oxalate monohydrate, (NH4)2TiO(C2O4)2.H2O. The efficiency of Ti 296 

incorporation was not improved by prior conversion of the geopolymer to the NH4
+ form. 297 

This ion exchange method was found to facilitate the growth of anatase-type TiO2 298 
nanoparticles inside the geopolymer micropores, producing a photoactive geopolymer 299 

composite, demonstrated by its degradation of methylene blue (MB). The most efficient 300 
photoactivity was exhibited in a geopolymer cured at 90oC prior to ion exchange [38]. 301 
Yang et al. [39] studied the degradation of MB dye by foamed fly ash-based geopolymer-302 
TiO2 nanocomposites produced in two different ways. The use of a foamed geopolymer 303 
matrix increased its porosity, allowing the incorporation of a higher concentration of TiO2 304 

and improved contact with the dye solution. After alkali-activation, the fly ash geopolymer 305 
was foamed by the addition of oleic acid, followed by H2O2 then cured at 80 oC. Two 306 
methods were investigated for incorporating TiO2 in the foamed geopolymer matrix; in one 307 
case the TiO2 (P25) was directly mixed into the foamed geopolymer prior to curing, whereas 308 
in a second procedure, the cured foamed matrix was treated with a solution of TiO2 in nitric 309 

acid, then calcined at 500 oC to crystallize the TiO2 [39]. The most efficient photocatalytic 310 
degradation of MB dye was achieved in the composite containing 5 wt.% TiO2 prepared by 311 

direct mixing, and was attained after 45 min of UV irradiation [39]. This suggests the 312 
potential of porous TiO2/geopolymer composites for the treatment of industrially discharged 313 
wastewater. Table 2 compares the different synthesis methods and photodegradation 314 
applications of TiO2/geopolymer photocatalysts. 315 

 316 

Table 2. Comparison of the different TiO2/geopolymer photocatalysts. 

Adsorbent 
Preparation 

Method 

TiO2 

Type 
TiO2 Content Adsorbate Reference 

TiO2/fly ash or metakaolin 

geopolymer 
Mixing P25 3% 

NO and 

NOx 
Strini  [35] 

TiO2/metakaolin geopolymer Ion-Exchange Anatase 28% MB 
Gasca-

Tirado  [38] 

TiO2/fly ash-metakaolin 

geopolymer 

Sol-Gel dip 

coating 

Anatase, 

Rutile 
NA MB Chen [34] 

TiO2/fly ash geopolymer Mixing P25 10% MB Yang [39] 

TiO2/metakaolin geopolymer 

spheres 

Inside quartz 

tube at high 

temperature 

P25 10 mg MB 
Bravo 

[36] 

 317 
 318 

4.2. Geopolymer/graphene photocatalysts   319 
 320 
Graphene Oxide (GO) is a derivative of graphene, a 2-dimensional form of carbon that is 321 

attracting increasing interest as a functional material with useful properties such as high 322 
specific surface area, high electric conductance and good thermal conductivity. GO contains 323 
functional groups containing oxygen and can be synthesized by methods such as chemical 324 
oxidation or exfoliation of graphite [40] (Figure 6). The structure of GO is based on graphene 325 

and contains a number of oxygen functional groups (surface hydrophilic hydroxyl (-OH) and 326 
epoxy (C-O-C) groups and edge carboxyl (-COOH) groups). These groups allow GO to be 327 
dispersed in water and provide many active sites for linking to other functional groups and 328 
organic molecules [41]. GO has attracted attention for adsorption and catalytic applications; 329 
in particular, its photonic properties suggest its potential for enhancing the photocatalytic 330 
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properties of other materials. GO is typically suitable for the removal from water of organic 331 

dyes [42], antibiotics [43] and heavy metal ions [44]. 332 

 333 
Figure 6. Structure of graphene and graphene oxide. 334 
 335 

Lertcumfu et al. [40] studied the influence of GO additions on the photocatalytic properties 336 
of metakaolinite-based geopolymer composites and found that its addition can significantly 337 
improve the degradation of MB and Cr(VI) by comparison with pure geopolymer. The 338 

efficiency of the GO/geopolymer composite for the removal of MB and Cr(VI) was 93% and 339 
65%  respectively. These authors reported that the adsorption process followed the pseudo 340 

second-order kinetic model with an R2 value > 98%. Moreover, these GO/geopolymer 341 
composites showed a potential application for waste water treatment owing to their 342 
photocatalytic activity with a low C/C0 value of 0.6 after 2hr. of UV irradiation. Zhang et al. 343 
[45] reported the photoactivity of a nanocomposite synthesized by reaction of two-344 

dimensional graphene with an alkali-activated granulated blast furnace slag (GBFS) 345 
geopolymer. This nanocomposite showed a high degree of methyl violet (MV) degradation 346 
under UV irradiation, especially in a composite containing 0.01 wt.% graphene, which had a 347 
degradation efficiency of 91.6 % after 110 min. of UV irradiation [45]. The degradation 348 

reaction of the MV dye followed a pseudo second-order kinetic model. Zhang et al. [46] 349 
reported the photocatalytic activity of a novel electroconductive graphene/fly ash-based 350 
geopolymer composite prepared by incorporation of 1 wt% of graphene into the alkali-351 

activated geopolymer matrix prior to curing at room temperature. The addition of the 352 
graphene increased the electroconductivity of the composite by 348.8 times compared with 353 
that of the geopolymer without graphene, and the synergic effect of the graphene with the 354 
matrix red-shifted the maximum absorption wavelength of the composite into the visible 355 
region [46]. Furthermore, the presence of the graphene was shown by nitrogen adsorption-356 

desorption isotherms to effectively improve the pore structure of the composite. The 357 
photoactive composite was found to degrade indigo carmine (IG) dye with an efficiency of 358 
90.2%, three time greater than the photocatalytic efficiency of the geopolymer matrix without 359 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 September 2020                   doi:10.20944/preprints202009.0296.v1

https://doi.org/10.20944/preprints202009.0296.v1


 
 

graphene, and this catalytic performance for the removal of organic pollutants was unchanged 360 

after 5 cycling runs of UV irradiation [46]. Furthermore, the graphene structure was shown to 361 
be unchanged after the dye photodegradation cycles. The proposed mechanism involves 362 
interaction of the graphene with Fe2O3 particles from the fly ash geopolymer matrix in which 363 

the photogenerated electrons from the former are rapidly transfered to the π-conjugated 364 
system of the graphene, efficiently separating the photogenerated electron-hole pairs and 365 
allowing them to oxidize the H2O molecules adsorbed on the iron oxide surfaces. The 366 
resulting hydroxyl radicals which oxidize and degrade the dye molecules adsorbed on the 367 
iron oxide surfaces [46]. In experiments to shed further light on this mechanism, it was found 368 

that the addition of benzoquinone, which traps hydroxyl radicals, reduced the dye degradation 369 
efficiency from 91.6% to 70.8%, whereas the addition of tertiary butyl alcohol, which traps 370 
superoxide radicals, reduced the degradation efficiency to 35.1% (Figure 7). These 371 
experiments suggest that graphene, can act as an electron acceptor to enhance the oxidation 372 
degradation capacity of geopolymers.  373 

 374 

 375 
Figure 7.  The effect of tertiary butyl alcohol (TBA) and benzoquinone (BQ) radical scavengers on the 376 
photocatalytic degradation of indigo carmine, data taken from Zhang et al. [46]. 377 
 378 
Table 3, which summarises the reported investigations of photoactive geopolymers 379 

containing graphene or graphene oxide, highlights the varying experimental conditions used 380 
by different researchers, making a direct comparison of the photocatalytic results impossible. 381 
Although the available research data on these graphene/geopolymer photocomposites are 382 
very promising, considerably more theoretical and experimental research is required on these 383 
systems.  384 
 385 
 386 
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   387 

 388 

Table 3. Summary of the different studies on graphene and graphene oxide geopolymer photocatalysts. 

Matrix 
Preparation 

method 
Graphene content (%) Adsorbate Reference 

graphene/fly ash-based 

geopolymer 
Mixing 0.1, 0.4, 0.7 and 1 

Indigo 

carmine 
Zhang [47] 

graphene oxide/calcined 

kaolinite-based 

geopolymer 

Mixing 0, 2.5, 5, and 10  
Methylene 

blue 

Rujijanagul  

[40] 

graphene/blast furnace 

slag-based geopolymer 
Mixing 0.01 

Methyl 

violet 

Zhang 2016 

[45] 

 389 

4.3. Geopolymer/Cu2O photocatalysts 390 
 391 
Cu2O, a prominent p-type semiconductor, acts as a photocatalyst under visible light 392 
irradiation (≤600 nm). Its direct bandgap energy of 2.2 eV is readily excited by wavelengths 393 

in the visible region, giving it a significant absorption coefficient (up to ~104 cm-1) in this 394 
region. This suggests that Cu2O should act as a stable photocatalyst for the photochemical 395 
decomposition of H2O with the generation of O2 and H2 under visible light irradiation and 396 
that it should also be a suitable candidate for the photocatalytic degradation of organic 397 

pollutants under visible light irradiation. The photocatalytic possibilities of Cu2O were 398 
investigated by Huang et al [48] who demonstrated its photodegradation of methyl orange, 399 

but reported that it was readily deactivated by photocorrosion, especially when in the form of 400 
nanoparticles [48]. An improvement in its catalytic performance was obtained with larger 401 
microparticles which underwent photocorrosion more slowly, and its performance was also 402 

improved by the addition of 0.1 mmol/L of methanol which acted as a hole scavenger [48]. 403 

The photocatalytic behaviour of the different well-formed crystal facets of Cu2O 404 
microcrystals with well-formed facets was investigated by Zheng et al [47]. They observed 405 
that during the photodegradation of methyl orange, the {100} and {110} faces gradually 406 

transformed into the {111} facets of nanosheets which exhibit stable photocatalytic activity 407 
[47]. These results, and the low toxicity, low cost and environmental friendliness of Cu2O 408 
suggest its use as a possible alternative to other common photocatalysts such as TiO2 for the 409 

photocatalytic degradation of organic contaminants, particularly when combined with 410 
ecologically-friendly geopolymers. These considerations led Fallah et al [49] to investigate a 411 

novel photoactive inorganic polymer composite containing copper(I) oxide nanoparticles. 412 
The Cu2O nanoparticles were synthesized by the solution precipitation method, producing 413 
cubic crystallites of nanometer size. Metakaolin-based Cu2O/geopolymer composites were 414 

prepared by mixing 10-30 wt.% of pre-synthesized Cu2O nanoparticles with the geopolymer 415 

paste and curing for 12 hr. at ambient temperature. The photocatalytic activity of the 416 

Cu2O/geopolymer composite in the degradation of methylene blue (MB) was studied under 417 
the UV-irradiation [49]. Although the nano-Cu2O itself did not adsorb the methylene blue dye, 418 

its incorporation of up to 20 wt. % into the geopolymer composites increased their adsorption 419 
ability due to adsorption within the pores of the geopolymer matrix. Under UV radiation, the 420 
composites removed the MB dye from solution by a combination of adsorption and 421 
photodegradation (Figure 8), without deterioration of the geopolymer structure or the 422 
photoactive Cu2O component. This suggested that these geopolymer composites should 423 
function as useful new materials for the removal of organic pollutants from water or the 424 
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atmosphere. The degradation of the MB dye followed a pseudo-second order kinetic model 425 

[49]. 426 

 427 

Figure 8. (a) Residual concentration (C/C0) of methylene blue dye upon exposure to the geopolymer 428 
matrix (GP) and the Cu2O-geopolymer composites versus time in the dark, (b) comparison of the 429 
degradation of methylene blue dye by the geopolymer matrix and the 30 wt% Cu2O-geopolymer 430 
composite in the dark and under UV illumination.  Data from Falah et al [49].   431 

4.4 Geopolymer/carbon nanotube photocatalysts 432 
 433 
Carbon nanotubes (CNTs), are graphite sheets rolled up into cylinders with partly one-434 
dimensional nanostructures. CNTs have diameters of a few nanometers and lengths of some 435 
millimeters. CNTs can occur as single-walled nanotubes (SWCNTs), double-walled 436 

nanotubes (DWCNTs) and the multi-walled nanotubes (MWCNTs), the latter consisting of 437 

multiple layers of graphite arranged in concentric cylinders [50]. CNTs have been 438 
successfully used as catalyst supporting materials with properties superior to those of other 439 
regular catalyst supports. CNTs have large specific surface areas and have excellent 440 

capability for absorbing toxic materials such as nitrogen oxides and polluted waste water 441 
[51,52]. They are also useful for reinforcing geopolymers. Bi et al. [53] synthesised 442 
metakaolin-based geopolymer nanocomposites containing CNTs by ultrasonically dispersing 443 
0.1, 0.25, and 0.5 vol % of CNTs into a mixture of NaOH and sodium silicate solution, 444 
followed by blending with metakaolin powder, curing at 40oC for 2 hr. and aging at 60oC for 445 

24 hr. Before use, the CNTs were given a surface silica coating by treatment with a mixture 446 
of H2SO4 and HNO3, followed by a mixture of TEOS and NH4OH. The resulting good 447 

distribution of the CNTs in the geopolymer matrix and the interfacial interaction between the 448 
SiO2 coating and the geopolymer matrix (Figure 9) were found significantly to improve the 449 

mechanical properties of the geopolymer nanocomposites [53] and suggested their 450 
application as a self-sensing structural material with ultrahigh sensitivity. Although the 451 
possible use of these composites as photoactive materials has not yet been investigated, the 452 
photoactive properties of the closely-related graphene/geopolymer composites (Section 4.2) 453 
suggests investigation of the CNT/geopolymer composites would be worthwhile.  454 
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455 
Figure 9. Schematic representation of the interface between a SiO2-treated carbon nanotube 456 
surface and a geopolymer matrix. 457 

 458 
4.5. Other geopolymer photocatalysts 459 

 460 
Following their previous promising results using Cu2O for the photocatalytic degradation of 461 
methyl orange [48], Huang et al. [54] obtained an improved photocatalytst by combining TiO2 with 462 
Cu2O. Their Cu2O/TiO2 heterostructures, prepared by an alcohol-aqueous based chemical 463 

precipitation method, showed greatly improved photocatalytic activity compared with pure 464 
TiO2 (P25), especially 50:50 Cu2O/TiO2 compositions [54]. The photocatalytic efficiency of 465 
these for the degradation of acid orange II dye were reported to be 6 times greater than pure 466 
TiO2 under UV-visible light, and 27 times greater under visible light [54]. Based on these 467 
findings, Falah et al. [55] prepared novel photoactive composites of spherical Cu2O-TiO2 468 

nanoparticles with aluminosilicate geopolymers which would act both as an adsorbent and 469 

photocatalyst. The synthesis procedure of the Cu2O-TiO2 nanoparticles from copper acetate 470 

and TiO2 (P25) is shown schematically in Figure 10. After SEM characterization of the 471 
heterostructured nanoparticles, 10-30 wt.% were added to an uncured metakaolin-based 472 
geopolymer mixture and cured at room temperature [55]. Under dark conditions, the 473 
geopolymer photocatalyst was found adsorb methylene blue dye, following first-order 474 
kinetics and Freundlich-type isotherms, but the adsorption process was less efficient in 475 

geopolymer composites containing 10 wt.% of Cu2O/TiO2 than in the geopolymer matrix 476 
alone, probably due to blocking of the adsorption sites by the oxide nanoparticles. Under UV 477 
irradiation, the Cu2O/TiO2 geopolymer composite removed the methylene blue dye by a 478 
combination of adsorption and photodegradation without destroying the geopolymer structure 479 
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[55], suggesting that these new geopolymer composites should be suitable for efficiently 480 

removing organic pollutants from water or the atmosphere. 481 

 482 
Figure 10. Schematic diagram of the synthesis of Cu2O/TiO2 nanoparticles by an 483 

alcohol/aqueous- based chemical precipitation method.  484 
 485 
The previous study by Falah et al. [55] of Cu2O/TiO2 geopolymer photocatalysts indicated 486 

that these materials can play a dual adsorption-photoactive role, but the presence of the 487 
nanoparticle oxides can hinder adsorption by blocking the pores in the geopolymer matrix. 488 
This led Falah et al. [56] to modify the matrix by inserting a large tertiary ammonium ion, 489 

cetyltrimethylamonium bromide, (CTAB) to facilitate access of the Cu2O/TiO2 nanoparticles 490 
into the geopolymer pores. The amount of CTAB, based on the cation exchange capacity of 491 

the starting clay, was added, together with Cu2O/TiO2 nanospheres prepared as in [55], to a 492 
metakaolin-based geopolymer composition prior to curing at 40 oC. In experiments to remove 493 
methylene blue by a combination of adsorption and photodegradation processes, the 494 

adsorption of the dye by the CTAB-modified Cu2O/TiO2-geopolymer followed pseudo 495 
second-order kinetics and Freundlich-Langmuir type isotherms. A comparison of the 496 

photocatalytic behavior of CTAB-modified Cu2O/TiO2-geopolymer composites and 497 
Cu2O/TiO2-geopolymer composites without CTAB under UV-illumination (Figure 11) shows 498 

that CTAB-modification of the Cu2O/TiO2-geopolymer containing 10 wt. % of Cu2O/TiO2 499 
nanoparticles results in an improvement in the removal of methylene blue from 55% in the 500 
unmodified composite to 97% in the CTAB-modified compound in 60 min. under UV 501 
irradiation, suggesting that further experiments to modify the geopolymer matrix may prove 502 

fruitful.  503 
  504 
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 505 
 506 

Figure 11. Removal of methylene blue dye from solution after 90 min. UV irradiation by 507 
composites based on CTAB-modified inorganic polymer matrices compared with 508 
geopolymers based on unmodified matrices. (I) geopolymer matrix, (II) 10wt.% Cu2O/TiO2-509 

geopolmer, (III)10wt.%Cu2O/geopolymer, (IV) 10wt%TiO2/geopolymer.  Data from Falah et 510 
al. [55,56]. 511 
 512 
Zailan et al. [57] studied the effect of ZnO nanoparticles on the photocatalytic degradation of 513 

methylene blue by F-class fly ash-based geopolymers under ultraviolet irradiation. ZnO 514 
nanoparticles (2.5-10 wt.%) were dry-mixed with the fly ash prior to activation with sodium 515 

silicate and sodium hydroxide. The ZnO/fly ash geopolymer composite showed satisfactorily 516 
efficient photocatalytic degradation of methylene blue after 150 min of exposure to sunlight, 517 
and by increasing the ZnO content, more active sites were produced on the photocatalyst 518 

surface, increasing the number of hydroxyl and superoxide radicals, thereby facilitating the 519 
photodegradation of the dye. The effect of ZnO-based geopolymer paste surfaces containing 520 
various amounts of ZnO on the photocatalytic degradation of methylene blue dye under UV 521 
light is shown in Figure 12.  522 

 523 
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524 

 525 
Figure 12. Degradation of methylene blue dye under UV irradiation by ZnO-based 526 

geopolymers containing different amounts of ZnO nanoparticles, re-drawn from data of 527 
Zailan et al. [57]. 528 
 529 
A novel photocatalytic geopolymer based on ground granular blast furnace slag (GGBFS) 530 

containing ZnO and graphene has been developed by Zhang et al. [58] for applications such 531 

as solar hydrogen production and treatment of wastewater polluted with dye. The photoactive 532 
geopolymer was prepared by mixing the slag with0.1 wt. % graphene, activating with NaOH 533 
solution and curing at 20℃ under 90% relative humidity for 24 hr. This material was then 534 
ground and the charge-compensating Na+ ions of the geopolymer exchanged with NH4

+ by 535 
treatment with NH4NO3 solution, followed by the introduction of zinc from a solution of 536 

Zn(CH3COO)2. At low loadings, the ZnO was amorphous, but at higher Zn contents it was in 537 
the crystalline form of zincite. The photoactive geopolymer was dried at 65 °C and calcined 538 
at 400 ℃ for 4 h in a nitrogen atmosphere. The resulting combination of the ZnO, graphene 539 

and slag in a geopolymer of composition 15ZnO/GGBFS showed 92.7% degradation 540 
efficiency of basic violet 5BN dye in wastewater under UV irradiation, compared with 541 
degradation by the geopolymer matrix alone or ZnO alone (9.7% and 58.2% respectively, 542 
under the same conditions). The degradation efficiency of this geopolymer composite was 543 

also relatively unchanged over 5 reaction cycles (Table 4) and also showed excellent 544 
photocatalytic activity for the production of hydrogen (2281.3 μmol/g) from water (Fig. 13), 545 
compared with ZnO alone [58]. It was suggested that the slag-based geopolymer matrix acts 546 
as a support for the graphene and the photoactive ZnO semiconductor, which under 547 
irradiation produces photoinduced electrons in the conduction band. The proximity of the 548 
ZnO to the graphene enables the efficient transmission of these photoelectrons to the π-bond 549 
conjugate system of graphene, resulting in the efficient separation of photoinduced electron-550 
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hole pairs, producing the hydroxyl radicals responsible for the second-order kinetic 551 

photodegradation of dye-polluted waste waters [58]. 552 
 553 
Table 4. Degradation efficiency of basic violet 5BN dye by a slag-based geopolymer 554 

containing 0.1 wt% graphene and 15ZnO under UV irradiation over five reaction cycles [58].   555 
 556 

Cycle number Degradation (%) 

1 92.7 

2 90.6 

3 89.7 

4 88.5 

5 87.8 

 557 

 558 
 559 

Figure 13. UV photocatalytic hydrogen production from water by ZnO/graphene GGBFS-560 

based photocatalysts containing 0.01 wt% graphene, as a function of ZnO content. (a) 15ZnO, 561 

(b) 10ZnO, (c) 20ZnO, (d) 2ZnO. Data from Zhang et al. [58]. 562 
 563 
Zhang et al [59] have also reported the successful use of a GGBFS-based geopolymer 564 
containing graphene and CdO for the photodegradation of direct fast bordeaux dye in waste 565 
water. The preparation of the photoactive geopolymer was similar to that described above for 566 

the ZnO-graphene/GGBFs geopolymer composite [59], substituting a solution of 567 
Cd(NO3)2.4H2O for Zn(CH3COO)2 solution. Samples containing 1-16 wt.% CdO were 568 
investigated but the most efficient photodegradation of the dye under UV irradiation (close to 569 

100% after 100 min.) was obtained with the photocatalyst containing 8 wt.% CdO (Figure 14). 570 
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By contrast with the results for the corresponding ZnO photocomposite [59], the dye 571 

photodegradation by the CdO photocomposite followed first order kinetics [59].  572 
 573 

 574 
Figure 14. Photocatalytic degradation under UV irradiation of direct fast bordeaux dye by 575 

CdO/graphene GGBFS-based photocatalysts as a function of CdO content, compared with 576 
NH4

+-exchanged GGBFS geopolymer, from data of Zhang et al [59]. 577 
 578 
Saufi et al. [60] have reported an interesting geopolymer with intrinsic photoactive properties 579 

prepared from the mineral perlite, an aluminosilicate mineral containing 74.8 wt.% SiO2, 12.5 580 
wt.% Al2O3, 4.5 wt.% Na2O, 5.42 wt.% K2O, 0.9 wt.% Fe2O3 and 0.7 wt.% CaO. After 581 
activation with NaOH and sodium silicate, the geopolymer was cured at 60 oC for 24 hr. The 582 
photocatalytic properties of this geopolymer, which were suggested to be associated with the 583 
Fe2O3 component of the perlite, were shown to degrade methylene blue dye under UV 584 

irradiation with 97.8% efficiency in 4 hr. with a second-order kinetic process (Figure 15) [60]. 585 
These results open up the prospect of new types of geopolymers in which the photoactive 586 

moiety is supplied by one of the components naturally occurring in the aluminosilicate 587 
precursor.  588 
 589 
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 590 
Figure 15. Photocatalytic degradation efficiency of methylene blue dye by perlite-based 591 

geopolymer in the dark and under UV radiation, from data of Saufi et al. [60].   592 
 593 
A fly ash-based geopolymer with similar intrinsic photoactivity was reported by Zhang et al 594 
[61], in which the photoactive components were the 4.4% Fe3O3 and 1.1% TiO2 in the 595 
starting material. This geopolymer was shown to remove methylene blue dye from solution 596 

under UV irradiation with 92.8% efficiency (Figure 16) by a combination of adsorption in the 597 

geopolymer pores following pseudo-second order kinetics, and photodegradation, following 598 
third-order kinetics [61]. 599 
 600 
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 601 
Figure 16. Photocatalytic degradation efficiency of methylene blue dye by fly ash-based 602 
geopolymer un the dark and under UV radiation, from data of Zhang et al [61]. 603 
 604 

He et al [62] reported an unusual photoactive electroconductive geopolymer prepared by 605 

alkali activation of silicomanganese slag waste. The slag was blended with carbon black, 606 

activated with NaOH, cured for 6 hr. at 80oC then powdered. The powder was converted to 607 
the NH4

+ form by immersion in a solution of NH4CH3COO, washed and dried, then 608 

impregnated with a solution of (NH4)6Mo7O24.4H2O before calcining at 400oC for 4 hr. to 609 
produce a geopolymer containing CaMoO4 and carbon black [62]. In addition to its 610 
electroconductive properties, the photocatalyst containing an optimum CaMoO4 content of 611 
composition of photocatalyst was found to degrade BV5 dye, achieving close to 100% 612 

degradation under UV irradiation after 80 min.          613 
 614 
5. Conclusions  615 
 616 
Geopolymers have been shown to be capable of forming photocatalytic nanocomposites for 617 

removal of hazardous pollutants from waste water or the atmosphere. These ecologically-618 

friendly inorganic materials can be produced at temperatures below 100oC from industrial 619 

wastes such as fly ash, blast furnace slags or mining residues, and their chemical and physical 620 
properties enable them to act as supports for photoactive species, including TiO2, Cu2O, 621 
Fe2O3, or carbon nanotubes and graphene. The combination of some of these species has been 622 
exploited in some cases to hinder electron/hole recombination, enhancing the performance of 623 
the photocatalyst. Geopolymers formed from industrial wastes such as fly ash or ground 624 

granulated blast furnace slag, or minerals such as perlite which contain photoactive Fe2O3 625 
contaminants also display intrinsic photoactivity without the need for additional components; 626 
these materials have been less widely reported, but would be worth further investigation. In 627 
most cases the photocatalytic efficiency of these compounds was determined by their 628 
degradation of a dye such as methylene blue, both in the dark and under UV (solar) radiation. 629 
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These studies indicated a dual mechanism of adsorption by the geopolymer matrix and 630 

photodegradation by the photoactive species present. Thus, photoactive geopolymers 631 
represent promising ecologically-friendly, cost-effective and efficient materials for the 632 
remediation of toxic environmental pollutants.  633 

 634 
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