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Abstract

This study investigated the adsorption capacities and photocatalytic activities of geopoly-
mer-zeolite composite materials by incorporating different amounts of zeolite and TiO, in a
geopolymer matrix for dye removal. Geopolymers with SiO./Al,O3 molar ratio of 2.5 were
synthesized from metakaolin. The geopolymers containing zeolite and TiO,-doped zeolite
exhibited similar behavior in terms of mineral compositions, microstructures and chemical
frameworks. The compressive strength of geopolymer-zeolite composite materials
decreased with increasing amount of zeolite and TiO,-doped zeolite (0—40 wt%) because of
the increase in the porosity of composite materials. The maximum methylene blue adsorp-
tion capacity and photocatalytic efficiency of the powdered geopolymer composites with 40
wit% TiO»-doped zeolite was 99.1% and was higher than that of the composites with 40 wt%
zeolite without TiO,-doping (92.5%). In addition, the geopolymer composites with TiO-
doped zeolite exhibited excellent stability after repeated usage as photocatalysts. The
adsorption capacity and photocatalytic activity of pelletized geopolymer composites
decreased because of the reduction in their specific surface area.

1. Introduction

Dyes are globally used in many industries such as textile, leather, paper, automotive and print-
ing. Therefore, colored sewage is generated in large quantities. Colored pollutants have severe
hazardous effects on human health and environment [1-4]. The presence of dye compounds
in aquatic environment can be extremely harmful to aquatic plants leading to large-scale
destruction of ecosystem and life cycles [5]. Therefore, it is essential to remove dyes from
wastewater prior to their discharge. Several techniques for the remediation of dye wastewater,
including biological, physical and chemical processes such as membrane filtration, chemical
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flocculation-coagulation, and different types of oxidation and adsorption, have been developed
for wastewater treatment [4, 6-8]. Among them, adsorption is an exceptionally efficient treat-
ment for the removal of dyes as well as other organic and inorganic pollutants [7, 9]. In addi-
tion to activated carbon [10], zeolites have been widely used for adsorption to achieve the
purification of dyes-contaminated wastewater because of their high pore volume, large
exposed surface area to volume ratios and excellent adsorption capacity. Moreover, zeolites
can be regenerated and reused several times [11, 12]. However, the application of zeolites lim-
ited because of the decrease in their adsorption capacity over long-term use, thereby hindering
their utilization for dye adsorption. In addition, zeolite powder is not widely used because of
the associated handling and disposal risks.

Recently, an ultraviolet (UV)-photooxidation process was demonstrated to have great
potential to reduce organic pollution because it can completely degrade toxic substances [13,
14]. Titanjum dioxide (TiO,) is considered as one of the most promising photocatalysts
because of its excellent photocatalytic activity, chemical and biological inertness, nonphotocor-
rosive nature, thermal stability, low cost and nontoxicity properties. Therefore, TiO, has been
commonly used to eliminate pollutants from wastes photochemical solutions [15-18]. Because
the concentration of pollutants in water and air is low and the adsorption ability of TiO; is
poor, its performance is limited [15]. One feasible ways to overcome this issue is to hybridize
zeolitic materials with TiO, photocatalyst in order to improve adsorption ability of TiO..
Therefore, this study focuses on the synthesis of geopolymer-based composite materials for
dye adsorption. We also propose an alternative way to incorporate TiO, containing zeolites in
geopolymers to produce solidified materials that can be conveniently handled before and after
use.

Synthetic zeolites are commonly produced by mixing solutions of silicates and aluminates,
in order to form an aluminosilicate gel and finally crystallized zeolite. To precipitate the zeo-
lite, a temperature of 100°C or more must be maintained in the aluminosilicate mixture for a
certain period [19]. Zeolites are also found in geopolymers, particularly at the curing tempera-
ture of > 85°C; the zeolite amount increased with curing time [20, 21]. The chemical composi-
tions of geopolymers are relatively similar to zeolites; however, a geopolymer possesses an
amorphous microstructure that leads to several different properties. Geopolymers are formed
by the copolymerization of aluminate and silicate species, generated from the dissolution of sil-
icon- and aluminum-containing starting materials using a high pH condition and in the pres-
ence of an alkali silicate solution [22-24]. Geopolymerization includes a rapid chemical
reaction involving aluminosilicate minerals, under alkaline condition, that results in frame-
work structures, polymer chains and ring structures depending on the Si/Al ratio [25-27].
With alkaline activation, solidification can be obtained at low temperature (< 100°C), result-
ing in a material with binding properties. Geopolymer production is considerably more advan-
tages in terms of energy consumption and production of greenhouse gas emission compared
to the production of ordinary Portland cement. Various geopolymers or geopolymer-zeolite
composite materials with unique characteristics have been widely fabricated for dye removal
[28-34]. Zeolites exhibit high adsorption capacity with a unique microporous structure while
geopolymer has mesoporosity [20, 35]. Zeolite-geopolymer composite materials, therefore,
exhibit large pore size distribution. Each zeolite type displays unique pore characteristic that
can be used for the encapsulation of organic dye molecules. For example, faujasite zeolite, with
an average pore size of 1.36 nm, is appropriate for the physical adsorption of methylene blue
(MB), a dye with an effective molecular size of ~0.77 nm [36, 37]. The mechanism of adsorp-
tion proceeds by cation exchange between cations of the zeolite and cationic MB molecules. In
addition to cation exchange, MB molecules are adsorbed onto the surfaces of the zeolite. More-
over, geopolymer plays a crucial role in the solidification of zeolite powders, thus, geopolymer-
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zeolite composites afford trouble-free handling compared to the powder form of only zeolite.
In addition, the collection after service life can be performed with minimal effort. Accordingly,
geopolymer-zeolite composites with beneficial properties can be used as building materials
with exceptional humidity control. This property is remarkable and worthy of in-depth inves-
tigation in the field of dye adsorption. Furthermore, geopolymer-zeolite composites doped
with TiO, have not been extensively studied.

The main objectives of this work were to fabricate TiO,-containing geopolymer-zeolite
composite materials. TiO,-doped zeolites synthesized in a previous study [36] were used as a
composite and metakaolin (MK) was employed as a starting material for geopolymer synthesis.
The phase development, microstructures, and mechanical properties of the composite materi-
als were investigated. The dye removal efficiency was evaluated by determining the adsorption
and photocatalytic activities of the composites using MB (C;sH;5N3SCl) in water as a repre-
sentative dye. The investigated geopolymer-zeolite composite materials were prepared in 2
forms for comparison purposes: powder and pellet. The pelletized composite materials were
fabricated to allow alacritous collection after use. Moreover, the regeneration of the spent com-
posites was examined to ascertain their reusability. This study lay a foundation for the sustain-
able control of contaminated systems.

2. Materials and methods
2.1 Materials

Kaolin clay was purchased from Sibelco Mineral (Thailand) Co., Ltd. The calcination of kao-
linitic clay was carried out at 750°C for 3h in an oxidizing atmosphere with a heating rate of
5°C/min [37]. The product was then ground and passed through a sieve (N0.230; pore

sizes < 63 um). Zeolite (Z) was solvothermally synthesized using rice husk ash (RHA) and MK
as the starting materials. The TiO,-doped zeolite composite (TZ) was obtained by the impreg-
nation method using the synthesized zeolite and titanium (IV) butoxide (Ti(OC4Hy),). The
zeolite and titanium source are similar to those utilized in a previous study [36]. The raw mix
was prepared by mixing RHA and MK in a NaOH solution containing 10% ethanol with a
SiO,/Al,0; molar ratio of 4.0. The chemical compositions, mean particle size, and specific sur-
face area of MK, Z, and TZ were characterized through X-ray fluorescence (Philips Magix
Pro), Zetasizer-based nanoparticle analysis (Malvern Zetasizer Nano ZS), and Brunauer-
Emmett-Teller (BET) analysis (Quantachrome Autosorp-1), respectively. The results of

these analyses are shown in Table 1. The mineralogical compositions and morphology were
observed through X-ray diffraction analysis (XRD, Bruker AXS D2 Phaser) and field-emission
scanning electron microscope (FE-SEM, SU-6600, Hitachi) and are shown in Figs 1 and 2,
respectively. Sodium hydroxide (97% NaOH, Wako Pure Chemical Industries, Ltd.) and
sodium silicate solution (36.50% SiO,, 18.00% Na,O, Kanto Chemical Co., Inc.) were used as
alkaline activator for geopolymer synthesis.

2.2 Synthesis and characterization

The geopolymers were synthesized using sodium silicate and 10 M sodium hydroxide solu-
tions, with SiO,/Al,O3 molar ratio of 2.5 and Na,O/Al,O3 molar ratio of 1.1 [21, 38]. In addi-
tion to MK, 10%, 20%, 30%, and 40 wt% of Z and TZ powders were used. The mixtures were
dryly mixed in ball mill for 30 min and then in the alkaline solution for 5 min to obtain a uni-
form mixture. Subsequently, the pastes were cast into a 25 mm? acrylic cube mold. The mold
was then wrapped with a plastic film to prevent loss of moisture. After a delay time of 1 hin a
temperature-controlled room (25°C), the samples were cured at 60°C in an electric oven for
48 h and allowed to cool to room temperature before demolding. The samples were stored at
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Table 1. Characteristics of the materials.

Characteristics
1. Chemical compositions
SiO,
ALO;
CaO
K,O
Na,O
Fe,03
P,Os
TiO,
MgO
LOI
2. Mean particle size (um)

3. Specific surface area by BET (m? g ™)

https://doi.org/10.1371/journal.pone.0241603.t001

Metakaolin (MK)

53.60
40.60
0.70
1.92
0.08
1.64
0.03
0.08
0.56
0.75
2.75
21.16

Zeolite (Z)

46.23
24.60
0.80
1.24
11.21
1.14
0.25
0.05
0.51
13.76
0.62

487.10

TiO,-Zeolite (TZ)

45.67
23.19
0.87
1.28
11.30
1.05
0.09
6.53
0.59
9.85
0.71
437.60

25°C and 50% relative humidity. The specimens were tested for compressive strengths at the
age of 7 days in accordance with ASTM C109 standard. Samples containing 40 wt% Z and TZ
were also tested for water absorption after 24 h immersion in water. The percentage of water

absorption is defined as the difference between the weight of the sample submerged in water

24 h and dry weight of the sample.
The observation of the morphologies and elemental analyses were conducted on the sur-
faces of the samples that were fractured after the compressive strength test through FE-SEM

(SU-6600, Hitachi) and energy dispersive X-ray spectrometer (EDS, Inca x-act, Oxford

Intensity (a.u.)

2Theta

Fig 1. XRD patterns of starting materials. I; Illite, Q; Quartz, M; Microcline, F: Faujasite, P: Zeolite P1, S: Zeolite

SSZ16.

https://doi.org/10.1371/journal.pone.0241603.g001
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Fig 2. FE-SEM photomicrographs of materials (A) MK, (B) zeolite (Z) and (C) TiO,/zeolite (TZ).

https://doi.org/10.1371/journal.pone.0241603.9002

Instruments), respectively. The samples were ground to obtain a mean particle diameter of
45.25 pm for XRD analysis using a Bruker AXS D2 Phaser with graphite-monochromized Cu
Ko radiation. Fourier transform infrared (FTIR) spectroscopy was performed using a Perki-
nElmer Spotlight 400 imaging system. The area under the peak was determined using the Ori-
gin data analysis program.

2.3 Testing for methylene blue removal efficiency and photocatalytic
performance

The removal efficiency and photocatalytic degradation of MB by the synthesized geopolymer
composites were determined through 2 experiments. For the first experiment, geopolymer
composites in which 0-40 wt% TZ was added were ground to a powder with a mean particle
diameter of 235.45 pm. MB removal and photodegradation were carried out in a 250 mL reac-
tor. The second experiment was carried out using geopolymer composite pellet (15 x 15 x 21
mm?) with 30 wt% TZ to determine the recovery after use. With the addition of 40 wt% TZ,
the homogeneity of the mixture decreased and the material was difficult to shape. A UV high-
pressure lamps with E27 base (Osram Ultra Vitalux 300 W) operating over a wavelength range
of 300-365 nm was used as a light source. The initial concentration of MB was determined by
measuring its maximum absorbance (Amax = 664 nm) using a Hewlett-Packard 8453 UV-Visi-
ble spectrophotometer. Prior to illumination, a suspension containing 0.2 g ground geopoly-
mer composite and 100 mL MB solution (40 mg/L) was continuously stirred at 500 rpm in a
dark chamber for 30 min to attain adsorption equilibrium. The illuminated suspension was
then collected at regular time intervals and centrifuged at 3000 rpm to obtain a clear solution.
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The geopolymer composite pellet was tested in a similar way. Geopolymer composite pellet
(10 g) were soaked in 100 mL of MB solutions (30 and 40 mg/L) in a 250 ml reactor. This
experiment was performed without stirring. The MB removal efficiency was also monitored at
a wavelength of 664 nm using UV-Visible spectrophotometer. The MB removal efficiency (X)
was calculated using the following equation:

X =[(C, ~ €)/Cy] x 100

where C, is the initial concentration of the MB solution and C; is the concentration of MB
after adsorption under dark condition and photodegradation upon irradiation analyzed at
time ¢.

3. Results and discussions
3.1 Characterization of starting materials

The chemical compositions and physical properties of the MK, Z and TZ are shown in Table 1.
The silica and alumina contents of MK were 53.60 and 40.61wt%, respectively corresponding
to a Si0,/Al,O3 molar ratio of 2.24. The SiO,/Al,O5 molar ratio obtained for Z was close to
that for TZ (3.2-3.3). For TZ, the TiO, content was 6.53 wt%. The mineralogical compositions
of the starting materials are shown in Fig 1.

MK consisted of quartz (SiO,), illite (KAl;Si3H,0,), microcline (KAISi;Og) and amor-
phous aluminosilicate from the dehydroxylation of kaolinite mineral. Faujasite (Na,Al,.
Si33010.6(H20);) and zeolite P1 (NagAlgSi;003,(H,0);,) are the major and minor crystalline
phases, respectively in the synthesized zeolites (Z). For TZ, similar to Z, faujasite was observed;
however, TZ contained different minor phases of zeolite SSZ16. The diffraction peaks of TiO,
phase were not detected for TZ. The mean particle size of MK, Z and TZ were 2.75, 0.62 and
0.71 pm, respectively. The specific surface area of MK, Z and TZ were 21.16, 487.10 and 437.60
m?/g. Z and TZ possessed relatively high specific surface area because of their porous nature.
The morphologies of MK, Z and TZ are shown in Fig 2, indicating that MK particles contained
stacked plate-like particles. The particle shapes of Z were similar to those of TZ because of
their identical major phase that comprised various sizes of agglomerated octahedral particles.

The zeolites (either with or without doped TiO,) synthesized with MK and RHA had SiO,/
Al,O3 molar ratio of 3.2-3.3. The addition of RHA and MK increased the SiO,/Al,O; ratio of
the starting materials to 4.0 because of the highly siliceous nature of RHA. This indicates that
not all SiO, present in RHA or MK played a role in the precipitation of zeolites. Only active sil-
ica formed aluminosilicate structures such as faujasite and zeolite P1. It was confirmed that the
employed zeolites were the same type either with (TZ) or without the addition of TiO, (Z) as
demonstrated by the XRD patterns in Fig 1. The TiO, clusters formed after the heat treatment
step were too small to exhibit clear diffraction patterns [36, 39]. The dissolution-precipitation
of zeolites facilitated the formation of smaller particles compared to the particle size of the
starting materials. Their specific surface areas were also significantly larger because of the
highly porous nature of zeolitic materials.

3.2 Characterization and testing of geopolymer composite materials

3.2.1 Mineralogy. XRD patterns of MK based geopolymers containing different amounts
of Z (0 to 40 wt%) are shown in Fig 3. The XRD patterns showed that the MK-based geopoly-
mer with 0 and 10 wt% Z contained unreacted minerals found in MK (quartz and illite) and
amorphous geopolymeric material.
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Fig 3. XRD patterns of MK-based geopolymer containing different amounts of zeolite. I; Illite, Q; Quartz, F:
Faujasite, P: Zeolite P1.

https://doi.org/10.1371/journal.pone.0241603.9003

No zeolite was found for MK-based geopolymers with low amount of Z. The additions of
20 and 30 wt% Z resulted in a reduction of the quartz content because of the dilution effect
and the presences of faujasite and zeolite P1 phases. For the MK-based geopolymers with 40
wt% Z, illite and small amount of quartz disappeared with the emergence of the faujasite and
zeolite P1. The peak intensity of faujasite and zeolite P1 increased compared to that of geopoly-
mers with 20 and 30 wt% Z. Fig 4 shows the XRD patterns of MK based geopolymers with dif-
ferent amounts of TZ.

For geopolymers with0 and 10 wt% TZ, results similar to those with 0 and 10 wt% Z were
observed. It was worth noting here that a new phase of zeolite Rho (H;,[Al;,Si36 Ogs)) was
present in the geopolymers with 20 to 40 wt% of TZ, while zeolite SSZ16 disappeared. More-
over, for the geopolymers with 40 wt% TZ, quartz was transformed to faujasite zeolite; how-
ever, a small amount of quartz may remain partially intact. Thus, the appearance of faujasite
zeolite in the geopolymer obtained with Z and TZ and the geopolymerization process in MK
based geopolymer with 20-40% Z or TZ did not affect the zeolite transformation. The disap-
pearance of Z upon 10 wt% Z addition, as shown in the XRD-patterns (Fig 3) was attributed to
the dissolubility of Z in high concentration alkaline solution [40, 41]. Therefore, the dissolved
SiO, and AL,Oj; played a role in the condensation of the geopolymer. The additions of 20 and
30 wt% Z resulted in a reduction of the quartz content that was also attributed to the dilution
effect and the presences of faujasite and zeolite P1 phases. This indicated that the dissolution
of zeolites in an alkaline solution was limited. With 10 wt% addition, TZ dissolved in the alka-
line solution, similar to the case of Z addition because of their common zeolitic phases, as
shown in Fig 4. The new Rho phase was found in the geopolymer composites with 20-40 wt%
TZ. It was worth noting here that zeolite SSZ16 was unstable in alkaline solutions and trans-
formed to zeolite Rho. In addition, the Si0,/Al,05 molar ratios chosen for geopolymer synthe-
sis in this study favored the formation of a zeolitic phase [42]. However, with 20-40 wt%
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Fig 4. XRD patterns of MK-based geopolymer containing different amounts of TiO,/zeolite. I; Illite, Q; Quartz, F:
Faujasite, R: Zeolite Rho.

https://doi.org/10.1371/journal.pone.0241603.g004

addition of either Z or TZ, geopolymer composites contained a faujasite phase, which is a
porous material suitable for dye adsorption.

3.2.2 Microstructures. The FE-SEM photomicrographs of the synthesized MK-based geo-
polymer with Z addition are shown in Fig 5. These demonstrated that the polymerization of
geopolymeric gel produced well-connected, glassy phase structures with no grain boundaries.
Without or with a low Z content of 10 wt%, the matrices of MK-based geopolymer appeared as
dense microstructures, as shown in Fig 5A and 5B.

As mentioned previously, the dissolved zeolite species can be present in the geopolymeric
structure, introducing excellent connectivity among the geopolymer phases. Therefore, no
composite material containing 10 wt% Z was prepared. For the geopolymers with 20, 30 and
40 wt% Z, the matrices were less dense as shown in Fig 5C-5F, because of the presence of fau-
jasite zeolite as a composite material. It can be clearly seen in Fig 5F that the internal matrices
of MK-based geopolymer with 40 wt% Z contained large zeolite particles belonging to the fau-
jasite type (starting materials). This result was in a good agreement with the XRD patterns in
which the zeolite starting materials remained intact. In a similar way, the geopolymers with 0
and 10 wt% TZ appeared as extremely dense matrices of the MK-based geopolymer and sparse
matrices for the higher amounts of TZ (20-40 wt%), as shown in Fig 6A—-6F. For the higher
amount of TZ (20-40 wt%), shown in Fig 6C-6F, the density and the homogeneity of the
matrices were reduced. Fig 6F clearly demonstrated that the crystalline zeolitic particles were
present in the matrices. The limit for zeolite dissolution upon Z and TZ incorporation in these
alkaline environments was, therefore, 10 wt%.

The SiO,/Al, 05 molar ratios in the matrices were revealed by EDS (Fig 7). The composi-
tions of the elements and oxides obtained as a result of EDS are summarized in Table 2.

These results indicated that the matrices of MK-based geopolymer (position A and C)
with 40 wt% Z and TZ (Fig 7A and 7B) contained SiO,/Al,O3 molar ratios of 4.78 and 5.07,
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Fig 5. FE-SEM photomicrographs of MK-based geopolymer containing different amounts of zeolite (A) 0%, (B) 10%, (C)
20%, (D) 30%, (E) and (F) 40 wt%.

https://doi.org/10.1371/journal.pone.0241603.g005

respectively. These ratios are largely deviated from the SiO,/Al,O; molar ratio of the starting
material (2.25) used for geopolymer preparation. This implied that not all aluminum phases
played a role in the development of the geopolymeric structure. In other words, the silicate
phase from starting mix was more soluble than the aluminate phases. Therefore, the obtained
geopolymeric gel contained a higher Si0,/Al,0; ratio than the starting mix. The SiO,/Al,05
molar ratios of the crystalline phases at position B and D for the 40 wt% Z and TZ geopolymers
after polymerization were 2.40 and 2.88, respectively. These ratios are slightly different from
the Si0,/Al,O5 molar ratio of the starting zeolitic materials (3.0-3.2). Moreover, Ti peaks were
observed in both areas of the geopolymeric structure and crystalline particles. The SiO,/Al,05
molar ratio of the geopolymeric structure obtained by EDS was higher than that of starting
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Fig 6. FE-SEM photomicrographs of MK-based geopolymer containing different amounts of TiO,/zeolite (A) 0%, (B)
10%, (C) 20%, (D) 30%, (E) and (F) 40 wt%.
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mixture. This was in agreement with the residual mineral, such as illite containing Al,O;
that increased the ratio. As observed by EDS, the SiO,/Al,Oj ratio of the zeolite-geopolymer
composite decreased compared to that of the starting zeolitic particles. This observation was
attributed to the dissolution of SiO, in the zeolite particles in the presence of a highly alkaline
solution.

3.2.3 Molecular structures. FTIR spectroscopy, as shown in Fig 8, was employed to inves-
tigate the chemical structures of the synthesized MK-based geopolymer with 40 wt% Z and
TZ. The broad bands at approximately 3437 cm™ and 1651 cm™ corresponded to the stretch-
ing and bending vibration bands, respectively, of the hydroxyl group in the geopolymer
composites.
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Table 2. Compositions of the elements and oxides from EDS in MK-based geopolymer with 40 wt% of (A) zeolite and (B) TiO,/zeolite.
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Fig 7. FE-SEM photomicrographs and EDS spectra of MK-based geopolymer synthesized with 40 wt% of (A)

zeolite and (B) TiO,/zeolite.

https://doi.org/10.1371/journal.pone.0241603.9007

These bands are associated with the weak bonds in H,O that were adsorbed on the surfaces
or trapped in the cavities of the geopolymers. The absorption band at around 1450 cm™ corre-
sponded to the vibrations caused by the presence of Na,COj. The broad band at 990-1050
cm™ was assigned to the internal asymmetric stretching vibration of Si-O-T (T = Si or Al)
in the aluminosilicate geopolymeric matrix formed because of the polycondensation or poly-
merization reaction [43-46]. The adsorption band at 564 cm ™' was attributed to the external

Position Element (a) Geopolymer + 40%Z (b) Geopolymer + 40%TZ
Element% Oxide% Element% Oxide%
A&C (0] 27.60 60.99 36.32 63.09
Si 17.87 22.50 21.16 20.94
Al 4.23 5.54 4.73 4.88
Na 7.13 10.97 9.17 11.09
Ti 0.66 0.3
Si0,/Al,03 molar ratio 4.78 5.07
B&D O 29.13 63.78 39.32 54.00
Si 14.20 17.71 16.93 13.25
Al 6.68 8.67 6.67 5.31
Na 6.64 8.67 8.41 8.04
Ti 2.07 0.91
Si0,/Al,O3 molar ratio 2.40 2.88

https://doi.org/10.1371/journal.pone.0241603.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0241603

October 30, 2020

11/20


https://doi.org/10.1371/journal.pone.0241603.g007
https://doi.org/10.1371/journal.pone.0241603.t002
https://doi.org/10.1371/journal.pone.0241603

PLOS ONE

Geopolymer/Zeolite composite materials with adsorptive and photocatalytic properties

40%TZ

8 109 «©

= 40%7. 2

<

=

=

~

= | Pure geopolymer =
i =

T T T T T T T T T T T T T |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm_l)

Fig 8. FTIR spectra of MK-based geopolymer with 40 wt% of zeolite and TiO,/zeolite.
https://doi.org/10.1371/journal.pone.0241603.g008

symmetric stretching of Si-O-T, while that at 689 cm™ to Si-O-Al symmetric stretching and
symmetric bending, respectively [29, 45]. By determining and comparing the area under each
peak for the pure geopolymer and geopolymers with 40 wt% Z and TZ, it was found that the
pure geopolymer possessed the largest area for peaks occurring between 807-1351 cm™ and
2504-3817 cm’, whereas the geopolymer containing 40 wt% TZ displayed the smallest area.

This characterization was carried out in order to verify the stability of the geopolymeric
structure in the presence of zeolite and TiO,-containing zeolite. For the FTIR spectra of the
MK-based geopolymer with 40 wt% TZ, the peak corresponding to Si-O-Ti asymmetric
stretching vibration was not detected. Although their charge valency was similar, the replace-
ment of the tetrahedral Si sites in the geopolymeric structure with Ti did not occur in that with
TZ. This result confirmed the formation of Ti compounds in a form of TiO, on the zeolite sur-
faces that afford greater photocatalytic performance [36]. In addition, the pure geopolymer
possessed the largest peak areas (807-1351 cm™ and 2504-3817 cm'™"), implying that this sam-
ple had the highest aluminosilicate geopolymeric gel content. The reduction of the peak areas
resulted from the addition of 40 wt% of Z and TZ, suggesting a decrease in the geopolymeric
gel content.

3.2.4 Compressive strength. The compressive strengths of the MK-based geopolymer
with different amounts of Z and TZ are shown in Fig 9. Without Z or TZ, the compressive
strengths of the MK-based geopolymer was 26.9 MPa. The strength of the geopolymer
decreased with an increase in the amount of Z or TZ from 10 to 40 wt%. These results were in
a good agreement with FE-SEM results, which indicate the presence of low-density structures
with higher TZ amounts because of the highly porous nature of zeolitic materials [20].
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Fig 9. Compressive strength of MK-based geopolymer containing different amounts of zeolite and TiO,/zeolite.

https://doi.org/10.1371/journal.pone.0241603.9009

For the geopolymers with 10, 20, 30, and 40 wt% Z, the strengths of geopolymer composites
were 25.4, 23.8, 22.8, and 20.3 MPa, respectively. Likewise, the geopolymers containing 10, 20,
30, and 40 wt% TZ, the strengths of geopolymer composites exhibited compressive strengths
of 25.6, 23.9, 23.0 and 20.4 MPa, respectively. In addition to the compressive strength measure-
ment, the water absorption of the geopolymer composites with the additions of zeolite and
TiO,-doped zeolite was determined to evaluate the open porosity of the composites. The water
absorption by the pure geopolymer was 1.2%, while that by the geopolymer composites con-
taining 40 wt% TZ and Z were 12.5 and 13.5%, respectively. This confirmed the reduction in
the strength of geopolymer composites compared to that pure geopolymer. With higher poros-
ity, the strength decreased. Furthermore, the geopolymer composite that contained 40 wt% TZ
displayed lower water absorption than the geopolymer containing 40 wt% Z. This was due to
the precipitation of nanosized TiO, on the zeolite surfaces, improving the packing of particles.

3.3 Methylene blue removal efficiency and photocatalytic activity

The MB removal and degradation were evaluated in the dye solution to determine the adsorp-
tion capacity and photocatalytic activity of the geopolymer composites, respectively. Before
photodecomposition, the geopolymer composite powders were stirred in the MB solution for
30 min at room temperature. This ensured the complete adsorption of MB on the composite
surfaces under dark condition, i.e., with no photocatalytic activity. The change in the MB con-
centration was determined by the variation of the maximum absorbance of MB at a wave-
length of 664 nm as a function of the UV light illumination time. Fig 10 shows the MB
adsorption and photocatalytic degradation of the powdered geopolymer composites with dif-
ferent amounts of Z and TZ. An apparent change was observed after 30 min under dark condi-
tions; the MB decolorization rate in the dark was higher than that under UV illumination.

It was worth noting here that a remarkably high amount of MB dye was adsorbed because
of the high adsorption capacity of faujasite. Faujasite can adsorb MB as well as malachite green
dye [47]. Without Z/TZ (0%Z/0%TZ), the adsorption capacity of MK-based geopolymer was
lower than that of geopolymers with 10, 20, 30, and 40 wt% Z and TZ. Fig 10A and 10B show a
comparison between the Z and TZ amounts. The results revealed that MB decolorization rates
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Fig 10. MB adsorption and photocatalytic degradation (at 40 mg/L) of powdered geopolymer composites containing
different amounts of zeolite and TiO,/zeolite (A) Fresh geopolymer composite containing zeolite, (B) fresh geopolymer
composite containing TiO,/zeolite, (C) reused geopolymer composite containing zeolite and (D) reused geopolymer
composite containing TiO,/zeolite.

https://doi.org/10.1371/journal.pone.0241603.g010

at both stages (pure adsorption + photodegradation) for all geopolymers with 10-40 wt% TZ
were higher than those for geopolymers containing 10-40 wt% Z. It was worth noting here
that without TiO, (Z), the MB degradation for the MK-based geopolymer occurred through
the adsorption phenomena, not by photocatalytic process. In the photodegradation process,
the degradation of MB by the MK-based geopolymer with TiO,-doped zeolite (TZ) was rela-
tively high, and the photocatalytic activity was substantially improved. It is particularly impor-
tant to maintain cohesion between the support (geopolymeric material) and the catalyst (TZ)
during the working time in order to sustain photocatalytic performance. The synthesized geo-
polymer composites were recovered from the degraded MB dye solution by filtration and
reused without pretreatment [47]. Fig 10A and 10C show a comparison between fresh and
reused MK-based geopolymers without TiO,. The results demonstrated that the adsorption
capacity of zeolite which can be reused with no loss in the adsorption capacity. Nevertheless,
the zeolite underwent MB adsorption during long-term use. Doping with TZ resulted in a
higher adsorption capacity than that of the samples with Z and without Z, as shown in Fig 10B
and 10D, respectively, illustrating to regeneration potential of the MK-based geopolymer con-
taining TZ. It should be noted that the MK-based TZ containing geopolymer exhibited high
adsorption performance and significantly enhanced photocatalytic degradation activity.

The percentages of adsorption and adsorption + photodegradation of MB from initial con-
centrations of 40 mg/L for the MK-based geopolymer with 0-40 wt% of Z and TZ are shown
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Fig 11. MB removal efficiency (at 40 mg/L) of powdered geopolymer composites containing different amounts of zeolite
and TiO,/zeolite (A) fresh geopolymer composite containing zeolite, (B) fresh geopolymer composite containing TiO,/
zeolite, (C) reused geopolymer composite containing zeolite and (D) reused geopolymer composite containing TiO,/
zeolite.

https://doi.org/10.1371/journal.pone.0241603.g011

in Fig 11. In the adsorption stage, the MB removal efficiencies of the fresh and reused MK-
based geopolymeric materials without Z/TZ were 42.0 and 34.6%, respectively.

The adsorption capacity of reused material decreased. When they were illuminated under
UV light for 3h (photodegradation stage), the MB removal efficiencies of the materials
without Z/TZ were 55.1 and 47.7%, respectively. For fresh and reused MK-based geopolymeric
materials containing 40 wt% Z, the MB removal efficiencies at the adsorption and adsorption
+ photodegradation stages were 78.0 and 70.5% and 92.5 and 85.4%, respectively. For the
fresh and reused MK-based geopolymers with 40 wt% TZ, the MB removal efficiencies at the
adsorption and adsorption + photodegradation were 89.2 and 98.4% and 99.1 and 98.4%,
respectively. The results suggested that the high adsorption capacity of the geopolymer com-
posites at the adsorption stage can be attributed to the high specific surface area and porosity
of the zeolite whereas the excellent photocatalytic activity was caused by the TiO, photocata-
lyst. Nanosized TiO, plays a critical role in the adsorption stage because the adsorption capac-
ity was independent on the water absorption value. Although the TZ-geopolymer composite
possessed a lower water absorption, its MB adsorption was higher than that of the Z-geopoly-
mer composite. MB removal by the geopolymer composites predominantly occurred during
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Fig 12. MB adsorption and photocatalytic degradation (at 30 and 40 mg/L) of the geopolymer composite pellet
containing 30 wt% TiO,/zeolite.

https://doi.org/10.1371/journal.pone.0241603.g012

the adsorption process and was slightly increased by photodegradation. However, it this com-
posite material retained the support and the catalyst when used repeatedly, without affecting
the photocatalytic performance. Compared to the results of our previous study, TZ powder
alone displayed MB removal efficiency of 99.4% [36], while 40 wt% TZ-containing composite
geopolymer remove MB with an efficiency of 99.1%. Photocatalytic activity of TiO, could be
maintained in the same level because of the same size of TiO, particles in both conditions.

The MB removal efficiencies during the adsorption and adsorption + photodegradation
with initial MB concentrations of 30 and 40 mg/L using MK-based geopolymer pellets contain-
ing 30 wt% TZ are depicted in Figs 12 and 13.

As shown in Figs 10B and 11B, the adsorption performance of the geopolymer composite
pellet was lower than the powdered geopolymer composite with the same TZ content (30 wt
%). The removal percentage of the powdered geopolymer composite was 79% at the adsorption
stage, while that of the pellet form was 35% at an initial MB concentration of 40 mg/L. This
was due to the difference in the surface area of the samples. During the adsorption and photo-
degradation stage, the geopolymer composite pellet further removed MB up to 70% efficiency
under 3 h illumination. The MB removal efficiency of the powdered geopolymer composite
reached 94% of MB removal. The powdered form exhibited advantageous removal over the
pelletized geopolymer composites, considering the difference in the quantities used for the
experiments. A total of 0.2 and 10 g of the powdered and pelleted geopolymer composites,
respectively, were used. However, the pelletized geopolymer composite is easier to handle and
collect after use. In addition, the pelletized geopolymer composites can potentially be utilized
for environmental cleanup. However, their adsorption and photocatalytic degradation must be
improved.
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Fig 13. MB removal efficiency (at 30 and 40 mg/L) of the geopolymer composite pellet containing 30 wt% TiO,/
zeolite.
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4. Conclusion

MK-based geopolymer composites incorporating zeolite or TiO,/zeolite were successfully pre-
pared using a SiO,/Al,0; molar ratio of 2.5 and Na,O/Al,O3 molar ratio of 1.1. The compres-
sive strength of geopolymer composites decreased with increasing amounts of TiO,-doped
zeolite from 26.9 MPa for 0 wt% to 20.4 MPa for 40 wt%. The composite consists of a geopoly-
meric material that function as a binder to solidify the zeolite or TiO,/zeolite, making the
material easy to handle, recover and reuse. The powdered form of the geopolymer composite
containing 40 wt% TZ exhibited excellent adsorption capacity and photocatalytic activity, with
total MB removal efficiencies of 99.1% and 98.4% for fresh and reused geopolymer composites,
respectively. The pelletized geopolymer composite with 30 wt% TZ demonstrated total MB
removal efficiency of 70%. The main MB removal mechanism in these composite materials
was through adsorption. The photocatalytic activity played a crucial role after the adsorption
reached saturation.
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