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Abstract: Environmental problems that came from the human activity have many facets, since pollution of the atmosphere arises
from vehicles, industrial emissions while pollution of water could be from organic compounds, pesticides etc. These can cause
serious health effects, such as respiratory diseases, including asthma and lung cancer. Hence, in the present work, a kinetic study on
the effective adsorption and photo degradation of methylene blue (MB) dye, under ultraviolet A (UVA) irradiation of an alkali
activated inorganic polymer (geopolymer) with homogeneously dispersed titanium dioxide (TiO,) micro-particles is presented. In
addition, antimicrobial testing of the alkali activated TiO, material was performed showing a bacteriostatic effect.
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1. Introduction of these materials comprise the development of new

) ) ceramics, cement and high-tech materials [1].
Photocatalysis and especially heterogeneous . . .
) X . ) However, the versatility of this type of materials
photocatalysis have been growing rapidly in the past . . L L
. ) i ) continues to give them new applications in different
three decades since in the degradation of organic . .
: i ) areas, for example in fire protection [2],
compounds; semiconductor micro-particles may be ] o . ]
. L . L immobilization of waste and toxic materials [3],
involved as the incident light may initiate ] ] ) o ]
L . radioactive waste encapsulation [4], building materials
light-induced redox reactivity. On the other hand, ) o ) o ) ]
) ) . i ) with antimicrobial activity [5], and biomedical
alkali activated materials have gained, in the past ) ) )
L L materials [6], photoluminescent materials and for
fifteen years, a major interest so that the applications . . . .
volatile organic degradation by photocatalysis [7] as

i ) well as on the study and development of photoactive
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excellent catalyst due to its strong oxidative potential,
especially when exposed to ultraviolet (UV) light
[8-13]. Thus, it has been used to remove organic dyes
from water [14-19]. Finally, adsorption studies on
geopolymer based materials have been carried out to
evaluate their potential as photocatalyst for the
removal of methylene blue (MB) from wastewater
[20], for instance.

Hence, the main aim of the present work was to
evaluate the photocatalysis capacity of a
metakaolinite-based geopolymer composite with TiO,
micro-particles by the adsorption and decomposition
of MB in aqueous solution. The results showed a
decay rate (k) with good pseudo-second order kinetics
along the photocatalytic activity. In addition,
bacteriostatic effect against commercially important

bacteria was also observed.

2. Experimental Setup

2.1 Materials and Methods

Kaolin from Tizayuca, Hidalgo, Mexico was used.
The chemical composition (weight percentage) of
kaolin determined by X-ray fluorescence was: 73.19%
Si0,, 24.80% AlLOs;, 1.26% SO,

Commercial metakaolin was Metamax from BASF

and others.

Corporation with the following chemical composition
obtained from X-ray fluorescence 51.55% SiO,, 44.78%
Al)Os, 0.48% Fe,0;, and others. Sodium hydroxide
silicate from

and sodium

SIDESA-Corporation Mexico.

were  purchased

2.2 Geopolymer Preparation

DSC (differential scanning calorimetry) analysis
was performed to determine the temperature at which
complete dehydroxylation of kaolin and formation of
metakaolinite take place. According to DSC results, it
was detected that these processes occur at 548 °C,
considering a heating time of 2 h. Thus, to ensure full

kaolin dehydroxylation, the calcination of kaolin was

carried out at 700 °C for 2 h. The conversion of
kaolinite to metakaolinite was confirmed by X-ray
(XRD).

prepared by mechanically mixing stoichiometric

diffraction Geopolymer samples were
amounts of metakaolin, sodium hydroxide, distilled
water, sodium silicate (Na,O/SiO, wt ratio: 0.18) and
Ti0, micro-particles with an average size of 358 nm,
at three different weight percent concentrations: 0, 20
and 50 (samples: Geo cal, Geo 80-20 and Geo 50-50
respectively). Then, samples were subjected to 5 min
of vibration, to produce homogenous slurry that was
poured into cylindrical acrylic molds. The slurry was
dried for 5 h at 70 °C and cured in a laboratory oven at
35 °C for 16 h. After cooling, geopolymers were
obtained. The mixture constituents were formulated to
follow the molar oxide ratios: SiO,/AlL,O; = 5.49,
Na,0/Si0, = 0.18, Na,0/Al,05 = 1.01 and H,0/Na,O
=18.39.

When commercial metakaolin was used (Geo cMK),
it was mixed directly with the same molar ratios
indicated above, dried and cured at the same time and
temperature.

The nomenclature and the weight percentages of
TiO, used in this work for each set of samples are

shown in Table 1.
2.3 Photocatalytic Degradation of MB

UV spectrometric techniques were used to study the
adsorption and photochemical degradation of MB. A
UV-Vis double beam spectrophotometer (Agilent
8453) at room temperature in the wavelength range
200-1,100 nm was used. The UV-Vis calibration
curve for aqueous MB, was obtained using five
different concentrations of MB, i.e., 0.45 x 10'5, 0.85
x 107, 1.0 x 107, 1.4 x 10” and 1.8 x 10° M at the
natural pH of the solution, relating the absorbance to
indicated in Table 2. The
experiments were conducted under a UVA lamp (Amax
=340 nm), 14 w.

the concentration as
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Table1 Weight percent of TiO, micro-particles in each set of samples.

Sample Geo cal

Geo cMK

Geo 50-50 Geo 80-20

TiO, micro-particles wt% none

none

50 20

Table 2 MB-aqueous solutions used to obtain MB calibration curve and its corresponding absorbance values.

Concentration Absorbance
0.45%x10°M 0.29992
0.85x10°M 0.58384
1.0x10°M 0.66787
1.40 x 10°M 0.87075
1.80 x 10°M 1.13070
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Fig. 1 Experimental set up for the adsorption and photodegradation of MB: (1) fan, (2) UVA lamp, (3) stirring plate, (4)

stirrer.

A stock solution was prepared by weighing 0.01628
g of MB diluted in 500 mL of deionized water. Then
the stock solution 8.36 mL was used to prepare 100
mL of a solution of MB at a concentration of 0.85 x
10° M which, then was poured into a 200 mL glass
beaker (Pyrex) with circular geopolymer sample, 12.5
mm diameter, 2.6 mm thickness, and placed into the
UV lamp system with a magnetic stirrer (Fig. 1). The
distance between the liquid surface and the lamp was
17 cm.

For each measurement a 4 mL aliquot, deposited in

a 15 mL falcon tube was taken and placed in a
premiere centrifuge, Model: XC-2009, operated at a
speed of 3,500 rpm for a time of 5 min, and then a 3
mL sample was taken and placed into quartz cells of
3.5 mL volume and 1.0 cm trajectory length.
Absorbance was measured at a wavelength of 664 nm
that the
wavelength of MB, at times of 5 min during the first

corresponds  to maximum absorption
20 min. After twenty minutes, measurements were
taken every 10 min up to 100 min and its absorbance

was measured.
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To determine the adsorption equilibrium time, the

experiment was conducted in dark conditions,
thereafter the degradation was divided into two steps,
adsorption in dark and photodegradation under UV
illumination. Hence, each set of samples (i.e. Geo cal,
Geo cMK, Geo 50-50, Geo 80-20) was subjected to
these experimental conditions. All experiments were
done in triplicate to ensure reproducibility of the
methodology, and their average values were taken and

plotted into graphs.
2.4 Textural Properties

The Brunauer-Emmett-Teller (BET) surface area,
total pore volume and pore size distribution of the four
samples were determined by nitrogen adsorption
under -190 °C using a NOVAtouch LX gas sorption
analyzer (Quantachrome Corp.). All samples were
degassed at 200 °C for 3 h, prior to the adsorption
experiments. The BET surface area was obtained by
applying the BET equation to the adsorption data. The
pore size distribution was obtained using BJH (Barrett,

Joyner, and Halenda) method.
2.5 Antimicrobial Activity of Geopolymers

To evaluate the antimicrobial activity, standard
strains of Staphylococcus aureus (ATCC 6538),
Staphylococcus aureus (MRSA, ATCC 43300),
Salmonella typhimurium (ATCC 14028), Escherichia
coli (ATCC 8739), and Streptococcus pyogenes
(ATCC 19615) were used. The bacterial strains were
grown and maintained in nutrient agar for 24 h in the
dark at 37 °C. The tubes were filled with 1 mL of a

bacterial culture, grown overnight in 1 mL adjusted at

5 x 10° CFU/mL [21]. The test was conducted with 25
mg of the different geopolymer samples (sterilization
by autoclaving). Gentamicin was used as positive
control (20 pg/mL) (Pisa®); all the test tubes were
incubated overnight at 37 °C [22].
incubation, absorbance of the samples was checked at
600 nm
(GloMax®-Promega). Clear broth was used as blank.
Bactericidal or bacteriostatic effect was determined by

Following

using a microplate reader

seeding a sample in Petri dishes (agar
Mueller-Hinton).
Since the geopolymer samples with the

semiconductor TiO, micro-particles were prepared
with the calcined kaolin, for the antimicrobial tests, it
was decided to compare the activity between the Geo
cal, Geo 80-20, Geo 50-50 just.

3. Experimental Results

3.1 Adsorption and Photo-Degradation of MB by
Metakaoline Based Geopolymer

It may be observed how the UV-Vis absorption
spectrum obtained at 664 nm shows a linear
dependence with MB concentration (Fig. 2).

To determine the adsorption equilibrium time,
experiments were conducted in dark and under UVA
irradiation.

The MB absorption spectra under UVA irradiation
for 100 min at a MB concentration of 0.85 x 10> M
for all the geopolymer samples are shown in Fig. 4.

Figs. 5 and 6 show the linear fit of the experimental
data of the different geopolymers for the degradation
of MB and the values of R* for each geopolymer while

the kinetic parameters are shown in Table 3.
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Fig. 2 UV-Vis calibration curve obtained from 664 nm intensity values.
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Fig. 3 Residual MB dye concentration vs.

time of all geopolymers in (a) dark and (b) under UVA irradiation.
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Fig. 4 UV-Vis absorption spectral changes of MB of geopolymer samples, after different reaction time under UVA
irradiation.
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Fig. 5 Graphs of the pseudo-first order kinetics of MB adsorption on the different geopolymer composites with UVA
irradiation.
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Fig. 6 Graphs of the pseudo-second order kinetics of MB adsorption on the different geopolymer composites with UVA

irradiation.

Table 3 Parameters of the pseudo-first order and pseudo-second order kinetics models for the adsorption of MB on

geopolymers.

Pseudo-first order kinetics parameters

Pseudo-second order kinetics parameters

Condition

ki (min™) g. (mg/g) R ky (¢/(mg min)) g, (mg/g) R
With additions
Geo 50-50 0.0271 0.0070 0.8470 0.0570 0.5600 0.9689
Geo 80-20 0.0208 9.7120 0.9293 0.0637 0.5350 0.9816
Without additions
Geo cal 0.0093 34.8600 0.9792 0.0776 0.4250 0.9277
Geo cMK 0.0080 44.4500 0.9497 0.0902 0.3980 09172

Table 4 Antimicrobial activity results of tested geopolymers.

% Inhibition

Staphylococcus Salmonella . . Streptococcus
Sample Staphylococcus aureus ATCC typhimurium Escherichia coli pyogenes ATCC
aureus ATCC6538 43300 ATCC 14028 ATCC 8739 19615
Geo 50-50 13.06 34.75 NA NA NA
Geopolymer  Geo 80-20 28.4 37.37 NA 24.44 NA
Geo cal 11.93 27.75 NA 8.66 8.62
Gentamicin ~ 74.2 55 78.31 81.77 82.75

NA: non-active under testing conditions; ATCC: American type culture collection.
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3.2 Antimicrobial Activity of Geopolymers

Table 4 shows the antimicrobial results of tested

samples.

4. Discussions

It has been previously pointed out [14, 23] that the
geopolymer efficiency as an absorber of organic dyes
may be ascribed to the fact that hydroxyl groups
present on the surface of the geopolymer may attract
and hold cationic organic species [24]. Beaudon et al.
[23] suggest that the cationic monomer and dimer
species are initially adsorbed via cation exchange with
Ca®" onto anionic sites (in the present work the
adsorption is suggested to occur mainly at the
mesopores on the surface of the geopolymer) via an
electrostatic attraction mechanism.

Fig. 4 shows visible spectra of MB dye after
treatment with TiO, micro-particles under irradiation
UVA at different reaction time for the geopolymer
samples studied in the present work. There is no a
clear hypsochromic effect as a result of
N-demethylation in the spectra at low concentrations
of MB [8]. To determine the adsorption equilibrium
time, experiment was conducted in dark conditions
and the results are shown in Fig. 3a. According to the
results, it is possible to observe an equilibrium
sorption-desorption after only 30 minutes, and this
fast adsorption on the Geo cMK indicates that its use
as an adsorbent is economically feasible since an
adsorption process is preferred as an environmentally
friendly and cost effective technique [25]. Generally,
it is believed the higher surface area will result in

Table5 Textural properties of geopolymers.

higher adsorption capacity because the adsorption
capacity depends on the porous size and the surface
properties. An increase in adsorption capacity of the
materials without TiO, shows the following order for
surface area values: Geo cMK > Geo cal (Table 5). On
the contrary, the geopolymers with the addition of
TiO, microparticles have a higher sorption capacity
(ge), even when the surface areas are minor than that
of the geopolymers with no additions. This behavior is
explained by the fact that the surface hydroxyl groups
enhance interactions of the TiO, micro-particles with
H,0O, which in turn presents a significant attraction
effect of cationic dyes [23]. Fig. 3b shows the
combined mechanism for the elimination of the
cationic dye i.e., adsorption and photodestruction,
these mechanisms occur in the geopolymers with TiO,
micro-particles, however these two mechanisms are
difficult to be distinguished.

For the geopolymers without TiO,, the
concentration of MB follows a behavior similar to
those in dark conditions. The small decrease in the
values is ascribed to photolysis. It is essential to notice
that when the lamp is on, the residual MB
concentration reduces significantly because of
photoactivation of the semiconductor micro-particles
on and inside the geopolymermatrix, similar results
are reported by trapping and holding dye molecules in
the proximity to the oxides [16]. The rapid interaction
between the MB solution and the geopolymer may be
clearly illustrated by the absorption spectra of
geopolymers in MB solution (with a 0.85 x 10° M
concentration) (Fig. 4). In all the cases, very broad
bands are observed as well as a light shift to the left in

Sample Sger (m%/g) V (cm®/g) D (nm)
Geo 50-50 1.473 0.020 4.684
Geo 80-20 1.649 0.022 3.416
Geo cal 2.374 0.048 3.022
Geo cMK 2.694 0.059 3.060
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Fig. 7 SEM micrographics of the (a) Geo 50-50 with clusters of TiO, micro-particles and (b) well distributed TiO,

micro-particles in the Geo 80-20.

the UV-Vis absorption band, phenomenon ascribed to
the dye molecules interaction or adsorption with
materials such as polyelectrolytes, anionic polymers
or clay minerals [26-28]. In addition, the shoulder at
approximately 610 nm can be related to the existence,
in the MB solution, of free monomers (MB") and
dimers (MB"), [23]. The rapid change in color from
dark blue to light blue along a fast decrease of the
absorption peak after 5 min reflects the high
adsorption capacity of the geopolymers, being for the
Geo 80-20 the highest (Fig. 3b).

To observe the impact of UV light on the
degradation and the kinetics of the photocatalytic
different

geopolymers, the experimental data were collected

process by the metakaolinite-based
during 70 min after the first 30 min, the results were
evaluated according to the pseudo-first equation law
in the modeling of adsorption kinetics [29], Eq. (1)
(Fig. 5), and pseudo-second order equations [19], Eq.

(2) (Fig. 6).

m@—m:_w )
qe
VNN SR (2)
9 k2G¢  qe

where ¢, (mg/g) is the sorption capacity of MB at
equilibrium and ¢, (mg/g) is the sorption capacity at a
time ¢, k; (min™") and k, (g/mg min™) are the rate
constants for pseudo-first rate and pseudo-second

order respectively. By plotting In(Cy/C;) versus ¢, the
pseudo-first rate constant k; and the equilibrium
capacity (g.) can be obtained from the slope and the
intercept, respectively. Using the pseudo-second order
equation, by plotting #/q; versus ¢, the second-order
rate constant (k;) and the equilibrium capacity (g.) are
obtained from intercept and slop, respectively.

From Table 3, it may be observed that the
correlation coefficients of MB absorbed for the Geo
cal and Geo cMK which present the higher values of
surface area (Table 5), fit well the pseudo-first order
model suggesting that the main mechanism for the
methylene blue discoloration is the physical
adsorption [30] assuming the geopolymer solid
remains constant while MB concentration decreases.
In contrast, the correlation coefficients for the
pseudo-second order model show much greater values
for the samples with TiO, addition. In this model it is
assumed the concentration of TiO, microparticles and
hand,

concentration of MB decreases over time. In the case

geopolymer is constant, on the other

of the Geo 80-20, the results evidence a true

heterogeneous catalytic regime through

(TiO,
micro-particles) which appears since the photonic

photooxidation on the photocatalyst
excitation of the catalyst is the initial step. As the
highest value is shown by the pseudo-second order
rate equation (R* = 0.9816) with UV irradiation, it
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may be inferred that the kinetics of the sorption rate
does not depend on the concentrations of the
demethylated intermediates formed (azure B and A)
from MB degradation under UVA irradiation [10], but
depends on the concentration of TiO, microparticles
interacting with MB molecules. This means that the
main mechanism for the discoloration of MB is by
chemisorption [30] and photodegradation.

On the other hand, an excess of micro-particles of
TiO; into the geopolymer results in a decrease in the
kinetic rate value; this behavior could be related to a
blocking of the active sorption sides [16] and
agglomerations of the micro-particles (Fig. 7a) for
Geo 50-50, which
distribution of the micro-particles inside the matrix. In

shows a non-homogeneous
contrast, in Fig. 7b it is possible to observe TiO,
micro-particles well distributed in the geopolymer
Geo 80-20, which means a higher & value than Geo
50-50, hence, they reach equilibrium faster because
the dye ions are adsorbed on the outer layers of the
material while in the Geo 50-50 sample the dye ions
will require long time and the equilibrium is slowly
reached.

Finally, according to Table 4, samples showed a
bacteriostatic effect to a different extent depending on
the tested strain and TiO, content. Although TiO, has
previously attracted a lot of attention due to its
antibacterial properties in different applications, to the
best of our knowledge, no antimicrobial tests had been
carried out until now when used within a geopolymer
matrix [31, 32]. According to the results, samples
containing a higher weight percent concentration of
TiO, showed a effect.

Furthermore, in accordance with previous works, TiO,

higher bacteriostatic

seems to be particularly effective against

Staphylococcus aureus [31].
5. Conclusions

The photocatalyst efficiency of a heterogeneous
different
geopolymers was studied by the removal of a model

photocatalyst ~ of metakaolin-based

cationic dye, methylene blue dye. In the case of the
highest degradation of MB,
geopolymer with the addition of 20 percent of TiO,, is

photocatalytic

related to a combined mechanism: adsorption and
semiconductor photodegradation effect. The removal
efficiency of the MB on the surface of metakaolin
based-geopolymers follows the pseudo-second order
kinetics. The results indicate that because of its
adsorbent behavior these materials are viable and
environmentally friendly absorbent composites.
Additionally, antimicrobial experiments showed how
the tested samples present a bacteriostatic effect

against commercially important bacteria.
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