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Photocatalytic CO> reduction by H, to CO via reverse water gas shift (RWGS) reaction over Montmorillonite
(MMT) dispersed TiO2 nanoparticles has been investigated. MMT-clay supported TiO> nanocomposites were
prepared by a controlled and direct sol-gel method and were dip-coated over the monolith channels. The
samples were characterized by XRD, FTIR, SEM, N;-adsorption-desorption and UV-visible spectroscopy. The
performance of nanomaterials was tested in a continuous operation of monolith photoreactor for dynamic CO
and hydrocarbons production under UV-light irradiation. The photoactivity of MMT/TiO2, nanocomposites
loaded over the monolith channels was expressively increased for CO; reduction to CO as the main product.
The maximum yield of CO over 10 wt. % MMT-loaded TiO; catalyst obtained was 25.95 pmole g-catal.'1 h' at
selectivity 98 %, considerably higher than the amount produced over the pure TiO; (8.52 pmole g-catal.” h™).
The other products detected with adequate amounts were CH4 and C2He. This significant enhancement in CO
evolution was evidently due to efficient light distribution with larger illuminated active surface area inside
monolith micro-channels and hindered charges recombination rate over MMT dispersed TiO,. The reaction
mechanism to understand the route of CO, reduction by H, via RWGS reaction is also proposed. This
development has confirmed higher performance of green MMT/TiO2 photo-catalyst for continuous CO; photo-
reduction to cleaner fuels.

1. Introduction

Carbon dioxide (COy) is widely available as an inexpensive feedstock, but it is the primary cause of global
warming. The excessive burning of fossil fuels and human activities such as deforestation has increased the
level of CO; in the atmosphere. On the other hand, CO; is a stable molecule and its conversion to chemicals
and fuels using thermal catalytic process is an energy-consuming process (Yang et al.,, 2016). The
photocatalytic CO;, conversion to fuels by the use of light irradiation, more preferably sunlight, provides
pathways towards economical and sustainable process (Tahir et al., 2015b). However, most of the work in the
field of photocatalytic CO» reduction has been related to using water as a reducing agent. However, H>O is
hardly reducible and CO; conversion by H,O yielded lower amounts of products with lesser selectivity (Olivo
et al., 2015). Recently, CO, conversion to fuels by hydrogen as a reducing agent through photocatalytic
reverse water gas shift (RWGS) reaction has been reported as the most attractive method (Tahir et al.,
2015a).

Among the various semiconductor materials, titanium dioxide (TiO2) has attracted many researchers in recent
years due to its numerous advantages such as relatively low price, available in excess, photo-stable, non-toxic
and has high oxidative potentials (Paulino et al., 2016). However, TiO» photocatalytic efficiency is lower
because of fast recombination of photo-generated electron holes pairs. One of the potentials to enhance TiO;
photocatalytic activity is by its dispersion into the clay micro-sheets. Using nanoclay as a support in which
TiO2 can be distributed on the surface of a suitable matrix, clay-TiO, hetero-junction is formed (Kameshima et
al., 2009).

The most widely used clay minerals for photocatalytic applications is montmorillonite (MMT). MMT is
multilayered nano-clay in which one octahedral sheet is sandwiched between two silica tetrahedral sheets
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(Chen et al., 2012). This characteristic of MMT makes it suitable for high sorption capacity in addition of
charge trapping ability. By dispersing TiO, over MMT layers clay-TiO; hetero-junction is produced, resulting in
the enhanced TiO, photocatalytic activity. Previously, we have investigated MMT loaded TiO, nanocomposite
for photocatalytic CO; reduction with H,O and observed significant amount of CH4 production (Tahir et al.,
2013). It is obvious from the literature that MMT is the most widely studied clay for the growth of TiO,
nanoparticles. However, the enhanced photocatalytic reduction ability of MMT/TiO, composite has so far been
demonstrated for CO, reduction by water as a reducing agent in a batch mode of operation. In this context,
further research involving photocatalytic reverse water gas shift reaction over MMT supported TiO, for gas
phase systems in a continuous monolith photoreactor to produce renewable fuels is warranted.

The objective of the present work is to use MMT-nanoclay to modify TiO» structure for photocatalytic CO»
reduction by H; reducing agent via RWGS reaction. MMT/TiO2 nano-composite was loaded over the monolith
microchannels and photocatalytic activity was investigated in continuous operation of photoreactor. The
photocatalysts were synthesized by sol-gel-dip coating method and were characterized by XRD, field emission
scanning electron microscopy (FE-SEM), FTIR, Nz adsorption-desorption isotherms, BJH pore size
distribution, and UV-Vis spectroscopy. In addition, the photocatalytic reaction mechanism for CO, reduction to
CO were analysed based on the experimental results.

2. Experimental
2.1 Catalyst preparation

The MMT-loaded TiO» nanocomposites were synthesized through a direct and single step sol-gel method
according to our previous work (Tahir et al., 2016b). Typically, 10 mL titanium solution dispersed in 30 mL
isopropanol was taken into flask for the hydrolysis process. Next, the solution was hydrolyzed by adding 7 mL
acetic acid (1M) diluted in 10 mL isopropanol under vigorous stirring. The mixture was stirred for 24 h to get
clear titanium sol. Subsequently, MMT dispersed in isopropanol was added into titanium sol. The process of
gelation was continued by stirring the mixture for another 6h until the thick sol was obtained. The sol obtained
was transferred into a glass container and was coated over the monolith channels. The coated monoliths were
dried at 80 °C for 12 h before calcined at 500 °C for 5 h.

2.2 Characterization

The crystalline phase was investigated using powder X-ray diffraction (XRD; Bruker D8 advance
diffractometer, 40 kV and 40 mA) with Cu- Ka radiation (A= 1.54 A°). The infrared spectra was measured at
room temperature in the range of 4000 to 400 cm™ with Spectrum 2000 Explorer Fourier Transformed Infrared
(FT-IR) Spectrometer. The scanning electron microscopy (SEM) was carried out with JEOL JSM6390 LV SEM
instrument. The specific surface area and pore diameters were measured by a Thermo scientific Surfer
analyzer with nitrogen sorption at 77 K, degassing at 250 °C for 4 h and analyzed by the Brunauer Emmett
Teller (BET) method. UV-Vis diffuse reflectance absorbance spectra were determined using UV-vis
spectrophotometer (Agilent, Cary 100) equipped with an integrated sphere.

2.3 Photoactivity test

The reactor consists of stainless steel cylindrical vessel with a length of 5.5 cm and total volume of 150 cm®
(Tahir et al., 2016a). The catalyst coated monoliths were introduced inside the cylindrical stainless steel
chamber, equipped with a quartz window for passing light irradiations using 200W Hg lamp. Prior to feeding,
the reactor chamber was purged using purified helium (He) flow, then a mixture of gases (CO2, H, and He)
was constantly streamed through the reactor for 1 h to saturate the catalyst. The products were analyzed
using an on-line gas chromatograph (GC-Agilent Technologies 6890 N, USA) equipped with thermal
conductivity detector (TCD) and flame ionized detector (FID). Furthermore, FID detector was connected with a
HP-PLOT Q capillary column and TCD detector was connected to UCW982, DC-200, Porapak Q and Mol
Sieve 13X columns.

3. Results and discussion
3.1 Catalyst characterization

Figure 1 (a) shows the XRD patterns of TiO2, MMT and MMT/TiO2 nano-composites. The peaks of TiO, NPs
calcined at 500 °C revealed a pure anatase and crystalline phase. The XRD pattern of MMT presents a broad
basal reflection of (0 0 1) at 28 = 3.70°, evidently due to the orientation of platy-shaped particles and stacking
disorder of MMT layers. In the case of TiO» dispersed over the MMT layers, TiO, persisted its original
reflection with no additional peaked appeared, however, TiO, peaks in MMT/TiO, sample were broader and
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weaker, while prominent MMT peak (001) due to the layered clay has disappeared. This revealed that the
layered structure of the MMT has disordered with uniform dispersion of TiO, NPs. This resulted in controlled
crystal growth of TiO2 NPs with the meso-porous structure (Tahir et al., 2015¢).

Figure 1 (b) shows Infrared spectra of TiO2, MMT and MMT/TiO, samples. The stretching bend at 1615 cm'in
the spectrum of the pure TiO, NPs, showed chemisorbed H2O in TiO; is negligible. The IR spectrum of MMT
presents broadband at around 3,630 cm? attributed to AlLOH group of octahedral layer, while the bands at
around 3,460 cm™” and 1,630 cm™ can be allocated to -OH and stretching and bending vibration of water
molecules. The peak at 1,047 cm’”’ corresponds to a symmetric vibration of SiO; tetrahedra while several
peaks between 1,000 and 500 cm™ can be attributed to Al-IV tetrahedra. The peaks between 500 and 400 cm’
! were assigned to bending vibration of Si-O. On the other hand, MMT/TiO, sample shows similar patterns of
peaks as like that TiO, and MMT samples with some new peaks. The stretching band at about 1,088 cm™ and
very week stretching at 450 to 550 cm™ were observed due to the asymmetric stretching vibration of SiO»
tetrahedra. A new peak at 930 cm” corresponds to Si-O-Ti bond which also discloses that TiO, combines with
MMT by the formation of Si-O-Ti chemical bond (Tahir et al., 2013).
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Figure 1: (a) X-ray diffraction patterns of TiO,, MMT and MMT/TiO, catalysts; (b) FTIR spectra of the
corresponding samples.

The structure and morphology of TiO2, MMT and MMT/TiO. samples is presented in Figure 2. The MMT
images in Figure 2(a) and (b) showed uniform and almost smooth MMT sheets with layered structures. The
uniform, spherical in shape and mesoporous TiO, nano-particles could be seen in Figure 2(c). Figure 2(d)
illustrates SEM images of TiO, dispersion over the MMT layers. Evidently, MMT layers are completely
destroyed and TiO, NPs are well distributed over the MMT surface, confirming efficient intercalation process,
thus producing delaminated MMT/TiO, nanocomposite.

The Nz-adsorption-desorption isotherms of the pure TiO, and MMT/TiO, samples were conducted to measure
the BET surface area, pore size and pore volume of all the samples as summarized in Table 1. BET specific
surface area (Sger) of the pure TiO; NPs was 43, increased to 52 m?/g, when 10 wt.% MMT was dispersed
with TiO2 NPs. This increased in BET surface area was evidently due to efficient dispersion of TiO, over MMT
layered structure. In the case of pore diameter, pure TiO2 pore diameter was 11 nm, reduced to 9 nm in
MMT/TiO,, obviously due to the controlled crystal growth over MMT layers. Similar observations were
obtained in BJH adsorption pore volumes. The UV-vis diffuse reflectance absorbance spectra of TiO; and
MMT/TiO, samples were obtained to measure the band gap energy. The band gap energy was calculated
according to plot of (oxhv)2 vs. photon energy. The band gap energy of 3.11 and 3.8 eV was obtained for TiO,
and MMT/TiO, samples, respectively. It is obvious that there is a gradual decrease in the band gap energy in
MMT-loaded TiO, samples compared to pure TiO2 NPs.
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Table 1: Summary of physiochemical analysis of TiO, and MMT dispersed TiO, samples

Samples BET BJH BJH Pore Band
surface area surface area pore volume diameter gap energy
(m?/g) (m?/g) (cm’/g) (nm) (V)

TiO2 43 52 0.135 11 3.1

10% MMT/TiO, 52 48 0.103 9 3.8

Figure 2: SEM images of TiO; and TiO2/MMTs samples: (a-b) SEM images of MMT layers; (c) SEM image of
TiO2 nanopatrticles, (d) SEM image of TiOo/MMT sample.

3.2 Photocatalytic CO; reduction with H;

Firstly, control experiments for photocatalytic RWGS reaction were conducted in the presence of
photocatalysts. Using all types of catalysts, carbon containing compounds were not detected in the reaction
system without reactants or light irradiations. Thus, any carbon containing compounds produced were derived
from CO; photo-reduction with CO found to be a major CO; photo-reduction product in all the experiments.
The effects of MMT onto TiO; performance for CO, photo-reduction with H, to CO and CHg is presented in
Figure 3(a). CO was detected as the main product over all types of photo-catalysts which has confirmed
favourable RWGS reaction using monolith as the photoreactor and hydrogen as a reducing agent. Pure TiO,
has low photoactivity for CO production, which gradually increased in MMT supported TiO» samples. This was
evidently due to efficient charge transfer, higher surface area and efficient CO, adsorption in MMT/TiO-
samples. Loading MMT into TiO; significantly improved CO; photoreduction with optimum MMT-loading of 10
wt.%. 10 wt.% MMT-loaded TiO, sample was the most active over which continuous production of CO was the
highest. However, with more MMT loading (e.g., 15 wt.%) into TiO,, photoactivity was gradually reduced. This
was certainly reduced in photo-catalyst (TiO;) active sites and perhaps due to shading effect inside the
monolith micro-channels by excessive MMT-loading.

Figure 3 (b) shows the effect of irradiation time on continuous production of CO during RWGS reaction using
various MMT-loading TiO, samples at CO/H; ratio 1.0, 100°C and feed flow rate 20 mL/min. Initially, much
higher dynamic CO evolution was detected in all the samples which were gradually reduced after 4h of
irradiation time. Since, the continuous flow mode of monolith photoreactor was used, the production rate of
CO reached to maximum, then gradually reduced. This was probably due to gradual deactivation of catalyst
supported over the monolith microchannels. The yield rates of different products with their selectivity are
presented in Table 2. The yield of CO over 10 wt.% MMT/TiO2 was 25.95 pmole g-catal.'1 h”, a 3.04 times
more than the pure TiO2 NPs. The enhanced in photoactivity was noticeably due to mesoporous structure,
higher surface area, hindered charges recombination and larger illuminated surface area in monolith
microchannels. The selectivity for CO production over TiO; increased from 90.23 to 97.91 % in 10 wt.% MMT-
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loaded TiO, samples. These results show that CO, can efficiently and continuously be converted to CO using
MMT-loaded TiO, catalyst and monolith photoreactor.

Table 2: Summary of yield rates and selectivity of products over TiO, and MMT/TiO, samples

Samples Yield rate Selectivity
umole g-catal.'h”! (%)
Cco CHa C2Hs (o] CH4
TiOz 8.52 0.92 - 90.23 9.76
10% MMT/TiO, 25.95 0.53 0.06 97.91 2.02
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Figure 3: (a) Effect of MMT loading onto TiO; activity for CO» reduction with Hy; (b) dynamic CO evolution over
TiO2/MMT samples during RWGS reaction at 100 °C, CO,/H; ratio 1.0 and feed flow 20 mL/min.

3.3 Reaction mechanism

During the photocatalytic reverse water gas shift reaction, CO- is reacted with H, for the production of CO and
water with the smaller amounts of CH4 and C;Hs as the potential products over MMT/TiO, samples. Therefore,
possible reaction mechanism is illustrated in Eq(1)-(5).

Tio,——e +h" (1)
MMT + € ——> MMT — €~ (2)
CO, +H, ——> CO+ H,0 (RWGSR) 3)
CO, +2H, —>CH, +0, (4)
2C0, 4+ 3H, —> C,H4 + 20, (5)

First, electron-hole pairs were produced under light irradiation as explained in Eq(1). The photo-generated
electrons can be trapped by metals in MMT, resulting in their efficient separation (Eq2). The electrons
transferred toward CO for its reduction while holes consumed for H; oxidation, resulting in RWGS reaction of
CO, reduction (Eq 3). The, H' radicals and active electrons can reduce CO; to CH, and C,Hs as explained in
Eqgs (4) and (5). As discussed previously, CO was the main product with selectivity above 98%, confirming
favorable RWGS reaction for CO, reduction to CO over MMT-loaded TiO2 nanocomposites in a continuous
operation of monolith photoreactor. The schematic presentation of CO, reduction via RWGS reaction is
depicted in Figure 4.
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Figure 4: Schematic presentation of photocatalytic RWGS reaction inside the monolith channels.

4. Conclusions

Photocatalytic reverse water gas shift (RWGS) CO reduction by H, for dynamic CO evolution over TiO;
nanoparticles dispersed in MMT was investigated. CO, was efficiently converted to CO and hydrocarbons by
introducing MMT into TiO2 with optimum MMT-loading of 10 wt. %. The yield rate of CO as the key product
observed over MMT/TiO, was 25.95 pmole-g-cat 'h™ at selectivity 98%, much higher when compared with
pure TiO» photocatalyst. Therefore, it is concluded that MMT-loaded TiO- is an efficient photocatalyst for
RWGS CO3 reduction to CO in a continuous operation of monolith photoreactor.
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