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Fe-promoted titanium dioxide (TiO2) nanoparticles dispersed in Montmorillonite (MMT) clay for dynamic
photocatalytic carbon dioxide (CO;) reduction to carbon monoxide (CO) and hydrocarbons in a monolith
photo-reactor has been investigated. MMT-clay supported Fe/TiO, nanocomposites were prepared by a
controlled and direct sol-gel method and were dip-coated over the monolith micro-channels. The performance
of Fe-loaded MMT/TiO, nano-catalyst for CO, reduction by H, toward CO evolution was evaluated in a
continuous operation of photo-reactor under UV-light irradiation. The photo-activity of TiO, catalyst dispersed
in MMT and loaded with Fe was significantly enhanced. The maximum yield of CO over 3 wt% Fe - 10 wt%
MMT-loaded TiO- catalyst reached to 289.30 umole g-cat'1 h' at selectivity 99.61 %, is considerably higher
than the amount produced over the MMT/TiO; (25.95 umole g-cat’ h™) and the pure TiO, (8.52 umole g-cat™
h™) catalyst. The other products observed with adequate amounts were CH4 and C,Hs. These results revealed
significantly enhanced photo-activity of TiO, loaded with Fe and dispersed over MMT. The enhanced CO
evolution was evidently due to larger illuminated active surface area, higher adsorption process inside the
monolith micro-channels and hindered charges recombination rate by Fe. This development has confirmed
higher photoactivity of Fe-MMT/TiO2 photo-catalyst for continuous CO, photo-reduction to cleaner fuels.

1. Introduction

Greenhouse gas carbon dioxide (CO>) emitted from the excessive burning of fossil fuels is the primary cause
of global warming (Tahir et al., 2015b). CO; is very stable and inert molecule while its conversion to fuels
using a thermal catalytic process is an energy-consuming process (Yang et al., 2016). Photocatalytic
conversion of CO, with H,O to fuels such as CH3OH (Yu et al., 2015), CH4 (He et al., 2016) and CO (Tahir et
al., 2016a) by the use of light irradiation provides pathways towards economical and sustainable process.
However, lower yield rates and selectivity has been reported as H-O is hardly reducible and CO, conversion
by H>O yielded lower amounts of products (Olivo et al., 2015). CO, conversion to fuels by hydrogen as a
reducing agent has been reported as the most attractive method (Tahir et al., 2015a).

Among the various semiconductor materials, titanium dioxide (TiO) 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 additional benefits of using clay as a green materials are their low cost, environment friendly
and high CO, adsorption capacity (Bhattacharyya et al., 2008).

The most widely used clay minerals for photocatalytic applications is Montmorillonite (MMT). MMT has high
sorption capacity in addition of charge trapping ability (Koci et al., 2014). By dispersing TiO, over MMT layers,
clay-TiO2 hetero-junction is produced, resulting in the enhanced TiO. photocatalytic activity. Previously, we
investigated TiO2/MMT nanocomposites and observed higher efficiency for photocatalytic CO, reduction by
H20 to CH4 (Tahir et al., 2013). The photocatalytic activity of MMT/TiO photocatalyst can be further enhanced
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by loading suitable metal ions. During the last years, various transition metal ions (Fe, Zn, V) have been
selected to incorporate with TiO2, overcoming the limitation of fast recombination of photo-generated charges
(Guo et al., 2016). Fe-ions incorporated into crystal lattice of TiO2 has been investigated for degradation of
pollutants under UV and visible light irradiations. The enhanced photoactivity was evidently due to promoting
Fe/TiO; interfacial charge transfer process (Harifi et al., 2014). To the best of our knowledge, the application
of Fe-promoted TiO2/MMT nanocomposites for the conversion of CO, to CO with H, as a reducing agent in a
monolith photoreactor has never been reported. Further research involving MMT supported Fe/TiO;
photocatalyst for gas phase CO, conversion in a continuous monolith photoreactor to produce renewable fuels
is warranted.

MMT-clay modify TiO, structure promoted by Fe has been synthesised by sol-gel method and was
immobilised onto monolith microchannels. The performance analysis of the nanocomposites was investigated
for selective and dynamic photocatalytic CO, reduction with H, to CO in a continuous operation of
photoreactor. The photocatalytic reaction mechanism for CO, reduction to CO were analysed based on the
experimental results.

2. Experimental
2.1 Catalyst preparation and Characterisation

Fe-loaded MMT/TiO2 nanocomposites were synthesised through a single step sol-gel method using Tetra-
isopropy! orthotitanate (98 %, Merck), MMT (1.4 P, Sigma-Aldrich) and FeNO3z H,O (Sigma-Aldrich). 20 mL
titanium solution dispersed in 45 mL isopropanol was taken into flask for the hydrolysis process. The solution
was hydrolysed by adding 15 mL acetic acid (1 M) diluted in 20 mL isopropanol under vigorous stirring. The
mixture was stirred for 12 h to get clear titanium sol. Next, the appropriate amount of FeNO3.9H,0 dissolved in
isopropanol were added to above solution and stirred for another 6 h. Subsequently, MMT dispersed in
isopropanol was added into sol and process of gelation was continued by stirring the mixture for another 6 h
until the thick sol was obtained. The sol obtained was transferred into a glass container for the monolith
coating. Next, the dried monoliths were dipped into the sol. The coating process was repeated to ensure
desired amount of catalyst coating. Any excess sol was blown off using hot compressed air. The coated
monoliths were dried at 80 °C for 12 h before calcined at 500 °C for 5 h. Catalyst loading was calculated by
subtracting coated monolith weight from the initial bare monolith weight.

The catalysts were characterised using powder X-ray diffraction (XRD) and scanning electron microscopy
(SEM). 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 scanning electron microscopy (SEM)
was carried out with JEO L JSM6390 LV SEM instrument.

2.2 Photoactivity test

The reactor consists of stainless steel cylindrical vessel with a length of 5.5 cm and total volume of 150 cm®.
The catalyst coated monoliths were introduced inside the cylindrical stainless steel chamber, equipped with a
quartz window for passing light irradiations using 200 W Hg lamp (Epson elplp 67). An optical process monitor
ILT OPM-1D and a SEDO08/W sensor was placed above the upper surface of the monolith to measure light
intensity entering into the channels. 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 analysed using an on-line gas chromatograph (GC-Agilent
Technologies 6890 N, USA) equipped with thermal conductivity detector (TCD) and flame ionised detector
(FID).

3. Results and discussion
3.1 Catalyst characterisation

XRD plots of TiOz, MMT and Fe-loaded TiO»> nano-composites are shown in Figure 1. The peaks of TiO»
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 26 = 3.70°, evidently due to the orientation of platy-shaped particles and stacking
disorder of MMT layers. In the case of MMT and Fe-loaded TiO, samples, TiO- persisted its original reflection
with no additional peak appeared, however, all TiO, peaks become broader and weaker. This was probably
due to the fact that MMT hindered TiO; crystal growth, resulting in reduced crystallite size (Tahir et al., 2015c).
The prominent MMT peak (001) due to the layered clay has also disappeared in all MMT based samples. This
revealed that the layered structure of the MMT has disordered with uniform dispersion of TiO, NPs. This
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resulted in controlled crystal growth of TiO>, NPs and similar observations has been reported previously (Tahir
et al., 2015c).

The morphology of TiO, and modified TiO, samples is presented in Figure 2. Figure 2 (a) reveals spherical
shape and uniform size of TiO2 nanoparticles. The MMT image in Figure 2 (b) shows stacked MMT layers with
disorder structures. Figure 2 (c) illustrates SEM images of TiO, dispersion over the MMT layers and Fe-loaded
MMT/TiO, samples. MMT layers are completely destroyed and TiO, NPs are well distributed over the MMT
surface and producing MMT/TiO, nanocomposite. The morphology of Fe-loaded MMT/TiO, sample is much
similar to MMT/TiO, composite, where MMT layers are destroyed as presented in Figure 2(d). These
observations have confirmed well-developed Fe-loaded MMT/TiO, nanocomposites.
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Figure 1: X-ray diffraction patterns of TiO,, MMT and Fe-MMT/TiO- catalysts
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Figure 2: SEM images of TiO; and TiO,/MMTs samples: (a-b) SEM images of MMT layers; (c) SEM image of
TiO2 nanoparticles; (d) SEM image of TiO,/MMT sample

3.2 Photocatalytic CO, reduction with H,

Control experiments were conducted to confirm all the products were obtained during CO; photo-reduction
process. Using all types of catalysts, carbon containing compounds were not detected in the reaction system
without reactants or light irradiations. 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.
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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 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> has significantly improved CO, photo-reduction 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. With more MMT loading (e.g., 15 wt%) into TiO,, photoactivity was gradually reduced. This
was certainly reduced in photo-catalyst (TiO2) active sites and perhaps due to shading effect inside the
monolith micro-channels by excessive MMT-loading.

The effect of Fe-loading on the photoactivity of MMT/TiO, for selective photocatalytic CO evolution is
presented in Figure 3 (b). Much higher CO production was detected over Fe-loaded MMT/TiO, compared to
MMT/TiO, and pure TiO, samples over the entire irradiation time. The significantly enhanced photoactivity of
Fe-loaded TiO, samples were evidently due to efficient charges separation with hindered recombination rate
by Fe. Since the continuous flow mode of monolith photoreactor was used, initially the production of CO
reached to maximum, then gradually process reduced to steady state after 4 h of irradiation time. The results
also confirmed prolonged stability of Fe-promoted MMT/TiO, samples for dynamic CO,-to-CO conversion.

The performance of Fe on the photoactivity of MMT/TiO, for photocatalytic CO, conversion with H, to CH4 and
C,Hs is presented in Figure 4. Using pure TiO, only small amount of CHs was produced which was gradually
increased in Fe-loaded MMT/TiO, samples as depicted in Figure 4 (b). C2Hs production was not detected in
the pure TiO; but its production was evidenced in MMT/TiO2 and Fe-MMT/TiO, samples. The prominent C,Hg
production in the presence of Fe was perhaps due to instant charge separation resulting in prolonged
recombination time of the photo-generated charges (Harifi et al., 2014).
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Figure 3: (a) Effect of MMT loading onto TiO; activity for CO, reduction with Hz; (b) dynamic CO evolution over
Fe-TiOo/MMT samples during at 100 °C, CO./H; ratio 1.0 and feed flow 20 mL/min

The yield rates of different products with their selectivity are presented in Table 1. The yield of CO over 3 %
Fe-10 wt% MMT/TiO, was 289.30 pmole g-cat'1 h”, a 11.15 times more than the 10 wt% MMT/TiO; and 33.95
fold the amount produced over the pure TiO.. The enhanced photoactivity was noticeably due hindered
charges recombination rate by Fe and larger illuminated surface area in monolith microchannels (Tahir et al.,
2016b). The selectivity for CO production over TiO increased from 90.23 to 99.61 % in Fe-loaded TiO-
samples. These results show that CO, can efficiently and continuously be converted to cleaner fuels using Fe-
loaded MMT/TiO; catalyst and monolith photoreactor.

Table 1: Summary of yield rates and selectivity of products over TiO, and modified TiO, samples

Samples Yield rate (umole g-cat” h™") Selectivity (%)
CcO CH4 CoHs coO CH4

TiO2 8.52 0.92 - 90.23 9.76

10 % MMT/TIiO, 25.95 0.53 0.06 97.91 2.02

3 % Fe - 10 % MMT/TiO- 289.30 0.97 0.15 99.61 0.33
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Figure 4. Effect of Fe-loading onto MMT/TiO, activity for CO, reduction with Hy; (a) CH4 evolution; (b) CO
evolution at 100 °C, CO,/H; ratio 1.0 and feed flow 20 mL/min

During photocatalytic reveres water gas shift reaction, CO; is reacted with H, for the production of CO with
smaller amounts of CHs and C,;Hs as the potential products over MMT/TiO2 samples. Possible reaction
mechanism is illustrated in Eqs(1) to (5) (Tahir et al., 2013).

Tio,——e +h" (1)
Fe™ + 26 ——>Fe —26 2)
CO, +H,——>CO+H,0 @)
CO, +2H,—>CH, +0, (4)
2C0, +3H, —>C,H¢ +20, (5)

First, when the UV-light was irradiated to photocatalyst, electron-hole pairs were produced as explained in
Eq(1). The photo-generated electrons can be trapped by Fe and metals in MMT, resulting in their efficient
separation as explained in Eq(2). The electrons are transferred toward CO- for its reduction while holes are
consumed for H, oxidation, resulting in reaction of CO, reduction (Eq(3)). The, H" radicals and active
electrons can reduce CO, to CHs and C;Hg as explained in Eq(4) and (5). Figure 5 shows the reaction
mechanism for photocatalytic CO, reduction with H, to fuels. As discussed previously, CO was the main
product with selectivity above 99 %, confirming favorable CO, reduction process for production in a
continuous flow monolith photoreactor and Fe-loaded MMT/TiO2 photocatalysts. This significant amount of CO
produced can be utilised in Fischer-tropschs for the production of cleaner fuels. Dynamic and selective CO
production has confirmed that more CO; per unit time would be processed using continuous flow of
photoreactor.
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Figure 5: Schematic diagram of reaction mechanism for photocatalytic CO- reduction with H; to fuels
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4. Conclusions

Photocatalytic CO- reduction with H, as a reducing agent for dynamic CO evolution over TiO2 nanoparticles
dispersed in MMT and loaded with Fe was investigated. The yield rate of CO, reduction was increased
significantly by introducing Fe and MMT into TiO». The yield rate of CO as the key product observed over Fe-
MMT/TiO, was 289.30 umole g-cat’1 h™ at selectivity 99.61 %, much higher when compared with pure
MMT/TiO and pure TiO, photocatalyst. The significantly enhanced photocatalytic activity was evidently due to
hindered charges recombination rate by Fe and larger illuminated surface area in a monolith photoreactor.
These results showed that Fe-loaded MMT/TiO; is an efficient photocatalyst for selective and dynamic
photocatalytic CO, conversion to cleaner fuels.
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