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CO,/HCO5 photocatalytic reductions in water, using P25 Titanium dioxide,
produce gas products at the order of the following rate:  CO>H,>CH,4, using
bicarbonate as a substrate, reduction rates are ca. 5 times faster than using CO, due
to the adsorption constant of CO, on the TiO,surface is smaller than the
bicarbonate. Langmuir- Hinshelwood kinetic model was used to describe the
mechanism; therefore, adsorption constant (K) and the rate of maximum substrate
coverage (k) at different charges of P25-surface were readily obtained. The K constant
of TiO,-adduct formation favors no charge surface but k constant favors positive
charge surface. Most of the products formed come from partitioning of the radical
anion (TiO,-CO, ") in the rate-limiting step. However, the bicarbonate absorption at
Oy promotes alternative pathways. This provides more CO and H, production.
Solvent isotope effect (H,O Vs. D,0) is ca. 1.5. This means that during the radical
anion formation in the transition state, there is H being transferred from water in the
radical anion intermediate step. In addition, the collapse of anatase and rutile
phases from sonication increases CH, production rate and selectivity due to

improved charge separation that reduces alternative pathways.

Field of Study:  Chemical Engineering Student's Signature ........ccccoevvicennn.
Academic Year: 2019 Advisor's Signature .........cccecvveeienne.
Co-advisor's Signature ........ccccceeeennes

Co-advisor's Signature ........cccccceeuenee.



ACKNOWLEDGEMENTS

| am grateful to my advisor, Professor Dr.Piyasan Praserthdam, co-advisor,
Dr.Supareak Praserthdam, and Prof.Dr.Oswaldo Rafael Nufiez Sosa for significant support,
advice for completing this project successfully. Furthermore, | would grateful to
Dr. Chalida Klaysom, as a chairman, Professor Dr. Muenduen Phisalaphong, and Assistant
Professor Dr. Okorn Mekasuwandumrong, as the members of the thesis committee and
thankful to your correctness and suggestion in this work.

In addition, thanks to all companions and staff of Center of Excellence on
Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Faculty of Engineering, Chulalongkorn University, who always give assistance and
encouragement throughout this work.

Finally, | gratefully thank my family for their support and encouragement

throughout my study and this thesis.

Duangthip Sattayamuk



TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
CHAPTER | INTRODUCTION
1.1 Introduction
1.2 Objective
1.3 The scope of the research
1.4 Research methodology

CHAPTER Il BACKGROUND AND LITERATURE REVIEWS

2.1 Solar energy

2.2 Photocatalysts

2.3 Titanium dioxide

2.4 Possible photoreduction mechanism and pathways
2.5 Photocatalytic reduction with Bicarbonate ions

2.6 Photocatalytic reduction and pH dependency

2.7 Langmuir-Hinshelwood mechanism




Vii

2.8 Kinetic solvent iSotope effECts ... 16
2.9 LITEIATtUIE TEVIEWS ... ettt ettt ettt s ettt e e be e eneneas 19
CHAPTER I EXPERIMENTAL ...ttt 21
3.1 Materials and ChemiCals ... 21
3.2 Photocatalytic CO, reduction measuremMent.........cccceeeeeieeeeeeeeeeeee e 22
3.3 Photocatalytic HCO5;™ reduction measurement .......ccccceeeveveieeeeieeeeeee e 23
3.4 Langmuir—Hinshelwood mMeChaniSm..........ccccviieriieees e 24

3.5 H,0/D,0 Isotope effect of photocatalytic HCO5 reduction on P25 as

PNOTOCATALYST .t 24

3.6 Sonicated P25 photocatalyst preparation......ccc e 25
3.7 Reaction analysis @QUIPIMENT ..ot 25
3.8 Characterization @qUIPMENT ..ot 27
CHAPTER IV RESULTS AND DISCUSSION ...ctuiiiiiteiniiniiieiniieinieisieieeieisieiseeeeseeees e 29
A.1 CharaCteriZatioN....coiuiuiieuiieiei ettt sttt 29
4.2 CO, Photoreduction @XPerimMENTS ...c.cciiirieeueicieieieieicieeeeieieie et 36
4.3 HCO3- photoreduction experiments ... a1
4.4 Changing P-25 MOIPNOLOGY .....c.eviieiieieiieiees e 48
4.5 [COJ/[CHg4] ratios and alternative CO pathway formation........c.cceeeeeviviccnnnes 50
4.6 HyO/D,0 solvent isotope effeCt ... 51
CHAPTER V CONCLUSION AND RECOMMENDATION ..ot 53
REFERENCES ...ttt 55
APPENDIX ...t 65



LIST OF TABLES

Page

Table 1 Crystal structure properties for anatase, rutile and brookite phase of TiO,.... 8
Table 2 Thermodynamic potential (Eq) of CO, photoreduction. .........cccoverevcircieinenn. 11

Table 3 List of materials and chemicals, reactant solution, catalyst, calibration

standard, and equIPMENT aS SUPPLY. c..c.cuieirriiiriirceee e 21

Table 4 Condition of Gas-Chromatography

Table 5 The ratios of Ti** to Ti** and Oy to O, of catalysts

Table 6 CHy4, H, and CO conversion and selectivity from CO, photoreduction in the

aqueous phase under P25 catalyst performance at pH = 5.42, 5.12 and 5.42,
TEMPEIATUIE A5 "ottt 36

Table 7 CH4 formation rates at different pH and [HCO3-]0, Obtained Kk=kobs, K and

k values from Figure 24 and % CHg CONVEISION. .......ceuriiiirieieiieieieeie s 45




LIST OF FIGURES

Page
Figure 1 Schematic illustration of the photoexcitation process in a semiconductor
particle. OXy, Red;, OX,, and Red,, represent, respectively, the oxidized and the

reduced species of two different redox couples
Figure 2 Representations of the TiO2 anatase, rutile, and brookite forms

Figure 3 Simplified scheme of the protonation and deprotonation of hydroxylated

TiO, surface [43]

Figure 4 Plot of ry vs Coq at different initial concentrations with 1 ol"' TiO, P-25. Inset:

linear transform of Ceo/ro vs Coq according to EQ. 33. ..., 15

Figure 5 Primary kinetic isotope effect from aromatic electrophilic substitution in the

Nitration Of PENZENE [50]. ..ot s 17
Figure 6 The normal secondary isotope effect of A -phenylmethyl chloride [53]
Figure 7 The inverse secondary isotope effect of Wheland intermediate [54]. ........... 18
Figure 8 Schematic representation of the photocatalytic CO, reaction system.......... 22
Figure 9 Schematic representation of the photocatalytic HCO; reaction system

Figure 10 XRD pattern of P25 and Sonic.P25 catalyst. ... 30
Figure 11 XPS spectra of (a).Ti 2p and (b). Ols of P25 catalyst

Figure 12 XPS spectra of (a).Ti 2p and (b). Ols of Sonic.P25 catalyst

Figure 13 UV-vis absorbance spectra of P25 and Sonic.P25. .......cccoccvevivnicnicinnee 32
Figure 14 Tauc’s relation for energy band gap determination of P25 and Sonic.P25 33
Figure 15 The PL emission spectra of P25 and Sonic.P25

Figure 16 SEM images of (a-c) P25 and (d-f) Sonic.P25 catalyst

Figure 17 CO, photoreduction result under P25 catalyst performance (a). Rates of

CHg, H, and CO production at pH = 5.42, 512 and 5.82. ..o, 37




Figure 18 CO, Photoreduction products ratios of (a). [COl/[CH4] and (b). [H,]/[CHg] Vs.
reaction time by P25 performing at different pH.......cccoooiiiincccecce 39

Figure 19 Reaction mechanism and kinetic (t,) path for CO, H,, CH; and CH;0OH
formation. Partitioning 2 is acid catalyzed. [COJ/[CHg4] increases when decreasing pH.

Formate radical anion ’COZ" (partitioning 3) has been detected by EPR [79]................. 40

Figure 20 Top: Oxygen vacancies (Oy) produced by O, evolution promoted by light
at the TiO, VB. Bottom: Additional path for CO and H, formation at the P25 oxygen
vacancies. A 2:1 CO: H, is produced at early reaction times after t=0 until a maximum

[COI/ICHg] i TEACNEA [BT]. ettt 41

Figure 21 Production rate of HCO3- photoreduction on P25 under [HCO3-]0 = 23.8
Kmole/ml (23.8 x 10° nmol/ml), different pH, Temperature 45 [ a2

Figure 22 Adsorption equilibrium (K) and the rate constant of radical anion formation

(k) for bicarbonate and carbon AIOXIAE [83]... . v oe oo a3

Figure 23 [CHg4] versus t plots obtained in the P25 photoreduction of [HCO3-]0= (a)
11.9, (b) 23.8, () 47.6 and (d) 71.4 34 Pmole/ml at temperature 45 “C. ..........ccocco. a4

Figure 24 Plots of 1/rate Vs 1/[HCO3-]0 at different pH. ..o a5

Figure 25 TiO,-HCO3- adducts and corresponding radical anions relative stabilities at

neutral, positive and negative charged TiO, surface [84, 85] . .....ccccovivivrivnicricinnee ar

Figure 26 (a). CHg and (b). CO formation rate of HCO3- photoreduction on the P25
and Sonic.P25 catalysts under [HCO3-]y = 71.4 kmol/ml and pH 5.29.......cccccovvvevuneee. a9

Figure 27 [COJ/[CHg4] versus time plots of produced products concentration from

HCO3- photoreduction on the P25 and Sonic.P25 catalysts. ..., 49

Figure 28 The electron transfer to the electrolyte in the coupling narrow band gap

between anatase and rutile phases and its OXygen vVacanCy .......cccoeevnnieseneeeen 50

Figure 29 The [COJ/[CH,4] ratio versus time plot obtained by HCO3- photoreduction
on P25 catalyst under UV irradiation, temperature 45°C, [HCO3-]y = 23.8 lmol/ml at
three different PH. ... 51



Xi

Figure 30 Solvent H,O/D,0 isotope effect in the rates of (a) CHg, (b) H, and (c) CO
formation from HCO3- photoreduction on P25 under UV irradiation, [HCO3-], = 23.8
Hmol/ml, Temperature 45 “Cu....iccc s 52

Figure 31 Solvent isotope effect at the equilibrium (K) and transition state (k) of

products common intermediate (radical anion) formation. ........c..ccceevevieveniseiren. 52

Figure 32 A plot between (K.hv)? vs. photon energy (hv) of P25 .......ccoooooooovvveeerer. 70



CHAPTER |
INTRODUCTION

1.1 Introduction

CO, photoreduction is one of the photocatalytic processes that have gained
much attention. This reaction is the capacity to transform the CO, to hydrocarbon. It
uses solar energy for reaction activation, it is easily controlled and of low cost with
also low pollution emission [1]. For effective use of reactions, understanding the
reaction mechanism is important. There are several mechanisms proposed [2] but
only a few studies focus on describing the rate limiting step. In general, there are two
views of rate limiting step. First is substrate adsorption and product desorption [3].
Second is CO, and H,O charge transfer of CO, reduction and H,O oxidation on catalyst
[4]. These rate limiting step have been proposed in pseudo-first order kinetic.

CO, is expected to be the adsorbed substrate on surface catalyst [5],[6].
However, when CO, gas is dissolved in the aqueous phase, bicarbonate ion (HCO3) is
the highest content of carbonate species [7]. Some research results show that
hydrocarbon compounds can be produced from using HCO;  as the substrate in
photoreduction [8]. Therefore, the mechanism of the HCO5;™ photoreduction process
has not been studied in detail. In this study, mechanism and pathways of CO, or HCO4’
photoreduction, have been described by using Langmuir- Hinshelwood approach.
Therefore, kinetics LH parameters  are used to explain the behavior of adsorbed
molecules (K) on the catalyst surfaces and the rate at maximum adsorption (k) [9].
These constant values are associated to the ratedetermining step of the
photoreduction. The proposed rate determining step is supported by using solvent
isotope effect [10].

For photoreduction, the factors of catalyst type, pH, and others affect the

photoreaction [11]. In the aqueous phase, the pH in solution is an important variable,



which influences the electron charge on the catalyst surface. The surface charge
species affect the capability of activated reaction [12].

Many semiconductors are used in photocatalysis since an electron in the
valence band can be excited to the conduction band by adsorbing photon from light
irradiation [13]. Titanium dioxide (TiO,) is commmonly photocatalyst. Titanium dioxide
has an energy bandgap potential to cover the redox potential of CO, photoreduction.
Also, It is highly stable in reaction, available, and economical [14]. Commercial P-25
shows improved activity by the sonication method, [15] due to a synergy effect of the
mixed two phases as compared to lower activity when the two phases are not mixed.

This research studied the mechanism and reaction pathway of CO, and HCO5
photoreduction to hydrocarbon products with the effect of pH in solution by using the
Langmuir-Hinshelwood kinetic model. Solvent (H,O Vs. D,0) kinetic isotope effect has
been measured for the reactor headspace gases detected. The pathways of reaction
are identified by comparison of various product concentration ratios that are produced
at the reaction time. In addition, sonicate pre-treatment method, in order to increase

activity and selectivity performance, has been tested.

1.2 Objective

To study the mechanism and reaction pathways of CO, and HCOs
photoreduction to hydrocarbons in solution at different pH by using commercial TiO,
(P-25) as photocatalyst. P-25 pre-treatment by sonication performance in rate and

selectivity enhancements.



1.3 The scope of the research

1.3.1 CO, and HCO;™ photocatalytic reduction to hydrocarbon products

The activity of the reaction was specified by hydrocarbons production rates
from the CO, and HCO; photocatalytic reduction with a cylindrical quartz reactor
system that operates at 45°C, ambient pressure with UV-light irradiation for 4 hours.

1.3.2 Mechanism of CO, and HCO; photocatalytic reduction

Langmuir- Hinshelwood kinetic model was used to explain the mechanism of
CO, and HCO5 photocatalytic reduction. The kinetic model depends on the activity
result of a reaction in each condition. The rate limiting step of reaction was confirmed
by the solvent isotope effect value.

1.3.3 The Effect by pH of the reaction.

The pH of the solution that affects to surface charge of catalyst was varied by
adding buffer NaH,POq4, 1 M of NaOH, and HCl solution before starting the experiment.

1.3.4 Effect of treatment on the catalyst for photoreduction.

Compare activity and selectivity between the original commercial TiO, and pre-
treated TiO, by sonication method in the HCO;™ photocatalytic reduction.

1.3.5 Characterization of the catalyst

The catalysts were characterized by using X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), UV-VIS Spectroscopy (UV-VIS), Scanning electron
Microscope- Energy Dispersive X-ray Spectrometer ( SEM- EDX), N, temperature-

programmed desorption (BET) and Photoluminescence (PL).



1.4 Research methodology

Catalyst

A

Degussa P25 (TiO,)
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A A
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CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

2.1 Solar energy

The industries in the world have increased that resulting in an increase in
demand for energy every year, in which the energy sources are limited and rapidly
disappear. While the energy consumed has caused pollution to the environment, such
as the main greenhouse gas CO, emission, causing global warming to increase from 25
billion tons in 2000 to 35 billion tons in 2017 [16]. Therefore, much research in finding
a solution to reduce critical effects and renewable energy is constantly developed.
One method is using solar energy, which is unlimited in irradiation energy (50,000 EJ
on the earth's surface) and does not emit pollution while using it as an energy source.
Solar energy is radiation and the heat from the sun, which has been developed to be
combined with technologies for various benefits, such as heating, electrical energy
conversion, salt production, and photocatalytic reactions, etc. [17].

Photocatalytic reduction of the greenhouses gas to produce hydrocarbon
products is a promising process which can reduce greenhouse gas emission from
human activity. Photocatalytic CO, reduction is one of the reactions that can reduce

the principal gas of global warming.

2.2 Photocatalysts

Generally, photocatalysts are the semiconductor that consists in compounds
in between metal and non-metal elements, so this material has electrical conductivity
between the conductor and insulator [18]. The semiconductor consists of a valence
band (VB) and a conduction band (CB) at different potential energy levels, the gap
between the energy level of CB and VB is the energy bandgap (EG). So that,

photocatalyst catalyzes reaction by absorbing photons from energy light irradiation to



to produce an excited-state, a transient step of the electron-hole pair process (e /h")
[19].

Photocatalyst + hv (> EG) —> &g + h¥yg) Eqg. 1

The electron-hole pair process is the excited-electron transfer from VB to CB
that makes the conduction band to have an excess electron (e’); therefore, more
negative potential to reduce the adsorbed reactant. In contrast, the valence band
creates an empty electron state or a hole (h*) to be more positive potential and induce
the absorbed reactant in the system to be oxidized [20].

The redox reaction on photocatalyst with considered species compound in the
system depends on the redox potential energy of oxidized species agent (E;) and
reduced species agent (E,), the potential energy level of the conduction band (CB) and
valence band (VB). When the electron-hole pair process occurs, as shown in Figure 1,
the conduction band that has more negative potential than the redox potential energy
of oxidized species agent will reduce electron to oxidized species agent (Red; to OX,)
as the reduction reaction. At the same time, the valence band that has more positive
potential than the redox potential energy of reduced species agent will oxidize

electron to reduced species agent (Red, to OX,) as the reduction reaction [21].

Red, 0Xz

Figure 1 Schematic illustration of the photoexcitation process in a semiconductor
particle. OX;, Red;, OX,, and Red,, represent, respectively, the oxidized and the

reduced species of two different redox couples.



Nevertheless, the transient step of the electron-hole pair process can be
inhibited and reduce activity when an electron-hole recombination process occurs.
The electron- hole recombination is excited- electron from the valence band to
conduction band do not has enough activate energy. It will go back to hole in the
valence band [22].

e'cp + h'we — Energy (Recombination) Eq. 2

2.3 Titanium dioxide

Titanium dioxide ( TiO,) is one of the semiconductors widely used in
photoreaction for reducing contaminants in water sources [23] and greenhouse gases
in the atmosphere [24]. The reaction is not violent and does not produce toxic
substances [25].

Molecular weight is 79.9 g.mol ™, the boiling point is 1830 °C. Titanium dioxide
is an n-type semiconductor compound of a Titanium transition metal bond with
Oxygen’s around. There is a crystallography phase with different energy bandgaps such
as anatase in the tetragonal system (EG = 3.2 eV), rutile in the tetragonal system (EG =
3.0 eV), and brookite in the orthorhombic system (EG = 2.8 eV) as shown in Figure 2.
Due to this difference of crystal systems which these different distances between Ti-Ti

or Ti-O atoms lead to unequal energy levels [26], [27].

) &

Anatase Rutile Brookite

Figure 2 Representations of the TiO2 anatase, rutile, and brookite forms.



Table 1 Crystal structure properties for anatase, rutile and brookite phase of TiO,

Property Anatase Rutile Brookite
Crystal bulk structure Tetragonal Tetragonal Orthorhombic
Atoms per unit call [Z] | 4 2 8

Crystal size (nm) <11 >35 11-35

Lattice parameter (hnm) |a = b= 0.3785,c|a=b=0.4594,c|a=c= 0.5436,b

=0.9514 = 0.2959 =0.9166
Space group D *- 14,/amd Dy ’- Pd,/amd D, ">~ Pbca
Unit call volume (nm?) | 0.1363 0.0624 NA
Density (g.cm™) 3.83 4.24 4.17
Band gap (eV) 3.26 3.05 NA
Hardness (Mohs) 5.5-6 6-6.5 5.5-6

From properties Table 1 [28], the anatase phase of titanium dioxide has an
energy band gap at 3.26 eV that can be excited by absorbing photon under UV
irradiation wavelength in 384 nm. In comparison, the rutile phase has an energy band
gap at 3.05 eV that can be excited by absorbing photon under visible light wavelength
at 410 nm. The rutile can be transferred electron easier than the anatase because of
the lower energy bandgap [29].

Huilei Zhao., et al. (2013) [30] used pure anatase, rutile and brookite phase of
titanium dioxide in CO, photoreduction. The production rate of carbon monoxide (CO)
is 12 umol.g-".h'! (pure anatase phase), 0.75 umol.g’'.h™* (pure brookite phase).
Moreover, the best activity was obtained from the mixing phase of the 75% anatase
phase with 25% brookite phase.

Wenzhang Fang., et al. (2017) [31] investigated the activity from varying ratio
anatase and rutile phase of TiO, by reducing the anatase phase in TiO, photocatalysts

with H, thermal treatment. For the production rate of CO, photoreduction to CO, the



pure rutile phase had 0.5 umol.g’.h™ while mixing of 26% anatase and 74% rutile
phases had 0.8 umol.g™.h™. The selectivity of methane production was increased as

increasing in the anatase phase, but the CO production rate was decreased.

2.4 Possible photoreduction mechanism and pathways

Photocatalytic CO, reduction mechanism in the aqueous phase has been
studied and anticipated the possible pathway. The photoreduction begins by
photocatalyst absorb photon from light irradiation to be excited-state. The catalyst
will enter the transient step of generating the electron-hole pair (e /h") and start a
redox reaction. The electron (&) in the valence band is excited to conduction band
while the valence band generates the hole (h").

Photocatalyst + hv (>EG) — Excited photocatalyst (e s + h*yg)  Eq. 3

The hole in the valence band will act as a reducing agent and induce H,O on
catalyst surface to oxidize electron from H,O with oxidation reaction. The oxidized H,O
will break its bond to be protons (H) and hydroxide ion (OH). The protons will oxidize
the electron in the conduction band to be hydrogen radical (H) that is an indispensable
hydrogen atom source to produce hydrocarbon products. At the same time, the

hydroxide ion will continue to reduce electron to hole in the conduction band and

produce hydroxyl radical (OH) [321.

H,O + hyg — H" + OH" Eq. 4
H+ +e7CB _)‘H Eq 5
OH + h*ys — OH Eq. 6

For producing hydrocarbon from photocatalytic CO, reduction, the dissolved
carbon dioxide in the H,O aqueous solution is a carbon atom source to produce
hydrocarbon products in photoreduction. The carbon dioxide as oxidized species agent
adsorbs on the active site of an exciting photocatalyst to be oxidized electron from

the conduction band. After that, carbon dioxide form ‘COZ’ radical anion (Eqg. 10) and
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continuously attract hydrogen radical to form carbon monoxide ( CO) as first
hydrocarbon product and hydroxide ion (OH) (Eqg. 8). Produced carbon monoxide on
surface continuously reduces electrons to form CO radical anion species (Eg. 9) and
attract with hydrogen radical to form first carbon radical © (Eg. 10) that will bind with
hydrogen radicals until form hydrocarbon molecule (Eqg. 12-13). Methane and
methanol are hydrocarbon products of photoreduction that have a different form of

CH; with H radical (Eq. 15) and OH radical (Eq. 16) [33].

CO, + ey — COy Eq. 7
CO, + H— CO + OH Eq. 8
CO + e — CO Eq. 9
CO +H—>C+OH Eq. 10
C+3H— CH, Eq. 11
CHs + H — CH, Eq. 12
CH, + OH —> CH,OH Eq. 13

The two hydroxide ions that produced from ‘COZ' radical anion and CO' radical
anion bind with hydrogen radicals (Eqg. 7-9), can be induced and oxidize electron by
the hole in valence band with oxidation reaction to form H,O [34].

20H + 2h*s — 2 OH Eq. 14

20H + 2 H — 2H,0 Eq. 15

The photoreduction of carbon dioxide can produce various hydrocarbon
products. These products Redox potential or thermodynamic potential (Ey) in standard
conditions at pH = 7, temperature 25°C and pressure 1 atm are shown in Table 2. In
order to photoreduction to occur, semiconductor catalyst should have conduction
band redox potential more negative than CO, E; and valence band E, more positive
than H,O Eq at the reaction pH. Titanium dioxide is one of catalyst that could comply

with the Eo reduction requirement. [35]
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Table 2 Thermodynamic potential (Ey) of CO, photoreduction.

Hydrocarbon Chemical Reaction Thermodynamic
Product potential ( Ey) ,
NHE at pH 7
COyg + € —> CO5g -1.99
COzaq + € = COzaq) -1.90
Formic acid COsaq) + 2H" 5 + 2e — HCOOH,q -0.61
Carbon monoxide  COy,q) + 2H'(aq) + 26 —> COy + H,Oy -0.52

Formaldehyde COyaq) + 8H"q) + de —> HyC(OH)ynq) + HO  -0.49
Methanol COygaq) + 6H' s + 66 — CH3OHq + H,Oy  -0.38

Methane COsaq + 8H'ag + 8 —> CHa g + H0p -0.34

2.5 Photocatalytic reduction with Bicarbonate ions

Bicarbonate ion (HCOs;) is one of the carbon sources for photocatalytic
reduction. It is a form of dissolved carbon dioxide in water and formed at the beginning
of the CO, photoreduction pathway. When carbon dioxide dissolves in water by a
dissolution process, the carbon dioxide reacts with water to form carbonic acid (H,CO5),

hydrogen ions (H") and bicarbonate ions (HCO5) as Eq. 16-18 [36].

COye (atmospheric) —> COy,q) (dissolved) Eq. 16
COzaq) + H200) = HyCOs) Eqg. 17
HyCOs50 — H" + HCO3 (o) Eqg. 18

The bicarbonate (HCO5), carbon monoxide (CO), and methane (CH,) can be
produced by CO, photoreduction as Eqg. 22-28. At the beginning of the CO,
photoreduction pathway, the adsorbed carbon dioxide on excited active site is

reduced to form a ‘COZ" radical anion. After that, the‘COZ' radical anion can attract with
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hydroxide ion (OH) to form bicarbonate (HCO3). The bicarbonate can be used as an

initial carbon substrate to produce hydrocarbon products [37].

H,0 + h*yg — H* + OH Eq. 19
CO, + ey — COy Eq. 20
CO, + OH — HCO;4 Eq. 21
CO, +H" +e —> CO + OH Eq. 22
CO, + CO, — CO + COS» Eq. 23
.CO32' + v (oxygen vacancy) — CO Eqg. 24

CO, HCO5', HCOOH + € cg — Ciagg + 3 H —> CHs + H —> CH, Eq. 25

Furthermore, bicarbonate is one of the electron scavengers that can trap
electrons and reduce electron from the conduction band to form formate ion (HCO,)
as Eqg. 26. Formed formate ion is trapped with hydroxide radical (OH) to form hydroxide
ion (CO,) (Eg. 27) [38] that can continually bind with another radical to produce
hydrocarbon product. This process like CO, photoreduction pathway as Eq. 11-16.

HCO5 + 2e¢g + 2H" — HCO, + H,O Eq. 26

HCO, + OH — CO, + H,0 Eq. 27

2.6 Photocatalytic reduction and pH dependency

The pH of the solution is important variables influencing the photocatalytic
reduction process in the aqueous phase. For titanium dioxide surface, pH resulting in
charge surface is changed as acid-base equilibrium reaction (Eq. 28-29) [12]. The pH
influencing the charged surface of the catalyst has been identified by using the
isoelectric point (pHep) or the point of zero charges (pHpzc), which is pH of no electrical
charge on the only external surface or both internal and external surface of catalyst
particle [39]. The pHpzc is estimated with averaged pK, of pure positive and negative
charge surface condition (pK,; = 4.5, pK,, = 8), The estimated pHpzc of Degussa P25 is

6.2, which the titanium dioxide show no charge or neutral charge surface [12].
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Ti-OH + H*(pK,;) — Ti-OH," Eq. 28

Ti-OH + OH(pK,,) — Ti-O° Eq. 29

Therefore, the titanium dioxide in pH 6.2 aqueous solution is hydrated with
H,O to have a hydroxyl group on the surface (Ti-OH) as a neutral charge surface [40].
Lower pH<6.2 or acidic condition contributes to a higher amount of hydrogen ion (H)
that protonated to an oxygen atom in the hydroxyl group to form (Ti-OH,") as a positive
charge surface. High pH>6.2 contributes to a higher amount of hydroxide ion (OH") that
attracts the hydrogen atom in hydroxyl group or deprotonated to form (Ti-O’) as

negative charge surface as shown in Figure 3 [41],[42].

\/ x \/ \/

Ti o{;{) —Ti—— OH
/ \ (+) SO £ / \ ﬂ / \
VANV AV
O (\+) —— OH @)
AN VAN A
pH < pHigp pH = pHigp pH > pHigp

Figure 3 Simplified scheme of the protonation and deprotonation of hydroxylated
TiO, surface [43].

The charge surface species affects the absorption and activity of reactants on
the catalyst surface. The reactants are adsorbed better when reactant charge is
opposite with the charged surface. Furthermore, the appropriate charge surface species
of the catalyst also increases the electron transfer efficiency in the transient state and
the selectivity of some products [44]. In the case of CO, photoreduction on Fe;S, at
pH 4.5-9 solution, the highest production rate of methanol is obtained at pH 6.5 since
this condition increases CO, solubility in the solvent [45]. For high-pressure CO,
photoreduction to hydrogen, carbon monoxide and formic acid products on Degussa

P25 (TiO,) in basic solution at pH 7.5 to 14, the strong basic solution obtained by
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adding scavenger that increases CO, solubility (pH 14), yields more productivity and
selectivity of hydrogen and formic acid [46]. Low pH condition (pH 1-3) results in more
methane production from CO, photoreduction with Pd/TiO, because solution at pH
lower than 6 has more amount of hydrogen ion (H"), a hydrogen atom source for

methane formation [47].

2.7 Langmuir-Hinshelwood mechanism

Langmuir- Hinshelwood mechanism, suggested by Irving Langmuir (1921) and
developed by Cyril Hinshelwood (1926) is the process that has two reactant molecules
adsorb on near the site of the catalyst surface, and these two adsorbed molecules
may interact or recombine with each other [5]. Therefore, this process is suitable for
the solid-liquid interface reaction or the heterogeneous catalytic [48]. This mechanism
can be extended using Langmuir-Hinshelwood kinetics (LH) that is the common kinetics
for explaining the reaction mechanism on the heterogeneous surface of the catalyst.

The Langmuir-Hinshelwood kinetic model (LH-kinetics) is shown as follows:

_ __d[c] _ kK[C]
T dt  1+K[C]

Eq. 30

Where r is the rate of reaction that is the function of reactant concentration at
any time reaction (C), the reaction time (t), the limiting reaction rate constant at
maximum reactant concentration (k) and the absorption coefficient of the reactant on
the catalyst (K). Eg. 30 is approximated to first-order kinetics, ifl > K[C] in Eqg. 30. The
LH kinetics is usually approximated to be the first-order kinetics for sustain K[ (] <1
condition and approximated to be the zero- order kinetics for sustain K[ Cp] > 1
condition. Furthermore, in the cases of reactant adsorption, K[ C] <1 is reactant
molecules that have low adsorption, and K[C]>>1 is reactant molecules having high

adsorption [49].

r, = ~KlCl Fq. 31
0 ™ 1+4K[Co] %

1 1 1

a = + RKCq Eq. 32
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The reaction rate constant (k) and the adsorption coefficient (K) can be
estimated from using Eq. 30 in terms of initial reaction rate (ry) as a function of initial
reactant concentration (C,) as Eq. 31 with converting the equation form to a linear
equation form as Eq. 32 [9].

. Poulios et al. [48] In the case of photocatalytic degradation on TiO, (P25) in
aqueous solution, this reaction was described by using the modified Langmuir-
Hinshelwood model to accommodate reactions occurring at a solid-liquid interface.
LH equation Eq. 30 was used in terms of initial rate (ry) and the equilibrium bulk-solute
concentration (C,,) and modified equation to Eq. 33 for linearity plotted as follows:

C 1 C

rioq =—+ Eq .33

From experiments, the concentration of substrate decreased with reaction
time, and the initial rate was obtained from each condition. The K and k constants can
be deduced from the slope and the intersection of the trend line from the ry/ Cqq Vs

Ceq plot (Figure 4).

s _as . -1 It
initial reaction rate, r, (mg " min")
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Figure 4 Plot of ry vs Cgq at different initial concentrations with 1 ot TiO, P-25. Inset:

linear transform of C.o/ro vs Coq according