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Abstract

An industrial scale response is required to mitigate the impact of anthropogenic

CO2. Developing technologies that utilize CO2 offer an opportunity for developing

economies as this fairly abundant resource can be used as a starting material towards

fuels and/or fuel syngases. CO2 photoreduction is one possible avenue that uses light

energy to drive the photocatalytic transformation of CO2 and a proton source such as

H2O towards H2, CO and CH4. To advance this technology, the aim of this PhD was

to develop CO2 photoreduction kinetic models that could be used for understanding

the process, decision making and for potentially scaling photoreactors. To achieve

this goal, novel experimental and numerical methodology were developed and are

presented in this thesis as four submitted papers that include:

1. A CO2 photoreduction kinetic model perspective paper that reviewed the lim-

ited literature examples of CO2 photoreduction kinetics, identified their limi-

tations and highlighted factors for collecting kinetic data that included:

• Impact of included organic impurities as adventitious carbon that may

undergo photocatalytic transformations leading to false positive kinetic

data for the expected CO2 photoreduction products

• Photoreactor design and its impact on producing extrinsic kinetic models

that are geometry dependent

• Photocatalyst coating methods impact on false positive production of

products

• Light transport challenges that lead to extrinsic kinetic models

• Impact of temperature and pressure on mass transfer and kinetic data

• Numerical methods used for evaluating kinetic model coefficients. A novel

mean median multi-start trust-region was developed to find a global solu-

tion to the nonconvex nonlinear kinetic models and compared to particle

swarm and genetic algorithms.



2. A sol-gel paper that investigated the impact of seven process parameters, using

an efficient and systematic Design of Experiments approach, on four properties

of a TiO2 sol-gel coating for CO2 photoreduction. This approach demonstrated

how Design of Experiments could be used for understanding key process pa-

rameters towards the reproducible synthesis of photocatalysts and coatings for

CO2 photoreduction.

3. A CO2 photoreduction kinetic paper that applied the factors identified in the

perspective for collecting kinetic data. High quality kinetic data was recorded

by limiting the impact of adventitious carbon, a gas chromatography method

that included calibration of the expected ppm production amounts and the use

of a photodifferential photoreactor to encourage equal probability of active site

participation towards intrinsic kinetic models. A novel probability Langmuir-

Hinshelwood based kinetic model was developed to describe the kinetics of CO,

H2 and CH4 production from CO2 photoreduction. These models included the

impact of deactivation and considered the fractional coverage of the reagents

from the assumed elementary surface reactions towards CH4, CO and H2. The

coefficients of the nonconvex nonlinear kinetic model were estimated using the

numerical method presented in the perspective article.

4. A mixed metal-oxide paper that described the impact of different ratios of

TiO2 and ZnO on a SBA-15 support for CO2 photoreduction. This paper

demonstrated how the experimental and numerical methodology presented in

the first three papers could be generalised and applied for the development

of new photocatalyst mixtures. Using a combination of a systematic mixture

design and photocatalysis theory, the impact of sulfates as electron-hole traps

and/or radical intermediate scavengers was presented.
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Chapter 1

Introduction

1.1 Impact of anthropogenic CO2 emissions

Reducing the impact of cumulative anthropogenic CO2 is a global challenge that

requires efficient solutions. The Synthesis Report of the Intergovernmental Panel on

Climate Change (IPCC) Fifth Assessment Report (AR5) highlighted the risks asso-

ciated with cumulative anthropogenic CO2 emissions.[2] Four Representative Con-

centration Pathways (RCP) based on population size, economic activity, lifestyle,

energy use, land use patterns, technology and climate policy were presented by the

report (Fig. 1.1).[2]

RPC2.6 predicts a cumulative atmospheric concentration of 430 - 480 ppm of

CO2 by the year 2100, with a predicted mean rise of global temperature of less than

2.0 °C.[2] Currently, we are already dealing with moderate risks to our biodiversity,

habitat and food sources. CO2 atmospheric concentration recently reached record

values of 415 ppm in May, 2019[4] and our current trajectory is likely to yield a mean

increase in global temperature of 3 - 4 °C by 2100.[5] The critical message here is

that we are already dealing with the impact of the historic CO2 accumulation in

our atmosphere with a negative outlook if we are unable to reduce CO2 emissions

through policy and innovation.
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Chapter 1: Introduction

Figure 1.1: (a) From the IPCC AR5 synthesis report highlighting the four RCP
scenarios on annual CO2 emissions over time (b) The impact of each the different
annual CO2 emission scenario on cumulative CO2 emissions and the change in mean
global temperature. Figure reproduced from [2]
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Chapter 1: Introduction

1.2 Solutions addressing anthropogenic CO2 emis-

sions

Changes in behaviour, consumption, improvement of agricultural processes, use of

renewable energy and improving energy efficiency of buildings and industrial pro-

cesses are the most significant options that will decrease CO2 emissions.[5] However,

achieving a net-zero emission target set by the Committee for Climate Change by

2045 in Scotland and 2050 for the UK is unlikely without the use of technology

to offset emissions.[6] Capture of CO2 at the point of source[7], followed by under-

ground/undersea storage are strategies with high technological readiness levels.[8]

Direct air capture offers an alternative approach with a lower technological readi-

ness level.[8, 9] We are dependant on carbon based economies and have a history of

extracting carbon as an energy source and building blocks for materials and useful

compounds such as pharmaceuticals. Looking forward and to achieve the United

Nations sustainability goals[10], carbon based solutions are critical drivers that will

require mining and conversion of carbon sources. The challenge we face is to use

the resources that we have more efficiently and find new ways to harvest carbon

to sustain population growth and to continue improving global standards of living.

There is a social and economic incentive to use captured CO2 as a carbon building

unit.

1.2.1 CO2 photoreduction

CO2 is an extremely stable molecule (C=O, ΔH ≈ 800 kJ.mol–1) with a linear

shape and net dipole moment of zero that offers extremely limited opportunity

for e– transfers and chemical transformations. However, CO2 does offer potential

for reactivity through its quadrupole moment. Biological[11], thermochemical[12]

electrochemical[13], photo-electrochemical[14] and photochemical[15] processes are

all potential candidates for the conversion of CO2 into value added chemicals and

fuels. Photocatalysis as CO2 photoreduction offers one possible route to encour-

aging CO2 to bend its linear shape creating dipole moments leading to chemical

reactivity.[16] A detailed understanding of the CO2 photoreduction mechanism is

ongoing but in brief photon energy adsorbed by the photocatalyst excites an electron
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from the conduction band to the valence band to create an e– /h+ pair. Reduction

is possible if the energy of the e– is more negative than the reduction potential.

Similarly oxidation can occur if the energy of the h+ is more positive than the ox-

idation potential.[15] Oxygen vacancies offer an adsorption site to which CO2 can

be chemisorbed as a more reactive carbonate species that can then react with the

sufficiently negative energy e– .[3, 17] Oxidation of absorbed H2O yields protons for

further reduction reactions leading to hydrocarbon bond formation on the surface

of the photocatalyst.

Due to low conversion and product formation, much of the focus has been exclu-

sive to developing photocatalysts for CO2 photoreduction.[15, 18] Despite of all the

research efforts made, there have not been significant step changes in progressing

this technology.[19] Comparing and selecting optimal CO2 photoreduction photo-

catalysts is a non-trivial task due to the large variation in experimental setups,

protocols and photoreactor designs used for collecting CO2 photoreduction data. In

the past few years, a shift has been taking place where researchers have started to

ask fundamental questions about the CO2 photoreduction process that include:

• What are the best analytical methods to track CO2 photoreduction?[20]

• What is the best mechanism for describing CO2 photoreduction?[3]

• What is the driving energy behind the CO2 photoreduction mechanism?[21, 22]

• What are the critical process parameters for CO2 photoreduction?[23, 24]

• What is the best experimental protocol for comparing photocatalysts for CO2

photoreduction? [25]

These questions are a significant challenge to answer but are critical to building

a foundation that will encourage significant step changes in this technology. The ex-

perimental protocols described in these studies listed above are starting to converge

on a unified approach that will dramatically increase the efficiency of the research

and speed at which solutions are found.[21, 23–25] Another aspect that has not been

addressed so far is the the development of CO2 photoreduction kinetics. This is a

significant challenge as it needs to address in full or in part the challenges listed

above. There are limited examples of CO2 photoreduction kinetic studies.[1, 26–32]

Currently there are no examples describing an intrinsic CO2 photoreduction kinetic
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model. An intrinsic model is extremely useful because it is not scale dependent

as it describes the kinetics of a system where all active sites on the photocatalyst

have an equal probability of participating in the reaction. Understanding the most

critical reaction parameters on CO2 photoreduction and the subsequent abstraction

towards intrinsic kinetic models will aid engineering decision making towards scaling

processes and photoreactors.

1.3 Aim and Objectives

The primary aim of this work was to develop intrinsic CO2 photoreduction kinetic

models. To accomplish this, a number of challenges needed to be addressed and is

represented as five steps in Fig. 1.2.

Intrinsic kinetic models

Coating 
avoids
inclusion
adventitious 
carbon?

High purity,
uniform light &
heat 
distribution?

Describe CO, 
H2O & CH4 
production?
Account for 
deactivation?

Data collection Photoreactor

Calibration
including 
expected ppm
values?

Analytics Kinetic model

Extrinsic kinetic models

Estimation 
reproducible 
with low std. 
deviation?

Numerical 
methods

Photocatalyst 
preparation
& coating 
scalable 
& repeatable?

1 2 3 4 5

Figure 1.2: Decision tree used in this work for developing intrinsic CO2 photoreduc-
tion kinetic models

Fig. 1.2 Steps 1 - 3 required a focus on developing experimental protocols that

limited the impact of adventitious carbon and a photodifferential photoreactor de-

sign that encouraged equal participation of photocatalyst active sites. In addition,

analytical methods and data analysis for tracking the low (ppm) product quanti-

ties was required. The experimental setup and data analysis tools were essential

to laying a foundation for developing CO2 photoreduction kinetic models (Fig. 1.2
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Steps 4). Current CO2 photoreduction kinetic model examples do not account for

deactivation and for the impact of the elementary surface reaction stoichiometry

on the Langmuir-Hinshelwood (LH) fractional coverage expression. To account for

these limitations and address Fig. 1.2 Step 4, kinetic models developed needed to

include the impact of deactivation and reagent gases on fractional coverage. Non-

linear kinetic models are very likely to be nonconvex. This means that they have

Have many different local solutions. This leads to conclusions that are extremely

limited and very likely do not represent the system under investigation. To address

Fig. 1.2 Step 5, a numerical method needed to be developed for the the robust and

repeatable estimation of nonlinear kinetic model coefficients.

1.4 Structure of thesis

The foundation of this thesis was laid by understanding and describing the challenges

for collecting CO2 photoreduction kinetic data (Fig. 1.2 Steps 1 - 5). This work is

presented as a perspective article in Chapter 2 and included understanding:

• Impact of adventitious carbon on kinetic data

• Photoreactor design and its impact on producing extrinsic kinetic models that

are geometry dependent

• Photocatalyst coating methods impact on false positive production of products

• Light transport challenges that lead to extrinsic kinetic models

• Impact of temperature and pressure on mass transfer and kinetic data

• Numerical methods used for evaluating kinetic model coefficients

In Chapter 3, systematic tools using efficient Design of Experiments (DOE)

experimental designs were used for developing coating methods for CO2 photore-

duction in Chapter 3. The methodology presented is useful for addressing Fig. 1.2

Step 1.

Thereafter, the methodology for collecting CO2 photoreduction kinetic data was

applied towards developing novel probability LH based kinetic models in Chapter 4.

In this work, all five steps in Fig. 1.2 were addressed for developing novel probability

LH based kinetic models.
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Finally, the experimental protocol and systematic methodology developed in

Chapters 3 and 4 was implemented for studying the impact of mixing ratios of

mixed metal-oxides on CO2 photoreduction in Chapter 5. This was good exam-

ple of how the methodology developed could be more broadly generalised for the

development of new photocatalysts by addressing Fig. 1.2 Steps 1 - 3.

This thesis is presented as submitted papers in Chapters 2 to 5. Each publica-

tion is preceded by three sections:

1. Aim and objectives

2. Highlights and key findings

3. Research impact

4. Personal development

The Aim and objectives section describes what the publication was trying to

achieve and links this up with the rest of the thesis. Highlights and key findings is a

summary of the publication and the Research impact section puts the work and its

value into the context within the CO2 photoreduction field. In addition, Personal

development is discussed as a result of the work.

10



Chapter 2

Review and analysis of CO2

photoreduction kinetics

Intrinsic kinetic models

Coating 
avoids
inclusion
adventitious 
carbon?

High purity,
uniform light &
heat 
distribution?

Describe CO, 
H2O & CH4 
production?
Account for 
deactivation?

Data collection Photoreactor

Calibration
including 
expected ppm
values?

Analytics Kinetic model

Extrinsic kinetic models

Estimation 
reproducible 
with low std. 
deviation?

Numerical 
methods

Photocatalyst 
preparation
& coating 
scalable 
& repeatable?

1 2 3 4 5

Figure 2.1: Steps 1 - 4 were reviewed and a novel numerical method developed to
address Step 5 in the perspective article presented in Chapter 2.
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2.1 Aim and objectives

The aim of this paper was to highlight the limitations and extract potential solutions

by examining the small pool of CO2 photoreduction kinetic model development ex-

amples. The review and analysis presented in this perspective covered Fig. 2.1 Steps

1 - 5. This work served as a foundation for the rest of this thesis and work presented

in Chapters 3 to 5. To achieve this aim, the development of CO2 photoreduction

kinetic models was separated into the following objectives:

• Identify analytical methods for collecting CO2 photoreduction kinetic data

• Investigate photoreactor design and the impact of photoreactor geometry on

CO2 photoreduction kinetic data

• Explore the impact of light transport and the challenges with attenuation of

irradiance on CO2 photoreduction kinetic data

• Identify photocatalyst coating methods that limit the impact of adventitious

carbon

• Explore the impact of temperature and pressure on mass transfer and CO2

photoreduction kinetics

• Identify current CO2 photoreduction models used

• Explore numerical methods for estimating the nonlinear CO2 photoreduction

kinetic model coefficients

With the above objectives met, a blueprint could be developed for collecting

CO2 photoreduction kinetic data. The implementation and application of this plan

is presented in Chapter 4.

2.2 Highlights and key findings

2.2.1 Langmuir-Hinshelwood kinetic model for CO2 pho-

toreduction

The perspective starts off with a detailed description of how a Langmuir-Hinshelwood

(LH) based kinetic model can be used to describe CO2 photoreduction in terms of

independent reaction parameters: irradiance (I) and partial pressures of (PCO2
,
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PH2O) of CO2 and H2O (Section 2.6.1). The impact of these parameters on the

estimated kinetic model coefficients that include: reaction order of the irradiance

(α), equilibrium adsorption coefficients (KCO2
, KH2O) of CO2 and H2O and the rate

constant (k) are introduced.

2.2.2 Limiting the impact of adventitious carbon

Adventitious carbon and its impact on CO2 photoreduction production data is a

significant hurdle that needs to be overcome to drive CO2 photoreduction forward

(Section 2.6.2). An increasing number of studies have highlighted this as an issue.

It is very likely that a number of different analytical methods that include isotopic

labelling and in situ methods will be needed to confirm CO2 as the carbon source.

Simple control experiments and a robust GC method were identified for collecting

CO2 photoreduction kinetic data (Section 2.6.2). The inclusion of organic solvents

used in the preparation and/or coating procedures of the photocatalysts were high-

lighted as significant sources of adventitious carbon (Section 2.6.3). In addition,

the impact of photoreactor components that include polymers was identified as a

potential source of adventitious carbon (Section 2.6.3).

2.2.3 Relationship between photoreactor geometry and ki-

netic model developed

All of the current examples describing CO2 photoreduction kinetics use photore-

actors that yield geometry dependent kinetic models. Scaling these extrinsic CO2

photoreduction kinetic models will be a challenge and limited to the specific photore-

actor geometry (Section 2.6.4). A photodifferential photoreactor that encourages

an equal probability of participation of illuminated photocatalyst active sites is much

more likely to yield an intrinsic CO2 photoreduction kinetic model. An example of

a photodifferential photoreactor is presented later in Chapter 4.

2.2.4 Impact of light transport, temperature and pressure

Light transport and attenuation in photoreactors is identified as a challenge to de-

veloping intrinsic CO2 photoreduction kinetic models (Section 2.6.5 ). The impact
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of temperature and pressure on surface diffusion and possibly on overcoming en-

ergy barriers in the CO2 photoreduction process were discussed in this perspective

(Section 2.6.6).

2.2.5 Langmuir-Hinshelwood based kinetic models

All of the current CO2 photoreduction kinetic examples presented in the perspective

article used a LH or derivative of the LH based kinetic model (Section 2.6.7). The

limitations of using these models is discussed with a particular focus on inability

of the current LH based kinetic models to account for the apparent deactivation of

CO2 photoreduction photocatalysts (Section 2.6.7).

2.2.6 Limitations of nonlinear numerical methods for esti-

mating kinetic model coefficients

This perspective paper highlighted the practical challenges of collecting CO2 pho-

toreduction kinetic data. The data anlysis and numerical tools are also important for

developing CO2 photoreduction kinetic models. The coefficient value estimated will

impact the conclusions made about the CO2 photoreduction process. For example,

a large adsorption equilibrium constant coefficient (KCO2
, KH2O) would indicate

that the reagent molecule (CO2 or H2O) is strongly adsorbed to the photocatalyst

surface. This perspective highlighted how a large number of LH based CO2 pho-

toreduction kinetic model coefficients can be estimated (Section 2.7.2). All of the

practical work can be undone because of a failure to critically examine the numerical

methods used. The kinetic models are nonlinear and nonconvex meaning that they

have a large number of solutions possible. To find a global solution for each coeffi-

cient, a systematic approach to collect and analyse kinetic data was proposed using

a mean median multi-start and trust-region reflective nonlinear regression method.

In addition, the method was compared with a genetic algorithm and particle swarm

algorithm. Detailed examples of numerical methodology are shown in Sections A.1

and A.2.
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Trust-region and multi-start methods

Estimation of nonlinear parameters is a non-trivial task. Robust methods that

include Newton, Gauss-Newton, Levenberg-Marquardt and trust-region reflective

methods have been developed to find solutions to the nonlinear objective function.[33,

34] The trust-region reflective method is a powerful method for minimisation prob-

lems, where a given function f(x) is approximated with a simple quadratic approxi-

mation function (q) that exhibits similar behaviour to the function f(x) in a neigh-

bourhood, the trust-region (N), around a starting point.[35] Within the trust-region

(N), the trial distance (s) is calculated by minimising over the trust-region (N). This

is the trust-region subproblem (2.1).

mins {q(s), s ε N} (2.1)

The starting point (x) is updated as shown by (2.2). If this equality is not

satisfied, then the current starting point remains unchanged and the region of trust

(N) is shrunk and the computation repeated.

New starting point = x + s if f(x + s) < f(x) (2.2)

(2.3) describes the trust-region subproblem with the inclusion of the quadratic

function (q) expressed mathematically.

min

{
q(s) =

1

2
sTHs + gTs such that ||Ds|| ≤ Δ

}
(2.3)

where: g is the gradient of f at the current point x; H is the Hessian matrix of f at

x; D is the diagonal scaling matrix; Δ is a positive scaler, the trust-region radius

and || · || is the second norm

To solve the subproblem (2.3), the search space is reduced to a two-dimensional

subspace space (S), followed by the computation of a full eigensystem and the use

of a Newton method to solve (2.4).[36, 37]

1

Δ
–

1

||s||
= 0 (2.4)
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To approximate the subspace (S), the subspace is defined as the linear space

with s1 the direction of the gradient (g) and (s2) as being either (2.5) or (2.6).

H · s2 = –g (2.5)

sT
2 · H · s2 < 0 (2.6)

To summarise, the trust-region reflective algorithms steps are as follows:

1. Formulate a two-dimensional subspace trust-region subproblem (2.3)

2. Solve the minimisation of the subproblem to find the trial distance (s)

3. Determine the next starting point using (2.2)

4. Update the trust-region radius (Δ)

Whilst a solution may be possible using the robust trust-region reflective method

for solving a nonlinear function, there is no guarantee that the solution is the global

minimum as the algorithm may converge at local minima. In addition, when solving

a constrained nonlinear problem, trust-region numerical methods can converge close

to the initial parameter guesses. Goodness of fit analysis needs to consider this and

models ideally must be validated against test data along with domain knowledge

to critically evaluate the kinetic model coefficient estimates. Global search, multi-

start and stochastic and metaheuristic methods are some strategies that can be

used to find a global solution to nonlinear functions.[34] The multi-start approach

generates multiple starting points within the constraints of the upper and lower

bounds set for each parameter. This approach increases the probability of finding a

global minimum, as the trust-region algorithm operates over a much wider space. In

the kinetic examples presented herein, none of these numerical considerations were

taken into account or reported and the values of the parameters estimated must be

interpreted with caution for the reasons mentioned above.

2.3 Research impact

By exploring the objectives outlined in Section 2.1, this perspective paper pro-

vided a practical and data analysis foundation for collecting CO2 photoreduction
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data and developing CO2 photoreduction kinetic models as shown in Chapter 4.

This is the first perspective article that focuses on developing CO2 photoreduction

kinetics. The principles and challenges presented are also useful for developing CO2

photocatalysts. It is the first time that numerical analysis of the current nonlinear

LH based kinetic has been explored and shown to be an area that needs to be un-

derstood and developed well for estimating model coefficients that are useful and do

not undo all of the hard experimental work done. An easy to implement numerical

method with detailed instructions presented as a walk through can be used to find

global solutions to nonconvex functions.

2.4 Personal development

Reviewing the literature provided a platform for understanding the theory behind

developing LH types of kinetic models. In addition, different analytical methods,

experimental protocols and photoreactors were explored. Visual technical commu-

nication was developed with the use of Google SketchUp, Autodesk Fusion 360 and

MATLAB. Numerical methods and computation to aid engineering data analysis

evolved with the use of scripting in MATLAB.
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Abstract

Intrinsic kinetic models that are independent of photoreactor geometry are critical

for scaling CO2 photoreduction photoreactors. Successfully scaling CO2 photore-

duction is limited using the current extrinsic CO2 photoreduction kinetic models

described in this perspective as they are dependent on the photoreactor geometry

and scale used. The challenges for developing intrinsic CO2 photoreduction kinetics,

using an engineering approach, are highlighted and discussed with reference to the

current extrinsic CO2 photoreduction kinetic model examples found in the litera-

ture. Robust analytical methods for collecting CO2 photoreduction kinetic data and

for confirming the carbon source are discussed. The false positive production from

adventitious carbon and organic impurities introduced during the synthesis and/or

coating of photocatalysts with solvents and degradation of photoreactor compo-

nents is highlighted as a challenge to collecting CO2 photoreduction kinetic data.

The impact of different photoreactor geometries and light transport that lead to

extrinsic kinetic models is reviewed. The impacts of temperature and pressure on

surface diffusion is highlighted as additional important process parameters. The cur-

rent Langmuir-Hinshelwood based kinetic models are discussed and their limitations

highlighted with respect to modelling the possible deactivation of the photocatalyst.

It is shown that a wide range of the kinetic model coefficient values are possible when

using a multi-start, genetic algorithm or particle swarm approach for estimating non-

linear model coefficients. Finally, an easy to test and implement approach using a

mean median multi-start and trust-region reflective algorithm method is presented

for the estimation of nonlinear CO2 photoreduction kinetic model coefficients.

2.5 Introduction

CO2 photoreduction in the gas phase with H2O vapor over strontium titanate sur-

faces and illuminated with light was identified in the 1970s.[38] The interest in CO2

photoreduction has grown greatly since the 1990s due to the improvements and

developments of semiconductors as photocatalysts.[15, 39–44] As in other photo-

catalytic processes, the reaction takes place when the incident light to the photo-

catalysts is of energy greater than the band gap of the semiconductor. Numer-
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ous reviews have been devoted to the analysis of photocatalysed reactions based

on the band structure of electronic energy in photocatalysts.[45–47] The authors

have previously reviewed photocatalyst design strategy, impact of the photocatalyst

support, reaction operating parameters and choice of photoreactor type on CO2

photoreduction.[15] There are also review examples that focus on photoreactor de-

sign and process parameters for photoelectrochemical reduction of CO2.[48, 49] A

closely related fields, photocatalytic degradation and photocatalytic water splitting

has advanced much further with respect to kinetic studies.[46, 50–52] However, no

reviews or perspectives have covered CO2 photoreduction kinetics with a focus on

developing intrinsic kinetic models. A few examples of kinetic models are reported

for CO2 photoreduction.[1, 26–32]

The examples presented yield extrinsic kinetic models that are dependent on

the photoreactor design and the experimental conditions used. An intrinsic CO2

photoreduction kinetic model is based on the assumption that there is an equal

probability, independent of illuminated area size, for the reaction to occur over

the photocatalyst surface. Intrinsic CO2 photoreduction kinetic models offer an

opportunity to develop photoreactor design, as they are not scale and geometry

dependent. It is important to understand the effect of light irradiance and the

adsorption and desorption of the reagents and products on the photocatalyst surface,

as this will affect the rate of reaction, and therefore, guide photoreactor design.

In addition, operating parameters (e.g. temperature, pressure and photocatalyst

loading) also impact the rate and need to be considered for photoreactor design.

The phase of the reaction is an important consideration, as it impacts the kinetic

model assumptions. CO2 photoreduction can be performed as a gas or liquid phase

reaction.[53] Gas phase CO2 photoreduction examples are selected for this discussion

as they offer some scaling advantages over the liquid phase and the kinetics are

potentially simpler to model due to less light scattering in the gas phase.

This perspective is presented in two main sections. In the first section, using

an engineering approach, the theory of Langmuir-Hinshelwood (LH) based mod-

els and practical considerations for collecting CO2 photoreduction kinetic data are

presented. Analytical methods for tracking low concentrations (ppm range) are dis-

cussed and a very good and well described method identified. The use of isotopic
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labelling and in situ techniques for confirming the carbon source are reviewed. The

impact of adventitious carbon from the preparation of the photocatalysts, coating

method and photoreactor materials is discussed. Thereafter, photoreactor design

and the impact of light transport leading to geometry dependent extrinsic kinetic

models is reviewed. Next the impacts of temperature and pressure that are likely

to impact CO2 photoreduction kinetics via their impact on surface diffusion and

possibly to overcome mechanistic energy barriers are discussed. Finally the limita-

tions of current LH based models for describing deactivation of the photocatalyst is

highlighted.

The second section focuses on the numerical analysis of existing CO2 photore-

duction kinetic data. Multi-start (MS), genetic algorithm (GA) and particle swarm

(PS) numerical methods are explored. We show how a wide variation in coefficient

values estimated is possible. Using the Law of Large numbers, a very simple solution

for finding the global solution to nonlinear kinetic models is presented.

2.6 Engineering approach to gas phase CO2 pho-

toreduction kinetics

To develop CO2 photoreduction kinetics, an engineering approach is proposed where

the limitations of CO2 photoreduction are identified and their impact on the assump-

tions for kinetic model development are limited. Thereafter, a systematic approach

can be used with the assumptions made and abstracted towards kinetic models that

approximate CO2 photoreduction. The following sections focus on reviewing CO2

photoreduction kinetics, including their limitations and the critical aspects that need

to be addressed for the development of intrinsic CO2 photoreduction kinetic models.

2.6.1 Langmuir-Hinshelwood based CO2 photoreduction mod-

els

The reaction rate is a measure of photocatalytic activity expressed by the number

of moles that have reacted per unit time and unit reaction space. The latter refers

to the system parameter that makes the reaction independent of scale. In the
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case of heterogeneous catalytic reactions, the catalyst surface is commonly used as

reaction space. However, in photocatalysis the photocatalyst weight replaces the

catalyst surface for simplicity in measurements. Photocatalysis has the additional

complexity of the involvement of light in the activation of some catalytic steps. This

essentially means that the reaction space cannot be defined by a single parameter,

since both the amount of photocatalyst and light are needed to quantify the reaction

rate at a particular point in the reaction space. Given the directionality of light,

achieving the ideal uniform conditions to measure reaction rates is a challenge in

CO2 photoreduction.

CO2 photoreduction, as a gas-solid catalytic reaction, proceeds via a sequence

of elementary steps which can comprise one irreversible elementary reaction (i.e. a

reaction that proceeds with one transition state where only one energy barrier is

present) or two elementary reactions proceeding forward and reverse. The elemen-

tary steps can be of two types: adsorption-desorption steps or surface reaction steps

involving surface adsorbed species and, sometimes, gas phase reagents. The CO2

photoreduction has mainly been described as a LH model that assumes an ideal

adsorption process, described by the Langmuir isotherm. This assumes all active

sites being energetically equal, the lack of interaction between adsorbates and the

adsorption of one single molecule or atom per site.

Currently, the LH based kinetic models reported for CO2 photoreduction are

described by the elementary steps below and shown visually in Fig. 2.2.[1, 27–32]

1. CO2 and H2O diffuse to the surface of the photocatalyst

2. CO2 and H2O move along the surface of the photocatalyst by surface diffusion

to occupy active sites

3. Light absorption and generation of electrons holes on the photocatalyst surface

4. Interaction between charged particles and adsorbed reactants and recombina-

tion of charged particles

5. Desorption of the products

Following the assumption that the rate limiting step is the irreversible reaction

between adjacently occupied sites and that the products are desorbed immediately

(Fig. 2.2 Step 4), the LH based kinetic model takes the generic form (2.7).
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Figure 2.2: Schematic representation of the LH based kinetic model for CO2 pho-
toreduction. (1) H2O and CO2 diffuse to the photocatalyst surface (2) The reactant
molecules diffuse along the surface active sites (3) Light provides the energy for the
reaction (4) The photoreaction takes place between two adjacent active sites (5) The
products desorb

r = kCn
Θ

n∏
i=1

KiPi(
1 +

z∑
i=1

KiPi

)n (2.7)

where r is the rate of the reaction (mol.g–1.s–1); k is the rate constant ([g.mol–1]n–1.s–1);

Cn
Θ

is the total number of active sites ([mol.g–1]n); Ki are equilibrium adsorption

constants for reactants and products (bar–1); Pi are the partial pressures for reac-

tants and products (bar); n indicates the adsorbed reactants that are involved in

the elementary surface reaction and z indicates the total number of reactants and

products

For CO2 photoreduction, the rate expression needs to consider light intensity

(I), as the reaction takes place at illuminated active sites. Since the full mechanism

and activation steps are still unknown, it is not possible to include a specific light

activated elementary step in the model, as it is commonly found in photo-oxidation

models.[54] Alternatively, for CO2 photoreduction models, it is common to find

empirically derived relationships between the kinetic constant (k) and reaction order
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of light intensity (α) towards (2.8).

r = kIα

n∏
i=1

KiPi(
1 +

z∑
i=1

KiPi

)n (2.8)

where: r is the rate of the reaction (μmol.g–1
cat.h

–1); k is the rate constant

(μmol.g–1
cat.h

–1); I is the light intensity (mW.cm–2); α is the reaction order of light

intensity (dimensionless); Ki represent the equilibrium adsorption constants for re-

actants and products (bar–1); Pi refer to the partial pressures for reactants and

products (bar); n indicates the adsorbed reactants that are involved in the elemen-

tary surface reaction and z indicates all reactants and products

An Eley–Rideal based kinetic model is an alternative model that could poten-

tially be used to describe CO2 photoreduction kinetics. The assumptions are the

same as for the LH based kinetic model with the significant difference being that

only one of the regents absorbs to an active site on the photocatalyst and the other

reagent reacts directly with the absorbed species from the gas phase.[55]

This relationship already represents a challenge for photoreaction modelling, as

it is no longer intrinsic, since the light irradiance depends on photoreactor geometry.

Moreover, the reaction is activated by the absorption of light by the catalyst and

not the intensity used in the photoreactor set up. Finally, because in order to be

dimensionally correct, the kinetic constant (k) needs to have the same dimensions

as the reaction rate (r) multiplied the light intensity (I) dimensions elevated to the

inverse of reaction order of light intensity (α).

The partial pressures (Pi) and light intensity (I) are independent variables and

the rate constant (k), reaction order of light intensity (α) and equilibrium adsorp-

tion coefficients (Ki) are parameters with coefficients numerically estimated using

nonlinear regression methods. Considering light intensity (I) and estimating a re-

action order of light intensity (α), an ideal experimental setup would have uniform

light distribution and uniform catalyst surface to light exposure. To estimate the

adsorption equilibrium constant parameter (Ki) coefficient, an ideal setup would

limit mass transfer restrictions. In addition, process parameters, such as tempera-

ture and pressure, that can effect mass transfer by diffusion and surface diffusion
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need to be considered. For collecting kinetic data, a photoreactor with uniform heat

distribution is ideal.

2.6.2 Analytical methods

The quality of the kinetic model is dependent on the reliability of the CO2 photore-

duction data collected. Robust and repeatable analytical methods and the use of

control experiments to account for the impact of the false positive production from

adventitious carbon are critical to ensuring reliable CO2 photoreduction kinetic data

is used for kinetic model development. Identifying and quantifying the product dis-

tribution is critical for elucidating mechanisms and for calculating conversion and

the overall efficiency of the process. In addition, reliable analytical methods are

useful tools for identifying and quantifying the impact of adventitious carbon and

organic impurities on the false positive CO2 photoreduction kinetic data.

Analytical methods used for recording CO2 photoreduction kinetic data

Tracking the conversion of reagents formation of products is critical for collecting

CO2 photoreduction kinetic data. There are many examples found in literature

use a gas chromatograph (GC) fitted with both a flame ionisation detector (FID)

and a thermal conductivity detector (TCD) for CO2 photoreduction analysis.[1, 26–

28, 30, 32, 56–66] Hong showed that a GC system using TCD and FID detectors with

a Ni catalyst methaniser could be used to detect CO2, CO, CH4 and CH3CH3 with

minimum detection levels (MDLs) of 2.6, 0.07, 0.03 and 0.004 μmol.L–1 respectively

(Fig. 2).[20]

In addition, O2 and N2 were also detected with reported concentrations of 198.2

μmol.L–1 and 499.2 μmol.L–1 respectively. He was used as a carrier gas and the GC

was fitted with Hayesep Q and Molsieve 5 Åcolumns. The FID detector offers good

sensitivity to the hydrocarbons CH4 and CH3CH3. CO is detected as CH4 by the

FID after a methanisation step. The TCD showed good selectivity and sensitivity

for CO2, O2, H2 and N2.[20] Hong’s paper is important as it includes detailed setup

and method information, this system would serve well for collecting kinetic data by

GC. Due to the low production of detectable CO2 photoreduction products, very

pure reagent and diluent gases are critical to collecting kinetic data. Gas purity of
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Figure 2.3: Schematic of Hong’s proposed system[20] for a GC set-up for gas phase
CO2 photoreduction. V1 - V3 are the gas switch loop valves.

at least 99.995%, this is the equivalent of 50 ppm impurities, is advised for collecting

CO2 photoreduction kinetic data. In addition, it is equally important to use high

purity (≤ 99.995%) carrier and combustible gases for GC operation. Calibration

details that include linear calibration points that include the expected production

amounts are not reported. The uncertainty is measurement will impact the kinetic

model and need to this uncertainty needs to be quantified.

Analytical methods for confirming the carbon source of CO2 photoreduc-

tion kinetic data

Confirming CO2 as the carbon source for CO2 photoreduction products is an ongo-

ing challenge that has been explored by a relatively small number of authors.[67–70]

Using photocatalytic conditions and 13C isotopically labelled CO2 and confirming

the presence of CH4 (m/z = 17) product by gas chromatography-mass spectroscopy

(GC-MS) or in-situ diffuse reflection infrared Fourier transformation (DRIFTS) pro-

vide strong evidence for CO2 photoreduction. However, care must still be taken, as

shown by Chanmanee who used 30% isotopically labelled 13C to attempt to confirm

the CO2 photoreduction carbon source.[69] It was later shown, using 100% 13C, that

graphitic carbon was the most probable source of the carbon products at elevated

temperatures.[70] Care also needs to be taken to deconvolute the impact of H2O

(m/z = 18) which yields its largest fragment peak at m/z = 17 from the 13CH4

(m/z = 17) peak. H2O often yields a broad and less obvious gas chromatography

(GC) peak which is compounded by the typically low H2O concentrations used for
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gas phase CO2 photoreduction. In addition, due to the very low production of CH4

from CO2 photoreduction, the peak observed at m/z = 17 needs to be more signif-

icant than the instrument noise. The same could be true for detecting 13CO (m/z

= 29) when a methaniser is used, converting CO (m/z = 29) to 13CH4 (m/z = 17),

to improve the sensitivity of the flame ionisation detector (FID) for CO detection.

Looking forward, a combination of isotropically labelled investigation techniques

along with other surface analysis techniques such as insitu-DRIFTS will assist with

confirming the carbon source of CO2 photoreduction. Although isotope evidence is

useful for attempting to confirm the CO2 photoreduction carbon source, it does not

provide quantification for kinetic data purposes. In addition, it is not practical to

use expensive isotopically labelled gases for a large number of kinetic studies.

2.6.3 Limiting the impact of adventitious carbon

There is a growing number in reports of the detection of CO2 photoreduction prod-

ucts under control conditions that attempt to confirm CO2 as the carbon source

using UV-light, inert gas, H2O vapour and photocatalyst.[67, 68, 71–75] Photo-

catalytic degradation of adventitious carbon is cited as the carbon source of these

products. Some authors have attempted to included pretreatment steps of UV-light

and He/H2O to remove traces of adventitious carbon.[23, 71, 74] CO2 photore-

duction has been reported at occurring at very low concentrations (1000 ppm) of

CO2.[23] using laboratory vacuum pumps and high flow purge rates, it is not likely

that absolute traces of residual CO2 will be removed from a CO2 photoreduction

setup. Decoupling the possible impact of residual CO2 and adventitious carbon is

difficult. Control experiments that attempt to test the impact of replacing CO2 with

an inert gas will not be able to decouple this impact whilst traces of CO2 remain

in the system. To complicate matters, there is the possibility that CO2 adsorbs as

the reactive intermediate HCO3ads adsorbed onto the photocatalysts surface during

the preparation and storage of the photocatalyst. Under atmospheric like condi-

tions (400 ppm CO2), CO2 was shown to form a HCO3ads layer on TiO2 (110)

which was stable at temperatures below 400 K.[76] HCO3ads is a potential interme-

diate for CO production.[3] There is added challenge of decoupling the impact of

pre-reaction adsorbed CO2 as HCO3ads on CO2 photoreduction kinetic data from
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adventitious carbon. One strategy is to simply minimize the probability of including

adventitious carbon during photocatalyst preparation, coating of the photocatalyst

support and the photoreactor components used. Thereafter, a set of control ex-

periments that consider a number of process parameter combinations and the full

experimental range of the process parameters settings being investigated is a rel-

atively simple option to test the possible impact of adventitious carbon on CO2

photoreduction kinetic data.[21, 22, 25]

Photocatalyst preparation and coating impact on false positive produc-

tion

Organic solvents, especially alcohols, are often used for the preparation and/or coat-

ing of photocatalysts used for CO2 photoreduction. High temperatures are often

employed during calcification steps[77] of photocatalysts, especially metal-oxides,

and will reduce the possibility of organic solvents remaining on the photocatalyst.

However, care must still be taken as the temperatures at which the organic solvents

can stay adsorbed to the photocatalyst can be surprisingly high. Barakat showed,

using FTIR studies, that isopropanol (IPA) bonded dissociatively to TiO2 as a mon-

odentate and strongly bonded to non-dissociatively TiO2 via coordination to Lewis

acid sites.[78] The strength of IPA bonded to TiO2 was quantified by Arsac using

temperature programmed desorption experiments (TPD).[79] It was shown that IPA

was both weakly bound and strongly bound to PC 500 TiO2. Strongly bound IPA

is adsorbed as non-dissociative and dissociative species with maximum rates of des-

orption at temperatures of TM = 163.85 °C and at TM = 238.85 °C respectively.[79]

Bahruji showed that MeOH, IPA, EtOH and n-PrOH adsorbed onto P25 TiO2 and 5

wt% Pd/P25 TiO2.[80] TPD and mass spectroscopy studies, in the absence of CO2,

showed that alcohols thermally degraded on the surface of the catalyst to yield a va-

riety of products, including CO2 photoreduction products such as H2, CH4, CO and

C2 hydrocarbons.[80] In addition, the alcohols were shown to be strongly adsorbed

onto the catalyst surface with complete desorption and/or degradation at 300 - 400

°C.[80] The use of supercritical CO2 and low temperatures for the preparation of

metal-oxides is one possible synthesis route that avoids the use of energy intensive

heating and organic solvents.[81] Avoiding organic solvent inclusion could also come
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from hydrothermal methods using a water soluble TiO2 precursor[82] and chemical

vapour impregnation methods[83].

Photooxidation of adsorbed organic solvents with residual or generated O2 from

photoreduction is a strong possibility.[84] Xu showed, using in situ solid state nu-

clear magnetic resonance (NMR), that the photooxidation of IPA adsorbed onto

TiO2 under 350 - 450 nm UV-light proceeded via either the direct oxidation of

adsorbed IPA as 2-propoxide species to CO2 or via the formation of acetone from

hydrogen bonded IPA, followed by the formation of mesityl oxide via an aldol con-

densation of acetone.[85] Henderson showed, using ultrahigh vacuum conditions,

that acetone was oxidised on TiO2 (110) via the photodesorption of a methyl rad-

ical as the key step.[86] Further evidence for the formation of methyl radicals from

the photooxidation of EtOH and IPA on TiO2 (110) under UHV conditions was

shown by Kershis.[87]

The impact of adventitious carbon is the most critical aspect when choosing a

coating method for kinetic studies. Sol-gel coating offers a very flexible method

for coating a variety of supports. The typically high calcination temperatures can

limit the impact of adventitious carbon on CO2 photoreduction kinetic data.[88]

Sol-gel coatings offer scope for scaling where large scale coating is possible. The

number of possible coating methods is extensive with each type having it’s own set of

advantages and disadvantages.[89] For the purpose of collecting CO2 photoreduction

kinetic data in the lab, simple and reproducible methods are desirable. Simple

organic free slurry depositions using H2O offer one possible route and also limit the

impact of adventitious carbon. Powder deposition is also easy to implement and

limits the impact of adventitious carbon. However, for laboratory studies, powder

deposition, using photocatalysts that are often static may lead to challenges with

handling and cleaning steps.

Photoreactor materials impact on false positive production

An often overlooked element of designing a photoreactor for CO2 photoreduction

is the impact of photoreactor component materials. To assist with sealing the

photoreactor, especially the quartz glass to the metal or glass photoreactor body,

often flexible elastomers or perfluoroelastomers are used. These elastomers are
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known to degrade under UV-light with unpredictable decomposition of the poly-

mer chains.[90, 91] It may be possible that this degradation is not picked up in

initial control tests and there is no certainty that these elastomers will not de-

grade under UV-light as they age and are subjected to variable CO2 photoreduction

reaction conditions that include heating, irradiance at various wavelengths and hu-

midity. To limit adventitious carbon, Pougin used high vacuum metal parts to

construct a ultra high purity system for identifying the intermediates from CO2

photoreduction.[74, 92] Poudyal went as far as using high vacuum metal seals with

Ni free 420 stainless steel to avoid any false positive formation of CO from the degra-

dation of Ni(CO)4 that could form on the stainless steel.[21] Another good example

was provided by Dilla who used a novel high purity tubular continuous flow pho-

toreactor constructed from fluorinated ethylene propylene.[93] To avoid false positive

CO2 photoreduction, the authors were very careful to confirm the UV and chemical

stability of the photoreactor components.[93]

For collecting CO2 photoreduction kinetic data, high purity photoreactor com-

ponents and reaction conditions will yield data with reduced impact from potential

false positive CO2 photoreduction. In addition, a superior understanding of the

different CO2 photoreduction process parameters is possible without having to con-

sider these very plausible impacts. Simple control tests to investigate the impact of

the various CO2 photoreduction reaction conditions on the photoreactor can limit

the impact of component degradation of CO2 photoreduction kinetic data.

2.6.4 Photoreactor design and impact on CO2 photoreduc-

tion kinetics

Table 2.1 present an overview of the current CO2 photoreduction kinetic studies,

including reaction conditions used for collecting CO2 photoreduction kinetic data,

the kinetic model coefficient estimates and description of the current CO2 photore-

duction LH kinetic models. The geometry and configuration of the photoreactor are

important factors to consider for collecting photocatalytic kinetic data. Intrinsic

CO2 photoreduction kinetics need to include the impact of irradiance and substrate

competition for active photocatalyst sites[54] to be used in the optimisation and

scaling up of photoreactors.[94] Therefore, spatial variation of absorbed photons
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Figure 2.4: Examples of photoreactors used to collect CO2 photoreduction kinetic
data (a) Batch photoreactor[29] (b - c) Flow photoreactors[28, 30] (d) Recirculating
photoreactor[26] (e) Batch monolith photoreactor[1, 27, 31] (f) Batch optical fiber
photoreactor[32]

in the reaction space and/or concentration and temperature gradients, that could

affect bulk diffusion and surface diffusion, can have a significant impact on the esti-

mation of kinetic model coefficients. Previously, we described the different types of

photoreactors used for CO2 photoreduction along with their respective advantages

and disadvantages.[15] For the purpose of modelling intrinsic kinetics, photoreactor

design needs to ideally limit mass transfer restrictions, have uniform light (photod-

ifferential) and heat distribution. These issues make the determination of intrinsic

kinetics very challenging. Examples of photoreactors used for CO2 photoreduction

kinetic examples are shown in Fig. 2.4. The CO2 photoreduction kinetic model

parameters reported in the literature for the light intensity order (α) and adsorp-

tion coefficients (K) are significantly dependent on photoreactor geometry where

continuous flow (Fig. 2.4 b - c), batch (Fig. 2.4 a, e - f) and recirculating reactors

(Fig. 2.4 d) have been used for collecting CO2 photoreduction data for kinetic model

development.[1, 26–32]
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Table 2.1: Summary and comparison of CO2 photoreduction kinetic studies pre-
sented in this perspective. ∗Tahir converted the LH kinetic model to include oxi-
dation and reduction steps. ∗∗Two site Sips model used with n = 1.23. NR = Not
recorded

Tahir[31] Tan[28] Khalilzadeh[29] Lo[26] Tahir[1, 27] Delavari[30] Wu[32]

Photoreactor
geometry

Photoreactor type, photocatalyst and reaction parameters used

Photoreactor
type Flow photoreactor Recirculating Batch Optical fiber

Catalyst
In/TiO2

TiO2 5GO-OTiO2

0.12% Fe-
0.5% N
codoped
TiO2 P25 TiO2

1.∗
MMT/TiO2

TiO2

2.∗
In/TiO2

TiO2 TiO2 Cu/TiO2

Wavelength
(nm) 365

Xenon arc
lamp
>400 400 - 600

365 and
244

Hg lamp
(NR)

Hg lamp
(252)

Hg lamp
(NR) 365

I
(mW.cm–2) 40 81 85 NR 150 150 150 13.5

Temperature
(°C) 100 25 ±5 NR 43 ±2 100 100 NR 75

Pressure
(bar) 1.20 1 1 1.1 1.40 1.20 NR 1.04 - 1.4

Kinetic model and parameter estimates

Kinetic model Two site LH Sips∗∗ One site LH
Modified
two site LH Two site LH Three site LH

k
(μmol.g–1cat.h

–1)

(ppm.h–1)a

(μmol.g–1cat)
b

(μmol.g–1cat.bar–3.h–1)c NR 84.42 6.47 1325a 5000b NR 117b 2481c

α 7.5× 10–1 4.4× 10–2 6.5× 10–1 - 6.0× 10–1 NR 7.5× 10–1 2.0× 10–1

KH2O

KCH4
d

(bar–1) 50 8.070 145.2 - 7.5× 10–1 NR 50d 51.7

KCO2

(bar–1)
K
(ppm–1)e 60 1.93× 10–2 22.74 1.51× 10–5

e
30 NR 15 1.0× 10–2

The kinetic models as functions

One site LH Two site LH Modified two site LH Three site LH Sips

r=–kLH
KC

1+KC r=kIα
KH2OPH2OKCO2PCO2

(1+KH2OPH2O+KCO2PCO2)
2

r1=
k1KCO2PCO2PH2O

KCOPCO

–
k2
√

KO2
√

PO2
KCOPCO

r=kIα
P2
H2O

PCO2

(1+KH2OPH2O+KCO2PCO2)
3 r=kIα

(aH2OPH2O)
1
n (aCO2PCO2)

1
n[

1+(aH2OPH2O)
1
n +(aCO2PCO2)

1
n

]2

r2=
k1KH2OPH2OKCO2PCO2

KCOPCO

–
k2
√

KO2
√

PO2
KCOPCO

where: C is the concentration of CO2 (ppm), kLH is the reaction rate constant of CO2 photoreduction (ppm.h–1), K is the adsorption

equilibrium constant of CO2 (ppm–1), t is the reaction time (h), k is the rate constant (μmol.g–1cat.h
–1), I is the irradiance (mW.cm–2), α is

the reaction order of light intensity, KH2O and KCO2 are the respective equilibrium adsorption constants (bar–1), PH2O, PCO2 , PCO and PO2

are the respective partial pressures (bar), k1 = kredIα is the reduction rate constant, k2 = koxIα is the oxidation rate constant

and aH2O and aCO2 are the respective adsorption affinities (bar–1) ∗Delavari[30] had KCH4 and PCH4 in place of KH2O and PH2O respectively
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Continuous flow photoreactors

In these reactors, the reaction mixture is continuously fed and put in contact with

the photocatalyst. Ideally, a steady state is achieved where the conversion does not

change with time. The advantages that continuous flow reactors have over batch

reactors include uniform temperature and mixing that prevent the formation of

gradients in the photoreactor space.[95, 96] There are a number of examples where

continuous flow photoreactors have been used for CO2 photoreduction. [21, 28,

29, 68, 74, 75, 97–103] In addition, continuous flow allows for inline analysis and

tracking the reaction profile for CO2 photoreduction over time leading to a quicker

and better insight of the process.[104] Continuous photoreactors are more likely to

scale well, with the kinetic models developed, as they are: energy efficient, safer and

have excellent process control.[95] Flow photoreactors are easier to design for high

ratios of reagent gas volume to photocatalyst illuminated area, this is beneficial

for collecting CO2 photoreduction data as the kinetic data will include a higher

proportion of actively participating reagent gases leading to an intrinsic kinetic

model. The continuous flow of reagent gases in flow photoreactors are likely to

reduce mass transfer restrictions and benefit the kinetic data collected.[105]

Recirculating photoreactors

Recirculating photoreactors have been used for photodegradation[106–110] and for

CO2 photoreduction.[26, 111, 112] In recirculating reactors, the reacting mixture

(reaction products and unconverted reactants) is constantly fed back to the reacting

chamber, increasing the contact time between the reagents and photocatalyst. Due

to the mixing effect of the recirculating gas mixture, mass transfer restrictions can be

limited using this type of reactor. However, the kinetic data recorded is an average

of the photoreactions over the number of recirculation cycles. Each cycle is likely to

yield a very unique production distribution with great variation in the distribution

of adsorbed surface species. Attempting to model this data for scaling will be a

challenge with scaling limited to the photoreactor geometry used and experimental

settings used.
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Batch photoreactors

Batch reactors are simple in design and setup and have been used for CO2 photoreduction.[15,

45, 113–118] One major flaw with batch photoreactors for CO2 photoreduction is

the sampling of the reaction mixture. Often a gas tight syringe will be used to sam-

ple the CO2 photoreduction reagent mixture.[1, 115, 119, 120] It is extremely likely

that the sample will be contaminated from air and other sources.[73] The removal

of reagent gas will also impact the reagent gas composition inside the photoreac-

tor, especially in a small photoreactor, where each sampling will change the gaseous

CO2 photoreduction environment and distribution of surface adsorbed species. In

addition, batch style photoreactors will tend to have high ratios of reagent gas

to illuminated photocatalyst area ratios and the kinetic data will include a lot of

non-participating reagent gases leading to extrinsic models. For gas phase CO2 pho-

toreduction, the use of batch photoreactors offer very limited scope for scaling and

are probably best used for the comparing the efficiency between different photocat-

alysts although sampling the reaction that is free of contamination is still an issue.

Collecting CO2 photoreduction kinetics using batch photoreactors is not advised

as: limited information is available about the change in kinetic data with respect

to time; discrete sampling of the reaction mixture may lead to contamination and

changes in reagent gas composition and distribution of surface adsorbed species.

Scaling batch photoreactors, especially gas phase photoreactors, offers extremely

limited scope.

Optical fiber photoreactors

There are a number of examples in the literature using optical fiber photoreactors

for CO2 photoreduction.[32, 121–125] Optical fibers are designed to transport light

from end to end of the optical fiber. To emit irradiation from the side walls, the

optical fiber will need to be etched to allow the light to pass the internally reflecting

wall through holes. To obtain a uniform light distribution, these holes will need

to get larger as the light attenuates down the length of fiber. Chemical etching

techniques exist for accomplishing this task but are limited to modifying the tips of

the fibers.[126, 127] Light transport also needs to be considered when using these

types of photoreactors. Maximum light exposure is not possible with a coated
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optical fiber, where the outer photocatalyst surface is facing the same direction as

the outgoing light. In addition, coating the inside walls will reduce the reflectivity of

the optical fiber walls, resulting in light attenuation along the length of the optical

fiber. Scaling this type of photoreactor will be a challenge, especially if the optical

fiber lengths are increased. Optical fiber photoreactors operated in batch mode

share the same limitations to batch photoreactors.

2.6.5 Light transport

Light irradiation plays a crucial role in photocatalytic processes. The effect of the

light reaction order parameter (α) on the rate of CO2 photoreduction can be repre-

sented by reported values varying between 0.04 and 0.75 with a larger value indi-

cating a greater efficiency for the amount of light used towards CO2 photoreduction

(Table 2.1). To determine the intrinsic kinetics, the kinetic model (2.8) needs to

take into account the irradiation absorbed by the reaction media and the irradiation

absorbed by the photocatalyst. The light distribution in the photoreactor and the

energy absorbed by the photocatalyst are of importance when developing intrinsic

kinetic models.

For non-photodifferential photoreactors, the dependence of the reaction to the

light irradiation depends on the position of the photocatalyst in the photoreactor.

It is a challenge to develop a photodifferential photoreactor that has a uniform

irradiation over the photocatalyst surface. In addition, the distance of the light

source to the photocatalyst surface will affect the light intensity profile. Hossain

modelled how light intensity decreased from the point of the light source along a

square monolith channel coated with P25 TiO2.[128] The decrease in light intensity

was shown to quickly decrease to 1% of the incident beam intensity at a distance of 3

- 4 aspect ratios in length down the channel. Wang showed that the photocatalytic

performance of the oxidation of (CH3)2S was influenced by the distance of the

photocatalyst surface to an LED array.[129] The LED array was placed at a right

angle to the photocatalyst where the highest conversion for the oxidation of (CH3)2S

was recorded at an intermediate distance of the light source to the photocatalyst

surface.[129]

The attenuation and limited directionality of light is a challenge for designing
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photodifferential photoreactors that have an increased probability of a uniform light

distribution. For developing an intrinsic CO2 photoreduction kinetic model inde-

pendent of the photoreactor geometry used, the photoreactor used for collecting

the kinetic data needs to increase the equal probability of each active site on the

photocatalyst to be involved in CO2 photoreduction.

Impact photocatalyst coating on light distribution

A number of photocatalyst coating methods for photocatalysis have been investi-

gated, including sol-gel[32, 77, 98, 130–134], chemical vapor deposition[100, 135, 136]

and slurry deposition[26, 30]. To develop an intrinsic kinetic model, it is necessary to

have a uniform and repeatable photocatalyst coating. An even distribution of active

sites will increase equal probability for CO2 photoreduction over the photocatalyst

surface leading to intrinsic kinetic data.

2.6.6 Impact of temperature and pressure on CO2 photore-

duction kinetics

Temperature and pressure, most likely due to mass transfer at the photocatalyst

surface, can impact CO2 photoreduction kinetics. These parameters are discussed

below with particular attention on their effect on mass transfer.

Temperature

Temperature can affect the adsorption of the reagent gases for CO2 photoreduction.

Although temperature is not expressed in the LH based kinetic model (2.8), its

impact on CO2 photoreduction kinetics are possible via secondary effects caused by:

potentially increasing the diffusion rates; desorption of products freeing up active

sites and increasing the probability of reagent collisions on the photocatalyst surface

leading to an increase in the rate of reaction. Temperature has a direct impact on

the LH based kinetic model by impacting the rate of adsorption and desorption

of the reagent gases. At higher temperatures, the increase in desorption rate of

the reagent gases from active sites is extremely likely to impact the rate of the

reaction. Using the LH based kinetic model for CO2 photoreduction (2.8), the rate
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limiting step is the reaction between two adjacently occupied active sites on the

photocatalyst surface. Increasing the probability of two adjacent active sites being

occupied could be effected not only by the partial pressure of the adsorbing gases

but also by the speed at which the reagent molecules move along the surface of the

photocatalyst. The movement of molecules along the surface of the catalyst is best

described by surface diffusion that involves a random jump of adsorbed molecules

to adjacent sites.[137, 138] Surface diffusion is influenced by temperature, where at

higher temperatures, adsorbed molecules are able to overcome the surface diffusion

activation energy allowing the molecule to jump to an adjacent site.[137, 138]

Using scanning tunnelling microscopy and density functional theory, Lee showed

that the surface diffusion of CO2 from oxygen vacancies (VO) on rutile TiO2 (110)

was thermally controlled.[139] Surface diffusion of doped metal ions on the TiO2

surface can also impact the rate of production. Alghannam used density function

theory (DFT) to model the surface diffusion of Au, Ag, Cu, Pt, Rh, Ni, Co and

Fe on the surface of anatase TiO2 (101).[140] The models showed that the activity

of the doped photocatalyst could decrease from Ostwald ripening due to surface

diffusion of metal atoms on the TiO2 surface.[140]

Poudyal investigated the impact of high temperature (250 and 350 °C) on CO2

photoreduction using SiC and Si photocatalysts.[21] The authors work was very

useful as they took care with minimising the probability of false positive results by

using a metal only reaction setup, multiple cleaning steps and a comprehensive set of

blank experiments to account for the effect of any organic impurities.[21] The authors

concluded that temperature had a positive influence on CO2 photoreduction activity

with an increase in selectivity towards hydrogenated products, such as CH4 and H2.

The authors suggested that C-O cleavage and H2O dissociation was encouraged by

an increase in reaction temperature via the stabilisation of reaction intermediates

on the surface of the photocatalyst. In a follow up to this work, Poudyal used

DFT modelling to show that some of the CO2 photoreduction intermediates had

thermally controlled energy barriers.[22] This is very useful and important evidence

that could open up new possibilities for CO2 photocatalyst development.

There are limited studies that explore the impact of temperature on CO2 pho-

toreduction with the focus mostly on photocatalyst development and comparison of
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photocatalysts under limited irradiance and temperature photoreaction regimes. It

is very probable that temperature will impact the adsorption of reagent species and

the migration of these adsorbed species and reaction intermediates to active sites

by surface diffusion. Temperature is very likely able to assist with overcoming some

mechanistic thermal barriers. Without fully understanding the impact of tempera-

ture, the CO2 photoreduction kinetic models will be limited in scope and only be

useful for a very limited range of temperatures.

Pressure

Pressure is an important engineering consideration, especially when systems are

designed to potentially couple CO2 photoreduction photoreactors to CO2 capture

facilities. Information such as ideal operating pressure, gas purity tolerance and

partial pressure composition of H2O/CO2 will be essential. CO2 photoreduction

kinetic models can assist greatly with providing this information. It is extremely

likely that the total operating pressure will impact surface adsorption of reagent

gases and intermediates. Lee showed how the diffusion activation energy for on TiO2

(110) increased with increasing partial pressure of CO2 with 3.31 kcal.mol–1 recorded

at low partial pressures of CO2 and 4.18 kcal.mol–1 at higher partial pressures of

CO2.[139] In addition, O2 was found to block CO2 surface diffusion due to the

blocking impact of O-Ti adatoms.[139] O2 is going to be present as a product of

the oxidation of H2O and/or as a contaminant in the photoreactor system. There is

opportunity in understanding impact of the partial pressure of contaminant and/or

produced O2 on the CO2 photoreduction kinetics.

From the LH based kinetic model (2.8), the partial pressure of both CO2 and

H2O are likely to influence the rate of reaction. Tan[28], Delavari[30] and Tahir[1]

reported an initial increase in product formation with increasing CO2 pressure before

a decrease in product formation with increasing pressure. The authors explained

the decrease in activity due to CO2 dominating adsorption over H2O to active sites.

It could of course be possible, like the evidence provided by Lee[139], that at higher

partial pressures of CO2, there is an increase in repulsion between adsorbed CO2

leading to larger surface diffusion activation energies leading to reduced surface

mobility. Little is known about the impact of the partial pressure of H2O on CO2
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photoreduction. From the work reported by Tan, increasing the partial pressure of

H2O did not show great variation in production of CH4 with lower CH4 production

at higher partial pressures of H2O (56.51 kPa).[28] Khalilzadeh explored the impact

of the partial pressure of H2O and CO2 on CO2 photoreduction with CH4 production

lower at higher partial pressures of both CO2 (101.3 kPa) and H2O (31 kPa).[29]

Understanding the impact of CO2, H2O and O2 partial pressures on CO2 pho-

toreduction kinetics will lead to understanding ideal reaction pressures and type of

photoreactor required.

2.6.7 Limitations of LH based CO2 photoreduction kinetic

models

Current CO2 photoreduction kinetic models have been developed as derivations of

the LH rate model (2.8) towards either: one site[26], two site[28, 30, 31], modified two

site[1, 27] and three site[32] LH based kinetic models (Table 2.1). More recently,

a Sips model was used to describe CO2 photoreduction kinetics (Table 2.1).[29]

The Sips adsorption isotherm is a combination of the Langmuir and Freundlich

adsorption models and is also referred as the Langmuir-Freundlich isotherm.[141,

142] Sips isotherms are used to describe adsorption onto heterogeneous surfaces

and the authors suggested that the inclusion of Fe-dopants, N-dopants and Fe-N

codopants would have yielded a heterogeneous surface. Assuming that only CO2 and

H2O were strongly adsorbed to the photocatalyst surface, the authors expressed the

rate model shown in Table 2.1. If the Sips heterogeneity parameter (n) approached

one, the kinetic model expression would be the same as a two site LH based kinetic

model. The adsorption affinity constants aCO2
and aH2O are the equivalent of the

adsorption equilibrium constants KCO2
and KH2O as expressed in the two site LH

based kinetic model.

A number of examples can be found in the literature that show a decrease in CO

and CH4 production from CO2 photoreduction in continuous flow photoreactors.[21,

77, 98–102, 143–145] Fresno observed a decreasing trend of both CO and CH4

production for up to 18 h of illumination in a continuous flow photoreactor.[143]

Zhao reported loss of activity after just 4 h when using single-phase anatase and

brookite, and mixed-phase anatase-brookite TiO2 nanomaterials.[145] Fresno high-
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lighted some of the challenges with deactivation recently and attributed this to:

photocatalyst poisoning by the chemisorption of photoreduction reaction interme-

diates; slow desorption of products and intermediates; sintering and agglomeration

of the photocatalyst metal active sites; loss of reaction sites that include oxygen

vacancies, surface hydroxyls and Ti3
+ sites.[3] Deactivation is not accounted for in

the current LH based CO2 photoreduction models as the models assume their is an

equal distribution of active sites throughout the reaction. To develop this field, it is

critical to develop kinetic models that quantify the impact of deactivation to guide

decisions on developing stable photocatalysts.

2.7 Nonlinear numerical methods for developing

CO2 photoreduction kinetics

Nonlinear functions are critical abstractions for engineering applications and the pa-

rameter coefficient values estimated are powerful tools used for decision making.[33,

146, 147] Nonlinear models are especially useful for kinetics studies.[148–150] Non-

linear regression methods using commercial software are often employed as a ’black

box’ numerical tool to estimate the coefficients for each kinetic model parameter.

There is a danger in doing this as it is possible that the values estimated hold little

value and misleading assumptions can impact the kinetic model developed.[151] One

of the challenges with nonlinear regression is finding a global solution where often

the method will converge to a local minimum. [152, 153]

Estimation of nonlinear parameter coefficients is a non-trivial task. Robust meth-

ods that include Newton, Gauss-Newton, Levenberg-Marquardt and trust-region re-

flective methods have been developed to find solutions to the nonlinear objective

function.[33, 34, 151]

Whilst a solution may be possible using the robust trust-region reflective method

for solving a nonlinear function, there is no guarantee that the solution is the global

minimum as the algorithm may converge at local minima.[149] Goodness of fit anal-

ysis needs to consider this and models ideally must be validated against test data

along with domain knowledge to critically evaluate the kinetic model coefficient es-

timates. Approaches for finding a global solution to non convex nonlinear functions
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include multi-start (MS)[154, 155] to search a a large solution space and bio inspired

algorithms particle swarm (PS)[156] and genetic algorithm (GA)[157]. An MS ap-

proach coupled with a the robust trust-region, generates multiple starting points

within the constraints of the upper and lower bounds set for each parameter. This

approach increases the probability of finding a global minimum, as the trust-region

algorithm operates over a much wider search space.

Developing CO2 photoreduction kinetic models that generalize well, that do not

simply over fit the recorded kinetic data, is a challenge that has not been addressed

in the literature. This is critical as many assumptions that depend on the coefficient

value estimated such as the strength of adsorption (K) and the impact of irradiance

(α) can lead to misleading conclusions.

2.7.1 Comparison of algorithms for global optimization

A procedure was developed for comparing MS, GA and PS algorithms (Fig. 2.5).

In brief, the standard MS, GA and PS algorithms from MATLAB[158] would it-

erate over a number of M method iterations, with each iteration yielding a set of

coefficients that were written to file. The residual for the estimated coefficients were

also written to file. After M iterations, the array of coefficients and errors collected

would be written to file and the process repeated until the repeat iterations (R) were

complete. No random seeds were used during the procedure. The reader is encour-

aged to test the impact these methods and a walkthrough (algIt.mlx) is presented

in Section A.1.

The procedure outlined by Fig. 2.5 was used to evaluate the algorithms per-

formance using the data presented by Tan over M = 50 and R = 10 iterations

(Fig. 2.6).[28] A large number of local minimum solutions were found with all three

algorithms estimating a wide range in variation for the coefficient values estimated.

With this range, selecting the correct kinetic model coefficient values is difficult and

all the hard experimental work can be undone at this point.

The GA and PS methods yielded skew or bimodal distributions with the MS

method yielding a normal distribution for all the coefficients estimated (Fig. 2.6).

The median value of the coefficients estimated using the MS method yielded the

highest number of coefficient estimates. This was a very useful observation as ac-
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Figure 2.5: Method used to test the MS, GA and PS algorithms for estimating
nonlinear CO2 photoreduction kinetic model coefficients

cording to the strong Law of Large numbers, as the number of observations tend to

infinity, the true value will be yielded as the central point of a normal probability

distribution.[159]

2.7.2 Median method for robust estimation of kinetic model

coefficients

A common procedure for selecting coefficients is to use the coefficients that yielded

the lowest arror or residual. To highlight the limitations of using this method, the

coefficients that yielded the lowest residuals, using the data generated using the

algorithm method described by Fig. 2.5, were compared to the median value using

the MS, GA and PS algorithms (Fig. 2.7).

A range of coefficient values were found when using the MS, GA and PS error

approach and GA and PS median approach (Fig. 2.7). The MS median method

yielded far less variation (Fig. 2.7). This was encouraging and the the mean of

the median coefficient values estimated were used to describe the kinetics of CO2

photoredcution from the literature.

The CO2 photoreduction kinetic data reported by Tan[28], Tahir[1] Khalilzadeh[29]

and their respective LH kinetic models (Table 2.1 were used to estimate CO2 pho-
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Figure 2.6: Multi-start (MS), genetic algorithm (GA) and particle swarm (PS) nu-
merical methods yielded a wide variation in coefficient values estimated using the
data presented by Tan[28] for the estimation of (a) k (b) α (c) KH2O and (d) KH2O

toreduction kinetic model coefficients using the method described in Fig. 2.5 with

R = 10 and M = 100 (Fig. 2.8). A walkthrough (medIt.mlx) of this method is

presented in Section A.2.

It is also important to note that the choice of constraints on the parameter coef-

ficient values used by the trust-region reflective method will impact the parameters

estimated coefficient values, where different solutions are possible when different up-

per and lower bound constraints are set on the parameter coefficient values. This is
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Figure 2.7: Comparison of selecting coefficients using lowest error and the median
criteria for the algorithms (a) Multi-start (MS) (b) Genetic algorithm (GA) and (c)
Particle swarm (PS)

where domain knowledge is critical and for example a constraint (0 < α ≤ 1) can be

set for the estimation of the reaction order of light intensity coefficient. This con-

straint is set because it is not possible for the photocatalyst to absorb more photons

than the supplied source can provide. For the adsorption equilibrium constants (K),

an ideal solution would be to use experimental values. In the absence of experimen-

tal evidence, the ranges need to be chosen based on previous estimates and domain

knowledge.

The histogram plots (Fig. 2.8) showed a wide range of possible values for the

estimation of the kinetic model coefficient values. In all cases, the cost function for
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Figure 2.8: A wide range of CO2 kinetic model coefficient values are possible. His-
togram plot indicating frequency on the y-axis that the CO2 photoreduction kinetic
model coefficient values were estimated using a multi-start approach using R = 5
and M = 100 (Fig. 2.5) for rates of CH4 production reported by (a) Tan[28] (b)
Tahir[1] (c) Khalilzadeh[29]

each parameter is non-convex and there are multiple local solutions possible. The

histogram plots also generally exhibited a normal distribution as indicated by the

probability density function curve in red (Fig. 2.8). The largest number of estimates

were generally found closest to the middle of the estimated coefficient probability

distributions as indicated by the dashed red line (Fig. 2.8). This showed that the me-

dian approach generalized well for different data sets and different nonlinear kinetic

models that included the two site LH based and Sips kinetic models (Table 2.1).
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The mean median values were used to model the experimental data reported at

different partial pressures of CO2 at constant partial pressure of H2O for Tan[28],

Tahir[1] and Khalilzadeh[29] (Fig. 2.9).

Figure 2.9: Comparison of the mean median model, the reported model and exper-
imental data points for (a) Tan[28] (b) Tahir[1] (c) Khalilzadeh[29]

Visually, a good fit the median kinetic models fit the experimental data well

(Fig. 2.9). The mean median of the parameter coefficient estimates using the multi-

start method and the data reported by Tan[28], Tahir[1] and Khalilzadeh[29] showed

variation compared to the reported values (Table 2.2. The standard deviation was

recorded by comparing the median value obtained from each M iteration (Fig. 2.5).

Low standard deviations were obtained for the mean median coefficients estimated
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using this numerical method (Table 2.2). Care must be taken when evaluating

the fit of the nonlinear model to very few experimental points. Ideally, repeat

experimental points will give an idea of the error on each data point. Validation

of the model fitted requires validation experiments to be carried out at different

partial pressure settings of CO2. To validate the model fitted for Tan[28], Tahir[1]

and Khalilzadeh[29] (Fig. 2.9), validation experiments could be carried at PCO2
=

2.0, 0.5 and 2.0 bar respectively.
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Table 2.2: Comparison of reported and mean median multi-start trust-region with
constraints used for kinetic model parameter coefficient estimates. lc = lower con-
straint, uc = upper constraint used and SD = standard deviation. ∗Needed to
convert units of k = 5000 μmol.g–1

cat reported by Tahir[1] to include h, assumed 10
h reaction

Reported
model

Mean median
model

SD median
model lc uc

Numerical analysis of Tan[28]

k 84.42 18.32 8.00× 10–2 0 100

α 4.4× 10–2 9.57× 10–2 2.00× 10–3 0 0.5

KH2O 8.070 1.76 2.03× 10–2 0 30

KCO2
1.93× 10–2 3.21× 10–1 2.00× 10–4 0 0.5

Numerical analysis of Tahir[1]

k 500∗ 109.57 9.34× 10–1 0 200

α 6.00× 10–1 4.34× 10–1 2.00× 10–3 0 0.8

KH2O 7.5× 10–1 11.72 2.21× 10–1 0 25

KCO2
30 40.42 2.56× 10–1 0 50

Numerical analysis of Khalilzadeh[29]

k 6.47 34.06 9.24× 10–1 0 80

α 6.50× 10–1 2.27× 10–1 5.90× 10–3 0 0.7

KH2O 145.2 99.22 3.31 0 200

KCO2
22.74 19.92 6.28× 10–1 0 40

n 1.23 0.96 1.41× 10–7 0 2
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2.8 Conclusions and future outlook

This perspective highlighted the limitations of using the current extrinsic CO2 pho-

toreduction kinetic models where scaling is limited to the photoreactor geometry

used. The challenges of developing an intrinsic CO2 photoreduction kinetic model

using an engineering approach were identified.

Methods for avoiding the collection of false positive production data due to the

inclusion of organic impurities from the synthesis of the photocatalyst and/or coating

procedure used are needed to ensure the quality of kinetic data collected. Robust

GC analytical methods exist for collecting kinetic CO2 photoreduction kinetic data.

Photoreactor design and construction will also lead to improved kinetic data quality

by limiting the impact of adventitious carbon on false positive production.

To account for light transport and increase the probability of each active site hav-

ing an equal opportunity for CO2 photoreduction, a flow photodifferential photoreac-

tor for collecting CO2 photoreduction kinetic data is proposed. Process parameters,

such as temperature and pressure, have an effect on the rate of CO2 photoreduc-

tion. Although reaction temperature is not considered in current LH based CO2

photoreduction kinetic models, it is likely that temperature has an effect on reagent

gas adsorption, on surface diffusion and possibly overcoming thermally controlled

reaction energy barriers. Moreover, a decrease in production rate is shown under

continuous flow conditions, probably due to deactivation through the formation of

reaction intermediates. Development of dynamic kinetic models that can quantify

the deactivation over time is required to move the field forward.

A wide range of CO2 photoreduction kinetic model coefficient estimates were

estimated using iterations of MS, GA and PS algorithms. The mean median using

a MS algorithm was shown to be reproducible and generalised well. The method

yielded coefficient estimates that fit a range of CO2 photoreduction kinetic data to

two nonlinear kinetic models. Using the distribution of coefficient values estimated,

this mean median MS method is very likely explained by the Law of Large numbers.

The method is simple and very easy to implement.

For developing an intrinsic CO2 photoreduction kinetic model, a LH based model

is proposed using kinetic data collected over a wide range of values of process param-

eters (irradiance, temperature, partial pressure of CO2 and H2O) with a high purity
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photodifferential reactor. The engineering approach presented can help understand

the impact of CO2 photoreduction reaction parameters and different photocatalysts

on the kinetics and ultimately lead to scaling this technology.
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Figure 3.1: Step 1 was developed for the sol-gel research paper presented in Chap-
ter 3.
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3.1 Aim and objectives

The systematic methodology presented in this paper is useful for addressing Fig. 3.1

Step 1 for producing a CO2 photoreduction photocatalyst and coating method that

is reproducible. The sol-gel procedure developed yielded a smooth and homogeneous

coating. This type of coating is useful for collecting CO2 photoreduction kinetic data

as the coating increases the probability of equal participation of active sites leading

to an intrinsic kinetic model. These are not the only criteria that need to be met

for CO2 photoreduction and this study investigated photocatalyst properties: band

gap, crystallinity and anaatse:rutile phase ratio necessary for CO2 photoreduction.

Sol-gel synthesis is potentially a very useful coating method for CO2 photoreduction

applications with the possibility of using the sol-gel to coat irregular photoreactor

shapes. In addition, this type of photocatalysts coating has potential for scaling.

The synthesis of the sol-gel and subsequent calcination steps have many variables

that are experimentally very expensive to study. The aim of this study was to

use a systematic methodology for investigating the impact of seven sol-gel process

parameters: amount isoproanol alcohol, acetic acid, water and polypropylene glycol

(PPG) for the sol-gel synthesis and temperature, heating rate and hold time for

the calcination step on four catalytic properties for CO2 photoreduction: band gap,

catalyst coverage, anatase crystallinity and ratio anatase:rutile. The work objectives

were as follows:

• Synthesis and coating of glass slides with sol-gels prepared with experimental

settings from experimental Plackett-Burman design

• XRD, UV-Vis and SEM characterisation and analysis

• Statistical analysis of experimental design to identify most significant param-

eters
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3.2 Highlights and key findings

3.2.1 Efficient systematic designs

Using as Plackett-Burman design (Table 3.1), fifteen experiments were used to pro-

vide information and insight to the sol-gel preparation of TiO2 coatings for CO2

photoreduction. The systematic design provides a matrix of high, low and interme-

diate settings of the various experimental points. The impact of the multivariate

experiments on an experimental response is quantified by measuring the experimen-

tal parameter’s impact as coefficients of a function that is fit to the experimental

response. If the coefficient is large then the parameter’s impact is large. A more

detailed explanation of how the experimental design is analysed is provided in Sec-

tion 3.6.1.

3.2.2 Impact on photocatalyst properties: band gap, cover-

age, crystallinity and anatatse:rutile ratio

The band gap was impacted most significantly by the calcination temperature and

holding time Section 3.7.1. Machine vision was used to investigate the coverage of

the sol-gels prepared for coating glass slides (Section 3.7.1). Coverage was most

significantly impacted by the sol-gel synthesis parameters of amount of water and

PPG and the calcination temperature (Section 3.7.1). TiO2 anatase crystallinity

was impacted by calcination temperature and unexpectedly by the amount of PPG

used (Section 3.7.1). The phase ratio of anatase and rutile was impacted by amount

isopropanol alcohol, amount water, calcination temperature and heating rate (Sec-

tion 3.7.1). It was possible to select an experimental point from the experimental

design that yielded both favourable coverage, band gap and anatase:rutile phase

ratio for CO2 photoreduction. With scaling in mind, the optimum amounts and dif-

ferent molecular weights of PPG were instigated using the best design point settings

(Section 3.7.2).
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3.3 Research impact

This study showed how the use of a systematic experimental design and statistical

analysis could reduce the complexity of a sol-gel investigation. This is the first ex-

ample of this methodology being used for developing a CO2 sol-gel photoreduction

coating. The number and range of the sol-gel synthesis and calcination parame-

ters investigated would usually be presented in several studies that would require

many more experiments. To put this into context, if a traditional one variable at

a time approach was used with three experiments performed to study the impact

of each parameter, a total of twenty one experiments would be required. Replicate

experiments would drive this number up and this approach would not be able to

show interaction impacts between parameters. A novel machine vision approach

for estimating photocatalyst surface coverage was presented. This method can be

generalised for investigating photocatalyst coatings for other fields. To speed up the

rate at which new properties and materials are designed, this paper showed how

this statistical methodology can explore a much wider experimental space in a very

efficient way.

3.4 Personal development

This work included supervision of a masters student and development of Python

scripting. Statistical analysis skills were developed through the application of design

of experiments. Scientific writing and communication were developed to produce my

first primary author publication.
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Abstract

An optimized sol-gel method for TiO2 coating was developed for CO2 photore-

duction using a systematic Design of Experiments (DOE) approach and an effi-

cient Plackett-Burman (PB) design. Conducting fifteen experiments, the effects of

seven sol-gel process parameters were investigated on four catalytic properties for

CO2 photoreduction: band gap, catalyst coverage, anatase crystallinity and ratio

anatase:rutile. The PB design results yielded a wide range for the catalyst’s proper-

ties: band gap (1.86-3.35 eV), coverage (11.53-99.63%), anatase crystallinity (0-48.5

nm) and ratio anatase:rutile (1:0 and 0:1). Machine vision using manual global,

Otsu global and adaptive thresholding were compared for estimating the coverage

of catalyst on a glass slide support.

3.5 Introduction

CO2 photoreduction is a promising route towards lowering CO2 emissions and po-

tentially producing useful chemicals that include CH4 as a fuel.[160, 161] TiO2 and

its derivatives have often been used for the photoreduction of CO2 due to its band

gap, low cost, availability and chemical stability.[15, 53] The efficiency of CO2 pho-

toreduction using TiO2 can be effected by the catalyst’s properties: band gap [15],

crystallinity [15, 162] and ratio of anatase:rutile phases [163]. The band gap of

TiO2 prepared by sol-gel has been previously modified using phosphorous dopants

[164], nitrogen and fluorine dopants [165], addition of SiO2 to N-doped TiO2 and

calcination temperature.[166, 167] The crystallinity of TiO2 particles isolated from

sol-gel have been tuned by calcination holding time [168] and calcination tempera-

ture. [132, 166, 167, 169–172] The effect of calcination temperature on the ratio of

anatase:rutile also has been reported.[166, 167, 173–176]

For the practical application of CO2 photoreduction and flexibility in reactor de-

sign, bearing in mind the challenge of dealing with light with directional limitations

as an energy source, the catalyst needs to be applied to a support to yield a quality

coating. TiO2 coating by sol-gel is attractive, as it requires a simple set up and is

relatively low cost. Films of TiO2 have been prepared using sol-gel dip coating and

spin coating methods [132, 166, 167, 177–180]. Sol-gel preparation parameters have
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been previously studied, including amount of water, solvent, acidic hydrolyzing cat-

alyst, high molecular weight co-polymer, calcination temperature and holding time.

However, there is no example that includes a detailed investigation of all the param-

eters used in the preparation of a TiO2 sol-gel on the catalyst’s properties: band

gap, crystallinity, ratio anatase:rutile and coating quality. This is most likely the

case as sol-gel procedures have several preparation parameters and it would require a

large number of experiments to investigate each parameter’s effect on each property.

In addition, using published work and consolidating them into a single experiment

that yields all of the desired properties for CO2 photoreduction is implausible, due

to the variation in reagents, catalysts, experimental settings and setups used.

Design of Experiments (DOE) is a powerful tool that allows for generating effi-

cient systematic experimental designs to screen and optimise parameters on selected

responses or in this case catalyst properties. DOE is an efficient tool for optimising

yield for the synthesis of catalysts and catalytic processes; a variety of examples

using full factorial, central composite and Box-Behnken designs are described in the

literature.[181–187] The preparation of thin films for novel materials and catalytic

processes are challenging, as they require the investigation and optimisation of sev-

eral process parameters. DOE offers a robust and systematic method for investigat-

ing and optimising these coating parameters. A D-optimal design was successfully

employed for the development of inkjet printed electrochromic thin films.[188] The

effect of parameters for the preparation of TiO2 thin films: amount acetic acid, wa-

ter, ethanol, co-polymer Pluronic P123 and calcination temperature on the activity

of photodegradation of methyl orange was investigated using a Taguchi method.[189]

In another example, the preparation of TiO2 powder by sol-gel process, a full fac-

torial design was used to investigate the effect of the parameters (amount Titanium

tetra-isopropoxide, water, hydrochloric acid and flow feeding rate of reactants) on

the mean particle size of calcined TiO2 isolated.[190]

In this work, a systematic approach using DOE is presented to screen and op-

timise seven variables: amount isopropanol (IPA), acetic acid, water and PPG,

calcination temperature, heating ramp and holding time in fifteen experiments (Ta-

ble 3.1). A subset design of DOE, a Plackett-Burman (PB) experimental design was

used, as it is very efficient at screening four or more parameters in as few as fifteen
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experiments. To the author’s knowledge, this is the first example of a very efficient

Plackett-Burman design being used for the process development and investigation

of the effect of seven sol-gel preparation parameters on several photocatalytic and

physical properties of TiO2 for CO2 photoreduction.

3.6 Experimental

3.6.1 DOE

Minitab 17 Statistical Software (2010). [Computer software] State College, PA:

Minitab, Inc. (www.minitab.com) was used for creating the experimental design

points (Table 3.1) and analysing the design responses (Table 3.2).

Table 3.1: Experiments performed using PB design. For the ratio anatase and crys-
tallinity response, extra experiments were performed to replace the low experimental
points from 250 to 400 °C and the three midpoints from 450 to 525 °C. This was done
as at 250 °C, no response could be recorded as the resulting sol-gel was amorphous.

Sol-gel preparation Calcination conditions

Std. Order Sample name
IPA
(ml)

Acetic
(ml)

Water
(ml)

PPG
(ml)

Calcination Temp
(°C)

Calcination rate
(°C.min–1)

Hold time
(min)

1 WT1 3.0 0.010 0.6400 0.6 250 1 120

9 WT2 0.6 0.010 0.0032 3.0 650 15 10

11 WT3 0.6 0.100 0.0032 0.6 250 15 120

4 WT4 3.0 0.010 0.6400 3.0 250 15 10

15 WT5 1.8 0.055 0.3216 1.8 450 8 65

2 WT6 3.0 0.100 0.0032 3.0 250 1 10

8 WT7 0.6 0.010 0.6400 3.0 650 1 120

5 WT8 3.0 0.100 0.0032 3.0 650 1 120

12 WT9 0.6 0.010 0.0032 0.6 250 1 10

3 WT10 0.6 0.100 0.6400 0.6 650 1 10

6 WT11 3.0 0.100 0.6400 0.6 650 15 10

14 WT12 1.8 0.055 0.3216 1.8 450 8 65

13 WT13 1.8 0.055 0.3216 1.8 450 8 65

10 WT14 3.0 0.010 0.0032 0.6 650 15 120

7 WT15 0.6 0.100 0.6400 3.0 250 15 120
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Table 3.2: Experimental results using a PB design for band gap, catalyst on support
coverage, crystallinity of anatase and ratio of anatase and rutile phases.∗Otsu global
thresholding, ∗∗Adaptive thresholding and ND = Amorphous material, no data
collected by XRD.

Sample name
Band gap

(ev)
Coverage

(%)
Anatase crystallinity

(nm)
Ratio anatase phase

(FA)
Ratio rutile phase

(FR)

WT1 2.10 30.94∗ 5.08 1.00 0.00

WT2 3.35 98.94∗∗ 28.01 0.75 0.25

WT3 1.77 67.31∗ 6.67 1.00 0.00

WT4 2.34 55.74∗ 0.99 1.00 0.00

WT5 3.13 22.55∗ 16.13 1.00 0.00

WT6 2.70 99.63∗∗ 2.06 1.00 0.00

WT7 3.25 18.25∗ 30.22 1.00 0.00

WT8 3.22 53.35∗ 48.15 0.06 0.94

WT9 2.17 90.84∗ ND ND ND

WT10 3.20 11.53∗ 19.44 1.00 0.00

WT11 3.21 23.34∗ 22.46 0.93 0.07

WT12 3.15 23.47∗ 14.17 1.00 0.00

WT13 3.24 23.06∗ 16.23 1.00 0.00

WT14 3.30 37.41∗ 0.00 0.00 1.00

WT15 1.86 76.59∗∗ 8.45 1.00 0.00

Minitab was used to model each parameter’s effect on a response by fitting

a linear function to the parameters under investigation to a response, with (3.1)

showing a general form of the linear function. The error residual function is shown

by (3.2). The parameter coefficients (β) and error term (ε) were determined from

a cost function that minimizes the error residual between the actual response value

(y) and fitted response (Y) by a least squares method shown by (3.3).

Y = β0 + βiXi + εi (3.1)

εi = y – (β0 + βiXi) (3.2)

59



Chapter 3: Systematic study of sol-gel parameters on TiO2 coating for CO2

photoreduction

Find , β0 , βi MinΣn
i (ε)2 = Σn

i (Yi – yi)
2 (3.3)

where Y, y is the fitted and actual response respectively; β0 is the y-axis

intercept;εi is the error residual; Xi is the matrix of parameter values; βi is the

coefficient of the parameter calculated from the cost function;i = 1, ...., for n

parameters

Parameters coefficients were significant if the value is shown to be statistically not

equal to zero. This was determined by analysis of variance (ANOVA), by calculating

the p-value with the null hypothesis that the parameter coefficient was equal to zero.

The null hypothesis was rejected if the p-value was less than the significance level

(alpha, α). The terms were systematically removed from the linear model starting

with the parameter coefficient with largest p-value. If three or less parameters

were significant, the model was converted to a full factorial design, that possibly

included interaction terms in the linear model. Interactions are difficult to show

experimentally and indicate if parameters effects are influenced by other parameter

settings.

The effect of the parameters were investigated on the responses: band gap,

coverage, crystallinity and phase ratio of anatase:rutile (Table 3.2). The models

presented were compared to the literature and consolidated to yield a single ex-

perimental point using a single coating procedure that yielded a desirable response

for band gap, crystallinity, ratio of anatase:rutile and coating coverage. The best

design point was further optimized by adjusting the PPG volume equivalents. The

use of lower cost lower molecular weights PPG were investigated. The optimized

procedure was used to coat stainless steel mesh supports and benchmarked against

commercially available P25 TiO2 (Evonik).

3.6.2 Materials preparation

Isopropanol (IPA, 99.96%) and glacial acetic acid (99.7%) were purchased from

Fisher Chemical. Titanium (IV) n-butoxide (99%, Acros, butanol is the major

impurity), 400, 1000 and 3000 g.mol–1 polypropylene glycol (PPG, Alfa Aesar) were
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purchased from the commercial suppliers shown in brackets. The deionized water

used was from a Merck Direct-q deionizer.

Preparation of TiO2 sol-gel

Sol-gel mixtures were prepared using different amounts of chemicals as listed in

Table 3.1. 0.6 ml of titanium (IV) n-butoxide was used for all of the experiments.

IPA, titanium butoxide and glacial acetic acid were transferred and agitated together

in a sealed sample vial. Deionized water was added in a single step and the vial

sealed.

To ensure homogeneity, of at times a viscous mixture, the mixture was agitated

for 80 minutes. The mixture was stored in a sealed vial to age overnight. PPG was

then added in a single step before being agitated for 40 minutes. Samples were stored

in a fridge set at 4 °C for a maximum period of one month, to prevent excessive

ageing, before being used to coat a glass strip support. Additional experiments were

carried out using the same procedure described above for WT2 (Table 3.1) towards

testing the effect of molecular weight (400, 1000 and 3000 g.mol–1) and volume

equivalents of PPG on the sol-gel.

Coating and calcination

Glass strips (15 of 0.5 mm × 25 mm) were cleaned with dilute sulphuric acid in

water (10%), rinsed with deionized water washes (3 × 25 ml) and one IPA wash (25

ml). The glass strips were then dried overnight in an oven at 70 °C. Approximately

2.5 ml of the sol-gel prepared was transferred to a HPLC sample vial. The glass

strips were immersed into the sol-gel for one minute before being withdrawn using a

dip coater motor set at 50 Hz (Te-Sun Industry Works, Taiwan). The coated glass

strips and an aliquot of the sol-gel prepared were calcined as shown in 3.1. For

CO2 photoreduction tests, stainless steal gauge 20 mesh was coated using a similar

procedure described above for the glass strips without a dilute sulphuric acid wash.
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3.6.3 Sample characterization

UV-vis absorption

The light absorption and electronic band were characterized using a UV-vis spec-

trometer (Perkin Elmer lamda 950) equipped with a 150 mm integration sphere

(Perkin Elmer). The band gap was determined using a direct intercept method

(Fig. 3.3) to estimate the adsorption maxima which was then used in 3.4.[191, 192]

Eg =
h× c

λ

Cf
(3.4)

where: Eg is the band gap (eV); h is Planck’s constant (6.626× 10–34 m2.kg.s–1);c

is the speed of light (3.00× 108 m.s–1); λ is the wavelength of adsorption (m); Cf is

the conversion factor (1.6× 10–19 J)

Image analysis

The coated slides and coverage were analyzed by scanning electron microscopy

(SEM) and Energy-dispersive X-ray spectroscopy (EDX). A Quanta FEG 650 SEM

equipped with Oxford Instruments X-maxN 150 EDX detector and a XL30 LaB6

ESEM equipped with Oxford Instruments X-max 80 EDX detector operated under

low vacuum (Typically 0.8 Torr) were used.

Crystallinity and phase analysis

Powder X-ray diffraction to determine crystallinity and anatase:rutile phase ratio

was performed using a Bruker D8 Advance powder diffractometer, operating with

Ge-monochromated Cu K-alpha radiation (wavelength =1.5406 Å) and a LynxEye

linear detector in reflectance mode. Data were collected over the angular range

5-85 degrees in two-theta in one hour. The Debye-Scherrer equation was used to

approximate the crystallite size using the half width maximum height of the most

intense peak for the anatase and or rutile phase from the XRD pattern and 3.5.[193]

D =
K× λ
β× cos(θ)

(3.5)

where: D is the crystallite size (nm); K is the dimensionless shape factor; β is the
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full width at half maximum (FWHM) intensity of the (101) peak (rad); θ is

Bragg’s diffraction angle (°)

The ratio between anatase and rutile phases was calculated using XRD peak

intensity values for anatase and rutile with the Spurr and Myers equation (3.6).[194]

fA =
1(

1 + 1.265 IR
IA

) (3.6)

where: fA is the fraction of anatase phase in the powder; IA and IR are the X-ray

intensities of the anatase (101) and rutile (110) diffraction peaks, respectively

Surface area, pore volume and CO2 adsorption capacity

Samples were degassed under a constant purge of N2 at 200 °C for 10 h. The surface

area of the optimised samples were estimated by N2 adsorption isotherms measured

at 77 K over forty equidistant points from 0 – 0.95 P/P0 (Gemini VII 2390). The

Brunauer, Emmett and Teller (BET) method was used to estimate the surface area

from the N2 adsorption isotherms by fitting a straight line to the data collected

between 0.05 – 0.3 P/P0.[195] The pore volume was measured at the single point of

0.95 P/P0.[195] CO2 adsorption capacities were estimated by the maximum value

found from the CO2 adsorption isotherm measured at 273 K over forty equidistant

points from 0 to 0.95 P/P0 (Gemini VII 2390).

3.6.4 CO2 photoreduction tests

CO2 photoreduction tests using coated stainless steel gauge 20 mesh were analyzed

by an online gas chromatography (GC). A GC (Agilent, Model 7890B series) with

a Hayesep Q column (1.5 m), 1/16 inch od, 1 mm id), MolSieve 13X (1.2 m), 1/16

inch od, 1 mm id), thermal conductivity detector, nickel catalyzed methaniser and

flame-ionization detector was used to analyze the samples every four minutes. The

experimental rig used is shown in Fig. 3.2.

A flow rate of 0.063 ml.min–1 CO2 (99.995%) was sent through a bubbler 20 ±

2.0 °C to the reactor overnight to purge the system and saturate the catalyst surface

with the reagent gases. The reaction was performed at 36 ± 0.1 °C. A UV lamp was

63



Chapter 3: Systematic study of sol-gel parameters on TiO2 coating for CO2

photoreduction

Figure 3.2: Experimental rig used for CO2 photoreduction tests

used as the light source, light intensity was set at 75 mW.cm–2 with a wavelength

of 365 nm. For comparison to P25 TiO2, stainless steel gauge 20 mesh was coated

with P25 TiO2 via a slurry deposition of P25 TiO2 and IPA in an ultrasound bath.

The coated mesh was then dried at 150 °C for 2 hours.

3.7 Results and discussion

3.7.1 PB design results

Interpreting DOE charts

Pareto charts of standardized effects, main effects and interaction plots are powerful

visualization tools that show visually the results of the PB design. Pareto charts

of standardized effects indicate the statistically significant parameters as those that

are above the red reference line. The weight of the parameters is also indicated by

the length of the plotted bar. The main effects plot indicates the parameters effect

between high and low settings. The blue circles (Corner point type) on either side

of the line is the mean of the values recorded for the high and low settings. The blue

line connects these two points. A line with a steep slope indicates the parameter

has a strong effect on the response. The red square indicates the mean of the center

points (Center point type) - for this study, three replicate points were performed.

The grey dotted line indicates the mean for all of the experiments. An interaction

plot has similar features to a main effects plot, but includes the presence of an

interaction by two intersecting non-parallel lines. The blue solid and green dotted

line show the low and high settings effect respectively on the selected parameter

shown on the x-axis of the graph. The two lines show how at high and low settings,
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how the setting of the interacting parameter changes its effect on the given response.

Band gap response

A range of band gaps were recorded for the fifteen PB experiments (Fig. 3.3).

Figure 3.3: Representative UV-vis absorption plots for the PB samples that yielded
band gaps between 3.13 - 3.35 eV. The boxed figure is an example of the direct
intercept method used to estimate the band gap for WT2. The UV-vis absorption
raw data for all fifteen PB experiments can be accessed in the supplementary section.

The PB design was converted to a two factor full factorial design and an in-

teraction effect between calcination temperature and holding time was found (Sec-

tion 3.7.1). Increasing the calcination temperature resulted in higher band gap

values (Section 3.7.1). An increase in the holding time decreased the band gap

recorded and had less of an effect relative to calcination temperature (Section 3.7.1).

The interaction main effects plot shown in Section 3.7.1 showed that at high

calcination temperatures, an interaction effect with holding time, where at calcina-

tion temperature 650 °C, both 10 and 120 minute hold times yielded the same mean

band gap. Whilst at calcination temperature 250 °C, 10 and 120 minute hold times

yielded a larger and smaller band gap, respectively. This shows that the dominating

effect is that of calcination temperature at high settings, where holding time has

little effect as the temperature increases. It is proposed that the change in band

gap is from the kinetics of TiO2 phase change being dependent on temperature at

higher calcination temperatures. Momeni et al also observed an increase in band gap
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Figure 3.4: (a) Pareto chart of effects showing significance of calcination tempera-
ture, holding time and their interaction on the band gap response. (b) Main effects
plot showing effect of calcination temperature and holding time. (c) Interaction
effect between calcination temperature and holding time

recorded for N doped TiO2 films with increasing calcination temperature.[166, 167]

The design reported here started with experimental points at 250 °C which yielded

amorphous TiO2 with low band gap values in the visible light region (≈ 2.0 eV).

At an intermediate calcination temperature (450 °C), the holding time showed a

greater difference in effect between short holding times (10 min) versus long holding

times (120 min). Longer holding times would encourage increased crystallinity at

a set calcination temperature and this has been shown to lower the observed band
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gap.[168]

Coverage response

Machine vision provides a powerful tool for analysing images.[196] SEM images

were taken of the coated glass slides and a Python script was written to perform

manual global, Otsu global and adaptive thresholding - see supplementary info for

the script used. The PB design yielded a variety of coatings ranging from poor

clumped coatings (Section 3.7.1) to a thin uniform film, using WT2 settings, with

high surface coverage of 98.94% using adaptive thresholding (Section 3.7.1).

The Otsu method worked the best out of the three Python methods employed

as it showed the greatest variation (Otsu
σ
2 = 432.67, Adaptive

σ
2 = 227.91 and

Manual
σ
2 = 35.15) and showed the best estimation of coverage when compared by

eye with the original images (Table 3.2). The Python script yielded satisfactory

thresholding results, although it must be noted that confirmation of the thresholding

still required confirmation by eye.

The amount of water showed the greatest effect on the percentage coverage with

an increase in water decreasing the percentage coverage (Section 3.7.1). Rezaee

et al found that for the preparation of yttria-doped zirconia sol-gels, the coating

showed more cracking by SEM when excess water was used.[197] Using more water

for the preparation of the sol-gels may have caused agglomeration, as water was

added in one portion that may have resulted in very fast and complete hydrolysis

and polycondensation producing agglomerates. Moemeni et al reported increased

cracking with higher calcination temperature and proposed this was due to differ-

ences in expansion co-efficients between the coating and support used.[166, 167]

Section 3.7.1 shows that an increase in annealing temperature also increased

the crystallinity, as high temperatures could have overcome the surface tension of

the coating leading to the formation of cracks. The opposite relationship was found

for the amount of PPG used, where the percentage coverage increased with an

increase in amount PPG used. Calderon-Morenoa et al showed that using high

molecular weight polyethylene glycol (PEG) resulted in homogenous films prepared

by TiO2 sol-gels.[131] The presence of high molecular weight PEG may have bound

the coatings better on calcination as the polycondensed chains were converted to
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Figure 3.5: A variety of coating quality and coverage were observed as a result of
the parameter settings shown in Table 3.1. Adaptive or Otsu global thresholding
was chosen by eye by comparing the threshold image with the SEM image. The
SEM images are shown on the left and the threshold images on the right. The
threshold images include x and y axis in pixel units (a) WT10 (b) WT10 - Otsu
global thresholding (c) WT5 (d) WT5 - Otsu global thresholding (e) WT2 (f) WT2
- Adaptive thresholding

TiO2 crystals.
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Figure 3.6: (a) Pareto chart of effects from full factorial model showing significance
of amount of water, PPG and calcination temperature on the % coverage response.
No interaction effects were found. (b) Main effects plot showing effect amount of
water, PPG and calcination temperature on the coverage response. (c) Pareto chart
of effects showing significance of calcination temperature and amount PPG used
on the crystallinity of the anatase phase response. (d) Main effects plot showing
effect of the calcination temperature and amount of PPG used on the crystallinity
response

Crystallinity response

The PB design could be converted to a two factor full factorial design for the crys-

tallinity of the anatase phase response as only one factor, calcination temperature,

was found to have a statistically significant effect on the crystallinity response (Sec-

tion 3.7.1). Amount of PPG was included as it improved the model by increasing

the random distribution of residual vs. fitted values. It is potentially an inter-

esting factor to consider in future studies. Again, as per the reasons given when

discussing the ratio of anatase to rutile response (Section 3.7.1), the temperature

of the low design points and midpoints were taken at 400 and 525 °C, respectively.

The experimental design showed an increase in the crystallinity with higher calci-

nation temperature and the amount of PPG used for the preparation of the sol-
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gel. An increase in calcination temperature has been reported to yield higher TiO2

crystallinity.[132, 166, 167, 169–171]

The amount of the viscous PPG would have encouraged heterogeneous nucleation

leading to higher crystallinity. In addition, more PPG could have offered more

nucleation sites for the crystallization of TiO2.[198]

Phase ratio response

The PB design showed that the amount of IPA and water used for the preparation for

the sol-gel along with the calcination temperature and heating rate were statistically

significant effects on the ratio of anatase to rutile phase (Section 3.7.1). The results

presented use the amount of anatase as a response, if rutile was used the same factors

would have been statistically significant and the main effects plots would have been

the inverse of that shown in Section 3.7.1.

Figure 3.7: (a) Pareto chart of effects showing significance of amount IPA, water and
the calcination temperature and heating ramp on the ratio anatase:rutile response.
(b) Main effects plot showing effects of IPA, water and the calcination temperature
and heating ramp on the ratio anatase:rutile response.

It can be seen that an increase in the amount of IPA, calcination temperature

and heating rate favored a lower ratio of anatase, whilst the opposite was true for

the amount of water used (Section 3.7.1). The effect of temperature on the phase

change from anatase to rutile is well documented.[166, 167, 173–176, 199] It is also

worth noting that according to Hanoar et al, the transformation of the anatase to

rutile phase is a complex process that could include the following factors: parti-

cle size, particle shape (aspect ratio), surface area, atmosphere, volume of sample,

nature of sample container, heating rate, and inclusion of impurities.[175] The in-
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clusion of organic crystallization impurities in this work may have resulted from the

inclusion of IPA in the crystals formed. Ocana et al showed that the inclusion of

organic impurities encouraged the formation of the rutile phase on the catalyst’s

surface.[200]

3.7.2 Optimisation of best design point

Optimal design point

Due to the nature of the wide design space explored for a PB design, there is a

high probability that one of the points will yield a useful response. For this PB

design, WT2 showed a favorable percentage coverage (98%), band gap (3.35 eV),

crystallinity anatase phase (28.01 nm) and anatase : rutile ratio (25:75). WT2’s

properties would be of interest to benchmark against the commercially available

P25 TiO2 photocatalyst. Using this point’s settings (WT2, Table 3.1), the effects

of PPG molecular weight and volume equivalents were investigated and are presented

in the next section.

Effect of PPG molecular weight and volume used

Building on the PB design’s results and using the best design point WT2, the coating

process was further investigated for the effect of the molecular weight and amount

of the PPG used. PPG with molecular weights: 400, 1000 and 3000 were tested.

High molecular weight PPG costs more, and therefore, lower molecular weights were

investigated to reduce the cost of the sol-gel preparation. Five volume equivalents

PPG relative to the starting volume of titanium (IV) n-butoxide (0.6 ml) was used

for the preparation of WT2. To optimise the amount of PPG used, 0.83, 1.66

and 2.50 volume equivalents PPG relative to the starting reagent titanium (IV) n-

butoxide were investigated for the preparation of TiO2 sol-gel. When the molecular

weight of PPG increased from 400 to 3000, using five volume equivalents PPG, the

rutile:anatase ratio increases (Fig. 3.8).

The biggest increase in rutile phase observed for PPG 3000. Some rutile was

observed for PPG 1000 and this does warrant further investigation in the future.

The anatase crystalline size increased with higher molecular weight (Fig. 3.8). The
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Figure 3.8: Effect molecular weight PPG on: (a) phase fraction (b) crystallinity of
anatase phase.

mean values recorded for band gap, fraction phase and crystallinity of the anatase

phase using 0.83, 1.66 and 2.50 volume equivalents of PPG is shown in Fig. 3.9.

Figure 3.9: Effect of volume equivalents PPG on (a) band gap (b) anatase phase
fraction (FA) and rutile phase fraction (FR) (c) crystallinity

Although a small increase was observed for band gap when increasing volume

equivalents of PPG, a one way analysis of variance (ANOVA) indicated that there

was no statistically significant difference in means for band gap, anatase phase,

rutile phase and crystallinity of anatase phase. The p-value (p) is the probability

that the F -statistic (F ) is larger than the computed test-statistic value. A p-value

that is more than the significance level (α), in this case α = 0.05, indicates that the

means are not significantly different (Fig. 3.9). This supports the output from the
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PB model, where the volume of PPG had no statistically significant effect on these

responses.

Type IV N2 adsorption isotherms were observed for the TiO2 samples prepared

using 0.83, 1.66 and 2.50 volume equivalents of PPG, whilst P25 TiO2 exhibited a

Type II adsorption isotherm (Fig. 3.10a).

Figure 3.10: N2 (a) and CO2 (b) adsorption isotherms for the samples prepared
with different volume equivalents of PPG and reference P25 TiO2

The type IV adsorption isotherms of the 0.83, 166 and 2.50 volume equivalent

PPG samples indicated the solids were mesoporous.[201] Type IV isotherms have

similar characteristics to type II isotherms at lower pressures where a monolayer

forms followed by a multilayer of adsorbed molecules. Thereafter, gas molecules

condense in the capillaries of the mesoporous material. Type I CO2 adsorption

isotherms, indicating the adsorption of gas as a monolayer, were observed for the

TiO2 samples prepared using 0.83, 1.66 and 2.50 volume equivalents PPG and for

P25 TiO2 (Fig. 3.10b). The CO2 adsorption isotherm for P25 (Fig. 3.10b) was very

peculiar as it showed a decrease in CO2 adsorption at higher pressures. This is very

likely an experimental error in measurement.The samples prepared using 0.83, 1.66

and 2.50 volume equivalents PPG increased N2 and CO2 adsorption compared to

P25 TiO2 could be explained by the mesoporous solids yielding a higher surface area

versus the microporous P25 TiO2. The surface area and maximum CO2 adsorbed

increased with volume equivalents of PPG used (Table 3.3).

CO2 adsorption capacity increased with increasing pressure with a maximum
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Table 3.3: BET specific surface area (SSA), pore volume (VTot) and maximum CO2

adsorption recorded for reference P25 TiO2 and TiO2 catalysts prepared using 0.83,
1.66 and 2.50 volume equivalents PPG.

Catalyst
SSA

(m2/g)

VTot

(m3/g)
Max CO2 adsorption

(mmol/g)

P25 53.31 0.090 0.17

0.83 Vol. eq. 50.01 0.074 0.22

1.66 Vol. eq. 87.69 0.113 0.36

2.50 Vol. eq. 111.91 0.118 0.43

found at 0.95 P/P0 for the TiO2 samples prepared using 0.83, 1.66 and 2.50 vol-

ume equivalents PPG, whilst the CO2 adsorption capacity decreased with increasing

pressure for P25 TiO2 with a maximum capacity at 0.30 P/P0. For the 0.83, 1.66

and 2.50 volume equivalent PPG samples, an increase in CO2 adsorption capacity

correlated with an increase in photocatalytic activity for both CO and CH4 produc-

tion (Fig. 3.12).

Figure 3.11: CO2 photoreduction reaction repeat tests using 1.66 volume equivalents
PPG for production of (a) CO and (b) CH4

This is likely because a higher CO2 adsorption capacity would increase the prob-

ability of CO2 photoreduction as CO2 would be in closer proximity to active sites,

especially the (001) anatase facets, on the catalyst’s surface.[19]

74



Chapter 3: Systematic study of sol-gel parameters on TiO2 coating for CO2

photoreduction

Figure 3.12: CO2 photoreduction reaction tests comparing gauge 20 mesh coated
with sol-gel using 1.66 and 0.83 volume equivalents PPG for production of (a) CO
and (b) CH4

CO2 photoreduction results

The reaction was attempted twice as Run 1 and Run 2 using 1.66 equivalents of

PPG (Fig. 3.11). For Run 1 and 2 using 1.66 volume equivalents PPG, similar

trends were observed for the production of CO and CH4, with Run 1 producing

more CO initially and later matching Run 2’s CO production. This was confirmed

with paired two sample t-tests, where if the calculated t-statistic is greater than the

critical value (cv) of the student’s t-distribution table, using the degrees of freedom

(df) and significance level (α), the means are significantly different. Run 1 and 2

yielded statistically equal CH4 production over the entire time range (α = 0.05, df

= 142, t-statistic = -0.5735, cv = 2.576). Run 1 and 2 yielded statistically equal CO

production from 204 minutes (α = 0.05, df = 40, t-statistic = 0.9016, cv = 2.704).

The coated meshes prepared by the sol-gel method were compared to a mesh coated

with reference P25 TiO2. For both CO and CH4 production, P25 TiO2 coated mesh

performed better (Fig. 3.12). The difference in performance could be due to the

differences in crystallinity and band gap (Table 3.4).

Increase in band gap has been reported with decreasing crystal size, where the

rutile crystallite size for the 1.66 and 0.83 volume equivalents PPG samples hav-

ing much larger rutile and slightly bigger anatase crystallite sizes compared to P25

TiO2.[162, 202] The larger band gap and resulting increase in the number of pho-
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Table 3.4: Comparison of band gap, crystallinity anatase and rutile between ref-
erence P25 TiO2, TiO2 catalyst prepared using 1.66 and 0.83 volume equivalents
PPG.

Catalyst
Anatase crystallinity

(nm)
Rutile crystallinity

(nm)
Band gap

(eV)

P25 12.6 14.2 3.20

1.66 Vol. eq. 16.2 175.1 3.06

0.83 Vol. eq. 17.6 163.6 3.04

tons generated by P25 TiO2 would favor CO2 photoreduction.[15] The difference

in production could also be due to the difference in coating methods used where

the P25 TiO2 was applied to the stainless steel mesh using a slurry coating method

versus a dip coating method for the optimised samples. There are examples in the

literature that report the influence of carbon impurities introduced during the cat-

alyst’s preparation and/or from the coating procedure on the production of both

CH4 and CO.[68, 73, 74, 203] A 365 nm wavelength light source was used for the

CO2 photoreduction tests. This wavelength would have favoured photon absorption

by P25 (3.20 eV) versus the 0.83 (3.04 eV) and 1.66 (3.06 eV) volume equivalents

PPG samples (Table 3.4). An increase in production for the 0.83 and 1.66 equia-

lents PPG smaples would have been very likely if a wavelength of ≈ 405 nm was

used. Future work would include investigating the effects of the coating procedure

on the potential false positive production of CH4 and CO and using irradiance with

longer wavelengths. It is also important to note that this was a benchmarking

exercise where the sol-gel process was developed to yield catalyst properties that

were benchmarked against P25 TiO2. In addition, although not as efficient as P25

TiO2, the advantage this sol-gel procedure is its coating flexibility, where it could

be potentially applied to different supports on a large scale using a spray paint

process. Mesh coated with 1.66 volume equivalents PPG produced more CO and

CH4 compared to the mesh coated with 0.83 volume equivalents PPG. This is most

likely due to the synergistic effects of rutile and anatase where an increase in rutile

phase exhibits improved photocatalytic activity.[163] The 1.66 volume equivalents

PPG sample had 18.1% rutile phase and the 0.83 volume equivalents PPG sample
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had less with 11.8% rutile phase. In addition, the 1.66 volume equivalents sample

had a higher CO2 adsorption capacity (0.36mmol/g) compared to the 0.83 volume

equivalents sample (0.22mmol/g) where a higher probability exists for the reaction

to occur if CO2 is adsorbed onto the catalyst’s surface (Table 3.3).

3.8 Conclusions

A systematic approach using a PB design was used to efficiently screen seven sol-gel

parameters towards a catalyst coating with a high coverage and useful properties for

CO2 photoreduction. It was possible using a DOE methodology to develop a sol-

gel procedure that could tune band gap, coverage, crystallinity and anatase:rutile

ratio for CO2 photoreduction. Moreover, the PB design yielded similar observations

made in several publications in as few as fifteen experiments. The best design point

(WT2) was further optimized to use less PPG. The lower activity of the sol-gel

prepared catalyst coatings to P25 TiO2 was likely due to larger crystallite size,

lower band gap values and the potential effects of false positives from the different

coating procedures used. This PB design and protocols developed could be employed

towards a variety of catalyst coatings with a wide range of properties.
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Figure 4.1: Steps 1 - 5 were developed and applied towards the probability LH based
CO2 photoreduction kinetic models presented in Chapter 4.
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4.1 Aim and objectives

The perspective article (Chapter 2) provided a platform for the practical and nu-

merical methods needed for developing CO2 photoreduction kinetic models by ex-

ploring Fig. 4.1 Steps 1 - 5. The aim of this work was to implement these findings

to collect kinetic data and develop CO2 photoreduction kinetic models. Data collec-

tion, kinetic model development and numerical methods were central to achieving

this goal and the objectives outlined below.

1. Data collection (Fig. 4.1 Steps 1 - 3)

• Construct a CO2 photoreduction rig that minimised the impact of ad-

ventitious carbon

• Design and build a photodifferential photoreactor

• Validate existing analytical methods using a GC for detection of CO2,

CO, CH4, H2, O2 and N2

2. Kinetic model development (Fig. 4.1 Step 4)

• Develop a LH based kinetic model that accounted for deactivation

3. Numerical methods (Fig. 4.1 Step 5)

• Implement the numerical methods described in Section 2.7.2 for finding

a global solution for estimating the kinetic model coefficients

4.2 Highlights and key findings

4.2.1 Data collection

To address Fig. 4.1 Steps 1 - 3 for developing an intrinsic CO2 photoreduction ki-

netic model, a CO2 photoreduction continuous flow setup was developed towards a

working procedure, detailed description of the procedure as a Standard Operating

Practice is shown in Section C.1. The in-house design and built CO2 photore-

duction rig included a photodifferential photoreactor with a high volume of reagent

gas to illuminated photocatalyst surface area, temperature control of a coiled sat-

urator, the use of a low cost inline humidity sensor and temperature control of the

photoreactor (Section 4.7.3).

79



Chapter 4: Probability Langmuir-Hinshelwood based CO2 photoreduction kinetic models

4.2.2 Kinetic model development

To account for deactivation, a probability LH based kinetic model was developed to

describe the CO2 photoreduction kinetics towards CH4, CO and H2 (Section 4.7.4).

This is the first time a kinetic model has been developed to attempt to account for

CO2 photoreduction deactivation. In addition, this is the first time that the kinetic

models developed were based on fractional coverage of participating species from

the assumed elementary surface reactions towards CH4, CO and H2.

4.2.3 Numerical methods

A programme compareIt (Fig. 4.2) was written in MATLAB to automate the data

analysis presented in Section 4.7.5. This was critical as using the proprietary

software, up to three days of multiple operations were required to process a single

experiment that typically consisted of one hundred and sixty chromatograms versus

ten minutes using compareIt.

Figure 4.2: The compareIt programme is described in detail in Section C.2. This
is an outline of the object oriented programming approach used. compareIt is the
starting base, GCIt does the data import, wrangling and cleaning. numIt is the
heart of the median trust-region multi-start numerical method

The trust-region and multi-start numerical method first described in the perspec-

tive article (Chapter 2) was shown to be reproducible and yielded kinetic model

coefficients with low standard deviations (Section 4.7.6). This is a first for the

robust analysis of nonlinear CO2 photoreduction kinetic model coefficients.
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4.3 Research impact

To drive CO2 photoreduction forward, the experimental protocol and procedures

serve as a useful foundation for collecting CO2 photoreduction kinetic data. This

is generally applicable to the field with the procedure relevant to developing new

photocatalysts. One of the challenges the field faces is the huge variation in exper-

imental setups and protocols used. The system designed was relatively simple and

in principle reproducible. The probability CO2 photoreduction models are useful

until a more detailed CO2 photoreduction mechanism is understood. The models

generalised well and are useful for indicating the stability of a photocatalyst. It is

also possible to use these models for developing multiphysics models.

4.4 Personal development

Project planning was critical to the execution of this work. The experimental rig

was designed and built in-house and required the appropriate parts to be sourced

and ordered. Clear communication with the technicians involved was necessary

to execute the plan. Resource management that included time and budget were

developed. Methods for data analysis and presentation of results evolved through

this work.
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Abstract

For engineering solutions, scaling photoreactors and processes, kinetic models that

describe the impact of process conditions on CO2 photoreduction are critical to

driving this technology forward. Probability Langmuir-Hinshelwood based CO2

photoreduction kinetic models were developed after several criteria that included:

a high purity photodifferential photoreactor with a high ratio of reagent gas vol-

ume to irradiated photocatalyst surface area and automated robust data collection

and kinetic modelling using a MATLAB programme. Product distribution profiles

indicated the dynamic changes occurring over the photocatalyst with an initial in-

crease in H2 product distribution, followed by an increase in CH4 and finally CO

product distribution, possibly due to the photocatalytic degradation of HCOH and

HCO2H intermediates. Production of H2 increased with a decrease in CH4 when

the partial pressure of H2O was increased. Using the glyoxal mechanism, this is pos-

sibly explained via the formation of CH3CO2H from H2O reacting with CH3COH

that prevents the full conversion of CH3COH to CH4. To account for deactivation,

probability Langmuir-Hinshelwood based kinetic models were used to fit CO2 pho-

toreduction kinetic data for CH4, CO and H2 with low average standard errors of

3.44 × 10–4, 1.54 × 10–4 and 1.36 × 10–4, respectively. The probability LH based

kinetic model coefficients were estimated with low standard deviations, using a ro-

bust and repeatable numerical method using a trust-region reflective and multi-start

algorithm. The models were used to predict optimised selectivity of CH4, CO and

H2.

4.5 Introduction

CO2 photoreduction offers a potential solution to minimising the impact of rising

global temperatures associated with increasing atmospheric CO2 concentration.[41]

The use of relatively abundant CO2 also offers an opportunity for industries to be

created through the production of value added chemicals.[204] CO2 photoreduction

offers one such avenue for the production of solar fuels. CO2 photoreduction also

offers the potential to produce H2 and CO syngases that can be converted into

higher order hydrocarbon fuels using well established Fischer-Tropsch chemistry.
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Low CO2 photoreduction efficiency towards products such as CH4, CO and H2

has driven the focus on developing novel photocatalysts[15, 19, 205], with lim-

ited focus on understanding the CO2 photoreduction mechanism[3, 206] and the

kinetics[1, 27–31, 207]. Standardisation of the practical aspects fop collecting CO2

photoreduction data is still under development. The impact of adventitious carbon

from the photocatalyst preparation, coating and photoreactor components on false

positive production is a challenge for collecting CO2 photoreduction data.[71, 74]

This challenge is compounded by not being able to quantitatively compare CO2 pho-

toreduction photocatalysts due to the wide variation in experimental protocols and

photoreactors used.[25] In addition, analytical methods for tracking the reaction are

not consistent with different purities of analytical gases and combination of detectors

used.[20] For developing intrinsic CO2 photoreduction kinetic models, the use of a

photodifferential photoreactor that increases the probability of equal participation

of illuminated active sites has not been addressed for developing CO2 photoreduc-

tion kinetic models.[208] Deactivation of the CO2 photoreduction photocatalyst is

a challenge that has been reported by a growing number of authors.[3] The current

Langmuir-Hinshelwood (LH) based kinetic models assume that the availability of ac-

tive sites is constant and does not account for the deactivation of the photocatalyst.

In addition, previous LH based CO2 photoreduction kinetic models have included

fractional coverage of H2O and CO2 without considering the mole equivalents of

a proposed elementary surface reaction. Numerical analysis has so far not been

considered for evaluating the estimation of the CO2 photoreduction kinetic model

coefficients. This is a critical aspect as conclusions about the reaction parameters

are made based on the coefficient values estimated. Nonlinear functions are often

nonconvex with a large number of local minimum leading to a range of solutions

and different coefficient values.[151]

With the above challenges identified for developing intrinsic CO2 photoreduction

kinetic models, the five considerations for developing these models is described by

the decision tree and was used to guide the kinetic model development presented in

this work. (Fig. 4.1).

In this work, to limit the impact of adventitious carbon, slurry deposition of

commercial P25 TiO2 with H2O onto stainless steel supports was tested in a chem-
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ically cleaned stainless steel based photoreactor setup was used (Fig. 4.1 Steps 1

- 2). To increase the probability of active site participation leading to an intrin-

sic kinetic model, a photodifferential photoreactor with a high ratio of reactor gas

volume to illuminated photocatalyst area was employed (Fig. 4.1 Step 2). A ro-

bust gas chromatography analytical method using a combination of flame ionisation

and thermal conductivity detectors, methaniser and variable valve timing was used

for linear calibration for the expected CO2 photoreduction products (Fig. 4.1 Step

3). To account for deactivation, using a novel probability approach, a probabil-

ity LH based kinetic model was used to account for the loss of active sites during

the reaction towards CH4, CO and H2 (Fig. 4.1 Step 4). This probability approach

yielded a different explanation to the current LH based kinetic models for the change

in fractional coverage and the loss of active sites during CO2 photoreduction over

time. A Weibull probability density function (PDF) was re-parametrised to include

active illuminated sites and deactivation over time with a LH based model. Elemen-

tary surface reactions towards CH4, CO and H2 are used to account for the mole

equivalents of the reaction in the kinetic model. A robust mean median multi-start

trust-region numerical method is used to estimate the coefficients of the nonlinear

probability LH based kinetic models (Fig. 4.1 Step 5).

4.6 Experimental

4.6.1 Catalyst coating

Stainless steel gauge 80 mesh (25 × 40 mm) was cleaned by sonication in 100 ml 1:9

70 % HNO3 in DI H2O, neutralized in 100 ml 0.6 M Na2CO3 in DI H2O, washed

with 3 × 20 ml DI H2O and then dried at 80 °C for 12 h. The mesh was coated

with a slurry of 4.7 g P25 TiO2 (Evonik) in 12 ml DI H2O. The slurry was covered

and agitated in an ultrasound bath set at 50 °C for 60 min. The stainless steel mesh

was sonicated in the catalyst slurry for 30 s before being dried at 140 °C for 3 h.
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4.6.2 CO2 photoreduction rate data

All CO2 photoreduction experiments were performed under continuous flow condi-

tions (Fig. 5.2).

Figure 4.3: Overview of experimental setup used for collecting CO2 photoreduction
kinetic data (Not to scale).

The coated stainless steel mesh was placed in the middle of the photoreactor and

sealed. Residual air in the system was evacuated via three repetitive steps of placing

the system under vacuum to -1 bar and the vacuum released with CO2 (99.995%)

to + 1 bar. The CO2 was evacuated through the GC lines until approximately 0.2

bar, before the system was sealed and placed under vacuum again. The flow rate

of CO2 was set according to the experimental settings required and passed through

the temperature controlled (± 0.1 °C) aluminium body saturator for at least 12 h to

allow the system to equilibrate. Relative humidity (± 1.8% RH) was measured using

an inline Sensirion SHT75 humidity sensor potted (MG Chemicals 832HD) into a

Swagelok 1/4” T-piece. The temperature of the photoreactor was controlled using

a hotplate and the surface of the coated photocatalyst measured using a Radley’s

pyrometer (± 2.0 °C). To prevent condensation at higher saturation temperatures,

the lines from the outlet of the saturator up until the inlet of the H2O trap were

heated and temperature controlled (± 0.1 °C) with a heating rope and thermocouple

(Fig. 5.2). An OmniCure S2000 fitted with a 365 nm filter was used as the light

source. Irradiance at the exit of the fiber optic light guide was measured before each

experiment using an OmniCure R2000 radiometer (±5%). An inline GC (Agilent,

Model 7890B series) with a Hayesep Q column (1.5 m), 1/16 inch od, 1 mm id),

MolSieve 13X (1.2 m), 1/16 inch od, 1 mm id), thermal conductivity detector (TCD),
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nickel catalysed methanizer and flame ionization detector (FID) was used to analyze

the output of the photoreactor every four minutes. The GC was calibrated using

1000 ppm calibration gas (H2, CO, CO2, O2 and CH4) in a balance of Ar gas) that

was further diluted with Ar (99.995%) using mass flow controllers to 17.04, 4.62 and

1 ppm using the FID detector for CO2, CH4 and CO, respectively, and 69.49, 34.72

and 17.04 ppm using the TCD detector for H2, O2 and N2, respectively.

4.7 Results

4.7.1 Experimental space investigated

The work investigates the impact of photocatalyst fractional coverage on CO2 pho-

toreduction kinetics. To accomplish this, a wide experimental space of different

partial pressures of CO2 and H2O, was explored for collecting kinetic data for CO2

photoreduction using P25 TiO2 (Table 4.1). Low, intermediate and high settings,

shown in blue on Table 4.1, were used for partial pressures of CO2 (25.7, 48.4 and

98.4 kPa) and H2O (2.7, 3.5 and 6.6 kPa). Temperature was kept constant at 41.0

± 2.0 °C and the irradiance was kept constant at 400 mW.cm–2 ± 20 mW.cm–2.

Table 4.1: Experimental space investigated in this kinetic study of P25 TiO2 to
address the impact of reactant fractional coverage on the reaction kinetics. Tem-
perature = 41.0 ± 2.0 °C and irradiance = 400 ± 20 mW.cm–2

Exp. Name.
Partial pressure CO2

(kPa)
Partial pressure H2O

(kPa)

PCO2-L 25.7 2.7

PCO2-I 48.4 2.7

PCO2-H 98.4 2.6

PH2O-L 25.7 2.7

PH2O-I 25.5 3.5

PH2O-H 24.7 6.6
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4.7.2 Limiting the impact of false positives on CO2 photore-

duction kinetic data

The following sections (Sections 4.7.2 to 4.7.5) highlight our attempts at addressing

the questions shown by the decision tree towards developing an intrinsic CO2 pho-

toreduction kinetic model (Fig. 4.1 Steps 1 - 5). One of the most critical challenges

that CO2 photoreduction faces is the verification of the carbon source and limiting

the impact of adventitious carbon on false positive production (Fig. 4.1 Steps 1 - 2).

In the absence of in-situ techniques that include DRIFTs spectroscopy and using

isotopically labelled 13C, control experiments have been used to attempt to confirm

the CO2 as the carbon source. Control experiments used include a combination of

experimental settings shown in Table 4.2.

Table 4.2: Types of control experiment settings matrix used to confirm the carbon
source. 1 represents an ’On’ setting and the bold blue X, as an ’Off’ position,
indicates what setting impact the control experiments is trying to test on CO2

photoreduction.

Control type Inert gas CO2 Light Photocatalyst H2O

Type I 1 X 1 1 1

Type II - 1 X 1 1

Type III - 1 1 X 1

Type IV - 1 1 1 X

By excluding an important component of the CO2 photoreduction process, the

bold blue X (Table 4.2) indicates what the control experiment is trying to test

the impact of on the CO2 photoreduction process. Although there are many re-

ports of an insignificant amount of products produced under these conditions, there

is a growing number of authors reporting significant to moderate levels of CO2

photoreduction products when especially using the Type I control experiment (Ta-

ble 4.2).[67, 68, 71–75]We performed Type I-IV controls with only the Type I control

yielding CO2 photoreduction products CH4, CO and H2. It is very difficult to com-

pletely remove all traces of the slow moving CO2 gas when performing a Type I

control experiment. Using a 3 × vacuum purge similar to the one described to pre-
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pare the CO2 photoreduction test (Section 4.6.2) where Ar was used to release the

vacuum instead of CO2 and post purge flow rates of 15.13 ml.min–1 Ar for 16 h still

had between 2530 - 7380 ppm CO2. Dilla reported maximum CO2 photoreduction,

using P25 TiO2, when using very low partial pressures of CO2 with a maximum pro-

duction reported when using 1000 ppm CO2.[23] Ideally, the amount of CO2 should

be zero to use a Type I control experiment as evidence for CO2 being the carbon

source for CO2 photoreduction. Under atmospheric like conditions (400 ppm CO2),

CO2 was shown to form a HCO3 layer on TiO2 (110) which was stable at tem-

peratures below 400 K.[76] HCO3 is a potential intermediate for CO production.[3]

and the formation of this layer is very likely to occur during the preparation and

storage of the photocatalyst.[76] In this work, we did not attempt to pre-clean the

photocatalyst or subtract production under control Type I conditions as the decon-

volution of the potential impact of adsorbed HCO3, adventitious carbon and CO2

photoreduction at low partial pressures of CO2 is too complex.

P25 TiO2 was chosen as a photocatalyst for this study as it is commercially avail-

able and well studied.[15, 209, 210] P25 TiO2 is very pure with limited adventitious

carbon able to survive the oxidative AEROXIDE® manufacturing process using

temperatures of 1000 - 2400 °C. To limit the impact of adventitious carbon, stain-

less steel mesh was used as a photocatalyst support. P25 TiO2 was coated onto the

stainless steel supports using a P25 TiO2 / DI H2O slurry deposition. Coverage of

the coating was estimated using Otsu thresholding as we have previously described

(Fig. 4.4).[77] A consistent pattern of cracks was observed when using a slurry de-

position that yielded 12.80, 54.21 and 84.70 mg dry loading of P25 TiO2 onto the

mesh, with very similar coverage of 90.97, 90.06 and 90.47% respectively (Fig. 4.4).

The area of the exposed photocatalyst on the coated meshes was independent of

the dry loading mass of P25 TiO2 and likely to yield an equal probability of illumi-

nated surface area between the different meshes used. Therefore it is assumed that

Fig. 4.1 Step 1 is addressed with P25 TiO2 already scaled for production, a repro-

ducible coating method with equal coverage and a simple scalable DI H2O slurry

deposition method that limits the impact of adventitious carbon.
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Figure 4.4: SEM images in top row and and coating coverage (%) estimated using
Otsu thresholding in bottom row for low, intermediate and high loading of P25
TiO2, using a slurry deposition method, onto 200 gauge stainless steel mesh used in
this study

4.7.3 Analytical methods and photodifferential photoreac-

tor

Analytical methods

Tracking the CO2 photoreduction reaction by an inline GC minimises the impact of

sample contamination and allows for a continuous flow CO2 photoreduction process.

For collecting accurate kinetic data, a linear calibration that includes the expected

production range is critical. The CO and CH4 kinetic data reported herein was

interpolated from the calibration curves included in the supplementary information.

H2 kinetic data and monitoring of O2 and N2 was extrapolated from the calibra-

tion curves (Supplementary information) due to the very low values observed and

difficulty in calibration down to these levels with a loss of linearity. Air contami-

nation is likely to impact the TCD area recorded for O2 and N2, especially as the

diluted calibration gas approaches the concentrations of O2 and N2 contamination

from air during the calibration.
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Photodifferential photoreactor

An intrinsic CO2 photoreduction kinetic model ideally describes kinetic data that

is not impacted by scale. To develop an intrinsic kinetic model, all active sites must

ideally have the same probability of participating in the CO2 photoreduction reac-

tion. To achieve this, a photodifferential photoreactor that increases the probability

of equal participation of active sites by uniform light distribution, is critical for

recording kinetic data. The photoreactor used for collecting kinetic data is shown in

Fig. 4.5b. The photoreactor (h = 1 mm, r = 25 mm, V = 1.96 ml) was designed to

increase the ratio of reagent gas volume to illuminated photocatalyst and encourage

a uniform light distribution with the fiber optic light source placed directly above

the quartz window of the photoreactor.

(a) High purity impinger

(b) High purity photoreactor

Figure 4.5: (a) Coiled impinger used to maximise contact time and partial pressure
exchange between CO2 and H2O. (b) Photodifferential photoreactor to increase
uniformity of light and heat distribution.

Temperature is likely to impact the adsorption/desorption equilibrium of gases

on the photocatalysts surface, the surface diffusion of the reagent gases H2O and

CO2 and possible intermediates that include: HCO2H, H2CO, CH3OH, CH3COOH,

CH2O and CO2
– .[3] Temperature is also very likely to facilitate CO2 photoreduction

by overcoming thermal energy barriers.[22] Without consensus on the mechanism

of CO2 photoreduction and the possible intermediates, temperature is assumed to

impact all photocatalytic reactions occurring on the surface of the photocatalyst.

In this work, the impact of partial pressures of the reagent gases on the fractional

coverage was investigated with temperature kept constant. The high heat capacity
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of the thick based (h = 2 cm) stainless steel photoreactor and measurement of the

photocatalyst surface temperature with a pyrometer ensured high quality kinetic

data was collected. This type of photoreactor increased the uniformity of light and

heat distribution and improved the probability of the kinetic data recorded being

an average that described the sum of equal opportunity of CO2 photoreduction over

the irradiated photocatalyst surface.

To maximise the saturation of reagent CO2 gas with H2O, the CO2 gas passed

through a coil shaped copper tube in an aluminium body impinger with a PTFE

insert (Fig. 4.5a). Saturation of CO2 with H2O was measured using a low cost inline

humidity sensor. The sensor recorded both % Rh and °C with small standard devi-

ations of 0.21 for relative humidity measurements (%RH) and 0.08 for temperature

measurements (°C). A representative example of the humidity sensors measurements

and a more detailed setup description is shown in the supplementary information.

Kinetic models can be impacted if the mass of photocatalyst is used to describe

kinetic data in units of μmol.g–1
cat.h

–1. Using mass of photocatalyst in the kinetic data

units, the kinetic data is no longer a description of CO2 photoreduction occurring

at illuminated photocatalyst active sites but an average that includes the bulk of

non-illuminated and non-participating photocatalyst sites inside the non illuminated

photocatalyst. Using this kinetic data will yield an extrinsic kinetic model. With

a photodifferential photoreactor, units of μmol.cm–2.h–1 that described the kinetic

data over area illuminated were used in this study. Assuming active sites are only

on the photocatalyst surface, using area illuminated instead of the mass of the

photocatalyst allowed for developing kinetic models that are scalable with respect to

light and attempts to only include participating active sites. The coverage estimated

(Fig. 4.4) was used to calculate the kinetic data rates.

4.7.4 Probability Langmuir-Hinshelwood based kinetic model

The majority of the current examples describing CO2 photoreduction kinetics use

the LH or a derivative of the LH based kinetic model as shown by (4.1).[1, 27–32, 207]
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r = kIα

n∏
i=1

KiPi(
1 +

z∑
i=1

KiPi

)n (4.1)

where: r is the rate of the reaction (μmol.g–1
cat.h

–1); k is the rate constant

(μmol.g–1
cat.h

–1); I is the light intensity (mW.cm–2); α is the reaction order of light

intensity (dimensionless); Ki represent the equilibrium adsorption constants for

reactants and products (bar–1); Pi refer to the partial pressures for reactants and

products (bar); n indicates the number of adsorbed reactants that are involved in

the elementary surface reaction and z indicates the total number of reactants and

products

According to the LH model (4.1), the rate of CO2 photoreduction is directly pro-

portional to the fractional coverage of the reagent gases. Under the assumption that

all sites being equal and monolayer formation, the fractional coverage of the reagent

gases involved in the elementary surface reaction should reach a steady state under

continuous flow conditions in a photodifferential photoreactor at constant temper-

ature and irradiance. However the LH based kinetic model does not account for

deactivation of the photocatalyst, especially under continuous flow conditions, as

described by a growing number of reports.[21, 77, 98–102, 143–145] To account for

this deactivation, the change in production over time needs to be considered in the

kinetic model along with a parameter that describes the deactivation leading to a

decrease in active sites over time. The primary cause of deactivation is an ongoing

investigation with evidence of the formation of bidentate carbonate species, per-

oxo and peroxocarbonate species on the photocatalysts surface possibly leading to

deactivation.[3, 143] One option to explain the deactivation over time is to assume

elementary surface reactions that permanently deactivate the active sites. Integrat-

ing the rate of these surface deactivation reactions over time, allows to estimate the

concentration of sites that deactivate over time and modify the fractional coverage.

To account for the deactivation observed over time, a number of different derivatives

of the LH based kinetic model (4.1) that included the concentration of deactivated

sites over time have been developed and can be found in the supplementary infor-

93



Chapter 4: Probability Langmuir-Hinshelwood based CO2 photoreduction kinetic models

mation. Initial attempts to fit the experimental data did not succeed due to lack of

knowledge of the causes of deactivation.

Without consensus on the driving force behind the deactivation of the photocat-

alyst, a macroscopic view of the kinetic model is introduced here to describe this

change with time.

All the phenomenon involved in the photocatalytic process can be approximated

by the chance of photons reaching sites that remain active. Instead of assuming a

rate of decay of active fractional coverage, we assume that the fractional coverage

is constant and replace the irradiance term (Iα) in (4.1) with a likelihood of active

participation of photons as a probability density function (PDF) being able to reach

the active sites. The probability decreases over time as in (4.2).

r = kPDF(t)

n∏
i=1

KiPi(
1 +

z∑
i=1

KiPi

)n (4.2)

where: t is time (s min or h) and PDF is a probability density function

A Weibull PDF was used to describe the deactivation of a Co containing catalysts

for Fischer-Tropsch processes.[211]The two parameter Weibull PDF is shown by

(4.3).

PDF(t) =
β

η

(
t

η

)β–1

exp
–
(
t
η

)
β

(4.3)

where: PDF(t) is the probability density function; β is the shape parameter

(Dimensionless); η is the scale parameter (Dimensionless) and t is time (h, s or

min)

The scale parameter η and shape parameter β have an impact on the shape of

the Weibull PDF (Fig. 4.6), where increasing η broadens the Weibull PDF and

increasing β sharpens and increases the height of the Weibull PDF.

For modelling the deactivation of CO2 photoreduction with a Weibull PDF, the

Weibull PDF needs to be re-parametrised to include illuminated active sites and a

deactivation term. The Weibull PDF scale parameter η is analogous to the impact of

94



Chapter 4: Probability Langmuir-Hinshelwood based CO2 photoreduction kinetic models

Figure 4.6: Highlighting the impact of the scale (η) and shape (β) parameter on a
Weibull PDF

deactivation (ηd) where a larger scale parameter increases the probability of photons

reaching sites favouring a steady state of production. The Weibull PDF shape

parameter β term (Fig. 4.6) is analogous to the impact of irradiance of illuminated

sites successfully catalysing the reaction (4.4).

β = Iα (4.4)

The two parameter Weibull function can be re-parametrised and used to describe

the change in sites over time (t) shown by (4.5) which can then be used towards the

probability LH based kinetic model (4.6).

PDF(t) =
Iα

ηd

(
t

ηd

)Iα–1

exp
–
(

t
ηd

)Iα
(4.5)

r = k
Iα

ηd

(
t

ηd

)Iα–1

exp
–
(

t
ηd

)Iα
n∏

i=1

KiPi(
1 +

z∑
i=1

KiPi

)n (4.6)

where: r is the rate of reaction
(
mol.cm–2.h–1

)
; k is the rate constant(

mol.cm–2.h–1
)
; t is time (h); I = I

I0
is the irradiance (Dimensionless); α is the
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reaction order of light intensity (Dimensionless); ηd is the deactivation scale

parameter (Dimensionless); Ki represent the equilibrium adsorption constants for

reactants and products (bar–1); Pi refer to the partial pressures for reactants and

products (bar); n indicates the adsorbed reactants that are involved in the

elementary surface reaction and z indicates all reactants and products

The inclusion of time and the flexible Weibull PDF allows for the dynamic kinetic

modelling of CO2 photoreduction over time which still includes a LH component.

4.7.5 Numerical methods for developing CO2 photoreduc-

tion kinetic models

For the systematic and reproducible treatment of the CO2 photoreduction kinetic

data, a program (Fig. 4.7) was developed in MATLAB to extract the GC data

(GCIt), followed by a numerical method (numIt) to estimate the probability LH

based kinetic model coefficients (Section 4.7.4).

Import FID and TCD
calibration files 

GCIt

Integrate user selected peaks 

Fit linear calibration curve

Import experimental FID/TCD 
sequence files

Integrate user selected peaks

Calculate ppm values using 
calibration

curves

Matrix of kinetic data &  
matrix of experimental values used 

as predictor variables 
for nonlinear fitting

User input kinetic models to test

Estimate coefficients of 
kinetic model/s using median 

trust-region
 and multi-start method 

numIt

It
er
at
e 

×(
Us
er
 i
np
ut
) 
 

Figure 4.7: Overview of GCIt and numIT MATLAB scripts used to prepare the
CO2 photoreduction kinetic data and to estimate the kinetic model coefficients
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GCIt (Fig. 4.7) included importing raw GC data, fitting calibration curves, in-

tegrating peaks, calculating ppm and finally producing a matrix of the experimental

settings (Irradiance, partial pressures of CO2 and H2O and time) and a matrix of

the CO2 photoreduction kinetic data towards CH4, CO and H2. These two matrices

were then used in the numIt programme for kinetic modelling. To find a global so-

lution to the nonlinear probability LH based CO2 photoreduction kinetic model, we

developed a numerical method that estimated the coefficient value using the median

value from the iterations of a trust-region and multi-start numerical method. nu-

mIt (Fig. 4.7) iterated over a user selected number of iterations (IU) over a selected

number of multi-start points (MSU) and trust-region method to estimate the kinetic

model coefficients using the upper and lower constraints shown in Table 4.3.

Table 4.3: Upper and lower constraints for the multi-start trust region method used
for estimating the probability LH based kinetic model coefficients

k ηd α KH2O KCO2

Lower constraint 0 0.1 0.01 0 0

Upper constraint 10 100 0.5 100 100

The impact of (IU) and (MSU) on computation time and the standard deviation

of the coefficients estimated was investigated using a four level two factor full fac-

torial experimental design with the impact on computation time and the standard

deviation of the estimated coefficients shown in the supplementary information. A

linear relationship was found between the number of MSU and computation time.

Increasing the number of IU increased the computation time significantly. IU = 50

and MSU = 10 were chosen as they offered the best compromise between computa-

tion time and accuracy.

4.7.6 Probability LH based kinetic models

Using the experimental settings shown in Table 4.1, the production of CH4, CO or

H2 over time as a response and the numerical methods described in Section 4.7.5,

the coefficients were estimated for three probability LH based kinetic models shown

in Table 4.4.
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Table 4.4: Elementary surface reactions assumed and probability LH based models
used in this work for the production of CH4, CO and H2

Product Elementary reaction PDF LH model

CH4

8× TiO2 + hν→ h+ + e–1

4H2O + 8h+ → 8H+ + 2O2

CO2 + 8H+ + 8e– → CH4 + 2H2O

CO2 + 2H2O→ 2O2 + CH4

rCH4
= kPDF(t)

(KH2OPH2O)4KCO2PCO2

(1+KH2OPH2O+KCO2PCO2)5

CO

2× TiO2 + hν→ h+ + e–1

H2O + 2h+ → 2H+ +
1

2
O2

CO2 + 2H+ + 2e– → CO + H2O

CO2 → CO +
1

2
O2

rCO = kPDF(t)
KH2OPH2OKCO2PCO2

(1+KH2OPH2O+KCO2PCO2)2

H2

4× TiO2 + hν→ h+ + e–1

2H2O + 4h+ → 4H+ + O2

4H+ + 4e– → 2H2

2H2O→ 2H2 + O2

rH2
= kPDF(t)

(KH2OPH2O)2

(1+KH2OPH2O+KCO2PCO2)2

The coefficients were estimated with small standard deviations indicating the

reproducibility of the numerical methods outlined in Section 4.7.5 (Table 4.5).

The standard error of regression (4.7) was used to evaluate the probability LH

based kinetic models (Table 4.6). The standard error of regression (SE) was used

as it gives a better idea of the differences, with units of μmol.cm–2.h–1, between the

experimental kinetic data and model used.

SE =

√√√√Σ(Y – Ŷ
)2

N – 2
(4.7)

where: SE is the standard error of regression of the probability LH based kinetic

model (μmol.cm–2.h–1); Y is a vector of the experimental kinetic data points

(μmol.cm–2.h–1); Ŷ is a vector of the predicted kinetic data points using the

probability LH based kinetic model (μmol.cm–2.h–1) and N is the number of
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Table 4.5: Coefficient values and their respective standard deviation for the proba-
bility LH based kinetic models Table 4.4 for the production of CH4, CO and H2

Estimated probability LH based kinetic model coefficients

Product
k

(mol.cm–2.h–1)

ηd

(Dimensionless)
α

(Dimensionless)

KH2O

(bar–1)

KCO2

(bar–1)

CH4 7.16× 10–1 4.81 7.37× 10–2 99.99 3.21

CO 4.62× 10–1 19.80 3.51× 10–2 79.33 22.65

H2 3.43× 10–2 2.78 1.06× 10–1 77.22 12.54

Standard deviation of estimated probability LH based kinetic model coefficients

CH4 2.76× 10–4 2.37× 10–3 2.62× 10–5 1.07× 10–3 1.35× 10–3

CO 1.66× 10–1 7.03 4.78× 10–3 1.03 3.01× 10–1

H2 3.72× 10–5 1.97× 10–4 3.71× 10–5 2.39 4.09× 10–1

experimental kinetic data points.

Table 4.6: Standard error comparing the probability LH based kinetic models for
the production of CH4, CO and H2, at different partial pressures of CO2 and H2O
(Figs. 4.8 and 4.9).

Partial pressure CO2 SE (μmol.cm–2.h–1)
(kPa) CH4 CO H2

25.7 4.90× 10–4 1.58× 10–4 8.85× 10–5

48.4 4.33× 10–4 1.98× 10–4 1.94× 10–4

98.4 2.01× 10–4 1.34× 10–4 2.51× 10–4

Partial pressure H2O SE (μmol.cm–2.h–1)
(kPa) CH4 CO H2

2.7 4.90× 10–4 1.58× 10–4 8.85× 10–5

3.5 1.82× 10–4 1.21× 10–4 7.28× 10–5

6.6 2.66× 10–4 1.52× 10–4 1.19× 10–4

Average SE error 3.44× 10–4 1.54× 10–4 1.36× 10–4
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Over different partial pressures of CO2 and H2O, the probability LH based ki-

netic models generalised well and fit the production of CH4, CO and H2 with an

average SE error of 3.44×10–4, 1.54×10–4 and 1.36×10–4, respectively (Table 4.6).

The probability LH based kinetic models were dynamic and were able to model both

a steady and deactivation state for the production of CH4, CO and H2 for different

partial pressures of CO2 and H2O. (Figs. 4.8 and 4.9).

4.7.7 Impact of partial pressure CO2

Production of CO and CH4 increased when lower partial pressure of CO2 was used

(Fig. 4.8). This has previously been explained by an increase in competition be-

tween CO2 and H2O for active sites on the catalyst [1, 28] or by a reduction in

photogenerated charge carriers on the photocatalyst surface [23]. To investigate the

impact of partial pressure of CO2, the product distribution trends of CH4, CO and

H2 over time were evaluated using (4.8).

PD =
ṁD

n∑
i=1

ṁAn

(4.8)

where: PD is the product distribution of the desired product as a fraction; ṁD is

the molar flow rate of the desired product (μmol.h–1); ṁA is the molar flow rate of

desired and undesired products (μmol.h–1) and n is the number of desired and

undesired products.

During ≈ 0 - 1 h, the product distribution of CO decreased (Fig. 4.10 a) whilst

the product distribution of H2 and CH4 increased (Fig. 4.10 b,c).

During the initial reaction times (≈ 0 - 2 h), the product distribution towards H2

was favoured over CH4 (Fig. 4.10 b,c) with the product distribution of H2 peaking

at ≈ 1 h. As the reaction time progressed, product distribution towards CH4 was

favoured over H2 with CH4 product distribution peaking at ≈ 2 - 3 h (Fig. 4.10 c).

CO2 photoreduction towards CH4 is an eight electron process (Table 4.4) that very

likely involves the formation of a number of reaction intermediates (Fig. 4.12).[3]

The product distribution of CH4 (Fig. 4.10 c) may peak later due to the rate lim-

itations of the reaction intermediates forming on the photocatalyst surface. Prod-

uct distribution of CO showed an inverse relationship to H2 product distribution
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Figure 4.8: Impact of partial pressure CO2 on the production of CH4, CO and H2

with comparison to the probability LH based kinetic model. Experimental settings:
PH2O = 2.7 kPa, I = 400 ± 20 mW.cm–2, T = 41.0 ± 2.0 °C, Photocatalyst loading
= 83.0 ± 3.7 mg

(Fig. 4.10) with an initial decrease and lowest product distribution of CO at ≈ 1 -

1.5 h (Fig. 4.10). It is likely that during this time, CO2 is being converted to CH4
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Figure 4.9: Impact of partial pressure H2O on the production of CH4, CO and H2

with comparison to the probability LH based kinetic model. Experimental settings:
PCO2

= 25.3 kPa, I = 400 ± 20 mW.cm–2, T = 41.0 ± 2.0 °C, Photocatalyst loading
= 90.6 ± 5.1 mg

intermediates.

During the latter stages of the reaction (≈ 2 – 5h), the increase in product
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Figure 4.10: Impact of partial pressure CO2 on the product distribution of CH4,
CO and H2. Experimental settings: PH2O = 2.7 kPa, I = 400 ± 20 mW.cm–2, T =
41.0 ± 2.0 °C, Photocatalyst loading = 83.0 ± 3.7 mg

distribution of CO and decrease in product distribution for H2 and CH4 is likely

related to deactivation where active sites conducive to the production of H2 and

CH4 decrease with time. Overall the product distribution profiles provide evidence
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for the following: initially, a layer of H2O dominates active sites due to increased

hydrophilicity of TiO2 when irradiated with UV-light.[212] During this time, H2O

oxidation is favoured with production of H+ and H2. H+ is then used for CO2

reduction towards surface intermediates and eventually to the delayed, relative to

H2 production, CH4 production. The types of surface intermediates formed during

this stage is very likely to include HCOH and HCO2H.[3] Both HCOH and HCO2H

are known to undergo photocatalytic degradation on TiO2 leading to the production

of CO during the latter stages of the CO2 photoreduction reaction.[213, 214]

The production of CH4, CO and H2 followed the trend of CO > CH4 > H2 in

terms of stability (Fig. 4.8). This correlated with a decrease in the deactivation

terms where for ηd, CO > CH4 > H2 (Table 4.5). A larger value of ηd indicated

less deactivation (Section 4.7.4).

For the probability LH based CH4, CO and H2 kinetic models, the adsorption

equilibrium constant values (KH2O and KCO2
) for H2O and CO2 were reasonably

close with average values of 85.51 and 38.4 bar–1, respectively. The large adsorption

coefficient for H2O is very likely explained by the increase in TiO2 hydrophilicity

under UV-light[212].

4.7.8 Impact of partial pressure H2O

There are limited examples, testing the impact of H2O on CO2 photoreduction.[28,

215] Increasing partial pressure of H2O from 2.7, 3.5 and 6.6 kPa did not impact

the production of CO greatly (Fig. 4.9). However, increasing the partial pressure of

H2O increased the production of H2 and decreased the production of CH4 (Fig. 4.9).

The trend for deactivation (CO > CH4 > H2) and product distribution (Fig. 4.11)

at different partial pressures of H2O was similar for the different partial pressures

of CO2 experiments (Section 4.7.7).

The decrease in CH4 with increasing partial pressure of H2O could possibly

be explained by an increase in competition for active sites, as explained in Sec-

tion 4.7.7, between H2O and CO2.[23, 28] In addition, another explanation exists

using the gyloxal mechanism, which is a speculative mechanism for CO2 photore-

duction (Fig. 4.12).[3]

With the glyoxal mechanism in mind, the reactivity of the organic intermediate
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Figure 4.11: Impact of partial pressure H2O on the product distribution of CH4,
CO and H2. Experimental settings: PCO2

= 25.3 kPa, I = 400 ± 20 mW.cm–2, T
= 41.0 ± 2.0 °C, Photocatalyst loading = 90.6 ± 5.1 mg

acetaldehyde (C2H4O) (Fig. 4.12) can also be considered where the nucleophilic

attack of H2O on the C––O group of acetylaldehyde towards acetic acid (CH3CO2H).

The conversion of acetylaldehyde towards acetic acid has been shown to occur for
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Figure 4.12: Glyoxal mechanism pathway to describe CH4 production from CO2

photoreduction. [3]

the photocatalysis on TiO2.[216]

4.7.9 Optimising selectivity

Using the probability LH based kinetic models (Table 4.4) and coefficients estimated

(4.5), the selectivity shown in Table 4.7 was optimised using an interior-point al-

gorithm (MATLAB ’fmincon’ function) and constraints using the minimum and

maximum experimental range used for time, partial pressure of H2O and CO2.

Table 4.7: Optimised time, partial pressures of H2O and CO2 for the desired se-
lectivity using the probability LH based kinetic models (Table 4.5). ∗Lower time
constraint 0.5 h used (Table 4.8)

Selectivity
to optimise

Time
(h)

PH2O

(kPa)

PCO2

(kPa)
Optimum
selectivity

rCH4
rCO+rH2

2.69 5.4 98.4 2.32

rCO
rCH4+rH2

7.31× 10–17

(5)∗ 2.7 98.4 0.70

rH2
rCH4+rCO

1.57 6.7 25.7 0.34

The optimised values (Table 4.7) matched the observations made about the

product distributions where H2 formation is favoured initially, followed by CH4 and
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Table 4.8: Upper and lower constraints for interior-point algorithm for optimising
selectivity

Time
(h)

PH2O

(kPa)

PCO2

(kPa)

Lower constraint 0 2.7 25.7
Upper constraint 5 6.6 98.4

finally CO formation. To maximise CH4 selectivity (Table 4.7), the reaction would

need to be stopped at 2.69 h with maximum partial pressure of CO2 (98.4 kPa)

and at first glance a surprisingly a high partial pressure of H2O (5.4 kPa) as it

would be expected more H2 would be produced. Increasing the partial pressure of

H2O increased the production of H2 (Fig. 4.9 c) with a decrease observed for CO

(Fig. 4.9 b). However, the production of H2 is made less significant by the more

steady state production of CO over time. CO selectivity (Table 4.7) was maximised

(Table 4.7), depending on the lower constraints used (Table 4.8), at a extremely

short reaction time (7.31 × 10–17 h) or at the maximum time (5 h). CO production

is likely slowed down by the occupation of active sites towards H2 and the reaction

intermediates towards CH4. Selectivity of H2 was optimised after a reaction time of

1.57 h, maximum partial pressure of H2O and minimum partial pressure setting of

CO2 (Table 4.8). The reaction towards H2 is initially fast but does not last long.

4.8 Conclusion

Developing CO2 photoreduction kinetic models is a challenge due to addressing the

challenges of limiting the impact of adventitious carbon, tracking the extremely

low production of products and developing kinetic models with uncertainty about

the mechanism that include the formation of several products and deactivation of

the photocatalyst. This is the first example that addresses these challenges for

developing CO2 photoreduction kinetic models.

A simply slurry deposition coating method, high purity setup with an inline

humidity sensor to measure humidity, a photodifferential photoreactor with high

reagent gas volume to photocatalyst area illuminated, a calibrated GC method for
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the quantification of O2, N2, CH4, CO and H2, a MATLAB programme for data

collection and kinetic modelling was used to develop CO2 photoreduction kinetic

models.

To account for deactivation, a flexible Weibull PDF was combined with a LH

based kinetic model to describe CO2 photoreduction towards CH4, CO and H2 for

different partial pressures of CO2 and H2O. Increasing the partial pressure of CO2

decreased the production of CO and CH4 and is most likely due to the competition

between CO2 and H2O for adsorption to active sites. Increasing the partial pressure

of H2O increased H2 production with a decrease in CH4 production. Using the

glyoxal mechanism, one plausible explanation is the formation of acetic acid from

acetaldehyde and H2O preventing the formation of CH4.

The probability LH based kinetic model generalised well for describing the ki-

netics of CO2 photoreduction towards CH4, CO and H2 with low standard errors of

3.44 × 10–4, 1.54 × 10–4 and 1.36 × 10–4, respectively. The estimated deactivation

term (ηd) described the deactivation behaviour where in terms of stability, CO >

CH4 > H2. Adsorption equilibrium constants of 85.51 and 38.40 bar– are tentatively

assigned to H2O and CO2, respectively.

Product distribution profiles of CH4, CO and H2 showed that the CO2 photore-

duction reaction was dynamic with an initial increase in H2 product distribution,

followed by an increase in CH4 and finally CO product distribution. These changes

are likely the result of different processes being favoured on the photocatalyst sur-

face over time where initially H2O oxidation and the formation of intermediates

leading to CH4 are favoured. Finally, CO formation is favoured due to the pos-

sible photocatalytic degradation of accumulated HCO and HCO2H species on the

photocatalyst surface. The probability LH based kinetic models predicted the opti-

misation of CH4, CO and H2 selectivity for time, partial pressures of H2O and CO2

that matched very well with the experimental data.
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Figure 5.1: Steps 1 - 3 were applied for the mixed metal-oxide work presented in
Chapter 5.
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5.1 Aim and objectives

The work presented in this submitted publication was the product of a collabora-

tion between RCCS (Heriot-Watt University) and the CATMAT group (Ca’ Foscari

University). The aim was to test the impact of mixing fractions of metal-oxides,

TiO2 and ZnO, on a mesoporous silica (SBA-15) support for CO2 photoreduction.

To achieve this the following objectives were met:

• Use a two component three degree simplex lattice mixture design to guide the

formulation of composite mixtures of the metal-oxides on SBA-15

• Synthesis of TiO2 and ZnO metal-oxides and SBA-15 support

• Formulation of composite mixtures, with different mixing fractions from mix-

ture design, of the metal-oxides on SBA-15

• Test the mixed metal-oxide photocatalysts for CO2 photoreduction at RCCS

5.1.1 Simplex lattice design

A {p, m} simplex-lattice design for p components in a mixture consists of points

defined by (5.1) the proportions assumed by each component take the m+1 equally

spaced values from 0 to 1 and and all possible combinations (mixtures) of the pro-

portions from this equation are used.

xi = 0,
1

m
,

2

m
, ..., 1 for i = 1, 2, ..., p (5.1)

The strength of each components impact is determined by estimating the coef-

ficient (β) using linear regression on (5.2).

Y = β1x1 + ... + βixi (5.2)

where: Y is the response; β is the estimated coefficient for each component and i is

the number of components
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5.2 Highlights and key findings

5.2.1 Kinetic model development methodology can gener-

alise

This final chapter is an example of addressing Fig. 5.1 Steps 1 - 3 for the develop-

ment of mixed metal-oxide photocatalysts. This example showed how the method-

ology developed for CO2 photoreduction kinetic model development could be more

broadly applied to developing photocatalysts. This approach limited the impact of

adventitious carbon, encouraged equal probability of active site participation using

a photodifferential photoreactor and analytical methods that yielded accurate data.

5.2.2 Impact of sulphates

Inclusion of ZnO in the mixed metal-oxide photocatalysts depressed CO2 photore-

duction activity. Ionic chromatography of the ZnO prepared, indicated a high con-

centration (12% wt) of sulphates. XRD analysis indicated the presence of zincite

(ZnO3(SO4)2) corresponding to 20.7% wt of sulphates. It is possible that the sul-

phates acted as a scavenger of radical intermediates and/or charge carries. Statistical

analysis of the mixture design correlated well with this hypothesis.

5.3 Research impact

The scripts developed (Section C.2) for GC data analysis allowed for precise and

accurate data analysis of GC chromatograms. This is very important as the products

are formed in very small quantities yielding very small GC peaks that are difficult to

integrate with a high probability of human error. This is a first for the methods used

for CO2 photoreduction GC data analysis. The experimental protocol (Section C.1)

and photoreduction rig provided excellent control over partial pressures of CO2 and

H2O, temperature, and irradiance. This was critical for comparing the activity of

the photocatalysts and led to confidence in decision making. Much like the work

presented in Chapter 3, the systematic use of a mixture design and statistical tools

facilitated rapid screening for the development of composite mixed metal-oxides for

CO2 photoreduction. The structure provided by the mixture design encouraged clear
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cut decision making when it came to justifying the potential impact of sulphates

on CO2 photoreduction. The experimental control of key photoreduction reaction

parameters, well established protocol and GC data processing tools can be used by

other groups.

5.4 Personal development

Communication, collaboration and cultural skills were developed during this work.

As much of the work was done online, maximising the impact of interactions and

clear communication was critical for executing the collaboration. With limited pho-

tocatalysts synthesis expertise, much was learnt from the two weeks spent with the

CATMAT group for the synthesis of the metal-oxides and SBA-15 support.
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Abstract

A two component three degree simplex lattice experimental design was employed to

evaluate the impact of different mixing fractions of TiO2 and ZnO on an ordered

mesoporous SBA-15 support for CO2 photoreduction. It was anticipated that their

combined advantages: low cost, non-toxicity and combined electronic properties

would facilitate CO2 photoreduction. The fraction of TiO2 used had a statistically

significant positive impact on CO (β1 = 9.71, p-value = 2.93 × 10–4) and CH4

(β1 = 1.43, p-value = 1.35 × 10–3) cumulative production. A negative impact,

from the interaction term between the fractions of TiO2 and ZnO, was found for

CH4 cumulative production (β3 = -2.64, p-value = 2.30 × 10–2). The systematic

study provided evidence for the possible loss in CO2 photoreduction activity from

sulphate groups. The decrease in activity is attributed to the presence of sulphate

species in the ZnO prepared, which may possibly act as charge carrier and/or radical

intermediate scavengers.

5.5 Introduction

CO2 photoreduction is one of the potential technologies for carbon utilisation.[15]

However, major optimization in photocatalyst design is required for its applicability.[217]

Possible approaches in heterogeneous photocatalysis to improve photocatalytic ac-

tivity include photocatalyst dispersion on highly porous substrates and the use of

coupling two semiconductors as photocatalysts. For these reasons, composite mix-

tures of ZnO and TiO2 were prepared on an ordered mesoporous SBA-15 silica

support for CO2 photoreduction. SBA-15 was chosen as it has several favourable

characteristics including a large surface area [218], which may enhance photocata-

lyst dispersion and the availability of photons and it is chemically and mechanically

stable[219]. TiO2 has been shown to be an effective photocatalyst for CO2 pho-

toreduction with numerous examples found in the literature.[15, 18, 19] ZnO has

also shown promise as a photocatalyst for CO2 photoreduction.[220–222] ZnO of-

fers improved CO2 adsorption [222] and low charge carrier recombination.[223] Both

TiO2 and ZnO share low cost, non-toxicity and relatively environmentally friendly

properties. [15, 224]
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The simultaneous use of TiO2 and ZnO is possibly a good choice for CO2 pho-

toreduction due to their electronic properties, appropriate band edge position, avail-

ability and low cost. TiO2 is not efficient for CO2 photoreduction due to: poor

charge carrier mobility leading to a fast recombination rate [223] and hindered

CO2 adsorption in the presence of H2O due to the limited presence of surface

basic functionalities.[225] On the contrary, ZnO exhibits a longer charge carrier

lifetime[226] and suitable surface basicity[227], which can improve CO2 adsorption.

Moreover, the coupling of TiO2 and ZnO, was reported to form a heterojunction

that could reduce charge carrier recombination.[228] Due to their synergistic effects

on electronic and acid/base properties, the use of TiO2 and ZnO as photocatalyst

mixture might be useful for CO2 photoreduction. SBA-15 has shown effectiveness

as a CO2 photoreduction support.[71, 229, 230]

High throughout technologies and automation are critical to finding suitable

photocatalysts.[231] Central to these technologies is the use of systematic exper-

imental designs, Design of Experiments (DOE), for decision making. There are

numerous examples in the literature describing the use of DOE for engineering and

process optimisation.[77, 232, 233] Mixture designs can efficiently evaluate the im-

pact of component fractions in a mixture.[234] In this work, the impact of TiO2 and

ZnO fractions used for the formulation of a mixed metal oxide (MO) photocatalyst

mixture on a SBA-15 support, was evaluated for CO2 photoreduction using a novel

combination of a systematic mixture design and photocatalysis theory.

5.6 Experimental

5.6.1 Photocatalyst preparation

SBA-15 was synthesized according the procedure reported in literature.[235] Briefly,

template EO20-PO70-EO20 (P123, Aldrich) was dissolved in aqueous HCl solution

and tetraorthosilicate (TEOS) was introduced as silica precursors. Powder was aged

at 90 °C, dried and then calcined at 550 °C for 6 h under air flow. TiO2 and ZnO

were synthesised by precipitation of inorganic salts. In the case of TiO2, a titanyl

sulphate solution and a NaOH solution were added drop wise to deionised H2O under

vigorous stirring, keeping pH neutral. Then the Ti(OH)4 suspension was aged at
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60 °C for 20 h and then washed with distilled H2O to remove the sulphate ions and

dried at 110 °C for 18 h and finally calcined at 400 °C for 4 h in air flow.[215] ZnO

was prepared following the same procedure reported for TiO2, but starting from a

ZnSO4 solution as precursor and keeping the pH slightly alkaline (pH 9) during the

precipitation. The prepared TiO2 and ZnO were added onto SBA-15 by incipient

wetness impregnation using isopropanol as a liquid medium. Samples were then

dried at 110 °C for 18 h.

5.6.2 XRD characterisation

X-ray Diffraction (XRD) patterns were collected on a Bruker D8 Advance powder

diffractometer with a sealed X-ray tube (copper anode, 40 kV and 40 mA) and a

Si(Li) solid state detector (Sol-X) set to discriminate the Cu Kα radiation. Apertures

of divergence, receiving, and detector slits were 2.0 mm, 2.0 mm, and 0.2 mm,

respectively. Data scans were performed in the 2Θ range 5-75° with 0.02° step

size and counting times of 3 s/step. Quantitative phase analysis determination

performed using the Rietveld method as implemented in the TOPAS v.4 program

(Bruker AXS) using the fundamental parameters approach for line-profile fitting.

5.6.3 Ionic chromatography method for testing sulphates

Quantitative analysis of sulphates was performed through a procedure previously

reported for sulphate-doped zirconia.[236] 200 mg of the sample was treated with

250 mL of 0.1 M NaOH solution to extract the sulphates. The suspension was filtered

and analyzed. A LC20 ionic chromatographer equipped with a 25 μL injection loop,

a AS14 separation column, a AG14 guard column, an acid resin suppressor and a

ED40 conductivity detector was used. A buffer solution of 10 mM Na2CO3 and

3,5 mM NaHCO3 in milli-Q H2O, at room temperature was used as eluent. A

calibration curve for quantitative analysis was obtained using standard Na2SO4

solution between 1 and 8 ppm.
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5.6.4 CO2 photoreduction tests

A slurry of the prepared MO photocatalyst was prepared by adding ≈ 100 mg of the

MO photocatalyst to 1 ml DI H2O in a 5 ml vial. The vial was sealed and agitated

in a ultrasonic bath for two minutes. The slurry was then deposited drop wise onto

a glass fiber disc (47 mm diameter). The coated glass fiber disc was dried at 120

°C for 2 h. The coated glass fiber disc was placed in the middle of a stainless steel

photoreactor (r = 25 mm, h = 1 mm, v = 1.96 mm3) and sealed. Residual air in the

system was evacuated via three repetitive steps of placing the system under vacuum

to -1 bar and the vacuum released with CO2 (99.995%) to + 1 bar. The flow rate of

CO2 was set to 0.35 ml.min–1 and passed through the temperature controlled (± 0.1

°C) aluminium body saturator for at least 12 h to allow the system to equilibrate.

Relative humidity (± 1.8% RH) was measured using an inline Sensirion SHT75

humidity sensor potted (MG Chemicals 832HD) into a Swagelok 1/4” T-piece. The

temperature of the photocatalyst surface (40 °C ± 2.0 °C) was controlled using a

hotplate and the surface temperature measured using a Radley’s pyrometer. To

prevent condensation at higher saturation temperatures, the lines from the outlet

of the saturator up until the inlet of the H2O trap were heated and temperature

controlled (± 0.1 °C) with a heating rope and thermocouple (Fig. 5.2).

Figure 5.2: Overview of the experimental setup used for the MO photocatalyst
mixture CO2 photoreduction tests (Not to scale).

An OmniCure S2000 fitted with a 365 nm filter was used as the light source and

the irradiance (295.71 ± 1.60 mW.cm–2) checked before each experiment using an

OmniCure R2000 radiometer (± 5%). An inline GC (Agilent, Model 7890B series)

with a Hayesep Q column (1.5 m), 1/16 inch od, 1 mm id), MolSieve 13X (1.2
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m), 1/16 inch od, 1 mm id), thermal conductivity detector (TCD), nickel catalysed

methanizer and flame ionization detector (FID) was used to analyze the output of

the photoreactor every four minutes. CO and CH4 production rates were recorded

in units of μmol.g–1
cat.h

–1 using only the mass of active mixed metal oxide photocat-

alyst/s used with the exclusion of the SBA-15 support mass. Cumulative produc-

tion (μmol.g–1
cat) was calculated by integrating the area under the production rate

(μmol.g–1
cat.h

–1) vs. time (h) curve.

5.6.5 Design of experiments

A two component three degree simplex lattice design was employed with experimen-

tal settings and results shown in Table 5.1. MATLAB was used to estimate: the

fitted coefficient values; determine the p-values and plot the models and data.

Table 5.1: Two component three degree simplex lattice design points used for ex-
perimental settings (X1 and X2) as mass fractions of TiO2 and ZnO respectively.
Amounts of TiO2 and ZnO mixed with 800.0 mg SBA-15

Exp. name
X1

Fraction TiO2

X2
Fraction ZnO

Amount TiO2
(mg)

Amount ZnO
(mg)

MO1 1.00 0.00 200.2 0.0

MO2 0.67 0.33 133.9 67.4

MO3 0.33 0.67 66.5 133.2

MO4 0.00 1.00 0.0 200.4

MO5 0.50 0.50 100.4 102.7

MO6 0.75 0.25 149.5 53.5

MO7 0.25 0.75 50.7 150.7

The experimental design results were used to fit the polynomial function shown

by (5.3).

Y = β1X1 + β2X2 + β3X1X2 (5.3)
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where: Y is the cumulative production of CO or CH4; X1 and X2 are the fractions

of TiO2 and ZnO respectively; β1 and β2 are the coefficients estimated for the

impact of the fractions of TiO2 and ZnO used respectively and β3 is the coefficient

estimated for the interaction term between the fraction of TiO2 and ZnO.

5.7 Results and discussion

5.7.1 Impact TiO2 and ZnO fractions on CO2 photoreduc-

tion

Fig. 5.3(a) and Fig. 5.3(b) shows the impact of the fractions of TiO2 and ZnO

used in the mixture on CO and CH4 production respectively. Increasing the TiO2

fraction increased both CO and CH4 cumulative production (Fig. 5.3).

Using the matrix of X1 and X2 fractions of TiO2 and ZnO values shown in Ta-

ble 5.1 and either the cumulative production of CO or CH4 production (Fig. 5.3) as

a response (Y in (5.3)), the coefficients β1, β2 and β3 from (5.3), were estimated by

linear regression using a QR decomposition algorithm (fitlm function) in MATLAB

(Table 5.2). The p-values for each coefficient was determined using the MATLAB

fitlm function call. Using 95% confidence, p-values less than 0.05 indicated that

the coefficient value was not equal to zero and it’s associated parameter (X1, X2

or X3) had a statistically significant impact on CO or CH4 cumulative production.

The TiO2 fraction in the photocatalyst mixture positively impacted (β1 = 9.71) CO

cumulative production with statistical significance (p-value = 2.93 × 10–4) (Ta-

ble 5.2). This was also the case for CH4 cumulative production (β1 = 1.43, p-value

= 1.35 ×10–3) (Table 5.2).

Table 5.2: Coefficient values estimated for fitting model (5.3) and their respective
p-values on CO and CH4 cumulative production

Regression results for CO cumulative production

Parameter coefficient Value estimated p-value

β1 9.71 2.93× 10–4∗

β2 1.96 7.51× 10–2

β3 0.53 8.83× 10–1

Regression results for CH4 cumulative production

Parameter coefficient Value estimated p-value

β1 1.43 1.35× 10–3∗

β2 0.12 5.50× 10–1

β3 -2.64 2.30× 10–2∗
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Figure 5.3: TiO2 and ZnO fractions impact on (a) CO cumulative production (b)
CH4 cumulative production

Increasing the fraction of TiO2 increased CO cumulative production with a slight

curvature that closely resembled a linear trend (Fig. 5.3a). Eliminating ZnO from

the photocatalyst mixture yielded a significant increase in CH4 cumulative produc-

tion with a trend resembling an exponential curve (Fig. 5.3b). An interaction effect

was found between the fractions of TiO2 and ZnO used in the photocatalyst mixture

with a statistically significant (p-value = 2.30 ×10–2) and negative impact (β3 =

-2.64) on CH4 cumulative production (Table 5.2). This would indicate that the

inclusion of ZnO significantly hampered the production of CH4.

These results were not encouraging from an activity point of view but they offered

an opportunity for further scientific enquiry. The decrease in both CO and CH4
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cumulative production has been shown to be very likely dependent on the fraction

of ZnO used. Both TiO2 and ZnO were synthesised using a precipitation method

that employed sulphate salts TiOSO4 and ZnSO4, respectively. Ion chromatography

(IC) analyses were performed on pristine TiO2 and ZnO samples, showing 0.4% and

12.0% wt. sulphates, respectively. The large amount of sulphates observed in the

ZnO samples, was also confirmed by XRD analysis (Fig. 5.4), showing that this

material is actually composed of 43% Zn3O(SO4)2, corresponding to 20.7% wt.

amount of sulphates, and 57% ZnO.[237] The difference in the amount of sulphates

recorded by IC and XRD is likely due to the inability of the IC analysis extraction

procedure to recover all the sulphates.

Figure 5.4: XRD comparison of TiO2 and ZnO. A = Anatase (TiO2 phase), Z =
Zincite (ZnO phase) and S = ZnO3(SO4)2

Sulphates are reported to depress photocatalytic activity by acting as a radical

scavenger and converting reactive radical species into less reactive ones.[238] Sev-

eral mechanisms, all involving radical intermediates, have been proposed for CO2

photoreduction.[3, 239] Sulphates or species arising from radical scavenging yield-

ing SO4
•– species might interfere with the CO2 photoreduction reaction pathway.

Moreover, the oxidizing holes generated on both TiO2 (+2,91 V vs NHE) and ZnO

(+2,89 V vs NHE) valence band [228], can be potentially scavenged by sulphates

(E° = +2,43 V vs NHE) [240], thus acting as charge carrier trap and competing

with water oxidation (Fig. 5.5). The sulphates acting as radical and/or hole scav-
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engers are very likely to undergo chemical transformations towards reduced sulphur

species such as H2S, SO2 and S. To confirm this hypothesis, future work would

include attempting to identify these species formed during the CO2 photoreduction

reaction.

Figure 5.5: Energy levels scheme for the proposed mechanism of sulphates as hole
scavengers

5.8 Conclusion

A systematic experimental mixture design as used to investigate the impact of the

fractions of TiO2 and ZnO as mixed metal oxides on an ordered SBA-15 meso-

porous support for CO2 photoreduction activity. The combination of a systematic

experimental mixture design using numerical tools and the analysis of the prepared

TiO2/ZnO photocatalyst properties offered an opportunity to provide evidence for

the trapping of radical CO2 photoreduction intermediates and/or charge carriers by

sulphate groups. This approach has shown use for rapid screening and the develop-

ment of mixed metal oxides for CO2 photoreduction.

Increasing the fraction of TiO2 improved the production of CO with a linear

trend observed. Increasing the fraction of TiO2 also improved the production of

CH4 with an exponential trend observed. This was confirmed by numerical analysis
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where the fraction of TiO2 was found to be statistically significant for both CO and

CH4 cumulative production. The exponential trend for CH4 cumulative production

could be explained by the statistical significance of a negative interaction between the

fraction of TiO2 and ZnO used. Increasing the fraction of ZnO yielded significantly

less CH4 production and had a slightly less dramatic, albeit still negative, impact

on CO production.
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Conclusions and future work
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Figure 6.1: Experimental challenges (Steps 1 - 3) were addressed in this work for
the collection of high quality CO2 photoreduction data. In addition, modelling and
numerical challenges (Steps 4 - 5) were addressed for the development of probability
LH based kinetic models.
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6.1 Conclusions

This thesis provides a comprehensive framework of experimental and numerical

methodology for collecting high quality CO2 photoreduction kinetic data. To achieve

this, five major challenges (Fig. 6.1) needed to be addressed.

A solid understanding of the challenges shown by Fig. 6.1 Steps 1 - 5 were

identified by reviewing current CO2 photoreduction literature towards a perspective

article (Chapter 2). This included the impact of adventitious carbon, extrinsic CO2

photoreduction kinetic models dependant on photoreactor geometry and the impact

of the numerical methods used for the estimation of kinetic model coefficients. A

practical and numerical analysis foundation for collecting CO2 photoreduction data

and developing CO2 photoreduction kinetic models was established. The mean

median multi-start trust-region numerical method developed is a relatively easy to

implement solution for finding a global solution to nonconvex nonlinear functions.

This is the first example highlighting the challenges of collecting CO2 photoreduction

kinetic data and model development.

To address Fig. 6.1 Steps 1 - 2 for the development of reproducible photocata-

lysts and coatings. Design of Experiments were shown to be a very powerful tool

for understanding the process impacts on photocatalyst synthesis using an efficient

number of experiments. It was shown how these methods could be applied towards

the reproducible synthesis of photocatalysts due to a good understanding of the most

critical process parameters. Two examples were provided as research articles. In

Chapter 3, a very efficient Plackett-Burman design was used towards the synthesis

of a TiO2 sol-gel with useful photocatalytic properties, favourable coverage, band

gap and anatase:rutile phase ratio, was developed for CO2 photoreduction. Using

an efficient experimental design, this study showed how the use of a systematic

experimental design and statistical analysis could be applied for the reproducible

production of CO2 photoreduction photocatalysts and coatings. In addition, photo-

catalyst coating coverage analysis using a novel novel machine vision approach was

developed. Much like the numerical methods developed in Chapter 2, the clearly

explained example of the machine vision implementation is transferable to other

fields.

Fig. 6.1 Steps 1 - 5 were applied for the development of probability LH based

125



Chapter 6: Conclusions and future work

kinetic models in Chapter 4. An experimental protocol was developed to limit the

impact of adventitious carbon. CO2 photoreduction process parameters tempera-

ture, partial pressures of CO2 and H2O and irradiance were controlled to yield high

quality CO2 photoreduction kinetic data. To promote the equal participation of

active sites for the collection of kinetic data independent of photoreactor geometry,

a photodifferential photoreactor with a high ratio of reagent gas volume to illumi-

nated photocatalyst area was designed and used. The well described experimental

protocol and setup is useful for addressing the large variation of protocols and setups

used by the CO2 photoreduction field. The probability CO2 photoreduction models

are a first for the field and are very useful as they provide detail about the impact

of reagent gases on fractional coverage and quantify deactivation. This will be use-

ful for comparing future CO2 photoreduction photocatalysts leading to improved

decision making.

In Chapter 5, the methodology developed for CO2 photoreduction kinetic mod-

els was shown to generalise well for developing CO2 photoreduction photocatalysts.

Composite mixed TiO2/ZnO metal-oxide photocatalysts were developed and their

efficiency tested using the kinetic model development methodology. The impact

of sulphates as potential radical intermediates and charge carrier scavengers to re-

duce CO2 photoreduction activity was complimented with statistical evidence from

a mixture experimental design. The GC data analysis of the low product concen-

tration data is useful for the field as it limits human error and encourages precise

comparisons leading to better decisions being made about the efficiency of the pho-

tocatalyst. The structure provided by the mixture design is very useful for driving

the field forward as it assist with simplifying the decision making process for the

development of CO2 photoreduction photocatalysts.

6.2 Recommendations

Starting from left to right of the decision tree (Fig. 6.1), the following list describes

the recommendations that can be executed as a result of the work presented in this

thesis.

1. Photoreactor (Fig. 6.1 Step 2):
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• Test impact of irradiance and temperature. Irradiance is a parameter

term used in the current probability LH based kinetic models and it

would be interesting to investigate if the model accounts for changes in

irradiance. Is it possible to find a relationship between temperature and

the rate constant?

• Use H2 as a proton source instead of H2O. Using H2 will decreased

the amount of O2 produced which may decrease efficiency by favouring

the reverse photooxidation reaction of products formed. In addition, the

reaction between CO2 and H2 is thermodynamically more favourable.

The use of H2 allows for far greater experimental space to be explored

with respect to pressure. This is because it is difficult to saturate CO2

with H2O.

• Use a LED light array as a light source. The current set up uses irradiance

with wavelengths of 365 and 400 - 500 nm. This is limiting as some

photocatalysts may not be optimised for adsorbing this irradiance. LED

light sources offer an exciting route for selecting different wavelengths,

altering the power of the irradiance and setting the frequency of the light

to turn ’ON’/’OFF’. Irradiance is likely to impact absorption of reagent

gases. It would be very useful to test the impact of turning the irradiance

source ’ON’/’OFF’ at different frequencies. This way, the absorption

equilibrium could be interrupted possibly leading to increased reactivity

and/or change in product selectivity

• Automate the rig. Automation will increase the speed of discovery, im-

prove reproducibility and reduce the impact of human error. This is

actually not a far stretch from the baseline this thesis has presented.

It will require a few feedback loops between the different steps to be

completed and engineering robotic control components into the system.

The data analysis and numerical tools are already well developed and

semi-automated. In addition, the impact of different process materials

on limiting adventitious carbon and a sound understanding of what the

experimental rig requires is a strong foundation to guide development of

the automated components
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2. Analytics (Fig. 6.1 Step 3):

• Swap the GC for a MS to detect a greater variety of products. Compar-

ison of the two analytical methods is a good candidate for publication

• Use low cost gas sensors placed between the photoreactor and GC. Test

if products can be detected and compare the results with the GC. One

of the constraints for collecting CO2 photoreduction data is the time it

takes for the system to be setup. It takes approximately thirty six hours

to complete one experiment. The use of an inline GC can only be used for

one reaction at a time. To speed up development of CO2 photoreduction

kinetics, process optimisation and photocatalyst development, parallel

systems that utilise low cost sensors is an exciting option

3. Kinetic model (Fig. 6.1 Step 4):

• Validate the PDF LH based kinetic models by testing the rate response

at different partial pressures of CO2 and H2O

• Test LH model assumption that products desorb immediately by flowing

expected products CH4 or CO through the photoreactor rig with and

without irradiance. A difference in area detected by GC would provide

some insight towards answering this question and understanding the im-

pact of irradiance on the adsorption properties of the photocatalyst

4. Numerical methods (Fig. 6.1 Step 5):

• Test number of minimum data points needed to minimise variation in

nonlinear model coefficients estimated using the mean median multi-start

trust-region method

• Use the mean median multi-start trust-region method to estimate and

compare coefficient values to nonlinear kinetic models reported in the

literature

Reliable comparison of photocatalytic activity is now possible and the compari-

son of photocatalysts will speed up the rate at which they are developed. In addi-

tion, process optimisation is feasible with excellent experimental control of the most

critical CO2 photoreduction process parameters. Systematic experimental designs

developed in this work could easily be applied towards this process optimisation and

investigating other process impacts.
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for Chapter 2

A.1 Numerical method comparing multi-start, genetic-

algorithm and particle-swarm
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Walk through of comparison of multi-start trust-region,

genetic algorithm and particle swarm methods for 

estimating nonlinear CO2 photoreduction

kinetic model coefficients
 

See excellent MATLAB documentation for more information for the trust-region method

https://uk.mathworks.com/help/optim/ug/constrained-nonlinear-optimization-algorithms.html

MATLAB R2018b used

 

Data reported by Tan 
L.-L. Tan, W.-J. Ong, S.-P. Chai and A. R. Mohamed, Chemical Engineering Journal, 2017, 308, 248–255

• Extracted CH4 data at different partial pressures of CO2 from Figure 3 (a) using WebPlotDigitizer
• Extracted CH4 data at different partial pressures of H2O from Figure 3 (b) using WebPlotDigitizer

Copy and paste these settings to run the script below
(Partial pressure CO2 (bar), partial pressure H2O (bar), CH4 production (umol.gcat-1.h-1), I (mW/cm2),
reported  model coefficients and constraints used for mean median model in order of: k, alpha, KH2O and
KCO2 )

experimental_settings_PCO2 = [0 0.25 0.5 0.75 0.9 1.01];

experimental_settings_PH2O = 0.043;

reported_CH4_production = [0 0.172 0.202 0.212 0.385 0.336];

I = 81;

reported_coefficients = [84.42 4.4E-2 8.070 1.93E-2];

lower_constraint = [0 0 0 0];

upper_constraint = [100 0.5 30 0.5];

Please enter data and experimental settings used to fit the model

% Copy and paste experimental settings, production data and reported coeffients
% as code - highlight text and click "Code" icon in "LIVE EDITOR" ribbon
experimental_settings_PCO2 = [0 0.25 0.5 0.75 0.9 1.01];
experimental_settings_PH2O = 0.043;
reported_CH4_production = [0 0.172 0.202 0.212 0.385 0.336];
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I = 81;
reported_coefficients = [84.42 4.4E-2 8.070 1.93E-2];
lower_constraint = [0 0 0 0];
upper_constraint = [100 0.5 30 0.5];
 
pressure_settings = ones(numel(experimental_settings_PCO2),2);
pressure_settings(:,1) = pressure_settings(:,1).*experimental_settings_PCO2';
pressure_settings(:,2) = pressure_settings(:,2).*experimental_settings_PH2O;
                     

Please enter values 

• For number of loops median multi-start trust -region method will run 
• Number of iterations per median loop
• Number of multi-start points 

% Set the number of times the iteration of the algorithm iterations method 
% will loop. Must be set to > 1 so that standard deviation and stats 
% comparison is possible
 
number_for_std_deviation_calculation = 10;   
 
% Set the number times the algorithm method will iterate
% within number of loops set above 
number_method_iterations = 50;            
 

Line changes optional - Median multi-start (MS) 

trust-region method

• This is the median MS trust-region method
• After each MS iteration, the median of the coefficients estimated will be saved in an array
• After each MS iteration, the values with the lowest error will be saved in an array

% Two site kinetic model
% b(1) = k, b(2) = alpha, b(3) = KH2O and b(4) = KCO2
 
Two_site_LH_model = @(b,pressure_settings)...
                     (b(1).*I.^b(2).*(b(3).*pressure_settings(:,2).*b(4).*...
                     pressure_settings(:,1)))./...
                     ((1 + (b(3).*pressure_settings(:,2))...
                     + (b(4).*pressure_settings(:,1))).^2);
 
% Set number of starting points for multi-start algorithm
no_multi_start_points = 10; 
 
% Assign empty data array to record the median value after each loop of

2
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% multi-start trust-region iterations is complete
multiple_MS_median_approach_values = [];
multiple_MS_error_approach_values  = [];
all_MS_values = [];
 
% Assign empty data array to record the coefficient estimates for each 
% multi-start solution
MS_model_values        = [];
MS_model_values_errors = [];
 
for std_deviation_run = 1:number_for_std_deviation_calculation
     
    for median_run = 1:number_method_iterations
        
        % Randomly select intial starting point values between upper and 
        % lower constraint values
        Random_starting_point_values = (upper_constraint-lower_constraint)....
                                        *rand(1,1) + lower_constraint;
 
        problem = createOptimProblem('lsqcurvefit','x0',...
                                     Random_starting_point_values,'objective',...
                                     Two_site_LH_model,'lb',lower_constraint,...
                                     'ub',upper_constraint,'xdata',...
                                     pressure_settings,'ydata',...
                                     reported_CH4_production');
 
        ms = MultiStart('Display','off');
        [xMS,fvalMS] = run(ms,problem, no_multi_start_points);
        
        MS_model_values(median_run,1:numel(lower_constraint)) = xMS;
        MS_model_values_errors(median_run,1) = fvalMS;
               
    end
 
 % Lets collect the coefficient values based on median approach 
 % for each round   
 multiple_MS_median_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = median(MS_model_values);
 
 % Lets collect the coefficient values based on lowest error approach 
 % for each round 
 [M,I] = min(MS_model_values_errors);
 multiple_MS_error_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = MS_model_values(I,1:numel(lower_constraint));
 
 % Let's collect all of the multistart values for plotting histograms later
 all_MS_values = [all_MS_values;MS_model_values];
 
end
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Line changes optional - Median genetic algorithm (GA) 

method

• This is the median GA method
• After each GA iteration, the median of the coefficients estimated will be saved in an array
• After each GA iteration, the values with the lowest error will be saved in an array

% Call GAmin function to assign sum of squares as objective function
 
fun_GA = @(b)minObj(b,pressure_settings,I,reported_CH4_production);
 
% Assign empty data array to record the GA values after each loop of
% multi-start trust-region iterations is complete
multiple_GA_median_approach_values = [];
multiple_GA_error_approach_values  = [];
all_GA_values               = [];
 
 
% Assign empty data array to record the coefficient estimates for each 
% GA solution
GA_model_values        = [];
GA_model_values_errors = [];
 
 
for std_deviation_run = 1:number_for_std_deviation_calculation
     
    for median_run = 1:number_method_iterations
        
        options = optimoptions('ga','Display','off');
        [xGA,fvalGA] = ga(fun_GA,4,[],[],[],[],lower_constraint,...
                          upper_constraint,[],options);
        
        GA_model_values(median_run,1:numel(lower_constraint)) = xGA;
        GA_model_values_errors(median_run,1) = fvalGA;
               
    end
 
 % Lets collect the coefficient values based on median GA approach 
 % for each round   
 multiple_GA_median_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = median(GA_model_values);
 
 % Lets collect the coefficient values based on lowest error 
 % GA approach for each round 
 
 [M,I] = min(GA_model_values_errors);
 multiple_GA_error_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = GA_model_values(I,1:numel(lower_constraint));
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 % Let's collect all of the GA values for plotting histograms later
 all_GA_values = [all_GA_values;GA_model_values];
 
end

Line changes optional - Median particle swarm (PS) 

method

• This is the median PS method
• After each PS iteration, the median of the coefficients estimated will be saved in an array
• After each PS iteration, the values with the lowest error will be saved in an array

% Call PSmin function to assign sum of squares as objective function
 
fun_PS = @(b)minObj(b,pressure_settings,I,reported_CH4_production);
 
% Assign empty data array to record the GA values after each loop of
% multi-start trust-region iterations is complete
multiple_PS_median_approach_values = [];
multiple_PS_error_approach_values  = [];
all_PS_values               = [];
 
 
% Assign empty data array to record the coefficient estimates for each 
% GA solution
PS_model_values        = [];
PS_model_values_errors = [];
 
 
for std_deviation_run = 1:number_for_std_deviation_calculation
     
    for median_run = 1:number_method_iterations
        
        options = optimoptions('particleswarm','Display','off');
        [xPS,fvalPS] = particleswarm(fun_PS,4,lower_constraint,...
                                     upper_constraint,options);
        
        PS_model_values(median_run,1:numel(lower_constraint)) = xPS;
        PS_model_values_errors(median_run,1) = fvalPS;
               
    end
 
 % Lets collect the coefficient values based on median GA approach 
 % for each round   
 multiple_PS_median_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = median(PS_model_values);
 
 % Lets collect the coefficient values based on lowest error 
 % GA approach for each round 
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 [M,I] = min(PS_model_values_errors);
 multiple_PS_error_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = PS_model_values(I,1:numel(lower_constraint));
 
 % Let's collect all of the GA values for plotting histograms later
 all_PS_values = [all_PS_values;PS_model_values];
 
end

How do the different approaches compare?

• Lets compare the spread of coefficient values estimated using histograms

x_label = ["k (\mumol.g_{cat}^{-1}.h^{-1})" "\alpha" "K_{H_{2}O}" + ...
           "(bar^{-1})" "K_{CO_2} (bar^{-1})"];
       
% Set maximum histogram plot height, will need to increase for higher
% values set for: 'number_for_std_deviation_calculation' and/or 
% 'number_median_iterations'
max_height=200; 
 
figure;
% Plot histogram and median line for k coefficient estimates for different
% approaches
subplot(1,3,1); 
histfit(all_MS_values(:,1),20); xlabel(x_label(1), 'FontSize', 20);
title('MS method')
subplot(1,3,2); 
histfit(all_GA_values(:,1),20); xlabel(x_label(1), 'FontSize', 20);
title('GA method')
subplot(1,3,3); 
histfit(all_PS_values(:,1),20); xlabel(x_label(1), 'FontSize', 20);
title('PS method')
sgtitle('Comparsion of estimated k coefficient values')
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figure;
% Plot histogram and median line for alpha coefficient estimates for different
% approaches
subplot(1,3,1); 
histfit(all_MS_values(:,2),20); xlabel(x_label(2), 'FontSize', 20);
title('MS method')
subplot(1,3,2); 
histfit(all_GA_values(:,2),20); xlabel(x_label(2), 'FontSize', 20);
title('GA method')
subplot(1,3,3); 
histfit(all_PS_values(:,2),20); xlabel(x_label(2), 'FontSize', 20);
title('PS method')
sgtitle('Comparsion of estimated \alpha coefficient values')
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figure;
% Plot histogram and median line for KH2O coefficient estimates for different
% approaches
subplot(1,3,1); 
histfit(all_MS_values(:,3),20); xlabel(x_label(3), 'FontSize', 20);
title('MS method')
subplot(1,3,2); 
histfit(all_GA_values(:,3),20); xlabel(x_label(3), 'FontSize', 20);
title('GA method')
subplot(1,3,3); 
histfit(all_PS_values(:,3),20); xlabel(x_label(3), 'FontSize', 20);
title('PS method')
sgtitle('Comparsion of estimated K_{H_2O} coefficient values')
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figure;
% Plot histogram and median line for KCO2 coefficient estimates for different
% approaches
subplot(1,3,1); 
histfit(all_MS_values(:,4),20); xlabel(x_label(4), 'FontSize', 20);
title('MS method')
subplot(1,3,2); 
histfit(all_GA_values(:,4),20); xlabel(x_label(4), 'FontSize', 20);
title('GA method')
subplot(1,3,3); 
histfit(all_PS_values(:,4),20); xlabel(x_label(4), 'FontSize', 20);
title('PS method')
sgtitle('Comparsion of estimated K_{CO_2} coefficient values')
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Does choosing the coeffients with the lowest error yield

reproducible results? 
 

% Are the approaches repeatable?
figure;
subplot(1,2,1); 
hist(multiple_MS_error_approach_values);
title('MS error approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
subplot(1,2,2); 
hist(multiple_MS_median_approach_values);
title('MS median approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
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figure;
subplot(1,2,1); 
hist(multiple_GA_error_approach_values);
title('GA error approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
subplot(1,2,2); 
hist(multiple_GA_median_approach_values);
title('GA median approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
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figure;
subplot(1,2,1); 
hist(multiple_PS_error_approach_values);
title('PS error approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
subplot(1,2,2); 
hist(multiple_PS_median_approach_values);
title('PS median approach');
xlabel('Coefficient value');
ylabel('Number of test rounds'); 
legend({'k', '\alpha', 'K_{H_2O}', 'K_{CO_2}'},'Location','north');
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Sum of squares objective function

function sse = minObj(b,pressure_settings,irradiance,production_data)
 
I = irradiance;
y = production_data';
 
sse =  sum(((b(1).*I.^b(2).*(b(3).*pressure_settings(:,2).*b(4).*...
        pressure_settings(:,1)))./((1 + (b(3).*pressure_settings(:,2))...
        + (b(4).*pressure_settings(:,1))).^2) - y).^2);
end

13
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A.2 Mean median multi-start trust -region method

for finding gloabl solution

143



Walk through of mean median multi-start trust-region 

method for estimating nonlinear CO2 photoreduction

kinetic model coefficients
 

See excellent MATLAB documentation for more information for the trust-region method

https://uk.mathworks.com/help/optim/ug/constrained-nonlinear-optimization-algorithms.html

MATLAB R2018b used

 

Data reported by Tan 
L.-L. Tan, W.-J. Ong, S.-P. Chai and A. R. Mohamed, Chemical Engineering Journal, 2017, 308, 248–255

• Extracted CH4 data at different partial pressures of CO2 from Figure 3 (a) using WebPlotDigitizer
• Extracted CH4 data at different partial pressures of H2O from Figure 3 (b) using WebPlotDigitizer

Copy and paste these settings to run the script below
(Partial pressure CO2 (bar), partial pressure H2O (bar), CH4 production (umol.gcat-1.h-1), I (mW/cm2), 

reported  model coefficients and constraints used for mean median model in order of: k, alpha, 

KH2O and KCO2 )

experimental_settings_PCO2 = [0 0.25 0.5 0.75 0.9 1.01];

experimental_settings_PH2O = 0.043;

reported_CH4_production = [0 0.172 0.202 0.212 0.385 0.336];

I = 81;

reported_coefficients = [84.42 4.4E-2 8.070 1.93E-2];

lower_constraint = [0 0 0 0];

upper_constraint = [100 0.5 30 0.5];

Or use following if partial pressure CO2 was kept constant

experimental_settings_PCO2 = 0.9;

experimental_settings_PH2O = [0 0.043 0.088 0.173 0.312 0.565];

reported_CH4_production = [0 0.385 0.389 0.431 0.329 0.310];

I = 81;

reported_coefficients = [84.42 4.4E-2 8.070 1.93E-2];

1
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lower_constraint = [0 0 0 0];

upper_constraint = [100 0.5 30 0.5];

Data reported by Tahir
M. Tahir and N. S. Amin, Chemical Engineering Journal, 2013, 230, 314–327

• Extracted CH4 data at different partial pressures of CO2 from Figure 12 using WebPlotDigitizer
• Assumed yield reported was for ten hour reaction

Copy and paste these settings to run the script below
(Partial pressure CO2 (bar), partial pressure H2O (bar), CH4 production (umol.gcat-1.h-1), I (mW/cm2),

 reported  model coefficients and constraints used for mean median model in order of: k, alpha, 

KH2O and KCO2 )

experimental_settings_PCO2 = [0 0.019 0.039 0.059 0.079];

experimental_settings_PH2O = 0.0432;

reported_CH4_production = [0 67.70 77.48 73.47 65.29];

I = 150;

reported_coefficients = [500 6.0E-1 7.5E-1 30];

lower_constraint = [0 0 0 0];

upper_constraint = [200 0.8 25 50];

Data reported by Khalizadeh
A. Khalilzadeh and A. Shariati, Solar Energy, 2018, 164, 251–261

• Extracted CH4 data at different partial pressures of CO2 from Figure 10 (a)
• Extracted CH4 data at different partial pressures of H2O from Figure 10 (b)

Copy and paste these settings to run the script below
(Partial pressure CO2 (bar), partial pressure H2O (bar), CH4 production (umol.gcat-1.h-1), 

I (mW/cm2), reported  model coefficients and constraints used for mean median model 

in order of: k, alpha, KH2O, KCO2 and  n)

experimental_settings_PCO2 = [0 0.28 0.55 0.76 1.01];

experimental_settings_PH2O = 0.155;

reported_CH4_production = [0 19.84 23.53 28.15 24.92];                                

I = 85;

reported_coefficients = [6.47 6.5E-1 145.2 22.74 1.23];

2
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lower_constraint  = [0 0 0 0 0 ];

upper_constraint = [80 0.7 200 40 2];

Or use following if partial pressure CO2 was kept constant

experimental_settings_PCO2 = 0.76;

experimental_settings_PH2O = [0.043 0.095 0.155 0.250 0.310];

reported_CH4_production = [22.15 24.92 28.15 26.30 22.61];

I = 85;

reported_coefficients =  [6.47 6.5E-1 145.2 22.74 1.23];

lower_constraint  = [0 0 0 0 0 ];

upper_constraint =[80 0.7 200 40 2];

Please enter data and experimental settings used to fit the model

% Copy and paste experimental settings, production data and reported coeffients
% as code - highlight text and click "Code" icon in "LIVE EDITOR" ribbon
experimental_settings_PCO2 = [0 0.25 0.5 0.75 0.9 1.01];
experimental_settings_PH2O = 0.043;
reported_CH4_production = [0 0.172 0.202 0.212 0.385 0.336];
I = 81;
reported_coefficients = [84.42 4.4E-2 8.070 1.93E-2];
lower_constraint = [0 0 0 0];
upper_constraint = [100 0.5 30 0.5];

Line changes optional - Assign two site LH and Sips kinetic model
functions

if numel(experimental_settings_PH2O) == 1
    pressure_settings = ones(numel(experimental_settings_PCO2),2);
    pressure_settings(:,1) = pressure_settings(:,1).*experimental_settings_PCO2';
    pressure_settings(:,2) = pressure_settings(:,2).*experimental_settings_PH2O;
else
    pressure_settings = ones(numel(experimental_settings_PH2O),2);
    pressure_settings(:,1) = pressure_settings(:,1).*experimental_settings_PCO2;
    pressure_settings(:,2) = pressure_settings(:,2).*experimental_settings_PH2O';
end
 
% Two site kinetic model
% b(1) = k, b(2) = alpha, b(3) = KH2O and b(4) = KCO2
 
Two_site_LH_model = @(b,pressure_settings)...
                     (b(1).*I.^b(2).*(b(3).*pressure_settings(:,2).*b(4).*...
                     pressure_settings(:,1)))./...
                     ((1 + (b(3).*pressure_settings(:,2))...
                     + (b(4).*pressure_settings(:,1))).^2);
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% Sips kinetic model
% b(1) = k, b(2) = alpha, b(3) = KH2O, b(4) = KCO2 and b(5) = n
 
Sips_kinetic_model = @(b,pressure_settings)...
                      (b(1).*(I.^b(2))).*(((pressure_settings(:,1).*b(4)).^...
                      (1./b(5))).*((pressure_settings(:,2).*b(3)).^(1./b(5))))...
                      ./((1 + ((pressure_settings(:,1).*b(4)).^(1./b(5))) +...
                      ((pressure_settings(:,2).*b(3)).^(1./b(5)))).^2);                   

Line changes optional - Assign model and variables for plots

• To select model that median multi-start trust-region method will use
• Set number of columns for histogram plot
• Assign plot labels used by histogram and 3D bar plots

number_parameters = numel(lower_constraint);
 
if number_parameters == 4
    
    % Assign model
    kinetic_model = Two_site_LH_model;
    
    % Assign number of columns for histogram subplot 
    number_columns = 2;
    
    % Assign plot labels
    x_label = ["k (\mumol.g_{cat}^{-1}.h^{-1})" "\alpha" "K_{H_{2}O}" + ...
               "(bar^{-1})" "K_{CO_2} (bar^{-1})"];
    
else
    
    % Assign model
    kinetic_model = Sips_kinetic_model;
    
    % Assign number of columns for histogram subplot 
    number_columns = 3;
    
    % Assign plot labels
    x_label = ["k (\mumol.g_{cat}^{-1}.h^{-1})" "\alpha" "K_{H_{2}O}" + ...
               "(bar^{-1})" "K_{CO_2} (bar^{-1})" "n"];
    
end

Please enter values 

• For number of loops median multi-start trust -region method will run 
• Number of iterations per median loop

4
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• Number of multi-start points 

% Set the number of times the median iteration method will loop, Set to 1 if
% you are not interested in calculating the standard deviation of the
% median values and only want one set of median coefficient estimates
number_for_std_deviation_calculation = 10;   
 
% Set the number times the multi-start trust-region method will iterate
% within number of loops set above 
number_median_iterations = 50;            
 
% Set number of starting points for multi-start algorithm
no_multi_start_points = 10; 

Line changes optional - Median multi-start trust-region method

• This is the median multi-start trust-region method
• After each multi-start iteration, the median of the coefficients estimated will be saved in an array

% Assign empty data array to record the median value after each loop of
% multi-start trust-region iterations is complete
multiple_median_approach_values = [];
all_multistart_values = [];
 
% Assign empty data array to record the coefficient estimates for each 
% multi-start solution
multistart_model_values        = [];
 
 
for std_deviation_run = 1:number_for_std_deviation_calculation
     
    for median_run = 1:number_median_iterations
        
        % Randomly select intial starting point values between upper and 
        % lower constraint values
        Random_starting_point_values = (upper_constraint-lower_constraint)....
                                        *rand(1,1) + lower_constraint;
 
        problem = createOptimProblem('lsqcurvefit','x0',...
                                     Random_starting_point_values,'objective',...
                                     kinetic_model,'lb',lower_constraint,...
                                     'ub',upper_constraint,'xdata',...
                                     pressure_settings,'ydata',...
                                     reported_CH4_production');
 
        ms = MultiStart('Display','off');
        [xmulti,errormulti,flagm,outptm,manyminsm] = run(ms,problem,...
                                                         no_multi_start_points);
        
        multistart_model_values(median_run,1:numel(lower_constraint)) = xmulti;
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    end
 
 % Lets collect the coefficient values based on median approach for each round   
 multiple_median_approach_values(std_deviation_run,...
 1:numel(lower_constraint)) = median(multistart_model_values);
 
 % Let's collect all of the multistart values for plotting histograms later
 all_multistart_values = [all_multistart_values;multistart_model_values];
 
end

Line changes optional - What is the mean and standard deviation of  

coefficients from the median multi-start approach?
In order of k, alpha, KH2O and KCO2 for two site and k, alpha, KH2O, KCO2 and n for Sips

Repeat the 'Line changes optional - Median multi-start trust-region method' and this chunk of code to see that
the method is reproducible 

% Calculate mean and standard deviation of coefficients from median
% multi-start approach
 
if number_for_std_deviation_calculation == 1
    disp(['Not enough median values to calcuate standard deviation' ...
          ' and mean. Set ''number_for_std_deviation_calculation" > 1'])
    disp(['Coefficient values from median approach after' ...
          ' one iteration loop used  shown below:'])
    mean_median_coefficients = multiple_median_approach_values      
else
    disp('The standard deviation of the median coefficients are:')
    std_dev_median_coefficients = std(multiple_median_approach_values)
    disp('The mean of the median coefficients are:')
    mean_median_coefficients    = mean(multiple_median_approach_values)
end

The standard deviation of the median coefficients are:
std_dev_median_coefficients = 1×4
    1.0418    0.0094    0.0895    0.0011

The mean of the median coefficients are:
mean_median_coefficients = 1×4
   17.8582    0.0962    1.7951    0.3213

Line changes optional - Plot histograms of the coefficient values with
mean median value as dotted red line       

figure;
 
% Set maximum histogram plot height, will need to increase for higher

6
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% values set for: 'number_for_std_deviation_calculation' and/or 
% 'number_median_iterations'
max_height=200; 
 
% Plot histogram and median line for k coefficient estimates 
subplot(2,number_columns,1); 
histfit(all_multistart_values(:,1),20); xlabel(x_label(1), 'FontSize', 20);
hold on
p = line([mean_median_coefficients(1,1),mean_median_coefficients(1,1)],...
         [0,max_height],'Color','r','LineStyle','--');
 
% Plot histogram and median line for alpha coefficient estimates 
subplot(2,number_columns,2); 
histfit(all_multistart_values(:,2),20); xlabel(x_label(2), 'FontSize', 20);
hold on
p = line([mean_median_coefficients(1,2),mean_median_coefficients(1,2)],...
         [0,max_height],'Color','r','LineStyle','--');
 
% Plot histogram and median line for KH2O coefficient estimates 
subplot(2,number_columns,3); 
histfit(all_multistart_values(:,3),20); xlabel(x_label(3), 'FontSize', 20);
hold on
p = line([mean_median_coefficients(1,3),mean_median_coefficients(1,3)],...
         [0,max_height],'Color','r','LineStyle','--');
 
% Plot histogram and median line for KCO2 coefficient estimates 
subplot(2,number_columns,4); 
histfit(all_multistart_values(:,4),20); xlabel(x_label(4), 'FontSize', 20); 
hold on
p = line([mean_median_coefficients(1,4),mean_median_coefficients(1,4)],...
         [0,max_height],'Color','r','LineStyle','--');
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if numel(x_label) == 5
    
    % Plot histogram and median line for n coefficient estimates 
    subplot(2,number_columns,5); 
    histfit(all_multistart_values(:,5),20); xlabel(x_label(5), 'FontSize', 20); 
    hold on
    p = line([mean_median_coefficients(1,5),mean_median_coefficients(1,5)],...
             [0,max_height],'Color','r','LineStyle','--');    
 
end

Line changes optional - Plot the mean median model, recorded model and
recorded data points 

if numel(experimental_settings_PH2O) == 1
    
    % Create CO2 partial pressure values to fit with models 
    model_settings_PCO2 = linspace(0,3,100)';
    
    % Use constant experimental H2O partial pressure setting to fit with
    % model
    model_settings_PH2O = ones(numel(model_settings_PCO2),1).*...
                               experimental_settings_PH2O;
    

8
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    % Combine CO2 and H2O partial pressures into matrix to fit with model 
    model_pressure_settings = [model_settings_PCO2 model_settings_PH2O];
    
    % Estimate CH4 production using reported and mean median models
    CH4_production_reported_model = kinetic_model(reported_coefficients,...
                                                  model_pressure_settings);
    CH4_production_median_model   = kinetic_model(mean_median_coefficients,...
                                                  model_pressure_settings);
 
    % Plot experimental values, reported and mean median model  
    figure;
    plot(experimental_settings_PCO2,reported_CH4_production,...
        'Color', 'r','Marker','diamond','LineStyle','none','MarkerSize',10,...
        'MarkerFaceColor','r','MarkerEdgeColor','k')
    hold on;
    plot(model_settings_PCO2, CH4_production_reported_model,...
        'Color',[0.4940, 0.1840, 0.5560],'Marker','none','LineStyle','--',...
        'LineWidth',3)
    hold on;
    plot(model_settings_PCO2, CH4_production_median_model,...
        'Color', [0, 0.5, 0],'Marker','none','LineStyle','-','LineWidth',3)
    legend('Experimental values', 'Reported model','Median model');
    
    xlabel('P_{CO_2} (bar)','FontWeight','bold')
    ylabel('Rate CH_4 production (\mumol.g_{cat}^{-1}.h^{-1})','FontWeight',...
           'bold')
 
else
   
    % Create H2O partial pressure values to fit with models 
    model_settings_PH2O = linspace(0,1,100)';
    
    % Use constant experimental CO2 partial pressure setting to fit with
    % model
    model_settings_PCO2 = ones(numel(model_settings_PH2O),1).*...
                               experimental_settings_PCO2;
    
    % Combine CO2 and H2O partial pressures into matrix to fit with model 
    model_pressure_settings = [model_settings_PCO2 model_settings_PH2O];
    
    % Estimate CH4 production using reported and mean median models
    CH4_production_reported_model = kinetic_model(reported_coefficients,...
                                                  model_pressure_settings);
    CH4_production_median_model   = kinetic_model(mean_median_coefficients,...
                                                  model_pressure_settings);
 
    % Plot experimental values, reported and mean median model  
    figure;
    plot(experimental_settings_PH2O,reported_CH4_production,...
        'Color', 'r','Marker','diamond','LineStyle','none','MarkerSize',10,...
        'MarkerFaceColor','r','MarkerEdgeColor','k')
    hold on;
    plot(model_settings_PH2O, CH4_production_reported_model,...
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        'Color',[0.4940, 0.1840, 0.5560],'Marker','none','LineStyle','--',...
        'LineWidth',3)
    hold on;
    plot(model_settings_PH2O, CH4_production_median_model,...
        'Color', [0, 0.5, 0],'Marker','none','LineStyle','-','LineWidth',3)
    legend('Experimental values', 'Reported model','Median model');
    xlabel('P_{H_{2}O} (bar)','FontWeight','bold')
    ylabel('Rate CH_4 production (\mumol.g_{cat}^{-1}.h^{-1})','FontWeight',...
            'bold')
 
end

Line changes optional - How do the estimated reported and mean median
model coefficient estimates compare?

figure;
bar3([reported_coefficients;mean_median_coefficients])
xticklabels(x_label)
yticklabels({'Reported model', 'Median model'})
zlabel('Coefficient value')
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Appendix B

for Chapter 3

B.1 Python machine vision script

1 import pylab

2 from skimage import io

3 from skimage.filters import threshold otsu, threshold adaptive

4 import glob

5

6 # Open and crop images

7 for image in glob.glob('*.tif'):

8 file name = str(image)

9 image = io.imread(image,as gray=True)

10 pylab.imshow(image)

11 pylab.show()

12 m,n =image.shape

13 print(m ,n)

14

15 # Crop size usually 50 but depends on size scale-bar

16 m input = int(input("Crop y value :"))

17 image crop = image[0:m-m input, 0:n]

18 m,n =image crop.shape

19 areaimage = m*n

20 print("The area of the cropped image is :", areaimage)

21

22 #Manual global threshold

23 pylab.hist(image crop.ravel(), 256)

24 pylab.show()

25 thresh value = int(input("Input threshold value: "))

26 image manual = image crop > thresh value

27 pylab.imshow(image manual)

28 pylab.show()
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29 areacatalyst = image manual.sum()

30 coverage manual = float(areacatalyst) / areaimage * 100

31 print("For manual thresh, the coverage is (%): ", "%.2f" % coverage manual)

32

33 #Global Otsu method

34 T = threshold otsu(image crop)

35 image otsu = image crop > T

36 pylab.imshow(image otsu, cmap='Blues')

37 pylab.savefig('Otsu ' + file name, format ='tiff', dpi = 400)

38 pylab.show()

39 areacatalyst = image otsu.sum()

40 coverage otsu = float(areacatalyst) / areaimage * 100

41 print("For Otsu thresh, the coverage is (%): ", "%.2f" % coverage otsu)

42

43 #Adaptive thresholding

44 block size = 39

45 image adaptive = threshold adaptive(image crop, block size, offset=10)

46 pylab.imshow(image adaptive, cmap='Purples')

47 pylab.savefig('Adaptive ' + file name, format ='tiff', dpi = 400)

48 pylab.show()

49 areacatalyst = image adaptive.sum()

50 coverage adaptive = float(areacatalyst) / areaimage * 100

51 print("For adaptive thresh, the coverage is (%): ", "%.2f" % coverage adaptive)

52

53 #Plot images

54 fig, axes = pylab.plt.subplots(nrows=3, figsize=(7, 8))

55 ax0, ax1, ax2 = axes

56

57 ax0.imshow(image manual)

58 ax0.set title('Manual global thresholding', fontsize=15)

59 ax0.text(70, 70, "Coverage= " "%.2f" % coverage manual, style='italic',

60 color='white', fontsize=10, bbox={'facecolor':'black',

61 'alpha':0.5, 'pad':10})

62

63 ax1.imshow(image otsu)

64 ax1.set title('Otsu global thresholding')

65 ax1.text(70, 70, "Coverage= " "%.2f" % coverage otsu, style='italic',

66 color='white', fontsize=10, bbox={'facecolor':'black',

67 'alpha':0.5, 'pad':10})

68

69 ax2.imshow(image adaptive)

70 ax2.set title('Adaptive thresholding')

71 ax2.text(70, 70, "Coverage= " "%.2f" % coverage adaptive, style='italic',

72 color='white', fontsize=10, bbox={'facecolor':'black',

73 'alpha':0.5, 'pad':10})

74

75 for ax in axes:

76 ax.axis('off')

77
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78 pylab.show()
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Appendix C

for Chapter 4

C.1 CO2 photoreduction protocol
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CO2 photoreduction reaction protocol Pg. 1 of 17 
 

 

Avoiding contamination 
 
Clean glassware well with several Milli-Q water washes. Handle glassware and photoreactor 
components with nitrile gloves and/or forceps/spatula that was been well rinsed with Milli-Q 
water and dried. Store coated meshes/discs in clean vessels and cover with plastic to prevent 
dust contamination.   

 
Photocatalyst coating procedure: 

 
1. Prepare slurry of 50 - 100 mg of catalyst in 1 ml Milli-Q H2O 

2. Ultrasound for five minutes 

3. Weigh support and petridish 

4. Coat photocatalyst slurry using pipette as evenly as possible and try coat the entire area of the 

support  

5. Dry support in clean furnace (Furnace 02) with settings: 15 °C/min ramp rate, 120 °C hold 

temperature and 2 h hold time 

Preparing the photoreactor: 

6. Open photoreactor and remove previous coated support and/or wash photoreactor base and 

quartz glass with 2 x Milli-Q water on soft tissues 

4 x bolts. Remove 
stainless steel head 
cover, silicon seal and 
quartz glass. 
Avoid overtightening 
bolts when sealing 
photoreactor – use a 
maximum torque from 
two fingers turning the 
hex driver  
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CO2 photoreduction reaction protocol Pg. 2 of 17 
 

 

7. Blow washed bits dry with compressed N2  

8. Place coated support in photoreactor with forceps 

9. Check gas flow from manifold is desired gas/gases to MF1, MFC2 (Both connected to digital 

flow bus) and MFC5 (Connected to analogue controller) 

 

10. Close impinger penning gauge valve and GC inlet valve 

MFC
2  

MFC
5  

MFC
1  

Valve pointing 
“down” means 
CO2 gas is 
flowing to 
MFC2 

M
FC

2 

M
FC

5 

M
FC

1 

Gas selection 
valves 
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CO2 photoreduction reaction protocol Pg. 3 of 17 
 

 

11. Turn vacuum pump on and open vacuum needle valve with a quarter turn  

12. Observe pressure gauge for when the pressure drops to -1 bar. Then open the vacuum needle 

valve (Anti-clockwise)  completely with slow turns and leave under vacuum for one minute 

 
13. Close the vacuum needle valve (Clockwise) until finger tight 

14. Check that digital MFCs are communicating with PC. Open the Bronkhorst FlowDDE  
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CO2 photoreduction reaction protocol Pg. 4 of 17 
 

 

 
15. Click ‘Communication’ and then click ‘Open communication’  

 
16. Click Bronkhorst FlowPlot software 
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CO2 photoreduction reaction protocol Pg. 5 of 17 
 

 

17. To control flow rates – click ‘Instrument Settings’ 
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CO2 photoreduction reaction protocol Pg. 6 of 17 
 

 

18. Set flow of MFC2 to desired experimental flow rate and MFC1 to 1% for releasing the vacuum 

 

19. Open MFC1 and MFC2 toggle valves carefully  

Select MFC 
channel to observe 
actual flow 

Set value of flow 
for MFC 

Select MFC 
channel you want 
to control 

Self-explanatory 
actual values of 
flow 

MFC1 toggle 
valve in closed 
position 

MFC2 toggle 
valve in open 
position 
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CO2 photoreduction reaction protocol Pg. 7 of 17 
 

 

20. Open impinger penning gauge VERY slowly three units of a turn. NOTE: THIS WILL 

RELEASE THE VACUUM IN THE SYSTEM. IF THIS CHANGE OCCURS TOO FAST, 

WATER FROM THE IMPINGER WILL FLOOD THE SYSTEM.  

 

21. Release the vacuum until system pressure is 1 bar. Close the impinger penning gauge finger 

tight 

22. Release pressure slowly through GC inlet valve until pressure drops to 0.2 bar 
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23. Close the GC inlet valve 

24. Repeat Steps 10 – 13 and 20 – 23 two more times 

25. Send 0% flow to MFC1 and double check the ‘Actual settings’ for both MFC1 and MFC2 

 

26. Open impinger penning gauge slowly to release pressure built up in MFC lines leading to the 

impinger until a maximum pressure of 1 bar. Release the pressure by opening the GC inlet 

valve carefully. Repeat this until you can open the impinger penning gauge completely to all a 

fill flow of gas (Experimental setting) through the impinger and photoreactor 

 

 

Select MFC 
channel to observe 
actual flow 

Set value of flow 
for MFC 

Select MFC 
channel you want 
to control 

Self-explanatory 
actual values of 
flow 
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27. Set experimental temperature setting on hotplate, check temperature of heated lines (40 °C), 

impinger (25 °C) and chiller for water trap (4 – 7 °C) 

 

 

 

 

 

Temperature of 
impinger 

Temperature of 
heated lines 
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28. Double check valves – at this point the ONLY the following valves should be open: MFC2 

toggle valve, impinger penning gauge valve, GC inlet valve and the GC outlet valve (This 

valve should never be turned off) 

 

29. Check temperature settings once more (Hotplate temperature can change very easily with the 

lightest of bumps). Close the curtains and allow the system to equilibrate overnight 
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Finally! The experiment: 

30. Turn the OmniCure S2000 light source on and allow to warm up for at least 20 minutes  

31. Open the Agilent ‘Online’ software 

 

 

 

 

 

 

Chapter C: for Chapter 4

169



 

  

Laboratory Procedures 
RCCS Group 

 

Issue Date: 

 
Rev.: 

2 

 
 

CO2 photoreduction reaction protocol Pg. 12 of 17 
 

 

32. Open ‘Warren Short Gas.M’ method 
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33. Click ‘Sequence’ and then ‘Sequence parameters’ 

 
34. Check data folder path and create folder if needed – suggest to store data in monthly folder to 

avoid clutter. Example, all runs in January 2019 stored in ‘Warren_0119’ 
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35. Click ‘Sequence’ and ‘Sequence table’. Double check method name is ‘Warren Short Gas’. 

Populate table with runs – suggest to run at least three blanks that record the output of the 

photoreactor without light. Tune light on at start of fourth run.  
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36. At this point the light should be warmed up. ***Wear UV safety glasses*** Check the 

irradiance using the OmniCure R2000 radiometer and green guide adapter. Place fiber optic 

light guide into radiomter and secure gently by turning screw on green guide adapter. Press the 

large black square shutter button to open the light shutter. UV-light will now pass through the 

light guide. Double check units are mW/cm2 (Press POWER/IRRAD button to change). 

Record irradiance and setting used 

 

37. Close shutter and put light guide back into light focuser 
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38. Record the temperature of the photocatalyst using the Radleys pyrometer  

 
39. Check light focuser is placed as centrally as possible above the photoreactor  

 
40. Double check valves, temp settings and close curtains 

 
41. Can now turn light on when GC starts fourth sequence run  

 
42. Once GC sequence has completed. Switch GC method to ‘DB 624 Standby’, turn the light 

source settings to as low as possible and switch off the S2000 with the rocker switch. Setup 

next photocatalyst or turn everything off including: hotplate, heated lines and impinger heater. 

If you are no longer going to run , also switch off the flow to MFC2, close MFC2 toggle valve, 

impinger penning gauge valve and GC inlet valve – doing this prevents ingress of 

contamination and lowers rate at which water in impinger evaporates.  

Maintenance and other considerations: 

a) Impinger running dry can be a fire hazard, as heater will try heat air inside of 

impinger. Check water level at least once every two months.  

b) Avoid bumping the system or tightening/loosening any of the Swagelok connections. 

The system has undergone a painstakingly long leak detection  process and is sealed as 

well as the age and quality of the Swagelok fittings could be. If you need to change 

anything, confirm changes with Douglas Wagner or a suitably qualified technician to 

perform leak tests etc.   

c) Avoid contaminating the system with any organic residues. All stainless steel fittings 

have been thoroughly cleaned with ultrasound baths of 10% HNO3 in Milli-Q water, 
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neutralized with NaHCO3 and washed 3 x with Milli-Q water. PTFE and aluminum 

parts cleaned with ultrasound baths of isopropanol, soapy water, plenty tap water and 

finally 3 x Milli-Q water.  

d) Use only PTFE tape to seal connection to photoreactor and impinger   

e) Expected peaks on chromatograms  
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C.2 MATLAB programme developed for semi-automated

data analysis and numerical methods for es-

timating kinetic model coefficients

C.2.1 compareIt

1 %% compareIt is the central script

2

3 %% Import GC data

4 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

5

6 % Returns data as table (y) of unitary production and array of predictor

7 % variables (X) used

8 % If need to do calib input empty cell array into function call eg.

9 % GCIt({}) else input cell array of calibration linear fits as calib models

10

11 [y , X, calib models] = GCIt(calib models);

12

13 %% Plot unitary production

14 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

15

16 y units = '(\mumol.g {cat}ˆ{-1}.hˆ{-1})';

17 x units = 'Time (min)';

18 y labels = {'FID CO 2 ', 'CH 4 ', 'CO ', 'TCD CO 2 ', 'H 2 ', 'O 2 ', 'N 2'};

19 sbplot = 'Yes';

20

21 for i = 1:size(y.Data unit,2)

22 if sbplot == 'Yes'

23 subplot(3,3,i);

24 scatter(X(:,4),y.Data unit(:,i), 70, 'd','filled','MarkerEdgeColor',...

25 'black','MarkerFaceColor',[1 0 0.498], 'LineWidth',0.9);

26 title(y.FID sample info(1));

27 ylabel([y labels{i},'production ', y units]);

28 xlabel(x units);

29 set(findall(gcf,'-property','FontSize','-property', 'FontWeight'),...

30 'FontSize',10, 'Fontweight','bold')

31 else

32 figure;

33 scatter(X(:,4),y.Data unit(:,i), 200, 'd','filled','MarkerEdgeColor',...

34 'black','MarkerFaceColor',[1 0 0.498], 'LineWidth',0.9);

35 title(y.FID sample info(1));

36 ylabel([y labels{i},'production ', y units]);

37 xlabel(x units);

38 set(findall(gcf,'-property','FontSize','-property', 'FontWeight'),...
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39 'FontSize',20,'Fontweight','bold')

40 end

41 end

42

43 %% Weibull kinetic model

44 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

45 % Weibul PDF model. b(1) = k, b(2) = Kd, b(3) = alpha, b(4) = KH2O and b(5)= KCO2

46

47 % Assign Weibull model to Weibull handle

48 Weibull = @(b,X) b(1).* (((X(:,1).ˆb(3))./(b(2))).*((X(:,4)./(b(2)))...

49 .ˆ((X(:,1).ˆb(3))-1)).*(exp(-1.*((X(:,4)./(b(2))).ˆ(X(:,1)...

50 .ˆb(3)))))).* ((b(4).*b(5).*X(:,2).*X(:,3))./((1 + b(4).*X(:,2)...

51 + b(5).*X(:,3)).ˆ2));

52

53 % Set upper and lower constraints for nonlinear coefficients estimation

54 lb = [0,0,0.01,0,0];

55 ub = [10,100,0.5,100,100];

56

57 %% Estimate model coefficients using trust-region multi-start method

58 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

59

60 % See numIt function for more info on how to call function

61

62 model coeffients = numIt(Weibull,All Model X,All CH4 Model,length(lb),...

63 10,10,50,lb,ub);

64

65 %% Get mean median coefficient estimates and standard deviation statistics

66 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

67

68 mean median multi runs = [mean(model coeffients{2})];

69 sdev median multi runs = [std(model coeffients{2})];

70

71 %% Plot histogram of coefficients estimated

72 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

73

74 % See histIt fucntion for more information of how to make the function call

75

76 figure;

77 histIt(model coeffients{1},numel(lb),"Histogram of coefficients estimated")

C.2.2 GCIt

1 %%%%%%%%%%%%%%%%%Import data from Agilent GC %%%%%%%%%%%%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%% GCIt function %%%%%%%%%%%%%%%%%%%%%%%%%

3
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4 function [y , X, calib models] = GCIt(calib models)

5

6 if length(calib models) == 0

7 % Import FID and TCD calibration data. Save calibration files in

8 % ascending order with the lowest number having the lowest calibration.

9 % Need to import twO separate times as different calibration values

10 % likely used due to difference in sensitivity of FID vs TCD detector

11

12 disp("Please select FID calibration GC folder")

13 FID calibration data = ImportAgilentFID();

14 disp("Please select TCD calibration GC folder")

15 TCD calibration data = ImportAgilentFID();

16

17 % Input ppm values and number of calibrations completed. %Enter as [],

18 % so if 10 and 100 ppm used, enter '[100 10]'

19 FID user prompt ppm used = 'What ppms were used for FID calibration? ';

20 FID calibration ppms used = input(FID user prompt ppm used)';

21 TCD user prompt ppm used = 'What were the ppms used for TCD calibration? ';

22 TCD calibration ppms used = input(TCD user prompt ppm used)';

23

24 % FID and TCD calibration area arrays

25 FID CO2 Area = [];

26 FID CH4 Area = [];

27 FID CO Area = [];

28

29 TCD H2 Area = [];

30 TCD CO2 Area = [];

31 TCD O2 Area = [];

32 TCD N2 Area = [];

33

34 % Manually select peaks for FID calibration data

35 findpeaks(FID calibration data(1).Signal,FID calibration data(1).Time,...

36 'MinPeakheight',10,'MinPeakDistance',0.1,'MinPeakWidth',0.01);

37

38 % Select FID peak ranges from plot

39 disp("Set range of FID peaks");

40 disp("Press a key once zoomed in on the CO2 peak");

41 pause;

42 [FID CO2 range,¬] = ginput(2);

43 disp("Press a key once zoomed in on the CH4 peak");

44 pause;

45 [FID CH4 range,¬] = ginput(2);

46 disp("Press a key once zoomed in on the CO peak");

47 pause;

48 [FID CO range,¬] = ginput(2);

49

50 % Manually select peaks for TCD calibration data

51 findpeaks(TCD calibration data(2).Signal,TCD calibration data(2).Time,...

52 'MinPeakheight',10,'MinPeakDistance',0.1,'MinPeakWidth',0.01);
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53

54 % Select TCD peak ranges from plot

55 disp("Set range of TCD peaks");

56 disp("Press a key once zoomed in on the H2 peak");

57 pause;

58 [TCD H2 range,¬] = ginput(2);

59 disp("Press a key once zoomed in on the CO2 peak");

60 pause;

61 [TCD CO2 range,¬] = ginput(2);

62 disp("Press a key once zoomed in on the O2 peak");

63 pause;

64 [TCD O2 range,¬] = ginput(2);

65 disp("Press a key once zoomed in on the N2 peak");

66 pause;

67 [TCD N2 range,¬] = ginput(2);

68

69 % Get areas and peak locations using calibration data

70 for i = 1:numel(FID calibration data)

71

72 if FID calibration data(i).instrument == "GC/FID"

73

74 FID x time data points = FID calibration data(i).Time;

75 FID y data response points = FID calibration data(i).Signal;

76

77 FID CO2 Area = [FID CO2 Area; GuassFitCalibration(FID CO2 range(1),...

78 FID CO2 range(2),FID x time data points,...

79 FID y data response points)];

80 FID CH4 Area = [FID CH4 Area; GuassFitCalibration(FID CH4 range(1),...

81 FID CH4 range(2),FID x time data points,...

82 FID y data response points)];

83 FID CO Area = [FID CO Area; GuassFitCalibration(FID CO range(1),...

84 FID CO range(2),FID x time data points,...

85 FID y data response points)];

86 end

87 end

88

89 for i = 1:numel(TCD calibration data)

90 if TCD calibration data(i).instrument == "GC/TCD"

91

92 TCD x time data points = TCD calibration data(i).Time;

93 TCD y data response points = TCD calibration data(i).Signal;

94

95 TCD H2 Area = [TCD H2 Area; GuassFitCalibration(TCD H2 range(1),...

96 TCD H2 range(2), TCD x time data points,...

97 TCD y data response points)];

98 TCD CO2 Area = [TCD CO2 Area; GuassFitCalibration(TCD CO2 range(1),...

99 TCD CO2 range(2), TCD x time data points,...

100 TCD y data response points)];

101 TCD O2 Area = [TCD O2 Area; GuassFitCalibration(TCD O2 range(1),...
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102 TCD O2 range(2), TCD x time data points,...

103 TCD y data response points)];

104 TCD N2 Area = [TCD N2 Area; GuassFitCalibration(TCD N2 range(1),...

105 TCD N2 range(2), TCD x time data points,...

106 TCD y data response points)];

107 end

108 end

109

110 % Fit linear functions to FID and TCD calibration data

111 Linear model = 'y ¬ x1 - 1';

112

113 FID CO2 Linear Fit = fitlm(FID CO2 Area, FID calibration ppms used,...

114 Linear model);

115 FID CH4 Linear Fit = fitlm(FID CH4 Area, FID calibration ppms used,...

116 Linear model);

117 FID CO Linear Fit = fitlm(FID CO Area, FID calibration ppms used,...

118 Linear model);

119

120 TCD H2 Linear Fit = fitlm(TCD H2 Area, TCD calibration ppms used,...

121 Linear model);

122 TCD CO2 Linear Fit = fitlm(TCD CO2 Area, TCD calibration ppms used,...

123 Linear model);

124 TCD O2 Linear Fit = fitlm(TCD O2 Area, TCD calibration ppms used,...

125 Linear model);

126 TCD N2 Linear Fit = fitlm(TCD N2 Area, TCD calibration ppms used,...

127 Linear model);

128

129 % Plot the calibration curves

130 figure;

131 subplot(3,3,1);plot(FID CO2 Linear Fit);...

132 title('FID CO {2} calibration curve',...

133 'Interpreter','tex');

134 subplot(3,3,2);plot(FID CH4 Linear Fit);...

135 title('FID CH {4} calibration curve',...

136 'Interpreter','tex');

137 subplot(3,3,3);plot(FID CH4 Linear Fit);...

138 title('FID CO calibration curve',...

139 'Interpreter','tex');

140 subplot(3,3,4);plot(TCD H2 Linear Fit);...

141 title('TCD H {2} calibration curve',...

142 'Interpreter','tex');

143 subplot(3,3,5);plot(TCD CO2 Linear Fit);...

144 title('TCD CO {2} calibration curve',...

145 'Interpreter','tex');

146 subplot(3,3,6);plot(TCD O2 Linear Fit);...

147 title('TCD O {2} calibration curve',...

148 'Interpreter','tex');

149 subplot(3,3,7);plot(TCD N2 Linear Fit);...

150 title('TCD N {2} calibration curve',...
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151 'Interpreter','tex');

152

153 calib models = {FID CO2 Linear Fit FID CH4 Linear Fit FID CO Linear Fit...

154 TCD H2 Linear Fit TCD CO2 Linear Fit TCD O2 Linear Fit...

155 TCD N2 Linear Fit};

156 end

157

158 if ¬isempty(calib models)

159

160 % Import experimental GC data

161 disp("Please select experimental GC folder")

162 Experimental data = ImportAgilentFID();

163

164 % Manually select peaks for FID calibration data

165 % Note run 15 is chosen as usually production is seen at this point, although

166 % it will change if the flow rate is changed. NB data imported in order of

167 % FID then TCD data. Odd numbers == FID data and even numbers == TCD data

168 figure; findpeaks(Experimental data(25).Signal,Experimental data(25).Time,...

169 'MinPeakheight',10,'MinPeakDistance',0.1,...

170 'MinPeakWidth',0.01);

171

172 % Select FID peak ranges from plot

173 disp("Set range of FID peaks");

174 disp("Press a key once zoomed in on the CO2 peak");

175 pause;

176 [FID CO2 range,¬] = ginput(2);

177 disp("Press a key once zoomed in on the CH4 peak");

178 pause;

179 [FID CH4 range,¬] = ginput(2);

180 disp("Press a key once zoomed in on the CO peak");

181 pause;

182 [FID CO range,¬] = ginput(2);

183

184 % Manually select peaks for TCD calibration data

185 findpeaks(Experimental data(16).Signal,Experimental data(16).Time,...

186 'MinPeakheight',10,'MinPeakDistance',0.1,'MinPeakWidth',0.01);

187

188 % Select TCD peak ranges from plot

189 disp("Set range of TCD peaks");

190 disp("Press a key once zoomed in on the H2 peak");

191 pause;

192 [TCD H2 range,¬] = ginput(2);

193 disp("Press a key once zoomed in on the CO2 peak");

194 pause;

195 [TCD CO2 range,¬] = ginput(2);

196 disp("Press a key once zoomed in on the O2 peak");

197 pause;

198 [TCD O2 range,¬] = ginput(2);

199 disp("Press a key once zoomed in on the N2 peak");
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200 pause;

201 [TCD N2 range,¬] = ginput(2);

202

203 % Use calibration data and area to calculate ppm for peak

204 % You may need to run this again to set appropriate range for peaks

205 FID CO2 ppm data = ppmIt(Experimental data,FID CO2 range(1),...

206 FID CO2 range(2),200,50,50,calib models{1},...

207 "FID","CO {2}");

208 FID CH4 ppm data = ppmIt(Experimental data,FID CH4 range(1),...

209 FID CH4 range(2),200,50,50,calib models{2},...

210 "FID","CH {4}");

211 FID CO ppm data = ppmIt(Experimental data,FID CO range(1),...

212 FID CO range(2),200,50,50,calib models{3},...

213 "FID","CO");

214

215 TCD H2 ppm data = ppmIt(Experimental data,TCD H2 range(1),...

216 TCD H2 range(2),20,10,10,calib models{4},...

217 "TCD","H {2}");

218 TCD CO2 ppm data = ppmIt(Experimental data,TCD CO2 range(1),...

219 TCD CO2 range(2),20,1,10,calib models{5},...

220 "TCD","CO {2}");

221 TCD O2 ppm data = ppmIt(Experimental data,TCD O2 range(1),...

222 TCD O2 range(2),20,10,10,calib models{6},...

223 "TCD","O {2}");

224 TCD N2 ppm data = ppmIt(Experimental data,TCD N2 range(1),...

225 TCD N2 range(2),20,10,10,calib models{7},...

226 "TCD","N {2}");

227

228 % Put data into final table

229 Data ppm = [FID CO2 ppm data FID CH4 ppm data FID CO ppm data...

230 TCD CO2 ppm data TCD H2 ppm data TCD O2 ppm data TCD N2 ppm data];

231

232 % Get experimental settings

233 % Enter as [Irradiance(mw/cm2); Temp; Ar flow rate(ml/min);

234 % CO2 flow rate(ml/min; Amount H2O(ppm); Pressure(kPa);

235 % Mass catalyst(mg); Area coated(cm2)))]

236 % NB for area coated, need to check mesh guage and area open - see

237 % 'https://www.meshdirect.co.uk/woven-stainless-wire-cloth-80-mesh-0.18-

238 % mm-aperture.html'

239 Experimental ui = 'Enter experimental settings ';

240 Experimental settings = input(Experimental ui)';

241

242 % Convert ppm data into unitary production

243 No Blanks ui = 'Enter number of blanks run ';

244 No Blanks = input(No Blanks ui)';

245

246 [Data ppm, Data unit, Data area,...

247 Data mol,Data N2 O2 ratio,X without time] = unitIt(Experimental settings,...

248 Data ppm, No Blanks);
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249

250 % Get date, time and method info

251 [FID date time, FID sample info] = infoIt(Experimental data,"FID");

252

253 FID date time = FID date time((No Blanks + 1):end,:);

254 FID sample info = FID sample info((No Blanks +1):end,:);

255

256 % Convert time to minutes

257 Time vec = datevec(FID date time-FID date time(1));

258 Time = Time vec(:,4:6);

259 Time min = Time(:,1).*60 + Time(:,2) + Time(:,3)./60;

260 Time hr = Time min./60;

261

262 % Construct table including sample name, time, ppm and unitary production

263 y = table(FID sample info, FID date time, Data ppm, Data unit,...

264 Data area, Data mol, Data N2 O2 ratio);

265

266 % Construct variable predictors array with equal number of data rows

267 % X = repelem(Experimental settings,size(Data unit,1),1);

268 X = [X without time Time hr Time min];

269 end

270

271 end

C.2.3 ImportAgilentFID

Imported the raw Agilent sequence files using the script developed by James Dillon.

Used the ImportAgilentFID.m method. See https://github.com/chemplexity/

chromatography/blob/master/Development/File%20Conversion/ImportAgilentFID.

m

C.2.4 GuassFitCalibration

1 %%%%%%%%%%%%%%% GuassFitCalibration to fit Guassian peaks %%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 % Fit Gaussian to peaks identified (loc)

5 % and calculate area under fitted Gaussian. loc = peak location from

6 % FindPeaks function. x and y are data points, r is value added or

7 % subtracted to loc to find range for x and data for Gausssian fit

8

9 function area = GuassFitCalibration(peak start,peak end,x,y)

10
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11 range = x ≥ peak start & x ≤ peak end;

12 x = x(range);

13 y = y(range);

14

15 % Normalise y values in case they are on a slope

16 y normalised = Y normalised(x,y);

17

18 %Fit Gaussian to x and y values

19 f = fit(x,y normalised,'gauss2');

20 plot(f)

21 y guass = f(x);

22 area = trapz(x,abs(y guass));

23 end

C.2.5 Y normalised

1 %%%%%%%%%%%%% Y normalised to account for peaks on slopes %%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 % Returns normalised y-data points after subtracting y values

5 % from line under curve

6

7 function y normalised = Y normalised(x,y)

8

9 % Fit straight line between two points to normalise signals on

10 % slopes

11

12 y 1 = y(1);

13 y 2 = y(end);

14

15 x 1 = x(1);

16 x 2 = x(end);

17

18 m = (y 1 - y 2) / (x 1 - x 2);

19 c = y 2 - m * x 2;

20

21 y normalised = smoothdata(y - (m * x + c));

22 min y normalised = min(y normalised);

23

24 if min y normalised < 0

25 y normalised = y normalised + abs(min y normalised);

26 end

27

28 end

184



Chapter C: for Chapter 4

C.2.6 ppmIt

1 %%%%%%%%%%%%%%%%%%%%%%% ppmIt to get ppm data %%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 % Find peaks, fit gaussian to peaks (if any) and integrate

5 % to calcluate area under the curve

6

7 function ppm data = ppmIt(data,x min,x max,MinPeakHeight,...

8 MinPeakDistance, MinPeakWidth,...

9 data fit,detector,compound)

10

11 if detector == "FID"

12 ppm data =[];

13 for i = 1:numel(data)

14 if data(i).instrument == "GC/FID" &&...

15 data(i).MethodName 6= "Warren Short Gas break.M"

16

17 x = data(i).Time;

18 y = data(i).Signal;

19

20 range = x ≥ x min & x ≤ x max;

21 x = x(range);

22 y = y(range);

23

24 y normalised = Y normalised(x,y);

25 plot(x,y normalised);

26 title(strcat(detector," ",compound));

27

28 % Find peaks and integrate to find ppm values

29 [pks, loc] = findpeaks(y normalised,'MinPeakHeight',...

30 MinPeakHeight,...

31 'MinPeakDistance', MinPeakDistance,...

32 'MinPeakWidth',MinPeakWidth);

33 if numel(loc) == 0

34 ppm data = [ppm data; 0];

35 elseif numel(loc) > 1;

36 ppm data = [ppm data; 0];

37 elseif numel(loc) == 1

38 area = GuassFit(x,y normalised);

39 ppm data = [ppm data; predict(data fit, area)];

40 end

41 end

42 end

43

44 elseif detector == "TCD"

45 ppm data =[];
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46 for i = 1:numel(data)

47 if data(i).instrument == "GC/TCD" &&...

48 data(i).MethodName 6= "Warren Short Gas break.M"

49

50 x = data(i).Time;

51 y = data(i).Signal;

52

53 range = x ≥ x min & x ≤ x max;

54 x = x(range);

55 y = y(range);

56

57 y normalised = Y normalised(x,y);

58 plot(x,y normalised)

59 title(strcat(detector," ",compound));

60

61 %Find peaks and integrate to find ppm values

62 [pks, loc] = findpeaks(y normalised,'MinPeakHeight',...

63 MinPeakHeight,...

64 'MinPeakDistance', MinPeakDistance,...

65 'MinPeakWidth',MinPeakWidth);

66 if numel(loc) == 0

67 ppm data = [ppm data; 0];

68 elseif numel(loc) > 1;

69 ppm data = [ppm data; 0];

70 elseif numel(loc) == 1

71 x new = GuassFit(x,y normalised);

72 ppm data = [ppm data; predict(data fit, x new)];

73 end

74 end

75 end

76

77 end

C.2.7 GuassFit

1 %%%%%%%%%%%%%%%%%%% GuassFit to fit Guassian peaks %%%%%%%%%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 % Fit gaussian to peaks identified (loc) and

5 % calculate area under fitted Gaussian. loc = peak location from FindPeaks

6 % function. x and y are data points, r is value added or subtracted to

7 % loc to find range for x and data for Gausssian fit

8

9 function area = GuassFit(x,y)

10
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11 f = fit(x,y,'gauss2');

12 y guass = f(x);

13 area = trapz(x,abs(y guass));

14 end

C.2.8 unitIt

1 %%%%%%%% unitIt to convert ppm data to unitary and area data %%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 function [Data ppm Data unit Data area Data mol...

5 Data N2 O2 ratio X without time]...

6 = unitIt(Experimental settings, data, no blanks)

7

8 % For clarity, actual values from user input array should follow

9 Irradiance = Experimental settings(1); % mw/cm2

10 Temp = Experimental settings(2); % deg celcius

11 Argon flow = Experimental settings(3); % ml/min

12 CO2 flow = Experimental settings(4); % ml/min

13 Amount H2O = Experimental settings(5); % ppm volume

14 Pressure = Experimental settings(6); % kPa

15 Mass cat = Experimental settings(7); % mg

16 Area coated = Experimental settings(8); % cm2

17

18 Total flow = Argon flow + CO2 flow;

19

20 CO2 Ar flow after sat = Total flow * (1-(Amount H2O/1E6));

21 H2O flow = Total flow - CO2 Ar flow after sat;

22

23 % Moles/min from flow rates

24 Mol H2O = (Pressure * H2O flow)/(8314 * (Temp + 273.15));

25 Mol CO2 = (((CO2 Ar flow after sat) * (CO2 flow/(Argon flow + CO2 flow))...

26 * 101) / (8314 * (Temp + 273.15)));

27 Mol Ar = (((CO2 Ar flow after sat) * (Argon flow/(Argon flow + CO2 flow))...

28 * 101) / (8314 * (Temp + 273.15)));

29 Total flow = Mol H2O + Mol CO2 + Mol Ar;

30

31 % Mole fraction for partial pressure calc

32 X H2O = Mol H2O / Total flow;

33 X CO2 = Mol CO2 / Total flow;

34 X Ar = Mol Ar / Total flow;

35

36 % Partial pressures

37 PH2O = X H2O * Pressure;

38 PCO2 = X CO2 * Pressure;
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39 PAr = X Ar * Pressure;

40

41 % Remove average values in blanks from CO, CH4 and H2 exp data

42 Data sub blanks = data((no blanks + 1):end,[2:3 5]) - ...

43 mean(data(1:no blanks,[2:3 5]));

44

45 %Data sub blanks(:,1:2) = abs(Data sub blanks(:,1:2));

46 Data sub blanks = max(0, Data sub blanks);

47

48 Data ppm = [data((no blanks + 1):end,1) Data sub blanks(:,1:2)...

49 data((no blanks +1):end, 4) Data sub blanks(:,3)...

50 data((no blanks + 1):end,6) data((no blanks + 1):...

51 end,7)];

52

53 Data unit = Data ppm.*((60 * Total flow) / (Mass cat / 1000));

54 Data area = Data ppm.*((60 * Total flow) / (Area coated));

55 Data mol = Data ppm.*((60 * Total flow));

56 Data N2 O2 ratio = Data ppm(:,7)./Data ppm(:,6);

57

58 X without time = ones(length(Data unit),3);

59 X without time = X without time .* [Irradiance PH2O PCO2];

60

61 end

C.2.9 numIt

1 %%%%%%%%%%%%%% numIt to estimate kinetic coefficients %%%%%%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3

4 function [values] = numIt(modelFun,X, y, no coefficients,...

5 no starting points, std dev iterations,...

6 no iterations, lb, ub)

7

8 % Set up array for random array of upper and lower bounds

9 random bounds = 0*ones(1,no coefficients);

10

11 % Set up array sizes for storing coefficient estimates

12 coefficient values = zeros(no iterations, no coefficients);

13 coefficient values total = zeros(no iterations*std dev iterations,...

14 no coefficients);

15 median values = zeros(std dev iterations, no coefficients);

16

17 for f = 1:std dev iterations

18

19 for i = 1:no iterations
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20

21 % Randomly select intial values from lower bound to upper bound

22 % ranges for coeficient estimates

23 for index = 1:no coefficients

24 random bounds(index) = (ub(index)-lb(index)).*rand(1,1)...

25 + lb(index);

26 end

27

28 problem = createOptimProblem('lsqcurvefit','x0',random bounds,...

29 'objective', modelFun,'lb',lb,...

30 'ub',ub,'xdata',X,'ydata',y);

31

32 ms = MultiStart;

33 [xmulti,errormulti,flagm,outptm,manyminsm]=run(ms,...

34 problem,...

35 no starting points);

36

37 for value = 1:no coefficients

38 coefficient values(i,value) = xmulti(1,value);

39 end

40

41 end

42

43 if f == 1

44 coefficient values total = [coefficient values];

45 elseif f 6= 1

46 coefficient values total = [coefficient values total;...

47 coefficient values];

48 end

49

50 for median value = 1:no coefficients

51 median values(f,median value) = median(coefficient values...

52 (:,median value));

53 end

54 end

55

56 values = {coefficient values total, median values};

57

58 end

C.2.10 histIt

1 %%%%%%%%%%%%%%%%%%%% histIt to plot histograms %%%%%%%%%%%%%%%%%%%%%%%%%%%

2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

3
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4

5 function histogram = histIt(coefficient values,no coefficients,hist title)

6

7 histogram = figure;

8 sgtitle(hist title);

9

10 Coefficients = {'k', 'k d', '\alpha', 'K {H 2O}', 'K {CO 2}'};

11

12 % Set median line height

13 max height=8;

14

15 if no coefficients == 4

16 plot dimension rows = 2;

17 plot dimension cols = 2;

18 else

19 plot dimension rows = 2;

20 plot dimension cols = 3;

21 end

22

23 for i = 1:no coefficients

24 subplot(plot dimension rows,plot dimension cols,i);

25 histfit(coefficient values(:,i),30);

26 title(Coefficients{i});

27 ylabel('Frequency');

28 xlabel('Coefficient estimate');

29 hold on

30 line([median(coefficient values(:,i)),median(coefficient values(:,i))],...

31 [0,max height],'Color','r','LineStyle','--');

32 end

C.3 Supplementary information
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GC Calibration data

Figure 1: Calibration curves (Confidence bounds of 95%) for FID (CO2 , 
CH4 and CO) and TCD (H2 and O2) used for calculating CO2 photoreduction
rate data.
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Representative example of temperature 
and humidity measurment using SHT75 
sensor

LH based kinetic models used unsuccessfully for 
describing deactivation
The total balance of active sites is shown by:

Ct=Ca+CCO2
+CH2O

+Cd Eq. 1

where: Ct is the total concentration of sites (mol.g-1); Ca is the concentration of 

free active sites (mol.g-1);  CCO2
 is the concentration of sites with one CO2 

molecule adsorbed (mol.g-1); CH2O
 is the concentration of sites with one H2O 

molecule adsorbed (mol.g-1) and Cd is the concentration of deactivated sites 
(mol.g-1)

Model 1: The deactivation rate is independent of all other 
factors (zero order reaction)

dCd

dt
=kd

where: kd is the deactivation rate constant (mol.g-1.s-1)

Figure 2: Relative humidity and temperature recorded with small
standard deviations of 0.21 for relative humidity measurements 
(%RH) and 0.08 for temperature measurements ( ◦C) using
an inline Sensirion SHT75 humidity sensor
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Cd=kdt+Cd

where: t is time (s); Cdis the concentration of deactivated sites ((Cd=0 at t = 0) 

At equilibrium:

CCO2
=KCO2

PCO2
Ca

CH2O
=KH2O

PH 2O
Ca

where: KCO2
 is the adsorption equilibrium constant of CO2 (bar-1); PCO2

 is the 

partial pressure of CO2 (bar); KH 2O is the adsorption equilibrium constant of H2O 

(bar-1); PH 2O is the partial pressure of H2O (bar)

Ct=Ca+(KCO2
PCO2

Ca)+ (KH2O
PH 2O

Ca )+(kdt )

Ca=
Ct−kdt

1+KCO2
PCO2

+KH2O
PH2O

 

CCO2
=

KCO2
PCO2

Ct

1+KCO2
PCO2

+K H2O
PH2O

−
kdt KCO2

PCO2

1+KCO2
PCO2

+KH 2O
PH2O

 

θCO2
=
CCO2

Ct

θCO2
=

KCO2
PCO2

(1−kd
' t )

1+KCO2
PCO2

+KH2O
PH 2O

θH2O
=

K H2O
PH2O (1−kd

' t )
1+KCO2

PCO2
+KH 2O

PH 2O

where : kd
'
=
kd
Ct

 (s-1) 

r=k IαKCO2
PCO2

K H2O
PH2O [ (1−kd

' t )

(1+KCO2
PCO2

+K H2O
PH2O ) ]

2

 Model 1 

Model 2: The deactivation rate is proportional to the 
concentration of free available sites (first order kinetics). This 
assumes that the probability of having an active site 
deactivated is independent of the active site being attached to 
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a molecule of CO2 or H2O or both. It assumes that the 
deactivation starts at an elementary step involving a free site.

dCd

dt
=kdCa

where: kd is deactivation constant (s-1)

Cd=kdCat+Cd0

Ct=Ca+KCO2
PCO2

Ca+K H2O
PH2O

Ca+kdCat

Ct=Ca (1+KCO2
PCO2

+KH2O
PH2O

+kdt )

At equilibrium:
CCO2

=KCO2
PCO2

Ca

CCO2
=KH2O

PH2O
Ca

CCO2
=

KCO2
PCO2

Ct

1+KCO2
PCO2

+K H2O
PH2O

+kdt

θCO2
=
CCO2

Ct

=
KCO2

PCO2

1+KCO2
PCO2

+KH 2O
PH 2O

+kdt

θH2O
=
CH2O

Ct

=
KH 2O

PH2O

1+KCO2
PCO2

+K H2O
PH2O

+kdt

r=
k IαKCO2

PCO2
KH 2O

PH2O

(1+KCO2
PCO2

+KH2O
PH2O

+kdt )
2 Model 2 

Model 3: The deactivation rate is proportional to the 
concentration of CO2 bonded sites (first order kinetics). This 
assumes that the probability of having an active site 
deactivated is dependent on the active site being attached to a 
molecule of CO2. It assumes that the deactivation starts at an 
elementary step involving a CO2 site.

dCd

dt
=kdCa

where: kd is deactivation constant (s-1)
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Cd=kdCat+Cd0
 (Cd0

=0 at t = 0)

At equilibrium:
CCO2

=KCO2
PCO2

Ca

CCO2
=KH2O

PH2O
Ca

Therefore:

Ct=Ca+KCO2
PCO2

Ca+K H2O
PH2O

Ca+kdKCO2
PCO2

Cat

Ct=Ca (1+KCO2
PCO2

(1+kdt )+KH 2O
PH2O )

CCO2
=

KCO2
PCO2

Ct

1+KCO2
PCO2

(1+kdt )+KH 2O
PH 2O

 

θCO2
=
CCO2

Ct

=
KCO2

PCO2

1+KCO2
PCO2

(1+kdt )+KH2O
PH2O

θH2O
=
CH2O

Ct

=
KH2O

PH 2O

1+KCO2
PCO2

(1+kdt )+KH 2O
PH2O

r=
k IαKCO2

PCO2
KH2O

PH 2O

(1+KCO2
PCO2

(1+kdt )+KH2O
PH2O)

2  Model 3 

Model 4:  The deactivation rate is proportional to the 
concentration of non-deactivated sites. This assumes that the 
probability of having an active site deactivated is independent 
on the active site being attached to a molecule of CO2 , H2O or 
none.

dCd

dt
=kd (Ct−Cd)

dCd

(Ct−Cd)
=kddt

ln (Ct−Cd)=−kdt+ln (Ct ) ((Cd=0 at t=0)
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Ct−Cd

Ct

=e−kd t

Cd=Ct (1−e−kdt )

 
The total balance of sites is:

Ct=Ca+CCO2
+CH2O

+Cd

At equilibrium:

CCO2
=KCO2

PCO2
Ca

CCO2
=KH2O

PH2O
Ca

Therefore:

Ct=Ca+KCO2
PCO2

Ca+K H2O
PH2O

Ca+Ct (1−e−kdt )

Ct (1−e−kd t )=Ca+ (1+KCO2
PCO2

+KH 2O
PH 2O)

CCO2
=

KCO2
PCO2

Ct (e−kdt )

1+KCO2
PCO2

+K H2O
PH2O

CCO2
=

KH 2O
PH 2O

Ct (e−kdt )

1+KCO2
PCO2

+K H2O
PH2O

θCO2
=
CCO2

Ct

=
KCO2

PCO2
(e−kd t )

1+KCO2
PCO2

+KH 2O
PH 2O

θH2O
=
CH2O

Ct

=
K H2O

PH2O
(e−kdt )

1+KCO2
PCO2

+K H2O
PH2O

r=k IαKCO2
PCO2

K H2O
PH2O [ e−kd t

1+KCO2
PCO2

+KH 2O
PH2O

]
2

 Model 4
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Impact of number of starting points and 
method iterations on computation time and 
standard deviation of coeffients estimated

Figure 3 Comparing the impact of number of starting points and iterations
on the standard deviation for estimating the non-linear probability LH 
based kinetic model coefficient values
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