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ABSTRACT

The accumulation of excessive amounts of ethylene, a naturally occurring plant hormone in
fruit storage is one of the reasons for the loss of produce in the fruit and vegetable industry.
Photocatalytic Oxidation (PCO) is a method that can be used to reduce ethylene around the
fruit storage atmosphere. PCO has shown promising results in reducing ethylene concentration
based on laboratory scale. However, the commercial application of PCO is hindered by the
lack of rigorous mass transfer mathematical models required for optimum reactor design,

scalable to an industrial size.

In the current study, a model of the catalysed reaction kinetics is developed. The performance
of the PCO reactor is characterized by means of the effectiveness factor, which is a ratio of
the actual reaction rate to the theoretical rate in the absence of mass transfer limitation. An
analytical expression of the effectiveness factor that accounts for external mass transfer
limitations is presented. The solution is based on Robin boundary conditions, and is a function
of the Sherwood number, the Thiele modulus, and dimensions of the PCO reactor and catalyst.
Regions highlighting free diffusion, diffusion limitations, and external mass transfer limitations
are identified based on the Thiele Modulus and the Sherwood number. At low values of the
Sherwood number, the internal diffusion and reaction rate-limiting regions are surpassed by
the external mass transfer limitations. A cut-off value of the Sherwood number below which
external mass transfer limitations cannot be ignored is 0.55. The evaluation of the model
showed that under conditions of Dirichlet the model converges to literature models from similar
studies. This 1-D model evaluated the Sherwood number across a broad scope and accounted

for a broader range of limitations associated with immobilized photocatalytic films.

The developed mass transfer and effectiveness factor models were validated by means of
kinetic experiments in a photocatalytic reactor using ethylene as the model pollutant. The
experimental reaction rate was then compared to the theoretical reaction rate as predicted by
the model. The results show a good agreement between the model predictions and the
measured rates. Plots of Damkdhler numbers and conversion for continuous stirred tank and
plug flow reactors are presented to show the application of the model in the design and scaling
up of photocatalytic reactors. A device for measuring the concentration of ethylene was built

using Arduino Uno (microprocessor) and MQ3 gas sensors.
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Abbreviation/Acronym

ABBREVIATIONS AND ACRONYMS

LEDs Light Emitting Diodes
CSTR Continuous Stirred Tank Reactor
PFR Plug Flow Reactor
uv Ultraviolet
MFC Mass Flow Controller
SEM Scanning Electron Microscopy
VOC/ VOCs Volatile Organic Compound(s)
TiO2 Titanium dioxide
P25 TiO2 mixture containing Anatase and Rutile phases
SFF Silica Fiber Felts
CoH4 Ethylene gas
H20 Water
CO- Carbon dioxide
GLOSSARY
Term

The difference between the filled valence band and the
empty conduction band of the photocatalyst, in the order of
a few electron volts.

Fruits that can ripen after being harvested. (e.g. apples,

Band gap energy (Eb)

Climacteric fruits

apricots, avocados, bananas, peaches, plums, and
tomatoes)

Control In this study ‘control’ refers to a fruit storage in which there
is no means for reducing ethylene gas.

Perturbation A semi-analytical method that rely on there being a

parameter in the problem that is relatively small.

A change in the rate of chemical reactions or their
generation under the action of light in the presence of
substances called photocatalyst.

Photocatalysis

Photocatalyst A material which absorbs light to bring it to higher energy
level and provides such energy to a reacting substance to
make a chemical reaction occur.

Senescence The process of ageing in plants, fruits and vegetables.

Respiration The process of consuming oxygen and giving off carbon

dioxide, water and heat. Respiration rate is an important

fruit quality parameter as it is related to the loss of water.
Dimensionless numbers
Effectiveness factor (n) The ratio of the actual reaction rate to the ideal reaction rate
that would be achieved if there were no diffusion limitations
within a catalyst particle. It is used to measure the
effectiveness of a catalyst particle in facilitating a chemical
reaction, considering mass transfer effects within the
catalyst particle (diffusion) and the effects of mass transfer

from the bulk fluid to the catalyst surface (convection).

viii



Optical Thickness (4) The product of the thickness of the catalyst layer and its
absorption coefficient, which indicates the distance that the
photons must travel to be absorbed by the catalyst coating.

Peclet number (Pe) The ratio of the rate of advection to the rate of diffusion used
in fluid dynamics to measure the comparative significance
of convective to diffusive mass transport. If Pe is much
higher than Sh, the mass transfer is likely limited by
convective transport.

Schmidt number (Sc) The ratio of fluid kinematic viscosity to fluid mass diffusivity
that determines the significance of momentum and mass
transport by diffusion in a fluid flow operation.

Sherwood number (Sh) The ratio of convective mass transfer to diffusive mass
transfer, where high Sh indicates convection-dominated
mass transfer, while low Sh indicates diffusion-dominated
mass transfer. If Sh is much higher than Pe, the mass
transfer is likely limited by diffusion.

Thiele Modulus (@) The ratio of the reaction rate to the diffusion rate within a
catalyst particle. It is used to determine the significant
reaction limiting steps between reaction kinetics and mass
transport.
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CHAPTER1
INTRODUCTION

1.1 Background to the study

The accumulation of excessive amounts of ethylene, a naturally occurring plant hormone in
fruit storage is one of the reasons for the loss of produce in the fruit and vegetable industry
(Nayik & Muzaffar, 2014). This is because the fruit quality deteriorates due to over-ripening,
increased pathogen susceptibility, physiological disorders, and senescence caused by over-
exposure to ethylene (Martinez-Romero et al., 2007). Methods for combatting ethylene during
postharvest storage will not only ensure food security, thereby reducing losses, but also impact
the environment due to reduced waste that would have been dumped in the landfills, polluting

the soil and the air.

Wills (2015) has given a limit of ethylene levels lower than 0.001 pLL™" for the longest
postharvest life without the physiological effect of ethylene on fruits. Some studies (Keller et
al., 2013; Blanke, 2014; Namrata Pathak et al., 2017) have shown that the release of ethylene
during postharvest storage by most fruits, especially climacteric fruits exceed this limit. Table
1.1 shows the ethylene production rates for some fruits, including their reaction to ethylene

exposure.

Table1. 1: Ethylene production rates, sensitivity levels, and principal effects for some fresh
commodities (Keller et al., 2013)

Fresh produce type Ethylene production Ethylene Principal reaction to
rate (uLkg'h") sensitivity? ethylene

Cherries Very low < 0.1 L Softening

Potatoes Very low < 0.1 M Sprouting

Cut flowers Very low < 0.1 H Sleepiness, leaf curl

Cucumber Low 0.1 -1.0 H Yellowing

Banana Moderate 1.0 - 10 H Decay

Tomato Moderate 1.0 - 10 H Shrink, decay

Apricot, avocado High 10 - 100 H Decay

Apple Very high > 100 H Scald, lose crunch

Passion fruit Very high > 100 H Decay

2aEthylene sensitivity (ppm): H = high (0.01 — 0.5); M = moderate (0.5 - 3); L = low (3 - 5).




It is evident from Table 1.1 that climacteric fruits such as bananas, tomatoes, apricots, apples,
etc., produce high levels of ethylene and are also highly sensitive to ethylene exposure, which
implies that they can be affected negatively by very low concentrations of ethylene. A recent
study by Pathak et al. (2019) revealed that the ethylene concentration increased to 70 yLL™
when apples were stored in an airtight chamber at 1°C for a period of 8 days. Thus, there is a
need to prevent ethylene accumulation in fruit storage facilities. For effective long-distance
transport and subsequent storage, climacteric fruit must be held in a low (below 1.0-0.01
uLL™") ethylene environment (Terry et al., 2007). In addition to prolonging the storage life of
the produce, Wills et al. (2014) have shown that by maintaining ethylene at low levels, it could
be feasible to transport bananas without refrigeration. This leads to reduced energy utilization

by the refrigeration system, even in stationery storage facilities.

Many scrubbing compounds have been employed to prevent the accumulation of ethylene,
such as the adsorbents/ sorbents (activated carbon, palladium, zeolite) and the oxidizers
(Potassium permanganate, and ozone) (Bailén et al., 2006; Martinez-Romero et al., 2007;
Syamsu et al., 2016; Tirgar et al., 2018). These are used primarily in packaging films or sachets
and have been shown to be useful. Other ethylene removal methods include biofiltration, air
ventilation, and high temperature catalytic oxidation (Blidi et al., 1993; Fu et al., 2011; Keller
et al., 2013).

These methods are efficient in their own respect, and are used commercially, however for
long-term storage they may have some limitations as some materials, such as palladium
(Tirgar et al., 2018), are expensive, get saturated rapidly, and thus require frequent
replacement, resulting in increased waste disposal costs. Thus, their application in large
volume storage containers may be limited. Processes like biofiltration and high temperature
catalytic oxidation are well established although require long time exposure and involve high
energy requirements, respectively. Ventilation is currently the most commonly used and
efficient method for removing ethylene in fruit storage, depending on the location of the storage
facility, there is possible contamination of outside air by ethylene (Keller et al., 2013). Thus, in
addition to these tried and tested methods there is a need for more robust techniques that will

offer quick ethylene reduction and longer storage life.

Photocatalytic oxidation (PCO), on the other hand, has been shown to have the ability to delay
the adverse effects of ethylene in the storage atmosphere of fruit produce (Maneerat & Hayata,
2006; Nishizawa et al., 2008; de Chiara et al., 2015; de Chiara et al., 2018; Basso et al., 2018;



Pathak et al., 2019; Stroe & Rosendahl, 2019). Many authors have shown PCO to be effective
in removing ethylene, but only in small scale laboratory tests. Pathak et al., (2017) indicated
the need to do further research in real-time applications of PCO for fresh produce in storage
facilities or shipping containers to provide practical data on the PCO technique. The need to
extend lab-scale PCO reactor tests to lab-scale postharvest chamber tests and finally to on-
site measurements was suggested by Keller et al., (2013). However, such tests require
optimum photoreactor design scalable to industrial size, a key unresolved issue in the
commercial application of PCO to ethylene degradation. The achievement of such a design
requires the development of mathematical models that can be readily applied to reactor design,
scale-up, and optimization (Li Puma, 2005). The central problem of scale-up of photocatalytic
reactors is providing a sufficiently high specific surface area of the catalyst and the uniform
illumination distribution across this area (McCullagh et al., 2011). The main aim of this research
project was to develop a mathematical model for the effectiveness factor that accounts for the
external mass transfer limitations, during photocatalytic degradation of ethylene. The model is
then incorporated into the reactor design equations, demonstrating its application in reactor
design and scale up. This would guide the selection of the optimum parameters for a prototype
reactor suitable for installation in fruit storage containers. There is currently a gap in terms of
taking successful laboratory scale projects of academic research into implementation stages
applicable to industry. Thus, the project will play a vital role by contributing to the integrated

postharvest ethylene management along the value chain from the farm to the consumer.

1.2 Problem Statement

PCO has shown promising results in reducing ethylene concentrations in postharvest
management applications based on the laboratory scale. However, the commercial application
of PCO is hindered by the lack of rigorous mathematical models required for optimum reactor

design, scalable to an industrial size. This study addressed the following questions:

e Does an analytical model exist for the effectiveness factor that accounts for external mass
transfer limitations?

¢ What is the influence of the catalyst surface morphology on the performance of the PCO
reactor?

e Can the external mass transfer limitations always be ignored in the reactor design models?

e How can the developed effectiveness factor model be used to find optimum reactor design

and scale-up parameters?



1.3 Research Objectives

The main aim of this study is to develop an analytical solution for the effectiveness factor that
accounts for the external mass transfer limitations. Then, this model will be used to
quantitatively analyze the effectiveness of the illuminated surface area of the catalysts to

enable the scaling up of the PCO reactor.

The specific objectives are:

e To develop an analytical model of the effectiveness factor based on Robin boundary
conditions.

o To evaluate the effect of optical thickness on the overall performance of the PCO reactor.

o To determine the rate limiting step in the overall catalytic process.

o To evaluate the effect of bulk mass transfer on the performance of the reactor.

e To develop design equations of the Damkdéhler number as a function of conversion for the
PCO reactor.

o To compare theoretical and experimental reaction rates for ethylene photocatalysis.

1.4 Delineation

This project will not cover the following:

e PCO reactor scale up

e The construction of the prototype reactor, and its installation in fruit storage containers
e The effect of humidity on the reaction kinetics

e The effect of varying temperature on the reaction kinetics

e The effect of varying light intensity

e The treatment and analysis of fruits

1.5 Overview

This thesis presents a novel photocatalytic reactor model applied in ethylene oxidation to

enable and simplify reactor scaling up.

Chapter 1 briefly introduces the study and the ethylene degradation processes. Chapter 2
details the PCO process, its application in postharvest storage on a small-scale basis, kinetic
models, and mathematical modelling, and its relation to reactor scaling up. Chapter 3 details
the model development process, including the analytical solution of the effectiveness factor

model. This model was solved using the Robin boundary type instead of the Dirichlet boundary

4



type condition, introducing the Sherwood number as a new operating parameter in
photocatalytic reactors. Robin boundary condition is well established in conventional reactors
that do not utilize photons, but it is rarely used in solving photocatalytic reactions. Chapter 4
details the development of the reactor and its operation, catalyst preparation, experimental
setup, and methodology. Chapter 5 presents and discusses the theoretical evaluation and
experimental validation of the model. This involved reaction kinetics analysis and comparing
the experimental reaction rate with that theoretically predicted by the model. The conclusions

and recommendations from the study are outlined in Chapter 6.



CHAPTER 2
LITERATURE REVIEW

This chapter gives the basic theory of PCO and the different types of reactors used in literature
which gave the basis for designing the reactor used in this study, including the catalyst types
used. Ethylene reduction investigations employing PCO on small scale and their findings are

discussed. Kinetic and mathematical models available in the literature are discussed.

2.1 PCO process for ethylene degradation

PCO is a method that can be used to remove/ reduce ethylene around the fruit storage
atmosphere. The technique utilizes photocatalytic material, usually titanium dioxide (TiOy), to
decompose ethylene and other volatile organic compounds (VOCs) to H.O and CO, under
ultraviolet illumination. Figure 2.1 illustrates the basic processes involved in photocatalysis
(McCullagh et al., 2011).
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Figure 2. 1:Typical ethylene photocatalytic process over TiO; catalyst (Hua et al., 2024)

If a photon of energy greater than or equal to the band gap energy (E;), is absorbed by the
photocatalyst, an electron is promoted from the valence band to the conduction band. This

generates a reducing electron (ezp) in the conductance band and an oxidizing hole (h;’) in the

6



valence band (Figure 2.1). The electrons and holes formed are highly charged and can induce

redox reactions, ultimately resulting in the mineralization of pollutants. (McCullagh et al., 2011).

A few studies have been conducted investigating the ability of PCO to remove ethylene in fruit

storage atmosphere. Figure 2.2 shows a typical setup used in most investigations.
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Figure 2. 2: Schematic diagram of ethylene reduction in continuous operation (a) Flow of gas to
the reactor, (b) Reactor output (Adapted with permission from Fonseca et al., 2021)

Maneerat & Hayata, (2006) investigated the efficiency of the TiO, photocatalytic reaction in
delaying the ripening of green tomatoes stored in a plastic box with a beaker of 100 mL TiO-
slurry. The tests were conducted at different TiO2 concentrations and UV-A light intensities
with three tomatoes in the storage box during each test. Their results show that increasing
TiO2 concentration to 10 g/L as well as increasing the light intensity to 5 W/m? resulted in

reduced amount of ethylene in the storage atmosphere (Maneerat & Hayata, 2006).

The authors further observed that the ripening based on the development of a full red colour
occurred at 11 days for the untreated tomatoes and at 22 days for photocatalytically treated
(TiO2 concentration = 10 g/L and UV-A light intensity = 5 W/m?) tomatoes. This observation
suggests that the reduced amount of ethylene was responsible for the delayed ripening of the
green tomatoes. This illustrates the potential for developing a PCO reactor/ unit that can be

installed in a real-size fruit storage.



De Chiara et al. (2015) tested the potential of PCO in reducing the ripening trend of mature
green tomatoes. Tomatoes were stored at 15 °C in two 5 L containers, and 2 ppm ethylene
was continuously passed through one container for 14 days. In another container, the same
concentration of ethylene was passed through via a PCO reactor (300 mL cylindrical
borosilicate glass reactor with TiO2/SiO2 powder inside, surrounded by four black lamps as
UV-A sources). It was found that the tomatoes kept in the container that was connected to a
PCO reactor took a longer period to ripen, and those through which ethylene was fed directly

showed a faster and more uniform ripening during the storage.

De Chiara et al. (2018) tested a fluidized bed photoreactor (FBP) on broccoli stored in a cold/
refrigerated room of 150 m3 in size. The FBP consisted of a glass tubular reactor with an
internal volume of 0.9 L, and Degussa P25 microparticles were used as the photocatalyst. The
authors observed no significant differences in colorimetric and organoleptic parameters of
whole broccoli after 12 days of storage. This is expected as the broccoli heads have a very
low ethylene production rate, <0.1 uL kg™ h™' at 20°C (De Chiara et al., 2018). Though broccoli
is highly sensitive to ethylene exposure, the storage of 12 days was rather too short to be
conclusive. The authors concluded that the fluidized bed photoreactor prototype should be

improved to make it suitable for the technological transfer of the innovation.

Basso et al. (2018) stored mature green cherry tomatoes in two 3.25 L cylindrical vessels (500
g of tomatoes in each vessel) at 25 °C for 5 hours. The first vessel was used as a ‘control’, and
the second vessel was connected to the PCO reactor (a glass tube: inner diameter = 5 mm;
length = 100 mm. The photocatalyst had a TiO- film thickness of 0.419 ym and an incident
UVA irradiance of 5.18 W/m?). Their results in Figure 2.3 show that the photocatalytic reactor
maintained the ethylene concentration close to zero. The respiration rate was also found to
decrease, indicating that this is an efficient technology for prolonging the shelf life of cherry

tomatoes (Basso et al., 2018).
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Figure 2. 3: Ethylene concentration vs time during 5 hours of cherry tomato storage at 25 °C
(Adapted with permission from Basso et al., 2018)

Pathak et al. (2019) stored 6 kg of apples each in airtight chambers (190 L) housed in a walk-
in cold room set at 1 °C for a duration of 8 days. One of the chambers was connected to a
PCO reactor (steel reactor with the dimensions: diameter = 12 cm, height = 11 cm, consisting
of three UV lamps of 3 W each, irradiating at 254 nm, and TiO, coated glass slides). The
ethylene concentration in the PCO treated chamber was reduced from 70 yLL™" to 24 pLL™",

which amounts to 66% of ethylene removed.

Nishizawa et al. (2008) investigated the effect of PCO treatment on the quality of tomatoes by
storing fifteen tomatoes each under PCO (using TiO- catalyst) and under normal conditions at
15°C for 17 days. The results showed that the fruit quality could be maintained during PCO

treatment while keeping the ethylene levels low in closed storage systems.

Based on the available literature, it is evident that photocatalytic oxidation is an effective
method for eliminating the accumulation of ethylene released by fruit inside confined spaces.
However, there is still a gap in developing lab-scale tests for the large-scale reactors (scaling
up) designed and optimized for use in fruit storage facilities at room temperature and possibly

for other commercial applications. Mathematical modelling could be a useful tool in this regard.



2.2 Catalysts used in PCO reactors

TiO2 in various forms is almost exclusively adopted as a key photocatalyst since it is relatively
inexpensive, chemically stable, and more effective in destroying toxic contaminants (Lin et al.,
2014). There are three polymorphic crystalline structures of TiO2 namely, the anatase and the
rutile both tetragonal, and the brookite which is orthorhombic (Etacheri et al., 2015; Fonseca
et al., 2021). Anatase and rutile are the photocatalytic active phases with anatase exhibiting
higher activity properties, hence in most investigations, a mixture of the two is used as the
photocatalyst. As shown in Table 2.1, the most used photocatalyst with the commercial name
P25 is a mixture of anatase and rutile. The band gap energy of the anatase and the rutile
phases of TiO.is 3.2 eV and 3.0 eV respectively (Chen et al., 2008). Thin photocatalyst films
and poorly crystallized nanoparticles are commonly associated with wider band gaps (Etacheri
et al., 2015), which can limit photocatalytic activity. The particles deposited onto photocatalyst
support materials (such as those in Figure 2.1) tend to form aggregates, causing scattering of
light which then hinders light absorption by the photocatalyst, and therefore reaction efficiency
(Pathak et al., 2017; Basso et al., 2018; Fonseca et al., 2021).

Table 2.1 shows some of the photocatalytic reactors with dimensions, the UV light sources
used and the photocatalyst used. Some modifications of TiO, have been investigated to
improve the performance of photocatalytic reactors. TiO> doping with metals or nonmetals is
done to enable the absorption of visible light (Fonseca et al., 2021), while combining TiO» with
mesoporous silica increases the surface area and pore size to enhance uniform and
homogeneous dispersion of TiO» active sites within the structure and on the surface of the
photocatalyst (De Chiara et al., 2015; Hussain et al., 2017). Photocatalytic systems suffer from
drawbacks such as catalyst deactivation which results in low efficiency (Pathak et al., 2017).
Heating the catalyst to high temperatures or exposing it to UV light at high humidity could help

to recover the catalyst (Jeong et al., 2013).
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Table 2. 1: Photocatalytic reactors using Tio; in various forms

Reactor Type Light Source/ Catalyst(s) Support Reference
Wavelength (nm) material
Tubular borosilicate A black-light lamp TiOz2 sol-gel Polypropylene Lourenco et
glass photo-reactor with maximum and glass. al., (2017)
with an internal volume intensity at 365 nm.
of 337.8 cms.
Steel 3Wx3UVlamps, TiO2Degussa Glass slides: Pathak et al.,
D=12cm, H=11cm 254 nm P25 based 76 x 26 mm (2019)
FN3 solution
An aluminium duct 2 UV lamps Titanium silica fibre felts Malayeri et al.,
with 10 cm x 10 cm (Philips, TUV PL-S  dioxide modified with (2020)
inner cross- section 5 W/4P), at each TiOz2 (TiO2/SFF)
area and 1.3 mlength  site of PCO filter.
Mild steel UV LEDs 360 nm, P25, TiO2/clay, Sharmin &
0.66 x 0.36 x 0.36 m mounted on a solgel-TiO2, N-  wire mesh Ray, (2012)
volume=0.086 m? perforated doped TiO2
aluminium sheet and Bi203
420 L-dynamic 18-W UVA P25 TiO2 Organic fibres Batault et al.,
photocatalytic reactor  fluorescent tubes (cellulose, (2017)
(Closed loop stainless polyester and
steel duct) polyamide).
Acrylic parallel piped Five black light TiO2 Flat stainless Passalia et al.,
fluorescent lamps steel plate (8W (2017)
(300-400 nm) x8L x 0.4T cm)
Corrugated SS
plate (20x30x3
cm)
Pyrex glass (total Osram ULTRA- TiO2-KIT6 Hussain et al.,
internal volume: 1.2L) VITALUX 300 W (2017))
Mixture of UVA KIT6
(320-400 nm and (Mesoporous
UVB (290-320 nm)  silica)
3 L Quartz tube Solar irradiation: Aeroxide TiO2  Pyrex glass tube Licciulli et al.,
300 W tungsten P25 (2017)
lamp (315-400 nm)
300 ml cylindrical Four black lamps Mesoporous de Chiara et
borosilicate glass UV-A: 315-400 nm  TiO2/ SiO2 al., (2015)
(24.5cm L, 4 cm ID) nanocomposit
e in powder
form
Pyrex glass (total Osram ULTRA- TiO2 Hussain et al.,
volume: 2 L) VITALUX 300 W Nanoparticles (2010)
Mixture of UVA (TNPs)

(320-400 nm and

UVB (290-320 nm)
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2.3 Fundamental principles of PCO

2.3.1 PCO reaction mechanism

The primary reaction mechanism for the PCO process in Figure 2.1 can be depicted as follows
(Mamaghani et al., 2017):

TiO, + hv - TiO, (egg + hig) (2.1)
TiO, (hig) + H,0 - TiO, + H*OH’ (2.2)
TiO, (h{g) + OH™ - TiO, + OH" (2.3)
TiO,(ecg) + 0, = TiO, + 03~ (2.4)
205" + HY > H; (2.5)
HO;, + HO}, - H,0, + 0, (2.6)
TiO,(egg) + H,0, - +OH™ + OH’ (2.7)
VOC + 0, + OH® - H,0 + CO, + other products (2.8)

When the TiO; catalyst is exposed to UV light at wavelengths < 387.5 nm, the energy (hv) from
the photons irradiated under its surface is absorbed and causes the migration of electrons from
the valence band to the conduction band (Fonseca et al., 2021), resulting in the formation of
the electron-hole pairs (Equation 2.1). The formed valence band holes then react with water
from the humid gas and adsorbed onto the catalyst to generate hydroxyl radicals (Equation
2.2). The hydroxyl radicals are also formed through the reaction of the holes with the adsorbed
hydroxide (Equation 2.3). In Equation (2.4) the conductance band electrons react with electron
acceptors such as oxygen which generates superoxide anion radicals (McCullagh et al., 2011).
These radicals further interact with the adsorbed target VOC (Equation 2.8), such as ethylene
molecules, leading to their decomposition to CO, and H.O (Etacheri et al., 2015; Hua et al.,
2024).

The final PCO of ethylene is based on equation 2.9 (Keller et al., 2013):
TiO,h
C,H, + 30, —2 . 2C0O, + 2H,0 (2.9)

Understanding the photocatalysis fundamentals is of essential importance for interpreting the
experimental data, analysing the parameters influencing the PCO performance, and finally,

optimizing the process (Zhong & Haghighat, 2015).
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2.3.2 Chemical and physical steps during PCO

In heterogeneous gas phase PCO, the mass transfer of gases from the gas stream to the solid
phase catalyst plays an important role and greatly affects the reaction rate and degradation
efficiency (Mamaghani et al., 2018). The PCO process can be divided into seven processes
occurring in series, as illustrated in Figure 2.4, which can be described as follows (Zhong &
Haghighat, 2015):

1) Advection (where air flows carry pollutant species),

2) Mass transfer of the reactants from the main flow to the exterior surface of the catalyst

particle,

3) Molecular diffusion and/or Knudsen diffusion of the reactants from the exterior surface of

the catalyst particle into the interior pore structure,

4) Adsorption of the reactant onto the interior catalyst surface,

5) Photochemical reaction on the catalyst surface,

6) Desorption of the reaction product(s) from the surface of the catalyst, and

7) Mass transfer of the products from the interior catalyst pores to the gross external surface
of the catalyst by ordinary molecular diffusion and/or Knudsen diffusion, and finally, external

diffusion to the main flow.

"‘»'"‘.
3,-', ('5'4‘ L5
1"."";'95‘)."&;“"

.l

2hs Pt

»

Figure 2. 4: Mass transfer processes in PCO of gases using TiO. (Zhong & Haghighat, 2015)
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Processes 2 and 7 represent bulk mass transfer which is a function of the specific molecules,
the dynamics of the flow conditions, and the geometric surface area of the catalyst (Farrauto
et al., 2016: 20). Mass transfer correlations relating the Sherwood number to the Reynolds
number and the Schmidt number are widely used to describe the interphase mass transfer
steps 2-3 and 6-7 (Votruba et al., 1975; Yang et al., 2009; Zhong et al., 2013; Zhong &
Haghighat, 2015; Malayeri et al., 2020). Steps 3 and 7 illustrate pore diffusion, which mainly
depends on the size and shape of both the pore and the diffusing reactants and products
(Farrauto et al., 2016: 20). Steps 4-6 are related to the chemical interactions of reactants and
products (Farrauto et al., 2016: 20).

Understanding the above seven processes is especially important for modelling of PCO reactor
as they form the basis of the mathematical equations. Any of these processes can be rate
limiting and control the overall reaction rate and therefore PCO performance (Zhong &
Haghighat, 2015; Farrauto et al., 2016: 21).

2.4 Kinetics models for PCO of ethylene

It is well established that photocatalysis experiments follow the Langmuir- Hinshelwood (L-H)
model (Ye et al., 2010):

dC_ kyKaasC (2.10)
dt 1+ Kg4sC

Where R is the reaction rate (ppm.s™), C is the pollutant/ ethylene concentration (ppm), k. is
the reaction rate constant (ppm.s™) and Kaas is the adsorption equilibrium constant (L/mol or
ppm™"). Most studies on ethylene kinetics (Ye et al., 2010; Zhang et al., 2017) have neglected
the term KagsC in the L-H model based on the assumption that the pollutant concentration is
very low. This implies that KasC<<1 which then simplifies Equation (2.10) to a pseudo-first

order reaction rate:

dc 2.1
—— = Ky KqasC = KappC ( )

Where, Kapp = kiKags is the apparent pseudo-first order kinetic constant. If Cy is the initial
concentration and t is the reaction time, the integrated form of Equation (2.11) may be written

as:
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ln(£> = Koyt (2.12)

Kapp is then evaluated by plotting In(C/Cy) against the reaction time and is given by the slope

of the obtained straight line.

Zhang et al. (2017) used the rate constant to describe the decomposition efficiency of ethylene
in their investigation of five different photocatalytic composite materials (titanium dioxide
nanotube arrays with silver and reduced graphene oxide). Kapp, Was obtained using Equation
(2.12) and varied from 1.89 x 10 to 3.90 x 10 min™* for the five photocatalytic materials tested.
Linear regression was used to fit the data obtained with R? in the range 0998 — 0.999 for the

different photocatalyst materials.

Licciulli et al. (2017) also used Equation (2.12), assuming the first order reaction to determine
the rate constant for ethylene PCO under solar irradiation. K., values obtained are
1.96 x 10 min"' and 2.68 x 10 min™' for TiO, (P25) and CuPcTiO. (copper phthalocyanine

sensitized TiO,) respectively when coated on glass tubes.

Song et al. (2018) used Kapp from the pseudo-first order model to compare the performance of
different TiO2 (P25)/Bi,WOes nanocomposite photocatalysts in degrading ethylene under visible
light. The calculated values of K ranged from 1.148 x 10* for pure TiO, (P25) to
9.081 x 10 for 35% TiO2 (P25)/Bi,W .

Maneerat & Hayata (2008) obtained Kapp values ranging from 5.6 x10 to 1.5 x10"" h™' for PCO

degradation in TiO, coated packages in the range 0.1% — 10% TiO- respectively.

Stroe & Rosendahl (2019) used a photocatalytic batch reactor to assess the kinetics of the
oxidation of ethylene over immobilized titanium dioxide and the effect of initial pollutant
concentration on the kinetics using the L-H kinetic model. In this study, a comparison was done
between the direct solution of the L-H model, the reduced L-H model to pseudo-first order
reaction rate as well as the integrated and linearized L-H model Equation (2.13). The study
found that the use of the simplified first order model resulted in a deviation from the

experimental data. This is in contrast with most studies in which the first order was found to fit
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the experimental data well. Reactor conditions such as the control of constant temperature
during the kinetic experiments and the type of light source influence the kinetic experimental
results. In Stroe & Rosendahl’s (2019) study, LED’s emitting wavelength between 340 nm and
400 nm (with a maximum peak of 365 nm) were used. The proven wavelength to initiate an
adequate reaction in ethylene photocatalysis is 254 nm. The treatment of the two kinetic
constants as one single term is a drawback as a value for each constant cannot be determined
unless ethylene adsorption isotherms are investigated to obtain a value for Kags (Stroe &
Rosendahl, 2019). Thus, there is a need to investigate the suitability of the simplified model
for the kinetic analysis of ethylene PCO. The first step for this investigation would be the
determination of the true reaction order to confirm the correctness of the popular first order
assumption. The direct solution of the L-H model failed to predict the initial concentration;
however, the final concentration could be estimated with less deviation compared to the first
order model. Lambert W-function was used to solve Equation (2.13) for concentration, C, as

an explicit solution cannot be found.

(2.13)

!, (CO) 42 (Co—C) = —t
n\—. — - = -
erads C kr °

This model was found to best fit the experimental data although there were constraints in
obtaining the numerical solution, hence the use of the Lambert W-function which is time

consuming.

Basso et al., (2018) evaluated k- and Kaqs by plotting the reciprocal of the reaction rate (1/R)
versus the reciprocal of ethylene concentration (7/C), following the linear form of the L-H model
Equation (2.14) and R was calculated by Equation (2.15) from the slope of the plot of X versus
F/A.

1t 1 (2.14)
Rk, Kk KyuC
3 F (2.15)
R = X.C.A

Where X is the conversion of ethylene, F is the gas flow rate and A is the catalyst area. The
L-H model was found to well describe the linear dependence of ethylene concentration on the

reaction rate, although this achievement was only possible at high flow rates to ignore the
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mass transfer limitations. The calculated parameters are k- = 0.6694 nmolm™ h™' and
Kags = 1.66 nm3 mol™"'. This is a similar approach described by Einaga et al., (2015), although,
in their study, R was calculated by Equation (2.16) in which W (catalyst weight) was used
instead of A in Equation (2.15). The estimated kinetic parameters are k, = 1.30+0.03 x107?
mols'm? and Kags = 4.8+0.4 x10°% Lmol'. The approach is based on the assumption that the

photoreactor is a plug-flow reactor in which no fluid mixing and back mixing occur.

L F (2.16)
R_X'C'W

Sirisuk et al., (1999) did preliminary studies for PCO of ethylene in a continuous tubular
photoreactor packed with titania coated glass rings. The L-H rate expression was substituted

into the design equation for a plug flow reactor, resulting in the equation:

[_ 1 ln(@) l(CO—C) (2.17)
F  kKyCo \C Co

+ P
Equation (2.17) may be written in different forms to determine the kinetic parameters:

WCy/F 1 1 In(C/Cy) (2.18)
(C—Co)  kr KkeKaas (C—Cp)

Where W is the weight of the catalyst and F is the molar flow rate of ethylene. The kinetic
parameters (k- = 4.27 x 10° mol/g.s, Kass = 4.95 x 10* L/mol) were obtained from linear
regression analysis of Equation (2.18). These were used to predict the conversions at different

W/F ratios and the model was found to provide a good fit of the data.

In a study by Zorn et al., (2000) the half order model provided a slightly better fit to the data
compared to the L-H model. A linearized half order model was used to calculate the kinetic

rate constants (Zorn et al., 2000):

Wt (2.19)

CY2 = ¢y —ky 2V
res

Where Vs is the reservoir volume (L). The data was fit by performing the least-squares
regression analyses of the plot C"?versus t, where the reaction rate constant is the negative

slope multiplied by 2V.s/W (Zorn et al., 2000). The calculated reaction rate constants in
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mol'2L"2 g-'s-' for an unplatinized TiO2/ZrO; thin film catalyst are 1.8 x 104, 3.22 x 10* and
3.34 x 10* at 30°C, 70°C and 107°C respectively: 1.67 x 104, 3.35 x 10* and 6.62 x 10* for
platinized TiO2/ZrO; at 30°C, 70°C and 107°C respectively.

In all the models discussed above, the effects of humidity, oxygen, carbon dioxide (CO>),
temperature, and light intensity on ethylene degradation rate are ignored. The reaction rate
generally increased with increasing initial inlet ethylene concentration. Obee & Hay (1997)
employed a temperature dependent rate that takes into account the effect of water, but also
ignored CO; assuming that it did not influence the observed rates and that only ethylene and

water vapour were important. The temperature dependent rate model is given by:

exp(—AHg/RT)

VT
exp(—AHy,/RT)

VT

k, exp(—E/RT)K'g (2.20)

Xg

R =
1+ K exp(—AHg/RT)

VT

Xg +K'y Xy

A model by Lin et al., (2014) accounts for all the possible effects except CO, which was

assumed to not influence the reaction rate:

K'z exp (%,;/RT) Cg K'o, exp (_AH\;%/RT) Co, (221
e

—AHE/RT) (—AHW/RT —AH,,/RT
LE G+ K 2w/ ' 2
T E w exp T 1+ K'g, exp ( T ) Co,

R =1%"exp (— E)
RT

1+K’Eexp(

It was found that the PCO rate increased with increasing concentrations of ethylene and
oxygen, light intensity, and temperature (30°C and 45°C), but decreased with increasing water
vapour concentration (humidity). The decrease in degradation efficiency with increasing

humidity content was also observed by Tytgat et al. (2012).

The rate law by Yamazaki et al., (1999) incorporates concentrations of ethylene, water vapour,

and oxygen as well as the light intensity:

d[C2H,] koKglapKc,n, Ko, Po, (2.22)

= X
dt kou(1+ Ke,u,Pe,n, + KHZOPHZO) 1+ Ko,Po,

The rate constant values available in the literature are not comparable since different types of
photocatalysts (including different sources of the commonly used TiO2) have been employed,

which exhibit different photocatalytic activities. The differences in photocatalytic activities can
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be qualitatively attributed to differences in morphology, crystal phase, specific surface area,
particle aggregate size, and surface density of OH groups in the TiO, samples (Mills & Le
Hunte, 1997). Thus, for comparable results, it is important to use a standard form of TiO; such
as P25, however, this has been used in different forms (powder, thin films, mixed/ doped with
other compounds/ metals) and formulations. Therefore, a standardized catalyst preparation
method is also necessary for the results to be comparable. In the case of thin films, which are
of popular interest due to their ease of handling, the true reaction rate is also influenced by the
thickness of the film. This is due to the possible diffusion limitations as well as the transport of
photons. Even with the same deposition method, the properties of the film may change very
much if the preparative conditions vary only slightly (Camera-Roda & Santarelli, 2007). Most
reported kinetic parameters in the literature strongly depend on the experimental conditions
and cannot be easily extrapolated to other conditions (Malayeri et al., 2021). None of the kinetic
models in the literature have considered the possibility and consequently the influence of mass
transfer resistance. It is also worthwhile to note that the kinetic model varies with operating

conditions or reactor designs (Malayeri et al., 2019).

2.5 Mathematical modelling of PCO reactors and scaling up

The traditional scaling up procedure involves laboratory experiments in which the proposed
reactor is gradually increased to the desired commercial size (Satuf et al., 2007). This means
that several reactors must be built, making this approach expensive as well as time consuming.
Scaling up procedures employing mathematical models (Satuf et al., 2007) can be cost
effective and less time consuming. These mathematical models can be instrumental in
determining the effectiveness factor, a key parameter in quantitative analysis of the factors that
determine the effective utilization of the illuminated surface area of the catalyst. Currently, no
mathematical models in the literature define the effectiveness factor for ethylene PCO.
Furthermore, very limited studies are reported on mathematical models coupling advection,
diffusion, and the reaction rate expression in the overall mass balance. This is a key model

required in developing the effectiveness factor equation.

A model by Nielsen et al., (2015) for ethylene PCO is based on simple Langmuir— Hinshelwood
adsorption kinetics and the advection and diffusion of gas through the porous photocatalyst.

Figure 2.5 shows the schematic diagram of the photocatalyst coordinate system.
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Figure 2. 5: Schematic cross-section view of TiO2 impregnated quartz wool photocatalyst (Adapted with
permission from Nielsen et al., 2015)

The governing equation for their model in cylindrical coordinates shown in Figure 2.5 is:

dZCR 1 dCR 7o dCR o (223)
= - + L - —alr —
0=D a2 +Dr ar T [vol — Y0r(Cr) " exp(—alr — o))
And, the simplified governing equation for quasi one dimensional geometry is:
d?Cy dCg (2.24)
0=D dx2 * v dx Y0r(Cr) exp(—ax)

In Equations (2.23) and (2.24), r is the radial coordinate, ro is a reference radial distance, a is
the average absorption coefficient, y is a net rate constant (a combination of the magnitude of
the light intensity at the reference position, the amount of catalyst area per unit volume and the
rate constant), 6r is the fractional surface coverage of reactant, |vo| is the magnitude of the gas
velocity at rp (the sign in front of the velocity magnitude depends on the direction of the gas
flow), D is the diffusivity, Cr is the reactant concentration and x is the position measured from

the illuminated surface.

The assumptions in the model include steady state, radial flow, that the photocatalyst sheet is
isothermal, and that the gas is incompressible. With this model, the geometrical photocatalyst
area required to reduce ethylene in a full container’s shipment could be estimated but only at

high gas velocity. The authors noted that with the limit of high flow velocity, the total
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photooxidation rate was independent of the flow velocity. This is to be expected because the
mass transfer limitations are eliminated at high gas flow rates. However, operating at high flow
rates is not always technically possible and can lead to such short residence time that the inlet
and outlet concentrations may not be significantly different (Biard et al., 2007). Furthermore, it
is not clear in the model how the radiation distribution was characterized, as this is one of the

important factors in the photocatalytic reactor, which directly impacts the activity of the catalyst.

Li Puma (2005) did an analysis of steady-state continuous flow slurry photocatalytic reactors
for water purification by TiO, photocatalysis. The developed dimensionless mathematical
models can be easily used for scale-up and design of photocatalytic reactors of different
geometries irradiated by UV lamps or solar radiation (Li Puma, 2005). Although no evaluation
of n was done in this study, the mathematical models can be further developed for the
determination of this important parameter. A rigorous mathematical model should incorporate
the reaction kinetic model, the light irradiance field model, and the mass transport model and
be capable of evaluating the limitations such as the mass transfer, surface reaction, and photon
transfer/ distribution. No studies of such a model have been found for the photocatalytic

oxidation of ethylene.

The photocatalyst is deposited as a thin film on support materials such as glass, stainless steel
sheets, and fibres in photocatalytic processes. One of the advantages of immobilizing TiO»
photocatalyst is that it results in a porous catalyst layer, providing a larger surface area for the
degradation of the pollutant (Chen et al., 2000). However, this thin catalyst film is usually
subjected to mass transfer as well as photon absorption limitations. A good indication of the
extent to which mass and photon transport limitations affect the immobilized photocatalytic

layer is given by the effectiveness factor (Parrino et al., 2019).

The effectiveness factor (n) is the ratio of the actual reaction rate to the theoretical reaction
rate if the whole surface area of the catalyst is available to the bulk concentration of the
pollutant (Fogler, 2020: 1528). It may be written as (Hill & Root, 2014: 380):

_ Actual rate for the entire catalyst (2.25)
" Rate evaluated at external surface conditions

n

It is a dimensionless number that measures how effectively the catalyst is being used
(Rawlings & Ekerdt, 2002: 371) to facilitate a reaction. For n near unity, the process is mass-

transfer controlled (i.e., the reactant can diffuse quickly through the catalyst), and for n near
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zero, the process is controlled by surface reaction (i.e., the mass transfer limitations prevail).
An additional factor to consider in photocatalytic reactions is the absorption of light, as this

directly impacts the activity of the catalyst.

A few models found in the literature that evaluated this parameter in photocatalytic reactions
have focused only on the internal effectiveness factor, which considers diffusion inside the
catalyst layer (Edwards et al., 1996; Camera-Roda & Santarelli, 2007). Edwards et al., (1996)
used the orthogonal collocation method to determine the effectiveness factor numerically for
photocatalytic reactions obeying zero order, first order, second order, and generalized
Langmuir-Hinshelwood/ Hougen-Watson kinetics. In their analysis, the convective mass
transfer has been neglected based on the assumption that the polluted mixtures are sufficiently
dilute. Based on the conclusions by the authors, the models, and the plots of effectiveness
factor vs. Thiele modulus presented may be applicable in the design of photocatalytic reactors,
to account for varying concentrations and photon-flux levels within the catalyst film, thus,
excluding the concentration profiles through the external film layer. Thiele modulus is the ratio
of internal diffusion to the reaction rate. Figure 2.6 below shows the plots of effectiveness factor
versus Thiele modulus at different optical film thicknesses for a reaction which obeys a first-

order rate expression.
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Figure 2. 6: Effectiveness factor vs. Thiele modulus (Adapted with permission from Edwards et al.,
1996)

Camera-Roda & Santarelli (2007) used the numerical solution by control volume method to

determine the effectiveness factor in their study to investigate the optimum photocatalytic film

thickness for application in the treatment of contaminants in water. One of the boundary
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conditions employed in their mathematical model is that of fixed concentration at the fluid—film
interface, ignoring the concentration profile through the catalyst's external film layer. A semi-
log plot of the effectiveness factor vs. a (the definition of this parameter in this paper is similar
to the Thiele Modulus) at different values of the optical thickness is depicted in Figure 2.7. The
plots of interest in Figure 2.7 are the solid lines representing the photocatalyst illuminated at
the catalyst film side. Figure 2.7 shows that the photocatalytic degradation process is controlled
by internal diffusion when a, is high and by the transport of photons when the optical thickness

is high.
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Figure 2. 7: Effectiveness factor vs a at different values of A (Adapted with permission from
Camera-Roda & Santarelli, 2007)

To optimize and scale up the PCO reactor plots of the type in Figures 2.6 and 2.7 need to be
developed and validated experimentally for ethylene. It is a great tool for analysing the effect
of parameters such as the catalyst thickness and the photon absorption, which play a crucial
role regarding the activity of the catalyst and, consequently, the reaction rate. Studies of this
type that account for external diffusion limitations and for ethylene photocatalysis are currently

not available.

An analytical solution for immobilized photocatalytic microreactors was presented by Visan et
al., (2014). The model is said to include species transport in the flow channel governed by
advection and diffusion; however, convection through the film layer is not explicit in their
equation (2.26) for the internal effectiveness factor. In this study, equation 2.26 was

redeveloped and extended to include the effect of the external mass transfer limitations.
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Other authors simply used the effectiveness factor, Equation (2.27) for a straight cylindrical
pore (Levenspiel, 1999; Hill & Root, 2014).

_tanh¢ (2.27)
¢

Dijkstra et al., (2002) used the equation to evaluate internal diffusion limitations in the
immobilized catalyst for the photocatalytic degradation of formic acid. Krivec et al., (2015) used
the equation to account for pore diffusional effects in the photocatalytic degradation of phenol
in a fixed TiO2 microreactor. Murshed et al., (2022) adopted the effectiveness factor equation
(2.28) by Fogler (2020: 1530) to evaluate the internal mass transfer effects on the
photodegradation of Astrazon Orange G (AOG) dye in spherical ZnO photocatalyst.

3
r]=ﬁ(¢ coth $-1) (2.28)

It is worth noting that equations 2.27 and 2.28 were developed for conventional reactors and
may not apply to photocatalytic reactors as they do not consider the UV light intensity. The
major limitation of the available effectiveness factor models for photocatalytic reactors is that
they are developed based on the Dirichlet boundary type condition (Edwards et al., 1996;
Camera-Roda & Santarelli, 2007; Visan et al., 2014). In this boundary condition, an assumption
is that the bulk pollutant concentration is the same as the concentration at the catalyst surface,
or that there is no external mass transfer resistance. This is not always true because of the
species concentration gradient through the film layer. If the external mass transfer rate is low,
the concentration in the bulk fluid and that at the external catalyst surface are significantly
different (Rawlings & Ekerdt, 2002: 385). Thus, the external mass transfer limitations which
incorporate convection and diffusion of species in the film layer should be considered. Equation
(2.29) by Rawlings & Ekerdt, (2002: 386). was developed based on the Robin boundary
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condition for first order reaction in a spherical catalyst, however, it is also for conventional

reactors not utilizing photon.

1 1/tanh 3¢- 1/(36) (2.29)
%1+ 0(1/tanh 3¢- 1/(30))/B

Where B is the Biot number defined as the ratio of external mass transfer coefficient to internal

diffusion.

This literature review revealed that extensive research has been conducted on the reduction
of ethylene using different types of PCO reactors and fruit storage on a small scale. TiO: is the
main photocatalyst used in different forms as powder particles, solutions, and thin, coated
films. These reactors were found to reduce ethylene and extend the storage duration of
tomatoes (Maneerat & Hayata, 2006, Nishizawa et al. 2008, De Chiara et al. 2015, Basso et
al. 2018) and apples (Pathak et al. 2019). These findings brought confidence in the use of the
PCO technique and probed research interest in methodologies that may aid in scaling up.
Mathematical models are usually the first step toward developing such methodologies and in
heterogeneous catalysis, the effectiveness factor is a key parameter that facilitates quantitative
analysis of how effective the illuminated catalyst is utilised. This literature review revealed that
although limited effectiveness factor models for photocatalytic reactors are available, these
models do not consider cases where there are limitations in terms of mass transfer from the
gas stream to the catalyst (Edwards et al., 1996; Camera-Roda & Santarelli, 2007, Visan et
al., 2014); others are for conventional catalytic reactors not utilizing UV light (Levenspiel, 1999;
Rawlings & Ekerdt, 2002: 385; Hill & Root, 2014; Fogler 2020). This study will address this gap
by developing the effectiveness factor model that incorporates both convection and diffusion

and validating it experimentally using ethylene as the model pollutant.
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CHAPTER 3
MODEL DEVELOPMENT

This chapter describes the basis of the model, including the assumptions and the governing
equations leading to the main equation to be solved (the model) in this work. The step-by-step
solution of the model effectiveness factor is detailed. For a quick estimation of the effectiveness

factor, an approximation of the main model is also developed in this chapter.

3.1 Model Description and Assumptions

The photocatalytic reactor considered in this study is a continuous flow reactor utilizing a thin
film of TiO2 photocatalyst immobilized onto a porous nonwoven vilene and UV light as a source
of photons. The basis of the model is depicted in Figure 3.1(b), where x = 0 represents the
position (m) at the catalyst surface, x = § is the catalyst layer thickness (m) and L is the
macroscopic length of the catalyst support (m). Cas is the concentration of the gas pollutant in
the bulk and C4 (mol/m3) is the concentration profile through the gas film layer. Figure 4.1(c)

shows the pores within the TiO- film assumed to be straight cylindrical with radius r.

UV Lamps
- 4 D _q » Sampling/
@ ﬁj Analysis

" Gas mixer | R
--------- TiO, coated

PCO Reactor

material

—>| Humidifier

C:H,

Catalyst
support

II
Bulk gas
Film layer
Catalyst layer

Catalyst support o

@ Catalyst layer
Y

(c) (b) L0
Figure 3. 1: (a) Flow diagram of the photocatalytic reactor process; (b) schematic of the concentration

profile in the immobilized photocatalytic system (Adapted with permission from Edwards et al., 1996)
; (¢) TiO2 pores within the catalyst layer
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The model will be based on the following operating conditions and assumptions: (1) the flow is
steady and one-dimensional in the x direction; (2) the system is isothermal; (3) the diffusion
coefficient (Dag) is constant; (4) the reaction follows pseudo first order kinetics; and (5) the light
intensity can be modelled using Beer Lambert’s law. The purpose of the model is to determine
a mathematical solution for the concentration profile through the photocatalyst that
incorporates the change in concentration through the gas film layer. This concentration profile

is then incorporated into the equation for calculating the effectiveness factor.

3.2 Governing Equations

The catalyst layer in Figure 3.1(b) can be represented in rectangular coordinates as shown in

Figure 3.2.

Ay

x=0 /:9'

X=0

Figure 3. 2: Representation of the catalyst layer

The mass balance in the x direction is given by:

d
a (pAXAyAZ) = (]A,xlx - ]A,x|x+Ax)AyAZ - rA(AXAyAZ) (31)

Where Jaxis the diffusion flux of species A. Applying the steady state flow assumption and

dividing through by AxAyAz gives:
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_ (Jaxx = Jaxixrax) _r (3.2)

0
Ax A

The term Jp yx+ax Can be written as:

dj 3.3
]A,x|x+Ax = ]A,xlx + Ax d:('x (3:3)

The diffusion flux is given by Fick’s law:

dC 34
]A,x = —Dyp d_; ( )

Substituting Equations (3.3) and (3.4) into Equation (3.2) gives:

d?C, (3.5)
Dap gz = 7Ta

The reaction rate, ra, in Equation (3.5) is based on the unit reaction volume. As depicted in
Figure 3.1(b), the reaction of interest is a heterogeneous gas-solid type which is dependent on
the catalyst surface area. It is therefore necessary to redefine the reaction rate in terms of the

unit surface area of the catalyst using the following relation:

f'AAS = I‘AVR (36)

Where A;=2Lz is the catalyst surface area, Vy=Lzr is the reaction volume and rx is the reaction
rate per unit irradiated surface area of the photocatalyst. Rearranging Equation (3.6) and

substituting the definitions of As and Vr gives:

Fp = Fa (%> i, (3) (3.7)

Lzr r
Substituting Equation (3.7) into Equation (3.5) results in the diffusion-reaction equation:

r

d?C, . (2) (3.8)

DABW=rA =
Equation (3.8) may be nondimensionalized by introducing the dimensionless variables:

28



_CA-

C_ ]
Cao

where rq is the reaction rate per unit area evaluated at the surface of the catalyst. Substituting

the dimensionless variables into Equation (3.8) and rearranging gives:

CaoDagT

d?C < 282 ) , (3.9)
= r
dx?

By further assuming that the efficiency of photons conversion to an oxidizing hole is constant,
the reaction rate for ethylene PCO has been proven to be directly proportional to the light
intensity (Yamazaki et al., 1999). Therefore, the reaction rate for reactions following the
Langmuir-Hinshelwood (L-H) model can be written as:

KadsCa (3.1 0)

' :kl—
A T K 0eCa

Where k- and | are the reaction rate constant and the UV light intensity respectively. The Beer-

Lambert law is widely used to model UV light intensity:

BV (3.11)

Where |, is the intensity of the UV light entering the catalyst layer and y is the light absorption
coefficient for UV in the catalyst. Combining equations (3.9), (3.10), and (3.11), and applying

dimensional analysis gives:

(3.12)

d*C_ <2821Vkr> 1 Ax

dx® Dapf J\ 1 .4
CAOKadsC

where A = udis the dimensionless optical thickness. For the first order approximation stated in

the assumptions (i.e., if 1/C4oK 45 >> 1), the equation becomes:
d?c (3.13)

—42 -AX
W—d) Ce

where ¢? is the Thiele modulus defined as:
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2. 2k (3.14)

For Equation (3.13) to be solved analytically, it must be transformed to the modified Bessel’s
equation which has a known solution. To do this, from Equation (3.13), the following steps are

done:

Let; y=e™®X (3.15)

Then, differentiating y with respect to X gives:

dy _ . ax (3.16)
d—X—-Ae
The derivative dC/dX in Equation (3.13) may be written as:
g _ ﬂg (3.17)
dX  dXdy
Substituting Equation (3.16) into Equation (3.17) gives:
§=-Ae-AX§ (3.18)
dX dy
Therefore;
2
ﬁ=i -Ae'AX@ (3.19)
dx? dX dy

Differentiating the right-hand side of Equation (3.19) using the product rule, and simplifying

gives:

d’c dc d’c (3.20)

Substituting Equation (3.20) into Equation (3.13) and rearranging the equation results in the

following transformed form which is the modified Bessel equation:
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d’C 1dC  /¢\*1 (3.21)
S ¥
dy* ydy y

Equation (3.21) is the equation to be solved, its solution is detailed in section 3.3.

3.3 Model Solution

Equation (3.21) was solved analytically for the concentration profile. The solution is given by
Equation (3.22):

3.22

A A

Substituting the expression for y as defined by equation (3.15), the concentration profile is then

given by:

2dpves 2¢es (3.23)
C:C110< >+C2K0( A >

Where Iy and K, are the zero order modified Bessel functions of the first and second kind

respectively. The constants C; and C, may be determined by applying the following boundary

conditions:
B.C.1: at X=0; S =-5h(C,-C) (3.24)
B.C.2: at X=1; j—§=o (3.25)

Boundary condition 1 (B.C.1) is the Robin type boundary condition in which Cy is the ratio of
the bulk concentration to the inlet species concentration and, Sh is the Sherwood number

defined as:

ks
oo K8 (3.26)
DAB

Where k is the convective mass transfer coefficient. The Sherwood number takes into account

the diffusion resistance in the gas film layer. There are many mass transfer correlations in

literature from which the Sherwood number can be calculated. Most studies in gas phase
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photocatalytic reactions have used the correlation in Equation 3.27 by Votruba et al., (1975).
A recent correlation (Equation 3.28) specifically for photocatalytic reactions using TiO; coated

fibrous catalyst was developed by Malayeri et al., (2020).

Ly 043 3.27
Sh=0.705(Reg> Sc0-56 ( )

1
Sh=0.0059Re?#0035¢3 (3.28)

where Re is the Reynolds number, and Sc is the Schmidt number. Applying the boundary

conditions results in the following expressions for Cs and C; respectively:

. ShC,K (@J_A) (3.29)
() [t (B0) - (B ks () [ (30) o (3]
ShCyl4 (@ﬂ) (3.30)
C,=

(e [smo () ks ()] i (3 [ () i (3]

Where I; and K; are the first order modified Bessel functions of the first and second kind

respectively.
The effectiveness factor, n may be defined as follows:

dCy dC .31
DAB dX _ DAB dXA (3 3 )

14 B ker \

T]—

The reaction rate, ro is the ideal rate that would be obtained if the bulk concentration is
maintained through the entire photocatalytic film and the incident photon flux does not
attenuate through the film.

In dimensionless form equation (3.31) may be written as:
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-1dcC (3.32)

U=E&

Combining equations (3.23), (3.29), (3.30), and (3.32) results in the following equation for the

effectiveness factor:

. snGy Ky (e 2) 1 () 1 (Fe?) i () (3.33)
) o 2 o (2] ) e 2 o )

An approximation of Equation (3.33) was developed by first linearizing Equation (3.13) using

the Taylor series expansion and then solving by the perturbation method.

Firstly, the term e~2* in Equation (3.13) may be linearised using Taylor series expansion:

, x? X" (3.34)
fC) = flxo) +xf (x0) + 57 f (x0) + -+ — f7(x0)
flx) = e (3.35)
Taylor series truncated to second order gives:
A%x? 3.36
e x 1 — Ax +—— ot - (.30)
Therefore, Equation (3.13) may be written as:
d’c A%x? (3.37
—2=¢ZC<1 —Ax+— >
dX

There are several methods by which Equation (3.37) may be solved for the concentration, the
simplest method is regular perturbation. The optical thickness is chosen as the perturbation
parameter (i.e. A is assumed to be very small). Therefore, the proposed perturbation

approximation solution is:

C=Cy + AC; + A%Cy + -+ A"C,, (3.38)
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Substituting the truncated Equation (3.38) into Equation (3.37) gives:

d2
W(CO + AC)=¢2(Cy + ACy) <1 — Ax +

A2x2> (3.39)

For A°, Equation (3.39) becomes:

d2c0 B ¢2C _ o (3.40)
dx? °
The general solution of Equation (3.40) may be obtained by D operator method:
(D2 - ¢*)Co =0 (3.41)
Therefore:
Co = Ae® + Be ¥ (3.42)
And,
dc, (3.43)
0 _ ox _ -0x
I dAe ¢Be

The integration constants A and B may be obtained by applying the boundary conditions
B.C.1 and B.C.2, Equations (3.24) and (3.25) respectively.

From Equation (3.43) and subject to the boundary condition in Equation (3.24), the constants

A and B are related as:

_ ShCy, — (Sh—¢)B (3.44)
a &+ Sh)

And, using the boundary condition in Equation (3.25), gives:

A=Be2 (3.45)
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Substituting Equation (3.45) into Equation (3.44) and solving for B gives:

. —ShC,, (3.46)
S e20@+Sh)+ (-Sh—¢)

For A%, Equation (3.39) becomes:

2, , (3.47)
—¢°Cy =-0"Cox
dX2 ¢ 1 ¢ 0
Substituting Equation (3.42) into Equation (3.47) gives:
d’c, (3.48)

— ¢°Cy = -¢%(Ae® + Be™)x

dx?

Equation (3.48) is inhomogeneous and thus, its solution will have the complimentary function

(C1cr) and the particular integral (Cy p;).

Thus:

Ci =Cicr+Cyp; (3.49)

To find C, ¢r the right-hand side of Equation (3.48) is assumed to be equal to zero. Therefore

the solution for the complimentary function is similar to that of Equation (3.40):

Cl,CF = D€¢X + E€'¢X (350)
Where D and E are the integration constants.
To find the particular integral, we make use of the following standard trial function:

[F(D)]{e“* g(x)} = e*™[F(D) + al{g(x)} (3.51)

Thus, from Equations (3.48) and (3.51):
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(D% — $2)Cy p; = -¢°(Ae® + Be®)x

Therefore,

cuu=¢ﬂﬂ¥Ab7$ﬁﬁh”+eXBEﬁ—E&ﬂ&%

1 1 1 N 1
D2 +2¢D  2¢D 4¢p?  8¢3

Therefore Equation (3.53) becomes:

1
_ 2
C“”_'q’{ A[2¢D 47 8¢3]{X}

+e¢XB[ 55 4;2 8¢3]{x}1

Or,

X2 X 1
C1P1_¢{ 4¢ 4¢2 ?&]

_¢XBX2+X+ 1
¢ ag T a7 T 8e?

Substituting Equations (3.42), (3.50) and (3.56) into Equation (3.38) gives:

)'¢ X 1
C = Ae®™ + Be ®+A [De‘1>X + Ee ™ — Ae®™ <¢— - = )

z 3178p
Px? 1
Y
+Be (4 +4+8¢ﬂ

And,
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(3.53)
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(3.55)

(3.56)

(3.57)



dc
== dAe®* — pBe P +A [¢De¢x — pEe %

22 1
_petn (X ox 1
Ae<4+48

(3.58)

At x=0 and substituting Equation (3.45), Equation (3.58) becomes:

dc B
i ®B(e* —1) + ¢A [(D —E)+ %(6'2‘1’ + 1)]

(3.59)

Substituting Equation (3.59) into Equation (3.32) gives:

B A B, (3.60)
=2 (1—e2)—Z|(D—E) +—(e2
n—¢(1 e’ ¢[(D E)+8¢(ez +1)]

Equation (3.60) may be written as:

_ B|2sinh @] A B (2cosh (¢) (3.61)
| e R |

The determination of the constants D and E in Equation (3.61) is tedious. If the ratio % is very

small, the term —%(D — E) may be ignored. And, with the substitution of Equation (3.46) into

Equation (3.61) the asymptotic solution of the effectiveness factor becomes:

_ ShC, | N o
"= [$[Shcosh($) +¢Sinh(¢)]] [Smh(dJ)- 8% cosh(¢)

Equation (3.62) may be used for a quick estimation of the effectiveness factor.

Equation (3.33) is the model developed in this work and the main topic in the following sections.
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CHAPTER 4
MATERIALS AND METHODS

This project was conducted in two parts; the first was the theoretical development of the model
and the second was the experimental validation of the model. This chapter gives details of the
experimental part from the design and development of the reactor, the experimental setups
and procedures employed for preliminary experiments, and then validation of the model. The
details of the theoretical model development including the model basis, assumptions, the
overview of the governing equations, and the analytical solution of the model have been given
in Chapter 3.

4.1 Reactor Development, Catalyst Preparation and Operation

The gas photocatalytic reactor was not readily available at the commencement of the project.
It was, therefore, necessary to design and manufacture a new reactor, including the UV lamps
and the catalyst. A combination of reactors found in literature was used to design the ethylene
photocatalytic reactor, which was then manufactured by Scientific Manufacturing c.c. (SMC).
The reactor casing is cylindrical, 18 cm diameter stainless steel with a length of 33 cm. The
UV lamp circuit was constructed using Philips TUV PL-S 5W GERMICIDAL light bulbs (28 mm
wide, 67 mm long) with a UV output of 0.18 W and a peak wavelength of 254 nm. These UV
light bulbs were sourced from The Lamp House. Other accessories required for a complete
lamp circuit and the power supply, such as capacitors, wires, and switches were sourced from
Transignal Electrical Sales c.c. The complete setup is depicted in Figure 4.1, where (a) is the
power supply unit connected to three UV light bulbs such that one or more lamps can be
switched on/off independently; (b) is the reactor casing; (c) is the mass flow controller; (d) is
the ethylene analyser; (e) is the temperature sensor, (f) shows the lamps attached to the lid of
the reactor casing and (g) shows the lamps/ catalyst arrangement. The reactor was later fitted
with a cooling jacket since it was discovered during preliminary experiments that the UV lamps

were generating heat inside the reactor. The cooling jacket was also manufactured by SMC.
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Figure 4. 1: Reactor setup and its components (a) Power supply; (b) Reactor casing; (c) Mass
flow controller; (d) Ethylene analyser; (e) Temperature sensor, (f) Lamps attached to the lid of
the reactor casing (g) Lamps/ catalyst arrangement.

The catalyst was prepared by depositing the photocatalytic material, Titanium(lVV) Oxide,
Nanopowder, 21 nm (TiOz) onto the catalyst support material (batting nonwoven vilene). The
method involved dissolving 4.5 g TiO2 in 100 mL ethanol and then stirring for 30 minutes in a
magnetic stirrer. The solution was then coated onto the batting nonwoven vilene (width: 100
mm, length: 135 mm, thickness: £0.3 mm). The coating was done by soaking the material into
the prepared solution overnight, after which the catalyst paste was smoothed over the material
to ensure uniform spread. The coated material was then dried with compressed air for a few
minutes and then in an oven at 60°C for 2 hours. Before utilized in the experiments the catalyst
was exposed to UV light for about 45 minutes to ensure the removal of all the adsorbed
ethanol. This catalyst preparation method was adopted from Basso et al. (2018) with

modifications.

The reactor setup was designed such that it can be operated either in a continuous or batch
mode, as indicated in Figure 4.2, where (a) shows the UV lamps/ catalyst arrangement inside

the reactor casing, and (b) is the pump used to transport the gas to the ethylene analyser (c).
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The pump is a mini diaphragm vacuum pump from Laboport and the ethylene analyser is
SCS56 from Gas At Site.

UV Lamp 1 UV Lamp 2 (b)

(a)
O

A 4
v

by O (c) [ Continuous Operation >
EE Ethylene >

Analyzer

PCO Reactor ™. Ti0, coated
“material

< Batch Operation | :‘ i

Figure 4. 2: Process operation and experimental setup

The continuous mode of operation was used to test if ethylene can be degraded. The ethylene/
air premixed gas with a concentration of 100 ppm was supplied by Air Liquide. This gas was
transported directly from the cylinder situated outside the laboratory through a gas line at a
pressure of 100 kPa (gauge) to the reactor and then ethylene analyser. The gas was run
through the system continuously with the UV lamps switched off until the analyser read a
constant value. This value was then taken as the initial concentration, and only then the UV
lamps were switched on. Two UV lamps (lamp 1 and lamp 2) were switched on, with one
catalyst sheet in between them. The light intensity between the lamps and the catalyst sheet

was measured to be 118.8 W/m?.

4.2 Experimental setup and procedure for kinetic experiments

As indicated in Figure 4.2, the setup can be operated in batch mode by continuously recycling
a fixed volume of gas back to the reactor. A batch operation is necessary to obtain the reaction
kinetics for the model validation. Figure 4.3 shows a batch reactor setup used in the
experiments to determine the kinetic rate constant. The UV lamps and the catalyst inside the
PCO reactor were arranged as shown in Figure 4.1 (g) and Figure 4.2 (a) and all the
experiments were run with two lamps and one catalyst in between them. In this setup, a built-

in pump within the ethylene analyser was used, which has a fixed flow rate of 0.8 L/min. Small
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cylinders of the air/ ethylene gas mix with different ethylene concentrations (10 ppm, 50 ppm,

and 100 ppm) were sourced from Air Products.

.| Ethylene
Analyzer

Inlet valve
MFC

PCO Reactor

Recycling valve

Figure 4. 3: Batch reactor setup

Before running the batch experiments, a calibration test was done to ascertain if the analyser
could give a stable initial concentration and repeatability. To do this, the reactor was filled from
the 10 ppm cylinder with the MFC set at 0.5 L/min while UV lamps were switched off. During
the filling process, both valves were open, and the ethylene analyser pump was running. This
was carried on until a constant concentration was achieved, after which the inlet valve was
closed. The gas was then recirculated through the reactor and the ethylene analyser for 15
minutes while recording the reading on the analyser every 30 seconds. Following the same
operation for the experiments, the reactor was filled with the 50 ppm and 100 ppm cylinders
respectively to obtain different initial concentrations. However, the gas was recirculated for
about 5 minutes after closing the inlet valve before switching the UV lamps on. The reactor
was run with two UV lamps switched on and one catalyst sheet in between them. The catalyst
was prepared as described in section 4.2. The experiments were run using three different initial
concentrations (34.5 ppm, 49.9 ppm, and 60.4 ppm). The initial concentration of 34.5 ppm was
obtained from the 50 ppm cylinder and the 100 ppm cylinder was used to obtain the initial
concentration of 49.9 ppm and 60.4 ppm respectively. In all the experiments the changes in
concentration were recorded every 30 seconds until a constant reading of ethylene was
obtained. The experiments with the initial concentration of 34.5 ppm were repeated four times
(Runs 1 —4) using the same catalyst, however, before being utilized in Run 4 the catalyst was

regenerated by exposing it to UV light for 30 minutes with no gas in the reactor. Run 5 (Cao =
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49.9 ppm) and Run 6 (Cao = 60.4 ppm) were done once using a newly prepared catalyst which

was regenerated in between the two runs.

4.3 Experimental Limitations

The method for the preparation of the catalyst was chosen for its simplicity and it used only
one reagent, hence limited impurities to get rid of. The catalyst was carefully prepared to
ensure uniform coating by using the same amount of solution for each coating, and soaking
was done in containers of the same size and shape. However, there may be inconsistencies
during the smoothing process as this was done manually with a brush. To reduce the impact
of this on the results, the same catalyst sheet was used for the first four runs (1 — 4) and
another for the last two runs (5 and 6). It was also important to keep the reactor closed to avoid
interference of outside air with the reaction. The reactor was opened to change the catalyst for
the last two runs, and some air was introduced into the reactor; hence, there was a difference
in the results compared to the first four runs. Although the initial concentrations were different
in runs 5 and 6, the expected results of the rate constant were achieved. The flow rate could

not be varied as it was dependent on the analyser flow rate which is fixed.
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CHAPTER §
RESULTS AND DISCUSSION

This chapter discusses the theoretical evaluation and comparison of the new model with other
available models, and the results of the experimental validation. It begins by comparing the
effectiveness factor given by the new model with that of the asymptotic solution, also derived
in this work. The new model is then validated and compared with the literature. It is then used
in the analysis of the different parameters affecting the operation of photocatalytic reactors.
These parameters include the Thiele modulus, the optical thickness, and the Sherwood
number. The experimental validation section involves the determination of the reaction kinetic
constant and the comparison of the reaction rate calculated by the model and that obtained
experimentally. Finally, Damkdhler's number is briefly discussed to show the application of the

model in reactor design and scale up.

5.1 Validation and analysis of the new model against other models

Equation (3.62) was derived using the Taylor series and the perturbation method. It is
applicable only for small optical thickness values in the range of 0.00625 > A < 0.2. Table 5.1
shows how the results of Equation (3.62) compare with those of Equation (3.33). The two

solutions are comparable with a very small root mean square error (RMSE = 0.2571).

Table 5. 1: Comparison of analytical and asymptotic solutions (Sh = 0.001, A = 0.1)
Effectiveness Factor

Thiele Modulus  Analytical solution Asymptotic solution

0.001 0.95072 0.98649
0.005 0.92951 0.97509
0.01 0.86891 0.90893
0.05 0.28156 0.28563
0.1 0.09046 0.09087
0.5 0.00398 0.00397
1 0.00099 0.00098
1.5 0.00044 0.00040
2 0.00025 0.00016
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The calculations of the current model (Equation 3.33) give exact values when compared to the
analytical solution of Visan et al. (2014) as well as the numerical solution of Edwards et al.
(1996). This is illustrated in Table 5.2 for different values of the optical thickness. Thiele
modulus of 0.05 is used in the calculations for comparison since the data from Edwards et al.,
(1996) are reported at this value. The exact values are obtained starting from a cut-off

Sherwood value of 0.55, beyond which the present model converges with the other models.

Table 5. 2: Comparison of the current model with other models (@ = 0.05)
Effectiveness Factor

Current Model
Optical Visan (2014) Edwards (1996) Sh =0.55 Sh =0.01 Sh =0.001
Thickness

0.1 0.94989 - 0.94680 0.76826 0.28156
1 0.63086 0.6319 0.63007 0.54566 0.24494
3 0.31570 0.3167 0.31625 0.29346 0.17675
5 0.19765 - 0.19846 0.18924 0.13272
7 0.14173 0.1427 0.14263 0.13781 0.10519
10 0.09899 0.1 0.09995 0.09756 0.07999

As can be seenin Table 5.2, the current model deviates from (Visan et al., 2014) and (Edwards
et al., 1996) for low values of the Sherwood number where external mass transfer limitations
are expected because these models only account for internal diffusion resistances. Hence, the
low values of the Sherwood number are the novelty of the model in this work. The calculations
of the model presented by Rawlings & Ekerdt (2002: 386) which is also based on the Robin
boundary condition for first order reaction in a spherical catalyst, compare well with the current
model at low Sherwood numbers in Table 5.3. This model in Rawlings & Ekerdt (2002: 386) is
for conventional reactors not utilizing photons, hence its applicability to the current model is
limited to operations at low optical thickness. The closely comparable values of the

effectiveness factor in Table 5.3 provide confidence in the model presented in this article.

Table 5. 3: Comparison of the current model for low Sh (¢ = 0.05,A= 0.1)

Sh Rawlings & Ekerdt (2002) Current Model
0.55 0.99399 0.94680
0.01 0.79904 0.76826
0.001 0.28560 0.28156
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5.2 Effect of design parameters on the effectiveness factor

The developed model in Equation (3.33) can predict the three operating regions similar to the
conventional reactors not utilizing photons as shown in Figure 5.1. In region 1 (¢ < 0.1) there
is minimal internal diffusion resistance, and the process is reaction rate controlled at the
catalyst surface. In region 2 (0.1 < ¢ < 1) the process is limited by the reaction rate and region

3 (¢ > 1) is where internal diffusion resistance is very high.
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Figure 5. 1: Effectiveness factor vs Thiele Modulus at different values of the optical thickness
(Sh = 0.55)

It is also shown in Figure 5.1 that the effectiveness factor decreases with an increase in optical
thickness. The optical thickness is one of the most important and complex design parameters
of photocatalytic reactors. It is the distance that the photons must travel to be absorbed by the
catalyst coating. In Figure 5.2 the sensitivity of the effectiveness factor on the optical thickness
seems to level off at low Sherwood numbers meaning that the low effectiveness factors are

attributed to the external mass transfer limitations.

45



1 T T T T T T T T T
Lﬁ Sh=0.0001
09r Sh=0.001
= Sh=0.01
08 Sh=0.5
®
‘.\ *  Sh=1
0.? B "\ Sh=10 T
= \
[ . *
S
5 067 \-\
L1+ .
e N\
2 05F ¥
2 \
o L
£ 047 N
2 N8
= -,
W 03t e
\'-«-.*;.-*
02r g Py
g
e U NP
0.1F ‘*-*—h.-.*._,,*
D 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Optical Thickness, A

Figure 5. 2: Effect of Sherwood number on effectiveness factor for ¢ = 0.1

These effects of the external mass transfer resistance can be seen in Figure 5.3 by evaluating
the effect of the Sherwood number on the three regions described in Figure 5.1. The Sherwood
number lumps together the effect of the external mass transfer resistances in the ratio of the
convection rate to the diffusion rate. Region 1 as described in Figure 5.1 exists in Figure 5.3
only at high values of Sherwood number starting from the cut-off value. At low Sherwood
numbers, this region shifts towards lower ranges of Thiele Modulus, and the free internal
diffusion region becomes smaller. The rate of diffusion is high when the Sherwood number is
low, but the rate of convection is low. Thus, in this region, the limitation is low transport of the
bulk substrate which adversely affects the internal diffusion due to insufficient substrate
availability. With regards to regions 2 and 3, the effectiveness factor decreases rapidly with an
increase in the Thiele Modulus as the Sherwood number is decreased. There is little distinction
between these two regions also due to the limited transport of the bulk substrate. In general,
the external mass transfer limitations become significant at low Sherwood numbers, due to
convective mass transport limitations. Looking at the graphs of Sh = 0.1 and Sh = 0.01 in
Figure 5.3, the rapid decrease of the effectiveness factor starts at ¢ = 0.1 as the Sherwood
number is decreased. This is the transition point from which the different controlling
mechanisms can be described. Table 5.4 gives a summary of the possible mechanisms

controlling the reaction rate of the photocatalyst layer.
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Figure 5. 3: The effect of the Sherwood number on the effectiveness factor for A = 0.1

Table 5. 4: Controlling mechanisms for photocatalyst layer reaction rate
Sherwood Number Thiele Modulus  Controlling Mechanism

Sh < 0.1 ¢ < Sh Reaction
Sh< ¢ <0.1 External mass transfer
0.1< o External mass transfer and internal diffusion
0.1 < Sh ¢ <01 Reaction

0.1<¢$ <Sh Internal diffusion

Sh< ¢ Internal diffusion and external mass transfer

It is also possible that the optical thickness plays a role in the decreased effectiveness factor
as it is expected that the photocatalyst surface area becomes less illuminated as the optical
thickness is increased. This may lead to fewer photons being absorbed such that only a small
area of the catalyst may be activated to initiate the photocatalytic reaction. Thus, further
investigations are required to determine the significance of the influence of the two parameters,

the Sherwood number, and the optical thickness.
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5.3 Experimental validation of the model

The model was validated by comparing the reaction rate obtained experimentally (ractwa) with

that predicted by the model (roredicted). The predicted reaction rate was determined by taking the

product of the model effectiveness factor and the reaction rate using the equation:

Ipredicted =M (k- Cao)

(5.1)

The reaction rate constant (k;) in Equation (5.1) was determined experimentally using the

integral method based on the assumption of a first order reaction. Figure 5.4 shows linear plots

obtained for four different runs with the same initial concentration (+34.0 ppm), all with the R?

value close to 1, implying that the reaction is first order. Figure 5.5 shows similar plots for the

initial concentrations of 49.9 ppm and 60.4 ppm respectively and they also show high R?

values.
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Figure 5. 4: First order plots for Runs 1 - 4 (a) Run 4 (Cao = 34.0 ppm); (b) Run 1 (Cao = 34.5
ppm); (¢) Run 2 (Cap = 34.6 ppm); (d) Run 3 (Cao = 34.5 ppm)
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Figure 5. 5: First order plots (a) Run 5 (Cao = 49.9 ppm); (b) Run 6 (Cao = 60.4 ppm)

The experimentally obtained k: value was then used to calculate the Thiele modulus (Equation

3.14) needed to determine the effectiveness factor (Equation 3.33). The parameter values

used in the calculation of the Thiele modulus and the effectiveness factor are given in Table

5.5.

Table 5. 5: Parameter values used to determine the effectiveness factor

Parameter Symbol  Unit Value
Diffusion coefficient Das m?/s 1.56 x 10°°
Kinematic viscosity v m?/s 8.77 x 10
Catalyst thickness m 1x10
Catalyst length L m 0.135

UV light intensity Iy W/m? 118.8
Light absorption coefficient 7] m-’! 6.26 x 10°
Average pore radius T m 1x10°
Reactor height h m 0.33
Reactor diameter d m 0.18

Gas flow rate Q m3/s 1.33x10°
Reynolds number Re Dimensionless 5.96
Schmidt number Sc Dimensionless 0.56
Peclet number Pe Dimensionless 3.35

49



Table 5.6 summarizes the rate constant values obtained from the different runs, the actual
reaction rate, and the theoretical reaction rate as predicted by the model. The reaction rate
predicted by the model is comparable with that obtained experimentally. The theoretical
evaluation of the model in Section 5.1 revealed that the new model was not comparable with
literature at low Sherwood numbers coinciding with the existence of the external mass transfer
limitations, the novelty of this work. The fact that experimental and predicted reaction rates
are comparable with Sh of approximately 0.01 indicated in Table 5.6 shows that the model is
valid and accounts for the external mass transfer limitations. Also, based on the controlling
mechanisms in Table 5.4 and the values of ¢ and Sh in Table 5.6, indicate that the predominant

controlling mechanism is the external mass transfer.

Table 5. 6: Reaction Kinetics (Sh =0.0112, A = 0.6264)

Run  Cao (ppm) K. (s™) )] n Fpredicted (PPM/S)  Factual (PPM/S)
1. 34.5 0.0005 0.09 0.4931 0.008506 0.0130
2. 34.6 0.0004 0.08 0.5287 0.007317 0.0104
3. 34.5 0.0004 0.08 0.5287 0.007295 0.0104
4. 34.0 0.0005 0.09 0.4931 0.008382 0.0124
5. 49.9 0.0003 0.07 0.5698 0.008529 0.0118
6. 60.4 0.0003 0.07 0.5698 0.010324 0.0135

Theoretically, the reaction rate constant remains constant regardless of the amount of initial
concentration. However, a variation in the rate constants is seen in Table 5.6 with a 9x10°%
variance between the different runs. This result can be attributed to the catalyst preparation
and its activity. In Figure 5.5 all four runs were done using the same catalyst with approximately
the same initial concentration for each run. During Run 1, the catalyst was used for the first
time and was highly active, while its activity had reduced before being utilized in Run 2 and
Run 3. Before use in Run 4, the same catalyst was reactivated by exposure to UV light and it
can be seen in Figure 5.6 that the performance of the catalyst was similar to that of a new
catalyst (Run 1). This result is in agreement with Jeong et al. (2013) that the catalyst may be
reactivated by exposing the catalyst to UV light or heating at high temperatures. Thus, the
catalyst deactivation is one of the reasons for the lower reaction rate constant, and therefore,

the reaction rate, in Runs 2 and 3.
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Figure 5.7 shows the results for three different initial concentrations. The difference in the

results can be attributed to the quality of the catalyst.
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Figure 5. 7: Kinetics plots for 15t order reaction at different initial concentrations

Although the same method was followed when preparing the two photocatalysts (one used in
Run 4 and one used in Runs 5 and 6), consistency in achieving the same surface morphology
may not be guaranteed. This is because the properties of the deposited photocatalyst layer
may change significantly if the preparative conditions vary only slightly, even if the same

deposition method is used (Camera-Roda & Santarelli, 2007). The SEM images in Figure 5.8
51



are for two photocatalyst sheets, both prepared by the same methodology described in
Chapter 4. However, the two samples in Figure 5.8 show different surface morphologies both
with nonhomogeneous deposition. The formation of TiO, aggregates is also evident, thus a
decrease in the absorption of light by the photocatalyst due to scattering is possible (Basso et
al., 2018). The TiO;, catalyst used is a mixture of anatase and rutile and the different
morphologies result from these phases naturally forming individual agglomerates, due to the
small particle size (21 nm). The variations in the photocatalyst morphology, crystal phase,
specific surface area, and particle aggregate size qualitatively contribute to the differences in
photocatalytic activities (Mills & Le Hunte, 1997).

e,
] ag

ol % 1| TiO, aggregates

Figure 5. 8: Surface morphology of two TiO, photocatalyst samples

It is also observed in Figure 5.7 that the activity of the catalyst used in Runs 5 and 6 could be
maintained by exposing it to UV light between runs as the catalyst performance did not
deteriorate and the rate constant remained constant as expected. The same catalyst was used

in these two runs and thus, the surface morphology did not have an effect. There is also the
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possibility of the optical thickness affecting the catalyst area that may be activated discussed
in section 5.2. However, the effect of the optical thickness was not experimentally evaluated in

this work.

5.4 Application of the model in reactor design and scale up

The developed model may be applied in the design and scaling up of photocatalytic reactors
using Damkaohler’'s number (Da). To account for the limitations of the catalyst and the photon
absorption the developed effectiveness factor must be incorporated into the design equations.
Equations (5.2) and (5.3) are the modified design equations for first order CSTR and PFR

respectively and were used to develop the plots in Figures 5.9, 5.10, and 5.11.

X
Da = m = k1 (5.2)
1 1
Da = Eln 1% = k.t (5:3)
— Xy

Where X, is the conversion of the pollutant, 7 is the space time defined as the ratio of the

reactor volume to the volumetric flowrate.

01020304050607 0809 1
Xa

Figure 5. 9: Da vs X (n = 0.4931)
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Figure 5.9 is useful in reactor scaling up operations. With the knowledge of the kinetics the
optimum reactor size and the volumetric flow rate can be obtained using Damkdhler's number.
For the laboratory scale reactor used in this work to obtain ethylene reaction kinetics, the Da
value is 0.315, indicating a very low ethylene conversion based on Figure 5.9. Increasing the
reactor volume would increase Da and therefore ethylene conversion. Figures 5.10 and 5.11
show the importance of incorporating the effectiveness factor into the reactor design equations.
According to Equations (5.2) and (5.3), Damkoéhler's number is inversely proportional to the
effectiveness factor. This is not explicit in Figures 5.10 and 5.11, because the effectiveness
factor values determined using the kr values in Table 5.5 do not differ much. Thus, although
the reaction rate constant varied for the different runs discussed above, the magnitude of the
variation is not significant. The knowledge of the relationship between Da and the effectiveness
factor is useful for estimating the correct reactor sizing and reactor type suitable for a particular

system.
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Figure 5. 10: Da vs Xa at different effectiveness factors for CSTR
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Figure 5. 11: Da vs Xa at different effectiveness factors for PFR

In conclusion, the asymptotic solution was shown to compare well with the exact analytical
solution at extremely low optical thickness. This is an important result for a practicing engineer
who would require a quick estimation with the same accuracy. Future research can evaluate
the actual ranges of the optical thickness at which this approximation would be valid. The new
model has been shown to compare well with other models to some extent and was able to
predict the experimental reaction rates, thus a model for ethylene photocatalytic oxidation has

been found that can account for external mass transfer limitations.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

An analytical solution for the differential mass balance equation that accounts for the limitations
of the external mass transfer is developed in this study for reactions following the first order
kinetics. Theoretical evaluation of the model shows that it compares well with the models found
in the literature, where the external mass transfer limitations are not accounted for. This is true
at the Sherwood number cut-off point of 0.55 and beyond. It has been shown that the external
mass transfer limitations cannot be neglected at low values of the Sherwood number.
Therefore, the Sherwood number is one of the important design parameters to be included in
the models for evaluating the effectiveness factor. In this work, the Sherwood number of 0.0112
was obtained from the experimental parameters. This is the value that was used in the
estimation of the reaction rate by the developed model, thus the model could predict the
reaction rate that is comparable to the actual rate at the Sherwood number lower than the cut-
off point, the region where external mass transfer limitations prevail. Thus, a mathematical
model has been found in this study that accounts for the external mass transfer limitations for
ethylene photocatalytic oxidation. The expressions for both diffusional and external resistances
are combined in one equation, thus the model can accommodate cases where either only
diffusional or external or both resistances are present. The experimental results showed that
the controlling mechanism for the photocatalytic layer reaction rate for the tested parameters
(Sh=0.0112 and ¢ in the ranges 0.07 — 0.09) is in the region (Sh<¢<0.1), implying an external

mass transfer mechanism.

6.2 Recommendations

The incorporation of the model in the calculation of Da resulted in reasonable design graphs
relating the Damkohler’'s number and ethylene conversion for both CSTR and PFR. This opens
opportunities for further work, where the model developed in this work could be used to find
the optimum reactor volume that would result in favourable ethylene conversion while
considering the possible external mass transfer limitations. Such a reactor must then be built
and tested experimentally to determine if the theoretical predictions could be achieved.
However, an issue with photocatalytic reactors, in general, is the penetration depth of the UV
light through the catalyst, and other future work could explore multiple microreactors operated

in parallel to achieve the desired throughput rates.
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From the kinetic experiments, it was observed that the catalyst could be reactivated by
exposing it to UV light while there was no gas inside the reactor. It is therefore recommended
that the activity of the catalyst be maintained by reactivating the catalyst every 2 hours. This
time is based on the average duration of the experimental runs done in this work and further
work is recommended to ascertain the time intervals between reactor operation and
reactivation. It is also necessary to determine the number of times a specific catalyst could be
reactivated before it is rendered unusable. The catalyst reactivation can be achieved by
switching the gas flow off while the UV light is kept on for at least 30 minutes. The catalyst
preparation method should be automated to ensure consistent production of the same quality.
Binding material is necessary to ensure that the TiO2 does not fall off the support material. For
the kinetic experiments to be run in a complete batch reactor without recycling, an ethylene
sensor that can be installed inside the reactor is required. The proposed sensor was developed
in this work although more calibration tests are still required. The details of the sensor

development are in the Appendix.

The theoretical evaluation of the model revealed the possibility of the optical thickness affecting
the amount of catalyst illuminated area, further research should include investigating this
parameter together with the Sherwood number. This may involve optimizing the intensity of
the light source and the thickness of the catalyst coating to enhance the light absorption which
will improve the efficiency of the catalyst. Another important result, especially for industry
applications where quick decisions are usually required is the approximation solution obtained
by the perturbation method. This solution is accurate at extremely low optical thickness and
future research can evaluate the actual ranges of the optical thickness at which this
approximation would be valid and compare these with the theoretical values obtained in this

work.
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APPENDIX: PROPOSED SENSOR DEVELOPMENT
Gas Sensor Development and Calibration

The gas sensor was developed using the MQ3 sensor module and Arduino UNO R3 board
(Figure A.1). The development involved interfacing the MQ3 sensor module and other
components into the Arduino board to build the circuit as depicted by the circuit diagram in
Figure D.2. The circuit diagram was constructed using Cirkit Designer software. As shown in
the circuit diagram, the Arduino board is underneath the data logging shield which has stacking
headers so that it can be inserted into the pins of the Arduino board. The data logging shield
is equipped with a real-time clock (RTC_DS1307) and an SD card compartment, thus the

sensor data is timestamped with the current time and saved onto the SD card instantly.

Figure A. 1: UNO R3 board mounted onto a data logging shield (Earl, 2023)

Other components of the circuit include the temperature and humidity sensor (DHT22), and
the liquid crystal display (LCD,1602 I12C module). All these components were then
programmed with Arduino IDE software, and the code is in section A.2. The MQ3 sensor does
not measure the gas concentration directly but changes resistance depending on the
concentration of the gas exposed to it. The calibration of the MQ3 gas sensor was done using
an ethylene/ Air mix supplied by Air Products with cylinders of different concentrations of
ethylene (10 ppm, 50 ppm, and 100 ppm). Before calibration, the MQ3 sensor was preheated
by connecting the circuit to a power supply and leaving the sensor on for 48 hours. The setup
for the calibration is in Figure A.3. For measurements, sampling bags were used to take gas
samples from the cylinders into the vial in which the sensors were installed, as shown in Figure
A.3. Firstly, clean synthetic air from Air Liquide was measured to determine the resistance (Ro),

and then the different concentrations of ethylene were measured to determine the resistance
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(Rs). Figure A.4 shows the obtained calibration curve. The equation obtained from the
calibration curve was then included in the Arduino code to determine the concentration of

ethylene.
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Figure A. 2: Sensor circuit diagram
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Figure A. 3: Sensor calibration setup

Arduino Code

#include <SPI.h>
#include <SD.h>
#tinclude <DHT.h>;
#include "RTClib.h"

RTC_DS1307 rtc;

char daysOfTheWeek[7][12] = {"Sunday", "Monday", "Tuesday", "Wednesday",
"Thursday", "Friday", "Saturday"};

#include <LiquidCrystal_I2C.h>
LiquidCrystal I2C lcd(©x3F, 16, 2);

int Air_sensorPin = AQ;
#define DHTPIN 7

#define DHTTYPE DHT22
DHT dht(DHTPIN, DHTTYPE);

float Load_Resistance = 221000;
float Ro = 1484049.758;

File dataFile;

float Voltage;

float R;

float Air_sensorRead=0.0;
float ratio;

double C2H4ppm;

float Humidity;

float Temperature;
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const int chipSelect = 190;

void setup()
{

Serial.begin(9600);
pinMode(Air_sensorPin, INPUT);
dht.begin();
lcd.init();
lcd.backlight();

#tifndef ESP8266
while (!Serial);
#tendif

if (! rtc.begin()) {
Serial.println("Couldn't find RTC");
Serial.flush();
while (1) delay(10);

}

if (! rtc.isrunning()) {
Serial.println("RTC is NOT running, let's set the time!");
rtc.adjust(DateTime(F(__DATE__ ), F(__TIME_ )));

}

Serial.print("Initializing SD card...");

if(!SD.begin(chipSelect)) {
Serial.println("initialization failed!");
return;

}

Serial.println("initialization done.");
dataFile = SD.open("C2H4ppm.txt", FILE_WRITE);

if (dataFile) {
Serial.println("File opened ok");
dataFile.println("Date,Day,Time,Voltage,R,ratio,C2H4ppm,T degreesC,% RH");

}
dataFile.close();

Serial.println("LABEL,Date,Day,Time,Voltage,R,ratio,C2H4ppm,T degreesC,%
RH");
}

void loop()
{

int Air_sensorRead = analogRead(Air_sensorPin);
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float Voltage = Air_sensorRead*(5.0/1023.0);
float R = ((5.0/Voltage)-1) * Load_Resistance;
float ratio R/Ro;

double base 10;

double exponent = -1.3881-(20.534*1logle(ratio));
double C2H4ppm = pow(base,exponent);

float Humidity = dht.readHumidity();

float Temperature = dht.readTemperature();

DateTime now = rtc.now();
dataFile = SD.open("C2H4ppm.txt", FILE WRITE);

if (dataFile) {
dataFile.print(now.year(), DEC);
dataFile.print('/");
dataFile.print(now.month(), DEC);
dataFile.print('/");
dataFile.print(now.day(), DEC);

dataFile.print(",");

dataFile.print(daysOfTheWeek[now.dayOfTheWeek()]);

dataFile.print(",");

dataFile.print(now.hour(), DEC);
dataFile.print(':");
dataFile.print(now.minute(), DEC);
dataFile.print(':");
dataFile.print(now.second(), DEC);

dataFile.print(",");

dataFile.print(Voltage,6);

dataFile.print(",");

dataFile.print(R,6);

dataFile.print(",");

dataFile.print(ratio,6);

dataFile.print(",");

dataFile.print(C2H4ppm,6);
dataFile.print(",");

dataFile.print(Temperature);
dataFile.print(",");

dataFile.print(Humidity);
dataFile.print(",");

dataFile.println();
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dataFile.close();
}
else
Serial.println("SD card writing failed");

Serial.println();

Serial.print(now.year(), DEC);
Serial.print('/");
Serial.print(now.month(), DEC);
Serial.print('/");
Serial.print(now.day(), DEC);

Serial.print(",");

Serial.print(daysOfTheWeek[now.dayOfTheWeek()]);

Serial.print(",");

Serial.print(now.hour(), DEC);
Serial.print(':");
Serial.print(now.minute(), DEC);
Serial.print(':");
Serial.print(now.second(), DEC);

Serial.print(",");

Serial.print(Voltage,6);

Serial.print(",");

Serial.print(R,6);

Serial.print(",");

Serial.print(ratio,6);

Serial.print(",");

Serial.print(C2H4ppm,6);

Serial.print(",");

Serial.print(Temperature);

Serial.print(",");

Serial.print(Humidity);

Serial.print(",");

dataFile.println();
dataFile.close();

lcd.clear();
lcd.print("Voltage=");
lcd.print(Voltage,6);
lcd.setCursor(e,1);
lcd.print("C2H4ppm=");
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lcd.print(C2H4ppm,6);

dataFile.println();
dataFile.close();
delay(1000);

Figure A. 4: Sensor Calibration Curve
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