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You are a treasure, if the gems are your aim
No more than a grain, if a loaf'is your claim
Recall this secret when you play this game
Whatever you pursued is what you became

Rumi (1207-1273 AC)
Translation by M. Dilmaghani
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Summary

Photocatalysis involves the absorption of photons by a semiconductor to enhance chemical
reactions. Examples of important applications include the degradation of hazardous chemicals,
reduction of carbon dioxide to valuable chemicals and (partial) oxidation of hydrocarbons.
Despite many successful demonstrations of this technology at lab-scale, its industrial
application has been hindered by the low overall efficiency of the process due to several
challenges that need to be resolved. One of the main challenges is efficient utilization of light
within a photocatalytic reactor, which affects the economic feasibility of the process especially
when using artificial light sources.

In the last few years, the feasibility of using UV-LEDs as an alternative light source for
conventional UV-lamps, such as mercury and xenon lamps, has been shown for applications in
the gas and liquid phase. Yet, strategies that would allow for optimal light utilization within
LED-based reactors during design and operation are lacking. Therefore, the focus of this thesis
is on the efficient use of photons by development and validation of novel approaches for the
design, optimization, and control of LED-based photocatalytic reactors. The photocatalytic
degradation of toluene in the gas phase is adopted as the model reaction, since toluene is one of
the most common indoor pollutants threatening human health.

In the design phase of a LED-based reactor, the flexible positioning of LEDs enabled by their
small size, in combination with the reactor design parameters, provides a large degree of
freedom. When using all of those degrees of freedom simultaneously, mathematical
optimization techniques are a necessity. Hence, a model-based approach for optimization of the
design of LED-based photocatalytic reactors is developed. A photocatalytic reaction rate is not
only a function of the chemical species adsorbed on the catalytic surface, but also on the rate of
photons absorbed by the catalyst. Therefore, an efficient photocatalytic reactor design optimizes
both the mass transfer as well as the photon transfer. First, an integrated model is developed
that describes the distribution of reactants and photons within an annular LED-based
photocatalytic reactor. Second, an objective function, representing a trade-off between capital
and operating costs is defined and several design variables related to the reactor dimensions and
light sources are optimized simultaneously. Furthermore, the capability of the LED-based
photocatalytic reactor in controlling the local reaction rate is shown by changing the objective
function of the optimization problem. The results demonstrate the importance of model-based
optimization to systematically incorporate the inherent trade-offs that exist in the design and
operation of LED-based photocatalytic reactors.

A validated process model is essential for optimization. Furthermore, characterization of
process trends is needed when developing operational strategies such as automated control. For
this purpose, a mini-pilot plant including an annular LED-based photocatalytic reactor has been
developed to validate the integrated process model including a radiation field, reaction kinetics,
and material balances experimentally for the photocatalytic degradation of toluene. Because
water is inevitably present in many photocatalytic applications, a special focus is on the effect
of water on reaction kinetics, toluene conversion, mineralization, and catalyst deactivation for
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characterization of the process trend. The results from parameter estimation studies demonstrate
that a competitive reaction rate model can best describe the experimental data with varying
water concentration. Furthermore, experimental results demonstrate that toluene conversion is
highest at a low water concentration; however, mineralization and catalyst lifetime are
enhanced by the presence of water. The validation of the integrated process model and
understanding of the role of water allow for improved design and operation of future LED-
based photocatalytic reactors.

Following the conclusion from the process characterization study that electron-hole
recombination is dominant in the system, the impact of periodical illumination of LEDs on the
photonic efficiency of toluene degradation is investigated. It has been suggested that
intermittent introduction of photons on the catalytic surface can possibly reduce the electron-
hole recombination and, consequently, can improve the photon utilization of the photocatalytic
process during operation. Therefore, the impact of light/dark periods and duty cycles is studied.
However, no transition or change in the photonic efficiency when moving from a short to a long
light/dark time at a fixed duty cycle is observed experimentally for the system studied in this
thesis. Furthermore, the results of the experiments at two different periods show an increase in
photonic efficiency with a decrease in the duty cycle. However, the photonic efficiency under
controlled periodic illumination, regardless of the duty cycle or period, is found to be similar to
that under continuous illumination at an equivalent average irradiance, suggesting no mass-
transfer limitations in the system. Therefore, it is concluded that periodical illumination does
not improve photon utilization in a system where electron-hole recombination is dominant but
there 1s no mass transfer limitation.

During operation, the performance of an optimally designed reactor may deviate from optimal
conditions because of design uncertainties and disturbances acting on the system. Therefore,
the application of automated feedback and feedforward controllers to maintain the reactor
conversion close to a desired value by adjusting the photon irradiance within a LED-based
photocatalytic reactor is studied. The excellent capability of the feedback controller in tracking
different conversion set points is shown in the presence of unmeasured and measured
disturbances, which allows for a desired conversion of toluene to be maintained. Furthermore,
a feedforward controller has been designed based on an empirical steady-state model to mitigate
the effect of changing toluene inlet concentration and relative humidity, which are typical
measured input disturbances. The results demonstrate that the feedback and feedforward
controllers are complementary and can mitigate the effects of disturbances effectively such that
the photocatalytic reactor operates close to the desired output at all times. This study delivers
the first example of how online analytical technologies can be combined with “smart” light
sources such as LEDs to implement automated process control loops that optimize photon
utilization. Future work may expand on this concept by developing more advanced control
strategies and exploring applications in different areas.

This thesis focuses on the development and validation of methods that provide optimal photon
utilization within an annular LED-based photocatalytic reactor for design and operation.
However, the proposed approaches and findings of this work can in principle be applied to
different configurations of LED-based photocatalytic reactors as well. In addition, the
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suggested mathematical model in this thesis can be applied as a useful tool for the prediction of
mass and photon transfer rate during scale-up studies of LED-based photocatalytic reactors.
Furthermore, the developed control structures can be transferred to a larger scale since control
structures are generally known to scale-up well. Providing approaches for optimum photon
utilization, the outcome of this thesis could facilitate the realization of more economically
viable photocatalytic processes when transferring the technology from lab-scale to the industrial

applications.






Samenvatting

Fotokatalyse omvat de absorptie van fotonen door een halfgeleider om chemische reacties te
versnellen. Voorbeelden van belangrijke toepassingen zijn de afbraak van gevaarlijke
chemicalién, reductie van koolstofdioxide tot waardevolle chemicalién en (gedeeltelijke)
oxidatie van koolwaterstoffen. Ondanks vele succesvolle demonstraties van deze technologie
op laboratoriumschaal, is de industri€le toepassing ervan gehinderd door de lage efficiéntie van
het gehele proces als gevolg van verschillende uitdagingen die nog moeten worden opgelost.
Een van de belangrijkste uitdagingen is het efficiénte gebruik van licht in een fotokatalytische
reactor. Vooral bij het gebruik van kunstmatige lichtbronnen beinvloedt dit de economische
haalbaarheid van het proces.

De mogelijkheid om UV-LEDs te gebruiken als een alternatieve lichtbron in plaats van
conventionele UV-lampen, zoals kwik- en xenonlampen, is in de afgelopen jaren aangetoond
voor toepassingen in de gas- en vloeistoffase. Strategieén die een optimale benutting van het
licht in op LED gebaseerde reactoren mogelijk zouden maken tijdens het ontwerp en de
bedrijfsvoering ontbreken desalniettemin. Daarom ligt de aandacht van dit proefschrift op het
efficiénte gebruik van fotonen door middel van de ontwikkeling en de validatie van een nieuwe
benadering voor het ontwerp, de optimalisatie en de regelbaarheid van op LED gebaseerde
fotokatalytische reactoren. De fotokatalytische atbraak van tolueen in de gasfase wordt gebruikt
als de modelreactie, omdat tolueen een van de meest voorkomende verontreinigende stoffen
binnenshuis is die de volksgezondheid bedreigt.

De flexibele positionering van LEDs biedt in combinatie met de ontwerpparameters van een
reactor een grote mate van vrijheid in de ontwerpfase van een op LED gebaseerde reactor
dankzij het kleine formaat van LEDs. Wiskundige optimalisatietechnieken zijn noodzakelijk
wanneer al deze vrijheidsgraden tegelijk worden gebruikt. Daarom is een modelgebaseerde
benadering voor de optimalisatie van het ontwerp van op LED gebaseerde fotokatalytische
reactoren ontwikkeld. De snelheid van een fotokatalytische reactie is niet alleen afthankelijk van
de hoeveelheid chemicalién die op het katalytische oppervlak zijn geadsorbeerd, maar ook van
de snelheid waarmee fotonen door de katalysator worden geabsorbeerd. Daarom optimaliseert
een efficiént ontwerp van een fotokatalytische reactor zowel de massa-overdracht als wel de
fotonenoverdracht. Een geintegreerd model wat de verdeling van reactanten en fotonen binnen
een op LED gebaseerde ringvormige fotokatalytische reactor beschrijft wordt eerst ontwikkeld.
Daarna wordt een doelfunctie gedefinieerd die een afweging tussen kapitaal- en bedrijfskosten
beschrijft en worden verschillende ontwerpvariabelen die gerelateerd zijn aan de
reactorafmetingen en lichtbronnen tegelijkertijd geoptimaliseerd. Verder wordt de
mogelijkheid om een lokale reactiesnelheid te regelen in de op LED gebaseerde fotokatalytische
reactor aangetoond door de doelfunctie van het optimalisatieprobleem te veranderen. De
resultaten tonen het belang van modelgebaseerde optimalisatie aan om systematisch de
inherente compromissen die bestaan in het ontwerp en de bedrijfsvoering van op LED
gebaseerde fotokatalytische reactoren af te wegen.



Een gevalideerd procesmodel is essentieel voor optimalisatie. Verder is karakterisering van
procestrends noodzakelijk voor het ontwikkelen van operationele strategieén zoals
geautomatiseerde besturing. Daarom is een opstelling op laboratoriumschaal ontwikkeld met
een ringvormige op LED gebaseerde fotokatalytische reactor om het geintegreerde
procesmodel inclusief een stralingsveld, reactiekinetiek en materiaalbalansen experimenteel te
valideren voor de fotokatalytische ontleding van tolueen. Omdat water onvermijdelijk aanwezig
is in vele fotokatalytische toepassingen, is een speciale aandacht gericht op het effect van water
op de reactiekinetiek, tolueenomzetting, mineralisatie en het deactiveren van de katalysator
voor het karakteriseren van de procestrends. De resultaten van de studies om parameters te
schatten tonen aan dat een model met een concurrerende reactiesnelheid de experimentele
waarnemingen het beste kan beschrijven als de waterconcentratie varieert. Bovendien tonen de
experimentele resultaten aan dat de omzetting van tolueen het hoogst is bij een lage
waterconcentratie. Mineralisatie en de levensduur van de katalysator worden echter verbeterd
door de aanwezigheid van water. De validatie van het geintegreerde procesmodel en het inzicht
in de rol van water zorgen voor een verbeterd ontwerp en gebruik van toekomstige op LED
gebaseerde fotokatalytische reactoren.

Na de conclusie uit de studie over de karakterisering van het proces dat de recombinatie van
elektronen en gaten dominant is in het systeem, wordt de invloed van periodieke verlichting
van LEDs op de fotonische efficiéntie van tolueenafbraak onderzocht. Er is gesuggereerd dat
intermitterende belichting van het katalytische oppervlak met fotonen mogelijk de recombinatie
van elektronen en gaten kan verminderen en dientengevolge het gebruik van fotonen tijdens de
bedrijfsvoering van een fotokatalytische proces kan verbeteren. Daarom wordt de invloed van
afwisselende perioden van licht en donker en verschillende cycli bestudeerd. Er is echter geen
overgang of verandering in de efficiéntie van de fotonen bij het veranderen van een korte naar
een lange licht/donker tijd bij een vaste cyclus experimenteel waargenomen voor het systeem
dat in dit proefschrift is bestudeerd. Verder tonen de resultaten van experimenten met twee
verschillende perioden een toename in de fotonische efficiéntie als de werkcyclus afneemt. De
fotonische efficiéntie onder gecontroleerde periodieke verlichting, ongeacht de cyclus of
periode, blijkt echter vergelijkbaar te zijn met die onder continue verlichting bij een
gelijkwaardige gemiddelde bestralingssterkte, wat suggereert dat er geen beperkingen in massa-
overdacht in het systeem zijn. Daarom wordt geconcludeerd dat periodieke verlichting het
gebruik van fotonen niet verbetert in een systeem waarbij de recombinatie van elektronen en
gaten dominant is, maar er verder geen beperking van de massa-overdracht is.

Tijdens bedrijfsvoering kan de prestatie van een optimaal ontworpen reactor afwijken van
optimale omstandigheden vanwege ontwerponzekerheden en storingen die op het systeem
inwerken. Daarom wordt de toepassing van geautomatiseerde feedback en feedforward
regelsystemen bestudeerd om de conversie van tolueen in de reactor dicht bij een gewenste
waarde te houden door middel van het aanpassen van de fotonbestraling in een op LED
gebaseerde fotokatalytische reactor. Het uitstekende vermogen van het feedback regelsysteem
om verschillende gewenste conversies te volgen wordt getoond in de aanwezigheid van
ongemeten en gemeten verstoringen. Dit maakt het mogelijk om een gewenste conversie van
tolueen te behouden. Verder is een feedforward regelsysteem ontworpen op basis van een



empirisch steady-state model om het effect van veranderende inlaatconcentraties van tolueen
en relatieve vochtigheid, wat typisch gemeten verstoringen zijn, te verminderen. De resultaten
tonen aan dat de feedback en feedforward regelsystemen complementair zijn en dat de effecten
van verstoringen effectief kunnen worden verminderd, zodanig dat de fotokatalytische reactor
te allen tijde dicht bij het gewenste gedrag werkt. Deze studie levert het eerste voorbeeld van
hoe online analytische technologieén kunnen worden gecombineerd met "slimme" lichtbronnen
zoals LEDs om geautomatiseerde regelsystemen te bewerkstelligen die het gebruik van fotonen
optimaliseren. Toekomstig werk kan dit concept verder uitbreiden door meer geavanceerde
regelsystemen te ontwikkelen en toepassingen in andere gebieden te verkennen.

Dit proefschrift richt zich op de ontwikkeling en validatie van methoden die zorgen voor een
optimaal gebruik van fotonen in een op LED gebaseerde ringvormige fotokatalytische reactor
voor het ontwerp en de bedrijfsvoering. De voorgestelde aanpak en bevindingen uit dit werk
kunnen echter in principe ook worden toegepast op andere configuraties van op LED
gebaseerde fotokatalytische reactoren. Daarnaast kan het wiskundige model wat is voorgesteld
in dit proefschrift ook worden toegepast als een nuttig hulpmiddel voor de voorspelling van de
snelheid van massa- en fotonenoverdracht in opschalingsstudies van op LED gebaseerde
fotokatalytische reactoren. Verder kunnen de ontwikkelde regelsystemen ook op een grotere
schaal worden toegepast, omdat het algemeen bekend is dat de structuur van regelsystemen ook
goed op een grotere schaal toegepast kan worden. De uitkomst van dit proefschrift kan de
realisatie van economisch haalbare fotokatalytische processen bevorderen tijdens het vertalen
van de technologie van een laboratoriumschaal naar industri€le toepassingen dankzij de
benadering die leidt tot een optimaal gebruik van fotonen.
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1.1 Background

Heterogeneous photocatalysis is receiving much attention for its promise to enable more
efficient and sustainable chemical processes. In 1972, Fujishima and Honda reported the
observation that water could be split on an irradiated TiO; electrode in a photo-electrochemical
cell [1]. Thereafter, much research has been conducted on hydrogen production via water
splitting with heterogeneous photocatalysis to convert solar energy to fuel. Later studies
demonstrated that organic and inorganic compounds can be oxidized with illuminated
semiconductors in both liquid and gas phases [2]. More recently, photocatalysis has been
successfully applied to degrade a large variety of organic contaminates including alkanes,
alcohols, carboxylic acids, alkenes aromatics, phenols, dyes and pesticides [3-5]. The
possibility of full mineralization of pollutants to harmless compounds has raised much interest
from academia and industry. Moreover, heterogeneous photocatalysis can degrade very low
concentrations of pollutants. Therefore, heterogeneous photocatalysis is expanding rapidly as
one of the main so-called advanced oxidation technologies (AOT) for water and air purification.
Also, the demand for renewable energy resources is increasing dramatically due to depleting
fossil fuels reservoirs and enhanced global warming from CO; emissions. Since the late 70s, a
renewed interest has been raised to the reduction of carbon dioxide over a photocatalyst as one
of the promising solutions to convert harmful CO; to valuable chemicals such as methanol and
acetaldehyde [6-11]. Although significant progress has been achieved, the process efficiency of
CO: reduction remains low and detailed mechanistic insights are lacking, which hampers
economic viability.

As with any heterogeneous catalytic process, the conversion of chemicals with heterogeneous
photocatalysis follows several steps: 1) reactants transfer from bulk to the catalyst surface, 2)
reactants adsorb on the catalyst surface, 3) conversion of reactants on the catalyst surface, 4)
desorption of products from the catalyst surface, 5) products transfer from the catalyst surface
to the bulk. An important difference in heterogeneous photocatalysis is the method of catalyst
activation. A photocatalytic process is driven by photon absorption to provide the required
energy for the reduction-oxidation reaction. In general, semiconductors can be suitable
photocatalysts as they can absorb a photon with energy equal or higher than the band gap of the
semiconductor, which excites an electron from the valence band to the conduction band.
Simultaneously, a hole (i.e., a positive charge) is generated in the valance band of the
semiconductor. Subsequently, the photo generated electron-hole pair migrates to the catalyst
surface where they either recombine or initiate chemical reactions with the reactants adsorbed
on the surface of the semiconductor. The most widely used semiconductor is titania, which
needs light in the ultraviolet or near ultraviolet range to excite electrons.

Features of heterogeneous photocatalysis that can make it a suitable alternative for
implementation of redox reactions are a) availability of cheap semiconductors such as TiO, as
catalyst; b) mild reaction conditions c) ability to use solar energy directly, d) possibilities for
applications in both liquid and gas phases. However, industrial applications of photocatalysis
require scalable photocatalytic reactors with high efficiency, which remains notoriously
challenging. Improving the efficiency of a photocatalytic process requires both the development
of more efficient photocatalysts and reactor equipment.
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Several design challenges exist for photocatalytic reactors. First, an efficient photocatalytic
reactor needs to optimize the mass transfer of reactants and products. Second, a major challenge
in design of a photocatalytic reactor is efficient catalyst illumination [12]. The former challenge
is not unique for photocatalytic reactors, but applies equally well to any other catalytic reactor.
However, the latter challenge complicates the design of photocatalytic reactors compared to
conventional catalytic reactors. The source of photons for a sustainable photocatalytic process
can either be directly from the sun or, indirectly, via conversion to electricity and subsequent
use of artificial lights. In any case, effective photon utilization within the reactor is important
for economic feasibility. Scale up of a photocatalytic reactor is a complex process, which has
to take into account many factors including providing high catalyst surface area that is
illuminated with an optimal profile as well as dose and allows for high mass transfer of reactants
and products. Despite important research efforts and significant progress, the development of
photocatalytic processes for commercial purposes has been hindered by the scale-up
complexities [13]. Fundamental research to develop improved photocatalysts and novel design
methods for improved reactor equipment that would provide a higher effective utilization of
photons is needed to enable future sustainable chemical processes that are driven by
photocatalysis.

In the next section, current state-of-art and challenges in the design of photocatalytic reactors
are discussed including alternative options for light source to enhance efficiency.

1.2 Challenges in design, modelling and optimization of photocatalytic

reactors

A photocatalytic reactor has to bring the reactants in an effective contact with the catalysts and
facilitate effective photon absorption of the catalyst. The details of reactor geometry and
integration of a light source within the reactor design are, therefore, highly important. When
using artificial light sources, the main expenses of the process are related to the light source
(electricity, maintenance) [14]. The key challenge for design is to integrate the photocatalyst
and light source in such a way that each part of the catalyst receives the optimal number of
photons with the right amount of energy, which complicates scale up and optimization.

Considerable numbers of different designs have been proposed by different research groups
[15] of which some of the proposed designs are empirically developed [16]. The design of
photocatalytic reactors using rigorous mathematical models has been done mainly during the
last two decades [17-25]. Mathematical models are efficient tools to analyse and optimize
chemical reactors at different scales. Studies on the mathematical modelling of photocatalytic
reactors with integrated modelling of a radiation field have demonstrated high potential [17, 26,
27]. The complexity of such integrated models poses significant challenges for analysis and
rigorous optimization for design. Furthermore, many degrees of freedom are available due to
the large variety of designs, method for catalyst preparation, catalyst material, operation
conditions, radiation intensity, and light sources, which makes it difficult to optimize the
performance of different photocatalytic reactors. In general, photocatalytic reactors can be
categorised in two main configurations based on the manner in which the photocatalyst has
been deployed: 1) a reactor with suspended photocatalytic particles and, 2), a reactor with an
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immobilized catalyst on an inert substrate. Within those categories numerous variations exist
of which a number of common configurations are described below.

1.3 Suspended system

In a suspended system, the catalyst is immobilized on an inert support that can be fluidized such
as, for example, glass beads or sand grains. Suspended systems normally operate at higher
catalysts loading compared to most other photocatalytic reactors, where the catalyst is coated
on the reactor wall, since they utilize the whole volume rather than just a surface [28].
Subsequently, the number of available catalyst active sites per unit of reactor volume is higher
resulting in an efficient contact between reactant and catalyst with excellent mass transfer
characteristics. Although there is typically no external mass transfer resistance in suspended
system, there are other limitations such as internal mass transfer, mainly due to particle
agglomeration [29]. In addition, achieving a uniform light distribution within this system is
difficult, because the particles that are close to the light source shield the particles that are
further away. Therefore, when catalyst particles are suspended in the solution, the depth of light
penetration is limited [13, 28, 30, 31]. The aforementioned limitations make it difficult to design
a suspended reactor for large-scale applications. Slurry and fluidized bed reactors are two
examples of suspended systems that are used for photocatalytic applications.

Slurry photocatalytic reactors have shown great potential to degrade contaminants in aqueous
solution [32, 33] and to oxidize liquid hydrocarbons [34-36]. However, the separation and
recycling of very fine catalyst particles from the treated stream remains a major disadvantage
of this reactor type [32]. Post separation of catalyst particles from the reactor effluent is
necessary to prevent attrition of catalyst and, consequently, the introduction of new pollutants,
which may make the operation of slurry reactors expensive and troublesome [13,38].

In a fluidized bed reactor, a fluid (gas or liquid) flows upward in the reactor resulting in
suspension of catalyst particles. The fluid velocity should be chosen such that the particles are
suspended but are not carried out of the vessel. A fluidized bed reactor has the ability to process
large volumes of fluid with a low-pressure drop. However, the success of this reactor type
depends on the adequate attachment of the photocatalyst to the supporting particles, because of
attrition of the photocatalyst particles by the flowing stream [39]. Figure 1.1 shows a schematic
diagram of a bench-scale fluidized-bed that was used to degrade trichloroethylene in a polluted
air stream by Dibble and Raupp [40]. TiO> as the photocatalyst was supported on silica gel,
which formed a TiO»-silicagel. In order to reduce the momentum of the catalyst particles and
to prevent them from leaving the reactor with the fluid stream, the top of reactor was designed
in such a way that the cross-sectional area was 125% larger compared to the cross-sectional
area in the lower part of the reactor.
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Figure 1.1. Schematic diagram of the fluidized-bed reactor used by Dibble and Raupp [40]

1.4 Immobilised systems

1.4.1 Flat plate

Flat plate reactors have been widely used for heterogeneous photocatalysis studies due to the
simplicity of design and ease of operation [41, 43]. Flat plate reactors contain typically two flat
plates, which are placed at a certain distance from each other forming a channel through which
the fluid passes. The catalyst is coated either only on the interior surface of one the plates or on
both of them depending on the position of the external or internal light source for illumination
of the catalyst surface. Flat plate reactors usually provide a relatively low catalyst surface area
and poor photon utilization [14, 44]. An example of a flat plate photocatalytic reactor used by
Estivill et al. [45] is illustrated in Figure 1.2.
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Figure 1.2. Schematic diagram of flat plate photocatalytic reactor used by Estivill et al. [45]
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1.4.2 Honeycomb monolith photocatalytic reactor

Honeycomb monolith photocatalytic reactors have been widely used for the emission control
of automobile exhaust and for NOx reduction in power-plant flue gases [46]. Typically,
honeycomb structures consist of several channels with an internal diameter of about 1mm while
the cross-sectional shape of the channels are normally square or circular. The catalyst is usually
coated on the walls of the channels as a thin film. In order to achieve an energy efficient design,
investigations have been conducted on the mathematical modelling of mass, momentum and
radiation transfer within photocatalytic monolith reactors [26, 46, 47]. The main advantages of
this design are a large ratio of the catalyst surface area over the reactor volume and a low
pressure drop. Moreover, the scale-up of the monolithic reactor can be done simply by
expanding the number of channels [46]. However, insufficient radiation on the catalyst surface
through honeycomb channels might result in a low reaction rate and, therefore, low process
efficiency [12, 49]. An example of a monolith reactor for photocatalytic oxidation of
formaldehyde as used by Raupp et al. [26, 46] is shown in Figurel.3.

Clean
Contaminated Air

Ar =)

/

Titania-coated UV Lamps
monolith

Figure 1.3. Schematic diagram of the monolith reactor used by Raupp et al. [46]

1.4.3 Optical fiber photocatalytic reactors

Marinangeli and Olis proposed the concept of applying optical fibers as both a support for
catalyst immobilization and as a light-distributing guide for photocatalysis [50, 51]. Light
travels through the optical fiber by reflection on the fiber wall. In a photocatalytic reactor
constructed from such optical fibers, the light beam striking the inner wall of fiber splits into
two parts: one part is absorbed by the catalyst layer coated on the fiber and the remaining light
is reflected internally and transmitted along the fiber (see Figure 1.4(a)). This phenomenon
repeats itself along the fibers resulting in the gradual distribution of photons along the reactor
length [48].

The advantages of such a reactor are the more even distribution of light that can be achieved, a
large allowable distance between light source and catalyst, and a versatile design in the number
of fibers and the distance between them. Furthermore, the back illumination of catalyst allows
no loss of photons due to the scattering or absorption by the reacting medium [52]. However,
the back illumination of photocatalyst might result in the generation of electron-holes far from
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the interface of the catalyst and reacting medium, which increases the possibility for
recombination of generated electrons and holes before a reaction can occur [53]. Moreover, the
optical fibers usually occupy around 20-30% of the reactor space while supplying relatively
low surface area of the catalyst surface [54]. Consequently, the flow rate decreases due to an
increase in pressure drop [12]. Oxidation of acetone in an optical fiber photocatalytic reactor
employing bare quartz fibers as TiO2 support was investigated by Choi et al [53]. Their results
showed a 90% reduction of the intensity of light within 30 cm of a fiber coated with TiO2,
which reveals an exponential decay in the light intensity. Figure 1.4 (b) shows an example of
an optical fiber photocatalytic reactor for CO; reduction to methanol, which was investigated
by Nguyen et al. [55].
(a)
TiO,“—
Quartz  yh1et flow light~]

window -
\ _‘_‘_{_r. Optical fibers /
Light[ ¥ }—T s —

il

Outlet flow

Figure 1.4 (a) Schematic diagram (b) and images of photoreactor with catalyst coated optical fibers.
By Nguyen et al. [55]
Lin et al. [48] proposed an optical fiber monolith reactor for waste water treatment. They used
a ceramic multichannel monolith as a support for the photocatalyst. They inserted the bare
quartz fiber optics as both a light guide and catalyst support into the monolith channels. The
reactor performance was tested for degradation of o-dichlorobenzene in water. They found an
optimum photocatalyst film thickness of 0.4 pum coated on the fibers. This configuration
provides a higher photocatalyst surface area compared to an optical fiber reactor. However, the
short length of light propagation still remains as a disadvantage due to the exponential decay of
light along the fiber optics. Du et al. [54] modified the proposed design by Lin et al. by using
“side light” optical fibers instead of normal optical fibers to improve the photon utilization
inside the monolith channels (Figure 1.5). Another difference is that they did not coat the fiber
wall with photocatalyst to prevent the light attenuation at the interface of catalyst-reactant. TiO2
was coated on the inner walls of the monolith channels by a wash coating method. The internally
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illuminated photocatalytic monolith reactor was tested for photocatalytic oxidation of

cyclohexane.
D
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Figure 1.5 Schematic diagram of internally illuminated monolith photocatalytic reactor [54]

1.4.4 Annular reactors

In an annular reactor, the fluid flows through an annulus region that is bounded by two
concentric pipes that have different diameters. The light source may be positioned either at the
centre of the reactor or on the outside of the reactor. The walls of the tubes are coated with a
layer of photocatalyst. The layer thickness should be thin enough to allow for the photons to
illuminate the entire catalyst surface. Similar to the flat plate type of reactor, annular
photocatalytic reactors offer a relative low reaction surface [31]. However, an annular geometry
offers the advantage of a homogenous light distribution over the catalyst surface and,
consequently, optimum photon utilization. In addition, it is possible to approach plug flow in
the annular geometry, which make this reactor type ideal for studies of the kinetics of
photocatalytic reactions [57]. Due to the simple design and operation, annular reactors are the
most widely applied photocatalytic reactors for photocatalytic studies [58]. Figure 1.6 shows
an annular flow reactor used by Imoberdorf et al. [59-61]. They proposed a scaled up multi-
annular photocatalytic reactor for the degradation of pollutants in air stream. Their design is
composed of four, 177 cm long, concentric pipes of borosilicate glass while the UV-lamp is
located at the center. The interior walls of each annulus unit are coated by TiO», which provides
an active surface area of 5209 cm?. Such surface area shows a significant increase compared to
the laboratory reactor of 81cm? active catalyst surface area tested by the same research group.
The multi-annular photocatalytic reactor was modelled based on mass, momentum and
radiation balances. The results predicted by the model were in good agreement with
experimental results.
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Figure 1.6. Schematic diagram of the annular reactor used by Imoberdorf et al. [61]

1.4.5 Packed bed photocatalytic reactors

A packed bed photocatalytic reactor is composed of a vessel that contains immobilized catalytic
particles. The light sources can be located inside or outside of the reactor. The fluid, including
reactants, contacts the illuminated catalyst particles. Quartz and borosilicate glass, which are
transparent to UV light, are often used as the packing material. The catalyst is coated as a layer
on the catalyst particles, which should be thin enough to allow transmission of a fraction of the
UV radiation to the particles that are located further away from the UV source. Consequently,
the bed volume can be activated up to a certain depth by the light source. Therefore, the light
absorption factor of the catalyst layer is one of the key factors for the design of packed bed
photocatalytic reactors. Guidelines to design pack-bed photocatalytic reactors have been
proposed including cost analysis [62]. Raupp et al. developed a mathematical model to predict
the behaviour of a continuous packed-bed photocatalytic reactor. Their reactor featured a lamp
inside the tube as light source for the oxidation of a pollutant in a gas stream. The model
includes a radiation field model within the reactor[19]. The constraints that this design may
have are a low surface area to reactor volume ratio and a non-efficient photon utilization when
taking into account both photon absorption and scattering [63, 64]. Figure 1.7 shows a
schematic diagram of a (a) single lamp and a (b) multi-lamp packed bed photocatalytic reactor,
which was modelled by Alexiadis et al. [62].
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Figure 1.7. Schematic diagram of a (a) single lamp and (b) multi lamp packed bed photocatalytic
reactor used by Alexiadis et al. [62]

1.4.6 Microreactors

Microreaction systems have attracted much attention for chemical applications and
demonstrated significant promise in a wide range of chemical transformations [65].
Microreactors offer a small molecular path for mass transport, fast mixing times, laminar flow
conditions, and a large specific surface area, which favours fast heat transfer. Microreactors
also have a great potential for catalytic applications because of their large surface to volume
ratio. The ratio of the irradiated surface area of catalyst to reactor volume is one of the crucial
factors in the design of a photocatalytic reactor. A microreactor can provide a specific surface
area of about 1.4 x 10* m? m™ [66], which is much larger than the typical irradiated specific
surface area of conventional photocatalytic reactors [67]. Another advantage of micro-
photocatalytic reactors is that a small light source, and therefore lower radiation cost, is required
for a miniaturized reactor. Several studies have investigated the feasibility of using
microreactors for photocatalytic applications [66, 68-74]. Straathof et al. [75] reported
construction and operating of a simple microphotocatalytic reactor illuminated with LEDs in
the visible light range for gas-liquid applications. The experimental results from the reactor
showed a lower reaction time compared to similar reactions conducted in batch reactors, which
was most probably due to the improved irradiation efficiency and gas-liquid mass transfer in
the segmented gas-liquid flow regime. Figure 1.8 shows a microreactor that was used by Gorges
et al. [68] to decompose 4-chlorphenol in water. Their microreactor consisted of 19 channels
with a cross-section of 200pum x 300um. Compared to conventional photocatalytic reactors, the
irradiated specific catalyst surface of this microreactor is about 4—400 times larger. Recent
studies have shown that numbering-up the photocatalytic microreactors can be also a feasible
strategy to increase the system throughput and consequently scaling-up the photocatalytic
processes [76, 77].
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Figure 1.8. Schematic diagram a micro-photocatalytic reactor used by Gorges et al. [68]

1.5 Light sources

The design of the light source for photocatalysis has a key impact on the efficiency of
photocatalytic applications. The rate of photocatalytic reactions depends in general on both the
concentrations of the reactants and on the rate of photon absorption by the catalyst. The catalyst
has to receive photons with a suitable amount of energy over a large area for optimal
performance. At low photon intensities, the reaction rate typically increases linearly with
increasing the light intensity due to the increased generation of electron-hole pairs [3].
However, upon further increasing the light intensity, the rate of electrons-holes recombination
increases faster than the rate of consumption of electron-hole pairs by the chemical reaction [3].
Therefore, careful design of the radiation field within a photocatalytic reactor is important to
maximize performance. Such radiation fields within photocatalytic reactors have been analysed
by solving the radiative transfer equations (RTE) for different light sources by applying
different numerical methods [17, 78-80] including Monte Carlo methods [20, 81-83]. In
general, the light sources that have been used to activate a photocatalyst can be categorized in
two groups: artificial radiation and solar radiation as described in more detail below.

1.5.1 Solar-based photocatalytic reactors

Since only 4-5% of the solar light that reaches the earth is UV-light, a great deal of research has
been conducted on the development of photocatalysts that can be activated with visible light
[84]. In addition to the required bandgap, using sunlight as the radiation source imposes
geometrical constraints to the design of photocatalytic reactors. Solar-based photocatalytic
reactors normally have a flattened geometry and thus need a large footprint [85]. Nevertheless,
it is expected that current interests and developments in the application of solar energy for
photocatalysis will even further increase due to the abundance and sustainability of solar
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energy. The design of solar-based photocatalytic reactors may be based on either an
immobilized or suspended catalyst with the option to concentrate solar light before usage. Such
concentrated systems use a reflector to direct solar radiation with a solar tracking mechanism.
Compared to non-concentrating systems, concentrated systems need a smaller reactor volume
for the same light harvesting surface area. Therefore, in construction of the reactor, more
expensive materials can be used. However, concentrated solar-based photocatalytic reactors are
not able to harvest diffuse UV radiation, which is of importance especially on cloudy days.
Even on a clear day, approximately 50% of the UV light that reaches the earth includes diffuse
UV light [86], which limits the effectiveness of concentrating solar energy.

Non-concentrating solar photocatalytic reactors - whether using a reflector or not - are static
systems. They are less expensive to construct and easier to operate compared to concentrating
solar photocatalytic reactors [87]. Moreover, they can collect both direct and diffuse UV
radiation. Although the collection of solar energy is less efficient due to the absence of
concentration, the overall efficiency is normally higher compared to concentrating reactors due
to the lower rate of electron-holes recombination at lower radiation intensities [3]. Furthermore,
the optical loss is lower compared to the concentrating reactors, especially if no reflective
surface is used [88]. However, a much larger photocatalytic surface area is needed compared to
concentrating systems and, consequently, the material to build such a reactor should be
relatively inexpensive [88]. However, inexpensive materials such as certain types of plastics
typically cannot be used at high pressures. Non-concentrating solar reactors operate usually at
laminar flow, while turbulent flow is more favourable in the term of mass transfer efficiency
[89]. Some important additional design features of solar photocatalytic reactors are described
below.

Parabolic through reactors (PTRs) are an example of a concentrating solar photocatalytic
reactor, which consist of parabolic reflectors that concentrate the solar light on a tube located
in the centre of a parabola (Figure 1.9). The stream including reactants flows through a tube,
which allows for plug-flow behaviour. The reactor size is small and the radiation intensity per
reactor volume is high [90]. However, compared to non-concentrating reactors, PTRs are
relatively expensive while the optical and quantum efficiency is lower [90]. PTRs have been
used to degrade different pollutants in water successfully [91-94]. Compound parabolic
concentrator reactors (CPCR) are trough reactors, but with low solar light concentration
properties [95]. This type of reactor has static reflectors, which differs from a PTR reflector.
The reflector of a CPCR usually consists of two parabolas, which are positioned side by side.
The focal line is above the connection line of two parabolas. This geometry allows for the
collection of light beams from almost every direction to be concentrated on the focal line.
CPCRs combine the characteristics of both concentrating and non-concentrating reflectors: they
concentrate the solar light while they are static and collect the direct UV radiation as well as
diffuse UV radiation. Figure 1.9 (a) and (b) show the reflector profile and schematic diagram
of PTRs and CPCRs. The performance of PTRs and CPCRs were investigated in degradation
of different compounds in water [92, 96-98]. Results showed that CPRC performance is more
efficient for photocatalysis application compared to PTRs.
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Figure 1.9 Reflector profile and schematic diagram of a (a) parabolic trough reactor (PTR) and (b)
compound trough reactor (CPCR) [98].

Thin-film fixed-bed reactors (TFFBR) are one of the first non-concentrating solar
photocatalytic reactors. They generally consist of inclined plates that are coated with a thin film
of photocatalyst. The feed stream flows over the catalyst plate as a thin layer [88]. Figure 1.10
(a) shows a schematic drawing of a TFFBR. The efficiency of a TFFBR and a PTR has been
compared in some studies [88, 89]. Results showed that TFFBRs are more efficient compared
to PTRs for the same operating conditions. Moreover, the cost of construction and operation of
a TFFBR is considered to be lower than that of a PTR [88].

A new type of non-concentrating solar photocatalytic reactor is the so-called double sheet skin
photocatalytic reactors (DSSR) [99, 100]. This reactor is made of a transparent box of
Plexiglass® including several channels (Figure 1.10 (b)). Some types of Plexiglass® are able to
transmit the direct and diffuse UV light with wavelengths shorter than 400 nm. The flow
including suspended catalyst and reactants is pumped into the channels. Dillert et al. [101]
studied a DSSR for the degradation of a biological pollutant in water. They found that to
degrade 1 m? of contaminated water per day, 50 m? of the radiated reactor surface is needed to
reach the 90% conversion when applying suspended TiO> (P25) as a catalyst.
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Figure 1.10 Schematic diagram of a (a) thin film fixed bed photocatalytic reactor (TFFBR) and (b)
double skin sheet reactor (DSSR)[88].

1.5.2 Artificial light sources

Although many efforts have been made to develop photocatalysts that can harness visible light,
TiOz is still the most frequently used photocatalyst, which requires ultraviolet (UV) light to be
activated. Artificial UV-light sources offer independence of location, weather, and the daytime.
However, additional costs in the form of investments, maintenance, and electricity are required
when using artificial light sources. In addition, the design of a reactor irradiated by an artificial
light source is restricted by the geometry and the size of the light source. Nevertheless, the
design of a photocatalytic reactor with an artificial light source can be based on a smaller
footprint compared to using solar light. Furthermore, artificial lights can provide a narrower
spectrum of light that better matches the requirements of the photocatalyst compared to solar
light.

Classical UV lamps have been used for laboratory and commercial photocatalytic applications.
There are several studies dedicated to the analysis and modeling of the radiation field within a
reactor based on conventional lamps as the light source [17]. Such lamps have usually a
cylindrical shape and are based on mercury discharge or fluorescence. Artificial light sources
can be classified into two groups: high and low power UV-light sources. High power UV
sources, such as medium and high-pressure mercury lamps, generate high intensities of UV
light, which can intensify the reaction. However, the quantum yield of TiO; is known to
decrease at high radiation intensities [85]. Therefore, the high power UV sources are usually
not favoured in photocatalytic applications [3]. Using low-power UV light sources, such as
fluorescent or low-pressure mercury lamps, will enhance the quantum yields of photocatalysts.
For example, Puma et al. [102] compared the performance of low pressure mercury and
fluorescent lamp in a falling film photocatalytic reactor for a wastewater treatment process.
Their results showed that a mercury lamp was more efficient than a fluorescent lamp. However,
the disadvantages of a mercury lamp include its fragility, toxicity, short life span (<12000h)
and issues relating to the complete life cycle of such a lamp (e.g., concerns for disposal) [103].
Furthermore, the size and shape of these lamps constrains the design of photocatalytic reactors.
These drawbacks in addition to the low energy efficiency of conventional UV-lamps have
resulted in exploring for alternative UV light sources.
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Alternatively, light-emitting diodes (LEDs) can be used for photocatalytic applications. LEDs
are semiconductor-based light sources, which emit photons with a narrow spectrum based on
electroluminescence effect. The semiconducting material of the LED defines the wavelength
of the generated photons, which can be tuned for a specific photocatalyst. LEDs are non-toxic,
compact and considering their sizes, can be applied flexibly within a photocatalytic reactor both
in terms of space and time, compared to the conventional UV-lamps. In addition, their life span
is 5 times higher than UV-mercury lamps. The radiation pattern from LEDs varies based on
their design and the light intensity is linearly proportional to the applied electric current. Since
their introduction to the market, their photon flux output has improved significantly while their
price has dropped [103]. In comparison with conventional UV lamps, integration of a
photocatalytic reactor with LEDs can tackle the low energy efficiency of the reactor and result
in an economically feasible process.

In the last few years, several studies have reported the feasibility of using UV-LEDs as a light
source for photocatalytic applications in both a gas and liquid phase [104-113]. These studies
showed that LEDs can be promising alternative light sources for conventional UV lamps.
Domiguez et al. [114] compared the energy efficiency of a LED-based photocatalytic reactor
and a mercury lamp based photocatalytic reactor for the photocatalytic degradation of sodium
dodecylbenzensulfonate in the liquid phase and found that the LED-based photocatalytic
reactor was more energy efficient. Levine etal. [107] compared the performance of high-power
UV-LEDs and a black light blue (BLB) lamp for the oxidation of ethanol. Their results showed
that at an equivalent average irradiance, the LED-irradiated reactor had a lower reaction rate.
They concluded that uniformity of the irradiance on the catalyst surface had a great impact on
the reaction efficiency. Martin-Somer et al. [115] reached a similar conclusion by comparing
the performances of a photocatalytic reactor with LED illumination and illumination with a
mercury lamp, which stresses the importance of optimizing the arrangement and design of the
light source together with the design of the reactor equipment itself to provide the optimum
photon utilization in LED-based photocatalytic reactors. In particular, investigation of the
radiation field within an LED-based photocatalytic reactor is needed due to the importance of
the rate of photon absorption in the reaction kinetics. However, studies on design of LED-based
photocatalytic reactors, which allows for optimum light utilization within the reactor, have been
rarely done.

Mathematical models for LED-based photocatalytic reactors have been developed to support
design [116-119]. Nevertheless, the spatial and temporal flexibility of LEDs offers many
degrees of freedom for design and operation, which not have all been investigated for design of
LED-based photocatalytic reactors. Furthermore, when using all those degrees of freedom
simultaneously, mathematical optimization techniques are a necessity. Such optimization
requires an integrated reactor model, linking photon transfer from LEDs and mass transfer of
reactants. However, development and validation of such integrated reactor models for LED-
based catalytic reactors has been rarely reported.

In principle, a photocatalytic reaction occurs upon electron-hole pair generation after photon
absorption by the electron. The generated electron-hole pair can either contribute in a chemical
reaction or recombine again, limiting charge transfer and consequently initiation of chemical
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reactions. Hence, electron-hole recombination is believed to be the most important factor
contributing in the low efficiency of a photocatalytic reaction [120]. It has been suggested that
intermittent introduction of photons on the catalytic surface can reduce the electron-hole
recombination and consequently, improve photon utilization of the photocatalytic process
during operation [121]. During the last decade, due to their instantaneous and linear response
to the power change compared to conventional UV lamps, LEDs have been used in periodic
illumination studies, where a series of alternate light and dark periods are applied. However,
the mechanism and the effect of controlled periodic illumination on the photonic efficiency
have been a controversial subject of research. The original hypothesis for the enhancement of
photonic efficiency through Controlled Periodic Illumination (CPI) has been both proved by
initial studies [122, 123] and challenged by subsequent studies [ 124, 125]. Moreover, the effect
of controlled periodic illumination has mainly been studied in liquid-phase systems, where mass
transfer limitations may be present to a higher extent when compared to gas- phase reactions.
In contrast, the effect of controlled periodic illumination in gas-phase systems has rarely been
reported [120, 126, 127]. Furthermore, during operation, an optimally designed reactor
performance may deviate from optimal condition because of design uncertainties and
disturbances acting on the system. Instantaneous and linear response of LEDs to electrical
change in combination with on-line analytical technologies can facilitate self-optimizing
control units for LED-based photocatalytic reactors. However, no studies on self-optimizing
feedback control for LED-based catalytic reactors exist in literature despite its potential to
improve the economic performance of photocatalytic reactors.

1.6 Thesis objectives

Photon utilization is one of the crucial factors in determining economic feasibility of a
photocatalysis process, when using artificial light sources. Hence, the efforts in developing
methods for optimum photon utilization within the reactor may advance this technology one
step further toward the larger scale applications. Therefore, the overall objective of this thesis
is to develop and validate novel approaches for the design, optimization, and control of LED-
based photocatalytic reactors that are all aimed at efficient use of photons within such reactors.
To achieve this overall objective, the research questions, which this thesis aims to address, are:

1. Can a photocatalytic reactor model, coupling the radiation field model from LEDs and
reaction kinetics, be used for optimization of mass and photon transfer simultaneously in
the design of the reactor?

One of the main challenges in design of photocatalytic reactors is simultaneous optimization of

mass and photon transfer within the reactor. This calls for a systematic design approach, which
should optimize the configuration of a LED array simultaneously with the reactor design to
optimize the overall reactor performance. Analysis and optimization of mathematical models
for LED-based photocatalytic reactors is needed in combination with the validation of such
models.

2. Can a model that integrates a radiation field from LEDs, mass transfer and reaction kinetics
be validated? What are the influences of operating conditions on the photocatalytic process
trends?

24



Introduction

The reactor model validation demands for experimental data and therefore an experimental set-
up including an LED-based photocatalytic reactor. The experimental set-up should allow for a
broad range of operating conditions to be tested on the reactor’s performance, to create rich
data sets for the model validation and investigation of the effects of operating conditions on the
process trend.

3. Can Controlled Periodic Illumination (CPI) of LEDs be used as a method to achieve
optimized photon utilization in the reactor?
It has been suggested that charges (electron-holes) are generated upon absorption of proper

photons by the catalyst. However, photons are not required when generated charges undergo
chemical reactions as well as adsorption/desorption and diffusion of chemical substrates from
or to catalytic surface. Therefore, periodic introduction of photons to the catalytic surface may
result in a more efficient photon utilization.

4. Can the controllability of LEDs enhance optimum photon utilization within the reactor
further?
The performance of a LED-based photocatalytic reactor may deviate from optimal conditions

due to design uncertainty and the presence of external disturbances. Process control is a
discipline that provides mechanisms and algorithms for maintaining the output of a specific
process within a desired range. In the photocatalytic process the intensity of light on the catalyst
surface may be controlled, using a controlled loop over the reactor, to maintain a consistent
product output.

1.7 Thesis outline

This thesis contains an introduction and four chapters corresponding to the research questions
and a final chapter on the conclusion and opportunities for future studies. A brief summary of
the four chapters, which form the main body of this thesis, is given below.

Chapter 2 investigates a mathematical approach to optimize the design parameters of a LED-
based photocatalytic reactor. An annular reactor using light source at the centre is selected as
the model reactor. Toluene degradation in the gas phase is chosen as the model reaction. The
reactor is modelled by momentum, mass and radiation transport balance. An objective function
representing the trade-off between capital and operational cost is defined. The optimization is
addressed by minimizing the cost model while the optimization is constrained by reaching to a
certain conversion. Finally, the optimization results are discussed.

Chapter 3 presents experimental validation of the reactor model that describes the operational
performance of a LED-based photocatalytic reactor via a mini-pilot plant including an annular
LED-based photocatalytic reactor. The model allows for kinetic parameters to be estimated
from experimental data. Furthermore, the experimental setup allows for different flow rates,
toluene inlet concentrations, and light intensities to be applied to validate the predictive
capabilities of the developed model for a broad range of operating conditions. On the long term,
the validation of the proposed model advances the design, optimization and scale-up of future
LED-based photocatalytic reactors for various applications.
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Chapter 4 examines whether CPI can be used as a method for optimum photon utilization within
a LED-based photocatalytic reactor during operation. Particularly, the reactor performance for
degrading toluene in the gas phase for a range of illumination periods and duty cycles are
studied. Finally, the reactor performance under CPI and continuous illumination modes at
equivalent average irradiances are compared.

Chapter 5 shows the application of automated feedback and feedforward control for a LED-
based Photocatalytic Reactor. The reactor conversion and the light intensity of LEDs are set as
the controlled and manipulated variable, respectively. The automated feedback controller
performance is tested for tracking different conversion set points as well as mitigating the effect
of catalyst deactivation on the reactor performance. In addition, a feedforward controller is
designed to reject the effect of the reactant inlet concentrations as the measured disturbances
on the reactor conversion.

Verified
Reactor
Model

(Chapter 3)

Model-based Optimum
optimization Photon

(Chapter 2) Utilization

Control

(Chapter 5)

Figure 1.11 Strategies for achieving optimum photon utilization in LED-based photocatalytic reactors
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Chapter 2. Model-based Optimization of a
Photocatalytic Reactor with Light-Emitting
Diodes

The complicated interplay between mass and photon transfer within a photocatalytic reactor
calls for an integrated design approach. This work presents a model-based optimization
approach for LED-based photocatalytic reactors. First, a model that describes the distribution
of reactants and photons within a photocatalytic reactor is developed. Second, several design
variables related to the reactor dimensions and light sources are optimized simultaneously using
the photocatalytic degradation of toluene as a model system. The results demonstrate how
different formulations of the problem can be used to either minimize the reactor cost or to obtain
a specified concentration profile within the reactor.

Published as: F. Khodadadian, A. Poursacidesfahani, Z. Li, J.R. van Ommen, A.l. Stankiewicz,
R. Lakerveld, Model-Based Optimization of a Photocatalytic Reactor with Light-Emitting
Diodes, Chem. Eng. Technol. 39 (2016) 1946-1954.
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2.1 Introduction

Titania-based heterogeneous photocatalysis has great potential for the implementation of redox
reactions such as water splitting to produce hydrogen [1] , reduction of carbon dioxide to
hydrocarbons [2] , water and air purification [3, 4]. Consequently, the topic has raised
considerable interest in recent decades. Nevertheless, the industrial application of
photocatalysis has been hindered by the low overall efficiency of the process [5]. One of the
main challenges is the design of a reactor in which both mass transfer and photon transfer are
optimized simultaneously [6-8]. Poor photon utilization leads to a large reactor volume and, in
case of using artificial light, large operational cost, which hinders practical applications.

The development of more efficient photocatalysts has seen much progress [9-12]. Moreover,
many efforts have been made to improve the efficiency of photocatalytic processes by
optimizing the operating conditions of photocatalytic reactors such as pH, catalyst loading, light
intensity and wavelength, flow rates and reactant concentrations [13-18]. In contrast, fewer
reports exist on the optimization of the photocatalytic reactor equipment [19, 20].

Mathematical models can be efficient tools for the design and optimization of photocatalytic
reactors. Driven by the importance of the photon distribution within a photocatalytic reactor,
several studies have considered modeling of a radiation field in combination with a reactor
model [21-26]. For example, the optimal design of reactors illuminated by cylindrical UV lamps
for a monolith reactor [27] and a modular multi-plate reactor [28] have been studied. The
authors demonstrate how a maximum number of photons can be absorbed with a uniform
irradiation on a photocatalytic surface. A Monte Carlo method was used to solve the Radiation
Transport Equations (RTE) in both studies. Other factors such as fluid dynamics and reaction
kinetics were not taken into account in these optimization studies. The optimal design of annular
wall reactors for air treatment was investigated by choosing six different configurations. A
mathematical model was used to study the effect of the physical design of the reactor on its
performance [29]. Subsequently, the model was validated successfully by testing one of the
configurations experimentally. In addition, the combination of models based on computational
fluid dynamics (CFD) and design of experiments has been reported for the optimization of
various configurations of photocatalytic reactors [30].

The photon distribution within a photocatalytic reactor depends on several factors including the
type, strength and dimensions of the light sources [8]. Conventional UV-lamps such as low-
pressure mercury lamp, which are rigid cylindrical lamps, may restrict the design of the reactor.
Furthermore, the fragility, toxicity, potential for gas leakage and disposal issues are other
known disadvantages of mercury lamps [31]. Alternatively, Light Emitting Diodes (LEDs) are
promising light sources for photocatalysis applications [32-35]. LEDs are robust, energy-
efficient, non-toxic and long-lasting light sources. Their spectra are narrow and available for
different wavelengths. Since the commercialization of the first LEDs, significant progress has
been made in their power output and packaging while their price has dropped [36]. In general,
LEDs offer more flexibility for the design of photocatalytic reactors due to their small size.
Wang et al. [37] developed a CFD-based model to describe the behaviour of a flat plate
photocatalytic reactor, illuminated externally by an array of LEDs for air treatment. To obtain

34



Model-based Optimization of a Photocatalytic Reactor with Light-Emitting Diodes

the maximum conversion, they determined the optimal distance from the LEDs array to the
catalyst surface by varying the position of the LEDs array. Anceno and Stuetz [38] developed
the radiation field model of an optical fiber-coupled UV-LED lighting system and validated the
model experimentally to study the impact of the light source position on the irradiated catalyst
surface for the photocatalytic degradation of carbon disulphide.

The design of an array of LEDs offers several novel degrees of freedom, which affect the
performance of photocatalytic reactors. In principle, each LED can be positioned flexibly within
a reactor configuration due to its small size and LEDs have the ability to deliver a range of
intensities, which all together introduces additional design variables. Furthermore, the reactor
dimensions and operating conditions also offer various degrees of freedom for design. This
combination of design decisions influences the complex interplay between mass and photon
transfer within a photocatalytic reactor. Therefore, a key question is how to select the optimal
combination of design variables related to light sources and reactor design simultaneously. Such
simultaneous optimization of all those degrees of freedom has received less attention in the
literature.

The objective of this chapter is to investigate modeling and optimization of a continuous LED-
based photocatalytic reactor taking into account design decisions related to the dimensions of
the reactor and spacing of the LEDs simultaneously. A mathematical approach is followed
instead of trial-and-error methods for optimization. The photocatalytic degradation of toluene
in the gas phase is used as the model reaction and a wall annular photocatalytic reactor has been
selected as the basic reactor configuration. Two different types of objective functions are
investigated. The first objective function is an economic objective function that mimics the
trade-off between the capital and operational costs for a specified minimum conversion. The
second objective function aims to optimize the concentration profile in the reactor by
manipulating the position and number of LEDs.

2.2 Approach

2.2.1 An integrated model for a LED-based photocatalytic reactor

2.2.1.1 Transport and kinetics model

The modelled reactor consists of three concentric tubes including an inner tube to assemble the
LEDs, a transparent tube in the middle, and an outer reactor shell with catalyst coating (Figure
2.1). The gas stream is evenly distributed between the middle and outer tube.
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Figure 2.1 Schematic representation of the LED-based photocatalytic reactor. a) overall view, b) cross-

sectional side view and c) cross-section view
The following assumptions are made to model the system: 1) Newtonian flow, 2) isothermal
and isobaric conditions, 3) constant density and viscosity of the gas stream, 4) no boundary
effects in the radiation field model at the inlet and outlet of the reactor, 5) steady state and, 6)
azimuthal symmetry. By solving the continuity equation and momentum balance equation for
a fully developed laminar flow in an annulus, the velocity profile is described by (see Appendix
2A for the derivation):
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where u is the velocity of the gas (m s™), Q is the volumetric flow rate (m> s™), and > and 7,
are the radius of outer tube and the radius of middle transparent tube (m), respectively.
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Assuming that the convection in the axial direction and diffusion in the radial direction are the
dominant mass transfer mechanisms, the concentration of toluene within the reactor, in

cylindrical coordinates, is given by:

Dlg[r—ac(r’ Z)j—u(r)—ac(r’ ?) =0 (2.2)
ror or 0z

where C is the toluene concentration (mol m™), and D is the diffusion coefficient (m? s™!) of

toluene in the gas mixture.
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Considering that the chemical reaction occurs at the catalyst surface only, the boundary

conditions of equation (2.3) are given by:

D@C(rz,z) _ 2.3)
or

—8C(ar1,z) =0 (2.4)
r

C(r,0)=C, (2.5)

where R is the toluene degradation rate (mol m™ s!), and Ci, is the concentration of toluene at
the reactor inlet (mol m™). The average concentration of toluene (Cou) at the reactor outlet and

conversion (X) are given by [29]:

j C.(r, Lyu(r)rdr
C, =1 (2.6)
ju(r)rdr
C
X =1——ou 2.7
N (2.7)

in

where L is the reactor length (m). Similar models have been used for simulation of
photocatalytic reactors for different applications [29, 39].

The Langmuir-Hinshelwood kinetic model has been widely used to describe kinetics of
photocatalytic reactions [40] and has also been applied for the photocatalytic degradation of
toluene [41-44]. Assuming constant water vapour concentration, Batista et al. [43] developed
an intrinsic kinetic formulation for the photocatalytic degradation of toluene taking explicitly

into account the rate of photon absorption:
o aC (r, z)
R(r.z)= Je. (r,z)m (2.8)
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where e, s is the local superficial rate of photon absorption (W m?) and @, and @, are reaction

parameters. The reaction rate described by equation (2.8) was validated experimentally [43]
and is used in this work to model the reaction kinetics.

2.2.1.2 Radiation field model

Integrated modeling of a photocatalytic reactor requires an emission model for the light sources.
In order to calculate the effective photon absorption, the radiation contribution from each LED
should be taken into account. Thus, the total radiation flux at any point on the catalyst surface
is given by:

N I —\"
E(r,2)=), ol =n) — (2.9)

((5=n)" +(z=2,00°) *

where E (W m™) is the irradiance of N number of LEDs. Iy (W sr'!) is the light intensity at a
viewing angle of zero, and m is a parameter that depends on the LED packaging, which is
typically determined experimentally. (ro, zo) and (7, z) refer to the coordinates of a LED and a
point on the catalyst surface, respectively (see Figure 2.1). The details of the radiation field
model derivation and the experimental validation of the model have been described in the
Appendix 2B.

Although the wavelength of photons is one of the important factors determining the process
cost, the wavelength is considered as a fixed parameter here, as the catalyst type is also fixed.
In this study, LEDs with a narrow spectrum (half height width of 10 nm) and a peak wavelength
at 365 nm are used and, it can be assumed that the energy of irradiated photons is proportional
to the wavelength of 365 nm. A study on the impact of photon wavelengths on the efficiency
of a photocatalytic process has shown that for TiO»2-based photocatalysis, a wavelength of 365
nm is the best alternative from an energy consumption point of view [18]. It is also assumed
that neither the transparent tube nor the chemical species absorb photons, and thus, that all of
the photons emitted by the LEDs reach the catalyst surface. Furthermore, it has been shown that
a photocatalyst film typically can absorb more than 90% of the received photons [45]. In
addition, some of the reflected photons can still be absorbed if they reflect back from the inner
tube of the reactor towards the catalyst surface. Therefore, any loss of photons due to reflection
and subsequent absorption by any material other than the photocatalyst has been neglected in
this study. Moreover, the coated catalyst on the reactor wall is assumed to be sufficiently thick
to absorb all photons. Therefore, the rate of photon absorption, e, s, is assumed to be equal to
the irradiance described by equation (2.9).

2.2.1.3 Formulation of the optimization problems
Two different optimization studies are investigated:

1. Minimizing the overall cost of the reactor for a given throughput and minimum conversion
by varying reactor dimensions and the spacing and number of LEDs.
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2. Obtaining a specified concentration profile within the reactor by varying the spacing and
number of LEDs.

For the first optimization formulation, both a simplified case (referred to as optimization
problem P2.1) and a more complicated one (referred to as optimization problem P2.2) are
studied.

When using artificial light sources, the costs of a photocatalytic reactor are mainly determined
by the investment and operational costs for photon generation.

N
P
D
~N
<%
)
=
o

In a LED-based photocatalytic reactor, the light sources are discrete, and they can be arranged
in different ways to optimize photon distribution on the photocatalytic surface. The minimum
cost for a LED-based photocatalytic reactor is obtained by manipulating the length of the reactor
and the number of LEDs:

LI?ViEnN J1:= deat APy 2 L) + dreactorPreactor®Preactor L((r2 + £)%) — 14) + digpNPigp + Pugp P N (P2.1)

subject to equations. (2.1)- (2.5), (2.8), (2.9)

Le(0,100], N <300 (P2.1.1)
r=0.020, r,=0.025 (P2.1.2)
X 20.50 (P2.1.3)

The objective function J; is shaped by the electricity and investment costs for the LEDs and
investment costs for catalyst and reactor equipment. The first part of the objective function J;
represents the catalyst investment costs where deat is the catalyst depreciation factor (year™), a
is the catalyst weight per unit of surface (kg m?) and Pea is the catalyst price per unit of weight
($ kg!). The second part represents the reactor equipment investment costs where dreactor is the
reactor depreciation factor (year!), preactor iS the reactor material density (kg m™), ¢ is the
reactor wall thickness (m) and Preactor is the reactor material cost ($ kg). The third part
represents the investment costs of the LEDs where diep is the depreciation factor of the LEDs
(year ') and Pygp is the price of a single LED ($). The last term represents the electricity cost
where pin is the input power of a single LED (W) and Pelec is the electricity price ($ W-!
year'!). The numerical values for the parameters included in the optimization problems are
listed in Table 2.1. The case is inspired by the design of a mini-pilot plant setup that will be
used for ®perimental validation in the next chapter.
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Table 2.1 Parameters used in the cost model

Parameter Value Unit

D 8.4E-6 m? s’

0 14E-06 m’s

Cin 3.9E-03 mol m™
Din 0.06 W

Prep 0.5 $

Preactor 76.9 $ kg'l
Peat 160 $ kg!
Petec 0.068 $ kW' h!
deat’ 12 year’!
dreactor** 0.2 year 1
diep” 6 year’!

a 0.002 kg m™
Preactor 7930 kg m’

t 0.005 m

70 0.008 m

a 0.7E-3 m? W03
a 7.1E2 m?> mol™!

%
depreciation factor of the catalyst is based on a typical lifetime of one month.

“depreciation factor of the reactor is based on a lifetime of 4 years.
*** depreciation factor of the LEDs is based on a lifetime of 1500 hours estimated by the supplier.

Second, an optimization similar to (P2.1) is repeated, but in this case the radiuses of the
middle and outer tube of the reactor are added as additional degrees of freedom for
optimization to further lower the costs:

L r1nr}2i¥VIEN ]1 = dcat(ZHaPcatrZL) + dreactorpreactorT[PreactorL((rZ + t)z) - TZZ) + dLEDNPLED + PLEDPin N (P22)

subject to equations (2.1)- (2.5), (2.8), (2.9)

Le (0,100], N <300 (P2.2.1)
r 2 +0.002, 77 +0.002 (P2.22)
r,>7 +0.01, Re<2000 (P2.2.3)
X >0.50 (P2.2.4)

A number of additional constraints are added to (P2.2) compared to (P2.1). Constraints (P2.2.2)
impose a minimum distance of 0.002 m between each concentric tube to facilitate easy
construction. Furthermore, the constraints (P2.2.3) are added to ensure model validity. First, a
minimum distance of 0.01 m between the light source and catalyst surface is required to satisty
assumptions used for derivation of the radiation field model. Second, a maximum Reynolds
number (Re) is imposed to satisfy the laminar flow assumption. Both continuous (e.g., reactor
dimensions) and discrete variables (e.g., number of LEDs or existence of LED) are present in
the formulated optimization problems. The problems (P2.1) and (P2.2) were solved using two
methods: 1) mixed-integer non-linear programing (MINLP) considering number of LEDs as an
integer variable and, 2) non-linear-programing (NLP) considering number of LEDs as a
continuous variable.
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In the second type of optimization study, we aim to obtain a specified concentration profile
within the reactor by varying the spacing and the number of LEDs. In contrast to conventional
UV-lamps, LEDs are local light sources. Therefore, by varying the location of the LEDs, one
is able to manipulate the irradiance profile throughout the reactor and thus the local reaction
rates. In general, photocatalytic reactions may include chain reactions resulting in the formation
of different intermediates and by-products. For example, in some cases of air and water
treatment, the complete mineralization of parent pollutants does not happen and instead the
compounds are degraded to some intermediates and by-products which are more harmful and
toxic than the parent compounds [46-48]. Manipulating local reaction rates might help to
improve selectivity when detailed knowledge on kinetics is available for specific cases.
Judicious placement of LEDs within a photocatalytic reactor may enable regions with different
irradiation intensities within the reactor to manipulate local reaction rates, which is mimicked
by the following optimization problem:

n,

Z(Cave,i - Cdes,i )2
myin J, == . (P2.3)

z

subject to equations (2.1)- (2.5), (2.8), (2.9)

00 I(r—r)"
E(r,z,)=2.y, o(71) — (P2.3.1)
i=1 2 a2
((}’2—}’0) +(Z_ZO,1‘))
y;€1{0,1} Vi =12,...,500 (P2.3.2)
L=5 1 =0016, r=0018 (P2.3.3)
where
[ €., Du(ryrdr
C,.(2)="— (P2.3.4)

Iu(r)rdr

i

_ (P2.3.5)

In optimization problem (P2.3), a desired concentration profile of toluene (Cges) Within the
reactor is defined in (P2.3.5) arbitrarily. However, this arbitrary concentration profile has been
set in such a way that the required reaction rate is guaranteed to be achievable. In particular, the
maximum reaction rate is obtained when the light intensity is maximized, which forms together
with the chosen desired concentration profile the basis for choosing a maximum of 500 possible
LEDs in (P2.3.2). The maximum light intensity is achieved when all the elements of vector y
are equal to one. The objective function (J2) describes the difference between the desired

41

(g\]
P
%]
~—
=%
]
=
@)




a
=
&
=
-
(]
=
[

Chapter 2

concentration profile and the simulated average concentration of toluene (Cave) as defined by
(P2.3.4). The optimization problem aims to minimize the difference between the desired and
simulated concentration profile by manipulating the positions of LEDs within the reactor. Note
that both the desired and simulated concentration profiles are discretized over n points in the
axial direction for implementation. Furthermore, instead of directly introducing the existence
and positions of each LED as degrees of freedom, a fixed number of LEDs (500) has been
evenly distributed over the reactor length and binary variables are introduced to represent the
state of each LED (on or not-existent). Therefore, equation (2.9) from the model presented in
Section 2 has been replaced with equation (P2.3.1) to account for the variable contribution of
each LED to the total irradiation at each point on the catalyst surface. The optimization
algorithm was implemented in MATLAB R2013b (The MathWorks Inc., USA).

2.2.2 Numerical implementation

Both continuous (e.g., reactor dimensions) and discrete variables (e.g., number of LEDs or
existence of LED) are present in the formulated optimization problems. Such optimization
problems can be classified as mixed-integer non-linear programming (MINLP) problems. For
optimization problems (P2.1) and (P2.2), two approaches are explored. In the first approach,
the integer variable that represents the number of LEDs is replaced by a continuous variable
and the final solution is rounded to the nearest integer. This so-called relaxed optimization
problem is a non-linear programing (NLP) problem, which is typically easier to solve. In the
second approach, the original formulation is maintained and an MINLP solver is used to solve
optimization problems (P2.1) and (P2.2). Both problems are implemented in General Algebraic
Modeling System (GAMS) Release 24.4.6. (GAMS Development Corporation, Washington,
DC, USA, 2015). To do so, equation. (2.2) is written as a set of algebraic equations using finite
differences and a discretization scheme in the radial and axial direction. In particular, a
backward finite differences method with 1,000 nodes is used in the axial direction and a central
finite differences method with 100 nodes is used in the radial direction. As the initial guess for
the concentration at each node, we assume within the reactor a linear decreasing concentration
from the inlet concentration to a concentration corresponding to 50% conversion at the outlet
in the axial direction and a uniform concentration in the radial direction. Furthermore, the
number of additions in equation (2.9) is determined by the number of LEDs, which is a decision
variable itself and, therefore, complicates optimization. To circumvent a variable number of
additions in equation (2.9) during optimization, for both approaches, the summation is
implemented by the addition of a constant and high number of LEDs (typically, Nmax = 300).
Consequently, the decision variable that is being optimized is the number of LEDs that is
present inside the reactor, which can either be implemented as a continuous or as an integer
variable. The remaining LEDs are positioned outside the reactor, which, obviously, only exist
in the mathematical model. Since all of the LEDs contribute to the local intensity on the catalyst
surface within the reactor (i.e., the number of additions in equation (2.9) is constant), a small
mathematical bias is created by the LEDs that are positioned outside the reactor, which would
physically not exist, but still contribute to the local irradiation of the catalyst surface inside the
reactor within the model. Nevertheless, since the aspect ratio of reactor is high (i.e., the length
of the reactor is typically two orders of magnitude larger than the outer radius), the effect of
LEDs far away from a point on the catalyst surface is considered to be negligibly small. A
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possible exception is the catalyst area that is very close to the outlet of the reactor, but this
boundary effect is considered to be small and, therefore, assumed to be zero in our model. The
resulting NLP problems are solved with GAMS/CONOPT3 [49] and the MINLP problems are
solved with GAMS/DICOPT [50], both with default settings, on a desktop PC equipped with
32-bit Windows 7, an Intel® Core™ i5-3470 3.20 GHz CPU and 4.0GB RAM.

Optimization problem (P2.3) involves a large number of binary variables (500), which makes
it challenging to solve. Therefore, we decomposed the problem into a series of smaller
optimization problems, which avoids the need to optimize all of the variables simultaneously.
This can be done because the LEDs are local light sources within a narrow tube. LEDs that are
far away from a given point have a limited influence on the local reaction rate. In other words,
instead of summing over all potential LED positions in equation (P2.3.1), summation is done
only over the nearest neighbours for a candidate LED position. Since the objective function of
(P2.3) can also be computed locally, the optimization problem can be decomposed into a series
of smaller optimization problems that involve each a lower number of variables. In this way,
the required CPU time is reduced significantly. The smaller optimization problems are
considered consecutively starting from the inlet of the reactor, using a moving window along
the reactor towards the end of the reactor. In each step, decisions are made regarding the
existence of LEDs at any of the possible LED positions within the moving window.
Subsequently, the moving window is moved one LED position towards the outlet of the reactor.
If the size of the moving window is too small, the influence of the neighbouring LEDs might
be considerable. By increasing the size of the moving window, the number of possible LED
positions within the moving window increases and, therefore, the total required CPU time
increases. To find a reasonable window length, the changes in the optimal value of objective
function (J2) as a function of the window size were investigated. It was found that when more
than five LED positions are considered within the moving window, the improvements in the
optimal value of objective function (J2) with an increasing window size are very limited.
Therefore, a moving window that includes only five possible LED positions has been chosen
for this study. Since the optimization problem at each step only involves 5 binary variables, the
whole domain for each individual optimization problem is quite small and an exhaustive
enumeration of all possible values of the local objective function is computationally tractable.
In case the number of possible LEDs that has to be considered for each window would have
been larger, branch-and-bound mixed-integer optimization could be explored to reduce the time
required to solve the optimization problems for each position of the moving window compared
to an exhaustive enumeration to reduce computational load. The optimization algorithm was
implemented in MATLAB R2013b (The MathWorks Inc., USA). Similar methods have been
used for other applications as well [51, 52].

2.3 Results and discussion

The solutions obtained for optimization problem (P2.1) for different initial guesses are given
in Table 2.2. The results demonstrate that different optimal solutions are found for the tested
initial guesses.
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Table 2.2 Solution of optimization problem (P2.1) for different initial guesses. The costs are reported
as reactor and operating costs (J1) divided by the consumption of toluene.

Initial guess Optimal solution Objective function Method

NI-] L [m] NI[-] L [m] Cost [$ mol]

100 1 120 3.09 840.73 NLP
150 2 120 3.09 840.73 NLP
250 2 120 3.09 840.73 NLP
50 5 105 3.55 845.49 NLP
100 5 105 3.55 845.49 NLP
112 5 112 3.32 840.73 NLP
200 5 120 3.09 840.73 NLP
100 10 105 3.55 845.49 NLP
200 10 120 3.09 840.73 NLP
200 5 120 3.09 840.73 MINLP
200 5 120 3.09 840.73 MINLP

The optimization aims to find a trade-off between the reactor equipment costs (residence time)
and the LED investment and operating costs (reaction rate), which results in solutions that either
have a shorter reactor and more LEDs or a longer reactor with less LEDs. Since the optimization
problem (P2.1) involves only two decision variables, the changes of the reactor cost with
changing reactor length and number of LEDs can be visualized (Figure 2.2). The reactor length
illustrated in Figure 2.2 was found by solving optimization problem (P2.1) but with the number
of LEDs as a fixed parameter. In such case, the optimization algorithm simply finds the reactor
length required to obtain the minimum required conversion. A relatively flat region for the
minimum cost as a function of number of LEDs can be seen, which might explain why the
optimization code converges at different points for different initial guesses. In general, local
minima can also be expected since the model presented in Section 2.1. is highly nonlinear.
Therefore, a multi-start optimization method in which a number of initial guesses are generated
1s recommended to find the lowest costs for the modelled LED-based photocatalytic reactor.
Finally, when comparing the solutions obtained with an NLP and MINLP formulation, it can
be seen that the optimization results for both formulations give the same result (Table 2.2).
However, as expected, using an NLP formulation with relaxed integer variable requires a
shorter CPU time (about 15 times) compared to solving the original MINLP formulation.
Furthermore, the MINLP algorithm did not converge for all the tested initial guesses, whereas
the NLP algorithm did.
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Figure 2.2 Reactor and operating cost (J1), divided by the consumption of toluene, and minimum
reactor length as a function of number of LEDs for reaching 50% conversion of toluene.

Optimization problem (P2.2) extends on (P2.1) by introducing additional decision variables
related to the dimensions of the reactor: the radiuses of middle and outer tubes. The results for
optimization problem (P2.2) as obtained for a number of initial guesses are presented in Table
2.3.

Table 2.3 Solution of optimization problem (P2.2) for different initial guesses. The costs are reported
as reactor and operating costs (/1) divided by the consumption of toluene.

Initial guess Optimal solution Objective function ~ Method
N L 7 72 N L 7 72 Cost
(-] [m]  [m]  [m] [-] [m]  [m]  [m] [$ mol']
75 5 0.015 0.025 96 42 0.021 0.023 847 NLP
75 5 0.01 0.025 96 42  0.021 0.023 847 NLP
100 5 0.015 0.025 123 3.5 0.016 0.018 790 NLP
100 5 0.018 0.019 100 4.16 0.019 0.021 833 NLP
150 5 0.015 0.017 134 3.12 0.016 0.018 796 NLP
150 5 0.15 0.16 96 42 0.021 0.023 847 NLP
200 5 0.015 0.017 134 3.12 0.016 0.018 796 NLP
250 5 0.01 0.025 128 3.33 0.016 0.018 791 NLP
250 5 0.015 0.025 134 3.12 0.016 0.018 796 NLP
100 10 0.015 0.025 101 4.14 0.019 0.021 833 NLP
150 10 0.015 0.025 116 3.82 0.016 0.018 795 NLP
250 10 0.015 0.025 134 3.12 0.016 0.018 796 NLP
150 5 0.015 0.017 135 3.1  0.016 0.018 797 MINLP
150 10 0.015 0.025 116 3.81 0.016 0.018 795 MINLP
250 5 0.010 0.025 128 3.33 0.016 0.018 791 MINLP

Optimization problem (P2.2) is much more challenging compared to optimization problem
(P2.1) since the additional decision variables are present in non-linear terms in both the model
and objective function. Nevertheless, the proposed optimization approach is capable to find
optimum values for all of the decision variables related to reactor dimensions and number of
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LEDs simultaneously. The required time to reach convergence did depend strongly on the initial
guess ranging from a few minutes for the fastest cases and up to 2.5 hours for the slowest NLP
cases. The CPU time for the MINLP method was typically about 4-5 hours. Similar as for
optimization problem (P2.1), it was found that the optimization results depend on the initial
guess. Broadly speaking, two types of solutions were found. The lowest values for the objective
function were found when both the radius of the middle and outer tube were at the constraints
(P2.2.2) and (P2.2.3). The found number of LEDs was high and reactor length was short for
those cases. The other type of solution corresponds to a longer reactor, lower number of
LEDs and an inner and outer radius that is not constrained and has a higher objective
function value. Similar as for optimization (P2.1), in optimization (P2.2) the results from the
NLP and MINLP method correspond well to each other (Table 2.3). Therefore, solving the
relaxed optimization problem only by treating the number of LEDs as a continuous variable is
justified based on our tested cases, which simplifies the optimization.

To further investigate the differences between the solutions found, the irradiance distribution
within the reactor is analysed in more detail for three cases. The reaction kinetics is coupled to
the irradiance distribution from the light source on the catalyst surface as described by equation
(2.8). Figure 2.3 illustrates the irradiance on the catalyst surface in the first part of the reactor
for three different solutions from Table 2.4. One solution corresponds to a case with a longer
reactor length (4.20 m) and a smaller number of LEDs (96). Another solution corresponds to a
case with a shorter reactor length (3.12 m) and a higher number of LEDs (134). The last case
corresponds to an intermediate reactor length (3.50 m) and intermediate number of LEDs (123),
which gives the lowest value of the objective function among the initial guesses that were tested.

Table 2.4 Average irradiance, standard deviation and residence time for three selected solutions of
optimization problem (P2.2).

N L 7 72 E mean Residence time Cost
[-] [m] [m] [m] [W m~] [s] [$ mol]
96 42 0.0205 0.023 2.58 85.1 846
134 3.12 0.016 0.018 7.04 49.9 795
123 3.5 0.016 0.018 5.77 56 789
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Figure 2.3 Irradiance patterns of different optimum design variables: a) N=96, L=4.2 m, =0.0205
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In a shorter reactor with higher number of LEDs (Figure 2.3(b)), the irradiance pattern is
affected more by overlapping light between neighbouring LEDs resulting in a more uniform
irradiance distribution with higher peak values. Furthermore, the smaller value for the outer
radius generates a more intense field since irradiance is inversely proportional to the square of
the distance from the light source to the catalyst surface. In addition, the smaller the distance
between the catalyst surface and the light source is, the more of a non-uniform irradiance pattern
is created on the catalyst surface area. The combined effect is the reason why the irradiance in
Figure 2.3(b) is the highest. Non-uniformity depends on both the LED-to-LED distance and
distance of catalyst surface from the light source. A larger LED-to-LED distance and a shorter
distance of the catalyst from the light source each result in a more non-uniform irradiance
distribution. The mean value of an irradiance pattern directly influences the reaction rate at the
catalyst surface. Residence time is another factor that affects conversion, which is proportional
to the reactor volume. Therefore, both reactor length and dimensions of the concentric tubes
impact conversion. Finally, the distance between the middle and outer tube will influence the
mass transfer of reactant to the catalyst surface through diffusion, which is another factor with
an impact on conversion. In general, this complicated interplay between all those factors in
LED-based photocatalytic reactors makes its design not trivial and warrants the use of
mathematical optimization techniques to find optimal trade-offs. It is possible that the different
solutions found for optimization correspond to different trade-offs that are optimal locally,
which could explain the dependency of the final solution on the initial guess.

The average irradiance and residence time for the three selected solutions are shown in Table
2.4 as well. It is clear that a uniform light distribution is not achieved for the optimal solutions
(Figure 2.3). A more uniform distribution would need either more LEDs or a larger outer radius,
which means increased costs for our studied case. Therefore, optimization involves a trade-off
between the residence time, mass transfer limitations and average irradiance.

In general, the photocatalytic reaction rate increases linearly for lower irradiance levels since
the consumption of generated electrons-hole pairs by the chemical reaction is faster than their
recombination. However, upon a further increase in irradiance, the rate of electron-hole
recombination becomes significant and may surpass the consumption by the chemical reaction
[36]. Although the recombination of electron-hole pairs is included empirically in our kinetic
model, it seems that for the optimal solutions the reaction rate corresponds to the linear regime
with respect to the irradiance [34]. Therefore, there is no penalty for a highly non-uniform light
distribution and the mean intensity of the irradiance is the key property that is driving our
optimization results. Experimental validation is important to further strengthen that conclusion.
Therefore, a LED-based photocatalytic reactor set-up has been developed in our laboratory,
facilitating the future validation of the radiative model of the reactor that is presented in Chapter
3.

In optimization problem (P2.3), the optimal position of LEDs was found to achieve a desired
concentration profile. A comparison between the simulated and the desired concentration
profile after optimization is illustrated in Figure 2.4, which shows a close correspondence
between both profiles. An optimum number of 111 LEDs was found with distribution as
illustrated in Figure 2.5. Although this particular profile is chosen arbitrarily, this optimization
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illustrates the capability of LED-based photocatalytic reactors to control the reaction rate as a
function of the reactor length. However, engineering of the photon distribution within solar- or
lamp-based photocatalytic reactors is difficult to achieve. This feature of LED-based
photocatalytic reactors facilitates controlling the process for example by using a sensor
measuring the concentrations within the reactor.

4.5
4 4
3.5 1
3
2.5 1
2
1.5 7 - cdes
1 4
0.5 ~

0 .
0 0.5 1

C x10-3 I mol m3

normalized reactor length

Figure 2.4 Desired and simulated concentration profile along the reactor obtained from solving
optimization problem (P2.3).

T T T T
0 0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1
dimentionless position of LEDs

Figure 2.5 The optimized positions of 111 LEDs to reach the desired concentration profile obtained
from solving optimization problem (P2.3).

2.4 Conclusions

The mathematical optimization of a LED-based photocatalytic reactor involving both decision
variables related to reactor dimensions and light sources is presented. Two types of optimization
problems were solved successfully. First, an economic objective function involving equipment
and operational costs was minimized. Simultaneous optimization of the length, radiuses of
concentric tubes and number of LEDs for an annular LED-based photocatalytic reactor was
successfully achieved for the case of toluene degradation. The results suggest that different
local minima exist. Therefore, to obtain the design with the lowest cost, a multi-start
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optimization method, using several initial guesses, is recommended. The full optimization
problem involved both integer variables (number of LEDs) and continuous variables (length,
diameters) with a highly non-linear model, which is challenging to solve. However, when
implementing the number of LEDs as a continuous variable and using an NLP solver, the same
solution was found compared to solving the full optimization problem with a dedicated MINLP
solver. The optimal irradiance profile on the catalyst surface is found to be non-uniform, which
is influenced by a low rate of recombination of electron-hole pairs in the assumed kinetic model.
Creating a non-uniform irradiance profile turned out to be economically more favorable
compared to a design with a more uniform light distribution on the catalyst surface when taking
into account the investment and operational costs of the studied case.

Second, we studied the optimization of the required number and position of LEDs for obtaining
a selected concentration profile in the reactor. An optimal number of 111 LEDs with optimal
positions to reach a desired concentration profile within the reactor was found. This method is
a basic illustration how LEDs can be placed flexibly within a photocatalytic reactor to
manipulate reaction rates locally, which could potentially be used to obtain a desired selectivity
when detailed kinetics are known. Further study, focusing on the experimental validation of the
proposed approach and the optimization results, is required to support the conclusions.
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Appendix 2A: Velocity profile in section 2.2.1.1

To find the velocity profile in the annulus, the continuity and momentum balance equations
need to be evaluated. Assuming one-dimensional flow, the continuity equation is simplified to:

su_,
oz
u=u,=0 (2A.1) ~
T/lz =Uu "s
Assuming a linear pressure drop over the length of the reactor, the momentum balance %
in cylindrical coordinates is: 5

1 i r @ _p (2A.2)
o s L '
The boundary conditions are:
u(r)=0 (2A.3)
u(ry)=0 (2A. 4)
Integrating equation (2A.2) and by considering the boundary conditions, the velocity profile is:

A
u:—pr2+c1 Inr+c, (2A.5)
4ul
Ap(r) =1’
¢ = M (2A.6)
4uLln [sz
Ul
v —r’)nr
=2 rf—(z )in, QA7)
4ul (rzj
In| =
h

The volumetric flow rate, O can be defined as:

O = [uda= Tuandr : (2A.8)
A

i

Substituting equation (2A.5,) (2A.6), (2.A7) in equation. (2A.8), and integrating equation
(2A.8), the volumetric flow rate can be defined by:

2\2 ]

:M _1+(£] +#
ln(rz]

h

SulL
Finally, by substituting equation (2A.6), (2A.7) and (2A.9) in equation (2A.5,) the velocity
profile is described by:

0 (2A.9)
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Appendix 2B: Radiation field model in section 2.2.1.2
2B.1 Radiation field model derivation

2B.1 Radiation field model derivation

Integrated modeling of a photocatalytic reactor requires an emission model for the light sources.
The irradiance of a single LED at any point on a surface is described as follows [1]:

E:? (2B.1)

where E is the irradiance (W m) of a single LED , d is the distance from the LED to the
catalytic surface (m). / is the light intensity (W sr’!), which is a function of the viewing angle,
O (degree) as follows [1]:

I (9) =1 cos" (9 ) (2B.2)

where Iy is the light intensity at a viewing angle of zero, and m is a parameter that depends on
the LED packaging, which is typically determined experimentally.

Regarding equation (2B.1), to model the radition field, it is needed to calculate the distance of
a LED from a point on the catalyst surface and also the viewing angle from the point. Regarding

the reactor geometery, it is assumed that the /" LED is positioned at (r,,¢,,.z,,)and an

arbitarary point on the catalyst surface is descibed by P(Vz,(p,Z ) in cylindrical coordinates. In

order to to calculate the distance of a LED from point P, the cylindrical coordinates are
converted into cartesian coordinates.
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Figure 2B.1. Coordinate system for a single LED and an arbitrary point (P) on the catalytic surface.
In cartesian coordinates, the LED and P positions are desribed by(r0 COS Py ;» 7, SIN QY ZO)[) and
(r2 Cos @, 7, sin gp,z) . Therfore, the distance of a LED to a point P is equal to the norm of the
vector d = (r,cos@p —r,cosg, ., sing-rsing ,z-z, ) that connects the LED position to (see

Figure 2B.1):

Hc?” = \/rzz +r=2r,r cos(<p - qao’i) +(z-2z,,) (2B.3)

We also need to calculate the viewing angle, which is an angle between
ﬁLED =(cos Dy sin Dy i 0),
a normal vector of LED, and the vector that connects the LED position to P, .

From the dot product of the two vectors, the viewing angle can be found:

h LED

Ay d =|d|

7] Hcos@ (2B.4)

rzcos((p;%o)_”o (2B.5)

cosf=

Substituting equation (2B. 2), d and cos@ into equation. (2B.1) and using cylindrical
coordinates, the irradiance of a single LED on a point on the catalyst surface in the modelled
tubular reactor can be found as follows:

E(r.p.2)= I, (1 cos(o-0,) 1) 86
(r; +rl=2rr, cos(qp— ¢)O’i)+ (z—zo’i)z)T
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where (70, @o, zo) and (r2, @, z) refer to the coordinates of a LED and a point on the catalyst
surface, respectively (see Figure 2B.1).

In order to calculate the effective photon absorption, the radiation contribution from each LED
should be taken into account. Thus, the total radiation flux at any point on the catalyst surface
is given by:

N

E(rz,(o,z) =Y E, (2B.7)

i=1
where E; is the irradiance of i LED and N is the total number of LEDs.

Assuming that all LEDs have the same emission characteristics, the total irradiance on the
catalyst surface can be found by combining equation (2B.6) and equation (2B.7):

E(FZ,(D,Z):ﬁ: Io(rzcos<¢_¢i,o)_r0)m

i=l [ 2 2 2\ 2
(1’2 th _2’3’5008(¢_¢i,0)+(2_20,i) )

(2B.8)

m+2

For simplicity, it is assumed that there is no irradiance gradient in angular direction. Therefore,
equation (2B.8) can be simplified as follows:

] _ m
E(lfz,z):i 0 (2B.9)
i=1

2B.2 Validation of the radiation field model
2B.2.1 Radiation field model validation for a single LED

In order to validate the radiation field model of a single LED (equation (2B. 2), the actual UV
output of a LED (Nichia Co., model NSSU100C, Japan) was determined using a so-called
goniometric method at a forward current of 20 mA using a dedicated experimental set-up
(Figure 2B.2). This method has also been used successfully to evaluate the emission model of
a conventional lamp [2]. The method comprises a series of intensity measurements along an arc
with fixed radius from the centre of the LED. The light intensity W st™! of a LED was measured
at different angles using a calibrated spectroradiometer (Avaspec-ULS2048) at constant
electrical current of 20 mA. The UV-LEDs used for this study have a central wavelength of 365
nm and irradiance angle of 110 degrees. The model parameters were estimated using a non-
linear regression method (Table 2B.1). In Figure 2B.2, the irradiance profiles as predicted by
the model are compared with the experimental data. The results demonstrate that the proposed
model is well capable of describing the experiments.
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Table 2B.1. Values for radiation field model parameters equation (2B. 2) fitted from experimental
data.

Io[Wsr'] 1910E-6

m[-] 1.54

= 5

Figure 2B.2. a) Front view and b) top view of the experimental setup used to validate the radiation
field model of a single LED by goniometric method.

W experimental
—#=model prediction
08 -

0.6
04 4

0.2

normalized irradiance

400 80 60 40 20 0 20 40 60 80 100
viewing angle/ °
Figure 2B.2. Comparison of the measured and modelled irradiance of a single LED.

2B.2.2 Radiation field model validation for the LED assembly

In order to validate the radiation model from the LEDs configuration, a LED assembly was
made in our laboratory. The individual LEDs were mounted into an array of 41 (in
lateral direction) x 6 (in angular direction), forming a LED assembly including 246 LEDs in
total (see Figure 2B.3 (a)). Also, a photocatalytic reactor that consists of a reactor shell of 0.6
m in length and with a 0.025 m inner radius was made. The catalyst was coated on the inner
wall of the reactor shell. Therefore, to measure the irradiance on the catalytic surface, a tube
with several holes at different lengths and angles was used (see Figure 2B.3 (b)) . The tube
had the same dimensions as the reactor shell. The LED assembly was placed inside the tube
to resemble the radiation on the catalyst surface. Afterwards, the spectroradiometer probe
was inserted in the holes to measure the flux of irradiated photons on the catalytic surface at
different lengths and angles. Figure 2B.4 and 2B.5 compare the irradiance obtained from the
model and experimental measurement for different viewing angles and different reactor
lengths. The experimental results confirm the capability of the radiation field model
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to predict the flux of received photons on the catalytic surface.

¢ P_dey)

Figure 2B.3. (a) LED assembly (b) the tube with the exact size of the reactor shell and the holes for
irradiance measurement
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Figure 2B.4. Comparison of the modelled and measured irradiance at different viewing angles and at
the same lengths (32.5 cm) for the LED assembly
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Figure 2B.5 Comparison of the modelled and measured irradiance at different lengths and at the same
viewing angle (0°) for the LED assembly
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Chapter 3.  Design, Characterization and
Model Validation of a LED-Based
Photocatalytic Reactor for Gas Phase
Applications

The design and operation of reactors for photocatalytic degradation of organic pollutants
remains challenging due to the complex interplay of photon, mass, and heat transfer. An
integrated process model including a radiation field, reaction kinetics, and material balances of
an annular LED-based photocatalytic reactor for photocatalytic degradation of toluene is
validated using experimental data from a mini-pilot plant. A particular emphasis is on the effect
of water on reaction kinetics, toluene conversion, mineralization, and catalyst deactivation,
which is currently not well understood. The results from parameter estimation demonstrate that
a competitive reaction rate model describes the experimental data with varying water
concentration best. Furthermore, experimental trends demonstrate that toluene conversion is
highest at low water concentrations, however mineralization and catalyst lifetime are enhanced
by the presence of water. The validation of the integrated process model and understanding of
the role of water allow for improved design and operation of future photocatalytic reactors.

Published as: F. Khodadadian, M.W. de Boer, A. Poursaeidesfahani, J.R. van Ommen, A.I
Stankiewicz, R. Lakerveld, Design, characterization and model validation of a LED-based
photocatalytic reactor for gas phase applications, Chem. Eng. J. 333 (2018) 456-466.
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3.1 Introduction

Heterogeneous photocatalysis has great potential for many applications involving either a liquid
or a gas phase [1-5]. Photocatalysis uses a semiconductor, often TiO», to generate catalytic
active sites by absorbing photons that are typically in the UV range. Recently, much attention
has been paid to the capability of this technology for remediation of water and air because of
its ability to degrade a broad range of organic pollutants at very low concentrations [6-9].
However, photocatalysis still lacks broad industrial adoption due its low overall efficiency
despite its promising applications and intensive research during the last decades.

The main challenges to improve the efficiency of photocatalytic processes include the
development of more efficient photocatalysts as well as the design of efficient photocatalytic
reactors. The latter is complicated by the lack of knowledge on kinetic reaction mechanisms
and by the need to optimize mass, heat, and photon transfer simultaneously [10, 11]. Especially,
if artificial light sources are used, an efficient utilization of photons within the reactor is of great
importance to lower operational costs while still achieving optimal illumination of the catalyst.
Furthermore, efficient mass transfer of reactants and products is required. Therefore, the scale-
up and efficient operation of photocatalytic reactors remains challenging, which may hinder
commercial development [10].

Mathematical models based on first principles can be efficient tools for design, scale-up and
optimization studies since process models provide an understanding about optimal performance
and limitations of a process. For photocatalytic processes, such models should include mass,
momentum and radiation balances coupled via reaction kinetics. Several studies have been
dedicated to modeling of photocatalytic systems for different applications [12-19]. Tomasic et
al. [13] compared one (1-D) and two-dimensional (2-D) models of a continuous annular
photocatalytic reactor for toluene degradation in air, where TiO, was coated on the inner wall
of the reactor shell and illuminated internally by a fluorescent backlight blue lamp. They
concluded that a 2-D model is superior to a 1-D model when comparing experiments to
simulations. Lopes et al. [14] modelled a continuous tubular photocatalytic reactor, under
simulated solar irradiation assuming a uniform light distribution on the catalytic surface, for
degradation of perchloroethylene over TiO: in the gas phase by solving mass and momentum
balances. They combined the mathematical model with different reaction rate expressions and
fitted to the experimental results from a lab-scale set-up to find the mechanism that described
the reaction best. In general, the irradiance over the catalyst surface might not be uniform
leading to differences in local reaction rates. Therefore, a radiation field model predicting the
local photon flux within the reactor is important to improve models of photocatalytic processes
[15, 18]. Hossain et al. [17] developed a three-dimensional model for a pilot-plant monolith
photocatalytic reactor, which was illuminated from the front and backsides by low pressure
mercury lamps. The model included mass, momentum and radiation balances and was validated
experimentally for degradation of formaldehyde and toluene. A monolith reactor provides a
large catalytic surface area; however, the photon utilization within such a reactor can be poor.
In order to provide a bigger catalytic surface area and more efficient photon utilization,
Imoberdorf et al. [16] proposed a multi-annular photocatalytic reactor, where TiO; is coated on
the reactor walls. They studied models and experiments of the reactor for perchloroethylene

62



Design, Characterization and Model Validation of a LED-Based Photocatalytic Reactor for Gas
Phase Applications

photocatalytic degradation in air. A tubular UV lamp was placed at the center of the reactor and
the lamp emission profile was modelled and coupled to intrinsic reaction rates to close material
balances and a momentum balance. The experimental data corresponded well to the model. In
another study, Batista et al. [19] modelled the performance of a non-steady state annular
photocatalytic reactor, illuminated externally by four cylindrical daylight fluorescent lamps.
The model was validated by experimental results for toluene degradation over CeO»-TiO».
Experimental results confirmed the results from the model.

Conventional lamps, which are frequently applied for photocatalysis studies, are normally rigid
cylindrical lamps constraining the reactor design due to their fixed shape and size. In addition,
they exhibit a relatively short life span, high toxicity, risk for gas leakage and disposal issues,
and a relatively high-energy consumption and heat production [20]. When using artificial light
sources, the operational costs of a photocatalytic process are mainly determined by photon
generation. Therefore, an inefficient photon generation and utilization within a reactor may
limit economic viability. Alternatively, Light emitting diodes (LEDs) are feasible light sources
for TiO; assisted-photocatalytic applications [21, 22]. Compared to conventional lamps, LEDs
are more robust, energy efficient, cheap, non-toxic, long-lasting and compact. Moreover, cost
might be favoured by a non-uniform illumination, which cannot be achieved easily with a
conventional lamp [23]. Finally, LEDs are small, which offers flexibility for design and,
therefore, require a systematic design approach when used in photocatalytic reactors.

Modeling of a LED-based photocatalytic reactor including an emission model for LEDs to
derive the local rate of photon absorption is important for design and optimization, but only few
studies exist on this topic. Wang et al. [24] modelled an externally illuminated flat plate
photocatalytic reactor for degradation of dimethyl sulphide. A flat array of 3x9 LEDs, whose
dimension matched the TiO> catalytic plate inside the reactor, was chosen as the light source in
this study. A LED emission model was coupled with reaction kinetics and computational fluid
dynamics (CFD) to model the degradation of dimethyl sulphide in air, which showed good
agreement with experiments. Most of the experimental studies on modeling and validation of
photocatalytic processes have been done using lab-scale photocatalytic reactors. However,
considering the complicated scale dependency of photon and mass transfer within
photocatalytic reactors, studies on the modeling and experimental validation of larger scale
LED-based photocatalytic reactors are also needed.

The objective of this chapter is to validate experimentally an integrated process model of a
LED-based photocatalytic reactor on a mini-pilot plant scale. An experimental setup involving
an internally illuminated annular LED-based photocatalytic reactor was designed and
constructed for the current model validation study using the photocatalytic degradation of
toluene, a typical indoor air pollutant, in the gas phase as model system. Toluene is one of the
most common indoor pollutants, which has recently raised many concerns regarding human
health [4, 25-27]. The process model has been described and optimized in earlier work [23] and
includes mass transfer, reaction kinetics, and a LED emission model. The mass transfer model
and radiation field model allow for local concentrations of chemical species and photon
absorption to be calculated when kinetics of toluene degradation are fully understood. In
addition to toluene and oxygen, water will likely be part of the feed mixture of any practical
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system. However, although the role of water in degradation of toluene has been investigated
extensively [28-35], water remains a controversial subject of debate. Some studies showed that
in the absence of water, no photocatalytic degradation of toluene occurs [30-34], while other
studies proposed only a minor role of hydroxyl radicals originated from water in the
photocatalytic degradation of toluene [28, 29, 35]. The effect of water on the process behaviour
of a LED-based photocatalytic reactor needs to be fully understood to develop reliable process
models for engineering purposes such as design, control, and optimization. Therefore, this study
aims to improve the prediction of the effect of water by operating the system at different relative
humidity and fitting various kinetics models to the data from the new mini-pilot plant.
Furthermore, a focus will be on the experimental trends regarding conversion and full
mineralization of toluene and catalyst deactivation as function of water content. Catalyst
deactivation has been reported frequently in related studies at high toluene concentrations [30,
36]. Finally, the effect of other variables such as toluene inlet concentration, residence time,
and irradiance will be investigated to better understand process trends and to create a data set
that is sufficiently rich for parameter estimation and validation of the integrated process model.

3.2 Materials and methods

3.2.1 Catalysts preparation and characterization

TiO, was used to prepare a catalytic film on a stainless steel sheet of 0.1 mm thickness as
support following the method proposed by Lee et al. [37]. Before coating, the rectangle sheet
of 0.157 m width (the sheet width matches with the perimeter of a circle of 0.05 m diameter)
and 0.6 m length was washed with ethanol and dried at 80 C for 15 minutes. 1.2 g of TiO»
powder (P25 by Evonik; particle size of 21-30 nm; BET surface area of 50 m? g'!) was mixed
with 0.4 g of acetyl acetone (Sigma-Aldrich). The mixture was added to a solution of 6.0 ml of
deionized water and 0.24 g of polyethylene oxide (M.W. 1000, Sigma-Aldrich) and 0.24 g of
polyethylene glycol (M.W. 8000, Sigma-Aldrich). Subsequently, the obtained paste was
sonicated for 8 hours and coated uniformly on the stainless steel sheet by a doctor blade method.
The sheet coated with catalyst was annealed with air at 550 “C for 4 hours. Finally, the catalytic
sheet was rolled to form a cylinder and was placed on the inner wall of the reactor shell.

The phase change between the anatase and rutile crystal form of TiO> after annealing at 550 C
was investigated by X-ray diffraction (XRD) analysis (see Figure 3A.1 in Appendix 3A). The
used TiO; is a combination of anatase (=80%) and rutile (=20%). The photocatalytic activity of
anatase is superior to rutile [38]. It is well known that at high temperatures the anatase phase of
TiO2 converts to the rutile phase. Different temperatures have been reported for this transition
[39]. Our XRD analysis showed that the anatase to rutile transition for P25 was negligible and
reached only around 3% after being heated to 550 C. The catalyst film thickness was measured
by a profilometer (Dektak 8 Profiler, Veeco GmbH) at several locations on the catalytic sheet,
which was found to be 25 £ 6 um.

The fraction of photons reflected by the catalytic film was measured as function of wavelength
using a spectroradiometer equipped with an integrating-sphere attachment (Perkin Elmer
Lambda 900) with 150 mm integrating sphere. Figure 3.1 shows the fraction of light reflected
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at different wavelengths of light. For the dominant wavelength used in this study (365 nm), the
fraction of light reflected is 25%. Considering that there is no transmission of light in our
catalytic system, the fraction of light absorbed is about 75%.

The fraction of light transmitted through the catalytic film and substrate material is assumed to
be zero, because of the optically thick catalytic film and chosen substrate material [40]. Taking
into account the closed and tubular reactor configuration and the possibility of re-absorption of
reflected photons, any loss of photons due to reflection and subsequent absorption by any
material other than the photocatalyst has been neglected when modeling the photocatalytic
reactor. Therefore, any kinetic effects of photon reflection will be taken into account indirectly
when fitting model parameters of reaction kinetics. In addition, the fraction of absorbed photons
depends on the photon wavelength as depicted in Figure 3.1. Therefore, for a polychromatic
field, the monochromatic rate of photon absorption in the reaction kinetics is calculated by
integration of photon absorption rates for different photon wavelengths over the catalytic
surface. However, in this study due to the very narrow spectra of LEDs, the rate of photon
absorption is approximated as a monochromatic radiation source of 365 nm wavelength.
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Figure 3.1 Fraction of photons reflected by the catalytic sheet versus emitted photons wavelength

3.2.2 Experimental set-up and method

A mini-pilot plant experimental set-up (Figure 3.2) was designed and constructed. The set-up
1s composed of three main parts: a feed preparation system, a tubular LED-based photocatalytic
reactor and a product sampling and analysis system.

The carrier gas in this study is a mixture representing air with N2 (78%) and Oz (22%). The
reactor feed is generated by mixing three gas streams: a stream of carrier gas containing toluene,
a humid stream of carrier gas with water vapor and a stream of carrier gas for dilution. Liquid
toluene is used to generate toluene vapour in the carrier gas. First, regulated flows of pure N»
and O are mixed via two mass flow controllers (MFC) (F-201CV-1K0-RAD, Bronkhorst, the
Netherlands) at a desired ratio to generate the carrier gas. The liquid toluene (anhydrous 99.8%,
Sigma-Aldrich) is pressurized by helium in a stainless steel vessel of which the outlet flow is
controlled by the MFC. The liquid toluene and the carrier gas flow into a Controlled Evaporator
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Mixer (E-7110-04-33-01-RAA, Bronkhorst, the Netherlands) where toluene is heated,
vaporized and mixed with the carrier gas. A similar Controlled Evaporator Mixer system is used
to obtain carrier gas humidified with water. The two carrier gas streams (toluene feed and
humidified carrier gas) are mixed and further diluted with a third feed stream of carrier gas to
provide the reactor feed of desired toluene concentration and relative humidity. Consequently,
the initial toluene concentration and relative humidity of the resulting mixture can be varied
in the range of 20-85 ppmv and 0-70%, respectively, before entering the reactor. The relative
humidity of the feed is monitored at the reactor inlet and outlet using on-line thermohygrometer
(model HC2-IE102, Rotronic). The photocatalytic degradation of toluene at the surface of a
Ti0; film is known to be more effective at room temperature rather than at elevated temperature
[41]. Therefore, all experiments were performed at 30 C. The reactor shell has a jacket through
which water of 30 C flows to keep the reactor temperature at this desired value. Furthermore,
all of the conduits are made of stainless steel and are heat traced to keep the gas flow at 30 C.

The standard configuration of the LED-based photocatalytic reactor consists of three concentric
cylinders of the same length. The used UV-LEDs (NSSUI100CT, Nichia, Japan) have a
maximum spectral intensity at 365 nm and 10 nm half height width and a directivity of 55" at
50% of irradiance. 246 LEDs are mounted evenly on the inner cylinder and distributed in such
a way that they provide almost a uniform illumination pattern on the catalytic surface [23]. The
irradiance emitted by the LEDs can be manipulated using current-control mode since irradiance
of LEDs is linearly proportional to the applied current. Depending on the applied current, the
power consumption of LEDs varied from 0.81 to 3.6 W in this study. The photon flux from the
LEDs received by the catalytic film is measured by a calibrated spectroradiometer (Avaspec-
ULS2048). The LEDs are separated from the reacting medium by a quartz cylinder in the
middle, which is transparent to UV radiation. The outer cylinder is made of stainless steel and
is used as the reactor shell to support the catalyst film. The catalytic sheet is placed on the inner
wall of the reactor shell. A flow distributor with several small orifices is used at the reactor inlet
to achieve a fully developed velocity profile at the cross section of the reactor. The system is
characterized in terms of toluene conversion, mineralization, and catalyst deactivation for
different reactor lengths and operational variables including toluene inlet concentration, relative
humidity, volumetric flow rate and irradiance. The experimental details including reactor
geometry and operational conditions are summarized in Table 3.1. Every experiment in this
study has been repeated at least once. The uncertainty of the experimental results has been
reported as the 90% confidence interval.

A back pressure controller (P-702CV-6K0A-RAD, Bronkhorst, the Netherlands) keeps the
reactor pressure at slightly above ambient pressure (1.09 bar) and the pressure of the system is
measured using a pressure meter (P-502C-6K0A-RAD, Bronkhorst, the Netherlands) located
before the reactor inlet. A part of the reactor effluent flows into an on-line Gas Chromatograph
(GC) (GC-7890B, Agilent Technologies) with a constant flow rate, which is measured with a
mass flow controller (F-201CV-1K0-RAD, Bronkhorst, the Netherlands). The remaining part
of the reactor effluent flows into a vent. The GC is equipped with a methane convertor, two
Flame lonization Detectors (FID, one for hydrocarbons and another one for CO2 concentrations
lower than 50 ppmv detection) and two Thermal Conductivity Detectors (TCD, one for N> and
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0O; and another one for CO; detection). Gasses such as CO and CO are separated with
PPQ/Molseive columns. After the chromatographic separation has taken place, CO and CO»
are converted to CH4 using hydrogen on a nickel catalyst and measured as CH4 with the FID
detector. The advantage of using the FID detector is the much higher sensitivity and stability of
FID compared to TCD. Although the GC configuration used in this study was designed and
calibrated to detect a wide range of by-products from photocatalytic degradation of toluene such
as benzaldehyde and benzoic acid, no by-product was detected in the reactor effluent gas.
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Figure 3.2(a) Schematic diagram of experimental set-up; (b) schematic representation of the cross-
sectional side view of the LED-photocatalytic reactor, and (c) schematic representation of the cross-
sectional view of the LED-photocatalytic reactor.

Before starting a catalytic test, the reactor feed is injected into the GC via a bypass line to
analyse the feed composition. Subsequently, the reactor is purged for 2 hours with feed without
illumination to reach the equilibrium state. Finally, the illumination is started and the
concentrations of the various species in the reactor effluent are measured every 20 minutes. All
the experimental data are obtained using the same catalytic film to prevent any bias resulting
from differences in catalyst surface and thickness. However, due to catalyst deactivation, the

catalyst was regenerated rigorously before conducting a new experiment.

To investigate the catalyst deactivation, experiments are carried out for a period of 240 minutes.
It has been reported that O> molecules are necessary for faster catalyst regeneration since the
humidified N; stream cannot efficiently regenerate the catalyst activity [42]. Therefore, before
every experiment, the photocatalyst is regenerated by using an 800 ml min™! humidified air
(55% RH) stream with 13 W m™ of UV irradiance for 8 hours. Only the first 30 minutes of
every experiment have been considered to determine the steady state, because the catalyst
activity decreased over longer periods for some experiments. Catalyst deactivation is not
included in the steady-state process model described in the next section.
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Table 3.1 Reactor dimensions and operating conditions

Photocatalytic reactor geometry

L reactor length [m] 0.12-0.6
70 LEDs tube radius [m] 0.008

71 quartz tube radius [m] 0.02

72 reactor shell radius [m] 0.025

Operation conditions

Relative Toluene inlet

E():p eriment Humidity (RH) (ga[‘\i)?if_i] concentration VOl(lgI)le[trI;f rﬂﬁl“; ]rate
' %o (Cuin) [ppmv]
#1 40 13 19 1250
#2 40 13 30 1250
#3 40 13 42 1250
#4 40 13 52 1250
#5 40 13 70 1250
#6 40 13 80 1250
#7 40 13 42 500
#8 40 13 42 800
#9 40 13 42 1000
#10 40 13 42 1500
#11 0 13 42 800
#12 10 13 42 800
#13 25 13 42 800
#14 55 13 42 800
#15 70 13 42 800
#16 40 3 42 800
#17 40 5 42 800
#18 40 7 42 800
#19 40 9 42 800
#20 40 11 42 800

3.2.3 Reactor modeling and validation

The reactor model is based on material, momentum and radiation balance equations. The
internal mass transfer within the catalytic film has been neglected since the catalyst film is thin
and non-porous. Biard et al. [43] found that the internal mass transfer is negligible for a similar
system as used in this study, which justifies our assumption. The model used in this chapter and
its assumptions have been described in detail in Chapter 2; however, it has been extended in the
present chapter to consider different effects of water on the reaction kinetics.

The Langmuir-Hinshelwood (L-H) mechanism has been widely applied to describe the reaction
rate at the initial step of photocatalytic reaction [6, 44, 45] including the photocatalytic
degradation rate of toluene [31, 46]. Since the by-products and intermediates are normally
formed in trace amounts and could not be detected at the reactor outlet during our experimental
tests despite the used GC configuration that was calibrated to detect typical by-products from
toluene degradation, their effects on the reaction rate are ignored:

Roc @ (3.1)
where 6; is the toluene coverage on the catalytic surface.
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A photocatalytic reaction rate can often be described by a power law in association with the
rate of photon absorption [47]. The details of the radiation field model of an array of LEDs are
given in Appendix 2B. Furthermore; the radiation field model has been validated for the reactor
used here in Chapter 2. The reaction rate is proportional to irradiance:

R o E (3.2)

where the exponent y has a value between 1 and 0, which can typically be estimated using non-
linear data fitting. At low irradiance, the reaction rate is proportional to irradiance since the
limiting step is electron-hole generation. When further increasing the irradiance, the electron-
hole generation rate surpasses the reactant consumption rate, stimulating charge recombination
processes, which causes a transition from a first order to a square root dependency with respect
to irradiance. Finally, at the light-saturated regime, the reaction rate becomes independent of
irradiance since the reaction is limited by mass transfer [7, 48, 49].

In several studies, photocatalytic degradation of toluene has been described successfully by a
simple uni-molecular L-H, considering only toluene adsorption on the catalytic surface [13, 28,
31, 46, 501:

KC

R=-E"k——— (3.3)
1+ KC,

where k and K are the rate constant and adsorption equilibrium constant, respectively. C; is
toluene concentrations on the catalyst surface. However, it may be needed to include the effect
of water concentration in the reaction rate expression [32]. Humidity can play a significant role
in a photocatalytic oxidation mechanism via transformation of water into hydroxyl radicals on
the catalyst surface, which are highly reactive oxidants. In addition, water can also supress
electron-hole recombination [31]. On the other hand, the surface of TiO: is hydrophilic, which
results in competitive adsorption between the reactants and water on the catalytic sites [29].
Consequently, increasing the water content may decrease toluene adsorption on TiO: active
sites, affecting toluene coverage on the catalytic surface and, therefore, reaction rate. To better
predict the effect of water on the process behavior, a competitive bi-molecular L-H reaction
rate model, described by

KtCt
1+K,C, +K,C,

R=-E"k (3.4)

is investigated as an alternative to simple L-H kinetics described by equation (3.3). In
equation (3.4), K; and Ky are the toluene and water adsorption equilibrium constant and Cy
is the water concentration. Four series of experiments are conducted at identical operating
conditions except for the toluene and water inlet concentrations, irradiances and volumetric
flow rates (see Table 3.1) to compare the performance of both models for reaction kinetics
within the overall process model when describing the experimental data.
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When neglecting any volume changes for different toluene concentrations that have low values
in this study, the average concentration of toluene (Ciou,mod) at the reactor outlet and toluene
conversion (X) are given by:

J.Ct (r, Lyu(ryrdr
Ct,out,mod = 7 (35)
J. u(ryrdr
X :1 t ,out

(3.6)

where L is the reactor length and 7 and r; are the inner and outer annulus radius. Ciin and Ci,out
are toluene concentrations at the reactor inlet and outlet. Toluene mineralization is defined as
the ratio of toluene moles converted to form CO; to the total moles of toluene converted
(complete oxidization of 1 mole toluene results in the formation of 7 moles of CO,), and
described as follows [28]:

1 molegy g,
mineralization = — €0y formed (3.7)
7 mole

toluene, converted

The reactor model is solved using Matlab R2014b. An optimization algorithm is used for fitting
the model parameters to experimental data by minimizing the following error function:

2

M
e1=3(C, (D = C s ) (3.8)

where M is the number of data points obtained from multiple identical experiments and
Croutexp and Cioumod are the toluene outlet concentrations from the experiments and the
model, respectively.

The differential equation (2.2) is solved via discretization along the axial and radial directions
using finite difference approximations. In particular, a first-order upwind scheme is used to
produce Nr X NL algebraic equation (where Nr is the number of grid points in the radial
direction and Npis the number of grid points in the axial direction), which are solved
simultaneously.
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3.3 Results and Discussion

3.3.1 Model validation and parameter estimation

3.3.1.1 Mass transfer limitations

A number of experiments were conducted to study any mass transfer limitation in the reactor.
Changing the volumetric feed flow rate will change both the residence time as well as the flow
conditions inside the reactor when reactor length is constant. Therefore, for a fair comparison,
a series of experiments were conducted at different volumetric flow rates, but with the same
residence time, toluene inlet concentration, irradiance and RH. To be able to keep the residence
time constant at different flow rates, the modular design of the reactor was used by controlling
the illumination in each of the 5 identical modules of 0.12 m in length independently.
Considering the fact that there is no photocatalytic reaction at darkness, it is possible to vary
the reaction length by either switching on or off the LED arrays in each module. In this study,
the illumination edge effect on the adjacent dark module was neglected due to the high aspect
ratio of the studied system. The results show that the volumetric flow rate has no significant
influence on the toluene conversion at different volumetric flow rates (Figure 3.3). Therefore,
it can be concluded that at least under the operating conditions applied in this study, mass
transfer limitations are small compared to limitations in reaction rate. In case volumetric flow
rates would become much higher compared to the values applied in this study, our assumption
of a fully developed laminar flow would be violated. In such case, a film model should be used
to describe the mass transfer in the system.

0.9 -
0.8 -
0.7 1
0.6 -
0.5 1

e I
0.3 A
0.2 -

0.1 1

0 T T T T T
400 600 800 1000 1200 1400 1600

Q / ml min-!

conversion

Figure 3.3 Toluene photocatalytic conversion versus volumetric flow rate for Ci,ix=29 ppmv, residence
time= 18 s, =13 Wm™ and RH=40%.
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3.3.1.2 Kinetic model

The integrated process model describes the toluene conversion reasonably well (see Figure
3B.1(a) in Appendix 3B for the parity plot) when using a simple uni-molecular L-H reaction
rate equation (equation (3.3)) at a fixed RH of 40% after parameter estimation. However, the
model with uni-molecular L-H kinetics failed to describe the toluene conversion when
parameter estimation was based on the full data set including experiments at different RH,
which was indicated by an error function value that was about 5 times higher compared to the
case at constant RH (see Figure 3B. 1(b) in Appendix 3B for the parity plot). The estimated
parameter values and error function values for both cases are given in Table 3.2. It is clear that
the influence of water should be included in the reaction rate equation to describe the
experimental data well.

The estimated parameters and error function value for the model including equation (3.4) are
also reported in Table 3.2 (see Figure 3.B2 in Appendix 3B). It can be seen that the competitive
bi-molecular L-H reaction rate explains the experimental data satisfactorily in the studied range
for all experiments. Therefore, it is concluded that for varying water concentrations, the
competitive bi-molecular L-H reaction rate offers a more suitable description of the system
behaviour. The reaction rate can be simplified to the simple uni-molecular L-H only if the water
concentration does not change, which would simplify modeling and optimization.

When comparing the estimated parameters for equation (3.4) in this study and literature, it can
be seen that the estimated parameters are very comparable with the values reported in some
studies, where the applied catalysts, operating conditions and the reaction rate are similar [51].
However, the reported values for kinetics parameters are different from other studies but still
in the same order of magnitude. The observed differences can be attributed to the difference in
different catalyst properties as well as the reactor system, operating conditions and the reaction
rate [32, 52].
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Table 3.3.2 Kinetic and adsorption equilibrium parameters obtained from parameter estimation when
using the reaction rate expressions (3.3) and (3.4) in the reactor model including objective function
value (err) of the found minimum.

Rate expression Parameters  Values Units err Remark
1ol
k 1.64E-7 @‘?Ol_sm s Forthe
R=-E'k—S 33 g 692 m mol! 00014 CXperimental
1+ KC, ’ results at fixed
05 RH of 40%
7 . -
1 ol
o e @
KC
R=—E"k ‘(33 3 results
1TKC (3.3) K 1160 m’ mol 0.0060 . ding all
tested water
Y 0.5 concentrations
mol m!s’!
k 1.04E-7 W3 For all the
Re_pp_ KG K 2089 mmol experimental
1+K,C, +K,C, 00027 =0 L
K 3.32 m® mol-! Jne uding &
(3.4) v ' tested water

0.5 concentrations
14 . -

3.3.2 Experimental characterization of reactor performance

No degradation of toluene was found under either dark conditions or in absence of catalyst.
Carbon dioxide was the main product of the photocatalytic experiments and no intermediates
or by-products other than a trace amount of benzene (= 0.2 ppmv) were identified by GC/FID.
In case of complete oxidization of toluene to carbon dioxide, it is expected that 7 moles of
carbon dioxide to be formed per mole of toluene converted. However, a carbon balance showed
only a partial oxidation of toluene to carbon dioxide, which varied from 22 to 87 % depending
on the operating conditions. By-products could have been adsorbed on the catalytic surface, as
it has been reported by other researchers as well [29] or remained undetected in the GC/FID
analysis. Adsorption of by-products is most likely since catalyst deactivation was observed for
several experiments.

3.3.2.1 The effect of toluene and water inlet concentration

The effect of toluene inlet concentration on the toluene conversion and mineralization to CO>
is shown in Figure 3.4. It can be seen that both toluene conversion and mineralization decrease
by increasing toluene inlet concentration, which may be explained by the toluene degradation
kinetics according to a L-H mechanism. When increasing the toluene inlet concentration,
although the reaction rate is expected to increase, conversion decreases (see equations (3.4) and
(3.6)). The toluene degradation could be limited by the number of catalyst active sites [39, 45].
In addition, increasing the toluene inlet concentration may result in a more dominant role of
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mass transfer compared to photon transfer. The reason is that the number of toluene molecules
adsorbed on the catalytic surface surpasses the number of generated electron-hole pairs by
photon absorption on the catalytic surface. As a result, the electron-hole pairs on the catalytic
surface may become insufficient to initiate a chemical reaction with the adsorbed reactants.
Thus, photon delivery from the light source to the catalytic surface and subsequent charge
generation becomes the reaction controlling factor.

1
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Ciin / PPMV

Figure 3.4 Effect of toluene inlet concentration on the conversion and mineralization of toluene for O=
1270 ml min™!, E=13 W m2, RH=40% (see Table 3.1). Error bars indicate the 90% confidence
interval.

According to equation (3.4), by increasing the toluene concentration at the inlet, although the
fractional conversion decreases, the absolute number of moles of toluene that are converted
increases. However, the number of CO2 moles formed remains almost constant by varying
toluene inlet concentration. Therefore, according to equation (3.7), toluene mineralization
decreases when increasing the toluene inlet concentration. This decreasing mineralization can
be attributed to the fact that at the very first step, toluene is converted to intermediates. In the
next steps, the intermediates undergo subsequent surface reactions producing the final product
(CO»), which is apparently not affected by the toluene inlet concentration but possibly by other
factors such as water concentration. In fact, at a fixed molar flow of water, the number of moles
of CO, formed remains constant, which results in a decrease in mineralization when the toluene
feed molar flow rate increases. Therefore, it is concluded that CO> formation mainly depends

on the water molar flow rate.

To investigate the effect of the water content in the feed on the photocatalytic degradation of
toluene, experiments were carried out at different relative humidity values. The maximum
conversion was obtained at low water concentrations (Figure 3.5), which is in agreement with
some studies [28, 29] and in contrast to other studies where no toluene degradation was reported
in the absence of water [30-34]. Different reaction paths have been suggested for toluene
degradation on UV-illuminated TiO: [28, 35, 53]. d'Hennezel et al. [35] proposed that the OH
radical is not the dominant reactive agent in gas phase photocatalytic oxidation of many volatile
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organic compounds (VOCs) including toluene, which can explain the high conversion at no or
very low water concentrations in the present study. When increasing the water content,
conversion decreases gradually which can be caused by the competition between water and
toluene adsorption on the catalyst active sites as it has been expressed in the reaction rate
(equation (3.4)) that gave the best model fit to our data.
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Figure 3.5 Effect of relative humidity on the conversion and mineralization of toluene for Ci ;=45
ppmv, 0=812 ml min"! and £=13 W m™. Error bars indicate the 90% confidence interval.

In contrast to toluene conversion, mineralization increased significantly by increasing the water
content of the feed (Figure 3.5), which can be explained by the involved reaction steps. Toluene
conversion is determined by the initial step of the degradation reaction sequence where mass
and photon transfer to the catalytic surface and the availability of catalyst active sites are
dominant factors in contrast to relative humidity and hydroxyl radicals, which may play minor
roles. On the other hand, the role of hydroxyl radicals becomes possibly more dominant when
converting intermediates, formed in initial step of degradation, to CO> for our experimental
conditions. Consequently, by increasing the water content in the feed, the number of hydroxyl
radicals on the catalytic surface increases leading to increased toluene mineralization.

3.3.2.2 The effect of irradiance

The effect of irradiance on the toluene conversion and mineralization is illustrated in Figure 3.6
in the range of 0-13 W m™. It can be seen that by increasing irradiance, the toluene conversion
increases approximately by the square root of the irradiance for all tested irradiance levels,
which implies that the rate of photon transfer surpasses the rate of mass transfer leading to
charge recombination. Furthermore, when increasing the irradiance, mineralization increases.
The electron-hole pairs generated on the catalytic surface may either react with water to form
hydroxyl radicals needed for mineralization or directly with adsorbed intermediates on the
catalyst surface which both can enhance CO, formation and thus mineralization. In term of
energy consumption, the LED-based reactor is able to convert 0.15 to 0.80 mole of toluene per
KWh consumed depending on the operating conditions.
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Figure 3.6 Effect of the average irradiance on the toluene conversion for Cy,in=45 ppmv,

0=800 ml min"! and RH=40%. Error bars indicate the 90% confidence interval.

3.3.2.3 The effect of residence time

The effect of residence time in the range of 16-50 s (corresponding to volumetric flow rates of
500 to 1500 ml min ") on the toluene conversion and mineralization is shown in Figure 3.7. An
increase in volumetric flow rate, and consequently a decrease in residence time, results in a
conversion drop as it was observed in other studies as well [28, 54]. For a surface catalytic
reaction, a decrease in contact time between reactants and a catalytic surface should result in a
conversion drop. In addition, toluene binds relatively weak with TiO,, suggesting enhanced
effectiveness of contact time on the reactor performance [28]. As demonstrated earlier, changes
in the volumetric feed flow rate at constant contact time do not improve the mass transfer of
reactant from the bulk to the catalytic surface significantly. Furthermore, the integrated process
model, which does not include enhanced mass transfer at higher flow rates, describes the
experimental data well. Therefore, it is concluded that the contact time between catalyst and
reactant is the most dominant factor for the conditions studied in this work.

Toluene mineralization remains essentially unchanged when varying the volumetric flow rate
and, consequently, the residence time. A possible reason for this observation is the fixed toluene
to water molar ratio for these experiments. As discussed above, toluene conversion is a function
of contact time and mass transfer for which volumetric flow rate plays a significant role.
However, COz is a product of multiple surface reaction steps involving various intermediates
[28, 35]. The OH radicals are an important oxidation agent to achieve full mineralization.
Therefore, the number of CO, moles formed to the number of toluene moles converted may
remain constant at a fixed toluene to water molar ratio.
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Figure 3.7 Effect of residence time (derived from volumetric flow rate and reactor volume) on the
toluene conversion and mineralization for C,iw=45 ppmv, RH=40%, E=13 W m. Error bars indicate
the 90% confidence interval.

3.3.3 Catalyst deactivation and regeneration

Catalyst activity dropped under various operating conditions over the course of several hours
(Figure 3. 8). This catalyst deactivation is most likely caused by partial oxidation of toluene to
intermediates, which can accumulate on the catalyst surface when time progresses [55]. Larson
et al. [56] found that toluene is converted to less-reactive intermediates in the initial step of
degradation, which make stronger bonds to TiO> compared to toluene. Thus, those
intermediates may block the catalyst active sites, which inhibits adsorption of toluene molecules
and deactivates the catalyst.
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Figure 3.8 Toluene conversion versus time for three different relative humidity values for C;, =45
ppmv, 0=812 ml min! and £=13 W m?,
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The effects of relative humidity and toluene inlet concentration on the catalyst deactivation are
shown in Figure 3.9. It can be seen that water plays a significant role in maintaining
catalyst activity (Figure 3.9 (a)). Most probably, hydroxyl radicals formed after water
adsorption on the TiO» active sites react with strongly adsorbed intermediates, which release
from the catalyst surface in the form of CO». As a result, mineralization enhances while the
catalyst maintains its activity as discussed before. At the lowest tested toluene concentration
(19 ppmv) no catalyst deactivation was observed at a fixed relative humidity of 40%
while toluene degradation reduced to less than half after 4 hours of operation when
increasing the toluene inlet concentration to 30 ppmv. Upon further increasing the toluene
inlet concentration to 80 ppmv, a slight decrease in toluene degradation can be observed
(Figure 3. 9 (b)). A higher toluene inlet concentration results in a higher number of
toluene moles converted to intermediates. Therefore, the required water content to prevent
significant catalyst deactivation is correlated to the toluene inlet concentration. However,
after a certain toluene concentration, the rate of catalyst deactivation becomes less sensitive
to the toluene inlet concentration, which may be explained by saturation of the catalyst
surface. No significant trend in the rate of catalyst deactivation was observed by changing
irradiance or residence time at fixed water to toluene molar flow ratio (data not shown).
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Figure 3.9 Initial (after 6 minutes) and final (after 4 hours) conversion as a function of (a) relative
humidity (C,i=45 ppmv, 0=812 ml min' and £=13 W m™) and (b) toluene inlet concentration
(RH=40%, 0=1270 ml min"' and E=13 Wm). Error bars indicate the 90% confidence interval.

To better predict the effect of water on catalyst activity, the rate of change of the toluene
conversion over time as function of relative humidity is shown in Figure 3.10. It can be seen
that the rate of catalyst deactivation decreases linearly with RH. Furthermore, the rate of catalyst
deactivation was relatively low compared to the other dynamics of the system. Therefore, a
correction factor as a function of relative humidity could be included in the process model to
predict the rate of catalyst deactivation under pseudo steady—state conditions.
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Figure 3.10 The rate of catalyst deactivation vs. RH %.

Finally, to test the regeneration of the catalyst, the toluene outlet concentrations versus time for
three experiments with identical conditions for the same catalyst are compared in Figure 3.11.
The three experiments show very comparable results. Therefore, it is concluded that, although
catalyst deactivation clearly occurs for certain experiments, full recovery of catalyst activity is
obtained after applying the regeneration process described in Section 3.2. At the first minutes
of the regeneration process, typically a high concentration of CO; is detected in the reactor
effluent, which decreases by time as the catalyst regeneration proceeds until no CO; is detected
after 6-8 hours indicating full recovery of catalyst activity.
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Figure 3.11 Toluene outlet concentrations for three experiments with identical conditions
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3.4 Conclusion

An integrated process model describing an annular LED-based photocatalytic reactor including
aradiation field model from LEDs, reaction kinetics, and mass transfer is successfully validated
experimentally for a broad range of operating conditions. A special focus is on the role of water.
Parameter estimation based on experimental data demonstrates that including competitive water
adsorption enhances model prediction significantly compared to simple uni-molecular
Langmuir-Hinshelwood kinetics.

Experimental characterization of a mini-pilot plant setup shows that a rise in toluene inlet
concentration from 19 to 80 ppmv results in a decrease of toluene conversion, which is likely
caused by an increasing mass transfer rate as opposed to the photon transfer rate. In the absence
of water or at very low water concentrations, toluene conversion is maximized indicating a
limited role of water in the first step of toluene degradation. Toluene conversion decreases
gradually when increasing the relative humidity to 70%, which can be caused by the
competition among toluene and water for adsorption on the catalyst active sites. Furthermore,
toluene degradation varies by the square root of irradiance when increasing irradiance from 3
to 13 W m™. Thus, it can be concluded that mass transfer resistant becomes dominant, leading
to charge recombination for the studied operating conditions. Increasing the volumetric flow
rate of the feed from 500 to 1500 ml min™ results in a decrease in toluene conversion due to a
decrease of the reactants and catalyst contact time.

Toluene mineralization to CO> is a strong function of the ratio of water to toluene molar flow
rate. Toluene mineralization decreases when increasing the toluene inlet concentration or when
decreasing the ratio of water to toluene molar flow rates. Therefore, it is concluded that
hydroxyl radicals originating from water are the dominant species for conversion of reaction
intermediates to CO;. At fixed water to toluene molar flow, an increase in irradiance enhances
toluene mineralization which can be explained by an increase in the formation of hydroxyl
radicals from the increased irradiance. On the other hand, at a fixed toluene to water molar flow
rate and irradiance, mineralization remains constant when changing volumetric flow rate.

For conditions with low relative humidity, significant catalyst deactivation occurred over time,
which was likely due to strong adsorption of reaction intermediates on the catalyst active site.
Relative humidity plays an important role in the reaction of the intermediates, releasing them
in the form of CO; from the catalyst surface and maintaining catalyst activity. Full recovery of
the catalyst activity can be achieved by using humidified air in the presence of UV-illumination
for 6-8 hours.

Even though the integrated model of a LED-based photocatalytic reactor was successfully
validated by this experimental study under fully developed laminar flow condition, the practical
limitation of the experimental set-up hindered the investigation of the effect of volumetric flow
rates higher than 1500 ml min"!. However, higher volumetric flow rates may be applied for
certain practical cases, where different mass transfer mechanisms may play a role due to the
change in flow regime. Therefore, future works should focus on the effect of higher volumetric
flow rates and the required model modification to account for the different flow regime and
mass transfer mechanism.
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Appendix 3A: XRD pattern of the catalyst used in this study

The X-ray diffraction (XRD) pattern of the sample was measured via Bruker D8 Advance
diffractometer (CuKa radiation) Bragg-Brentano geometry and Lynxeye position sensitive
detector (Divergence slit 0.5°, scatter screen height 5 mm, 45 kV, 40 mA, Sample spinning).
As it is shown in Figure 3A.1, the XRD pattern of the sample used in this study is comparable
with XRD pattern of P25 [1].
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Figure 3A. 1. XRD pattern of the catalyst used in this study.

Appendix 3B: parity plot of experimental data vs. the reactor model

prediction

The parity plots of the experimentally measured toluene outlet concentration and model
prediction when the reaction kinetics does not include (equation 3.3) and includes competition
from water adsorption (equation (3.4)) are shown in Figure 3B.2 and Figure 3B.3.
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experimentally measured one when using a simple uni-molecular L-H reaction rate (a) for the
experimental results obtained at fixed RH of 40%; (b) for all the experimental results. Dashed lines

represent a 10% deviation.
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Figure 3B. 2. Partiy plot of the predicted toluene outlet concentration by the model versus the
experimentally measured one when using a competetive uni-molecular L-H reaction rate model.
Dashed lines represent a 10% deviation.

Calculation of the initial toluene concentration:
P 6
C =ppmv—x10
n pp RT

where Cin is toluene inlet concentration (mol m™), P the pressure (N m?), T is the temperature
(K), R is the gas global constant (J K! mol™!) and ppmv is the partial volume of toluene per 1
million volume of gas mixture.
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Chapter 4.  Periodical Illumination Impact
on Photon Utilization in a LED-Based

Photocatalytic Reactor

The impact of periodical illumination of LED’s on the photonic efficiency in photocatalytic
degradation of toluene in the gas phase was studied. The light/dark period and duty cycle were
varied in this study. The effect of period was studied in the range of 0.05 to 10 s at a fixed duty
cycle of 0.5 s. The experimental results showed no transition or change in the photonic
efficiency by moving from short to long light/dark time at a fixed duty cycle. The photonic
efficiency was found to be comparable under Controlled Periodic Illumination (CPI) and
continuous illumination of equivalent average irradiance indicating that the reaction was photon
limited. Furthermore, the results of experiments at two different periods of 0.5 and 1 s showed
an increase in photonic efficiency with decrease in the duty cycle. However, the photonic
efficiency under CPI, no matter of the duty cycle, was found to be similar to that under
continuous illumination at equivalent average irradiance, suggesting no mass transfer limitation
in the system.
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4.1 Introduction

Photocatalysis is a phenomenon where a semiconductor, as the photocatalyst, absorbs photons
with the energy equal or higher than its band gap energy. The photon absorption results in
migration of electrons valance band to conductive band and consequently, generation of
electron-hole charges and migration of them to the semiconductor surface. Subsequently, the
generated electron-hole may either be recombined or undergo redox reactions. Despite the
broad application of this technology, especially in the field of organic compounds oxidation,
inefficient usage of photons within the reactor results in low efficiency of the process and
ultimately hinders commercialization [1]. In addition, full mineralization of an organic
compound includes a complicated chain of reactions where many one-electron transfers are
required and reaction intermediates compete for primary oxidizing species resulting in an
inefficient degradation reaction [2, 3].

Controlled Periodic illumination (CPI) is based on a series of alternate light (ton) and dark
periods (torr), and avoids the continuous introduction of photons, as it is illustrated in Figure
4.1. CPI is one of the reported methods to improve the photonic efficiency [4-8]. The main
variables in CPI are the period, which refers to the time taken for a complete light and dark
time cycle, i.e., period = ton + torr, and the duty cycle (), which is the fraction of the period
with light, i.e.,

t
ﬁ: on
ton—i_toff
4 period
)
E EITIEX'-- - === == _———
@ 4+
g toff ton
; Eav&'--——————— F——q=~==|-==7T=="=="=====
time

Figure 4.1 time profile of controlled periodic illumination pulses

In the early work done by Sczechowski et al. [5], the effect of the CPI duty cycle on the photonic
efficiency of formate oxidation in a slurry reactor was studied. Their experimental results
showed a 5-fold increase in the photonic efficiency of the process under CPI compared to
continuous illumination. The authors suggested that continuous introduction of photons
promotes a build-up of charges and photo-generated intermediates and, consequently, electron-
hole recombination, which is inhibited by periodic illumination. However, Buechler et al. [6,9],
investigated further the mechanism of the CPI effect for TiO> photocatalysis both in the gas and
liquid phase and suggested that the apparent improvement of the process efficiency is either
due to the mass transfer limitation or to slow adsorption/reaction steps.

90


Mos
Stamp


Periodical lllumination Impact on Photon Utilization in a LED-Based Photocatalytic Reactor

The mentioned studies tried to explain the photonic efficiency under CPI due to its impact on
electron-hole recombination rate or mass transfer limitations. However, when comparing the
photonic efficiencies obtained from the CPI and continuous illuminations, they did not take into
account that the variation in duty cycle means variation of radiation flux [11], as:

Eave = ﬂ Emax (4 1)

where Emax and Eayve are the irradiance during the light periods and the average irradiance under
CPI, respectively. In their next studies, Buechler [10] and Cornu [2] showed that, photonic
efficiency under a sufficiently high-frequency periodic illumination approached the photonic
efficiency under continuous illumination at the same average absorbed photon flux. Therefore,
other studies focused on the effect of CPI periods (or frequency) at fixed duty cycles. Cornu et
al. [2] investigated the time scales of redox intermediates at different pH under periodic
illumination for the degradation of methyl orange. Their results revealed a transition in photonic
efficiency by moving from the long to the short light time. They attributed this transition to the
change in the carrier recombination rate. They suggested that for chain reactions in the kinetic
control regime, the average concentrations of the rate-determining intermediates will affect the
photonic efficiency.

Recent advances in LED technology have made them a more reliable light source compared to
conventional UV-lamps for photocatalytic applications [12]. Particularly, LEDs can be
controlled electronically to deliver rectangular impulses of on/off periods in the order of
milliseconds while conventional UV-lamps requires complicated mechanical shutters to obtain
similar on/off time profiles [13]. In 2007, Chen et al. [13] studied the effect of controlled
periodic illumination using LEDs on the photodecomposition of o-cresol and found that, the
photonic efficiency achieved under CPI at sufficient intermittence was lower but advanced
towards those under continuous illumination at equivalent irradiance level. Tokode et al. [14]
investigated the effect of CPI on the photonic efficiency of the methyl orange degradation in a
UV-LED based photocatalytic reactor. Their results showed an increase in photonic efficiency
with reducing duty cycle. They also investigated the individual effect of light and dark times.
They showed that photonic efficiency was mainly a function of duty cycle rather than the light
or dark time, which indicated that the reaction was not limited by mass transfer or by
the adsorption or desorption of chemical species. In addition, they concluded, that there
is no enhancement in photonic efficiency due to CPI at an average intensity equal to the
maximum intensity under continuous illumination as previous studies indicated [2, 13]. Hou
et al. [15] studied decomposition of gaseous isopropanol in a continues tubular optical fiber
reactor under periodic UV-LED illumination. Their results showed that by decreasing the
duty cycle and increasing the frequency of periodic illumination, the apparent quantum yield
increased. They concluded that the application of periodic illumination provided the
opportunity to renew the active sites on the surface of the catalyst, which subsequently
enhanced the decomposition rate and the overall removal efficiency and photonic efficiency.

Korovin et al. [16] investigated the effect of CPI on the degradation of acetone vapour in an
LED-based photocatalytic reactor for a broad period range of 0.001 to 120 s. They demonstrated
that photonic efficiency improves with the increase of the frequency of light pulses and decrease
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of the duty cycle. Nevertheless, they concluded that at equivalent average UV light intensities,
photonic efficiency under CPI is always lower than or equal to that of continuous illumination.

For over two decades, the mechanism and the effect of CPI on the photonic efficiency have
been a controversial subject of research. The original hypothesis [5] for the enhancement of
photonic efficiency through CPI has been proved to be valid for some initial studies [4, 7, 8]
and challenged by other subsequent studies [2, 9, 14, 16]. Subsequent studies concluded that
the enhancement in photonic efficiency was due to mass transfer limitations and not necessarily
to a decrease in electron-hole recombination. In addition, the impact of CPI on the reactor
performance have been mainly studied for the reactions in the liquid phase while the number
of reports for the gas phase studies is limited [6, 15, 16]. In Chapter 3, it was shown that the
reaction rate is proportional to the square root of the irradiance for all tested irradiance levels,
suggesting electron-hole recombination becomes predominant (competes with electron-hole
separation) in the system. In addition, it was concluded that at least under the operating
conditions applied in this set-up, mass transfer limitations are small compared to limitations in
reaction rate. Therefore, this chapter investigates whether application of LEDs periodical
illumination can optimize photon utilization of a LED-based photocatalytic reactor in the gas
phase by reducing carrier recombination in absent of mass transfer limitation. The
photocatalytic oxidation of toluene within a continuous annular LED-based photocatalytic
reactor is used as a model system, which has been studied extensively in previous chapters. In
this study, photonic efficiency is measured under CPI where the irradiance at the light time
(Emax) and duty cycle are kept constant, while the light time is varied within the range of 0.05
to 10 s to understand the reactor response on the way that the same amount of energy is
provided. In addition, the effect of duty cycle at different periods is investigated. Finally, the
photonic efficiencies from CPI and continuous illumination were compared under the same
average irradiance (or power).

4.2 Materials & method

The experimental set-up and the catalyst preparation method, used for this study, have been
described in detail in Chapter 3. The UV-LEDs (NSSU100CT, Nichia, Japan) light and
impulses in this study are controlled with programmable power supplies (Aim TTi model
PLH120-P). Before initiating the photocatalytic test, the reactor feed is bypassed and analyzed
by GC to determine the composition. Subsequently, the reactor is purged with the feed stream
at dark condition to reach an equilibrium state. Finally, the reactor is illuminated for 2 hours to
conduct the photocatalytic experiment. GC analyzes the reactor effluent every 20 minutes. The
same catalytic film has been used for each experiment to avoid obtaining biased results due to
the different properties of the catalytic sheets from different batches. After every test, the
catalyst was regenerated before conducting the next test. The shortest illumination period was/is
0.05 s. At light periods, the irradiance is set to its maximum (Emax) of 1.35 mW cm™; hence,
for an experiment under CPI, the average irradiance (Eavg) is calculated by equation (4.1). All
the experiments are performed for toluene inlet concentration of 30 ppmv, relative humidity of
40% and volumetric flow rate of 1400 ml min *!, while the reactor temperature and pressure are
kept constant at 30 °C and 1.1 bar. The experimental details and operational
conditions are summarized in Table 4.1.
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In order to study the effect of CPI on the photocatalytic degradation of toluene in the UV-based
annular reactor, the photonic efficiency was defined as the degraded moles of toluene to the
moles of photon absorbed by the catalytic surface [15]:

-1
photonic efficiency = moles of toluene degraded (mol s™)

moles of photon absorbed (mol s™)

= (4.2)

where AC; (mol s™!) is the moles of toluene converted per unit of time, Uses is the energy of one
photon (J) with wavelength of 365 nm and N, is the Avogadro number and 4 (cm?) is the
photocatalytic surface area within the reactor.

Table 4.1 experimental operating condition

Test ID [Nlumination mode  Period [s] Duty cycle (5) Eave. [MW cm ]
0.05
CPI 0.1 0.5 0.675 2
0.2 g
#1 10 =
. 0.675 O
continuous - -
0.2 0.27
1 0.4 0.54
CPI 0.6 0.8
0.8 1.08
0.2 0.27
CPI 0.5 0.4 0.54
#2 0.6 0.8
0.8 1.08
0.27
0.54
continuous ) - 0.8
1.08
1.35

4.3 Results & discussion

4.3.1 Influence of CPI period (frequency)

The photonic efficiencies for different CPI periods at the duty cycle of 0.5 (corresponding to
average irradiance of 0.675 mW cm?) and for equivalent continuous illumination are presented
in Figure 4.2. No change in photonic efficiency was found when applying CPI for different
periods within the tested range. However, it is possible that the applied periods in this study are
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relatively large to observe any influence. In addition, the photonic efficiencies obtained with
CPI at different light times are equal to the photonic efficiency from continuous illumination at
the equivalent average irradiance.

0.06
§ @ @ ©) @
£ 0.04 -
=
=
(]
(@]
g
< 0.02 -
= O CPI
continuous illumination at Eave.
O T T T
0.01 0.1 1 10

period /s

Figure 4.2 Photonic efficiency for toluene photocatalytic degradation under CPI at a duty cycle of 0.5
and under continuous illumination at equivalent average irradiance (Eave) of 0.675 mW cm™
(Experiment #1) Influence of CPI duty cycle
The effect of CPI duty cycles on the reactor photonic efficiency for two different periods is
shown in Figure 4.3. The experimental results show that the photonic efficiency is a function
of duty cycle rather than light/dark time, which is in agreement with the previous findings
[14] that mass transfer or adsorption/desorption from the catalytic surface of TiO» does not
limit the reaction. In principle, under a mass-transfer limited regime, the dark periods during
CPI provide more time for the reactants to diffuse to the catalytic surface and be adsorbed
on the catalytic surface. The measured photonic efficiencies under similar operating
conditions, but different volumetric flow rates confirm that there is no significant mass
transfer limitation in our reactor (Chapter 3). Therefore, it can be concluded that CPI does
not enhance the photonic efficiency if the reactor does not operate under mass transfer

limitation but under a kinetically controlled regime.

In addition, it was found that there is no difference in the reactor performance under different
illumination conditions as long as the reactor is operated under the same average irradiance,
although the recombination of charges is predominant in the reactor (Chapter 3). This result
contradicts the initial hypothesis suggested by Sczechowski et al. [5] about impact of CPI on
the inhibition of electron-hole recombination. However, both illumination approaches result
in higher photonic efficiencies at reduced light intensities. Tokode et al. [14] obtained
similar results when comparing the photocatalytic oxidation of methyl orange in the liquid
phase using an LED-based photocatalytic reactor under CPI and continuous illumination.
They suggested that photonic efficiency enhances since the electron-hole recombination in
Ti0; is not limiting the reaction at lowered light powers.
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Figure 4.3 Reactor photonic efficiency as a function of duty cycle at constant maximum irradiance and
period of 1 s and period of 0.5 s and equivalent average irradiance under continuous illumination.
(Experiment #2)

4.4 Conclusion

In this study, the effect of the illumination period of LEDs in the range of 0.05 to 10 s on
photonic efficiency of the LED-based photocatalytic reactor was explored at a fixed duty cycle
of 0.5, however, no transition in photonic efficiency due to variation in period was observed.
In addition, the photonic efficiencies were similar for CPI at different periods and continuous
illumination at equivalent average irradiances, which is the maximum possible photonic
efficiencies under CPI according to some studies [2, 16, 18]. The photonic efficiency increased
with reducing the duty cycle irrespective of the light/dark time, indicating that carrier
recombination becomes less dominant at reduced light intensities. Nevertheless, the conversion
of toluene under controlled periodic illumination was the same when compared with continuous
illumination at equivalent incident irradiance, which can be attributed to the fact that mass
transfer or adsorption/desorption on the catalytic surface does not limit the reaction. Although
the present study is not in agreement with the original hypothesis suggested by Sczechowski et
al. [5] it is in very good agreement with recent findings on the effect of CPI in photocatalytic
oxidation of various organic compounds [2, 16, 18]. Future work should aim at exploring the
effect of controlled periodic illumination under a diffusion-limited regime. In addition, applying
shorter periods for CPI might be of interest for studying the lifetime evaluation of possible
reactive intermediates on the catalytic surface in the photocatalytic reaction’s kinetics study.
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Chapter 5. The Application of Automated
Feedback and Feedforward Control to a
LED-Based Photocatalytic Reactor

An optimal photon utilization is important for the economic performance of a photocatalytic
reactor. However, for the desired reactor performance, it is often difficult to predict the required
photon utilization. In this work, automated feedback and feedforward controllers are
investigated to maintain the reactor conversion close to a desired value by adjusting the photon
irradiance within a LED-based photocatalytic reactor for toluene degradation. The feedback
controller was able to control the conversion during a set-point tracking experiment and was
able to mitigate the effects of catalyst deactivation in an automated fashion. The feedforward
controller was designed based on an empirical steady-state model to mitigate the effect of
changing toluene inlet concentration and relative humidity, which were measured input
disturbances. The results demonstrated that feedback and feedforward control were
complementary and could mitigate the effects of disturbances effectively such that the
photocatalytic reactor operated close to desired conditions at all times. The presented work is
the first example of how online analytical technologies can be combined with “smart” light
sources such as LEDs to implement automated process control loops that optimize photon
utilization. Future work may expand on this concept by developing more advanced control
strategies and exploring applications in different areas.

Published as: F. Khodadadian, F.G. de la Garza, J.R. van Ommen, A.l. Stankiewicz, R.
Lakerveld, The application of automated feedback and feedforward control to a LED-based
photocatalytic reactor, Chem. Eng. J. 362 (2019) 375-382.
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5.1 Introduction

Photocatalysis is an attractive process to support a broad range of chemical reactions [1-3].
However, despite many successful demonstrations of applications on a lab-scale, large-scale
applications are currently limited due to several challenges that need to be resolved. The
efficient utilization of light within a photocatalytic reactor is one such challenge, which affects
the economic feasibility when using artificial light sources.

Efficient utilization of light depends on several factors including the reactor design, the light
source, as well as operating conditions. An efficient reactor design should optimize the interplay
between mass transfer and photon transfer [4, 5]. The optimal design of photocatalytic reactors
has been studied extensively and different designs have been proposed for various applications
involving gas and liquid phases [6-8]. The light source itself also plays an important role in the
overall efficiency of a photocatalytic process. Conventional UV lamps such as mercury and
xenon lamps have been used for different applications. However, drawbacks related to the toxic
disposal, short lifetime, fragility, potential for gas leakage, and low efficiency have triggered
the exploration of alternative light sources such as light emitting diodes (LEDs) [9-12].
Compared to conventional UV lamps, LEDs offer several advantages when used within a
photocatalytic reactor. In addition to their non-toxicity, potential to reduce costs, robustness,
longer lifetime, and higher efficiency, LEDs also provide more degrees of freedom for the
design of a photocatalytic reactor due to their small size. Furthermore, the illumination intensity
of an LED is proportional to the electrical current, which provides opportunities to smartly
control the illumination by, for example, employing periodic illumination [13-16] or by creating
an optimal illumination profile within a reactor balancing a desired reaction rate while
minimizing operating costs. In the design phase, the combination of a spatial light intensity
model and a reactor model can be optimized simultaneously to minimize the total costs for
equipment and operation [17]. However, during operation, a LED-based photocatalytic reactor
may not operate under optimal conditions due to design uncertainty and the presence of external
disturbances acting on the system, which may result in a non-optimal energy consumption of
the system.

Automated feedback control is a standard solution for continuous flow reactors to compensate
for design uncertainty and to reject disturbances acting on the reactor [18-20]. Usually, rather
than directly controlling an economic objective function, a set of controlled variables is chosen
such that when kept constant, a minimum loss with respect to the economic optimum is
obtained, which is referred to as self-optimizing control [21-26]. A main source of operational
costs of a photocatalytic reactor involves the energy required for illumination when artificial
light sources are used. Generally, a higher light intensity allows for a faster reaction, but the
effect will be limited above a certain conversion. Furthermore, for some applications, only
conversion above a certain value may be needed (e.g., in the case of environmental
applications). Therefore, maintaining the conversion at a desired value in a feedback control
loop with illumination as a manipulated variable could provide self-optimizing control for a
photocatalytic reactor. Due to the emergence of ‘smart’ light sources such as LEDs and
significant improvements in on-line analytical technologies, such self-optimizing control has
now become feasible for LED-based photocatalytic reactors. However, to the best of our
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knowledge, no studies on self-optimizing feedback control for LED-based catalytic reactors
exist in literature despite its potential to improve the economic performance of photocatalytic
reactors.

The objective of this chapter is to demonstrate and characterize automated feedback control for
a LED-based photocatalytic reactor. The conversion has been chosen as the controlled variable
with the light intensity of the LEDs as a manipulated variable to achieve self-optimizing control
in an automated feedback control loop. Furthermore, feedforward control is studied to further
improve the performance of the automated control loop. Feedforward control relies on the
measurement of a disturbance followed by preventive action to avoid a significant impact on
the controlled variable. Since feedforward control has a preventive character and feedback
control has a corrective character, a synergistic effect can be achieved through simultaneous
application of both control strategies. The photocatalytic oxidation of toluene within an annular
LED-based photocatalytic reactor is used as a model system. Toluene is a typical model
compound for photocatalytic oxidation studies of volatile organic compounds. Furthermore,
toluene is a practically relevant indoor pollutant [27-30]. Finally, in Chapter 3, we have studied
the kinetics of toluene oxidation in the same reactor, which provides a reference when
mimicking challenging conditions for automated process control (e.g., catalyst deactivation).
Real-time monitoring of the reactor outlet by on-line gas chromatography enabled the
automation of the control loop. The delay of such online measurement is taken into account in
the design of the controller. Finally, for the design of a feedforward controller, relative humidity
and toluene inlet concentration are used as typical measured disturbances acting on the system.

5.2 Materials and methods

5.2.1 Equipment and Operating Procedures

The experimental setup and the catalyst preparation procedure have been described in detail in
Chapter 3. However, the scheme of experimental set-up including the control units is illustrated
in Figure 5.1. In this study, the irradiance emitted by the LEDs is manipulated by controlling
the current, as the irradiance of the LEDs is proportional to the applied current, which was
achieved by a flexible power supply (Aim TTi model PLH120-P). The reactor inlet is a mixture
of nitrogen and oxygen (78 vol% and 22 vol% respectively), toluene in the range of 20 to 90
ppmv, and water in the range of 0 to 80% relative humidity. The volumetric flow rate of the
feed is 1020 ml min™! for all experiments, which corresponds to a residence time of 25 s and a
laminar flow regime. The reactor operates at 30°C and a back-pressure controller maintains the
reactor pressure at 1.1 bar.

For a typical experiment, first, the reactor feed is led to an on-line gas chromatograph through
a bypass line to measure the stable feed composition at the start of each experiment, which is
assumed to remain constant during operation. Subsequently, the reactor is purged by
introducing the feed mixture to the reactor for 2 hours under dark conditions. Finally, the reactor
is illuminated to initiate the photocatalytic reactions. The input of irradiance into the reactor is
defined as (see Figure 5.1):
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E=E+AE, +AE_,. (5.1

where E> and E are the future and present irradiance of the LEDs in the reactor, respectively.
AErc and AEFrc are the contributions of feedback control and feedforward control, respectively,
designed to maintain the toluene conversion close to the desired set point (Xsp).

A part of the reactor effluent is injected into the on-line Gas Chromatograph (GC) (GC-7890B,
Agilent Technologies) at a constant flow rate, measured with a Mass Flow Meter (MFM, F-
201CV-1K0-RAD, Bronkhorst, the Netherlands), and the rest of the reactor effluent is directed
to a vent. The GC is equipped with a methane convertor, two Flame Ionization Detectors (FID,
one for hydrocarbons and another one for CO, concentrations lower than 50 ppmv detection)
and two Thermal Conductivity Detectors (TCD, one for N> and O> and another one for CO;
detection).

In order to facilitate the implementation of automated controllers, a control interface (LabVIEW
2016) was developed to collect all the operating conditions. The feedback and feedforward
controllers were implemented via the built-in functions of LabVIEW for real-time control
applications. Finally, the control interface allowed for archiving of the process variables for
performance characterization.
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Figure 5.1 Flow diagram of the experimental setup. MFC — Mass Flow Controller; BPC- Back
Pressure Controller; CEM — Controlled Evaporator Mixer; TH- Thermo Hygrometer; PM- Pressure
meter; FC-Feedback Controller; FFC-Feedforward Controller
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To validate the performance of the feedback controller in achieving and maintaining a certain
set point, two different sets of experiments were conducted. In the first set of experiments,
at constant toluene inlet concentration (Ct) of 40 ppmv and relative humidity (RH) of 60%,
the irradiance was manipulated to track different set points.

Our previous study revealed that the ratio of water to toluene inlet concentration plays a
significant role in the catalyst deactivation [4]. Water molecules react with the intermediate
reaction species, which are accumulated on the catalyst surface, to remove them from that
surface in the form of COas. Therefore, if the ratio of the water to toluene concentration at the
inlet is not sufficiently high, catalyst deactivation becomes significant. Feedback control has
the ability to adjust the system automatically to maintain a constant conversion in the presence
of catalyst deactivation. Therefore, in the second set of experiments, the feedback controller
performance was studied under conditions where catalyst deactivation is expected to be
significant. In particular, an experiment at a RH of 40% and a toluene inlet concentration of 40
ppmv was conducted to create such conditions.

Catalyst deactivation is an example of an unmeasured disturbance, which has to be rejected
with feedback control. In contrast, measured disturbances can be rejected with feedforward
control. The RH and toluene concentration at the inlet of the reactor are examples of measured
disturbances in our system. Therefore, in the last part of this study, the ability of a combined
feedback and forward control system to reject measured and unmeasured disturbances was
investigated. To support the design of the feedforward controllers, the dynamic response of the
system was studied when step changes in toluene inlet concentration and relative humidity were
present in open-loop mode. First, the toluene conversion was monitored at constant toluene
inlet concentration (40 ppmv), relative humidity (40%) and irradiance (6.5 W m™).
Subsequently, a step change in relative humidity from 40% to 60% was implemented. Finally,
a step change in toluene inlet concentration from 40 ppmv to 30 ppmv was implemented. The
same sequence of step changes was implemented in a separate experiment in closed-loop mode
with feedback control only and in closed-loop mode with combined feedback and feedforward
control. The operating conditions of all experiments are given in Table 5.1.
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Table 5.1. The operating conditions of all experiments

Test RH G Xsp Irradiance Controller
ID [%] [ppmv] [%] [W m?] mode
manipulated closed-loop
#1 60 40 40->50->60->30 variable (feedback)
manipulated closed-loop
#2 40 40 40 variable (feedback)
40 40
(0-100 min.) (0-100 min.)
#3 60 40
(100200 min.) ~ (100-200 min.) - 6.6 Oesngeee
60 30
(200-320 min.)  (200-320 min.)
40 40
(0-100 min.) (0-100 min.)
44 60 40 30 manipulated closed-loop
(100-200 min.)  (100-200 min.) variable (feedback)
60 30
(200-320 min.)  (200-320 min.)
40 40
(0-100 min.) (0-100 min.) closed-loop
45 60 40 30 manipulated (combined
(100-200 min.)  (100-200 min.) variable feedback and
60 30 feedforward)

(200-320 min.)

(200-320 min.)

5.3 Controller Design and Tuning

5.3.1 Feedback control

The toluene conversion (X) is the controlled variable and the illumination intensity (£) of the
LEDs is the manipulated variable in the automated control loops. The proportional-integral (PI)
controller is used as a feedback controller, which has two tuning parameters (i.e., controller
gain and time constant). The dynamic input-output behaviour of the system has been
characterized experimentally to obtain numerical values for those two tuning parameters. In
particular, the process gain, time constant and time delay are estimated by comparing the
dynamic response of the system around the expected steady state to a first-order-plus-time-
delay process model, which is an approximation of the true dynamics of the system [31].

Figure 5.2 shows the dynamic development of the toluene conversion when the system is
perturbed by a series of step changes in irradiance while keeping other process variables
constant. The steady-state conversion increases when increasing the irradiance, which is
consistent with earlier findings [4]. A time delay of approximately 15 minutes can be seen due
to the online measurement. Furthermore, after the delay, a fast increase in conversion can be
seen followed by a slow decrease in conversion. The increase is due to the change in
manipulated variable (i.e., irradiance), which is to be used in the feedback control loop, whereas
latter slow decrease is expected to be the result of catalyst deactivation. The process gain and
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process time constant are two characteristic parameters that need to be estimated from the
experimental data to design the feedback controller. The process gain (K) is obtained from the
ratio of the steady-state conversion before and after the step change in manipulated variable is
implemented (see Table 5.2). The average conversion during the last 100 minutes of every step
is used to calculate the steady-state conversion. In reality, the reactor has a nonlinear input-
output behaviour. Therefore, the calculation of the process gain in principle depends on the
operating point at which the step change is implemented. However, it can be seen in Table 5.2
that the process gains calculated from the two different step changes have a similar value.
Therefore, a single process gain is used for controller tuning, which is the average of the two
process gains.
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Figure 5.2 Dynamic development of the toluene conversion in response to step changes in irradiance.

The RH is 60%, toluene inlet concentration is 40 ppmv, and the volumetric flow rate is 1020 ml min .

Table 5.2. Average toluene conversion (X) and process gains corresponding to the step changes of
irradiance (E)

E

E;

X X K
[W m?] Xi [W m?] X
6.5 0.25 10 0.36 0.031
10 0.36 13 0.44 0.027

The process time constant () is obtained by determining the time needed to complete 63% of
the transition from the old to the new steady-state conversion, which is difficult to obtain since
the response is faster than the sampling period. However, the aim is to find a value that is order-
of-magnitude correct, as feedback control is a model-free control method based on corrective
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actions. In particular, a value of 6 minutes has been used as an approximation of the true time
constant of the system. Subsequently, the tuning parameters of the PI feedback controller can
be determined using standard methods such as the Internal Model Control (IMC) tuning method
[31-33] used in this work. The feedback controller is implemented in so-called velocity form to
avoid integral windup:

At
AE. . =K [(e, —ek_l)+T—ek] (5.2)

1

where K. is the controller gain and 7, is the integral time. The desired closed—loop time
constant has been chosen to be equal to the process time delay [32]. In addition, At is the
sampling period and e is the measured error at the ki, sampling instant. The error is defined as
the difference between the set point conversion (X sp) and the measured conversion from the
GC. The calculated irradiance is converted to an electrical current in the final control element
for LEDs, using a linear relation, which was obtained empirically in previous work [17].

5.3.2 Feedforward control

The feedforward control relies on a process model that can predict the impact of a measured
disturbance on a controlled variable such that preventive action can be taken to mitigate
the impact of the disturbance. Since feedforward control is normally used simultaneously with
the feedback control, a simple model often suffices, as feedback control can still drive
the controlled variable to the desired set point. Therefore, in this work, an empirical steady-
state model is used to design the feedforward controller. Typical disturbances for
environmental oxidation reactions in the gas phase that have an impact on conversion and that
can be measured include the inlet concentration of the organic compound and the relative
humidity of the simulated air stream. Both disturbances are used to design the feedforward
controller, which will be implemented by adding the outputs of the feedforward and feedback
controllers together to calculate the value of the manipulated variable.

In our earlier work [4], the steady-state toluene conversion was experimentally measured as a
function of toluene inlet concentration, relative humidity, volumetric flow rate as well as
irradiance at typical operating conditions. For a toluene concentration (Ct) in the range of 20 to
90 ppmv and a relative humidity up to 70%, a volumetric flow rate (Q) of 0.8 to 1.3 1 min™!
and an irradiance of 3 to 13.5 W m™, the relation between conversion (Xrrc) as a function of
inlet concentration, and relative humidity is empircally modelled as follow:

— . : 5.3
X,..=~0.020C (RH)3+0.2E **+0.2 (53)
A parity plot (see Figure 5.3) shows that the model is reasonably well capable of describing the

conversion at steady state for the tested operating conditions despite its simplicity and lack of
first principles.
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Figure 5.3 Experimental conversion (Xexp) vs. conversion predicted via equation (5.3) (Xrrc)
From equation (5.3), the anticipated difference in steady-state conversion (Xm, rrc) due to
measured changes in inlet concentration and relative humidity can be calculated when assuming
negligible changes in volumetric flow rate. Furthermore, the irradiance to compensate the effect
of the disturbance error on the steady-state conversion can also be calculated as below:

05 13 13712
E2,FFC_ [E, +0'1Q(Ct,2 (RH,) _Ct,l(RHl) )] 5.4)
where E», rrc is the irradiance output of the feedforward controller, i.e., the sum of present
irradiance (£1) and the contribution of feedforward control (AEFrc).

5.4 Results & discussion

5.4.1 Performance characterization of PI feedback control

The conversion and irradiance as a function of time during a set-point tracking experiment with
feedback control are illustrated in Figure 5.4 (Experiment #1). The data demonstrate that the P1
controller is well capable to track set points for conversion within the tested range by using the
irradiance as the manipulated variable in an automated fashion. In general, the conversion
reaches the set point rapidly without large overshoots or unstable behaviour despite the
significant measurement delay from the GC.
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Figure 5.4 Dynamic development of the toluene conversion (controlled variable) and irradiance
(manipulated variable) during a set-point tracking experiment in closed-loop mode with feedback
control (Experiment#1).

Figure 5.5 shows the dynamic development of conversion and irradiance during a disturbance-
rejection experiment with feedback control (Experiment #2). The data show that the PI
controller is well capable to reject the effect of the catalyst deactivation on the conversion at a
constant set point. The irradiance increases steadily over time to maintain the conversion close
to the desired set point. Therefore, the PI controller can optimize the light utilization within the

reactor automatically in case substantial catalyst deactivation occurs.

The feedback controllers were designed with commonly used tuning methods, which already
yielded satisfactory performance. However, it is expected that further optimization of the
controller design would allow for improved closed-loop performance. An investigation into the
influence of operational variables such as residence time on the controller design and
performance is of interest for future research. The closed-loop time constant is determined by
the measurement delay, which is an order of magnitude larger than the space time and several
times larger than the estimated process time constant. However, the controller gain should be
changed for different operating conditions to account for the nonlinear process behaviour,
which is also of interest for future research.
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Figure 5.5 Dynamic development of the toluene conversion (controlled variable) and irradiance
(manipulated variable) during a disturbance-rejection experiment in closed-loop mode with feedback
control (Experiment#2).

5.4.2 Performance characterization of feedback and feedforward control

Figure 5.6 demonstrates the dynamic development of the conversion during an open-loop
experiment in which the irradiance was kept constant at 6.5 W m and the RH of the feed stream
was increased after 100 minutes, and toluene inlet concentration was decreased after 200
minutes (Experiment #3). The conversion decreased gradually during the first 100 minutes due
to the catalyst deactivation, while after the increase in RH from 40 to 60% at 102 minutes, a
sharp drop in the conversion from 25% to 18% was observed. Subsequently, the conversion
increased gradually over time due to the catalyst regeneration facilitated by the high RH [4]. In
the last phase of the experiments, the system was disturbed at 200 minutes by a decrease in
toluene concentration from 40 to 30 ppmv and consequently, the conversion showed a further
increase over time due to increased catalyst regeneration rate at the higher ratio of water to
toluene inlet concentration in the last phase of the experiment. The data of the open-loop
experiment demonstrate that the toluene conversion does not remain constant when the inlet
water to toluene ratio changes over time. The conversion can be stabilized with feedback
control. In addition, since both concentrations are measured, a feedforward controller can be
designed to supplement feedback control, as illustrated next.
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Figure 5.6 Toluene conversion during three different operating conditions at a constant irradiance of
6.5 W m™ and flow rate of 1020 ml min™' in open-loop mode (Experiment #3).
Figures 5.7 and 5.8 show the variation of toluene conversion and irradiance when the same
changes in toluene inlet concentration and RH are implemented, respectively with feedback
control only and with feedback control in combination with feedforward control (Experiment
#4 and #5). The irradiance was used in both cases as the manipulated variable in closed-loop
mode. In the first 100 minutes, for both cases the controllers were well capable to maintain the
conversion close to the desired set point. However, when the first disturbance was introduced
after 100 minutes, a distinct difference can be seen. In case of feedback control only (Figure
5.7), the conversion dropped below the set point and it took some time before the irradiance
had been sufficiently increased to reject the disturbance. In contrast, when feedback control was
used in combination with feedforward control, irradiance was increased much more rapidly due
to the contribution of feedforward action. Consequently, the toluene conversion stayed close to
the desired set point and the mitigation of the inlet disturbance was much more effective.
Subsequently, the irradiance was gradually reduced due to the regeneration of the catalyst at
higher RH, which was driven by feedback control, as this trend could be seen for both cases
and was not used to design the feedforward controller. A similar behaviour could be observed
when the second disturbance was introduced after 200 minutes of operation. In this situation, a
higher conversion was measured shortly after the disturbance was introduced when only
feedback control was used, as it took time to lower the irradiance. In contrast, feedforward
control predicted the required lowering of the irradiance, which resulted in much better
controller performance. In summary, both control schemes were eventually capable to reject
input disturbances. However, the addition of feedforward control resulted in a more effective
mitigation of the disturbances due to the combination of impact prediction of the measured
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disturbances (i.e., feedforward control) and the corrective action of unmeasured disturbances
and model uncertainty (i.e., feedback control).
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Figure 5.7 Toluene conversion (controlled variable) and irradiance (manipulated variable) in closed-
loop mode in case of, a) PI feedback controller only (Experiment#4).
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Figure 5.8 Toluene conversion (controlled variable) and irradiance (manipulated variable) in closed-lo
op mode in case of PI feedback controller and feedforward controller (Experiment #5).
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5.5 Conclusion

Online process analytical technologies can be combined with LEDs in automated control loops
to maintain the conversion of toluene in a gas-phase photocatalytic reactor close to a desired
value in the presence of disturbances. In particular, the experimental results demonstrated that
a proportional-integral feedback controller could manipulate the irradiance within the reactor
to achieve desired conversions effectively in the presence of disturbances. In case of measured
disturbances, such as toluene or water inlet concentrations, the control scheme could be
augmented with a feedforward controller based on an empirical steady-state model. A
comparison of experiments without any control and with feedback control only demonstrated
that feedback control effectively mitigated catalyst deactivation. However, the combined
feedback and feedforward control scheme demonstrated superior behaviour in case measured
disturbances were added to the same set of experiments.

This work demonstrates for the first time how fast online analytical technologies can be
combined with “smart” light sources in automated control loops to maintain the conversion
close to a desired value for optimal process operation. Future work may focus on developing
more advanced control strategies (e.g., model-predictive control) or exploring other
applications.
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6.1 The main outcome of this thesis

One of the main challenges for industrialization of photocatalytic reactors is to increase the low
overall efficiency of the process. Pairing the reactor with more efficient light sources will
enhance the overall reactor efficiency if the light is utilized efficiently. The focus of this thesis
is to demonstrate several approaches for optimum photon utilization within LED-based
photocatalytic reactors. An optimal photon utilization can be realized in two different phases:
design phase and operating phase of the reactor.

In response to the key question on how to select the optimal combination of design variables
related to both light sources and reactor design simultaneously, in Chapter 2, this thesis
demonstrates for the first time a rigorous mathematical optimization of an integrated process
model involving material, momentum, and radiation balances. Specifically, the reactor model
is developed for toluene degradation in the gas phase in an annular wall photocatalytic reactor.
Because the viability of any process depends on its economic feasibility, an objective function,
representing a trade-off between capital investments and operating costs, was defined. The
reactor and the light source design variables such as the reactor dimensions and the number of
LEDs were calculated such that the economical objective function is minimized. In another
optimization study, the capability of the LED-based photocatalytic reactor in controlling the
local reaction rate is demonstrated. In particular, the optimal positioning of LEDs is obtained
to achieve a desire concentration profile along the full length of the reactor. Although the
concentration profile in this study is chosen arbitrarily, this capability may become useful when
a local reaction rate control is of interest for different purposes such as controlling the reactor’s
selectivity. In general, Chapter 2 has demonstrated the importance of model-based optimization
for LED-based photocatalytic reactors and has proven to be a crucial tool to handle
systematically the inherent trade-offs that exist in design and operation.

A validated process model is crucial for effective optimization studies. Furthermore,
characterization of process trends is needed when developing operational strategies such as
automated control approaches. Therefore, Chapter 3 focuses on the validation of the model of
the reactor presented in Chapter 2, which requires a representative experimental set-up for
conducting experiments at different operating conditions. To this end, a mini-pilot experimental
set-up including a 60 cm long annular LED-based photocatalytic reactor was designed and
developed. The LED assembly including 246 LEDs was in the center of the reactor, providing
a near uniform photon distribution on the catalyst. The reactor model is validated
experimentally, and the kinetic parameters of the model are fitted to the experimental data
accordingly.

The precise role of water in the photocatalytic oxidation of volatile organic compounds has
been a major topic of debate in recent literature. Chapter 3 has provided some important new
insights into the role of water. In particular, under the operating conditions tested in this study,
it is found that the catalyst deactivation depends strongly on the water to toluene molar ratio.
By increasing the water content in the feed, the rate of catalyst deactivation decreased. On the
other hand, there is a competition between water and toluene for adsorption on the catalyst
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active sites and, therefore, in the absence of water, the highest toluene conversion rate was
obtained. Therefore, an optimal water to toluene molar ratio can be found balancing the need
to preserve the catalyst activity as well as to obtain the desired degradation rate. Electron-hole
recombination is believed to be the most important factor causing the low efficiency of a
photocatalytic process. It has been suggested that continuous introduction of photons stimulates
charge recombination process and hence, results in inefficient usage of photons. On the other
hand, the experimental result presented in Chapter 3 of this thesis suggests that electron-hole
recombination is predominant in the reactor system for all tested irradiance levels. Therefore,
the impact of periodical illumination of LEDs on the performance of the reactor is studied in
Chapter 4. In particular, the impacts of period and duty cycle were studied on the reactor
photonic efficiency for toluene photocatalytic degradation in the gas phase. It is concluded that
the photonic efficiencies under CPI and continuous illumination at equivalent average
irradiances are comparable for all tested periods and duty cycles since mass transfer does not
limit the reactor, despite electron-hole recombination prevalence in the system.

The developed computational approaches and validated models can be used to identify optimal
equipment dimensions and nominal operating conditions for efficient utilization of light within
the photocatalytic reactor. However, an optimal light utilization may still not be achieved in
practice due to design uncertainties and external disturbances acting on the system. LEDs are
often referred to as “smart” light sources due to their flexibility in providing varying light
intensity instantaneously. Furthermore, analytical techniques have made great progress in
recent decades. Therefore, it has become possible now to combine the flexibility of LEDs and
rapid analytic techniques such as GC in automated control loops. Chapter 5 provides the first
experimental demonstration of such automated control loops. In particular, the combination of
an on-line analytical system (GC), a control algorithm and LEDs as controllable light sources
has been demonstrated for achieving a self-optimizing LED-based photocatalytic reactor. The
excellent capability of the feedback PI controller in tracking different conversion set points was
shown in the presence of unmeasured and measured disturbances to maintain a desired
conversion of toluene. Furthermore, the performance could be further improved when adding
the predictive capability of a model-based feedforward controller to the existing feedback
controller. Environmental applications often require a maximum threshold for the
concentration of pollutants. Since excessive conversion of pollutants (beyond the maximum
threshold) would lead to high and unnecessary operating costs, an effective self-
optimizing LED-based photocatalytic system was developed to adjust the conversion rate by
monitoring the pollutant concentration of the inlet, without manual intervention.

6.2 Suggestions for future studies

6.2.1 Optimization

In minimizing the reactor cost and achieving a certain conversion, the light source and
reactor design parameters described in Chapter 2 resulted in a non-uniform photon distribution
pattern on the catalytic surface, which arguably violates the conventional wisdom of providing
uniform lighting to the catalytic surface. It would be of interest for future research to validate
such results by focusing on the effect of non-uniform irradiation patterns. Some studies
with direct comparison of LEDs and conventional UV-lamps under similar irradiance level
have attributed the lower efficiency of the LED-based reactors compared to conventional
UV lamps-based
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reactors to the non-uniform radiation pattern from the LED assembly. However, the current
state-of-art does not consider the costs associated with obtaining a uniform light pattern, which
may bring only marginal improvements to the conversion of the pollutant at the expense of
significantly increased costs. Future work should, therefore, adopt a broader perspective and
aim to optimize the economic performance of the complete system, which would provide
experimental validation of some of the specific results that came out of the optimization studies
presented in this thesis. Finally, a comprehensive economic comparison of a LED-based
photocatalytic reactor to a system with a conventional UV-lamp would be of interest, as the
conventional system has limited flexibility in creating a non-uniform photon distribution.

One of the advantages of LEDs is their narrow wavelength spectrum compared to conventional
UV-lamps. In recent years, the number of studies on different photocatalyst action spectra i.e.
photonic efficiency as a function of excitation wavelength, for degradation of different
photocatalytic reactions has increased [1-4]. In many cases, the action spectra is proportional
to the fraction of radiated photons absorbed by the photocatalyst [1]. For instance, the action
spectra of P25 for several model compounds decrease as the photon wavelength increases [3,4].
On the other hand, the efficiency of converting electrical power to photons decreases when
decreasing the photon wavelength [4]. Therefore, there is a trade-off between the reactor cost
and the reactor photonic efficiency. In the optimization formulation presented in Chapter 2, the
wavelength was considered as a fixed parameter, however, consider it as one of the degrees of
freedom for the design of the LED illumination system to find the optimum action spectrum is
an interesting subject for follow-up studies.

6.2.2 Other reactor configurations

In this thesis, a basic and simple reactor geometry is chosen for illustrative purposes, and
different approaches for optimum photon utilization have been applied to it successfully.
However, more sophisticated reactor designs have been proposed in the literature to improve
mass and photon transfer. Hence, applying the proposed methodologies for optimum photon
utilization, presented in this thesis for other reactor configurations, integrated with LEDs, could
be a useful follow-up of the current study. The reactor can be modelled based on the first
principles and validated experimentally as shown in Chapter 3, although the details of mass,
momentum and photon transfer might be different for different configurations. However, the
validated model can be used in the mathematical optimization approach suggested in Chapter
2, to obtain the optimal design parameters. For instance, many studies in photocatalysis are
conducted in slurry reactors, especially in the liquid phase, where overcoming the mass transfer
limitations and obtaining the radiation transfer equation due to photon scattering and absorption
are challenging. However, optimization of LED-based slurry photocatalytic reactor has rarely
been reported. In addition, the application of the PI control scheme presented in Chapter 5, can
be studied directly for different LED-based reactors.

6.2.3 Reactor control

Although basic automated control approaches were successfully applied for the LED-based
photolytic reactor in this study, more advanced control schemes could be developed to improve
performance. For example, the empirical model used to design the feedforward controller could
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be based on first principles and could include dynamics, which would offer a broader range of
applicability. Future work may aim for more advanced control approaches such as model-
predictive control (MPC), which relies on a validated dynamic model. The optimization
strategies from Chapter 2 could provide a useful starting point for the numerical challenges
regarding optimization, whereas the process model described in Chapter 3 could provide the
starting point for model development. Finally, the actuators and process analytical technologies
from Chapter 5 can be the basis for the physical implementation of the closed-loop structures
of MPC.

In this study, a uni-variant controlling approach was used where irradiance was the only
manipulated variable. However, other operating parameters such as temperature, relative
humidity, etc. could be considered as the manipulated variables. Furthermore, the reactor could
be optimized for other criteria than photon utilization such as minimizing an undesired product
or maximizing the ratio of two products. Therefore, future studies could focus on conducting
multivariate and multi-objective control algorithms when designing self-optimizing
photocatalytic processes.

6.2.4 Reactor model improvements

The effectiveness of an optimization, control or scale-up methodology relies on the process
model, which translates the system behavior to an abstract mathematical model. The
photocatalytic reaction kinetic model is one of the main building blocks in such process model
and, in recent decades, several studies have been conducted to understand the mechanism of
the photocatalytic reactions. However, there is yet a lack of knowledge on intrinsic reaction
kinetics, describing the reactions taking place in the reactor for many applications such as
toluene degradation, which is due to the complex nature of the reactions. Although most of the
reaction kinetics proposed in the literature for photocatalytic degradation of toluene were
investigated in the model parameter estimation study in this thesis, none of them could explain
the reaction behavior accurately at a broad range of conditions including at no or very low water
concentrations. Since water is an inevitable part of so many practical applications of
photocatalysis, such inaccuracies in the reaction kinetics may impose uncertainties in the model
and consequently optimization or control results. An alternative to applying traditional methods
for kinetic studies, such as the ones using differential reactors with a recycling system, is
applying a hybrid modeling approach, which combines mechanistic and data-driven modeling
within a single overall model. Especially when fundamental models are not able to describe the
system behavior for a certain range of operating conditions, a hybrid model could result in a
better description of the system. Therefore, such a technique is of interest as a basis for a model
of a complicated photocatalytic process aiming to describe the system response also when the
mechanism behind the system behavior is not fully understood.

In addition, the reactor system in our study was not mass transfer limited for the tested range of
operating conditions, however, variations in design or operating conditions could impose mass
transfer limitation in the reactor. Furthermore, at higher volumetric flow rates where the
assumption of fully laminar flow is violated, the reactor model should account for different
mass transfer mechanisms and flow regimes.
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Furthermore, applying catalysts with higher specific surface areas such as nanotube-structured
catalysts can improve the reactor performance. However, internal photon and mass transfer
diffusion could play a role in these cases. Therefore, future studies are needed to focus on the
integrated reactor models for different mass and photon transfer regimes.

Finally, catalyst deactivation is observed for some organic compounds due to the strong
adsorption of reaction intermediates to the catalytic surface, as it was observed for toluene
degradation in this study. However, the catalyst deactivation was not incorporated into the
reaction model, which could be considered in the future studies as well.

6.2.5 Equipping a photocatalytic reactor with local sensors

In Chapter 2, the capability of the LED-based reactor to control the local reaction rate was
shown in theory. Often, the initial photocatalytic reaction rate is used to model the reactor;
however, photocatalysis often involves a chain of reactions where several intermediates and
side products are generated on the catalytic surface. Therefore, future work may aim to design
LED-based reactors equipped with a sensor system, which provides in-situ local concentration
measurement. Such a system would provide opportunities for studying the reactor selectivity
when kinetic details are known as well as investigating novel control approaches for the reactor
focusing on selectivity in addition to conversion. In addition, such a system could facilitate
studying the local photocatalytic reactions and revealing the unknown kinetics data.

6.2.6 Scale-up studies

A scaled-up photocatalytic reactor should satisfy a high mass transfer as well as optimal photon
utilization in the reactor. However, the interplay between those phenomena is scale dependent,
which could result in expensive reactors due to a deficient photon utilization or mass transfer
limitations. However, mathematical models for LED-based reactors as suggested in this thesis
can act as a powerful tool for mass and photon transfer predictions at larger scales. Furthermore,
control structures are known to scale-up well, i.e., a control structure that works well on small
scale often works well on large scale as well, which provides opportunities to simplify scale-up
by transferring the developed automated control loops to larger scales.

6.2.7 Nanostructured photocatalysts

Different nanostructured TiO catalysts such as nanotubes, nanofibers, nanospheres, and
nanowires have been successfully applied for different photocatalytic applications. However,
the comparison between these structures under similar conditions to find the optimum structure
has rarely been reported, which can be interesting for future studies. In this regard, we have
taken an initial step to study different TiO2 nanostructures in a newly developed LED-based
photocatalytic reactor. The results of this initial study to compare the photocatalytic activity of
some nano-structured TiO» are reported in Appendix I. Some suggestions for further studies in
this area have been provided based on our results as well.

6.2.8 New generation of UV-LEDs

Although UV-LEDs are more energy efficient and long lasting in comparison to conventional
UV-lamps, the efficiency of UV-LEDs is significantly lower than visible LEDs. In addition to
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the complicated process of production, they require expensive materials for fabrication and a
bulky heat sink for heat dissipation [5]. Therefore, there have been many investigations and
continuous improvements on the performance of UV-LEDs based on developing novel
materials as the emitters or changes in their structure to overcome the mentioned drawbacks in
the recent years. Organic light emitting diodes (OLEDs) in the UV range have been developed
[6] while incorporation of ultra-small colloidal nanocrystal quantum dots (NQD) based on metal
chalcogenides is another promising approach to develop more efficient UV-LEDs (QLEDs) [5].
Coupling photocatalytic reactors with such new generation of UV-LEDs is another interesting
subject of research for developing more economically feasible photocatalytic processes.
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1.1 Introduction

Heterogeneous photocatalysis is attracting much attention due to its large number of
applications [1, 2]. Nevertheless, its commercialization has been hindered by the low overall
efficiency of the process [3]. The reactor, light source and photocatalyst are the three main
elements in a photocatalytic process. The main challenges include efficient reactor design with
optimal photon and mass transfer and developing more efficient photocatalysts. To overcome
the poor photon utilization within a photocatalytic reactor, selecting a more efficient light
source is important. Conventional UV-lamps such as low-pressure mercury lamps, restrict the
reactor design due to their large size and rigid design. Moreover, fragility, toxicity, gas leakage
and disposal issues are other disadvantages of mercury lamps [4]. Alternatively, Light Emitting
Diodes (LEDs) are promising light sources for photocatalysis applications [5]. LEDs are robust,
energy-efficient, non-toxic and long-lasting light sources. In addition, LEDs can be placed
flexibly within each reactor configuration due to their small size and ability to deliver a range
of intensities and different radiation patterns. The focus of this thesis is on optimal design and
operation of LED-based photocatalytic reactors. However, the efficiency of the photocatalyst
also has a major impact on the design and operation of such reactors. Extensive research has
been done on developing more efficient photocatalysts, and yet TiO> is the most frequently
applied photocatalyst. The reason is due to its high catalytic activity, chemical- and photo-
stability, low cost, nontoxicity and favorable band gap energy [1]. For practical applications,
immobilization of the photocatalyst makes operation easier, since no separation of the particles
from the stream (e.g., by filtering) is required. On the other hand, dense films of immobilized
photocatalysts may have mass transfer limitations and a lower catalytic surface area as
drawbacks. Applying open structure nanosized TiO: catalysts which can provide extended
surface area and ease of reactants access to the catalytic sites can be an attractive alternative.
Different nanostructure TiO» catalysts such as nanotubes, nanofibers, nanospheres, and
nanowires have been successfully applied for different photocatalytic applications [6, 7].
However, the comparison between these structures under similar conditions to find the optimum
structure has been rarely reported.

The objective of the initial study reported in this appendix was to compare the performance of
several well-known nano-structures of TiO> such as nanoparticles and nanotubes, which were
prepared by hydrothermal methods and applied to gas-phase photocatalytic reactions. A disk
LED-based photocatalytic reactor was designed and built for testing of these different
photocatalysts. The reactor’s design allowed for finding the optimal illumination pattern on the
catalyst’s surface easily by changing the variables of the light sources such as the distance to
the catalyst surface and LED-to-LED distance. The model reaction was the photocatalytic
degradation of toluene. The reactor effluent was analyzed with gas chromatography. The reactor
was operated in the continuous mode and at the room temperature and atmospheric pressure.

1.2 Materials & methods

I.2.1 Catalysts preparation

TiO, nanoparticles and nanotubes were used in this study. The TiO, NPs were synthesized
according to a protocol reported elsewhere [8]. Briefly, 2 ml of titanium isopropoxide (97%)
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was mixed with 30 ml ethanol (analytical grade) and the solution was stirred at 400 rpm.
Subsequently, 3 ml of acetic acid glacial was added to the solution while the solution was
stirred. After 5 minutes, 5 ml of ultra-pure water was added. The final solution was baked in an
oven for 15 minutes at 120 °C. The final product was washed with ethanol and centrifuged at
900 rpm for 3 times.

The synthesis procedure for the TiO2 nanotubes was adopted from Ma et al. [9]. In summary,
33.25 g of solid NaOH was dissolved in 80 ml of water and later, 4 g of solid TiO; (anatase
powder) was dispersed in the aqueous solution of NaOH. The solution was stirred for one hour
and then, the solution was charged into two Teflon-lined autoclaves. The autoclaves were put
into an oven for 48 hours at a temperature of 150 °C. After the hydrothermal treatment, the
solution was separated from the precipitates via filtration. Subsequently, the precipitates were
added to 500 ml of 0.1 M HCI and stirred overnight. The solution was divided into six
centrifugation tubes. The samples were re-dispersed and sonicated in water for one week. After
reaching a pH in the range of 7 to 7.5, the product was dried in an oven at 60 °C for 12 hours
and calcined at 500 °C in air for 2 hours.

Commercial TiO2, (P25 from Evonik), which is the most applied catalysts for various
photocatalytic applications, was used as the reference catalyst in this study. Two batches of
each sample were prepared for testing the repeatability of the synthesis procedure.

1.2.2 Catalyst carrier and coating method

The catalyst carriers were 316 stainless steel discs of 6 cm in diameter, with a height of 0.5 cm
and the approximate surface roughness (Ra) of 0.8 pm. The discs were coated with the catalysts
using different methods such as dip coating, spin coating and spraying. However, the catalyst
loading on the discs were non-uniform and mostly low in weight for conducting the
photocatalytic reactions with measurable output. Therefore, the carriers were treated by
different pre-treatment methods including surface oxidation, polishing with sandpapers and
sand blasting with two different sand bead sizes (50 and 100 pm), to improve the adhesion of
the catalyst to the carrier surface as well as to increase the catalyst weight loading.

Among the tested methods, using a sandblaster (GoldSmith, ZK8045, air pressure of 1 bar,
sandblasting angle of 90° and the distance of 150 mm) with the larger sand beads (100 um) in
combination with spraying the catalyst solution on the disc resulted in more uniform, cracked-
free and a higher catalyst loading on the discs. Before coating, the discs were ultrasonically
cleaned with acetone and later with ethanol and finally dried in an oven at 120 °C for 15 minutes.

The suspensions for spraying were prepaid by dissolving 200 mg of each sample in 20 ml of
absolute ethanol followed by stirring the suspension on a magnetic stirrer for 2 hours. For
coating the samples on the discs, an air spray gun with a nozzle of 0.8 mm diameter and air
pressure of 2 bar was used. The samples were sprayed on the carriers manually, while the
distance of the gun nozzle to the discs was kept constant at 50 mm. After the spray coating,
discs were dried in an oven at 120 °C for more than 3 hours. The catalyst weight on each disc
was measured by weighing the discs before and after the coating.
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1.2.3 Catalyst characterization techniques

The crystalline state of the samples was studied by X-ray diffraction (XRD) analysis using a
Bruker D8 advance and CuKa radiation. Transmission electron microscopy (TEM) was used to
investigate the morphology and size of the samples (FEI Tecnai F30, 300 kV). For TEM
analysis, an extremely small amount of each sample was dissolved in ethanol and a droplet from
the solution was dispersed on a 200-mesh carbon coated copper grid (Electron Microscopy
Science). The copper grid was dried at room temperature before the analysis. Scanning electron
microscopy (SEM) images were obtained (FEI instrument, Inspect F50) to investigate the
surface structural quality of the deposited catalytic films on the disc carriers.

1.2.4 Equipment and Operating Procedures

The reactor was made of anodized aluminum and consisted of a reaction and an illumination
module. The reaction module was a disc with internal diameter of 7 cm and cavity of 6 cm
diameter and had 0.5 cm depth in the middle for placing the catalytic disc. The reaction module
had a jacket in which water could flow at a controlled temperature from a thermostatic bath to
keep the reactor at a desired temperature. The reactor inlet was designed to distribute the flow
over the catalytic disc uniformly. The topside of the reactor had a quartz window for
illumination. The reaction module was covered by the illumination module, which consisted of
72 UV-LEDs (NSSU100CT, Nichia, Japan) mounted on a printed circuit board (PCB). The
distance of the LEDs to the topside of the reactor was tuneable. The PCB was connected to an
aluminum bar, which exhibited several fins to increase the heat dissipation from the LEDs to
the environment and to keep the LEDs at room temperature. The temperature of the LEDs was
monitored with temperature sensors mounted at different points on the PCB. The design
schematics as well as a photo of the reactor are shown in Figure 1.1 (a) and (b).
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LED assembly w

Catalytic !4 o
| disc

Figure I.1. Disc LED-based photocatalytic reactor (a) schematic drawing; (b) prototype in the
laboratory.

The disc LED-based photocatalytic reactor was a part of an experimental set-up, which has
been described in detail in Chapter 3 and was connected to the feeding system via a three-way
valve (see Figure 1.2). The carrier gas was a mixture representing air consisting of N (78%)
and O (22%). The reactor feed was generated by mixing three gas streams as has been
described in Chapter 3, while the reactor inlet flow rate was controlled with a mass flow
controller. The operating conditions are listed in Table I.1.

Table I.1. Operating conditions of photocatalytic reactions

Toluene inlet concentration 60 ppmv
Relative humidity 60 %
Volumetric flow rate 20 ml min™!
Reactor volume 14.13 ml
Residence time 43 S
Average irradiance 14 W m™

Before initiating the photocatalytic reaction, the reactor was purged for one hour with feed
without illumination to reach an equilibrium state. Subsequently, the illumination was started
and the concentrations of the various chemical fractions in the reactor’s effluent were measured
with GC at 20 minutes after initiating the reactor illumination. All the experiments with each
catalytic disc were repeated at least three times. Toluene conversion was calculated my
measuring the toluene at the reactor inlet and outlet according to equation (3.6) in chapter 3.
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Figure 1.2. Experimental set-up (a) schematic drawing and, (b) photo of prototype in the laboratory
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1.3 Experimental Results

1.3.1 Catalyst characterization

The XRD pattern (not shown here) of NP samples showed mainly existence of anatase phase
in the sample structure while no extra signals corresponding to other crystalline phases such as
rutile or brookite were detected. However, the diffraction peaks obtained from NT samples
analysis are broader than normal crystal structures, meaning the sample is mostly amorphous
to microcrystalline (see Figure 1.3). No crystalline phases and specifically rutile and anatase
were identified in the NT samples structure. In addition, the combination of 805 anatase and
20% rutile crystalline phase was confirmed from XRD analysis of P25 samples (Data not
shown).
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Figure 1.3. XRD pattern of synthesized NT (in black) and possible peak positions and their intensities
(in red)

The morphology and the particle size of the synthesized TiO2 NPs and NT are compared with
P25 samples in Figure 1.4 (a), (b) and (c). NP consists of cubical particles with approximate
size of 5 -10 nm. In Figure 1.4, the tubular structure of NTs with low variation in their diameters
(= 5 nm for inner diameter and=~ 10 nm for outer diameter), whose lengths can extend to few
hundreds of nanometres can be observed. P25 particles are mainly spherical with particle sizes

of 20-30 nm.
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(a)

(b)

(©)

Figure 1.4. TEM images of (a) synthesized NP, (b) synthesized NT and (c) P25.

Figure 1.5 (a) and (b) show the stainless steel disc surface before and after sandblasting. It is
observed that a relatively polished surface of the disc has changed to a more rough and matt
state by sandblasting. The SEM analysis of the disc surface shows clearly the random
deformation of the disc surface and creation of irregular squeezes due to the contact with the
abrasive sand beads (see Figure 1.6). The approximate roughness (Ra) of 2.5 um was obtained
by analyzing the disc surface after sandblasting via a profilometer (Dektak 8).
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Figure 1.6. SEM images of the stainless steel disc surface (a) before and (b) after sandblasting (sand
beads of 100 um)

It is observed that all coated catalytic films present a similar uniformity on the discs at low
magnification (Figure 1.7). However, comparing the SEM images (see Figure 1.8) for the
surface morphology of the catalytic films, the NP film presents more uniformity on the disc,
while the other two samples and specifically NT show more particles agglomerations with
diameter of few microns in the surface structure. The creation of the catalytic film by stacking
of the agglomerates has resulted in creation of some pores for these samples.
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-

Figure 1.8 SEM images of the (a) synthesized NP, (b) synthesized NT, and (c) P25 coated film surface
on the discs.

Controlling the catalyst weight on each disc via spraying was found to be challenging.

Therefore, several discs from each catalyst batch were prepared and the discs with an

approximately similar catalytic weight were tested. The list of catalytic samples and their

weights are listed in Table 1.2.

1.4 Photocatalytic experimental results

Toluene conversions for different catalytic samples are listed in Table 1.2. The reactor
performance for discs with P25 catalyst from the same batch but with different catalytic weights
showed a near linear relation between toluene conversion and the catalyst weight within the
tested range. By increasing the catalyst weight, the catalyst surface increases, which leads to
more photon absorbance and consequently, more active sites for the catalytic reaction.

Table 1.2. Toluene photocatalytic conversion for different TiO, photocatalysts

Samples Weight [mg] Conversion + error
P25#1 4.4 0.29 0.01
P25#1 8.4 0.36 0.02
P25#1 15.1 0.47 0.02
P25#2 14.6 0.45 0.01
NP#1 15.9 0.56 0.02
NP#2 14.5 0.53 0.01
NT#1 14.8 0 0
NT#2 18 0 0
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The NP samples showed a higher toluene conversion compared to conventional P25 catalyst at
a similar catalyst weight. The higher photocatalytic activity of the NP samples could be
attributed to their smaller particles sizes compared to P25, which results in a higher catalytic
surface area. In addition, the crystalline structure of NP samples is mainly anatase, while P25
is a mixture of 80 % anatase and 20 % rutile. It is well known that the anatase phase has higher
photocatalytic activity compare to rutile [ 10] and therefore, this can be another reason why NPs
showed higher photocatalytic activity compare to P25.

On the other hand, none of the NT samples showed photocatalytic activity, which might be
attributed to the absence of TiO; in the form of rutile or anatase, which was proven by the XRD
analysis.

I.4.1 Discussion and recommendations

The goal of this brief study was to take an initial step to compare different types of catalysts
and compare them in a photocatalytic reactor. The results showed that is the structure has a
meaningful impact on the catalyst activity. However, a significant portion of the results
produced in this study are not reported here, due to lack of consistency and reproducibility,
which calls for refined and possibly extended experimental protocols, especially for coating the
carriers with catalysts.

The lack of photocatalytic activity of the hydrothermally synthesized NT was surprising. It was
suggested that the lack of activity might be due to the lack of anatase and rutile TiO; in their
structure. However, the protocol used for the synthesis of these catalyst particles led to anatase
phase in other studies [9,11]. Therefore, it is recommended to test other synthesis protocols for
TiO2 nanotubes and to compare the nanotube catalysts produced with those protocols
(containing anatase and/or rutile structures) with the other nano-structured catalysts.

The mesoporous natures of nanofibers are of interest for conditions in which mass transfer is
limiting, which suggests for a systematic comparison between the performance of TiO:
nanofibers, nanoparticles and nanotubes in the reactor.

The reactor, designed and build in this study could be applied effectively for comparison of
different catalysts. Also, this reactor allows finding the optimal illumination pattern on the
catalysts surface by changing design variables related to the light sources such as distance to
the catalysts surface and LED-to-LED distance. Therefore, using this reactor (design) the next
step could be to find the optimal light distribution for each specific catalyst structure.
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Alas! That this Invested Four (human body) is naught!
This Piebald Asp (day & night) of Nine-Fold Lore (nine spheres of sky) is naught!
Beware! Amidst the Heave of Life and Death

A gasp is ours, and that once more is naught!

Khayyam (1408-1131 AC)

Translation by: R. Parchizadeh
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