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Abstract

Abstract

This work aims at modelling and evaluating a new type of photocatalytic reactors, named
fixed-bed photocatalytic membrane reactor (FPMR). Such reactors are based on the deposi-
tion of a thin layer of photocatalysts on a permeable substrate by filtration. This layer
serves as a photocatalytic membrane, named fixed-bed photocatalytic membrane (FPM),
which is perpendicularly passed by the reactant solution and illuminated by a suitable
light source. One advantage of FPMs is their renewability. The model, which was devel-
oped for this reactor, relates the overall reaction rate in the FPM with the intrinsic reaction
kinetic at the catalyst surface and accounts for light intensity, structural and optical layer
properties as well as the mass transfer in the pores.

The concept of FPMR was realised by using a flat sheet membrane cell. It facilitated
principal investigations into the reactor performance and the validity of the model. For
this purpose, the photocatalytic degradation of organic compounds, such as methylene
blue and diclofenac sodium, was conducted at varying conditions. Pyrogenic titania was
used as a photocatalyst. The experimental data support the developed model. They also
indicate a significant impact of the flow conditions on the overall photocatalytic activity,
even though the Reynolds number in the FPM was very small; the total mass transfer rate
in the FPM amounted to more than 1.0 s™'. The experiments also showed a sufficient
structural strength of the FPM and photocatalytic stability. In addition, the renewal and
regeneration of FPMs was successfully demonstrated.

Furthermore, another FPMR was designed by means of submerged ceramic mem-
branes. This reactor was mainly used to assess the effectiveness and efficiency of FPMRs
at the example of the photocatalytic degradation of oxalic acid. The corresponding reactor
was run closed loop and in continuous mode. The effectiveness of the reactor was evalu-
ated based on common descriptors, such as apparent quantum yield, photocatalytic
space-time yield and light energy consumption. The results showed that the FPMR based
on submerged ceramic membrane had a higher efficiency than other reported photocata-
lytic reactors. The comparison of the different modes of operation revealed that the

closed loop FPMR is most efficient with regard to light energy consumption.
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Finally, this work discusses the up-scaling of FPMRs for industrial applications and
proposes a solution, which can e.g. be employed for wastewater treatment or CO, con-

version.



Kurzfassung

Kurzfassung

Das Ziel dieser Arbeit ist die Modellierung und Bewertung eines neuen Reaktortyps fur
die heterogene Photokatalyse, des Festbett-Photokatalysemembran-Reaktors (engl.: fixed-
bed photocatalytic membrane reactor - FPMR). Derartige Reaktoren basieren auf der Ab-
scheidung einer dinnen Schicht von photokatalytischen Partikeln auf einem durchstrém-
barem Substrat mittels Filtration. Diese Schicht dient als photokatalytische Membran, der
Festbett-Photokatalysemembran (engl.: fixed-bed photocatalytic membrane - FPM), die von
der Reaktandenlésung senkrecht durchstromt und von einer geeigneten Lichtquelle be-
leuchtet wird. Ein Vorteil von FPMs besteht in ihrer Erneuerbarkeit. Das fur diesen Reak-
tortyp entwickelte Berechnungsmodell verkntipft die Reaktionsrate in der FPM mit der
intrinsischen Reaktionskinetik an der Katalysatoroberflache unter Berucksichtigung der
Lichtintensitat, der strukturellen und optischen Eigenschaften der Katalysatorschicht so-
wie der Kinetik des Stofftransports.

Das Konzept des FPMRs wurde zundchst mit Hilfe einer Flachfolienmembranzelle re-
alisiert. Damit erfolgten grundlegende Untersuchungen zur Funktionalitat und zur Gultig-
keit des Berechnungsmodells. Zu diesem Zweck wurde der photokatalytische Abbau von
organischen Verbindungen wie Methylenblau und Diclofenac-Natrium unter verschiede-
nen Bedingungen durchgefuhrt. Als Photokatalysotor diente pyrogenes Titandioxid. Die
experimentellen Daten stutzen das Berechnungsmodell. Sie verweisen zudem auf einen
signifikanten Einfluss der Stromungsbedingungen auf die photokatalytische Reaktivitat,
obgleich die Reynoldszahlen sehr klein waren; der volumetrische Stofftransportkoeffi-
zient in der FPM betrug mehr als 1 s™. Die Versuche belegen weiterhin eine ausreichende
Strukturfestigkeit der FPM und die Stabilitat der photokatalytischen Eigenschaften. Nicht
zuletzt konnte die Erneuerbarkeit und die Regenerierbarkeit der Katalysator demonstriert

werden.

In einem weiteren Schritt wurde ein FPMR unter Verwendung von getauchten Kera-
mikmembranen gebaut. An diesem Reaktor erfolgten hauptsachlich Versuche zum pho-
tokatalytischen Abbau von Oxalsaure mit dem Ziel, die Effektivitat und die Effizienz des

FPMR zu beurteilen. Dabei wurde der Reaktor im Kreislauf-Modus und im kontinuierlichen
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Modus betrieben. Die Effektivitat des FPMR wurde anhand gangiger Deskriptoren wie
scheinbarer Quantenausbeute, photokatalytischer Raum-Zeit-Ausbeute und Lichtener-
gieverbrauch bewertet. Die Ergebnisse zeigen, dass der auf getauchten Keramikmembran
basierende FPMR einen hdheren Wirkungsgrad als andere photokatalytische Reaktoren
aufweist. Beim Vergleich der verschiedenen Betriebsmodi zeigt sich, dass der periodische

Kreislauf-FPMR im Hinblick auf den Lichtenergieverbrauch am effizientesten ist.

Am Ende diskutiert die Arbeit die Hochskalierung von FPMRs fur grof3technische An-
wendungen und schlagt eine Variante vor, die beispielsweise zur Abwasserbehandlung

oder CO-Konversion genutzt werden kann.

Vi
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1 Introduction

1 Introduction

1.1 Motivation

The shortage of clean water sources has become a global issue. It is estimated that around
4 billion people worldwide have been experiencing the limited access to clean water sup-
ply (Malato et al., 2009). In the coming years, the demand for clean water will even in-
crease quickly because of the population growth, the rapid industrialisation, and climate
change. To address the problem, the reuse of on-site wastewater is a potential solution.
To wastewater treatment, conventional methods still have some limitations. For example,
adsorption, and coagulation do not completely degrade contaminants while sedimenta-
tion, filtration, chemical and membrane technologies normally require high operation
cost and produce toxic secondary pollutants (Chong et al., 2010). For the above limita-
tions, a lot of efforts have been devoting to researches on advanced oxidation processes

(AOP) as novel water treatment technologies.

AOPs are based on the generation and utilisation of hydroxyl radicals, highly oxidative
species, for degrading toxic organics. There are various AOPs such as Os, UV/O3, UV/H,0,,
03/UV/H,0,, Fenton's reagent, and photocatalysis. Among these AOPs, heterogeneous
photocatalysis which employs photocatalytic semiconductors (e.g. TiO,, ZnO, Fe;0s, CdS)
is of great interest and has been intensively investigated. In photocatalysis, photocatalysts
absorb light energy e.g. solar energy to generate excited electron-hole pairs. The gener-
ated electron-hole pairs can trigger oxidation, and reduction reactions to generate hy-
droxyl radicals. It has been widely demonstrated that photocatalysis can non-selectively
and completely mineralise a wide spectrum of organics. In addition, it is an environmen-
tally friendly and sustainable technology. Equally importantly, it has a great potentiality to

use solar energy by which its operation cost can greatly decrease.

Even though photocatalysis has been intensively studied for over 4 decades, its appli-
cation to water treatment in a large-scale is still rare. The primary technical barrier that

hinders its commercialisation is the demand for a post-recovery of the catalyst particles
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after water treatment (Chong et al., 2010) which normally results in the high energy con-

sumptions.

Recently, the coupling of photocatalysis and membrane process has emerged as a
promising method to integrate photocatalysis into water purification systems. In the com-
bined systems (named photocatalytic membrane reactors, PMRs), membrane plays as an
affordable method for separating photocatalytic materials from photocatalytically treated
solutions. In addition, the use of the membrane enables the continuous operation of the
purification systems. Moreover, membrane process can play a role as a separation tech-
nique to remove remaining impurities. A great deal of effort has been putting into the
development of effective PMRs. Investigated PMR systems are classified into two types
slurry PMR systems and immobilised PMRs. Slurry PMRs systems used fine catalytic par-
ticles in a suspended state in which membrane system and photocatalytic reactor are
placed either in the same illuminated area (integrated system) or separately (separated
systems). Immobilised PMRs are reactor systems which use photocatalytic membranes
(membranes which are made of/coated by photocatalytic materials) (Molinari et al., 2017).
The main advantage of the slurry PMRs is the high photocatalytic reaction rate. However,
due to the use of fine catalyst particles, membrane fouling and cake layer formation is
their major drawbacks. In contrast, immobilised PMRs are compact and have no fouling
or cake layer of catalytic particles. However, their major drawbacks are the low photocata-
lytic activity, and the mass transfer limitation (Aran et al., 2011; Molinari et al., 2004; Zhang
et al., 2014). Furthermore, in the immobilised PMRs, catalysts are mostly fixed in/on mem-
branes by chemical bonds e.g. via coating and sintering. This hinders the regeneration of

the catalysts once the photocatalytic materials are partly or fully deactivated.

Facing the challenging problems, this work proposes a reactor concept which might
combine the advantages and address the limitations of the current photocatalytic mem-
brane reactors. The reactor concept is named as fixed-bed photocatalytic membrane reactor
(FPMR). It is based on fixed-bed photocatalytic membranes (FPMs). The FPM is a uniform
thin photocatalyst layer formed on a surface of a supporting membrane by the filtration
of catalyst suspension. Once the FPM is formed, photocatalysis is then conducted. In the
photocatalysis, reactant fluid flow through the catalyst layer while it is illuminated by a
suitable light source.

The corresponding catalytic coating is not really fixed, which allows an easy renewal
of the photocatalytic layer when the catalytic activity decreases. Moreover, the new FPMR
facilitates the controlled formation of a photocatalytic coating i.e. FPM thus the defined
variation of photocatalytic activity. In addition, this reactor also offers the advantages of
high surface-to-volume ratio, high mass transfer rate, simplicity, and safe operation.
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Regarding practical aspects, it does not need to work at high pressure nor does it require
aeration. Moreover, it does not require a post-separation of catalyst particles from prod-

uct flow.

Heterogeneous photocatalysis involves various steps such as photon absorption,
mass transfer, adsorption, intrinsic chemical reaction, desorption, and back diffusion. The
contribution of each step on the photocatalytic performance of photocatalytic reactors
depends greatly on the employed photocatalytic reactors, properties of photocatalyst and
reactant, and operational conditions. Although the heterogeneous processes have been
widely studied, the involvement of light absorption in the photocatalysis poses new ques-
tions for process modelling. In literature, the documented results on photocatalytic activ-
ity of photocatalyst and efficiency of photocatalytic reactors typically rely on the apparent
reaction rate constant. However, the constant does not fully reflect the intrinsic nature of
the photocatalytic process. Therefore, a reactor model for better predicting, and quanti-

tatively describing the performance of photocatalytic reactors is necessary.

1.2 Aim and objectives of the work

This work aims at modelling and evaluating the photocatalytic performance of FPMRs. The
following questions should be addressed:

e what are the key features of FPMRs?

e how to transform the FPMR concept into specific FPMR systems?

e How to develop quantitative models which can describe and predict the pho-
tocatalytic performance of FPMRs?

e how effective are the FPMRs?

e what are the potential applications of the FPMRSs?

The answers to these questions i) deepen the comprehensive understandings on the
processes involved in photocatalysis within a layer of nanosized catalyst particles, ii) facil-
itate assessment of the new reactor concept, and iii) potentially set a new research trend
in developing photocatalytic reactors for both water purification and chemical synthesis.

1.3 Thesis outline

To answer the above questions i.e. to reach those aims, this dissertation is structured as

6 chapters.

Chapter 2 outlines fundamental backgrounds for this dissertation such as filtration
theory, pressure drop through a fixed-bed, mass transfer phenomenon. Especially, it anal-

yses systematically the roles of all steps within heterogeneous photocatalysis. Equally
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importantly, by a refreshing approach, it reviews the development of photocatalytic reac-
tors in the connection with the understandings in processes involving in heterogeneous

photocatalysis.

Chapter 3 focuses on the modelling of FPMRs. In addition, it presents detailed fea-

tures of the proposed reactor concept (FPMR).

Chapter 4 represents a study on FPMRs based on flat sheet polymeric membranes in
lab-scale. The scale and configuration of the FPMRs enable the control and study of all
influence parameters on the performance of FPMs. That allows for the experimental ver-
ification of the quantitative model developed in chapter 3. This chapter also addresses

the characterisations of FPMs.

Chapter 5 presents a study on FPMRs realised by submerged ceramic membranes. It
focuses on evaluating the effectiveness of FPMRs. In doing so, this chapter introduces the
current criteria and proposes a new one for measuring the performance of FPMRs. In

addition, it provides potential reactor configurations for upscaling FPMR systems.

Chapter 6 summarises the key findings of this work. Besides, it provides discussions
on the findings as well as recommendations for future work on the further development

and applications of FPMRs.
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2 Heterogeneous photocatalytic reactors

2.1 Introduction to photocatalysis

The terms photocatalysis and photocatalyst have appeared since the 1910s (Bruner and
Kozak, 1911; Landau, 1913). Since then they are widely used in scientific documents
(98632 documents found on http://apps.webofknowledge.com for the keyword “photoca-
tal*” dated August 2018). According to the IUPAC (International Union of Pure and Applied

Chemistry) photocatalysis is defined as “change in the rate of a chemical reaction or its initi-
ation under the action of ultraviolet, visible, or infrared radiation in the presence of a substance
- the photocatalyst - that absorbs light and is involved in the chemical transformation of the
reaction partners”. Semiconductors such as TiO2, ZnO, and CdS are common photocata-
lysts. As photocatalysis is a surface-related process, photocatalysts with a high surface
area are preferred. Thus, typical photocatalysts consist of nanoscale primary particles,

which are however mostly present in an aggregated form.

In general, photocatalysis can be classified into homogeneous photocatalysis and het-
erogeneous photocatalysis. The former refers to photocatalytic reactions, at which both
catalyst and reactant are in the same phase such as ozone and photo-Fenton systems
(Fe2" and Fe3'/H,0). The latter is the process in which reactants and photocatalysts exist
in different phases. Specifically, photocatalysts are solid such as TiO,, ZnO and reactants
arein a gas or liquid phase. In common sense, the homogenous photocatalysis is selective
and more active than heterogeneous photocatalysis. In contrast, the advantage of heter-
ogeneous photocatalysis is that photocatalysts exist in a different phase from reactants.
This facilitates the separation of the photocatalysts from reaction mixtures. In addition,
heterogeneous photocatalysis can operate at wider conditions (e.g. pH, temperature)
than homogeneous systems. More importantly, advances in material science have intro-
duced a wide variety of new solid photocatalysts which enables applications of heteroge-
neous photocatalysis to various fields. In this work, the term photocatalysis refers to its

heterogeneous kind.

Every solid has a conduction band and valence band. Its band-gap is the energy dif-

ference between the highest occupied energy state of the valence band and the lowest
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energy state of the conduction band. Common photocatalysts such as TiO,, ZnO have a
band-gap (Eg) which is comparable to the energy of photons in UV spectrum. For example,
the band-gap of anatase TiO; is around 3.2 eV, this energy level is equivalent to the energy

of a photon at a wavelength of 387 nm.

When photocatalytic particles are irradiated by photon beams with an adequate en-
ergy (= Eg), electrons absorb the photons to move to the conduction band and leave holes
on valence band. Some of the excited electrons/holes move to the surface of the
photocatalysts where they can react with absorbed reactants. For example, in the photo-
catalysis for environmental mediation, the electron/hole can react with oxygen/water to
generate highly oxidative species such as hydroxyl radical. The radical then mineralises

organics into nontoxic compounds such as CO, and water.

2.2 Processes in heterogeneous photocatalysis

According to collision theory, a chemical reaction occurs when reactant molecules have
effective collisions. In homogeneous reactions, the molecules exist in one medium making
them easy to contact each other. In heterogeneous photocatalysis, in contrast, it is more
complicated. For instance, in the degradation of organics, first, photons from a light
source travel to reach employed photocatalysts. Only photons with a sufficient energy can
activate the photocatalysts to produce electron-hole pairs. Some pairs move to catalyst's
surface to react with donors (e.g. H,0O) or acceptors (O2) to generate active intermediate
species such as hydroxyl radical. Parallelly, some organic molecules from bulk solution
diffuse to the surface of the activated photocatalyst (mass transfer). Here, they are ab-
sorbed onto the surface (adsorption). Now, the absorbed molecules and active interme-
diate species exist in the same place and can have such “effective collisions” to generate
new compounds i.e. products. The products are then desorbed (desorption) and move
from photocatalyst's surface to bulk solution (mass transfer). Figure 2-1 illustrates funda-
mental processes in heterogeneous photocatalysis.
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Figure 2-1: Fundamental processes in heterogeneous photocatalysis: light propagation (through
bulk solution) and photon absorption (in catalyst), transport of reactant A to catalyst surface and
its adsorption at an active surface site S, photocatalytic reaction yielding product P at site S, de-
sorption and transport of P to bulk phase.

Further information of the processes is described in sections below.

2.2.1 Optical phenomena

Figure 2-2 illustrates fundamental optical phenomena within the context of photocatalytic
reactors. They include the transmission of photons from a light source e.g. a lamp though
a media (e.g. air, reactor window, reactant solution) to photocatalyst, and most im-

portantly, the interaction between the photons and photocatalysts.

In photocatalysis involving particulate photocatalysts, light extinction is caused by ab-
sorption and scattering. Absorption depends much on band-gap of photocatalysts and
wavelength of incident light. Scattering depends on the ratio between particle size and
light wavelength (dp/A). With a small ratio of dp/A (typically < 0.1), the scattering is consid-
ered as Rayleigh scattering. In contrast, when the particle size is comparable or larger

than the wavelength, the scattering is described by Mie theory.

p reaction o particle
medium ]
. @  absorbed particle
O L .
o — incident light
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Figure 2-2: A simplified description of optical phenomena involved in a reactor: light transmission
through air and window, the interaction between light and catalyst particles e.g. scattering and
absorbing. Here, the interactions between photon and reactant solution, air and window are omit-
ted.
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Commonly, size of primary particles (frequently <100nm) is significantly smaller than
the wavelength of the incident light (typically UV-A, 360 nm). Thus, absorption and Ray-
leigh scattering are two main occurrences when the incident light interacts with catalyst
particles. Photon absorption takes place in the primary particles, the photocatalyst. How-
ever, not only the morphological properties of the primary particles but also those of the
aggregates/agglomerates and their arrangement in space (e.g. isolated in suspensions or
packed in particle layers) are important for the reaction on their surface, for light propa-
gation and finally also for light absorption in the photocatalytic reactor (Babick, 2016, p.
143). The dispersity state of the photocatalysts and the mixing state of the system deter-
mine the complexity of the theories to be applied.

Suspension of isolated nanoparticles in high dilution is the simplest case, for which
Rayleigh's scattering theory (for the individual particles) and Lambert-Beer (for the prop-
agation in space) are sufficient. However, in moderately concentrated systems or in dense
layers there are aggregates with a fractal or compact structure. Then sophisticated theo-
ries are needed both for the interaction between photon and aggregate and for the prop-
agation in the system (Babick, 2016, p. 154). For example, a mathematic complex equa-
tion, the radiative transfer equation was used to deal with optical phenomena in a slurry
photocatalytic reactor (Casado et al., 2017). In immobilised photocatalytic reactors, for a
sake of simplification, a global equation in form of Lambert-Beer equation was used to
describe the extinction of light within a fixed-bed or thin-film of photocatalysts (Bouchy
and Zahraa, 2003; Herz, 2004; Ollis, 2002). It states that 7, = Ixe” where I and I, denote
incident light intensity and light intensity at the depth z inside the bed or layer, respec-
tively, g denotes an extinction coefficient.

2.2.2 Mass transfer

As described in Figure 2-1, in heterogeneous photocatalysis, reactants travel from bulk
solution to photocatalysts’ surface before being adsorbed onto the surface. Inversely,
products move from the surface back to bulk solution. Those movements relate to mass
transfer. Because mass transfer occurs in a serial manner with other processes such as
adsorption and photocatalytic reaction, rate of mass transfer may affect photocatalysis.
In immobilised systems where catalyst particles are fixed on substrates, mass transfer
limitation was widely reported (Dijkstra et al., 2002; Li et al., 2018; Ray and Beenackers,
1997). Even with suspended photocatalysts, the mass transfer could be a limiting step
(Ballari et al., 2008a).



2 Heterogeneous photocatalytic reactors

Based on film theory, there is a thin film between adsorbed surface and bulk phase
or bulk solution. Accordingly, total mass transfer rate from bulk solution (concentration

Cp) to surface’s solid (concentration C) is quantitatively expressed as in Eq. (2-1).

total mass transfer rate = k,,, X a; X (C, — C;) (2-1)

where a; denotes interfacial area and i, denotes the mass transfer coefficient (Cussler,
2009, p. 238). Mass transfer depends on several factors such as concentration gradient,
adsorbed surface area, properties of transported species, and hydrodynamic conditions.

2.2.3 Adsorption and desorption

Adsorption and desorption are main steps in heterogeneous photocatalysis. They affect
directly reactions between

e adsorbed electron/hole scavengers, such as H,O or O, and entrapped elec-
tron/hole,

e adsorbed reactants, e.g. organic molecules in photodegradation or CO in CO;
conversion, and entrapped electron/hole or active species such as hydroxyl

radicals.

In most cases, adsorption in heterogeneous photocatalysis obeys Langmuir-Hinshel-
wood (LH) mechanism (Herrmann, 2010). Langmuir proposed an adsorption theory based
on a kinetic approach. That means adsorption and desorption occur simultaneously.
When the rate of adsorption and desorption become equally, the process reaches an

equilibrium state. With assumptions that

e all adsorbed sites on surfaces are the same,
e atoms, molecules are adsorbed at definite, localised sites,

e each site can adsorb only one molecule (monolayer),

Langmuir isotherm model states that (Do, 1998, p. 15):

KaqC

p=—22"
1+ KuqC

(2-2)

Where 6 denotes the fractional coverage, C denotes a bulk concentration of reactants, Ka

denotes an adsorption equilibrium constant.

Given that a photocatalytic reaction obeys first-order kinetics, the rate of the photo-

catalytic reaction is expressed as (Herrmann, 2010):

r=kO = ——r—. (2-3)
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Where k denotes a reaction rate constant of the photocatalytic reaction. Eq. (2-3) ex-
presses quantitatively the influence of adsorption on the rate of heterogeneous photoca-
talysis.

Normally, photocatalysis involves some intermediates and final products, thus de-
sorption of the species from reaction surfaces also affect photocatalytic reactions
(Nussbaum and Paz, 2012; Pichat, 1985). The desorption creates free surface facilitating
the adsorption of other reactant molecules. In a case of photocatalysis for chemical syn-
thesis, the desorption of products can be a mean for increasing the process's selectivity
(Schneider et al., 2016, p. 120).

2.2.4 Photocatalytic reactions

2.2.4.1 Primary processes

Real intrinsic processes involving in heterogeneous photocatalysis for degradation of or-
ganic compounds are complicated. For the sake of simplicity, the main intrinsic processes
in ideal solid/liquid interface are schematically depicted in Figure 2-3. In this work, the

processes are briefly named as photocatalytic reactions.
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Figure 2-3: Primary intrinsic processes in photocatalysis at liquid/solid interface. Blue solid arrow
represents the electron-hole generation, dot-dash arrows represent the recombination of radia-
tive/nonradiative electron-hole pairs and intermediate redox products A and D*, A and D denote
acceptor and donor, respectively. Dash arrow denotes charge trapping. Index ur indicates unreac-
tive electron, hole; r indicates reactive electron, hole. (Kisch, 2015, p.93).

Table 2-1 shows the fundamental reactions in the photodegradation of organic
compounds. When a semiconductor (S) absorbs photons, it becomes an excited semicon-
ductor (S*). In the excited semiconductor, some excited electrons and positive holes re-
combine (named electron relaxation), the other electron/hole pairs are reactive or unre-

active. The unreactive electron/hole pairs stay inside the semiconductor. They normally

10
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cause emission through recombination or photocorrosion. Here, the term
photocorrosion refers to the decomposition of a semiconductor under irradiation such as
ZnS, CdS. The process does not occur with semiconductors like TiOy, or ZnO. In contrast,
the reactive electron/hole pairs are those that undergo the interfacial electron transfer to
reach photocatalyst's surface. Some of them also recombine. The other reacts with ab-
sorbed species (such as oxygen, water) on semiconductor’s surface to generate active
species (such as hydroxyl radical). The species will then degrade adsorbed organic com-
pounds. Depending on the organic compounds, the degradation will follow multi-reaction
steps with intermediate products (for complex organic compounds such methylene blue,
Houas et al., 2001) or a single step without intermediate product (for organics with a sim-
ple structure such as oxalic acid or formic acid). In addition, reaction mechanism in which
adsorbed reactants e.g. organic compounds react directly with electron, hole to produces

intermediates was reported (Mozia, 2010).

Table 2-1: Primary processes in photocatalysis at liquid/solid interface

S+hv - §* (2-4)
S* - S+ heat/hv (2-5)
S* > e+ hi +S (2-6)
S* > e+ hf+S (2-7)
eqr + hi. — heat/hv (2-8)
e; + hf — heat/hv (2-9)
ey + Ozaas) = 05 (2-10)
hf + H,0 - OH + H* (2-11)

S and S*denote a photocatalyst at the basic and excited state, index: r and ur denote
reactive and unreactive, respectively, ads: adsorbed, oxygen is the acceptor A and wa-
ter is the donor D (Kisch, 2015, p. 96).

2.2.4.2 Photocatalytic reaction

In a photocatalytic degradation of organics, hydroxyl radical (OH) is considered as the key
oxidative species. The chemical reaction between hydroxyl radical (OH) and adsorbed or-
ganic molecule, Rags is, therefore, the primary one. First-order kinetics is normally used to
describe the reaction in which Langmuir-Hinshelwood (LH) mechanism is widely applied
(cf. Sect. 2.2.3).

kKoqC

— [Tad¥ 2-12
T 1F KuC (2-12)

When the concentration of organic molecules is very low, pseudo-first-order kinetics
is normally observed i.e. r = kK,4C = K,,,C. A threshold concentration for this case

11
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depends mainly on adsorption equilibrium constant (K.s), mathematically, K,;C < 1. When
concentration of reactant is very high, the adsorbed concentration of reactant is inde-
pendent of a bulk concentration. In this case, the observed kinetics of photocatalytic re-

action was zero-order.

2.2.5 Factors affecting heterogeneous photocatalysis

Heterogeneous photocatalysis is a complex process involving several steps e.g. light prop-
agation, light absorption, mass transfer, adsorption, desorption, and photocatalytic reac-
tions. Influencing parameters on each step can affect the whole photocatalysis. Therefore,
there are various influencing factors. The major factors include photocatalysts, reactants

i.e. organic compounds, light intensity, pH, temperature, and electron/hole scavengers.

2.2.5.1 Photocatalysts

Photocatalyst plays a decisive role. The type and properties of a photocatalyst, its mor-

phology, state and loading in photocatalysis are major parameters.

The type of photocatalyst directly impacts the light absorption which defines the for-
mation of electron/hole pairs. Each photocatalyst has a unique light absorption spectrum.
So, it also defines the suitable light source i.e. light wavelength. In addition, the nature of
photocatalysts such as crystal phase, charge diffusion constant, surface properties affect
the electron-hole recombination (cf. Sect. 2.2.4.1). Even with the same chemical constitu-
ent, the difference in phase composition of photocatalysts also results in different photo-
catalytic activity. For example, titania P25 which comprises both crystal phases anatase
and rutile has a higher photocatalytic activity than titania in individual crystal phase (Li
and Gray, 2007). It is explained by inter-crystallite electron transfer. It is a phenomenon in
which excited electrons move between crystal or between primary particles within aggre-
gates via a solid-solid interface (Hidalgo et al., 2007; Kisch, 2015, p. 99; Suib, 2013, p. 141).
The phenomenon may increase the partial electron separation which renders the elec-
tron-hole recombination. Consequently, the photocatalytic activity of P25 titania is higher

than the one of separated anatase or rutile phases.

Morphology of a photocatalyst is also an important factor. Fine photocatalyst with a
high specific surface area produces more active sites for the adsorption of reactant and
photocatalytic reactions. Thus, photocatalysts are normally prepared as nanoscale pri-
mary particles. They, however, exist in states of aggregate or agglomerates with a much
larger size. The structure i.e. fractal or compact and dispersity of the aggregates, agglom-
erates influence their photocatalytic activity (Le et al., 2015).

12
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Moreover, the state of a photocatalyst in photocatalytic reactors i.e. suspended or
immobilised affects the mass transport and optical phenomena i.e. light absorption and
scattering. Normally, it is reported that photocatalysts in the suspended state have a

higher mass transfer rate than in the immobilised state (Mozia, 2010).

Catalyst loading is one of the primary investigated parameters (Chong et al., 2010). It
refers to the catalyst concentration when photocatalysts are used in a suspended state
and amount of catalysts in an area or layer thickness when they are used in an immobi-
lised state. Typically, at low loadings, an increase of catalyst loading leads to an increase
in the rate of photocatalytic reactions. Then, there is a threshold value in which a further
increase of catalyst loading over the value does not increase the reaction rate (Chong et
al., 2010; Mozia, 2010).

2.2.5.2 Organic compounds

In photocatalysis for water treatment, oxidative species such as hydroxyl radical mineral-
ise contaminants such as organic compounds. As reactants, nature and concentration of

the organic compounds have a crucial influence on photocatalysis.

The nature of organic molecules (e.g. chemical formula and nature of bonds between
elements) affects directly the reaction pathways, reaction kinetics, hence, reaction rate.
For example, simple organics such as formic acid, oxalic acid are degraded immediately
into CO; and H;0. In contrast, complex molecules like methylene blue undergo various

reactions to be completely mineralised (Houas et al., 2001).

In addition, the shape and structure of organic molecules affect the mass transfer
step. Small molecules have a higher diffusion coefficient and easier to be transported to
reaction surface than large molecules. More importantly, the nature of reactants (both
initial molecules and intermediate products) e.g. charging state impacts strongly on ad-
sorption and desorption on photocatalyst surface. Difference in charges of reactants and

photocatalysts’ surface facilitates the adsorption, and vice versa.

Light absorption of organic compounds such as dyes also plays a role. When the ab-
sorption peaks of the compounds and employed catalysts are in the same spectrum, the
absorption of organics hinders the light transmission from a light source to photocata-
lysts. This leads to a decrease in the photocatalytic reaction rate (Konstantinou and
Albanis, 2004). The decrease depends on the concentration of organic molecules and the

thickness of reactant solution.

Furthermore, the concentration of organic compounds in reactant solution affects the
adsorption equilibrium, hence the kinetics of photocatalysis. At low concentrations, the

Langmuir-Hinshelwood (LH) mechanism is commonly applied, and a pseudo-first order-

13
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kinetics is observed. In contrast, at high concentrations, the photocatalytic reaction is in-
dependent on a bulk concentration of reactant, and thus zero-order kinetics. In addition,
an excessively high concentration of organics led to a detrimental effect on the rate of
photocatalytic degradation (Chakrabarti and Dutta, 2004).

The number of organics or intermediate products in reactant solution may play a role
in photocatalysis. If the concentration of the organics is very dilute or the number of active
sites in catalyst surface is sufficient, the role can be negligible. Otherwise, there will be a
competition adsorption between the organics. In this case, the photocatalytic reaction is
affected.

2.2.5.3 Intensity and wavelength of light source

Photocatalysis requires the presence of light. Light consists of photons. Each photon con-
tains a particular amount of energy which depends on the wavelength of the light. The
light intensity or photon flux represents the number of photons in an illuminated area. In
photocatalysis, photocatalysts can absorb only photons with adequate energy i.e. wave-
length to generate electron/hole pairs. Basically, an increase of photon flux results in an
increasing number of generated electron/hole pairs unless there are still electrons in
ground state. In other words, light intensity is one of the decisive factors on photocataly-

Sis.

It is widely reported that the influence of light intensity is a function of its value (Herz,
2004; Ollis, 2005; Visan et al., 2014). The influence can be expressed by an empirical

power-law function:
k = kI* (2-13)

where k and k denote the reaction rate constant and the irradiance-independence reac-
tion rate constant, respectively, a is an exponent representing the influence of light inten-
sity. Generally, at low light intensity (e.g. < 200 W/m?, (Mozia, 2010), the reaction rate is
linearly proportional to light intensity, that means « = 1.0. The linear dependency changes
to a square-root dependency (a = 0.5) above certain value of light intensity (e.g. approx.
250 W/m?, (Mozia, 2010). At very high light intensities (no specific threshold value), the
photocatalysis is independent on photon flux (a = 0, (Konstantinou and Albanis, 2004; Ollis
et al.,, 1991)). A typical approach to explain the dependence is based on the comparison
between the rates of electron-hole recombination, reaction of photo-induced electrons,
holes with reactants and mass transfer (Chong et al., 2010). Kisch (2015, pp.97) has pro-
posed a method to explain kinetically the above values of exponent a. The method is

based on a primary assumption that at high light intensity, the electron-hole
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recombination is dominant while at low light intensity the phenomenon is negligible in

comparison with the reaction of reactive electron-hole pairs with donors, acceptors.

Light intensity may also influence adsorption and desorption of reactants onto cata-
lyst surface. Dillert et al., (2012) found that the NO adsorption equilibrium constant of TiO;
P25 varied when the illuminated intensity changed. In the work, it was found that

Kad e /*(0.9410.15)’ while k « IO.86J_rO.14.

2.2.5.4 pH

pH is one of the most important parameters in the degradation of organic compounds in
aqueous solutions by heterogeneous photocatalysis. The influence of pH is complex. First,
it influences the positions of valence band and conduction band of semiconductors which
affects its light absorption (Mozia, 2010a, Chong et al. 2010).

Second, pH directly relates to concentrations of H* and OH~ which affect the formation
of hydroxyl radical (cf. Eq. (2-11)). At a high pH value (basic environment, there are less H+
in the solution than OH", reaction (2-11) is promoted. Regarding this aspect, an increase
of pH value contributes to the increase of hydroxyl radical concentration. As hydroxyl rad-
ical is considered as the predominant oxidative agent to degrade organic compounds,

degradation rate will increase (Konstantinou and Albanis, 2004).

Third, pH affects the adsorption and desorption of reactants, products because sur-
face charge of catalyst particles varies as pH values. The particles charge positively at pH
lowering than their isoelectric point (IEP) and via versa. Therefore, the adsorption of pos-
itively charged reactants (such as methylene blue) on the surface of photocatalyst is pre-
ferred at pH value that is greater than the IEP, because at the pH higher than the IEP,
catalyst surface becomes negatively charged. On the contrary, if the adsorbate is such a

negative dye as methyl orange, the adsorption is promoted at pH value lower than IEP.

In addition, pH influences the size distribution and stability of photocatalyst suspen-
sions. At a pH of IEP, due to the neutral charge, photocatalytic particles tend to stick to-
gether to form larger agglomerates or causes flocculation. Generally, this phenomenon

has a detrimental effect on photocatalytic reactions.

2.2.5.5 Temperature

Like in heterogeneous catalysis, temperature also has a complex impact on photocataly-
sis. It directly affects mass transfer, adsorption, desorption, and chemical reactions. Ac-
cording to van t' Hoff's law, temperature influences considerably adsorption and desorp-
tion (Herrmann, 2010). Adsorption is an exothermic process. Thus, the rate of adsorption

increases whenever the temperature decreases. In contrast, temperature influences the
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photocatalytic reaction according to Arrhenius’ law. Accordingly, reaction rate increases
as temperature increases. In addition, temperature also affects mass transfer. Last but
not least, the solubility of gases such as O in water also increases as the temperature

decreases. Oxygen plays a role as an electron scavenger (cf. Eq. (2-10)).

2.2.5.6 Electron/hole scavengers and impurities

The presence of electron/hole scavengers and impurities also affects photocatalysis. Elec-
tron/hole scavengers are some chemicals which consume either electron or hole to pre-
vent electron-hole recombination. For example, the photodegradation of organics needs
OH i.e. hole (cf. reaction (2-11)), thus, oxidizing agents such as adsorbed oxygen or hydro-
gen peroxide are used to react with excited electrons (Sauer et al., 2002). In contrast, in
the reduction of carbon dioxide or in plasmonic photocatalysis, hole scavengers such as
formic acid, ethanol, methanol, sodium hydroxide or tertiary amines triethylamine were
used (Li et al., 2016; Ola and Maroto-Valer, 2015; Wenderich and Mul, 2016).

The presence of ions such as Ca?*, Mg?" in reactant solution can affect the photocata-
lytic reaction (Robert et al., 2018). During photocatalysis, the ions react with CO, formed
from photodegradation or ambience to generate precipitations (e.g. CaCOs, MgCO:s). They
will cover the surface of photocatalysts that will then prevent their photon absorption or
the adsorption of reactant onto catalyst surface. As a result, the photocatalytic reaction

rate will decrease.
2.3 Photocatalytic reactor systems towards water treatment

2.3.1 Introduction to photocatalytic reactors

A photocatalytic reactor (PR) is a device which is used to conduct photocatalysis where
light energy is used to promote heterogeneous reactions. Many approaches have been
adopted towards designing PRs. Photocatalytic reactions occur when reactants meet the
illuminated photocatalysts. Thus, in designing photocatalytic reactors, the light transmis-
sion, the light absorption by photocatalyst, and the interaction between reactants and the
photocatalytic materials should be taken into account. Pareek et al., (2008) stated that
light distribution within the reactor and the total irradiated surface area of catalyst per
unit volume are two most important factors in configuring a photocatalytic reactor. The
design of photocatalytic reactors usually aims to apply them to the large-scale. To this
point, the scalability of reactor concept, economic aspects such as capital cost, operation

cost, maintain cost and environmental aspects are of great important.

So far, various types of PR for water treatment have been reported. There are some
pilot scale PRs (Benotti et al., 2009; Gerrity et al., 2009; Malato et al., 2002; Pérez-Estrada
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et al., 2005; Ryu et al., 2005). However, most of them are still in lab-scale (Le, 2018; Trinh,
2016). Correspondingly, there are a wide spectrum of reactor configurations such as an-
nular photoreactor (Jovi¢ et al., 2012; Raupp et al., 1997), falling film reactor (Puma and Yue,
1999), coated fibre optic cable reactor (Choi et al., 2001; Peill and Hoffmann, 1996, swirl flow
reactor (Ray and Beenackers, 1997), fluidised bed reactor (Chiovetta et al., 2001), Taylor vor-
tex photocatalytic reactor (Mittal and Tezduyar, 2017), Rotating Packed Bed Reactor (Leng et
al., 2017), Parabolic Trough Reactor (Alfano et al., 2000), and photocatalytic membrane reac-
tors (Molinari et al., 2000; Mozia et al., 2014).

At any scale or in any configuration, PRs require light sources and a reactor chambers
where photocatalytic reactions occur. The state of photocatalyst in the reactor chamber
and the type of light source are two most common criteria for classifying photocatalytic
reactors. According to deployed types of light sources, PRs are classified as PRs using solar
light and PRs using artificial UV light. Based on the state of employed photocatalysts there
are two types of PRs: slurry photocatalytic reactor (SPR) and immobilised photocatalytic
reactor (IPR). In IPRs, catalysts are fixed on surface of substrates or reactors while in SPRs,
photocatalysts exist in suspended state in reactant solutions. Although the above classifi-
cations can provide an overview of photocatalytic reactors, they cannot give a compre-

hensive review on the development of photocatalytic reactors.

2.3.2 Development of photocatalytic reactor designs

So far, there have been many researches focussed on developing photocatalytic reactor
designs towards water treatment. The study on photocatalytic reactors connects directly
to the development of photocatalytic materials. In the early stage, photocatalysts such as
ZnO, TiO, were available in a powder state, thus the slurry reactors were commonly em-
ployed (Daroux et al., 1980; Irick, 1972). Afterwards, immobilised reactors with a coated
layer of catalyst particles were investigated (Turchi and Ollis, 1988). Most of studies on
reactor designs focused on improving the effectiveness of photocatalytic reactor systems
regarding general or specific targeted contaminants. Thus, this section reviews the pro-
gress of photocatalytic reactors regarding the approaches for improving the effectiveness
of photocatalytic process.

Improvement of the usage of light source

Light source is a key aspect in designing PRs. Based on the type of employed light
source, there are two categories of photocatalytic reactors: solar photocatalytic reactors
and artificial UV lamp reactors.

Solar energy is a green and free source of energy, hence a promising alternative
source for artificial light. However, UV light intensity in solar light is quite low and depends
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2.3 Photocatalytic reactor systems towards water treatment

on weather conditions. To overcome the problems, solar photocatalytic reactors are nor-
mally designed with light reflector/collector such as Parabolic Trough Reactor (Alfano et al.,
2000), Compound Parabolic Concentrator (CPC) reactors (Blanco et al., 1999). The selection
of solar light leads to the change in reactor configurations. These reactor concepts share
a common character of a wide-open surface to collect solar rays. A parallel strategy for
designing solar photocatalytic reactors is using new photocatalysts which can absorb

photons in the visible range (Spasiano et al., 2015).

Artificial UV lamps may be used include arc lamps; fluorescent lamps; incandescent
lamps; lasers; LEDs (Mozia et al., 2013). The traditional UV lamps such as mercury lamps
have low cost and widely employed. However, they have some drawbacks such as
unstable irradiance, low lifetime, wide spectral wavelength and hazardous mercury metal.
More importantly, photocatalysts can absorb only photon with an adequate energy. Thus,
the progress in photocatalytic reactor designs using artificial UV has witnessed the shift
from using wide spectrum UV lamp, traditional UV lamp to UV-LED (Natarajan et al., 2011).

Increase percentage of radiation energy usable for photocatalysis and improve-
ment the radiation distribution inside photocatalytic reactor

In configuring photocatalytic reactors, the total illuminated surface area of photocata-
lysts per unit of reactor volume and light distribution within the reactor are important
factors (Pareek et al., 2008). Optimising light transmission can improve the effectiveness
of photocatalytic reactors. Thus, in designing photocatalytic reactor systems, increase per-

centage of radiation energy usable for photocatalysis was taken into account.

For this purpose, in many reactor set-ups, UV lamps were put into the reaction space.
In those situations, quartz glass was commonly used to protect UV lamp from reactant
solution. The approach has been applied to both slurry and immobilised photocatalytic
reactors (Doss et al., 2014; Qi et al., 2011; Subramanian and Kannan, 2010). In the cases

when the lamp cannot be put into reaction area, reflectors were commonly used.

To transmit photons into photocatalytic reactors and improve the radiation distribu-
tion inside photocatalytic reactor, UV non-absorbance materials such as quartz, optical
fibre were used. For this strategy, optical fibre is one of most promising materials. It is
normally coated by catalyst particles. The coated fibre will be then dipped into reactant
solution while the other side of the fibre is illuminated by light source (Choi et al., 2001;
Peill and Hoffmann, 1996; Sun et al., 2000). The combination of optical fibre and UV-LED
has emerged as a promising configuration (Ling et al., 2017; O'Neal Tugaoen et al., 2018).
However, the main drawback of the optical fibre photocatalytic reactors is still the mass
transfer limitation.
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Improvement of mass transfer rate

As discussed in section 2.2.2, to improve the mass transfer rate, it is necessary to
increase of interfacial area and/or mass transfer coefficient. To increase the interfacial
area, the common strategy is increasing the surface area of catalyst particles. In slurry
systems, fine catalyst particles are preferred using. For immobilised systems, the common
strategy is to enhance the surface area of coated/deposited photocatalytic layers. In ad-
dition, to improve the liquid-solid mass transfer coefficient in reactors, the flow regime
and reactor configuration were considered. For example, reactor configurations aimed at
improving mass transfer rate have been reported such as Taylor vortex photocatalytic re-
actor (Mittal and Tezduyar, 2017), Rotating Packed Bed Reactor (Leng et al., 2017).

Another reactor concept for dealing with the mass transfer limitation is photocatalytic
microreactors (Corbel et al., 2014; Gorges et al., 2004; Heggo and Ookawara, 2017; Krivec
et al., 2013). Due to their configuration, microreactors ensure very high heat and mass
transfer rates (Heggo and Ookawara, 2017; Jensen, 2001; Kiwi-Minsker and Renken, 2005).
Recently, the interest in applying microstructure reactors to photocatalysis has, therefore,
considerably increased (Krivec et al., 2014; Liao et al., 2016; Visan et al., 2014).

Improvement of photocatalytic reaction rate

All photocatalytic reactor set-ups should consider the conditions for improving the
intrinsic chemical reaction rate of photocatalysis. Section 2.2.4.2 introduced potential
methods for improving the rate. Regarding the reactor configuration, the first and fore-
most requirement is that the reactor design should allow the maximised interaction be-
tween reactant, catalyst surface and photons. In the case of slurry reactor, nanosized pho-
tocatalytic particles are in favour (Sauer et al., 2002). In immobilised photocatalytic reac-
tors, catalyst layers with extremely high (specific) surface (area) such as hierarchical, 3-D
structure immobilised catalyst materials are preferred (Doss et al., 2014; Hu et al., 2013).
In addition, other approaches aimed at increasing the concentration of oxygen in reactors
were introduced such as air sparked reactors (Bérubé and Lei, 2006; Li et al., 2005 ) or
submerged membrane reactors (Ong et al., 2015; Trinh and Samhaber, 2016).

Hybrid process: photocatalytic membrane reactors

This approach is due to the fact that the use of suspended catalyst requires a post-
separation of fine catalyst particles in treated suspension. To do so, membrane process
was combined with slurry photocatalytic reactors to recover photocatalysts (Kertész et al.,
2013; Molinari et al., 2017, 2000; Mozia et al., 2005). Systems that involve photocatalysis

and membrane process is named as photocatalytic membrane reactors (PMRs).
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2.3 Photocatalytic reactor systems towards water treatment

PMRs were configured as integrated or separated systems (Trinh and Samhaber,
2016; Zheng et al., 2017). In integrated PMRs, photocatalysis and filtration process occur
in the same reactor space. Inversely, in separated PMRs, photocatalysis and membrane
process are conducted separately. Commonly, PMRs were equipped with pressured
driven membrane processes such as microfiltration (Ho et al., 2009; Rivero et al., 2006;
Trinh and Samhaber, 2016), ultrafiltration (Molinari et al., 2002; Mozia et al., 2015; Patsios
et al., 2013) and nanofiltration (Augugliaro et al., 2005; Molinari et al., 2006). The type of
membrane process relied on size of catalyst particles, properties of wastewater and re-
quired quality of treated water. Membranes used for PMRs have high resistance against
UV irradiation and oxidative condition. Both ceramic and polymeric membranes were
used. Typical polymeric membranes include polyvinylidene fluoride (PVDF), polyethersul-
fone (PES), polyacrylonitrile (PAN), cellulose acetate (CA), polystyrene (PS) and polysulfone

(PSF). Ceramic membranes made of Al,O3, TiO2 were also used.

The main obstacle of the combining slurry photocatalytic reactors is fouling. The un-
avoidable formation of fouling, layer formation in/on employed membranes will decrease
the permeability of the membranes which leads to the increase in operating costs. To
address the problem, two approaches were conducted: preparation of photocatalytic
membranes (Alias et al., 2018; Wu et al.,, 2018; Zheng et al., 2017) and employing other
membrane processes such as membrane distillation or dialysis membrane (Molinari et
al., 2017).

Even employing cost-effective process for separation i.e. membrane process, the
overall energy consumption for those suspended systems made them uneconomical in
comparison with other advanced oxidation processes, such as UV/0Os, UV/H,0; (Esplugas
et al., 2002). To avoid the problem, immobilised photocatalytic reactors have been pro-

posed.

In immobilised reactors, photocatalytic materials are fixed onto substrates such as
sand (Matthews, 1991; Zhao et al., 2018), glass bead (Holze et al., 2017; Jackson and Wang,
1991), zeolite (Huang et al., 2008; Sacco et al., 2018; Zhang et al., 1996). Commonly, the
above fixed photocatalytic materials are used in fixed-bed or packed-bed photocatalytic
reactors. The concept allows continuous operation and does not require a post-
separation step as slurry reactors. Thus, there is no electricity consumption for downward
separation process such as membrane process. However, it is frequently reported that
the immobilised photocatalyst has lower illuminated surface area and lower mass trans-
fer rate in comparison with suspended photocatalyst (Chong et al., 2010). Nevertheless,
the mass transfer limitation is also a limiting step in slurry reactor systems (Ballari et al.,
2008a, 2010).
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2.3.3 Quantitative criteria for evaluating photocatalytic reactor de-
signs

To evaluate the effectiveness of the photocatalytic membrane reactors, quantitative cri-
teria such as apparent quantum yield, photocatalytic space-time yield and energy con-
sumption should be taken into account (Cambié et al.,, 2016; Leblebici et al., 2015;
Serpone, 1997). In addition, other parameters such as stability of photocatalytic reactor
in a long-term run or the ability to reactivate photocatalytic particles are of practical im-

portance although they were not commonly reported.

The apparent quantum yield is defined as the number of photons that induce the
targeted reactions (degradation of organic compounds, water splitting, CO, conversion)
divided by the number of incident photons (Kudo and Miseki, 2009; Schneider et al., 2016).
The former term is calculated by multiplying the mole of products or reacted reactants by
the number of electron or hole needed to react with one reactant molecule (n) and Avo-
gadro constant. The number of electron or hole needed is determined by the kinetics of
the reaction. Normally, the kinetics of the degradation of large organic compounds in-
volves several steps and various intermediate products. For the case, the former one is
assumed to be equal to the number of molecules transformed i.e. n = 1 (Salinaro and
Serpone, 1999). The number of incident photons is calculated at a specific wavelength.
For example, the apparent quantum yield in the photodegradation of oxalic acid was cal-

culated as:
AC
o = 2 x number of degradeded OA molecules 2 X A_tVR (2-14)
app number of incident photons  EoAyy

where 2 denotes the minimum number of photons needed to degrade one oxalic acid
molecule, Ey is the photon flux which is converted from measured UV intensity 7 at wave-

length 4 (depending on the used light source), 4 is the irradiated area.

Although the apparent quantum yield gives information about the conversion of light
into chemical reactions, it does not refer to the electricity consumption of investigated
reactors. Recently, Leblebici et al., (2015) have proposed a new parameter, namely photo-
catalytic space-time yield (PSTY). It is used to evaluate the performance of photocatalytic
reactor which takes into account the power of the radiation source and the volume of the
reactor system. According to the authors, the photocatalytic space-time yield is defined
as

STY
- 2-15
PSTY P ( )
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where the space-time yield (STY) is standardised to the volume of the wastewater
treated with the same conversion (from 100 mmol/I to 0.1 mmol/l) in a day by the reactor
when it is scaled to 1 m3, the standardised lamp power (LP) is the required lamp power for

the reactor when it is scaled to 1 m3.
2.4 Cake layer formation in membrane microfiltration

2.4.1 Suspension preparation

Photocatalysts are frequently supplied as powder. Thus, to employ the photocatalysts,
they are normally dispersed into a liquid phase to produce photocatalyst suspensions. In
case of using powder comprising of nanosized or submicron particles (incl. aggregates
and primary particles), the suspensions are classified as colloidal suspensions. Usually, in
suspensions, photocatalysts exist in the states of aggregates and agglomerates which are
mostly formed during the material synthesis. For an effective use of the photocatalysts,
these agglomerates and aggregates should be broken up as much as possible (Le et al.,
2015). Normally, mechanical stirring force is normally insufficient (only for breaking ag-
glomerates » 10 pm). Hence, other dispersing techniques are required. To prepare col-
loidal suspensions from a powder comprising of nanostructured materials, the common
techniques include (Babick, 2016):

e disc systems under laminar operation
e rotor-stator-systems—turbulent flow
e high-pressure dispersion

e ultrasonication

e stirred media milling

Among those methods, ultrasonication is rather common in laboratories. It is realised
in form of either ultrasonic bath or sonotrodes (Babick, 2016). To prepare homogeneous
colloidal suspensions from the fine catalyst particles such as pyrogenic titania P25, P90,
sonotrode is normally required. It can release high-stress intensity for deagglomerating
of strong aggregates. Moreover, it ensures the high reproducibility in properties of pre-
pared suspensions.

For colloidal suspensions, particle size distribution depends much on the nature of
initial particles and state of dispersion. To measure the particle size distribution of colloi-
dal suspensions, common techniques include counting techniques (e.g. ultramicroscopy),
fractionating techniques (e.g. analytical sedimentation and centrifugation), spectroscopic
ensemble techniques (e.g. dynamic light scattering) (Babick, 2016, p. 11; Stintz, 2005). In

addition, the stability of suspension should be considered. This property depends on the
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interaction between aggregates and is related to the zeta potential of suspension. To ad-
just the zeta potential of minerals or oxides, the simple method is altering its pH value

and electrical conductivity.

2.4.2 Cake layer formation

Filtration is a common process to separate solid particles from a suspension. In conven-
tional filtration process, the suspension is forced to flow through a filter medium, in which
liquid and small particles will go through the filter medium while larger particles will be
retained. As soon as the filtrate goes through the filter, a layer of particles will be formed
on the filter's surface. In dead-end filtration, the thickness of the layer will increase as the
filtrate flows through it. Simultaneously, the layer resistance will increase. To quantita-
tively describe the phenomenon, a cake layer formation by a typical filtration process as

depicted in Figure 2-4 is considered.

T suspension, ¢y, Xy
t . @ 00 o 00 e@® T y
Apclt) | G e 00 00 0900 _ L) |
| . .~ o . .' o . () . [ cake layer, r, &, (t):
Ap @) 0000000 000 0 0% 0% ¢ !
o IMRARAARRRRRANAAN] e~ =
v v

Ve, ve(t) filtrate, Vi, V, ve(t)

Figure 2-4: Cake layer formation by dead-end filtration process. Ap. Ap,, denote the pressure drop
through the cake layer, the membrane, respectively.

Figure 2-4 represents the filtration of a suspension (¢vs, Xv) through a membrane (4,
Rw). These assumptions are made for the conventional theory of cake layer formation by
filtration process (Schubert, 2005, p. 805-807).

e only liquid passes the filter medium, particles are completely retained
e membrane resistance is constant

e cake layer is incompressible

e structure of cake layer is homogeneous (&= constant)

e steady-state filtration process

During the filtration, the relationship between the filtrate velocity (vs, also named as
permeate flux), and applied pressure over both membrane and cake layer (Ap(?)) is ex-

pressed by Eq. (2-16).
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LA p®
YFT A4t T iR + Ry

(2-16)

Where 4 and Rv denote the filtration area and membrane resistance, respectively; Rc(7) the
cake layer resistance, It the volume of filtrate after filtration time t; n the dynamic viscosity
of fluid.

With the above assumptions, the specific cake layer resistance, r. is a constant, thus,

the cake layer resistance, Rc(z) is now a function of layer thickness, L(z):
Rc(t) = 7.L(t). (2-17)
where L(¢) represents thickness of cake layer.

Because all the particles in suspension are retained on the membrane and the cake

layer is assumed to be incompressible, the volume balance for the solid particle produces

AL - &) = (Vg + AL(D)9)

Pv,s
(PV,s' (2-1 8)

1-—

where ¢ denotes the mean porosity of cake layer; ¢vs denotes the mass fraction of solid

phase in suspension. Eq. (2-18) results in

(PV,S E - K VF (t)

L(t) = Tt gy. 4 57 (2-19)
where Ks represents a property of suspension.
Combining Egs. (2-16), (2-17), and (2-19), yields
Ve (0= dZZ(f) = % A{/)(t) - 2-20
’7( SrCAF(t) +RM) ( )

In Eq. (2-20), filtrate velocity, applied pressure difference and filtrate volume depend
on the filtration time. In common operation modes either filtrate velocity or applied pres-

sure is set constant.

ave(t)

In the case that filtrate flow is constant i.e. vg(t) = yoT:

= constant. The pressure

drop, Ap will increase with filtration time due to the increasing cake layer thickness.

2 .
74 V
Ap= ke <Z> 4 Ry (2-21)

In case of applying constant pressure, i.e. Ap is constant; the filtrate flow rate will de-
crease with filtration time. Integrating Eq. (2-20) as time 7 and filtrate volume, 7%, yields

V KV,
_ﬂ(rc sTF 4 M) (2-22)

t =
AMp\ 24
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Egs. (2-21) and (2-22) are the main conventional equations for cake filtration theory

with incompressible layers.
2.5 Fluid flow through a fixed bed of particles

2.5.1 Pressure drop through a fixed-bed

There are numerous studies on the pressure drop through a fixed-bed in which the most
common approach is based on the pipe flow analogy model. Blake (1922), Kozeny (1927),
Carman (1937), and Ergun (1952a) have employed the approach to find out the correla-
tion between pressure drop through a fixed-bed (packed bed) consisting of monodis-
persed particles. Ergun (1952a) has proposed that the pressure loss through a packed-
bed is caused by both simultaneous kinetic and viscous energy losses and that this below
equation can apply to all types of flow from laminar to turbulent regime:

Ap 15;)517L(1£——35)ZUF N 1.7dSpr (1‘8—3 €) v (2-23)

At laminar condition, the second term in the right side of Eq. (2-23) becomes negligibly

small in comparison with the first term. Then, Eq. (2-23) becomes Kozeny-Carman equa-
tion which states that:

_ 36anL (1 —¢)?
d} &3

VF, (2-24)

where the value of q is typically around 5.0 (Carman, 1937). Carman (1937) found that Eq.
(2-24) can be also applied to other regular forms of particles as long as the particle diam-
eter is calculated based on the volume-specific surface area Sy of the particle layer as

6(1—¢)
d, = ,
WSy

(2-25)

where ¥ denotes the sphericity i.e. surface factor of particles, for spherical particles,
v =1.

Panda and Lake, (1994) has modified the Kozeny-Carman equation for applying to
media consisting of wide size distribution particles. Their modified equation takes the par-
ticle size distribution and bulk physical properties into account. However, their results
proved that the equation can be only applied to media which has the permeability larger

than 1 pm2.

2.5.2 Liquid-solid mass transfer correlation in fixed-bed

Fixed-bed or packed-bed reactors are normally used to conduct chemical processes in-
volving solid phase (solid particles in bed) and liquid phases (flow through the bed). In the
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reactors, there are interfaces between the liquid and solid phases. Due to physicochemi-
cal processes, there exist concentration gradients within the interfaces in which species
will move from high concentration positions to low concentration positions. The move-
ment can be described by either diffusion which is quantified by Fick's law and a diffusion
coefficient or mass transfer process and mass transfer coefficient. In fixed-bed reactors
that consists of multi-phase interfaces, the description by mass transfer term is commonly
preferred (Cussler, 2009, p. 237).

By film theory, the mass transfer rate from bulk solution (concentration () to sur-
face’s solid (concentration Cj) can be expressed through the difference in concentration
as in Eq. (2-26).

mass transfer rate = k,, X a; X (C, — C;) (2-26)

where a; denotes interfacial area and &, denotes the mass transfer coefficient (Cussler,
2009, p.238).

As can be seen above, the mass transfer process is quantitatively expressed by mass
transfer correlations, kn. Due to its vital role in fixed-bed reactors, the mass transfer cor-
relation has been intensively studied. So far, dissolution technique and electrochemical
technique are two common methods for determining the mass transfer correlations
(Burghardt et al., 1995; Faridkhou et al., 2016). Dissolution technique based on the meas-
urement of dissolution rate when a fluid flows through the packed-bed consisting solid
particles such as benzoic acid, naphthalene (without reaction) or copper granules (with
reaction) ( Satterfield et al., 1978; Dudukovi¢, 1977; Goto et al., 1975; Goto and Smith,
1975; Hirose et al., 1976; Krevelen and Krekels, 1948; Lemay et al., 1975; Ruether et al.,
1980; Sylvester and Pltayagulsarn, 1975; Tidona et al., 2012). The main drawback of the
dissolution technique is the loss of materials i.e. shrinkage of size and deformation in
shape of employed particles due to the dissolution during measurements (Al-Dahhan et
al., 2000; Saroha, 2010). Because of this, the investigation at high pressure or with solid

particles in submicron size is still rare.

The electrochemical technique (a.k.a. limiting-current technique) is an alternative
method for determining mass transfer correlations (Chou et al., 1979; Gostick et al., 2003;
Hassan et al., 2005; Highfill, 2001; Mohammed et al., 2014; Nicol and Joubert, 2013; Rao
and Drinkenburg, 1985; Sims et al., 1993; Tan and Smith, 1982; Trivizadakis and Karabelas,
2006). This method has recently used to investigate the mass transfer phenomenon in
micro fixed-bed reactors (Faridkhou et al., 2016; Saroha, 2010). However, the work only

figured out the relationship between total mass transfer correlation and superficial
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velocity i.e. Reynolds number. Mass transfer correlations for those micro fixed-bed reac-

tors were not reported.

Table 2-2: Selected of liquid to solid mass transfer correlations in fixed-bed

Correlations Boundary conditions/note Reference
benzoic acid spheres, 0.0016 < Re < 55, )
Sh = 1'0_9 Re%3Sc1/3 zo! 'dsp ¢ Wilson and
€ 0.35<¢<0.75 .
benzoic acid spheres, 55 < Re < 1500 Geankoplis
0.25 enzoic acid spheres, 55 < Re < )
— 0.69¢.1/3 1966
Sh=—g-Re™Sc 0.35<¢ <0.75 (1966)
randomly packed beds of spheres, d, = olls and
Sh = 1.64(eRe)*6Sc1/3 yp P b J
25 mm and ¢=0.41 Hanratty (1969)
Karabelas
Sh = 2.39Re%%6Sc'/3 90 <Re <120
(1971)
0.2 < Re <20, small particles (0.54-2.9 mm Goto et al.
Sh = 1.31Re®%6Sc'/3 ¢ P ( )
of naphthalene and CuO-ZnO (1975)
0.8 20 < Re < 200, column packed spheres d, =
— " p,05¢.1/3
Sh € Re™"Sc 2.8-12.7mm Hirose et al.
0.53 200 < Re <5000, column packed, spheresd, (1976)

Sh = ——Re%585¢1/3
€

Sh = 1.15Re®5Sc1/3

Sh = 2 + 1.58Re%*5c/3
Sh =2+ 1.21Re®*5Sc'/3
Sh =2+ 0.59Re®°Sc'/3
Sh = 1.17Re%585¢1/3

Sh=d/L + Re®35c¢%3

Sh = 2.1+ 0.38Re®61Sc1/3

Sh = 3.4+ 0.71Re%785c1/3

=2.8-12.7 mm
cylindrical 3 - 6 mm benzoic acid

0.001 <Re<5.8

5.8 <Re <500

500 < Re

general case for fixed-bed reactor
microchannel photocatalytic reactor,
4<Re<b6

Mini-reactor, spiral configuration, cylindrical
copper particles, 1.5 x 30 mm.
Mini-reactor, vertical configuration, cylindri-
cal copper particles, 1.5 x 30 mm.

Satterfield et al.
(1978)

Ohashi et al.
(1981)

Cussler (2009)
Corbel et al.
(2014)

Templis and
Papayannakos

(2017)

dy: hydraulic diameter, I: length of the microchannel

In the above studies, normally, the mass transfer coefficient k. is expressed in terms

of Sherwood number Sk as a function of Reynold number Re and Schmidt number Sc:

Sh = ¢;Re®Sc®

Sh = Shy + c;Re®2Sc®

(2-27)

(2-28)

where Sho, ¢1, ¢; and ¢; are empirical constants. The values of ¢, ¢; and ¢; are dependent

on many factors such as hydraulic regime (laminar, turbulent, i.e. Re), particle properties

(such as shape, form, size distribution), reactor configuration (such as ratio between
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reactor diameter and particle size), etc. Eq. (2-28) is normally apply to single sphere parti-
cle in which the value of Sk is considered as the Sh number when there is only natural
convection. A selection of reported mass transfer correlations in fixed-bed is shown in
Table 2-2.

At first glance, it is obvious that there is no global coefficient for liquid-solid mass
transfer in fixed-bed even at the same range of Reynolds number and Schmidt number.
However, the value of ¢; is typically set as 1/3. In addition, at lower Reynolds numbers, the
exponent ¢, is smaller than the one for higher Reynolds numbers. Last, the value of ¢, in

the reported correlation varies in a wide range (from 0.3 to 0.8).

Although both methods have been intensively used to ascertain the mass transfer
correlation in fixed-bed reactors, in experiments, however, only individual particles with
defined forms (spherical, cylindrical) were employed. Furthermore, the sizes of investi-
gated particles were only as small as sub-millimetre (Burghardt et al., 1995; Faridkhou et
al., 2016; Saroha, 2010).

In case of fluid flows through a thin fixed-bed composing of nanosized particles, the
mass transfer can be considered as the mass transfer occurring in a membrane. The lig-
uid-solid mass transfer correlation in membranes is normally described in form of Eq.
(2-27) (Cussler, 2009 p. 519; Green and Perry, 2008 p. 5-64). For example, mass transfer
to a flat sheet membrane in a stirred vessel is described as
Sh = 0.0443Re%785Sc%33 (Flinn, 1970). Like in fixed-bed, in general, mass transfer correla-

tions in membranes are also fairly diverse.
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3 Concept and mathematical modelling of
FPMRs

3.1 Concept of fixed-bed photocatalytic membrane reactors

So far, there have been many reactor designs for photocatalytic reactions (cf. chapter 1).
However, the research question on how to design an effective reactor design for hetero-
geneous photocatalysis is still of great interest. In general, in designing a photocatalytic
reactor, the transmission of light from the light source to the catalyst surface, the illumi-
nated surface area per reactor volume/illuminated area, the state of catalyst in the
reactor, the flow pattern of reactant solution in the reactor should be defined. Other spe-
cific specifications regarding reactor types (e.g. layer thickness, layer structure for
immobilised reactors and catalyst concentration for slurry reactors) should be also taken

into consideration.

This section introduces a general concept of a new photocatalytic reactor i.e. the
fixed-bed photocatalytic membrane reactor (FPMR). In addition, detailed characteristics
of FPMRs which are realised in this work are provided.

In general concept, FPMRs are photocatalytic reactors employing fixed-bed photo-
catalytic membrane (FPM). The FPM is a thin catalyst layer which is formed by dead-end
membrane filtration of catalyst suspensions on the surface of a supporting membrane.
Once the FPM is formed, photocatalysis is then conducted. In the photocatalysis, reactant
fluid such as wastewater, water-methanol, or carbon dioxide-water flows through the pre-
formed catalyst layer while it is illuminated by suitable light sources. Last but not least,
the FPM and its structure are naturally fixed by the reactant flow during the photocataly-

Sis.

A quite similar idea of depositing a catalyst layer on the membrane surface was re-
ported by Molinari et al. (2000). In the work, the authors used a cross-flow ultrafiltration
process to deposit catalyst particles on a membrane for conducting photocatalytic degra-
dation of organic compounds. However, in the photocatalytic experiments, there were

still particles on liquid phase so that they still contributed to the degradation rate of the
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reactor. Furthermore, they simultaneously hindered the transmission of photons from
light source to photocatalytic deposited layer. Finally, in cross-flow configuration, only a
part of feed flows through the deposited layer (filtrate) where the chemical reactions re-
ally occur. Thus, the reported degradation rate was quite poor in comparison with slurry
membrane reactor.

In the scope of this work, the general concept of FPMR was realised by two reactors
aiming at employing photocatalysis as an advanced oxidation process for water treat-
ment. The schematically description of the FPMRs is shown in Figure 3-1.

IR

Waste-water

Mem‘bra‘nc‘e

Products @0@

Figure 3-1: Fixed-bed photocatalytic membrane reactor concept

One of the distinctions of FPMR design is that, the reactant solution flows perpendic-
ularly through a preformed micro-sized catalyst layer composing of nanosized particles.
The flow direction enhances the mass transfer rate which is commonly reported as the
most crucial obstacle in immobilised photocatalytic reactors (cf. Sect. 2.3). Moreover, it
facilitates the contact between the catalyst particle and reactant. Although the flow direc-
tion can lead to a higher-pressure loss, its above benefits could outweigh the loss. Be-
cause, if the mass transfer rate is enhanced, FPMRs will work at low or moderate flow rate
i.e. moderate pressure drop (e.g. under 1 bar).

In addition, the catalyst layer should be (i) homogeneous porous structural, (ii) as thin
as possible (as long as the light energy is fully absorbed) and (iii) the ratio between reactor
layer area and layer thickness should be large. Because the flow pattern plays an im-
portant role, a dispersed flow pattern within the catalyst layer will boost the efficacy of
FPMRs. The pattern empowers the maximum contact between catalyst particles and lig-
uid phase and mitigates the liquid hold-up, stagnant pockets and gross bypassing or
short-circuiting of fluid i.e. improve the total mass transfer rate, reaction rate.
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3 Concept and mathematical modelling of FPMRs

The light source, such as UV lamp, is placed on the top of the reactor. The illuminating
area of the lamp should cover all the catalyst layer. To mitigate the light absorption of
reactant solution that leads to the decrease of photon flux before reaching the catalyst

surface, a low solution level on the top of the catalyst layer is preferred.

The system/flow is driven by the pressure difference which can be generated by either
permeate pump or pressurized pump on the feed side. The choice of applied pressure
level relies on the desired permeate flux, i.e superficial velocity. In term of maximum re-
action rate, the desired superficial velocity is the one that leads to the chemically-con-
trolled region. To comprehensively control the performance of FPMRs, definitely, a quan-

titative model considering the main processes in the reactors should be developed.

Finally, the concept of FPMR enables both modes of operation i.e. closed loop opera-
tion mode and continuous operation mode. The continuous operation mode has the ad-
vantages of ease in evaluating the reaction rate constant and simple set-up. It was nor-
mally applied to photocatalytic microreactors (Aran et al., 2011; Corbel et al., 2014; Gorges
et al., 2004; Visan et al., 2014) and photocatalytic membrane reactors when their photo-
catalytic degradation rate is considerably high. However, under certain circumstances
such as low illuminated surface, low light intensity, complex organic compound structure,
the continuous operation mode is limited. In those cases, the closed loop operation mode
is normally used. It is widely used for photocatalytic membrane process (Goei et al., 2013;
Ma et al., 2010; Molinari et al., 2000; Trinh and Samhaber, 2016).

3.2 Modelling of fixed-bed photocatalytic membrane reac-
tors

Heterogeneous photocatalysis is a complex process which consists of numerous pro-
cesses i.e. steps (cf. section 2.1). Thus, to develop a model for the photodegradation in
FPMRs, essential steps are considered. Figure 3-2 introduces the steps in the

photodegradation of species A into product P. These steps include

e (i) photon transmission from the light source to photocatalytic particles
e (ii) mass transfer of reactant A from the bulk solution to the particle surface
e (iii) reversible adsorption of A to reactional surfaces to generate intermedi-
ate species AS
e (iv)irreversible chemical reaction to transform AS into product PS
e (v) desorption of product P from the catalyst’s surface (PS)
e (vi) mass transfer of product P away from the surface to bulk.
Different from common heterogeneous processes, the photocatalysis involves the in-

teraction between photon flux from light source and catalyst particles. Thus, to develop
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3.2 Modelling of fixed-bed photocatalytic membrane reactors

quantitative models for FPMRs, three component models: (1) general model for physico-
chemical processes involved in those steps (iii), (iv) and (v), (2) model for the transmission
of light within the catalyst layer and (3) model for the impact of photo flux on intrinsic

reaction rate of photocatalysis are taken into account.

bulk solution |

catalytic particle

Figure 3-2 Processes involved in heterogeneous photocatalysis.

First, a general model that describes the processes (steps iii, ivand v) i.e. from A to P

is developed. For a sake of simplicity, the following initial assumptions are made:

e The rate of adsorption/desorption steps are much faster than the rate of
chemical reaction or mass transfer, i.e. they are not the limiting steps.
e The processes are isotherm
Thus, only the steps (i), (ii), (iii) and (iv) are further considered. The first step (i) is char-
acterised by the applied light intensity. The second step (ii) is quantitatively described by
mass transfer coefficient k. The magnitude of &y is a function of liquid properties, reactor
configuration, flow regime, diffusion coefficient of materials being transferred, etc. The
step (iii) is a reversible process which is numerically expressed by K.q - the adsorption
equilibrium constant of A on the catalyst. The parameter K,q depends much on the nature
of catalyst's surface, of substance which is being adsorbed, such as, surface charge, solu-
tion properties, like pH, ionic strength, etc. Step (iv) represents the chemical reactions
converting A into products PS by oxidative species generated by catalyst under UV illumi-
nation. Its rate is characterised by the reaction rate constant k.

Now, consider process at a local position z in the catalyst layer. The assumed rate
form of intrinsic processes (including steps (iii) and (iv)) is a global kinetic model, Langmuir
- Hinshelwood (Pichat, 2013),

0C(z)  k(z)K,qCs(2)
ot 1+ K,4Cs(2)

Rate =r(z) = — (3-1)

In most common cases, the photocatalysis process is normally applied to systems with

very dilute concentration of reactant A. It is assumed that
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3 Concept and mathematical modelling of FPMRs

K,4qCs(2) < 1. (3-2)
(otherwise see Appendix B.2). Combining Eq. (3-1) and Eq. (3-2) results in
r(z) = kK,qCs(2). (3-3)
At the steady state, the reaction rate r equals the diffusion rate (i), thus:
7(2) = knai(C(2)—Cs(2)) (3-4)

where C and Cs are concentrations of A in bulk solution and in the close proximity of
surface of the catalyst, respectively. The parameter «; denotes the total surface area of

catalyst per volume of liquid phase.

Combining Eq. (3-3) and Eq. (3-4), one yields:

T

reactant C, UV-Intensity

catalystlayer - % dz

Sy :

C, | reactant fI ow

Figure 3-3 Distribution of light intensity within the catalyst layer

C 1 1 17?
r(2) =— @ 7 =C@ [—+ ] (3-5)

n Ki(z) kna;
k(z)Kad kmai

Second, in heterogeneous photocatalysis, the local reaction rate constant k(z) de-
pends on the photon flux, which is not uniform along the axial coordinate (cf. Figure 3-3).
The impact of UV irradiance on the photocatalytic activity is described by a power-law
approach (Herz, 2004; Ollis, 2005; Visan et al., 2014) (cf. Sect. 2.2.5.3):

k = kI (3-6)

In this approach, an exponent « reflects the functional influence of light intensity / on
the reaction rate constant k. The influence exists because the generation and recombina-
tion of electron-holes depend on UV intensity and material properties. At low intensities,
the reaction rate is directly proportional to the radiant flux (r ~ /), thus, o = 1. At relatively
high intensities, i.e. when electron-hole recombination dominates (approx. for > 250
W/m?), the reaction rate is proportional to the square root of /, that means o = 0.5 (Herz,
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3.2 Modelling of fixed-bed photocatalytic membrane reactors

2004; Ollis, 2005; Visan et al., 2014). Indeed, for each kind of material, the level of light
intensity for each region depends much on the properties of the employed photocatalytic
materials (cf. 2.2.5.3).

Last, an optical model that accounts for light transmission is required. For the con-
cept of FPMR in which the planar irradiation has the same direction as material flow, the

following assumptions were made to develop an appropriate model:

e catalyst layer structure is uniform,
e thereis no impact of reactor wall on the irradiance,
e UV lamp works stable and its intensity is constant during the reaction time,
e illumination occurs equally at every point on the upper side of cake layer
with intensity 1,
e back-scattering out of catalyst layer is negligible.
Based on the above assumptions the transmission of UV light through the photocata-

lyst layer is typically quantified by Lambert-Beer law (Herz, 2004; Ollis, 2005):

I = lye b2 (3-7)

where [, denotes the light intensity at the top side of catalyst layer i.e. FPM, g denotes the
light extinction coefficient of FPM. This extinction is due mostly to the absorption of pho-
tocatalyst including direct absorption of incident light and the absorption of scattered
light (cf. 2.2.1).

Consequently, the reaction rate constant k(z) can be calculated with:
k(z) = kl,%e~? = ky e~2Fz (3-8)
The parameter K;(z) in Eq. (3-5) is now rewritten as:
Ki(2) = k(2)Kyq = kly* e F? K,y = K; e~ %P (3-9)

where Kiodenotes the combined reaction rate constant at the top of the catalyst layer. Sub-
stituting Eq. (3-9) into Eq. (3-5) results in Eq. (3-10).

m@;K; ge =7 ) (3-10)

k
T(Z) B kmal- + Kiloe‘“ﬁz

In FPMRs, the catalyst layer comprises of millions of particles in the horizontal direc-
tion and a few hundred ones in the vertical direction, i.e. the ratio between reactor diam-
eter i.e. catalyst layer diameter (d.) and the catalyst layer thickness (L) is much greater than
1. Thus, there is negligible wall effect on the flow through the catalyst layer. In addition,
liquid flows evenly through pores formed by those fine catalyst particles. Along with as-
sumptions for the above optical model (cf. Eq.(3-7)), in the FPMRs, the change only occurs
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3 Concept and mathematical modelling of FPMRs

in the z-axis. In a steady state condition, material balance in an infinity dz produces (Figure
3-4)
d*C(x) dC(x) (3-11)

Tz Pe F Da(x)C(x) =0

where dx = dz/L, Pe denotes Pelect number as defined by Pe = uL/D, Da(x) denotes the local

second Damkohler number. It is defined as

kma;K;ge *PLx |2 (3-12)

Da(x) = =
a(x) kmai + Kiloe_aﬁl‘x D

In left side of Eqg. (3-11). There terms refer to the change by diffusion, convection, and
chemical reaction, from left to right. Its right side indicates that there is no accumulation
in the infinity dz. Eq. (3-11) is a second order ODE, there is no analytic solution for it. The
numerical solution is beyond the scope of this work. In the context of FPMRs, the influence
of axial dispersion is frequently neglectable (cf. Appendix B.1). Omitting the diffusion term

in EQ. (3-11) results in

by diffusive flow by bulk flow

A enters

disappearance
of A by reaction

A leaves

by diffusive flow | by bulk flow

Zy

Figure 3-4: Mass balance of species A in an infinity dz

vpdC(z) _ kma;K; ge P2 c2) (3-13)
e dz  kpa; + K ge P “

where ve denotes superficial velocity, ¢is the void fraction of the catalyst layer.

Integrating Eq (3-13), one yields

Cz)  ekma kma; + Kio (3-14)

l - )
n Co afvg nkmai + K; e~ bz

where Cpdenotes the bulk concentration of A at position z = 0.
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3.2 Modelling of fixed-bed photocatalytic membrane reactors

After passing through the catalyst layer i.e. z = L, the concentration of reactant A from
initial concentration C, reaches to Ci. The macroscopic effect is described by the equation
below:

C,_ kmail kma; + Ko (3-15)

In—== n tres-
Co apL  kya; + K ge~BL T

Consequently, the effect is rewritten as a global form of first-order kinetics:

(3-16)

C, = Coe_Krestres’
where ., denotes the residence time in the catalyst layer; #. = Le/vs, the product SL de-
notes the natural extinction of light in the catalyst layer, K..; denotes the overall reaction
rate constant of catalyst layer:

kma; In kma; + K (3-17)
aBL " kya; + K;ge %L

Kres =

In plug flow reactor in general, as well as in FPMRs, the residence time depends on

the interstitial velocity of fluid flowing through the given catalyst layer. That means the

overall reaction rate K. depends also on the residence time. To overcome the problem,

this work introduces a new term namely intrinsic reaction rate constant per unit cross-

sectional area of the catalyst layer (shortly named as area reaction rate constant), k. It is
defined as:

k — K. L= KrestresVr (3-18)
res — Drest =

Then from Eq. (3-17) k. is expressed as below:

kia; ] kma; + K; o (3-19)

Kpes = n
" aBf T kpa; + K ge~PL

Egs. (3-17) and (3-19) represent mathematic models that describe quantitatively the
influences of mass transfer rate (kn), catalyst layer properties (a;, , L), intrinsic reaction

rate (Kio), light intensity (e, Kig), hydrodynamic condition (kn, @) on the whole process.

Eqg. (3-19) expresses the general model. The special cases for the models can be de-

rived as below:

Case 1: when the cake thickness is so large that

Kio papr 4 (3-20)
kmai

Eqg. (3-19) becomes:
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_kpay Kio (3-21)
Kpes = af In (1 + kmai>

In this case, both mass transfer and photocatalytic reaction contribute to the reaction rate
of the photocatalysis.

Case 2: In chemically-controlled region, i.e. Ko < kpya;, applying Taylor series for
Eqg. (3-19) results in

K.
kres = a;ﬂo(l — e ahL ) (3-22)

That means that the mass transfer rate no longer influences the photodegradation

rate. When the cake thickness is so large that e=*fL « 1, Eq. (3-22) is simplified as k,..s =

1;—‘; This simplification is applied to ascertaining the model parameters as well as to study

the influence of light intensity on reaction rate constant (cf. Sect. 4.4.3.1).

Case 3: In diffusion-controlled region, i.e. ka; < Kjg, EQ. (3-19) becomes

kma; In Kio ' (3-23)
af  kmpma; + K;ge Bl

kTES -

In this case, it is obvious that the layer thickness has a considerable role. In a critical case
when k,a; < K;oe~*FL the rate constant is derived as Eq. (3-25). It means that the rate of

the process is now independent on photocatalytic reaction.

kres = kma;L (3-24)

3.3 Model sensitivity analysis

The sensitivity analysis of a mathematic model is mainly to determine which parame-
ters/inputs have a significant/insignificant influence on the output of the model. There are
several ways to conduct sensitivity analysis such as differential sensitivity analysis, one-
at-a-time sensitivity measures, fractional design, the sensitivity index (Hamby, 1994). For
all methods, generally, the first step is to define the independent and dependent varia-

bles.

The general model (Eq. (3-19)) can be rewritten as Eq. (3-25):

_ kna; kma; + kK ql1§ (3-25)

k .
e ap nkmai + kKyqlFe—aPL

The mathematic model that describes quantitatively the influences of mass transfer
rate (km), catalyst layer properties (a;, 8, L), intrinsic reaction rate (kK qI§ i.e. Kio), light in-

tensity (o, Io), hydrodynamic condition (kw, ai) on area reaction rate constant of FPM (kes).
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3.3 Model sensitivity analysis

In those parameters, thickness L, intrinsic reaction rate and mass transfer are independ-
ent parameters. In contrast, the value of « depends on photon flux and material proper-
ties. For one type of photocatalytic material, the other parameters are virtually constant.
It is obvious that for each photocatalyst, the layer porosity influences directly to extinction
coefficient (), interfacial area (a;), layer thickness (L). However, the ratio ai//fand the prod-
uct AL are independent on g(aio (1-g); fo (1-g); L < 1/ (1-¢)).

Because the variables in the model have wide range values which depend on both
specifications of reactors and operational conditions, the method one-at-a-time sensitivity
measure is used. It is a simple method in which the calculating of output is repeatedly
conducted by varying one input while holding the others fixed (Hamby, 1994). In this work,
therefore, to evaluate the sensitivity of the model, the value of k. is calculated by the
model when each of the independent parameters (L, km, kK,4I§) is varied by 10%. In the

calculations, all parameters are fixed but one of the varied parameters.

The model is developed for FPMRs, thus, model parameters are not arbitrary ones.
Indeed, their values depend on the experimental conditions. Because of this, the calcula-
tions are conducted based on experimental data for titania P25 (cf. Sect. 4.4). Three cases
in accordance with critical conditions were consider including:

Case 1: mass transfer rate is predominant: starting values: L = 18.8 pym, km = 1.21x10° m/s, xKaq
=1.3m?/), [y = 18.09 W/ m?

Case 2: intrinsic rate is predominant: starting values: L = 18.8 um, kn = 6.07x10®8 m/s, xKaq =
1.3 m?/), Ip = 18.09 W/mz;

Case 3: at thin layer thickness: starting values: L =5 pym, kn = 1.21x10° m/s, kKaq= 1.3 m%/), Iy =
18.09 W/m2,

The results are shown in Figure 3-5. It demonstrates that in a chemically-controlled
region, k. is clearly influenced by intrinsic reaction rate (around + 8%). In contrast, in the
diffusion-controlled region, the variation of mass transfer can contribute much to ks
(around + 6.5 %). In addition, at thin layer thickness (e.g. L = 5 pm), ks iS more sensitive
with the layer thickness, i.e. catalyst loading (around + 4.5 %). On the contrary, at the layer
thickness of 18.8 pm, the 10% error in measurements of layer thickness has a negligible
impact on k.. More importantly, Figure 3-5 reveals that the maximum variation in k. is

always limited by the varied value in each influence parameter (here under 10%).
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Figure 3-5: Variation of area reaction rate constant of FPM when the influence parameters are var-
ied by 10%. The calculation based on the conditions for titania P25 (£ = 2.42x10° m/s, &= 0.85, a;
=2.99x107 m?/m3) and exponent a = 1, top left: mass transfer rate is predominant; top right: intrin-
sic rate is predominant; bottom: at thin layer thickness.

3.4 Chapter summary

This chapter aimed at developing a quantitative model for the FPMR concept.

On doing so, first, the detailed specifications of the new FPMR concept were described
(Sect. 3.1). In the section, the distinctions of the concept from conventional concepts
which contribute to its potential advantages were also analysed.

A quantitative model for FPMR concept was developed based on three component
models: the light transmission model, the physio-chemical model in heterogeneous cata-
lyst and a model for the influence of photon flux on intrinsic reaction rate. In addition, the
boundary conditions and assumptions needed for applying the model were also clarified.
Moreover, special cases derived from the quantitative model as well as models for critical
conditions (cf. Appendix B) were also figured out.
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3.4 Chapter summary

Finally, the sensitivity analyse of the model was conducted. The results showed that
the variation of output is always lowered than the varied value of influence parameters.
The impact of each influence parameter on the output i.e. k., depends on the operational
conditions. For example, in the chemically-controlled region, the intrinsic reaction rate has
more contribution to 4., than mass transfer rate and vice versa. Those results are in agree-

ment with global knowledge in chemical reaction engineering.
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4 FPMR realised with flat sheet polymeric
membrane

4.1 Introduction

Chapter 3 introduced detailed features of the FPMR concept and mathematic models to
describe the photocatalytic performance in FPMRs. This chapter addresses the funda-
mental properties of fixed-bed photocatalytic membranes (FPMs) and verifies experimen-
tally the developed models. To this end, the FPMR concept is realised by a flat sheet poly-
meric membrane. The use of flat sheet polymeric membrane facilitates the study on the
structure of the formed FPMs, such as layer thickness, porosity, and homogeneity. Equally
importantly, due to its small scale, the influential parameters on the performance of
FPMRs i.e. model parameters are basically defined and controlled. This enables the study
on the contribution of each parameter to the whole process. In this way, the mathematic
models are experimentally verified.

4.2 Materials and set-up

4.2.1 Materials

4.2.1.1 Photocatalysts

Photocatalysts are used to form FPMs. For this purpose, photocatalysts with suitable spec-
ifications were selected. The choice is based on the following criteria: photocatalytic activ-
ity, toxicity, primary particle size and size distribution, suspension’s properties, the avail-
ability of related published results, and cost. Based on the criteria, commercial products
including two kinds of titania photocatalysts (Aeroxide® TiO, P25 and P90) and one kind
of zinc oxide (lolitec ZnO) were chosen. An overview of the specifications of the photo-
catalysts is provided in Table 4-1.
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Table 4-1. Specification of employed photocatalysts

Properties P25-TiO; P90-TiO; lolitec_ZnO
Phase composition A/R (approx. 80/20) A/R (approx. 90/10) wurtzite
Sm (BET), m2/g 50+ 15 90+ 15 5.23
Average xp (TEM), nm 21 14
pr, kg/m3 4000 4000 5600
Band gap, eV 3.03-3.23 3.03-3.23 3.2-3.7

A/R: anatase/rutile

The titania powders were supplied by Evonik in a scale of 1 kg including Aeroxide®
TiO2 P25 (Lot-Nr: 613122298) and Aeroxide® TiO; P90 (Lot-Nr: 613112698). Aeroxide® TiO»
P25 is the most common photocatalyst and considered as a standard photocatalyst for
photocatalysis (Ohtani et al., 2010). It is a white powder consisting of TiO, aggregates
which comprise of primary particles with a mean size of about 21 nm (evaluated by TEM
image). The catalyst powder has a specific surface area (BET) of 50 + 15 m?/g (provided by
the manufacturer; of 56 m?/g (Teixeira et al., 2016)). As provided by the manufacturer, it
consists of anatase and rutile with a phase ratio of approx. 80/20. Nevertheless, it also
contains a small amount of amorphous phase and its phase composition also differs from
manufacture Lot/ batches (Ohtani et al., 2010).

Aeroxide® TiO, P90 is a modified version of Aeroxide® TiO, P25 which consists of
smaller primary particles (around 14 nm) and has, therefore, higher specific surface area
(90 + 15 m?/g as reported by the manufacturer). The product was developed aimed at im-
proving the photocatalytic activity of TiO,. The band gap of titania depends on the
crystalline phase. The band gaps of anatase and rutile are about 3.23 eV and 3.03 eV
(Konig, 2013, p. 228), respectively.

Zinc oxide was supplied by lolitec Nanomaterial. This material has different proper-
ties from the P25 and P90 titania. It comprises primary particles which typically have the
size from 90 to 210 nm and mostly in a cylindrical shape. It has a specific surface area
(BET) of 5.23 m?/g and consists of hexagonal wurtzite phase (Teixeira et al., 2016). The
band gap of the single crystal wurtzite quite deviates from 3.2 eV to 3.7 eV (Lee et al,,
2016).

4.2.1.2 Chemicals

This work used different kinds of organic compounds to evaluate the photocatalysis in
FPMRs. They include methylene blue (MB; C;6H1sCIN3S*XH,O (x=2-3); Merck: C.I.
52015_Reag. Ph Eur), methyl orange (MO; C;14H,14N3NaOsS; Merck: C.I. 13025; ACS, Reag.
Ph Eur), sodium diclofenac (DCF; Ci14H10Cl2NNaO;) and oxalic acid (OA) (> 97%, Fluka). The
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selection of the organic compounds is based on several factors such as absorption near
the band gap of the employed photocatalyst, molecule structure and properties in aque-
ous solution, the decomposition pathways, toxicity and the availability of analytical meth-
ods.

Methylene Blue (MB) is the main organic reactant in this work. It is one of the most
common model organic compound for photocatalysis. The kinetics for the destruction of
MB by photocatalysis was thoroughly studied (Houas et al., 2001). Another dye which was
used as a reactant is MO. It was chosen due to its difference from MB. First, it is a nega-
tively charged dye while MB is a positively charged dye. Thus, its interactions with photo-
catalysts will be different. Second, itis reported that the degradation rate of MO by titania
is quite slow (in comparison with MB) (Chen and Chou, 1993; Cui et al., 2011). Because of

its toxicity, however, the use of MO in this work is limited.

Diclofenac (DCF) is one of the most commonly detected pharmaceuticals in water.
Although it has low toxicity, recent reports released that the accumulation of DCF can
cause serious environmental problems (Rizzo et al., 2009). Owing to the limitations in the
biodegradation of DCF, research on the degradation of DCF has been focused on employ-
ing photocatalysis (Molinari et al., 2017; Rizzo et al., 2009).

Oxalic acid (OA) is another kind of model organic compound. It has a simple molecular
structure. Hence, in photocatalysis, OA is degraded directly into nontoxic products i.e. wa-
ter and carbon dioxide (Herrmann et al., 1983; Kosani¢, 1998; McMurray et al., 2004). Thus,
in experiments, the concentration of OA in reactant solution can be defined from meas-
ured values of total organic carbon (TOC) or electrical conductivity (which facilities an
online measurement) (cf. Appendix A.3). In contrast, the photodegradation of the other
used chemicals involves at least some steps and produces numerous intermediate prod-
ucts.

In addition, deionised water, distilled water, sodium hydroxide and hydrochloric acid
were used for preparing catalyst suspensions and reactant solutions. Last, a two-
component epoxy resin was used to fix catalyst layers for measuring their thickness and
observing their structure.

4.2.2 Experimental set-up

4.2.2.1 Reactor set-up

In this work, two FPMR set-ups were constructed. The first set-up, based on flat sheet
polymeric membrane, is presented in this chapter. The second reactor set-up, based on
submerged ceramic membranes, will be presented in chapter 5.
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FPMR set-up based on flat sheet polymeric membrane consists of 5 main parts: (1) a
dead-end membrane filtration cell, (2) light source and light intensity meter, (3) a peristal-
tic pump, (4) tanks and (5) sensors/data reading and data recording. They are shown in
Figure 4-1 and Figure 4-2.
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—_— i— __________________ .@ pump
Magnetic stirrer E ------ DAQ
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Figure 4-1: FPMR set-up based on dead-end membrane filtration cell, in closed loop operation
mode with a mixing tank.

The dead-end cell is the core component of the FPMR. It has a cylinder shape with a
dimension of 880 x 50mm and is made of stainless steel. In each experiment, it is installed
with a new polyamide (PA) membrane (mean pore size: of 0.2 pm). In the membrane cell,
PA membrane is placed on a supporting sieve made of stainless steel. The cell works in a
depressurised condition which is driven by a peristaltic pump. Depending on the mode of
operation, the reactor set-up is equipped either with a 350 ml mixing tank and a magnetic
stirrer (for closed loop operation mode) or with a 10-litre feed tank (for continuous oper-
ation mode). The pressure drop is monitored through a presser sensor (Differenzdruck-
transmitter, Burster, Germany), the filtrate flow rate is calculated by measuring filtrate by
an analytical balance as a function of time. Data from the pressure sensor and the balance
are logged on a computer by Daisylab 13.
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Figure 4-2. A flow sheet of a FPMR in continuous operation mode.

The selection of an UV lamp depends on several factors such as employed photocata-
lysts (their band-gap), reactants, economic issues (e.g. capital cost, energy consumption),
and their availability in the market. This reactor is equipped with a flat UVA lamp (UMEX
GmbH) with a peak wavelength of 365 nm and a power of 16 W. On one side of the lamp,

there is a hole which enables the measurement of a reference light intensity ().

4.2.2.2 Distribution of light intensity on membrane surface

Light intensity directly influences the photocatalytic performance of investigated re-
actors. Thus, the determination of the actual light intensity on the surface of a catalyst
layer during photocatalysis is undoubtedly necessary. This section addresses the distribu-
tion of light intensity and relationship between a measured reference light intensity (on

lamp) and the real mean light intensity (on membrane surface).

The light intensity depends on the distance from the light source, thus in the meas-
urements, the distance between the lamp and the catalyst layer was installed similarly the

one in photocatalysis.

In this work, light intensity was measured by a UMEX-UVA sensor. To define the dis-
tribution of light intensity on the catalyst layer i.e. FPM, measurements were conducted
at different positions on the FPM as described in Figure 4-3. Based on the measured data,
the mean light intensity on the top of the FPM (l) is calculated. The light distribution is
plotted in Figure 4-4.

45



4.2 Materials and set-up

40

30

Figure 4-3: Measured positions of UV intensity sensor on the surface of the catalyst layer (cf. Ap-
pendix A.1).
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Figure 4-4: Distribution of light intensity on the surface of the catalyst layer, L.t 34.4 W/m?, maxi-
mum light intensity on the top of the FPM (ly.m): 19.47 W/m?, Iy: 16.86 W/m?2. The data were col-
lected in the same condition as in the photocatalysis (i.e. water loading in reactor was 50 ml) (cf.
Appendix A.1).

From Figure 4-4, it is obvious that the light is not equally distributed on the FPM. Due
to the tubular shape of the lamp and the reactor, the light intensity in the centre is higher
than in other places. The maximum light intensity on the catalyst layer was below
20 W/mz. In the range of light intensity under 200 W/m?, photocatalytic reaction rate is
linearly proportional to the light intensity (Mozia, 2010). For this reason, the mean value
of light intensity can be used to represent the light intensity in the photocatalytic reaction.
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Depending on the experiment purposes, light intensity is adjusted by varying the
lamp power. When the lamp power is adjusted, the value of I, will change accordingly.
Thus, a correlation between a reference light intensity (Z..c- which can be measured during
the photocatalysis) and actual mean light intensity (1) on membrane surface should be
defined. On doing so, the correlations between I.r and the maximum light intensity (Zo-m)
and between Io., and Iy were determined. Correspondingly, intensity measurements at
different light intensities were carried out. The results are shown in Figure 4-5 and Figure
4-6.

Figure 4-5: Correlation between the arithmetic 19
mean of light intensity (/o)) on membrane sur-
face (24 measured positions) and the maxi- LN
mum light intensity (lo.m). The experimental 17 4
data was collected in the same conditions as &
. . S g 164
in the photocatalytic process (i.e. liquid load- S
ing in reactor was 50 ml) (cf. Appendix A.1). s 3

14 -

i3 lp=1.01%, - 0.98

12

13 14 15 16 17 18 19 20
|o_m (W/m?)
Figure 4-6: Relationship between the maxi-
. . . M measured intensity

mum light intensity on the surface of the 20| T e -
membrane and the reference light intensity in 95% confidence band

the range of reference intensity from

7.3 W/m? to 35 W/m?2. The data were collected T
in the same conditions as in photocatalytic =
process (i.e. water loading in the reactor was £
50 mi). =

lo_m =0.546%/ 4 + 0.683

ref

lhes (WIm?)

Figure 4-5 represents the relationship between I, and /... at three powers of the lamp.
The linear fit confirms that the varying of lamp power i.e. light intensity does not affect
the light distribution on catalyst layer. Figure 4-6 shows the correlation between /., and

I,. Combining the calibrations in Figure 4-5 and Figure 4-6 yields I, = 0.546.¢+
0.683 (%) The correlation is used to calculate the mean value of light intensity on the

surface of catalyst layer (I)) from the measured reference light intensity (%) at any lamp
power (It from 7.3 W/m? to 35 W/m?).
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4.3 Experiments and methods

A typical experiment includes the 5 steps illustrated in Figure 4-7. The first step is the
preparation and characterisation of a photocatalytic suspension. In the second step, the
prepared suspension is used to form FPMs. Afterwards, the photocatalytic performance
of the preformed FPMs is studied. After the photocatalysis, the structure of the FPM is

investigated. All data collected from steps one to four is then analysed and evaluated.

(1)
suspension  Fr-cmcmmrmimimimimime .
preparation

T

A 4

(2) _ !
FPMR formation : v

influence I (5)
parameters v data evaluation
. ¥ 7

(3) !

FPMR performance

I
A 2

(4)
layer structure  |r-i-r-mimimimimim o :
characterisation

Figure 4-7. A procedure for a typical experiment for investigating the performance of an FPMR.

4.3.1 Formation of fixed-bed photocatalytic membrane

The formation of a catalyst layer on the membrane surface plays an important role. The
concept of FPMR enables the possibility to control the cake layer properties such as layer
thickness, porosity, morphology, and composition. The properties depend greatly on the
properties of the catalyst suspension. Those properties such as the type of catalyst parti-
cle, aggregate size distribution, and suspension stability were controlled in suspension

preparation step.

4.3.1.1 Suspension preparation

The catalyst layer should consist of very fine catalyst particles to ensure the high exposed
surface area of catalyst which in turn promotes higher photocatalytic activity. To this end,

pyrogenic TiO; and ZnO were used as photocatalysts.

Pyrogenic TiO; consists of multiscale particle structures, which are composed of na-
nosized constituent particles firmly bound in submicron, fractal-like aggregates. In a
stirred suspension, coarse aggregate structures up to several microns prevail and the sys-
tem’s polydispersity is rather high. Thus, to improve the TiO, suspension properties (i.e.
to achieve high stability, fine dispersity, and smaller aggregate size) the ultrasonic disper-

sion technique is a fundamental requirement (cf. Sect. 2.4.1). Similarly, zinc oxide was also
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dispersed by both mechanical stirring and ultrasonication before being used. Using only

mechanical stirring could not disperse the zinc oxide powder sufficiently.

In this work, four procedures for suspension preparation were used named as PSO0,
PS3, PS10 and PSF (names of suspensions are also called based on the procedure which
is used to prepare them). The procedures are described in Table 4-2. All suspensions were
prepared by dispersing catalyst powder into deionised water (DIl-water) by mechanical
stirrers over 5 min. Suspensions PSO were dispersed only by stirring, while for the suspen-
sions PS3 and PS10, the stirred suspensions were further dispersed by ultrasonication
(Vibra-Cell 72412, Sonics & Materials; frequency: 20 kHz, and nominal power: 600 W) for

3 min and 10 min, respectively.

Table 4-2. Preparation of catalyst suspensions

Name photocatalyst Water  Stirring time US time pH
(mg) (8) (min) (min) adjusted

*) (**)
PSO 175+ 1 350 0.5 15 0 No
PS3 175+ 1 350 0.5 5 3 No
PS10 175+ 1 350 0.5 5 10 No
PSF 175+ 1 350 0.5 15 0 yes

(*) Suspensions were stirred by a mechanical stirrer. (**) Ultrasonic dispersion conditions: sus-
pensions were held in 600ml tall form Duran® borosilicate beaker, distance from the bottom of
the beaker to tip: 20mm, tip diameter 19 mm, amplitude 100%, tune max: 15%, pulse 2s:2s

The flocculated suspension PSF was prepared from suspension PSO. After being pre-
pared, the pH of the suspension PSO was adjusted by a 0.1 M sodium hydroxide solution
from a natural pH of around 4.5 to the pH of 6.5. The newly prepared suspension i.e. PSF
was kept stirred for 15 min before the filtration process i.e. layer formation. Other sus-
pensions (PSO, PS3 and PS10) were kept stirred by magnetic stirrers (450 rpm) until they

were used.

In experiments, P25 titania was used to prepare all types of suspension PSO, PS3, PS10
and PSF while P90 titania and ZnO were used to prepare only the suspension PS3.

4.3.1.2 Suspension characterisation

The properties of suspensions were measured before the layer formation process. In the
formation of FPMs by a filtration process, the particle size distribution is by far the most
important parameter. In this work, other suspension properties such as turbidity, and
stability play an insignificant role because (i) for the sake of comparison, all suspensions
were prepared by the same procedures as described in section 4.3.1.1; (ii) suspension
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properties were tested before filtration process. Thus, the suspension’s turbidity and zeta

potential were not measured. Only its particle size distribution was examined.

The aggregate size of investigated suspensions is in the range of around 100 nm to a
few microns. Thus, the dynamic light scattering method was chosen to characterise the
suspension. Size analysis was conducted with HPPS (Malvern). In the measurements, the
suspension samples were prepared by diluting the suspension into deionised water (dilu-
tion factor 1:5) to reach the concentration of 0.01 wt%. For each sample, the measure-

ment was repeated 5 times to enhance the confidence of the results.

4.3.1.3 Formation of fixed-bed photocatalytic membranes (FPMs)

A central part of an FPMRis a fixed-bed photocatalytic membrane (FPM). FPMs were formed
by a dead-end filtration process of photocatalyst suspension using the reactor set-up de-
scribed in section 4.2.2. Each FPM was formed by the following steps: (1) running the dead-
end cell with a PA membrane and Dl-water for 5 min; (2) pouring targeted catalyst sus-
pension with desired volume (according to catalyst loading) into the prepared dead-end

cell; and (3) conducting filtration of the suspension to form a catalyst layer i.e. FPM.

For preparing a dual-layer FPM, 50 ml suspension PSF was firstly filtered to create a
bottom layer, then 50 ml PS3 was filtered by the preformed bottom layer to create a top
layer. In cases of using PSF, the cake layer was further cleaned by DI-water (monitoring by

electrical conductivity, until y < 10.0 pS/cm) before conducting photocatalysis.

4.3.2 Reactor performance

This section introduces methods and experiments for evaluating the fundamental aspects
in the performance of FPMRs as well as for studying influence parameters on the FPMRs.
The performance of FPMRs accounts for the photocatalytic degradation of the reactors,
the structural strength, the photocatalytic stability and the renewability of FPMs.

4.3.2.1 Procedures for a photocatalytic test

In this work, photocatalytic degradation of organic compounds was used to evaluate the
photocatalytic performance of FPMRs. The procedures for photocatalytic tests depend on

the mode of operation i.e. closed loop mode or continuous mode.

In closed loop operation mode, the solution of an organic compound such as meth-
ylene blue, methyl orange, sodium diclofenac and oxalic acid was poured into the reactor
system (FPMR and mixing tank, see Figure 4-2). First, the system ran in a dark condition to
reach the adsorption equilibrium (typically for 10 min). Then, the UV lamp was switched

on to start photocatalysis.
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During the photocatalysis, solution samples were taken at a defined time interval
from the mixing tank. The concentration of the model organic compound in the samples
was then measured offline. A pressure sensor (Burster, Germany) was used to measure
the pressure drop through the FPM. The permeate flux was determined by weighing per-
meate for a defined time. Additionally, the pH, electrical conductivity, and temperature of
solution in the mixing tank were measured online (MultiLab 540, WTW, Germany) during
the process. After the photocatalysis, the reactant solution was withdrawn from the
system. Immediately, thereafter epoxy resin was used to fix the wet catalyst layer. The

fixed layers were further analysed to determine their thickness, porosity and morphology.

In some investigations in sections 4.3.2 and 4.4.1, the continuous mode of operation
was applied. It is different from the closed loop mode. In particular, the reaction solution
was fed continuously from a feed tank and the outlet solution was not recycled; and the

samples for measuring solution concentration were taken from the outlet solution.

4.3.2.2 Analytical method

Three methods were used to measure the concentration of organic compounds in reac-
tant solutions including UV-Vis spectroscopy, electrical conductivity, and TOC concentra-
tion measurement.

UV-Vis spectrometer (Varian Cary 100 Bio) was used to measure the concentration of
methylene blue (calibrated at the wavelength of 664 nm), methyl orange (calibrated at

wavelength 464 nm), and sodium diclofenac (calibrated at the wavelength of 276 nm).

The electrical conductivity meter (by MultiLab 540, WTW, Germany) was used to meas-
ure the concentration of OA.

A TOC meter (Multi N/C 2100, Analytik Jena, Germany) was used to measure the TOC
concentration in selected samples. It is indirectly calculated by subtracting the measured
inorganic carbon (IC) from the measured total carbon (TC): TOC=TC - IC. The TC measure
is based on a high-temperature combustion of samples in the presence of a catalyst while
the IC measure is based on the oxidation by phosphoric acid. According to the amount of
generated CO; (detected by Focus Radiation NDIR detector®) of the oxidation and com-

bustion, the value of IC and TC are determined.

4.3.2.3 FPMRs performance

The performance of FPMRs includes the photocatalytic activity, the structural strength of
catalyst layer, the photocatalytic stability, and the renewability of FPMs. In practice, the

performance depends greatly on the properties of the initial solution such as type and
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concentration of reactant, as well as type and amount of impuirities. In this study, solu-

tions of a single organic compound in distilled water were used.

To investigate the photocatalytic activity of FPMRs, the decomposition of methylene
blue, methyl orange, sodium diclofenac and OA by FPMRs in closed loop operation mode

were examined.

The mechanical stability of FPMRs was also studied. By measuring the pressure drop
and specific layer resistance during photocatalysis at different operating conditions, the

structural strength of catalyst layers was determined.

The photocatalytic lifetime of a photocatalyst in FPMRs was evaluated. A simple
method for evaluating the photocatalytic lifetime of the photocatalyst is doing photocata-
lytic degradation repeatedly in periodic operation mode. However, it is difficult to deter-
mine how many repetitions are needed to conclusively state that a reactor is
photocatalytically stable. Moreover, in photocatalytic membrane reactors, the evaluation
of the photocatalytic lifetime should involve a parameter that can reflect membrane pro-
cess such as filtrate volume per unit membrane area. Thus, this work introduces a param-
eter (normalised photocatalytic stability-) which represents the ratio between the reac-
tion rate constant of the FPMRs after a volume of reactant solution V went through a
membrane area A and the initial reaction rate constant in a continuous mode of opera-

tion. To normalise the parameter, it is defined as:

rate after treating 1 m3 water by 1m? membrane
W =

(4-1)
initial rate

The parameter y represents the decrease in reaction rate of a membrane reactor after

1 m3 water is treated by 1 m? membrane.

The renewability of FPMRs i.e. the ability to regenerate FPMs is one of the advantages
of this reactor concept. After a period of use, the FPMR would work inefficiently. Conse-
quently, the renewability of FPMRs is of practical importance. For this concept, two meth-
ods are proposed: back-flushing to recover the catalyst particles, then dispersing the col-
lected catalyst suspension to reform new FPMRs; or using chemical or physical means to
treat the used catalyst layer without back-flushing. In this work, only the second method

was implemented.

4.3.2.4 Influence of catalyst layer properties

The catalyst layer is a very thin layer formed by membrane micro-filtration of catalyst sus-
pensions. The main layer properties influencing the performance of FPMRs include cata-

lyst particle, layer thickness and porosity, and layer uniformity.
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To evaluate the influence of catalyst particles, FPMs made of P25 titania, P90 titania
and ZnO were investigated. The impacts of the catalyst particles on the specific layer re-

sistance and photocatalytic degradation of organic compounds were taken into account.

To study the influence of layer thickness, FPMRs with different thicknesses of FPMs
were prepared. The variation of layer thickness was obtained by changing the catalyst
loading i.e. the volume of photocatalyst suspension for forming the FPMs. For each type
of catalyst, only catalyst loadings were varied while other parameters such as suspension

properties, filtration conditions, and light intensity were fixed.

The influence of layer porosity and layer uniformity was studied by using suspensions
of P25 titania. The suspensions were prepared by different procedures PS0, PS3, PS10 and
PSF (cf. Sect. 4.3.1). Therefore, the formed catalyst layers had different structures.

4.3.3 Parameters study and model verification

The performance of an FPMR is influenced by different factors. As discussed in section
3.3, the independent parameters affecting the photocatalytic degradation rate in FPMRs
are the mass transfer, the chemical/photocatalytic reaction, and layer thickness. For one
kind of reactant and photocatalytic material, the photocatalytic reaction rate can be al-
tered by changing light intensity. Thus, to verify the quantitative model, the influences of

light intensity, the mass transfer rate and the layer thickness were independently studied.

4.3.3.1 Approach for model verification

The quantitative model for the FPMR is expressed by Eq. (3-19). The substitution of K; ; by
kly“Koq (cf. EQ. (3-9)) leads to

k _ kmai kmai + K'Kadloa
ST ap nkmai + kKqly*ePL’

(4-2)

The above model shows the input parameters, and the degree to which the parameters
affect the area reaction rate constant k., of an FPM. To verify the model, its three sub-

models were tested:

- light transmission model, which quantifies the decay of light intensity within the
FPM

- intrinsic model, which quantifies the influence of light intensity on the intrinsic re-
action rate constant

- mass transfer model, which quantifies the influence of flow conditions on the term

kwa;, i.e. total mass transfer coefficient.

53



4.3 Experiments and methods

The selection of photocatalyst and model organic compound, as well as experimental

conditions, must satisfy the assumptions/conditions for developing the model, which are:

a) Langmuir-Hinshelwood reaction kinetics on catalyst surface
b) KuC(z) < 1
c) Diffusion termin Eq. (3-11) is omitted

To satisfy the assumptions, titania P25, P90 and MB solutions with an initial concen-
tration of 10 uM were used. All experiments were conducted in the closed loop mode of
operation at a natural pH of approx. 5.5. The low concentration of MB and pH value aim
at satisfying assumptions (a) and (b). The primary catalyst particles of titania P25 and P90
were about a few ten of nanometres. Suspensions of the materials were well dispersed

by ultrasonication (cf. Sect. 4.3.1.1) aimed at forming uniform catalyst layer structures.

4.3.3.2 Intrinsic model

The intrinsic model represents the influence of photon flux, i.e. light intensity on the in-
trinsic reaction rate of photocatalysis. In the general model (Eq. (4-2)) the influence is rep-
resented by light intensity 7 and the exponent a. When thickness of catalyst layers is large
enough (ensuring e~*fL ~ 0) and experiments are conducted in chemically-controlled

conditions (cf. case 2 Sect. 3.2), Eqg. (4-2) can be rewritten as (cf. sect. 3.2):

_ Ko () _ papry _ Kio _ KKaalo” _
Kres = ap (1 e ) - af - apf (4-3)
Taking logarithm of both sides of Eq. (4-3) produces
Ink,es = alnl +In (Kf—;‘i) (4-4)

To verify the intrinsic model, the value of « in the relationship in Eq. (4-4) was deter-
mined from experiments and then compared to its reported value. The light intensity de-
creases when the light goes into the catalyst layer. Thus, to ensure that the value of a is
identical in the whole catalyst layer, the experiments for the verification should be carried
out at a low light intensity (e.g. 7 < 25 W/m?), because in this range, the value of a was
reported as 1 (while at a high light intensity e.g. 7> 250 W/m2, it is 0.5) (cf. Sect. 2.2.5.3).
Therefore, experiments were conducted at increased light intensities from around
3.0 W/m2 to around 20 W/m?2 and high superficial velocity (v*) (to reach chemically-con-
trolled region). In the experiments, the variation of light intensity was monitored by chang-
ing the power of the UVA-lamp.

In addition, the validation of the conditions for the simplification described by Eq. (4-3)
must be checked. In doing so, first, the intrinsic parameter kK,41,% was determined. Then,
the values of K, at higher light intensities were calculated. Doing experiments at higher

54



4 FPMR realised with flat sheet polymeric membrane

light intensity and the same superficial velocity (v¢*), the value of total mass transfer coef-
ficient kmai at ve* was calculated (by Eq. (4-2)). Finally, by comparing the values of the cal-

culated knai and kK,4q1,%, the validation of the conditions was checked.

4.3.3.3 Light penetration model

The influence of catalyst layer thickness represents the Lambert-Beer model. To study the
influence, FPMRs with different layer thicknesses were formed and investigated. To illus-
trate the effect of layer thickness on the area reaction rate, the total mass transfer coeffi-
cient kma; and the intrinsic reaction term kK,ql,* should be known. The parameter kK ql,*
was calculated directly from the results of section 4.3.3.2 (the value of kK,4). The value of
kmai was calculated at the same conditions (type of photocatalyst, superficial velocity, or-

ganic compound and its concentration) as the tests for this verification.

4.3.3.4 Diffusion model and the influence of mass transfer rate

To verify the influence of the mass transfer rate on the photocatalytic performance of
FPMRs, experiments with different mass transfer rates were conducted. Specifically, in the
experiments, only superficial velocity was changed, the other parameters such as light

intensity, catalyst layer properties, and properties of reactant solution were fixed.

At a critical condition (the catalyst layer thickness is so large that

%e‘“/ﬂ « 1, Eq. (4-2) can be rewritten as:
kmai KKadIOa
=— . 4-5
From the experiments for determining the value of « (cf. Sect. 4.3.3.2, Eq. (4-4)), the value
of b = 'cf—;d was determined. Inserting the quantity into Eq. (4-5) produces
kmai bloa
kies = —aB In{ 1+ o (4-6)
ap

As the values of b, « and pare independent on ., at one experimental condition (such
as the same pH, light intensity, and porosity) the area reaction rate constant k. is just a
function of total mass transfer coefficient k,a;. Assuming that a; is constant at different

superficial velocities, it follows that, bl,* and 5—/‘3 are constant, thus the area reaction rate

k.snow only depends functionally on the mass transfer rate, k.

The influence of mass transfer was represented by the mass transfer coefficient k.
Normally, the coefficient kv is expressed in terms of Sherwood number Sh as a function
of Reynolds number Re and Schmidt number Sc (cf. Sect. 2.5.2)
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Sh = c;Re®25c% (4-7)

where ¢, ¢; and ¢; are empirical constants. Their values are dependent on many factors
such as hydraulic regime, particle properties, and reactor configuration. Generally, the
value of ¢; is 1/3 while the value of ¢, ranges from 1/3 to 0.8. Although a lot of works have
been carried out to find out mass transfer coefficients, there is still no specific correlation
for liquid-solid mass transfer in a fixed-bed membrane reactor. Recently, Tidona et al.,
(2012) and Faridkhou et al., (2016) have conducted experiments to obtain mass transfer
correlations for fixed bed microreactors. The results show that the mass transfer coeffi-
cient in microreactors is also comparable to that in conventional reactors. Therefore, in
this study, three reported correlations for fixed-bed reactors which cover the mentioned
range of c, were tested (Table 4-3).

Table 4-3. Mass transfer correlations

Abbr. (&) Correlation Ref.
> .
cor.1 0.69 o o5 Ve (dve) " (D)3 (Wilson and (4-8)
m = V.o "m0 v Geankoplis, 1966)
0.415 2/
cor.2 0.585 km _ 147 (%) <B> ’ (Cussler, 2009) (4-9)
Vg \% \%
_2 2 i
cor3 173 o 1.007F ()7 (D)3 (Wilson and (4-10)
m = LO7 T v Geankoplis, 1966)

D denotes the diffusion coefficient of material being transferred; vthe kinetic viscosity of the
liquid, and d the particle diameter.

4.3.4 Catalyst layer characterisation

4.3.4.1 Catalyst layer morphology

The pore size and pore distribution i.e. the homogeneity within the catalyst layer have a
substantial impact upon the performance of FPMRs. Though the micro-images of catalyst
layers (optical microscope or SEM images) can show their microstructure, they fail to illus-
trate their macro-homogeneity. This study presents an indirect method to address the
problem. It involves two steps: first, measuring the thickness at different positions of
catalyst layers; and second, determining the layer porosity and specific layer resistance at
different catalyst loadings i.e. different layer thicknesses. The former shows the homoge-
neity in the horizontal direction of the layer, while the latter reveals the property in the
vertical direction.

4.3.4.2 Layer thickness and layer porosity

To measure the thickness of the catalyst layers, they were fixed by epoxy resin as soon as

the system was drained. After around 48 hours when the epoxy resin solidified, their
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thicknesses were determined with an optical microscope. For this purpose, images of the

layer samples at different cross-sections (different positions in catalyst layer) were taken.

Based on the layer thickness, the layer porosity (¢) was calculated by Eqg. (4-11).

LAc — % (4-11)
LAc

Where ms and pp denote the dried cake mass and the particle density, respectively, L de-

E =

notes layer thickness and Ac denotes layer area.

4.3.4.3 Specific permeate flux

Permeate flux or superficial velocity (v) is calculated from permeate flow rate (V) and
filtration area (4.) by Eq. (4-12):

v = Al (4-12)
Permeate flux depends on applied pressure, membrane and layer resistance and viscosity
of filtered fluid as Eq. (4-13)
A
S 2 (4-13)
n(RM + LTC)
Where Ap denotes pressure drop, Rm the membrane resistance, . the specific layer re-
sistance, 7 liquid viscosity, and L layer thickness. To evaluate or compare the filtration
performance of a membrane, pressured normalised permeate flux i.e. specific permeate
flux (Jp) is usually used (Eq. (4-14)).
= (4-14)
Jp Ap
As can be seen from Egs. (4-13) and (4-14), specific permeate flux still depends on
viscosity, and thus temperature (7). Therefore, in practice, it is normally normalised to the
value at 20°C.

n
Jp20 =]P,Tn_T (4-15)

20
Where Jp 2 is normalised specific permeate flux at 20°C, Jpr the actual specific flux at tem-

perature T, nx0 and nr liquid viscosity at temperature 20°C and 7, respectively. Substituting
n20=1 cp, into Eq. (4-15) yields Eq. (4-16). In this work, all values of specific permeate flux

are normalised at 20°C and shortly abbreviated as Jp.

Jp20 = Jor(1.784 — 0.575T + 0.0011T2 — 107°T*) (4-16)
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4.3.4.4 Specific layer resistance

Previous work has shown that the catalyst layer formed by pyrogenic TiO; titania P25 at
Ap <1 barisincompressible (the specific layer resistance does not change with transmem-
brane pressure or superficial velocity) (Phan et al., 2017). Other catalyst layers (formed by
other materials at different conditions) are assumingly incompressible. In this context, the
specific layer resistance (rc) can be determined by the filtration equation (Eq. (4-17)) in the

constant permeate flux filtration mode.

In the filtration process at constant permeate flux, the pressure drop (Ap) increases
with filtration time (¢) as in the below equation (cf. Sect. 2.4):

2

Ap = VY ¢ 4 nr (2 @17)
p - 7’]""C(ps AC n M AC )
where ¢s denotes a constant of cake layer formation defined by Eq. (4-18):
_ Vs OVF (4-18)
(R p—— cvs

where cvs, and cvrare the volume fraction of solid in suspension and in filtrate, respec-
tively.

Based on Eq. (4-17), the parameter . and Rm were determined by plotting the pres-

sure drop against filtration time.

The specific layer resistance determined from the filtration equation (Eq. (4-17)) rep-
resents the properties of the layer when it has just been formed. This work, however,
focuses on the layer properties during photocatalysis. Thus, the specific layer resistance
in the photocatalysis should be calculated. Given that the membrane resistance Ry is con-

stant, the specific layer resistance is calculated by Eq. (4-19):

p _po (4-19)
ro= nvg
C L ]
where vr denotes the permeate flux during the photocatalysis.

4.3.4.5 Permeability-equivalent particle diameter

The permeability-equivalent particle diameter (dp) was determined by Kozeny-Carman
equation (cf. Eq. (2-24)).
150nL(1 — £)? (4-20)
A
p &
Where Ap. denotes the pressure drop over the catalyst layer Ap. = Ap — n % vk x Rm (cf. Sect.
2.5.1).

C
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4.3.5 Measurement and evaluation of photocatalytic activity of FPM

To measure the photocatalytic activity of an FPM, samples were taken at a defined interval
during photocatalysis (cf. Sect. 4.3.2.1). The concentration of organic compounds in the
samples was then measured by appropriate analytical methods i.e. UV-Vis spectroscopy,
TOC, and electrical conductivity (cf. Sect. 4.3.2.2). The photocatalytic activity of FPMs is
represented by their overall reaction rate constant (Kres). The parameter was calculated

from experimental data depending on the mode of operation.

In the continuous operation mode (cf. Figure 4-2), the value of Kres was calculated by
Eq. (4-21).

1 G -
Kros = —In inlet (4-21)

tres Coutlet
Where tes denotes the residence time of organic compound in the catalyst layer, Ciniet and

Coutlet the concentration of organic compound at inlet and outlet, respectively.

In the closed loop operation mode (cf. Figure 4-2), the filtrate was completely recycled,
and the samples were taken from a mixing tank. Thus, the value of K:s was calculated
from the apparent reaction rate constant of the whole system (Kapp) which is based on the
decline in the concentration of organic compounds in the mixing tank over time. The ap-
parent reaction rate constant K., of the FPMR is determined by plotting In(C(z)/C(0))
versus reaction time ¢
1 In c@® (4-22)
t C(0)
where C(¢) and C(0) denote the concentration of organic compounds in the mixing tank at

Kapp = —

reaction time ¢ = and ¢ = 0, respectively. The correlation between Kres and Kapp in closed

loop operation mode is described by Eq. (4-23).

1 4-23
Kres = t_(KappT - lrl(tMltMZKapr - (tMl + th)Kapp + 1)) ( )

res

Where 11, tv> denote the mean residence time of reactant in mixing tank and in FPMR, t
the residence time of reactant in the rest of the reactor system i.e. tubes. In section 5.3.4,

a detailed derivation of Eq. (4-23) is presented.

From the value of Kxres, the area reaction rate constant (k.) was determined by experi-
mental data by Eq. (3-18).
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4.4 Results and model verification

4.4.1 Reactor performance

The main objectives of this section are to investigate the photodegradation of organic
compounds by FPMRs, the stability of the FPMRs and the renewability of used FPMs.

4.4.1.1 Photocatalytic decomposition of organic compounds

The photodegradation in FPMRs aims at addressing two main questions: Can the reactor
really degrade organic compounds? And which substance is suitable for further experi-
ments? In doing so, an FPMR employing titania P25 (cf. Sect. 4.2.1.1) in the closed loop
operation mode (cf. Sect. 4.2.2.1) was used to degrade different organic compounds (cf.
Sect. 4.2.1.2). The decline in the concentration of the reactants was tracked by appropriate
analytical methods such as UV-Vis spectroscopy and TOC (cf. Sect.4.3.2.2).

In the photodegradation of oxalic acid (OA), OA solution with an initial concentration
of 0.9 mM (pH = 3.15) was poured into the closed loop FPMR system. At higher concentra-
tions, pH of the solution is too acidic that it could possibly damage the reactor system
(such as the polymeric membrane, membrane cell, cf. Sect. 4.2.2.1). In addition, it was
reported that at a concentration lower than 1 mM, the photodegradation obeyed first-
order kinetics (Herrmann et al., 1983). The system ran in the dark for 30 minutes aiming
to reach adsorption equilibrium. Then, the UV lamp was turned on to conduct photoca-
talysis. Throughout the experiment, the electrical conductivity of reactant solution in the
mixing tank was recorded online (cf. Sect. 4.3.2.1). The decline in solution’s electrical con-
ductivity is reported in Figure 4-8.
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Figure 4-8: Photocatalysis in an FPMR with OA. Experimental conditions: initial OA solution:
C: 0.9 mM, pH: 3.15, T: 21.5°C, Ip: 17.9 W/m2, catalyst: P25-PS3, catalyst loading: 17.1 g/m2.
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At first glance, the electrical conductivity related to the concentration of OA (cf. Ap-
pendix A.3) declined gradually in both phases “dark” and “photocatalysis”. After the starting
point in the “dark” phase (time ¢ = -25 min to ¢ = -20 min), the electrical conductivity signif-
icantly plunged. However, from ¢ =-20 to ¢ = O, it decreased gradually. After = 0, under
the irradiation of UV light, the degradation of OA was significant. Yet, the decrease in elec-

trical conductivity seems to be not exponential but linear.

The results in the “dark” phase suggest that either the adsorption did not reach equi-
librium (after 25 min) or there were other reactions occurring in parallel with the adsorp-
tion in the “dark”. The reactions could probably be the ones between H* (generated by the
dissociation of OA in water) and the PA membrane and/or the membrane cell (stainless
steel). Given the phenomena, the measured conductivity would not fully represent the OA
photodegradation. The linear decline of electrical conductivity implies that the photodeg-
radation did not obey the first-order kinetics, but rather zero-order one. However, this
point should be carefully considered due to the phenomena in the “dark” phase as men-
tioned above. A detailed study on the photocatalytic degradation of OA is described in
chapter 5.

The decolouration of methylene blue by photocatalysis is a common test for evaluat-
ing the activity of photocatalyst (cf. Sect. 4.2.1.2). To investigate the decolouration of MB
in an FPMR, two tests were conducted. The first test aimed at figuring out the adsorption
of MB on an FPMR system in the dark condition. The second one focused on the degrada-
tion of MB in the FPMR under UV irradiation. In both tests, the closed loop mode of oper-
ation was employed, and the concentration of MB solution was measured by UV-Vis spec-

trometer. The changes of MB concentration in both tests are shown in Figure 4-9.
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Figure 4-9: Decolouration of MB by adsorption in the dark (/eft), and photocatalysis with FPMR un-
der UV irradiation (right). Experimental conditions: left figure: catalyst loading: 11.4 g/m?, pH: 5.84,
T:20.9°C; right figure: pH: 5.5, T: 21.5°C, Ip: 17.9 W/m?2, catalyst: P25-PS3, catalyst loading: 17.1 g/m2.
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Figure 4-9 (left) shows the test in the dark condition. The MB concentration consider-
ably decreased during the first 5 min (by ca. 6%). After that, it still decreased. Yet, the
decrease was insignificant (by ca.1.8% in 70 min). Similarly, in the second test (Figure 4-9-
right), after 10 min in the dark condition, the concentration of MB reached almost a con-
stant value (approx. 8.9 uM). Under the UV light irradiation, in contrast, the MB concen-
tration exponentially decreased. In this experiment, the MB concentration reached almost

“zero” after 120 min.

The results suggest that in the first test, the adsorption equilibrium was virtually
achieved after ca. 10 min. In addition, the decolouration of MB in the second test can be
described by the first-order kinetics i.e. In(Co/C) increased linearly over time
(cf. Sect. 4.3.5).

Adsorption plays a key role in heterogeneous photocatalysis. It depends much on the
charges of catalyst surface and reactant ions. MB is a positive dye, while TiO; surface also
charged positively (at pH lowering than IEP, cf. Sect. 2.2.5.4). Thus, in the above experi-
ment (cf. Figure 4-9) only a small percentage of MB was adsorbed. To study the adsorption
in addition to the photocatalytic degradation of a negative dye, methyl orange was used.
In the test, an FPMR with the same P25 loading as that of the experiment with MB was
employed. The revolution in MO concentration (measured by UV-Vis spectrometer) is de-

picted in Figure 4-10.
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Figure 4-10: Photocatalysis in the FPMR with methyl orange. Experimental conditions: Initial methyl
orange solution: C: 12.9 umol/l, pH: 5.63, T: 24.5°C, Iy: 17.9 W/m2, catalyst: P25-PS3, catalyst load-
ing: 17.1 g/m2

In dark condition, MO was adsorbed quickly, and the adsorbed amount was signifi-
cant (ca. 30% after 5 min). In contrast, in photocatalysis, the concentration of MO declined
gradually at a slower rate (by approx. 20% after 30 min).
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In comparison with MB, MO was adsorbed faster and much more by TiO, P25 at a pH
of around 5.6. It is due to the difference in the charge of the particle surface (positive) and
the organicion (negative). However, the MO was degraded at a much slower rate than MB
(after 30 min, over 50% MB was degraded, cf. Figure 4-9). Last but not least, at this very
slow rate, the evidence was not sufficient to predict whether the degradation of MO

obeyed the first- or zero-order kinetics.

The degradation of diclofenac sodium (DCF) in an FPMR was also investigated. The
initial concentration of DCF was chosen to be around 30 mg/l which is in the common
range of starting concentration of DCF for photocatalytic tests (Pérez-Estrada et al., 2005;
Rizzo et al., 2009; Sarasidis et al., 2014). In the test, a natural pH of the DCF solution of
around 5.8 was observed. The concentration of DCF was determined by both UV-Vis spec-
troscopy and TOC meter (cf. Sect. 4.3.2.2). The variation of DCF concentration during the
test is plotted in Figure 4-11.
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Figure 4-11: Photocatalysis in an FPMR with sodium diclofenac. Experimental conditions: initial
sodium diclofenac solution: C: 91.43 pM, pH: 5.8-5.78, T: 21.5°C, Iy: 17.9 W/m?, catalyst:
P25-PS3, catalyst loading: 17.1 g/m2. Open triangles denote the value of TOC calculated

fromm measured concentration.

The results in Figure 4-11 show that there are significant gaps between the TOC con-
centrations calculated from DCF concentration and the measured ones. The difference
also happened in original samples (¢ = -20 min) and before photocatalysis, hence it is not
because of the introduction of strange carbon-contained substances or of the intermedi-
ate products produced during photocatalysis. It is possibly due to a systematic error in
the TOC measurement. For example, the error might occur if the water used for diluting
samples before measuring TOC contained a certain amount of impurities (containing car-

bon). Given the above reason (systematic error in measuring TOC), the results indicate
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that in dark, around 10 % of DCF was adsorbed. The adsorption occurred mostly during
the first 10 min (from time -20 to -10 min). The change was confirmed by both UV-Vis and
TOC data. Because the pK, of diclofenac is 4.15 (Sarasidis et al., 2014), at its natural pH of
5.80, most of diclofenac ions charged negatively while TiO, charged positively (pH < IEP).
That explains why the adsorption occurred quite fast. In contrast, during photocatalysis,
the concentration of DCF (measured by UV-Vis spectrophotometer) declined gradually
(13% after 90 min) and the TOC of reactant solution decreased slowly. It is possibly be-
cause the degradation of DCF generated intermediate products. The intermediate prod-
ucts were desorbed from the reaction surface to diffuse into the reactant solution which
contributed to the TOC concentration. In addition, the kinetics for the degradation of DCF

(at the reaction condition such as initial concentration, catalyst loading) was insignificant.

On a final note, the results of the degradation of the organics in the FPMRs prove that
it is possible to degrade different organic compounds in the FMRs. However, the rate and
kinetics of degradation depend much on the type of organic compound. In addition, this
section also aimed at choosing a substance used for further experiments. A critical re-
quirement is that the phenomena in the degradation of the organic compound should be
significant. Based on the above results, among the investigated organic compounds (OA,
MB, MO, and DCF), MB was chosen for further experiments. The degradation of MB is fast
and obviously follows the first-order kinetics. Last, MB is nontoxic and the reaction path-

way of MB was thoroughly studied (Houas et al., 2001).

4.4.1.2 Structural strength and photocatalytic stability of FPMRs

This section focuses on studying structural strength and photocatalytic stability of fixed-
bed photocatalytic membranes (FPMs). In the concept of FPMRs, the structure of FPM
plays an important role (cf. Sect. 3.1). Thus, the structural strength of FPM should be taken
into account. In the context of FPMRs, the structural strength of FPMs is defined as its
resistance to structural deformation. The degree in the deformation of a layer i.e. FPM
was indirectly evaluated by the variation of its specific layer resistance () and permeabil-
ity-equivalent particle diameter (dp). The value of r. was calculated from the measured
pressure drop through catalyst layer and layer thickness, while dr was calculated from the
pressure drop through catalyst layer, layer thickness and layer porosity (cf. Sect. 4.3.4). It
should be noted that the pressure drop was measured online, while the determination of

layer thickness i.e. layer porosity was based on a destructive method. (cf. Sect. 4.3.4.2).

Because the applied pressure is the factor that most likely causes the deformation of
an FPM, to study the structural strength of the FPM, different pressure drops i.e. superfi-
cial velocities were applied. Experiments followed a standard procedure of photocatalytic
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degradation of MB in the closed loop operation mode (experiment duration. 40 min, cf.
Sect. 4.3.2.1). The specific cake resistance of investigated FPMs was calculated at the start
and finish of every experiment. Each experiment (at one value of superficial velocity) was
conducted on an individual catalyst layer. All investigated catalyst layers were formed by
the same procedure (for example, the same type of suspension, and catalyst loading). The
results are shown in Figure 4-12 (while photocatalytic degradation results are reported in
section 4.4.3.3).
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Figure 4-12: Catalyst layer properties (r., dp) at different superficial velocities. Experimental condi-
tions: initial MB concentration: 10 uM, PS3-P25 catalyst loading: 11.4 g/m?, Iy: 16.86 W/m2, T: 22°C,
closed loop operation mode.

The data in Figure 4-12 shows that the specific layer resistance increased slightly
when the superficial velocity increased (by ca. 7%, . ~ 5.8 to 6.2x10'> m2). At a higher
superficial velocity i.e., higher applied pressure the catalyst layer seemingly underwent a
slight compression. However, the calculated permeability-equivalent particle diameters
were virtually identical at different superficial velocities (dr ~ 30 nm). In addition, the spe-
cific layer resistance of each layer was unchanged during the photocatalytic test. The re-
sults suggest that the catalyst layers were stable during experiments. In general, the dif-
ference in the structure of catalyst layers after being used is insignificant. It is also worth
noting that the repeated properties of catalyst layers (formed by the same procedure)
implied the reproducibility of catalyst layer formation.

In order to investigate the photocatalytic stability of an FPM, two approaches were
used (cf. Sect. 4.3.2.3). The first one is based on the closed loop operation mode where
photocatalytic experiments are repeatedly conducted on one catalyst layer i.e. FPM. Al-
ternatively, the second one is based on the continuous mode of operation which focuses

on the variation of pressure drop and the reaction rate in a prolonged run.
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In the first approach, after being formed, an FPM was used to investigate the dark
adsorption, and photocatalytic degradation of MB (there runs). The results are shown in
Figure 4-13. At first glance, the data in Figure 4-13 show that without the UV illumination,
the concentration of MB was almost unchanged over time. Under the UV light, photoca-
talysis occurred. More importantly, the photocatalytic degradation of MB in the repeated

runs was virtually the same as in the first test.
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Figure 4-13: Photocatalytic stability of FPMR in closed loop mode of operation. Experimental con-
ditions: initial MB concentration: 10 uM, /o: 16.86 W/m2, T: 22°C

The results in Figure 4-13 confirmed the high photocatalytic stability of the FPM
(within three runs). “Three runs” means around merely 0.4x3 litres of MB solution for
0.5x3 hours.

Thus, the stability in a long-term run was examined. The evaluation in long-term run
relies on the amount of treated solution over a unit of a membrane area (cf. Sect. 4.3.2.3).
The stability depends much on the properties of the reactant solutions (such as type and
concentration of contaminants), type and amount of impurities. For a sake of simplifica-
tion, MB solution was still used. The first test examined the flow of deionised water
through a PA membrane (no catalyst layer). In contrast, the second test involved the flow
of both deionised water and MB solution through the PA membrane and the catalyst layer
(TiO; - P25) i.e. FPM. The pressure drops over the FPM and the PA membrane (in short:
pressure drop) were measured online. The data is described in Figure 4-14.
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Figure 4-14: Pressure drop at a constant permeate flux in the continuous operation mode. The red
line shows the data without catalyst (only PA membrane), and the blue line represents the data of
FPM with catalyst P25-PS3 (catalyst loading 11.4 g/m2). In the blue line, the left side shows the data
with only water while the right one shows the data with MB solution (initial MB concentration:
10 pM). lamp OFF denotes without UVA illumination i.e. dark condition, lamp ON denotes under
UVA illumination (fo: 16.86 W/m2), T: 21.0°C.

Figure 4-14 shows that in a dark condition, the pressure drop increased clearly over
time regardless of water or MB solution. This phenomenon occurred in both systems:
bare PA membrane and PA membrane with a catalyst layer. However, under the irradia-
tion of UV-A, the pressure drops decreased in the catalyst system (regardless of water or
MB solution) while kept increasing in the bare membrane system.

There might be several reasons for the increasing trend of the pressure drop in Figure
4-14. First, it could be the change of the surface properties (e.g. the decrease in hydrophilic
properties) of TiO; particles due to the adsorption of impurities and MB (in case of using
MB solution, (Zhang et al., 2016)). Second, it could be the pore blocking caused by small
particles (from the water itself or from the system, such as tubes, and the feed tank).
Whatever the reasons would be, the impurities were degraded by photocatalysis. In case
of using only PA membrane (no catalyst particles), the illumination of UV light did not lead
to the decrease in pressure. However, in the photocatalytic system, the pressure drop was
decreased under the presence of UV light. The results demonstrate the antifouling effect
of the FPMR.

The involvement of impurities affected not only the pressure drop but also the pho-
tocatalysis. Thus, to investigate the photocatalytic stability of an FPM in a long-term run,
two experiments were conducted with two kinds of MB solutions. The first one was pre-
pared by diluting MB stock solution with deionised water while the second one was pre-

pared by diluting MB stock solution with tap water. Although the level of impurity in tap
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water was not controlled, it is reasonable to assume that tap water contains many more

impurities than deionised water. The results are described in Figure 4-15 and Figure 4-16.

3200 T T T T T T 4-0
28004 L35
3.0
T 20001 @ gt o [25%
(\‘s A
1600 20>
~ (0]
£ 3
~ 1200- 15
I
800 1.0
—
4004 r ltos
7""Kres
0 0.0

0 900 1800 2700 3600 4500 5400
t(s)

Figure 4-15: Photocatalytic stability of FPMR in the degradation of MB solution prepared by deion-
ised water. Experimental conditions: catalyst P25-PS3, catalyst loading 11.4 g/m2, pH: 5.7, T: 21.3°C,
Ip: 16.86 W/m?, initial MB concentration: 10 pM.

Figure 4-15 shows that the specific permeate flux was gradually decreased. Yet the
reaction rate constant was quite stable. After around 4500 s, corresponding to about
2500(l/m2hbar)x0.5barx(4500/3600)h = 1.5 m3 treated solution/m2 membrane, the reac-
tion rate constant was almost constant as Ks = 2.5 s™.(w~ 100% cf. Sect. 4.3.2.3). The drop
of the reaction rate constant after 4500 s is perhaps due to the particulate impurities. The
particles were trapped within the aggregates or among aggregates of TiO, which caused
the gradual decrease of specific permeate flux. In the beginning, the impact of the parti-
cles on photocatalysis was insignificant. At a certain thickness i.e. amount, however, they
might prevent the photon absorption of catalyst particles and the adsorption of MB mol-
ecules on the catalyst surface which led to the decrease in photocatalytic reaction rate.
The phenomenon was clearly observed in experiments with MB solution prepared by tap

water (Figure 4-16).

Figure 4-16 shows that the specific permeate flux decreased significantly in dark. In a
short period after “lamp ON”, the specific permeate flux experienced a slight increase.
Later, however, the decreasing trend was obvious. Similarly, in general, the photocatalytic
reaction rate decreased with operating time (except the point at the beginning of photo-
catalysis i.e. at + = 2400s). According to the trend, it is likely, there was an error in the
measured value at #=6900 s. By comparing the decreasing trend of both Jy and K., seem-
ingly, there is a connection between them. Specifically, the period from ¢ = 5400 s to

¢t = 8000 s experienced the highest decreasing rate of both quantities.
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Figure 4-16: Photocatalytic stability of FPMR in the degradation of MB solution prepared with tap
water. Experimental conditions are similar to the ones for the experiments reported in Figure 4-15.

The low value of K. at the beginning of photocatalysis could be due to the following
reason. After the dark phase, catalyst surface was covered by not only MB molecules but
also impurities. Thus, when the UV-A lamp was turned on, a part of generated oxidative
species degraded the impurities which caused a slight increase in specific permeate flux.
Nevertheless, the surface of catalyst was not completely renewed, hence the photocata-
lytic reaction rate (K.s (max) ~ 1.75 1/s) was smaller than those in the experiments with
clean MB solution (K. (max) ~ 2.50 1/s, cf. Figure 4-15). The phenomena could be due to
the precipitation of CaCOs or MgCOs (Ca** and Mg?* from tap water while CO, from both
air and the products of photocatalysis, (Robert et al., 2018)). The precipitation then cov-
ered the catalyst surface, thus restricted the photocatalysis. Consequently, the reaction

rate decreased gradually as the accumulation of the precipitations increased.

In general, the degradation of impurities could contribute to the antifouling effect of
photocatalysis. However, in a long-term run, the decrease of the specific permeate flux
and the photocatalytic degradation rate is inevitable. The degree of the trend depends
much on properties of contaminant solution (e.g. type and concentration of reactant, type

and level of impurities).

4.4.1.3 Renewability of catalyst layer

Although the FPMRs run quite stable, after a long-term run, the need to clean/regenerate
the FPMs is unavoidable. Basically, for this reactor concept, two methods are proposed
1%t strategy: cleaning the layer; and 2" strategy: reforming the layer with cleaned/regen-
erated photocatalyst particles. In this work, only the first one was investigated. In order to
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investigate the effects of cleaning, the FPM after the test with MB solution prepared by
tap water was used. (cf. Sect. 4.4.1.2, Figure 4-16). In the test, different cleaning conditions
on the specific permeate flux of the used FPM were investigated. The results were shown

in Figure 4-17.
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Figure 4-17: Cleaning effects at different conditions. a-g: UV ON; g-e and g, h: closed loop mode of
operation, f: continuous mode of operation. Note: the test (reported in Figure 4-16) was further

carried out before the cleaning phase, thus this experiment started at Jp = 1300 I/m2hbar which is
different from the value 1500 I/m2hbar (cf. Figure 4-16).

The results show that an acidic environment enhanced the permeability while a basic
environment caused a detrimental effect. These results support the hypothesis of the pre-
cipitations (CaCOs or MgCO3). At acidic pH, the precipitations were dissolved which led to
the increase of specific permeate flux. In contrast, alkaline environment promoted the
formation of the precipitations. Note that the phases a-e conducted in the closed loop
mode, thus the cations Ca** and Mg?* released in the earlier phases a, and b were still in
the loop. Another reason could be the desorption of remaining MB molecules in the acidic
medium and re-adsorption in the basic medium. Besides, the use of "Calgon N" - sodium

hexametaphosphate (basic environment) caused an unexpected effect.

It is also obvious that the cleaning effectiveness was accelerated at the continuous
operation mode. Nevertheless, in this mode more water is consumed than in the closed
loop operation mode. Last but not least, the decrease of Jp in the phase h when the lamp

was turned off highlights the role of UV light in the above cleaning effects.

4.4.1.4 Conclusion

First, FPMR can degrade different kinds of organic contaminants. Not surprisingly, the rate
constant and kinetics of the degradation of the organic compounds were different (at the
experimental conditions). In the investigated conditions, the degradation of MB solution
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significantly obeyed the first order kinetics. For further experiments in this chapter, thus,
MB was chosen as a model organic compound.

Second, the FPM formed by P25-PS3 has high structural strength i.e. their structure
can resist the applied pressure up to 1.0 bar.

Third, the photocatalytic stability of FPMR depends greatly on the properties of the
reactant solution. In closed loop mode of operation, the FPMR works stable for at least 3
runs. However, in a long-term run, the decrease of both permeability and photocatalytic
reaction rate constant is inevitable.

Last, the adjustment of pH value can effectively improve the permeability of the used
FPMs. The suitable pH value depends on the type of reactant, and impuirities.

4.4.2 Influence parameters

4.4.2.1 Characterisation of catalyst layer

Properties of catalyst layer are of great importance. The thickness, porosity and homoge-
neity of catalyst layer influence directly the photocatalysis, while the specific layer re-

sistance technically relates to the pressure drop through the FPM.

Thickness of catalyst layers was determined by taking optical microscopy images at
different cross-sections of each layer (i.e. different distance from layer centre). An average
thickness and its standard deviation for each layer were then calculated. Based on the
average thickness, particle density and catalyst loading, the mean layer porosity was as-
certained (cf. Sect. 4.3.4.2). Images of FPMs created by two catalysts P25 and P90 titania
with increasing catalyst loadings from 1.42 g/m?2 to 22.73 g/m? are shown in Figure 4-18.

B 2
Figure 4-18: Images of fixed-bed photocatalytic membranes taken by optical microscope at a
magnification of 40X (except image (*) at 20X). Catalyst layer located between membrane and
epoxy resin. Its thickness was measured at different positions. Top images represent P25 layers,
bottom images represent P90 layers. Images from left to right are corresponding to the increasing
catalyst loadings of 1.42 g/m?, 2.94 g/m?,5.97 g/m?, 8.69 g/m?, 11.36 g/m?, 22.73 g/m?, respectively.
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The images show that at a low loading, the layer thicknesses at different positions
were not uniform. This could be due to the fact that the pore distribution of PA membrane
and/or the support membrane (PA membrane) was not uniform. Thus, the layer for-
mation at different positions of membrane was different. At higher catalyst loading, the
thicknesses of catalyst layers were higher hence the difference was insignificant, though
their surfaces were not smooth. Nevertheless, even at a low loading of 2.94 g/m2, catalyst
particles entirely covered the membrane surface. Molinari et al., (2002) has employed
ultrafiltration in a cross-flow operation mode for preparing catalyst layers. Their results
stated that the minimum P25 catalyst loading to fully cover surface of a supporting mem-
brane was 6-folds higheri.e. 20.4 g/m2. In addition, at the same catalyst loading, the meas-
ured thickness of P25 layers was smaller than P90 layers. Consequently, the measured

porosity of P25 layers was smaller than P90 layers. The results are reported in Figure 4-19
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Figure 4-19 presents the average thickness and porosity of the FPMs formed by P25
and P90 with different loadings. It is evident that for the same catalyst loading, the thick-
ness and porosity of the P90 layers were considerably higher than P25 layers. Generally,
the average porosity of P25 layers and P90 layers were approx. 85 % and 87 %, respec-
tively. In addition, at the very low loading of 1.42 g/m?, the porosities of both P25 layer
and P90 layer were significantly smaller than those of layers with higher loading. On one
hand, this is possibly due to the assumption in the calculation of layer porosity that the
mass of layer is the mass of catalyst particles on the filtered suspension i.e. all catalyst
particles are retained on the membrane surface (cf. Sect. 4.3.4.2). In fact, there was a loss
of particles during filtration, such as some fine particles that went into the PA membrane.
Consequently, the real amount of catalyst particle in the layers was less than the one in
the filtered suspension, i.e. the mass used for calculating layer porosity. At low catalyst
loading of 1.42 g/m?, the impact of the loss was significant. On the other hand, the uncer-
tainty of the measurement of a thin layer by a light microscope could result in the low
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porosity. In addition, Figure 4-19 shows that there seemed to be a slightly descending
trend in the porosity of P90 layers when the catalyst loading increased. Whereas, the po-

rosity of P25 layers was unaffected by loading.

The homogeneity of FPMs is evaluated based not only on the measured porosities of
catalyst layers with different loadings of P25-TiO, and P90-TiO; (other conditions are the
same). Itis also evaluated by permeability-equivalence particle diameter (cf. Eq. (4-20) and
the calculated specific layer resistance of the catalyst layers (cf. Sect. 4.3.4). The data is

shown in Figure 4-20.
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Figure 4-20: Permeability-equivalent particle diameter dp and specific cake resistance r. of catalyst
layers at different catalyst loadings. Error bar represents the standard deviation. Data are calcu-
lated based on the experiments which produce the results in Figure 4-19.

Data in Figure 4-20 show that the calculated permeability-equivalent particle diame-
ter increased slightly when the catalyst loading increased. The average particle size of P25
and P90 were ca. 30 nm and 18 nm, respectively. The values are similar to the ones calcu-
lated from the specific surface area offered by the manufacturer (dp = 6/(pS), Sp2s = 50 m?/g,
Sroo = 90 m?/g, p = 4000 kg/m3, corresponding, for P25 dp =30 nm, for P90 dp = 17 nm). In-
deed, the specific area of P25 and P90 are 50 + 15 m?/g, 90 + 15 m?/g (cf. Sect. 4.2.1.1),
respectively. Accordingly, the calculated sizes of P25 and P90 particles are 23.1 to 42.9 nm
and 14.3 to 20.0 nm, respectively. The permeability-equivalent particle diameter is a
proven characteristic of particle size distribution which can be evaluated from the specific
surface area (Blaine method, DIN 66126-1). Thus, the obtained results were expected.
However, there is a surprise here, because the factor 6 in the above equation is valid for
spherical particles while the primary TiO; particles in P25 and P90 have different shapes.
In addition, the factor 150 in Kozeny-Carman equation is a mean value determined from

different material systems (typically from 130 to 180). Last but not least, the N>-adsorption
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on an oxide surface is not always completely (due to the inhomogeneous surface proper-

ties). Thus, the value of BET could underestimate the real value of S.

Figure 4-20 also shows that the specific layer resistance of the thin layers was higher
than thick layers. Similar to the results in Figure 4-19, the specific layer resistance of the
layers at the loading of 1.42 g/m2 was much higher than the values at higher loadings. To
determine the specific layer resistance, the pressure drop through the catalyst layer (Apc)
was calculated by subtracting the one caused by the PA membrane (Apum) from the total
pressure drop (Ap) (cf. Sect. 4.3.4.3). Thus, the underestimation of Apm was possible (when
some small particles blocked/narrowed membrane pores). Therefore, at the low catalyst
loading, Apm > Apc, the influence of the underestimation of Apw is significant which led to

the above results.

Interestingly, the specific cake resistance of the P90 layers was almost twice as high
as that of the P25 layers, though the porosity of the P90 layers was higher than that of the
P25 layers. This might be due to the smaller primary particle size of P90 in comparison
with P25 which is confirmed by the calculated permeability-equivalent particle diameter.
The higher cake resistance results in the higher energy consumption or lower permeate
flux at the same applied pressure. Thus, under this aspect, the titania P25 catalyst layer is
a better choice than titania P90.

Finally, at the loading of 35 g/m? (P25), it was observed that there were a few cracks
on the catalyst layer after being formed (before filling MB solution in the system). Hence,
the specific layer resistance at the high loading was smaller than the ones at the lower
loadings. Consequently, the average porosity of layer at the loading was similar to the
ones at lower loadings (Figure 4-19), while the calculated permeability-equivalent particle
diameter at the loading was significantly different from the others (cf. Figure 4-20).

In addition to the TiO, P25 and P90 powders, the properties of catalyst layers formed
by ZnO powder were also examined. The ZnO powder has different properties from P25
and P90 titania, such as particle size, shape, and density (cf. Table 4-1). ZnO layers with 4
different loadings were investigated. At the loading of 10.23 g/m?, 8 experiments were
conducted (to investigate the influence of light intensity on reaction rate constant, the
corresponding results are shown in 4.4.3.1). Data of the experiments are presented in
Table 4-4.
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Table 4-4: Experimental conditions and properties of ZnO catalyst layers

Loading J € L Rwm ApmtApc  Apc rc dp
(g/m?) (I/m2h) (um)  (10'%/m) (kPa) (kPa) (10>/m?)  (nm)
5.68 1906 0.67 3.09 6.0 315 1.9 1.21 209
11.36 1934 0.64 566 6.0 32,6 3.3 1.18 248
33.52 1904 0.65 17.26 5.1 37.7 12.5 1.45 211
10.23 42104152  0.65 525 5.0+0.4 74.2+5.0 20.0+7.6 3.62+1.45 150+45

Note: at the loading 10.23 g/m?: the data represent the mean and the standard deviation of the
individual results of 8 experiments.

Table 4-4 shows that the properties of different layers are quite dissimilar, except the
mean layer porosity of approx. 0.65. There are possibly two reasons. First, different from
the above TiO, suspensions, ZnO suspensions were not stable (due to the larger particle
size and the higher density). It was observed that the sedimentation in the suspension
occurred quite quickly. It was possible to use additives such as sodium hexametaphos-
phate to stabilise the suspension. However, the introduction of strange ions could affect
the photocatalysis. Thus, in the context of this investigation, the ZnO suspensions without
stabilised agents were used. Consequently, even with the same catalyst loading, the ob-
tained data e.g. Rwv, rc, dp Were quite scattered. Second, as shown in Table 4-4, the pressure
drop through the catalyst layer was much smaller than that through the PA membrane,
especially at the loading of 5.68 g/m? (Apm/Apc ~ 15). Thus, a small error in the
determination of membrane resistance determined from the filtration equation (cf. (4-17)

could lead to a significant change in rc, dp.

In addition, Table 4-4 shows that the obtained dr was larger than 200 nm at the
permeate flux of around 1900 I/m2h but significantly smaller (150+45 nm) at the higher
flux (4210+152 I/m2h). Besides, the specific layer resistance at the higher flux was much
higher (ca. 3 times) than at the lower flux. For comparison, the calculated value from the
specific surface area of 5.23 m?/g (BET) was 205 nm. It suggests that the flow pattern
within ZnO layers at different flux was unlike. In other words, in the ZnO layers, at the
higher permeate flux, there was more contact between catalyst particles and fluid than at
the lower flux.

4.4.2.2 Influence of catalyst loading on the performance of FPMR

An increase of catalyst loading, thus layer thickness literally leads to an increase of pres-
sure drop or a decrease of specific permeate flux i.e. a technically negative effect. How-
ever, the increase of catalyst layer thickness might help to enhance the photocatalytic
reaction rate. In order to figure out these inverse effects, the performance of FPMRs with
different catalyst loadings of both P25 and P90 titania was investigated. With the P90
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titania, at the catalyst loading of higher than 23 g/m?, the cake resistance was so high that
the chosen permeate flux of ve = 2x10* m/s could not be reached (cf. Sect. 4.3.2.4). For
this reason, the experiments with P90 were limited at loading lower than that value. The
reaction rate constant and the specific permeate flux of FPMs formed by different catalyst

loadings are presented in Figure 4-21.
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Figure 4-21: Apparent reaction rate constant and specific permeate flux of FPMRs at different cat-
alyst layer thickness using ZnO (left) and TiO, P25 and TiO, P90 (right). Error bar stands for standard
deviation. Experimental conditions: left: ve: 5.31+0.08 x 10*m/s, suspension ZnO-PS3, T:
21.8+ 0.9 °C, pH: ca. 5.5t0 7.3, Io: 18.0 W/m?, vg: 2.00 £ 0.09 x 10* m/s, suspension P25-PS3 and
P90-PS3, T: 21.2 £ 0.4 °C, pH: 5.46 £ 0.13, Ip: 18.1 W/m?2.

Figure 4-21 shows that at low loadings (under approx. 7 g/mz for TiO, P25, 10 g/m? for
TiO2 P90, and ZnO) the increase of catalyst loading resulted in a significant increase of
reaction rate constant. At the loading higher than 10 g/m?, the reaction rate constant in
the TiO, P25 and ZnO FPMRs was seemingly unchanged, while the one in the P90 FPMR
still increased gradually. In the TiO, FPMRs, the increases of loadings led to a sharp plunge
of the specific permeate flux. However, in the ZnO FPMRs, the specific permeate flux was
fluctuated, especially at low catalyst loadings. The reasons for the fluctuation were possi-
bly due to the low stability of ZnO suspension and the low pressure drop through the
layer in comparison to the one through the PA membrane (cf. Sect. 4.4.2.1).

Comparing the data in Figure 4-21 shows that the apparent reaction rate constant
and the specific permeate flux of the ZnO FPM were considerably higher than in TiO, FPM.
In addition, generally, the specific permeate flux of the ZnO FPM was higher than TiO>
FPMR, especially at the loadings higher than 10 g/m2. It is also not surprising that the spe-
cific permeate flux of the TiO, P25 FPM was higher than that of the TiO, P90 FPM. This is
due to the difference in particle size of the employed materials and thus the specific layer

resistances (cf. Sect. 4.4.2.1).
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Last, the apparent reaction rate constant of the TiO, P25 FPMs was higher than that
of TiO2 P90 FPMs at the low catalyst loadings (under approx. 8 g/ m2). Yet, at higher load-
ings, the TiO, P90 FPMRs degraded MB at a higher rate. One hypothesis is that for thin
layer thickness (corresponding with the catalyst loadings lower than approx. 10 g/m?)
more photons i.e. energy from UV light passed the TiO, P90 layer than TiO, P25 layer. At
higher loadings, when the UV absorption of both layers reached maximum values, the
reaction rate constant of P90 layer was higher than P25 layer. This could be caused by the
differences in the phase composition (affecting UV absorption, electron-hole excitation
and recombination), particle size and shape (affecting mass transfer rate, light scattering)

between the two materials.

4.4.2.3 Influence of suspension properties

In the concept of FPMRSs, fine catalyst particles are used to form the catalyst layer. Thus,
the pressure drop through the fine catalyst layer is practically a critical problem, because
a high pressure drop results in a high energy consumption. How to lower the specific layer
resistance thus the pressure drop through the layer formed by a commercial photocata-
lyst, such as TiO, P25 while keeping its photocatalytic performance constant is a challeng-

ing question. This section aims to address it.

The specific layer resistance depends much on the porosity and pore size distribution
in the layer. Photocatalysts like TiO, P25 or P90 constitute of aggregates and agglomera-
tions which consist of the primary nanosized particles. Normally, the aggregates are
formed during the materials preparation while agglomerations are formed after the prep-
aration. Furthermore, in suspensions, flocculation of the particles can occur. Thus, the
porosity and pore size distribution of catalyst layers depend on the size, shape and inter-
nal structure of the aggregates, agglomerations, flocs and the volume ratio among them.
The dispersion of the photocatalyst suspensions disintegrates the large flocs and agglom-
erations and thus reduces aggregates size. So, it is a technique to vary the structure and

porosity of catalyst layers.

In this section, catalyst layers from different P25 suspensions (with different degree
of dispersity, agglomeration, and flocculation, cf. Sect. 4.3.1.1) were examined. In detail,
they include suspensions prepared without ultrasonication dispersion (PS0), with ultra-
sonication dispersion (PS3 and PS10), and flocculated suspension (PSF). In addition, cata-
lyst layers (dual-layer) formed by using two types of suspensions (PS3 and PSF) were in-
vestigated. The results of particle size analysis are presented in Appendix E, while the cor-
responding layer properties are depicted in Figure 4-22.
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Figure 4-22. Layer porosity and specific layer resistance (left), apparent reaction rate constant and
specific permeate flux (right) of catalyst layers formed by different P25 suspensions (PSF, PSO, PS3,
PS10) and a dual-layer (PSF in the bottom, PS3 on the top). Error bar was plotted based on standard
deviation. Catalyst loading 11.4 g/m?, T: 23.5+ 1.2 °C, pH: 5.62 +0.12, I1: Ip: 18.08 W/m?, 12: Ij:
14.68 W/m2.

First, the data in Figure 4-22 show that the ultrasonic dispersion caused a decrease of
the layer porosity from 0.88 (PSO0) to 0.85 (PS3) and 0.83 (PS10). The decrease led to a
considerable drop of specific permeate flux (ca. 2700 I/m2hbar to ca. 1800 I/m2hbar) and
a dramatical increase of specific layer resistance. This is due to the fact that the value (1-
€)?/e3 changes approximately by a factor of 3 (cf. Eq. (4-20)). However, the ultrasonic dis-
persion had a slight influence on the photocatalytic reaction rate. Indeed, the increase of
dispersion time from 3 min to 10 min had virtually no influence on the reaction rate con-
stant. In the case of flocculated suspension (PSF), there was a significant difference. The
layer porosity increased up to approx. 0.89 and the specific layer resistance of the PSF
layers was much smaller than the others. Consequently, the specific permeate flux of the
PSF layer was approx. 4500 I/m2hbar which is 60% higher the one in PSO layer. However,
the apparent reaction rate constant in the PSF layer was considerably smaller than the
one in the PS3 or PS10 layers (ca. 22%). For the reaction rate, the material properties, the
optical properties of the layer and the conditions of mass transport are decisive. In the
above experiments, the first remained unchanged. The second (UV absorption and scat-
tering) are essentially determined by the material and the size of the primary particles
(because dp << 100nm) - so they stayed the same, provided that the layers were thick
enough for the UV light to be completely absorbed. Thus, all the change of reaction rate
constant above was caused by the change of mass transfer in the FPM. The FPMs formed
by well-dispersed suspensions such as P25-PS3, P90-PS3 have a uniform structure (cf.
Sect. 4.4.2.1), thus the reactant solution flows uniformly between primary particles (con-
firmed by the calculated dp) which contributed to the total mass transfer rate. However, in
the PSF layer, due to the diversity in the size and shape of flocs, the layer structure was
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not uniform and the spaces between flocs, and aggregates were larger than the pore size
inside the aggregates. That led to the maldistribution of flow pattern in the PSF layer (the
calculated dp of the PSF layers was approx. 45 nm while it was approx. 30 nm for the PS3
layers). As a result, the total mass transfer rate in the PSF layer was lower than in the PS3,
PS10 or even PSO layers. Thus, the reaction rate constant in the PSF layer was lower than

the in the other layers.

Since the light intensity decreases exponentially as the layer thickness increases, the
reaction in the top of catalyst layers contributes most to the overall reaction. Thus, to
increase the specific permeate flux while maintaining the rate of photocatalytic reaction,
the use of multi-layer FPM in which the top layer was formed by well-dispersed suspen-
sion was proposed. The idea was realised by the formation of the dual-layer which formed
by two suspensions, PSF and PS3. The dual-layer had the same catalyst loading as the
other layers. Its bottom was formed by P25-PSF while its top was formed by P25-PS3 (with
the mass ratio of PSF to PS3 was 1:1). The results in Figure 4-22 show that the reaction
rate constant in the dual-layer are almost the same as in the PS3 layer while its specific
permeate flux was 1.5 times as high as that of the PS3 layer and even higher than that of
the PSO layer.

4.4.2.4 Conclusion

This section has introduced the characterisation of FPMs, and the influences of catalyst
loading and suspension properties on the performance of FPMRs. Based on the provided

results, conclusions are drawn as below:

First, the porosity and the uniformity of FPMs depend greatly on the properties of
catalytic materials and catalyst suspensions. Ultrasonic dispersion of suspensions is vital
to the homogeneity of FPMs.

Second, the increase of catalyst loading to some extent boosts the reaction rate con-
stant, yet increases the pressure drop as well. Nevertheless, if the loading is small and/or
the particles are large, the effect on pressure drop is insignificant.

Third, the porosity and the structure of FPMs can be controlled by adjusting the sus-

pension properties, even employing the same type of catalyst.

Last, the concept of dual-layer or multi-layer FPMs is potential to mitigate the disad-

vantage of high pressure drop in FPMR.

4.4.3 Model verification

The reactor model states that (cf. Eq. (3-19))
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k kmal- kmai + Ki,O
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This model quantifies represents the influence of total mass transfer rate constant (kmai),
chemical reaction rate constant (Kio) and layer thickness (L) on the area reaction rate con-
stant (k.s) of catalyst layer. In the model, the area reaction rate constant cannot directly
be measured, but is calculated from the overall reaction rate constant of the catalyst layer
i.e., Kies Which is determined from experiments. The model can be validated by comparing
experimentally derived area reaction rate constants with calculated values based on the
equation above and the model parameters for mass transfer (kwa:) and chemical/photo-
catalytic reaction (Kio). Basically, the value of Kiy can be determined by conducting the
photocatalytic experiments under chemically-controlled conditions (kmai >> Kiy, cf. case 2
in Sect. 3.2). In contrast, kmai can be determined from experiments under a diffusion-con-
trolled regime (kmai << Ky, cf. case 3 in Sect. 3.2). However, in the diffusion-controlled re-
gion, possible impact of diffusion (acc. to Eq. (3-11)) should be considered - while typically
of minor relevance, it turned out to be relevant for the experiments performed within this
work (cf. Appendix B.1). In this work, therefore, instead of doing experiments under a dif-
fusion-controlled region, Kiy was determined from experiments under the reaction-
controlled region. With the found value of Kj,, the value of knai was then determined by
the model. The verification of the model is rather based on the functional dependences

of area reaction rate constant on mass transfer rate and chemical reaction rate.

In addition, to develop the above general modeli.e. Eq. (3-19), the component models
which address the influence of light intensity (Eq. (3-6)) and the propagation of light in the
catalytic layer (Eq. (3-7)) were taken into account. Thus, the component models were also
examined.

4.4.3.1 Intrinsic model and the influence of light intensity

The intrinsic reaction rate depends directly on light intensity. Equation (3-6) is a simplified,
empirical description of this dependence. To verify the intrinsic model or the relationship
in Eq. (3-6), experiments were conducted with varying light intensity, whereas all other
process parameters (layer thickness and porosity, MB concentration, superficial velocity)
remained constant. In the experiments, the thickness of catalyst layers was thick enough
to absorb all photons (i.e. e~*AL ~ 0) while the superficial velocity was set at a high value
aiming at reaching the chemically-controlled region. The results are shown in Figure 4-23.
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Figure 4-23: The influence of light intensity on the apparent reaction rate constant of FPMR at
closed loop operation mode. Experimental conditions: ZnO: catalyst loading: 10.26 g/m?, pH:
6.07+£0.11 to 7.1940.11, T 23.0+0.9°C, vg: 1.17 £ 0.04 (103m/s), P25 and P90: catalyst loading: 11.40
g/m2, pH: 5.6+0.15, T: 23.0+1.0 °C, v¢: P90: 2.9x10*m/s and P25: 6.0x10*m/s.

First, the results of three different photocatalysts exhibit the same trend in which the
increase of light intensity enhanced significantly the photodegradation rate of MB. In ad-
dition, the reaction rate constant of the ZnO FPM was around 3-fold higher than that of
the P25 and P90 FPMs (further discussion on the comparison between photocatalytic ac-
tivity of TiO, and ZnO can be found in Appendix C). Second, Figure 4-23 shows that the
photodegradation rate in FPMR made of P90 was slightly higher than those by P25. This
is in agreement with the results found in section 4.4.2.2.

As mentioned in section 4.3.3.2, to verify the relation in Eq. (3-6) i.e. the influence of
light intensity on the general model, cf. Eq. (4-2), the experiments should be conducted
with thick catalyst layers (to ensure e %l « 1) in chemically-controlled region

(Kio < kpmay) (cf. Sect. 4.3.3.2). In this case, the general model was simplified as Eq. (4-4),

that means Ink..s = alnl + ln(”(—ad). In other words, by plotting Ink,..s as a function of Inl,

ap
the value of a and Kf—;d are determined.

The approach for checking the above conditions was shown in section 4.3.3.2. In brief,

a loop calculation should be conducted including step (7): linear fit to find out the value of

K
o and £-ad

- ; step (2): calculation of the value of Kiy (= kK,ql%); Step (3): determination of B

(cf. next Sect. 4.4.3.2); step (4): determination of kmai (cf. Sect. 4.4.3.3); and step (5): check
the condition K;, < kya;. Specifically, if K;, < 0.2kya; at all light intensities (correspond-
ing to the experiments), the condition (K;, < kya;) is considered to be valid. The other
condition e~*fL « 1 is assumed to be satisfied due to the fact that all experiments were

conducted with the threshold catalyst loading for each type of catalysts (cf. Sect. 4.4.2.2).
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If the condition K;, < 0.2kya; is not met, the experiment at highest light intensity will be
omitted. Then, the process was repeatedly from step (1) with the results of the remaining
experiments. The process stopped until the condition K;, < 0.2 ky,a; is satisfied for all ac-
counted experiments.

Figure 4-24 shows the linear fits based on the experimental data of both P25 and P90.
Two fits were made for each type of materials including all data: all experimental data
were taken into account, and low intensity data: some experiments at the high light inten-
sities were omitted. For both materials, the determined exponent a depends on the num-
ber of experiments considered. In detail, « was smaller than 1.0 if all experiment points
were taken while it reached 1.0 if only experiments at low light intensity were used. It is
worth noting that, for P90, the data at the lowest light intensity possibly contain an error

and if the point is excluded, the value of a is significantly smaller than 1.0.
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Figure 4-24: Quasi-linear fit In(kws) = funct(Ini): left: P25-titania and right: P90-Titania. There are two
fitting approaches: “all data” accounted for all experimental points, and “low intensity data" ac-
counted for only the data measured at lower light intensities which can satisfy the approximation
condition (cf. Sect. 4.3.3.2). Data were calculated from the results shown in Figure 4-23.

As mentioned above, after fitting, the condition K;, < 0.2 ky,a; should be checked. The
validation of the condition based on the quasi-linear fits at low intensity data (in Figure
4-24) was shown in Table 4-5.

The data in Table 4-5 demonstrate that only data of P25 satisfied the condition. Spe-
cifically, the ratios between reaction rate constant K;, and mass transfer rate constant
kma; for all experiments with light intensity from 2.63 to 7.97 W/m2 are lower than 0.2. In
contrast, for P90, only the data at 7 = 2.68 W/m? is satisfied. In conclusion, the fit at low
intensity data of P25 is acceptable and is in agreement with the reported value (e =1 at /<
200 W/m?, Mozia, 2010). The experiments with P90 at the above conditions were possibly
not in the chemically-controlled region.

82



4 FPMR realised with flat sheet polymeric membrane

Table 4-5: Validation of the condition for experiments with P25 and P90

P25 P90
T(W/m?)  Kio/B(um/s) Kiolkmai Validity T(W/m?) Kio/B(um/s) Kio/kmai Validity
2.63 9.47 0.05 met 2.68 12.0 0.14 met
3.51 12.6 0.07 met 3.50 15.6 0.19 met
4,98 17.9 0.09 met 4.88 21.8 0.26 missed
6.36 22.9 0.12 met 6.45 28.8 0.34 missed
7.97 28.6 0.15 met 8.06 36.0 0.43 missed
11.04 39.7 0.21 missed 9.57 42.8 0.51 missed
18.13 65.2 0.34 missed 10.90 48.7 0.58 missed

The calculation of Ky is based on the fits at low intensity data (cf. Figure 4-24), kma; was calcu-
lated by mass transfer correlations determined in section 4.4.3.3. Data were calculated from
the experimental results shown in Figure 4-23.

Figure 4-25 shows the quasi-linear regression between Ink..s and Inl for ZnO. Figure
4-25-left shows that quasi-linear fit has failed representing the results. When the two val-
ues at 7 = 2.69 W/m? are omitted (if there were measurement errors at the intensity), the
obtained relationship is that Ink,s = 0.54Inl — 9.92 (R2 = 0.98) (Figure 4-25-right). This ex-
ponent a of 0.54 is different from the one reported for photocatalytic reaction at low light
intensity (« = 1 at 7 <200 W/m2, Mozia, 2010). This is possibly due to the fact that for ZnO

the condition for chemically-controlled regime was not met. Given the value of a = 0.54

and ln('cf—;d) =-9.92, the minimum value of kK,41,% (at | = 3.5 W/m2) is 80.5 s (assumed

that absorption coefficient of ZnO is 4.4/pm according to Srikant and Clarke, 1998). It
means that to meet the condition (i.e. Kjo < 0.2 kya;), knai should be greater than
kK,qlo%*/0.2 = 400 s, This value seems to be unrealistic (cf. Sect. 4.4.3.3). In conclusion,

the experiments with ZnO were probably not conducted in chemically-controlled region.
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Figure 4-25: Quasi-linear fitting In(kws) = funct(In/) based on experimental data of ZnO : /eft: all ex-
periments were taken into account; right: when two data at / = 2.69 W/m? were omitted. Data were
calculated from the results shown in Figure 4-23.
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4.4 Results and model verification

In summary, the main results of this section include:

First, the influence of light intensity on the photocatalytic reaction rate constants was
studied with three materials TiO, P25, TiO, P90 and ZnO. For all investigated materials,

the increase of light intensity led to a significant increase of reaction rate.

Second, in the above experiments, the chemically-controlled regime was reached only
with P25 at light intensity lowering than 7.97 W/mz2. The conditions of chemically-

controlled region were not met in the experiments with ZnO and P90.

Third, thanks to the experiments with P25 in chemically-controlled region, the rela-
tionship in Eq. (3-6) was validated.

4.4.3.2 Light propagation model

The light propagation model of Lambert-Beer (cf. Eq. (3-7)) was employed to develop the
general model (cf. Eq. (3-19)). The Lambert-Beer model describes the exponential de-
crease in light intensity when penetration depth increases, with an extinction coefficient
which is independent of on penetration depth and light intensity. That means the reaction
rate constants at different depths within a catalyst layer are not the same and the differ-
ence relates directly to the extinction coefficient of the layer. Figure 4-21 showed the in-
fluence of layer thickness on apparent reaction rate constant of FPMR. In this section,
based on the data in Figure 4-21, the functional relationship between the measured val-
ues of k.s and the layer thickness is depicted and examined. In addition, the extinction
coefficients of catalyst layers are determined by fitting the measured and calculated val-
ues of kies.

As shown in Eq. (3-19), to calculate the value of k.s the model parameters kma;, Kio, and
B should be known. As described in section 4.4.3.1, the value of K, is calculated based on
the linear fit between Ink..s and Inl. Note that the condition for the fit (i.e. condition for
chemically-controlled regime) is only satisfied with the experimtents with P25 (cf. Sect.
4.4.3.1), however, for checking the condition for P90 (i.e. for the comparison in Table 4-5),
the determination of extinction coefficient (this section) and mass transfer correlation (cf.
in Sect. 4.4.3.3) based on the linear fit of P90 is also shown. In this section, the calculations

are based on the linear regression between Ink,s and Inl with a fixed exponent a = 1
KKad

described in Figure 4-26. By this way, the values of In (W) are found as -12.54 for P25
and -12.32 for P90 (cf. Eq. (4-4)).
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Figure 4-26: Quasi-linear fitting In(k:s) = f(In/) at a fixed exponent a = 1. Calculations were based on
the experimental data shown in Figure 4-23.

Based on the determined value of Kiy and the assumed value of g, the values of kma;
are then calculated according to Eq. (3-19). Correspondingly, with each assumed value of
B there is a fitting curve. The assumed values of  are not arbitrary. They were selected

relying on reported ones for TiO,.

The extinction coefficient g of a catalyst layer depends on the layer porosity, light
wavelength, crystal phase composition of the catalyst, primary particle size and its poly-
dispersity, in some cases also aggregate structure. TiO, P25 and P90 are composed of
rutile and anatase crystallites with the weight ratio of approx. 80/20 and 90/10, respec-
tively. Some works have been conducted aiming at figuring out the optical properties of
titanium dioxide layers with different phase composition and porosity. The absorption
coefficient of TiO, (at wavelength 365 nm) was reported as around 1000 to 10000 cm’
depending on phase composition, layer porosity, etc. (Chen et al., 2000; Lee, 2005; Singh
et al., 2012; Visan et al., 2014; Zallen and Moret, 2006). Chen et al., (2000) has measured
the extinction coefficient of TiO, coating layers (P25) with a porosity of 34 % at the wave-
length 365 nm. Its value was reported as 6264 cm™. Assuming a linear influence of packing
density (Ollis, 2005), the extinction coefficient amounts to £ =9.49 x10° m™ for a cake
layer with a hypothetical porosity of 0 %. Based on the work of Visan et al., (2014), the
extinction coefficient of titania (sintered for 2 h at 500 °C in air from a commercial TiO; -
VP Disp. W 2730 X, Evonik) at the wavelength of 365 nm is calculated as £ = 19.5x10° m™.
In this work, the model parameters are calculated at some values of light extinction coef-
ficients which are shown in Table 4-6. In the table, two light extinction coefficients are
taken from literature as described above, while the last one that is found by fitting the
experimental data and the model data of k. (Figure 4-27).
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4.4 Results and model verification

Table 4-6: The parameters Ky and Ka; at different values of extinction coefficient

Parameters P25 P90

Chen-pfon  Visan-pfy, Bestfit-fo3 | Chen-fon  Visan-pfpn  Bestfit - fos
Po (10°/m) 9.49 19.5 24.2 9.49 19.5 13.0
Kio (1/s) 9.53 19.59 24.30 9.68 19.91 16.33
kmai (1/5) 14.74 30.80 37.85 8.41 17.30 14.19

Experimental conditions: catalyst loading 11.4 g/m2, vs: 2.00 £ 0.09 x 10* m/s, Suspension P25-
PS3 and P90-PS3, T: 21.2 + 0.4 °C, pH: 5.46 + 0.13, Io: 16.8 W/m?, epys: 0.85, epoo: 0.87

Based on the data shown in Table 4-6, the fitting curves representing the functional

dependence of area reaction rate constant on layer thickness are shown in Figure 4-27.
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Figure 4-27: Influence of catalyst layer thickness (L) on area reaction rate constant (kw), titania P25
(left), titania P90 (right)

At first glance, Figure 4-27 shows that the model data (at best fit - fo3) and the experi-
mental data are quite in agreement excluding the largest thickness. It is possibly due to
the fact that the calculation based on a fixed layer porosity, which is independent from
catalyst loadings i.e. €py;: 0.85, €pg: 0.87 and mean value of Kio. Moreover, it is assumed
that structure of catalyst layers at different loadings are identical. However, the results in
Sect. 4.4.2.2 show that the layer porosities and specific layer resistances at the highest
catalyst loadings were quite different from the others. In addition, the fit for P25 seems
to be better than that for P90. It is due to the fact that the value of K;y for P90 was not

determined in chemically-controlled region (cf. Sect. 4.4.3.1).

The extinction coefficients found by the fitting process were fos = 24.2x10°> m™ (P25)
and 13.0x10° m™ (P90), those values are quite comparable to the ones reported by Visan
et al., (2014) and Chen et al., (2000). Furthermore, the results also agree with those found
by Le (2018) which stated that the light extinction of P90 is lower than P25 at the wave-
length range of UVA.
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4.4.3.3 Influence of mass transfer

As described in section 4.3.3.4, the influence of mass transfer on the photocatalytic per-
formance of FPMRs is studied by doing experiments at different superficial velocities. The
other experimental conditions should be identical for all tests. First, the results from sec-
tion 4.4.1.2 proved that the catalyst layer structure was quite similar in all experiments at
different superficial velocities. Other experimental parameters such as pH, the light inten-
sity, and the concentration of MB solution are independent on the permeate flux so that
they could be set at uniform values throughout this experimental part. In addition to ex-
periments at natural pH of MB solution (approx. 5.6), experiments with P25 at adjusted
pH value of around 6.6 were conducted. The shift of pH value to 6.6 led to the change in

the ratio between chemical reaction rate and mass transfer rate.

Figure 4-28 shows the measured apparent reaction rate constant K,,, of FPMRs and
area reaction rate constant k.s of FPM at different superficial velocities. It is obvious that
the superficial velocity has a significant influence on the photocatalytic reaction. Explicitly,
for the applied experimental conditions, the higher the superficial velocity i.e. permeate
flux, the higher the reaction rate. At low superficial velocities, the trend was more signifi-
cant. The reason is that at low superficial velocity, the mass transfer rate is comparable to
the intrinsic rate so that both rates contribute equally to the overall reaction rate. How-
ever, at a higher velocity, the mass transfer rate is considerably higher than the intrinsic
rate so that the reaction moves to chemical-controlled region (cf. Eq. (3-22)). That explains
why for P25-titania at the pH of 5.6, an increase of superficial velocity above 3x10* m/s

yields only a slight increase in k.
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Figure 4-28: Influence of superficial velocity on apparent reaction rate constant of FPMR (/eft) and
area reaction rate constant of FPM (right), catalyst loading for all experiments: 11.4 g/m?, I:
18.09 W/m2, pH: 5.6 £ 0.2, T: 22 + 2 °C.
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4.4 Results and model verification

Generally, the trend at pH of 6.6 is similar to the one at pH 5.6, though, the impact of
superficial velocity on k.swas more significant. In addition, the results demonstrate that
the decolouration rate of MB occurred faster at higher pH. That could be due to the fact
that MB is a positively charged dye, while the (positive) surface charge of titania decreases
as the pH rises (IEP = 7.2 Babick, 2016, p. 260). Hence, a pH shift to a higher value facilitates
the adsorption of MB molecules on the surface which increases the adsorption equilib-
rium coefficient (K.q), hence, photocatalytic reaction rate. Because of the higher rate con-
stant, at pH of 6.6, an increase of mass transfer rate at v > 3x10* m/s still yields an in-
crease in the overall reaction rate of FPMR. Finally, the results also reveal that the area
reaction rate of P90 was higher than P25 at the same experimental conditions. This could
be due to the difference between P25 and P90 in crystallinity (x) and interface (K.a).

The results in Figure 4-28 which represent the influence of superficial velocity on area
reaction rate constant can be also predicted by the developed quantitative model. Accord-
ing to Eq. (4-6), when bI,* and ai/aBare known, the area reaction rate constant of FPM can
be calculated from mass transfer rate. To verify the model Eq. (3-19), three mass transfer
correlations (cf. Table 4-3) were applied to calculate k.s by the model (cf. Eq. (4-6)). The
model parameters for the calculation are shown in Table 4-7. The corresponding results

on the basis of experiments with P25 at pH of 5.6 are shown in Figure 4-29.

Table 4-7 : Model parameters for the calculation of k.. shown in Figure 4-29

Correlations VE kem KKl a3 kmailofp ailof a;

(cf. Table 4-3) m/s m/s m/s m/s m2/m3
cor.1 0.15x10* 6.88 2.53x10°
cor.2 2.03x10*4 2.21x10% 6.55x10> 1.03x10* 0.4.66 1.71x10°
cor.3 46.1x104 0.0224 8.23x10°3

The values were based on the experiments at ve: 2.03x10% m/s, catalyst loading 11.4 g/m2,
Io: 18.09 W/m2, pH: 5.6 £ 0.2, T: 22 + 2 °C and calculated with & 0.85 and f(P25): 2.42x10% m™.

Figure 4-29: The variation of area reac- 6.0
tion rate constant as a function of super-
ficial velocity, experimental data and 5.5
model data.
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The good agreement of the experimental data and the model data in Figure 4-29
demonstrates that the quantitative model can describe the influence of superficial veloc-
ity on the reaction rate constant of FPMs. In addition, the curves calculated by the corre-
lation cor.1 and cor.2 fits experimental data better than those by correlation cor.3. Nev-
ertheless, the interfacial area a; calculated from the mass transfer correlations (cf. Table
4-7) were quite lower than the ones calculated from the permeability-equivalent particle
diameter dpr determined from section 4.4.2. It is due to the fact that the employed mass
transfer correlations were established for conventional fixed-bed reactors
(cf. Sect. 4.3.3.4).

Theoretically, with the quantitative model, the mass transfer correlation for FPMR can
be ascertained. In doing so, the first step is the calculation of kmai/af at each point of su-
perficial velocity. From the results, the variation of Sherwood number according to Reyn-
olds number was then calculated. The results for the case studies with P25 and P90 are
shown in Figure 4-30. They indicate that the mass transfer rate, Sherwood number in both
P25 and P90 FPMs increased with the increased superficial velocity i.e. increased Reynolds
number. Furthermore, with a given light extinction coefficient () of titania, the total mass
transfer rate (kma;) were calculated. The results revealed that the total mass transfer rate
was from 15.8 to 90 (s™) for P25 (f(P25) = 2.42x10° m™) and from 5 to 15 (s) for P90
(A(P90) = 1.30x10° m™) in the investigated superficial velocity. This value is comparable to
those reported for microreactors and two orders of magnitude higher than those deter-

mined for conventional photocatalytic reactors (Faridkhou et al., 2016; Losey et al., 2001).
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Figure 4-30: left: Calculated values of kmai/aff of P25 and P90 FPMs at different superficial velocities.
right: The variation of Sherwood number as particle Reynolds number. The calculation based on
the data shown in Figure 4-28 with o= 1, @i (P25) = 2.99%107 m2/m3 (with £=0.85), a;(P90) = 4.05x10’
m2/m3 (with &= 0.88), K(P25) = 2.42x108 m™1, £(P90) = 1.30x108 m™, diffusion coefficient of meth-
ylene blue, D = 4.6x101° m2/s (Milozic et al., 2014).
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4.4 Results and model verification

The fit for P90 seems to be unreliable. There are two possible reasons. First, this could
be caused by the influence of diffusion term which was omitted when developing the
model (cf. Eq. (3-11)). The superficial velocity in the experiments with P90 was very low.
Thus, the Pélect number was quite small (< 10) in comparison with Damkohler number
(for P90 the Damkdhler number is higher than P25, due to its higher intrinsic reaction
rate). Thus, axial dispersion should be considered (cf. B.1). Second, the value of Ki, for P90

was not determined in chemically-controlled region (cf. Sect. 4.4.3.1).

Due to the above reason, only the fit for data of P25 was used to figure out the mass
transfer correlation. Figure 4-30-right showed the relationship between the Sherwood

number and the Reynolds number as Sh = 0.116Re%%"’, Based on the common description

1
of the mass transfer Sh = c;ReScs, the value of ¢; = 0.607 was determined. Consequently,

the value of ¢; was calculated as 0.009. Thus, the mass transfer can be expressed as Sh =

1
0.009Re®697Sc3,

The above correlation showed that the dependence of the Sherwood number on the
Reynolds number (c; = 0.607) is comparable to those reported for fixed-bed reactor
(1/3 < ¢, < 0.7). That explains the agreement between experimental data and model data
in Figure 4-29. Though, the value of ¢, in calculated mass transfer coefficient is much lower
than those for reported correlations. As a result, the value of the mass transfer rates in
FPMs composed of nanosized particles is quite smaller than those calculated by mass
transfer correlations for conventional fixed-bed reactors. Nevertheless, the total mass
transfer rate in the FPMs was around three orders of magnitude higher than those in
conventional fixed-bed reactors. This is because of the very high interfacial area (a;) which
is due to the very fine catalyst particle and the extremely high contact between the catalyst

surface and the reactant.

It is worth noting that the found mass transfer correlation was calculated from exper-
iments with P25 in a quite narrow range of the Reynolds number. Furthermore, the value
of the light extinction coefficient was indirectly calculated. Thus, further studies should be
conducted to verify the mass transfer correlation in FPMs. For this purpose, experiments
with other kinds of materials (e.g. size, size distribution, and shape), at a wider range of
superficial velocity should be considered. Equally importantly, the numerical solution of
Eqg. (3-13), which takes into account the influence of diffusion should be taken into ac-
count.

4.4.3.4 Conclusion

This section introduced the approaches and results for the verification of the general re-

actor model (3-19). The verification was based on the functional dependences of area
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reaction rate constant on independent parameters such as light intensity, layer thickness
and mass transfer. Three photocatalysts TiO, P25, TiO, P90 and ZnO were employed.

Based on the above results, these below conclusions are drawn:

First, the model describes quite well the photocatalytic performance of FPMR. To ap-
ply the model, it is important to check the assumptions made for developing it, especially
the influence of diffusion. To further develop models for FPMRs, diffusion term in the sec-
ond order ODE (Eq. (3-11)) should be taken into account.

Second, the intrinsic chemical reaction rate constant can be determined by quasi-lin-
ear fitting the results of experiments in chemically-controlled region. For this purpose, the
conditions for the chemically-controlled region must be checked. In the experiments, the

intrinsic parameters (Kio; xK.q) of FPMs employed TiO2-P25 were determined.

Third, the light extinction coefficient of catalyst layers can be indirectly determined by
fitting the experimental area reaction rate constant and the calculated one for experi-

ments at different catalyst loadings.

Fourth, by using the FPMR and the developed model, the liquid to particle mass trans-

fer correlation FPMs can be determined.

Last, the total mass transfer correlation and the MB decolouration rate constant of

FPMs were in the range of 5to 15 s™.
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5.1 Introduction

5 FPMR realised with submerged ceramic
membrane

5.1 Introduction

Chapter 4 has introduced the fundamental properties of fixed-bed photocatalytic mem-
brane reactor (FPMR) realised with a flat-sheet polymeric membrane. In addition, the
quantitative model developed in chapter 3 was experimentally verified. The results
demonstrated that the FPMR is a promising concept for applying photocatalysis to water
treatment. To up-scale the reactor concept for water treatment, however, further studies
focusing more on practical aspects of FPMR such as reactor effectiveness, energy con-
sumption, and scalability of the investigated reactor configuration are essential.

Submerged membrane configuration has been widely applied to water treatment and
biotechnology. Ceramic membranes exhibit their excellent chemical-thermal resistance
and mechanical strength. Trinh (2016) has studied the coupling of submerged ceramic
membrane and photocatalysis. The work focused on comparing the photocatalytic per-
formance of various coupling configurations i.e. immobilised, slurry and integrated sys-
tems. The outstanding results of the work have inspired the realisation of the FPMR con-

cept with submerged ceramic membranes.

The use of ceramic membranes for FPMRs is due to their excellent chemical-thermal
resistance and mechanical strength during photocatalysis, back-flushing, and cleaning
phase. Applying submerged configuration to FPMRs provides significant advantages. They
include high illuminated surface (both sides can theoretically be illuminated by light), low
pressure operation mode (under 1 bar), simple set-up and compactness, low cost in fab-
rication and maintenance, ease in coupling with aeration, etc. (Chin et al., 2007; Fu et al.,
2006; Kromkamp et al., 2005). The disadvantage of submerged membranes is the rela-
tively low flux. However, this is irrelevant in the context of FPMRs because they are typi-

cally operated at moderate permeate flux.

This chapter presents a study on FPMRs realised by submerged ceramic membranes.

It focuses on evaluating the reactors regarding practical aspects such as reactor
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effectiveness (apparent quantum yield and photocatalytic space-time yield, specific en-
ergy consumption) and light energy consumptions of popular reactor schemes using
FPMRs. Equally importantly, the influential parameters on the performance of photocata-
lytic membrane reactors such as catalyst loading, permeate flux, light intensity are stud-
ied. The corresponding experiments are conducted in a wider spectrum of conditions (in
comparison with the ones in chapter 4). By this way, the validation of reactor model (cf.
Eg. (3-19)) in the new conditions is also examined.

5.2 Materials and reactor set-up

5.2.1 Reactor set-up

Two configurations of fixed-bed photocatalytic membrane reactor were studied: continu-
ous flow fixed-bed photocatalytic membrane reactor (CPMR) (cf. Figure 5-1) and closed loop

fixed-bed photocatalytic membrane reactor (LPMR) (Figure 5-2).

pressure indicator ;
a 4
" ref. intensity meas.

feed pump

N permeate

intensity
indicator

reactant solution

R wi

balance

magnetic stirrer S @
photocatalyst _ s »
layer

Se—s

products

Figure 5-1. Continuous flow photocatalytic membrane reactor (CPMR)
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5.2 Materials and reactor set-up

In both reactor configurations, the ceramic membrane is placed into a reactor batch
(rectangular shape, 410 x 210 x 40 mm, distance from top liquid level and bottom of re-
actor batch to the membrane are approx. 9 mm and 6 mm, respectively). An UV lamp is
placed on top side of ceramic membrane. Each reactor system consists of two peristaltic
pumps - permeate pump (pump 2, Master-flex, Easy Load head model 7518-00) and recy-
cle pump (in LPMR) or feed pump (in CPMR) (pump 1, Ismatec, Switzerland). A cooling tube
is placed in the permeate line to control the temperature of permeate, and reactant solu-
tion. In CPMR, the reactant solution is fed continuously into the feed tank, while in LPMR,
permeate is recycled into the mixing tank.
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7 Z pump 2 balance
e | 4
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Figure 5-2. Close-loop photocatalytic membrane reactor (LPMR).

During the photocatalysis, the temperature, conductivity and pH of reaction solutions
were recorded. In CPMR, they were measured at the end of the permeate line, whereas
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in LPMR, they were measured in the mixing tank. The temperature and conductivity are
measured by WTW conductivity meter (LF95), pH value is measured using a Knick
Portatest 655 with a standard pH electrode. The pressure drop through the ceramic mem-
brane was measured by a digital vacuum gauge (DVR1, Vaccubrand) placed in the perme-
ate line between the pump 2 and the membrane module (cf. Figure 5-1 and Figure 5-2).
The permeate flux was calculated by measuring the weight of collected permeate in a
period of time (typically 1 to 2 min). In LPMR system, permeate was cooled through a
cooling tube (controlling by adjusting the flow rate of cold water) before being recycled

into the mixing tank to keep solution temperature at 21 + 1.0 °C.

Flat sheet ceramic membranes (ItN Nanovation; dimension 324 x 110 x 6 mm; pore
size 0.2 ym; filtration area 0.0356 x 2 = 0.0712 m?) made of a-Al,Os were used as support

membranes (Figure 5-3).

Figure 5-3. Shape and structure of ItN membrane (http://www.itn-nanovation.com/products)

The UV light suply for photocatalysis was a 400 W medium pressure UV lamp provided
by UMEX GmbH Dresden (Germany). The light source has a wide spectrum of UVA, UVB,
UVC, and visible light (cf. Figure 5-4). The light intensity was varied by adjusting the dis-

tance between the lamp and the reactor (from 18.5 cm to 45 cm). In addition, the intensity
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5.2 Materials and reactor set-up

profile on membrane surface was determined as a function of the perpendicular distance
by measuring the light intensities at 36 positions on the membrane surface. The profile is
shown in Figure 5-5.

Figure 5-4. UV lamp and its emission spectrum

4440
405.4

366.8

250.9

212.3

Membrane's width (cm)

173.6

135.0

3 6 9 12 15 18 21 24 27 30 33
Membrane's length (cm)

Figure 5-5. Distribution of light intensity on the surface of membrane at a distance of 20.5 cm from
the UV lamp.

Figure 5-5 indicates that the light intensity at the membrane surface was not uniform.
Highest intensity focused on the centre of the ceramic membrane while the lowest ones
are on its corners. Such distribution was also observed at other distances from the lamp
and the membrane. The mean light intensity (1)) on the membrane surface at each dis-
tance was calculated based on the measured intensities at 36 positions as described in
Eq. (5-1).

I;A; (5-1)

Iy = ZEGAi

Where [; and 4; denote the measured light intensity at position i and the area correspond-
ing to the position /, respectively. The mean intensity on the membrane surface was de-
termined from 85 W/m? to 336 W/m?.
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5.2.2 Chemicals

Pyrogenic TiO, (Aeroxide®P90, Evonik, pr = 4000 kg/m?) was used as a photocatalyst to
form fixed-bed photocatalytic membranes (FPMs) (cf. Sect. 4.2.1.1 To conduct photocatal-
ysis, oxalic acid (OA) (97 %, Fluka, M = 90 g/mol) was used as a model organic compound
(cf. Sect. 4.2.1.2). Its maximum concentration was used as 0.9 x 103 mol/l to ensure that
the photocatalytic degradation obeys the first order kinetics (Herrmann et al., 1983). In

addition, deionised water was used to prepare catalyst suspensions and OA solutions.
5.3 Experiments and methods

5.3.1 Formation of fixed-bed photocatalytic membranes

Fixed-bed photocatalytic membranes (FPMs) were formed by a membrane filtration of
catalyst suspensions in a dead-end operation mode. Suspensions of titania P90 with a
defined concentration (from 0.025 g/l to 0.5 g/l) were prepared by dispersing the catalyst
powder with a magnetic stirrer in deionised water for 30 min (500 rpm). The suspension
was then poured into the reactor batch. Filtration process in circulating permeate mode
(similar to LPMR operation mode) was afterwards conducted to deposit all catalyst parti-
cles on the surface of the ceramic membrane (controlled by measuring the turbidity of
filtrate - meter WTW-Turb 550). During the process, the permeate flux and trans-mem-
brane pressure were measured to calculate the specific permeate flux (cf. Sect. 4.3.4.3)

Size analysis of prepared suspensions was conducted by dynamic light scattering
(HPPS, Malvern). The average particle size x.m Was 327 £ 14 nm and the polydispersity
index at 0.41 + 0.04 with x..n denotes the intensity weighted harmonic mean of the size
distribution.

5.3.2 Photocatalytic performance

Photocatalytic performance of the FPMRs is evaluated by the degradation of oxalic acid
(OA) in the reactors. To calculate the concentration of oxalic acid solutions, their TOC con-
centration and electrical conductivity were measured. The TOC concentration was meas-
ured offline by Multi N/C 2100 (Analytik Jena), while the electrical conductivity was meas-
ured online in the mixing tank by WTW conductivity meter (LF95). Based on the results, a
calibration regression between the electrical conductivity and the TOC concentration was
plotted (cf. Sect. 4.3.2.2, Appendix A.3). The calibration curve was used for calculating ox-

alic concentration from electrical conductivity applied to CPMR.
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Once the fixed-bed photocatalytic membrane (FPM) is formed, the photocatalysis is
then carried out. The procedure for conducting the photocatalysis depends on the em-

ployed configurations.

In the LPMR, an OA solution of 0.9x102 mol/l was poured into the reactor system.
pump 1supplied the reactor with the reactant solution and the cycle was closed by the
return of permeate with pump 2. While the pressure drop, thus the permeate flux was
fixed via pump 2, pump 1 was regulated so that the levels in the mixing tank and reactor
tank remained constant. The system was firstly run in dark condition for at least 10 min
to reach adsorption equilibrium (the electrical conductivity and TOC of solution did not
change after that time). The batch was then illuminated by UV lamp to activate the pho-
tocatalytic particles. During the process, samples were taken at defined time intervals

from both permeate flow and mixing tank.

In CPMR, an OA solution of 0.9x10 mol/I was continuously pumped from the feed
tank into the reactor batch by pump 1. Pump 2 ran simultaneously to withdraw the per-
meate from the membrane. The concentration of OA in the reactor batch and in the per-

meate was indirectly measured via electrical conductivity with an online probe.

To evaluate the stability of the FPMs, the photocatalytic test was repeated with the
same FPM in LPMR. After the first test, the UV lamp was turned off while the circulating
system was still working. Then, OA powder with a desired weight (to get the OA concen-
tration of 0.9x10 mol/l) was dispersed in mixing tank. After about 15 min, the concentra-
tion of OA in every position of the loop reactor was identical due to the circulating system
(monitored by measuring electrical conductivity). Then, the normal procedures for a

photocatalytic test by LPMR were repeated.

5.3.3 Parameter study

Catalyst layer thickness, permeate flux, and UV light intensity are the key parameters in-
fluencing the photocatalytic performance of the fixed-bed photocatalytic membrane re-
actors.

To determine the influence of catalyst layer thickness, LPMRs with different catalyst
loadings were studied. Due to the limitations of the destruction method for measuring
layer thickness (cf. Sect. 4.3.4.2), thickness of catalyst layers on the ceramic membranes
was not measured. The layer thickness, thus layer porosity is taken directly from the mean
value of the P90 catalyst layers determined in chapter 4. The mean porosity of the P90
titania catalyst layer was calculated as 87 % (cf. Figure 4-19).
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The influences of superficial velocity i.e. permeate flux and light intensity were studied
by CPMR.

5.3.4 Reactor model for calculating reaction rate constant of FPM

In experiments, apparent reaction rate constant (K.y,) of reactor is determined. To calcu-
late the effectiveness of FPMRs, and the intrinsic reaction rate (for model verification), the
overall reaction rate constant of FPM (K.) is required. This section presents reactor mod-

els to derive Krs from Kiypp.

In the FPMRs realised by submerged ceramic membranes, photocatalytic reactions
occur only on the top side of the membrane where the FPM is illuminated by the UV light.
So, the permeate flow from the bottom side of the membrane is only a bypass flow.
Reactor models for calculating K. depend on the reactor set-up, which is adapted to the

modes of operation i.e. reactor configurations (cf. Sect. 5.2.1).
Case 1: closed loop fixed-bed photocatalytic membrane reactor

In this operation mode, reactant solution is constantly cycled through the FPMR until the
degradation process is stopped. Figure 5-6 depicts the according material flow. The reac-
tor batch is considered as a mixing tank (mixing tank 2). The reaction occurs only in the
catalyst layer where the photons can approach (the top layer). In this closed loop opera-
tion mode, the concentration of reactant in the feed tank (mixing tank 1) will gradually
decrease due to the recycle flow of lower concentration (because of photocatalytic degra-

dation). Similarly, the reactant concentration in mixing tank 2 declines over time.

tube 1 ty,V Cylt-t4)
Cy(t)
1
Cy1(t'-ty)
) reaction
1—-—x)V Ch(t'+t .
Cz(t') (—)_' Kres' tres 3( res) ty V
2 214 Calt'+ tres) tube 2

bypass

Figure 5-6. Material flow in LPMR : positions 7 and 2 denote the mixing tank 1 and mixing tank 2,
respectively; position 3 refers to effluent of the illuminated catalyst layer, while position 4 marks
the mixing of FPM effluent and bypass flow inside the submerged membrane; t' =t — t, — t,.

The gradual disappearance of reactant species in the mixing tank 1 is measured and
leads to the apparent reaction rate constant (Kyy). In order to develop a model for its
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relationship with the overall reaction rate constant of the catalyst layer (K.s), the following

assumptions are made:

i. Mixing in both tanks is ideally homogeneous.
ii. Axial and lateral mixing in tube 1 and tube 2 are ignored.
iii. The disappearance of reactant species in mixing tank 1 obeys a pseudo-
first order kinetics (rate constant Kupp).

iv. Degradation of reactant species only occurs in the catalyst layer.

Assumption (i) means uniform concentrations in the mixing tanks. The second as-
sumption allows us to treat the flow in both tubes as plug flow. In the flow sheet, concen-
trations are expressed by position and time. For example, C\(7) stands for the concentra-
tion of organic compound in mixing tank 1 at time ¢. Due to the plug flow model in tube 2,
the concentration of solution before entering mixing tank 1 at time ¢ is equal to the con-
centration of solution in position 4 at time ¢, C4(t-14) (s denotes the residence time in tube
2). In the FPMR, the reaction occurs only on the top side of the membrane, which is illu-
minated by UV light. Thus, the permeate flow from the bottom side of the membrane is
only bypass flow. The fraction of the bypass flow is denoted by x (0 < x < 1).

The reaction in a FPM is characterised by Ki.; and #.s (cf. Sect. 3.2) as Eq. (5-2)
C3(t" + tres) = Co(t")e Krestres (5-2)

Concerning both, the photo-degradation reaction and bypass flow, the material bal-
ance at position 4 at time t’ + t,.s results in

Ca(t' + tres) = (x + (1 — x)e Krestres)C, (t") = M x C,(t"). (5-3)

Material balance in mixing tank 7 at time t produces:

dny(t) _ . . 5-4

TS = (0 = i (0) >4
Dividing both sides by V yields

%Tl = C4_(t — t4) — Cl(t). (5_5)
Similarly, material balance in mixing tank 2 at time t’ produces:

&‘[2 = Cl(tl - tl) - CZ (t,), (5-6)

dt’
where T4, T,,t; denote residence time in mixing tank 1, mixing tank 2, and tube 1 respec-
tively. As t' =t —t, — tres thus, Cu(t —ty) = C4(t’ + tres), cOmbining Egs. (5-3) and (5-5)
generates

, t,dC; 1
C,(t") = M + MQ(U

(5-7)
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where the denominator M is defined by Eq. (5-3). Combining Egs. (5-6) and (5-7) yields
(with dt" = dt):
117, d*Cy | (11 +73) ac, G (5-8)

M dt2+ M dt+M—C1(t—t1—t4—tres)=0.

Eqg. (5-8) is a second linear delay differential equation with constant coefficients. The
general exponential solution C;(t) = Ae~* produces

afgz 0t 4 (Lo edn) =, (5-9)
where t = t; + tpes + ty.
Substituting M = x + (1 — x)eXrestres into Eq. (5-9) results in
Kyos = —iln{[(l — )1 = 1,0)e T —x]/(1 - x)). (5-10)
The starting condition is that the concentration of the organic compound at mixing

tank attime 7 = 0 is equal to the initial concentration of the organic compound, Ci,i. Hence,

A = Cini. The degradation of the organic compound is expressed as:
C(t) = Cine ™ (5-11)

It can be seen from Eq. (5-11) that A is the apparent pseudo-first order reaction rate

constant in mixing tank, Kqpp.

(5-12)

1
Kres = ——In{[(1 — 11Kapp ) (1 — 72Kapp e ~Karp™ — x| /(1 — x)}

tr

In practice, the value of Ky, is experimentally determined, then the value of K is
calculated by Eq. (5-12). The value of Ky, is not an arbitrary one but depends on the
boundary conditions (chemical reaction, reactor configuration, operational parameters).
Consequently, each experimental set-up and experimental condition generates a charac-
teristic value of Kay,. Provided the validity of our model, the quantity within the logarithm

in Eq. (5-12) is always positive and ensures a positive value of K. (cf. Appendix C).

The reactor design of this study (Figure 5-6) ensures that the permeate flows through
the top and bottom of the membrane are identical i.e. x is equal to 0.5. Hence, Eq. (5-12)

reduces to:

1
Kres = —

In[2(1 — 73 Kapp ) (1 — ToKapp Je ~Karr™ —1]. (5-13)

tres

The quantitative model behind Eq. (5-12) can be also applied to other common pho-
tocatalytic membrane reactors. In cases of photocatalytic membrane reactors using flat
sheet photocatalytic membrane in the cross-flow operation mode, the parameter x de-
notes the ratio between retentate flow and feed flow. In other situations, when there is
no bypass flow (x = 0), Eq. (5-12) becomes
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1 5-14
Kres = t_{KappT = In[(1 = 71 Kapp) (1 = 72Kapp) [} &-14)
res
For the limiting case that t, is negligible small in comparison with t; and
T1T,kZpp < 1, EQ. (5-12) becomes

Kres = ti [KappT — In(1 = Kapp)] (>-15)
res
Eqg. (5-15) is applied to common photocatalytic membrane reactor systems where the
volume of membrane cell is very small in comparison with the volume of mixing tank
(FPMR system presented in chapter 4).

Case 2: continuous flow fixed-bed photocatalytic membrane reactor

For CPMR, the product K.ts can be directly determined from the measured concen-
tration of organic compound before (Co) and after passing through catalyst layer (C) re-

spectively (Figure 5-7).

UV-light
I I I | I
I I I | |
L 20 2 A
v
S _Krestres
C, (1 —x)Cye c
’ C —
feed i product

bypass

Figure 5-7. Material flow in CPMR

The material balance around the reactor (i.e. the submerged membrane) yields the
relationship between product (C) and feed concentration (Co):
C = (1 —x)Cye Krestres 4+ x(, (5-16)

Hence,

Kres = —

L In[(C/Co —x)/(1 —x)]. (5-17)

tr

5.3.5 Comparison of different reactor schemes

In addition to common norms for evaluating photocatalytic reactors such as apparent re-

action rate constant (Kuy), apparent quantum yield (@,p,,), and photocatalytic space-time
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yield (PSTY) (cf. Sect. 2.3.3), this work introduces two norms which provide additional in-
formation on the energy consumption of investigated reactor systems: the specific light

energy consumption (SEC) and light energy consumption (EC).

The specific light energy consumption (SEC) is defined as the ratio between the actual
light energy consumption (I4;.tg) and the removed mass of the pollutants (Am) within the
reaction time # (Eq. (5-18)).

SEC = —IR (5-18)
m

The parameter SEC is calculated based on experimental data, specifically removed
mass Am in reaction time #. In addition, it takes into account the actual light power which
reaches the reactor (I x 4;). So far, studies on photocatalytic reactors have used many
kinds of UV lamp and the usage of the lamps was normally not optimised regarding the
energy consumption (illuminated area of the lamp, distance from the lamp to the reactor,
light spectrum), especially in lab-scale reactors. Thus, this new parameter, SEC could be
more appropriate to evaluate and compare the effectiveness of different photocatalytic
reactor designs.

Although the SEC can quantitatively indicate the required light energy to degrade an
amount of reactant, it still depends on the reaction conversion X (X = (Co-C)/Co). For exam-
ple, the SECs for the same reactor but at different conversions are not the same. That
means to compare the specific energy consumptions, the value should be calculated at
the same conversion. to address that problem, a new parameter, named as light energy
consumption (EC), that takes into account the conversion of reactant is introduced. It is
defined as the needed light energy to get a conversion (X) of a reactant by photocatalysis.
That means, the value of EC is described as a function of reaction conversion (X). By plot-
ting EC as a function of X, the difference in energy consumptions of reactor set-ups will
be visible. In addition, if the reaction rate constant in a reactor is known, the EC value of

different reactor schemes using the reactor is determinable.

In this work, three potential photocatalytic reactor schemes employing FPMRs are
considered: a periodic system equipped with a FPMR working in a closed loop mode i.e.
LPMR (a), a continuous FPMR with recycling permeate namely CPMR-R (b) and continuous
FPMR systems with a number of FPMRs namely CPMRs in series (c). They are shown in
Figure 5-8.
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Figure 5-8. Three reactor schemes using FPMRs to obtain the same conversion X'i.e. concentration
from Cp to C: a) LPMR, b) CPMR-R and ¢) CPMR in series. V' is reaction volume in a LPMR, Op de-
notes permeate flux in an FPMR, O denotes the inlet flow rate and outlet flow rate of the CPMR-R,
Or, R, and Cyv denote the recycle flow rate, the recycling ratio and the concentration of the reactant
in each mixing tank of the CPMR-R, respectively.

Models for calculating light energy consumption depend on the reactor schemes.

LPMR: a periodic FPMR with apparent reaction rate constant for the degradation of
reactant from concentration Cy to C (Kapp) and reaction volume ¥k. Eq. (5-19) describes the
reaction time for the conversion X:

B _ln(l -X)

th =
: Kapp

(5-19)

Thus, the light energy consumption (EC) for dealing with ¥ reactant solution at con-
version X is described by Eq. (5-20).

EC= — In(1 - X) (5-20)

VeKapp
Where P denotes the incident light power to each FPMR.

CPMR-R: In this reactor system, Or denotes the permeate flow rate which is partially

recycled into the reactor (Qr) (recycle ratio R, R = Qr/Qp). With x = 0.5, Eq. (5-17) derives
€ = 0.5Cu(1 + exp(—Kpestres))- (5-21)

Material balance for the mixing of inlet flow (Q, Co), recycle flow (O, C) and mixed flow

(Or, Cm) produces.

_ g, 1=f 2 1 5-22
Q= Qr X (1+exp(—Krestres)_ ) (5-22)

Consequently, the light energy consumption (EC) of a CPMR-R for dealing with ¥ reac-
tant solution at conversion X by scheme (b) is described by Eq. (5-23).
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PV
= X( 2 B 1) (5-23)
P X 1+ exp(_Krestres)

EC =

CPMR in series: in this reactor schemes, the variation of concentration of reactant
after each FPMR is expressed by Eq. (5-24).

Chq = O-SCn—Z(1 + exp(_Krestres)) (5-24)

Thus, the number of FPMR (n) required to obtain the conversion X is shown by
Eq. (5-25).

n(1-Xx)
In (1 + exp(Z_Krestres)) (5-25)

n =

Consequently, the light energy consumption of CPMR in series is determined by
Eq. (5-26).

_ ﬂ In(1 - X)
O (LKt (5-26)

EC

5.4 Results and discussions

5.4.1 Reactor performance

In the scope of this work, the performance of the photocatalytic membrane reactors in-

volves its photocatalytic activity and the stability of FPM.

To study the stability of FPMs as well as the reproducibility of experiments, the pho-
tocatalytic tests were repeatedly conducted with the same FPM in LPMR (cf. Sect. 5.3.2).
In all runs, the pH value of reactant solutions increased repeatedly from 3.2+ 0.1 to
5.2 + 0.2. This variation of pH value affects the adsorption equilibrium of OA and photo-
catalytic reaction on catalyst surface (cf. Sect. 2.2.5.4). Therefore, the parameter study was

conducted in CPMRs where the pH value of feed solution is fixed.

The photocatalytic degradation of OA and specific layer resistance in the five runs are

shown in Figure 5-9.
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Figure 5-9. Stability of catalyst layer in terms of specific cake resistance (calibrated at 20°C) and
photocatalytic activity, experimental conditions: LPMR, catalyst loading 10 g/m?, initial OA concen-
tration: 0.9 x 10 mol/l, T: 21 °C, I: 215 W/m?, v¢: 7.5 x 10> m/s.

Figure 5-9 shows that the degradation rate of OA in the first run was significantly
faster than in later runs (run 2" to run 5). However, the degradation rate from the 2"
run was stable. In addition, the specific cake resistance fluctuated slightly (ca. 10 %) in the
5 runs. The specific layer resistance of the catalyst layers was approx. one-third of the one
for P90 FPMs formed in the dead-end polymeric membrane cell (cf. Sect. 4.4.2.1). Perhaps,
the main reason lays on the difference in the dispersity of P90 suspensions. In this part,
P90 suspension was dispersed only by mechanical stirring, while the suspensions in chap-
ter 4 were further dispersed by ultrasonication (cf. Sect. 4.3.1.1).

To further investigate the change of photocatalytic reaction rate constant after the
first run, experiments were also conducted at other conditions such as catalyst loading,
light intensity, and superficial velocity. The results are shown in Figure 5-10.

Figure 5-10. The decline of photocata-

lytic activity after the first run at dif- 0.06 -
ferent experimental conditions in 0.0495
LPMR. 0.0463
~ 0047 0.0355
A: at catalyst loading of 20 g/m? e :
ve: 3.6 x 105 m/s, I: 215 W/m?, E e 00302
X 0024 0.0197
B: at catalyst loading of 10g/m?
ve: 7.5 x10° m/s, I: 215 W/m?;
C at catalyst |Oading of 10 g/mz' LS run 1 run 2 run 1 run 2-5 run 1 | run 2
ve: 3.6 x 10° m/s, I: 286 W/m?2, A B o

Figure 5-10 indicates that at different experimental conditions (catalyst loading, su-

perficial velocity, and light intensity) the apparent reaction rate constant of the first run
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was always higher (approx. 1.5 times) than the one of the repeated runs (2", 379, 4™ and
5% runs). The reason could be the change of pH value during the photocatalysis. In exper-
iments, OA was adsorbed on supporting membrane (alumina membrane) and catalyst
layer. Although the system was placed in dark condition to reach adsorption equilibrium
(before photocatalysis), the increase of pH (3.2 £ 0.1 to 5.2 + 0.2) (during photocatalysis)
led to the further adsorption of alumina membrane during the first run. At the higher pH
value, OA existed mostly in the anion state (C,HO; and C,0%7). These anions were further
adsorbed onto alumina membrane (at the pH from 3 to 5, the alumina in the membrane
has positive charges). After the first run, the alumina surface in the membrane was satu-
rated. That means in the repeated runs, the further adsorption of alumina membrane
might not occur. Consequently, in the runs, only photocatalysis contributed to the de-

crease in OA concentration.

5.4.2 Consistency of CPMR and LPMR data

The overall reaction rate constant of a catalyst layer i.e. a FPM (K.s) in CPMR is directly
calculated from measure concentration (Eq. (5-17)), while the one in LPMR is derived from
the apparent reaction rate constant Ky, via the reactor model (Eq. (5-12)). To verify the
calculating model, the photocatalytic degradation of OA were conducted in both reactor
setups i.e. CPMR and LPMR at different superficial velocities. Then, the values of K., were
calculated by Eq. (5-17) (for CPMR) and by Eq. (5-12) (for LPMR). If the experimental condi-
tions in both LPMR and CPMR are the same, ideally, the corresponding values of K
should be identical.

Figure 5-11 shows the corresponding data. They indicate slight, non-systematic differ-
ences between the K. values of the investigated FPMs in LPMR and CPMR. The maximum
dispersity of around 15% is obvious. The reason could be the fact that the mixing effect in
reactor batch was not ideal as the assumptions for building up the reactor model. In ad-
dition, in LPMR, the pH value changed during the photocatalysis while in CPMR, pH value
of feed was kept constant. Moreover, the data with LPMR were collected with different
FPMs.
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Figure 5-11. Overall reaction rate constant of FPM i.e. catalyst layer when it was used as (1) LPMR
set-up (calculating by the model in Eq. (5-12)) and (2) CPMR (calculating by Eq. (5-17) with x = 0.5).
Experimental conditions: initial OA concentration: 0.9 x 10 mol/l, light intensity fo: 215 W/m?, cat-

alyst loading: 10 g/m?.

5.4.3 Influence of catalyst loading

To investigate the influence of catalyst loading, thus catalyst layer thickness, on the pho-

tocatalytic activity and operational parameters of FPMs, the LPMR was employed. LPMRs

with different FPMs corresponding to catalyst loadings from 1.0 to 20.5 g/m? were inves-

tigated. The according measured apparent reaction constant and calculated specific per-

meate flux of the FPMs are displayed in Figure 5-12.
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Figure 5-12. Influence of catalyst loading on the apparent reaction rate constant and specific per-
meate flux. Experimental conditions: LPMR, initial OA concentration: 0.9x10> mol/l, I = 215 W/m?;
J and Jy denote specific permeate flux (normalised at 20 °C) of photocatalytic membrane (ceramic
membrane covered by catalyst layer) and bare ceramic membrane, respectively.
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Figure 5-12 shows that the increase of the catalyst loading had a slight influence on
the apparent reaction rate constant. When the loadings increased from 1.0 g/m? to
10.0 g/m?, Kypincreased just around 1.25-fold. By comparison with the results in chapter
4 (cf. Sect. 4.4.2.2), it is found that at low catalyst loadings (1.0 g/m? to the 10.0 g/m?) the
impact of P90 loading was more significant in the reactor set-up reported in chapter 4
where K, increased exponentially with catalyst loading. The main reason is probably due
to the substantial difference in the light spectrum of the employed UV lamps because the
shorter the wavelength i.e. the higher energy of a photon is, the shallower the TiO; catalyst
layer the photon can penetrate. In this chapter, UV lamp has a wide spectrum ranging
mainly from UV-C to visible light, while in chapter 4 the UV-A lamp was used.

Regarding specific permeate flux, the results were unexpected. First, the deposition
of catalyst layer usually leads to the increase of the total membrane resistance, thus the
decrease of the specific permeate flux. However, at the low catalyst loading of approx. 1.0
g/m2?, the specific permeate flux of the FPM (J) was even higher than the one of the bare
ceramic membrane (J). Second, the specific permeate flux normally decreases propor-
tionally to the increase of catalyst loading. But the results show that the specific flux de-
clined gradually when the catalyst loading increased from 3 g/m2 to 10.0 g/m2. Further
increase of catalyst loading resulted in a significant drop of specific permeate flux. The
results might be due to the photo-induced superhydrophilic of titania particles. Thanks to
the phenomenon, the presence of P90-TiO; particles on the surface of the ceramic mem-
brane helps increasing the specific permeate flux. At a low loading, the positive effect of
the superhydrophilic property outweighs the negative effect of increased loadings on spe-
cific permeate flux. At a higher loading, especially for the loadings larger than 10 g/m2,
only catalytic particles on the top of FPM can absorb photon. Thus, there is no impact of
the superhydrophilic property of titania on ceramic membrane. In addition, the structure
(such as porosity, pore and pore size distribution) of the catalyst layers at different load-
ings was not controlled. If the structures of the investigated layers are unlike, the analogy

between catalyst loading and specific permeate flux will not valid.

Considering both the apparent reaction rate constant and the specific permeate flux,
for other experiments, catalyst layers with the loading of 10.0 g/m? was used.
5.4.4 Influence of permeate flux and light intensity

Light intensity and permeate flux are two decisive parameters of FPMR. The former im-
pacts directly photocatalytic reaction rate, while the latter relates to mass transfer rate.
To study the influence of the parameters, a CPMR was employed. The photocatalytic per-
formance of the CPMR was examined at different light intensities. At each value of light
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intensity, experiments at different superficial velocities, i.e. different permeate fluxes

were conducted. The results are schematically described in Figure 5-13.
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Figure 5-13. Influence of light intensity and permeate flux i.e. superficial velocity (ve) on the reaction
rate of the CPMR. Experimental condition: catalyst loading: 10 g/m?.

Figure 5-13 shows the influence of UV light intensity on the area reaction rate constant
at different permeate fluxes i.e. superficial velocities. Obviously, the data in Figure 5-13
confirms the relationships between parameters k., knai and Kio described by the devel-
oped model (cf. Eq. (3-19)). For a given light intensity, the combined reaction rate constant
at the top of the catalyst layer (Kio) should be constant. Hence, any change in the area
reaction rate constant k., can be attributed to a changed total mass transfer coefficient
(kmai). Such a situation of mass-transfer limitation (i.e. diffusion-controlled region) applies
to low superficial velocities and high light intensities (Figure 5-13). In contrast, the photo-
catalytic degradation remains unaffected by mass transfer (in chemically-controlled reg-

gion) for high superficial velocities and low UV intensities.

In addition, Figure 5-13 indicates that the higher light intensity, the higher
photodegradation rate. The influence is numerically expressed by the exponent «a (cf. Eq.
(3-6)). When ky,a; > K, i.e. in the chemically-controlled region (cf. case 2, Sect. 3.2), the
impact of light intensity on area reaction rate constant is expressed as Eq. (5-27) (cf. Eq.
(3-9) and Eq. (3-22))

In(kpes) = aln(l) + ln(K;(—;d) (5-27)

From the experimental data (cf. Figure 5-13), the relationship is quantitatively re-

flected in Figure 5-14. Accordingly, the exponent « is 0.721. This value reveals that the
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electron-hole recombination is quite considerable in the range of the investigated light
intensity from 85 W/m? to 336 W/m?.

9.4 Equation y=a+b*x ‘
"7 | lintercept -13.520 £ 0.134
Slope 0.721 £ 0.024
-0.6 | |Pearson's r 0.998
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Figure 5-14. The dependence of area reaction rate constant on light intensity. Experimental condi-
tions: CPMR, catalyst loading: 10 g/m?, initial OA concentration: 0.9 x 10 mol/I.

5.4.5 Reactor efficiency

To evaluate the effectiveness of fixed-bed photocatalytic membranes in two reactor con-
figurations LPMR and CPMR, three criteria are used, including apparent quantum yield
@, (Cambié et al., 2016; Serpone, 1997), photocatalytic space-time yield (PSTY) (Leblebici
et al.,, 2015) and specific energy consumption (SEC). The results are presented in Table 5-1
and Table 5-2. These criteria were determined for the degradation of OA

(Co =0.9%10"2 mol/l) with the maximum area reaction rate constant (cf. Figure 5-13).

Table 5-1. Apparent quantum yield and specific energy consumption

Reactor | Eo AC/At Vr Dapp SEC

W/m?2 mol/m?2s mol/m3s m3 (%) kW.h/gTOC
LPMR 215 6.56x10% 2.34x10% 3x103 5.7 0.13

85 2.59x10% 0.83 6.5x107 111 0.07

134 4,09x104 1.15 6.5x107 9.8 0.08
CPMR 215 6.56x10% 1.38 6.5x107 7.3 0.10

286 8.72x10%4 1.91 6.5%x107 7.6 0.10

336 1.02x10* 2.07 6.5x107 7.0 0.1

Experimental conditions: catalyst loading 10.0 g/m?. Ey is photon flux (mol/m?s) calculated at the
wavelength of 365 nm. In LPMR, the mean reaction rate was calculated at first 30 min.

Table 5-1 shows that the apparent quantum yields, &.,, of the photocatalytic mem-
brane reactors were from 5.7 % to 11.1 %. The values are substantially higher than those
reported for the photocatalytic degradation of OA by titania catalyst in other reactor de-
Signs (Papp <1 %, Cambié et al., 2016; Kobayakawa et al., 1998; McMurray et al., 2004). In

111



5.4 Results and discussions

a special case, McMurray et al., (2004) developed a stirred tank reactor with a thin film of
immobilised TiO,, which ensured a relatively high photocatalytic efficiency; for OA, its

maximum apparent quantum yield was 5 %.

Table 5-2. Photocatalytic space-time yield (PSTY)

Reactor [ vV Kapp STY LP PSTY
(W/m3)  (m?3) (day™) (m3water/ (kW/ (m3water/
m3 reactor.day) m?reactor) m?reactor:

day-kW)
LPMR 215 3x103  5.11x10"  0.74x10' 536x10° 1 38x103
85 6.5x107  1.49x10° 3.16x10* 0.98x107 2.21x103
134 6.5x107 1.90x10° 2.75x10* 1.54x107 2.05x103
CPMR 215 6.5x107 2.78x10° 4.03x10* 2.47x107 1.63x1073
286 6.5x107 3.44x10° 4.97x10* 3.29x107 1.51%x103
336 6.5x107 3.86x10° 5.59%x10* 3.86x107 1.45x1073

Experimental conditions: catalyst loading 10 g/m2. In LPMR, the mean reaction rate was cal-
culated for the initial 30 min at vg: 7.5x10° m/s.

The photocatalytic space-time yield (PSTY) of the fixed-bed photocatalytic membrane
in two reactor types is around 2x102 (m3water/m3reactor-day-kW). Note that this study
used a wide spectrum UV lamp (cf. Sect. 5.2.1), which means that a considerable part of
illuminating photons bear more energy than required for the band-gap shift. By employ-
ing LED lamps, the PSTY of the FPMR set-up could be significantly enhanced. Even so, the
examined FPMR performs well with respect to the PSTY when being compared with other
photocatalytic reactors. The PSTY values of 12 types were reported to be in the range from
10 to 10°® (m3water/mreactor.day.kW) (Leblebici et al. 2015, Cambie, et al. 2016). These
values refer to reactors with suspended and immobilised catalysts, to stirred tanks, flow
reactors as well as membrane reactors, and to UV-sources of different spectrum and in-
tensity. The PSTY facilitates the energetic evaluation of a specific set-up, but as it depends

on the UV-light source, its value for principal assessments of reactor types is limited.

The results reported in Table 5-1 and Table 5-2 also reveal that CPMR worked more
efficiently at a low light intensity than at higher ones. In addition, in the experimental
conditions, the CPMR has slightly higher apparent quantum yield and higher PSTY than
LPMR. However, in the experiments, the concentration of OA in CPMR decreased partly,
while in LPMR OA was almost degraded at the end of the experiments. In applications
towards water treatment, the contaminant should be completely degraded. Thus, to
compare the efficiency of different reactor configurations, the calculations concerning the
conversion of pollutants should be considered.
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5.4.6 Comparison of different reactor schemes

The light energy consumption to treat 1 m* OA solution from a concentration of Cp =
0.9 x 10° M with a conversion X by three reactor schemes (cf. Sect. 5.3.5) are shown in

Figure 5-15.

4x107 T
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- — CPMR-R I
=== CPMR in series I
3x10" !

2x107 A

EC (J)
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Figure 5-15. Light energy consumption to treat 1 m3 OA (Cy = 0.9 x 103 M) of three reactor schemes
at light intensity 7=215W/m?, catalyst loading: 10 g/m?, K., =3.221/s, Kap =5.91 x 104 1/s,
trs=0.325s, V'R =3 %103 m3, Qs =4 x 10° m?¥/s.

It is obvious that the LPMR consumes less light energy than continuous setups
(CPMR-R and CPMR in series). For instance, to get a conversion X =90 %, the CPMR-R con-
sumes ca. 3.8 x 107 J, while the CPMR in series needs approx. 1.2 x 107 J, and LPMR needs
only 1.0 x 107 ). In practice, the other factors such as capital cost, energy for circulation
pump should be also considered. Although the required time for treating the same vol-
ume of water in CPMR in series is shorter, the number of pumps in CPMR in series is
higher. Consequently, the electricity consumption for the pumps in both set-ups would
be comparable. For the same conversion X, the number of photoreactors in CPMR in
series set-up is higher than in LPMR set-up. Thus, the capital cost and area for CPMR in
series set-up is higher than for LPMR set-up. However, the CPMR in series has a higher
capacity than LPMR set-up.

5.5 Proposed up-scaled FPMR systems

The results in section 5.4.5 have demonstrated that the FPMR realised with submerged
ceramic membranes is a potential reactor for applying photocatalysis to large-scale
wastewater treatment. Yet, the investigated system was based on a small system with a
single ceramic membrane. Moreover, other technical aspects such as methods for
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regeneration of FPMs were not considered. This section aims at proposing up-scaled

FPMR systems for wastewater treatment.

A proposed photocatalytic reactor system consists of a number of submerged mod-
ules. Each module is constructed by several ceramic membranes. The dimension of one
module and the number of membranes or the angle between the membranes in one
module depend greatly on the investigated results of a lab-scale system such as the one
presented in Sect.5.2.1. For example, when the exponent a < 1 (cf. Sect. 5.4.4), a narrower
angle between membranes is recommended. In addition, UV lamp systems are placed on
sides of the module. A schematically depiction of a reactor module is shown in Figure
5-16. In the described module, 6 ItN ceramic membranes (324 x 110 x 6 mm, cf. Sect.5.2.1)
are employed. An air supplier is placed at the bottom of the membranes. In one hand, it
supplies air i.e. oxygen into the reactor. On the other hand, the aeration helps to control
the catalyst layer formation and clean membrane. More importantly, the cleaning of
membranes is based on an integrated back-flushing system. After the back-flushing, the
removed catalyst particles will be collected in a recovery tank where they are washed and

ultrasonically re-dispersed for further uses.

Membrane . E
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N
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|
|
Figure 5-16: Description of a proposed FPMR module. The module includes 6 ItN ceramic mem-

branes (324 x 110 x 6 mm, cf. Sect.5.2.1). Permeate collectors are placed on the top while aeration
on the bottom of membranes.

The reactor modules work either in a closed loop operation mode (LPMR) or in a
continuous operation mode (CPMR). In LPMR (Figure 5-17), FPMR module is illuminated
by two UV-lamp systems. The LPMR can be run with or without a mixing tank. In CPMR in
series (Figure 5-18), UV lamps are placed between FPMR modules. In addition, permeate

of the prior module is the feed of the next module.
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Figure 5-17: FPMR module in a closed loop operation mode. Without mixing tank (top), with a mix-
ing tank (bottom). F: flow meter; P: Pressure meter; DAQ: Data acquisition; QI: quality indicator: pH,
electrical conductivity, temperature.
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Figure 5-18: A proposed CPMR in series system for wastewater treatment. The system consists of 5
FPMR modules and 4 UV lamp systems.

The above proposed modules use artificial UV light. For utilising solar light, flat sheet
membrane modules are preferred. In a large scale, a great number of the modules is con-
nected (Figure 5-19). In order to apply FPMR for water splitting or CO conversion, a sys-

tem described in Figure 5-19 is also recommended. In this case, new photocatalytic
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materials which are suitable to the wide spectrum of solar light are recommed. Further-

more, the borosilicate glass is replaced by solar glasses such as antimony solar glass

which has a very low absorption in the spectral range between 380 and 1100 nm.

Filtrate

Flat membrane SEEE Catalyst layer [ Wastewater [ Borosilicate glass

Figure 5-19: A proposed FPMR system using solar energy

5.6 Concluding remarks

In this chapter, the performance of fixed-bed photocatalytic membrane reactors (FPMR)

has investigated with respect to influential factors and the effectiveness of the photocata-

lytic degradation. The FPMR concept was realised with ceramic membranes, on which the

photocatalysts were deposited by dead-end filtration before photocatalysis and which

were submerged into the reactant solution. This set-up was operated in a continuous-flow

and a closed loop mode and applied to the photocatalytic degradation of a simple organic

molecule (OA). In addition, a quantitative model was derived, which relates the apparent

reaction rate constant of the reactor with the overall reaction rate constant of the catalyst

layer, which in turn is described as a function of layer properties, mass transfer and pro-

cess conditions. The main findings of this chapter include:
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FPMRs realised with submerged ceramic membranes works steadily

In terms of apparent quantum yield (from 5.7 % to 11.4 %) and photocatalytic
space-time yield, the FPMRs are considerably effective in comparison with
photocatalytic reactors described in the literature

The specific light energy consumptions of FPMRs for decomposing OA were
merely around 0.1 kW.h/gTOC

The model developed in chapter 3 can describe the photocatalytic perfor-
mance of FPMR at a wide spectrum of experimental conditions.

By adjusting light intensity and permeate flux, the photocatalysis in FPMR can

move from diffusion-controlled region to chemically-controlled region.
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e In the light intensity range from 85 W/m? to 336 W/m?, the electron-hole re-
combination was quite considerable which is proved by a calculated exponent
a of 0.721.

e Regarding specific light energy consumption, the closed loop reactor concept
is the most efficient one over continuous reactor with recycle or continuous

reactor in series.

In summary, the fixed-bed photocatalytic membrane reactor employing submerged

ceramic membrane is a feasible concept for water and wastewater treatment.
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6 Conclusion and outlook

6.1 Summary of thesis contributions

This work introduces a new concept for coupling photocatalysis and membrane process,
fixed-bed photocatalytic membrane reactor (FPMR). The main features of the concept in-
clude: (i) formation of a defined fixed-bed photocatalytic membrane (FPM) by a filtration
process, (ii) conducting the photocatalytic reaction by reactant flow through the illumi-
nated FPM. The reactor concept can address the shortcomings of conventional photocata-
lytic reactors. That will enable the applications of heterogeneous photocatalysis in large-
scale systems for various purposes such as water treatment, water splitting, and CO, con-
version. This work focused on modelling and evaluating the performance of FPMRs. In
order to reach the aims, various research activities have been fulfilled. The main contri-

butions of each research activity are summarised below:
Key features of FPMR concept

This work has indicated the main features of the FPMR concept. The FPM is formed by
membrane filtration of suspensions of nanosized photocatalysts. The structure of FPMs
should be homogenous to ensure the dispersed flow distribution of reactant through it.
In practice, the optimum layer thickness is determined by considering both photocatalytic

activity and pressure drop through the catalyst layer.
Models for the photocatalytic performance of FPMRs

The photocatalytic performance of FPMRs was quantitatively modelled. The developed
model takes into account the decisive factors in heterogeneous photocatalysis such as
light transmission, mass transfer, and intrinsic chemical reaction. It describes quantita-
tively the influence of mass transfer, FPM properties and light intensity on the perfor-
mance of FPMRs. Furthermore, the influences of axial dispersion on the reactor perfor-
mance and the boundary conditions of the model have been figured out. The model was

experimentally verified.
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Practical guides for realising FPMR concept and performing FPMRs

In this work, FPMR concept was transformed into two reactor systems, FPMRs based on
flat sheet polymeric membranes and FPMRs based on submerged ceramic membranes.
The detailed descriptions for the constructions of the systems were shown. In addition,
two modes of operation using the reactors were investigated. Equally importantly, the
potential photocatalytic reactor systems for process intensification were compared re-
garding to the specific light energy consumption. Last but not least, potential up-scaled

FPMR set-ups were proposed.
Methodology for characterising FPM properties

The properties of FPMs such as porosity, homogeneity, thickness and permeability equiv-
alent particle diameter were characterised. On doing so, this work has not only provided
technical solutions for the measurements (e.g. fixing the structure of wet FPM by epoxy
resin), but also introduced an indirect method for evaluating its homogeneity. In addition,
the applicability of Kozeny-Carman equation for FPMRs was also investigated. It pointed
out that this equation can successfully describe the pressure drop through a thin layer
composing of nanosized particles. Last, this work provides an indirect method to calculate
the light extinction coefficient of FPM.

Evaluation of the performance of FPMRs

The photocatalytic performance of FPMRs was evaluated for a very wide spectrum of ex-
perimental conditions: photocatalysts (TiO2-P25, TiO»-P90, ZnO), organic compounds
(methylene blue, methyl orange, sodium diclofenac, oxalic acid), mode of operations
(closed loop and continuous), reactor set-up (flat sheet and submerged membrane), op-

erational parameters (e.g. superficial velocity, light intensity, light spectrum, and pH).
The main features of the performance of the FPMRs include:

e relatively high structural strength and stable photocatalytic activity in
prolonged tests (e.g., the reaction rate constant was almost constant as
Kwes = 2.5 s after 1.5 m3 treated solution/m2 membrane),

e high total mass transfer correlation (kmai = 1-100 1/s), which is two orders of
magnitude higher than reported values for conventional fixed-bed reactors,

e high overall reaction rate constant of FPM, which is much higher than those
reported in literature for conventional photocatalytic reactors (for methylene
blue (Kws = 1-100 1/s) depending on experimental conditions (e.g. pH, and light
intensity),

e good level of apparent quantum yield in comparison with reported values in
literature (up to 10% for decomposing oxalic acid),
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o affordable level of specific light energy consumption (for decomposing oxalic
acid: approx. 0.1 kW.h/gTOC).

6.2 Discussion and outlook

At the beginning of this work, several questions were posed regarding the formation,
modelling and evaluation of the fixed-bed photocatalytic membrane reactor (FPMR) con-
cept (cf. Sect. 1.2). In general, the contents in chapters 3, 4, and 5 have addressed these

guestions.

Chapter 3 has introduced detailed descriptions of the FPMR concept in which the cat-
alyst layer (FPM) is formed by membrane filtration. The key features contributing to the
outstanding photocatalytic performance of realised FPMRs are the extremely high total
mass transfer rate and overall reaction rate of the FPMs. The above features are at-
tributed to the perpendicular direction of reactant flow, the dispersed flow pattern, high

surface area of FPM, and the light absorption inside the FPM.

The model developed in chapter 3 has been validated for the P25-TiO; catalyst. There
are, however, still rooms for further improvement, such as the power approach for the
influence of light intensity, and the assumption of the uniformity of catalyst layers. In ad-
dition, it is still necessary to find numerical solutions for Eq. (3-11) (cf. Sect. 3.2). In the
near future, new powerful photocatalysts regarding high photocatalytic activity would be
introduced. With such the materials for FPMRs, the diffusion will have a significant influ-
ence, thus the diffusion term in Eq. (3-11) should not be omitted. Thus, the numerical
solutions for Eqg. (3-11) are required. The solutions will facilitate further studies on the
mass transfer phenomenon in mesoporous media at extremely low particle Reynolds

number.

In addition, the numerical solutions also enable us to develop an apparatus for deter-
mining the photocatalytic activity of particulate photocatalysts. In an ideal case, the sus-
pension of the photocatalyst will be added into the apparatus, the catalyst layer formation
and photocatalysis on the formed catalyst layer will be conducted automatically. Then,
the apparatus will provide information about the tested photocatalysts such as area re-
action rate constant (k.s), total reaction rate constant of the top layer (Kio) and espe-
cially kK,q which is independent on light intensity, mass transfer rate and volume of reac-
tant. The value of kK,q4 reflects the true photocatalytic activity of the tested photocatalyst.

The results in investigated FPMR systems showed that the FPMR is a potential concept
for wastewater treatment. However, for industrial scale applications, further studies
should be conducted regarding to the properties of specific wastewater and the required

capacity. The FPMR is also a promising reactor concept to convert solar energy source into

120



6 Conclusion and outlook

chemical energy (such as by water splitting, CO, reduction). For that purpose, the reactor
module described in Figure 5-19 is recommended. In the application, new photocatalysts

with a shorter band-gap and a higher quantum-yield are preferred.

From the results of this work, some suggestions for the further developments and
applications of fixed-bed photocatalytic membrane reactor concept can be derived. The

following points can be assigned

Finding numerical solution for Eq. (3-11)
Further studying on liquid-particle mass transfer phenomenon in FPMR

Developing large-scale FPMR systems for wastewater treatment

A w N -

Applying the FPMR concept to chemical synthesis such as water splitting, and CO-

reduction, and plasmonic photocatalysts
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Appendix A Calibration

A.1 DISTRIBUTION OF LIGHT INTENSITY ON THE SURFACE OF CATALYST LAYER

Table A-1: Experimental data for plotting Figure 4-4

i) b W/m2) i b W/m2) i loW/m2) i lo(W/m2) i Lo (W/m?)
171 1951 2 1 1823 3 1 1811 4 1 1800 5 1  13.59
12 1939 2 2 1904 3 2 1730 4 2 1672 5 2 1220
13 1951 2 3 1951 3 3 1927 4 3 1846 5 3 1417
1 4 1951 2 4 1904 3 4 1788 4 4 1661 5 4 11.04
1 5 1951 2 5 1846 3 5 1765 4 5 1695 5 5  13.66
16 1939 26 1916 3 6 1742 4 6 1661 5 6  11.40
17 1951 2 7 1939 3 7 1916 4 7 1846 5 7  14.07
18 1904 28 1881 3 8 1753 4 8 1672 5 8 1182

The experimental data collected in the same condition as in photocatalytic process
in reactor: 50 ml); L.t 34.4 W/m?2

—~

water loading
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Appendix A Calibration

Table A-2 Measured data at different positions on catalyst layer at three levels of lamp
power, thus three light intensities

. . lo (W/m2)

| : Lrer= 34.4 (W/m2) Tier=29.4 (W/m2) Lie= 23 (W/m2)
1 0 19.51 16.84 13.24
1 45 19.39 16.84 13.24
1 90 19.51 16.49 13.13
1 135 19.51 16.84 13.36
1 180 19.51 16.84 13.24
1 225 19.39 16.84 13.24
1 270 19.51 16.49 13.13
1 315 19.04 16.84 13.36
2 0 18.23 15.79 12.55
2 90 19.51 16.72 13.47
2 180 18.46 16.26 12.08
2 270 19.39 17.19 13.24
3 0 18.11 15.79 12.08
3 45 17.30 14.87 11.73
3 90 19.27 17.19 13.59
3 135 17.88 15.10 12.20
3 180 17.65 15.33 11.97
3 225 17.42 15.10 11.85
3 270 19.16 15.33 11.73
3 315 17.53 14.75 11.62
4 0 18.00 16.03 11.42
4 90 18.46 13.01 10.54
4 180 16.95 14.63 11.85
4 270 18.46 11.29 8.92

The experimental data collected in the same condition as in photocatalytic process (water loading
in reactor: 50 ml). Position j is named as the angle used in Figure 4-4.
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A.2 CONCENTRATION AND ABSORBANCE OF DICLOFENAC

100 A :
'C =101.3*Abs (UM)]
e o o e
S 60-
=
(@)
40- |
{Equation y=a+b*
|Weight No Weighting
' |Intercept -0.02 + 0.20
204 @ — |Stope 101.30 £ 0.35
; |Pearson's r 1.00
|Adj. R-Square 1.00
0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Figure A-1: Relationship between concentration and absorbance at A = 276 nm of sodium diclo-
fenac.

A.3 TOC CONCENTRATION AND ELECTRICAL CONDUCTIVITY OF OXALIC ACID

20 ﬁ
y = 0.0561x + 0.593] O
zaf N
15
=
(@)}
E
@)
.9 10
Equation y=a+b*x
Intercept 0.593 + 0.067
Slope 0.0561 + 0.0003
Pearson's r 0.998
5 R-Square(COD) 0.997
50 100 150 200 250 300 350

electrical conductivity (uS/cm)

Figure A-2: Calibration between TOC concentration and electrical conductivity of OA solutions.
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A.4 CONCENTRATION AND ABSORBANCE OF METHYLENE BLUE

12 1
E x=2
104 | * x=3 5
Linear Fitx = 2 d
Linear Fitx =3 :
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E i
ENE ;
O 3
e S e
Equation y=a+b'
Plot X=2 x=3
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R-Square(COD) 1.000 1.000
Adj. R-Square 1.000 1.000
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Figure A-3: Relationship between concentration and absorbance at 4 = 664 nm of methylene blue
solution

Relationship between MB concentration and its measured absorbance at A = 664 nm
by UV-VIS spectrometer. Methylene Blue is produced by Merck with chemical formula:
C16H18CIN3S*xH,0 (x = 2 - 3). The calibration curves were evaluated according to x = 2 and
x = 3. It can be seen from the figure that there is no considerable different on the curve.
In this study, the first order kinetic for the degradation of MB by photocatalysis was used.
In that kinetics, the ratio between C; and C, were made. That means that the use of x =2

or x = 3 does not influence on the results.
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Appendix B Mathematical modelling

B.1 INFLUENCE OF AXIAL DISPERSION ON THE REACTION RATE

The influence of axial dispersion on reaction rate is described by diffusion term in Eq.
(3-11). Because the Da(x) is also a function of x, it cannot be solved analytically. The nu-
merical solutions require complicated steps which is beyond the scope of this work.
Therefore, this section presents a simply approach to evaluate the influence.

d?C(x) dC(x) B-1
I — Pe Ix —Da(x)C(x) =0 (B-1)

The evaluation is based on the difference in the roof of the second order ODE i.e. Eq.

(3-11), Krestres* and the root of the first order ODE obtained by omitting diffusion operator
from 2" ODE, Krestes. The equations are solved with assumed Pe number and Da number.
First, the independent values of Pe number and Da number are used (Table B-1). Then,

their values according to the investigated data for FPMRs are applied.

Table B-1: Influence of axial dispersion on the overall reaction rate constant. Roof of
Eq. (3-11) at different values of Pe number and Da number

Pe DO Kiestres — Krestres™ Error (%) | Pe Da Krestres Kirestres™ Error (%)
0.1 100 9.95 1000 9950 0.1 0.1 0.27 1 270
1 100 9.512 100 951 1 0.1 0.0916 0.1 9.17
10 100 6.18 10 61.81 10 0.1 9.99E-03 0.01 0.10
100 100 0.9902 1 0.99 100 0.1 0.001 0.001 0.00
0.1 10 3.1 100 3115 0.1 0.01 0.0618 0.1 61.8
1 10 2.701 10 270 1 0.01 9.90E-03 0.01 1.01
10 10 0.916 1 9.17 10 0.01 1.00E-03 0.001 0.01
100 10 0.0999 0.1 0.10 100 0.01 1.00E-04 0.0001 0.00
0.1 1 0.95 10 953 0.1 0.001 9.16E-03 0.01 9.17
1 1 0.618 1 61.81 1 0.001  9.99E-04 0.001 0.10
10 1 0.099 0.1 1.01 10 0.001 1.00E-04 0.0001 0.00
100 1 0.01 0.01 0.01 100 0.001 0.00001 0.00001 0.00

Kiestres is the root of the second order ordinary differential equation (ODE), Krestres* the root of
the first order ODE obtained by omitting diffusion operator from the 2" ODE

It can be seen from Table B-1 that the difference between the roof of ODE (3-11) with
and without diffusion operator depends on both Pélect number and Damkoéhler number
as well as its ratio. In FPMRs, the Damkdhler number depends on both mass transfer i.e.
superficial velocity and position in the catalyst layer (z). Thus, to evaluate the influence of
axial dispersion on reaction rate, values of Pe number and Da number which relate to the

investigated FPMRs should be applied. To solve the ODE (3-11), the value of Da number is
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assumed that it is a constant in the whole catalyst layer. For this purpose, the value of Da
is calculated by Eq. (3-12) at z=0 pm, z =1 pm and z = 2.5 pym. The calculation at higher
value of z is not necessary, because at those positions, the Da number becomes very small
(cf. Table B-2). At that small Da number, as can be seen from Table B-1, the axial dispersion

is neglectable small.

The calculations are based on the investigated data with PFMRs formed by P25 titania
(cf. Sect. 4.4):

ﬂ Kio kmaiimax km@i_ave km@i_min L D
a R -
m-’ s’ st s’ s’ pgm m?/s
1 2.32x108 22.93 71.04 37.54 15.31 18.8 4.6x10710

Table B-2: Influence of axial dispersion on the overall reaction rate. Roof of Eq. (3-11) at
different values of Pe number and Da number.

VF_max = 625X1 0-4 (m/S) VF_min = 056X1 0_4 (m/S) VF_ave= 20X1 0-4 (m/S)
(IJTT]) Da(Z) Krestres KTCStTCS * Da(Z) Krestres Krestres* Da(Z) Krestres Kl’BStl’ES*
0 13.32 0.52 0.53 7.05 1.75 3.11 10.94 1.17 1.34

1 1.678 0.066 0.066  1.509 0.538 0.665 1.633  0.195 0.200
25 53E2 21E3 21E3 53E2 23E2 23E-2 53E-2 6.5E-3 6.5E-3
Kiestres is the root of the second order ordinary differential equation (ODE), Kiestres™ the root of
the first order ODE obtained by omitting diffusion operator from the 2"¢ ODE; The values are
calculated based on experimental data of FPMRs formed by P25 titania.

The data from Table B-2 are depicted in Figure B-1, Figure B-2 and Figure B-3.

—— Pe=25.54_Da=13.31_a- - - Pe=25.54_Da=13.31_b- - - - Pe=8.17_Da=10.94_a
—-—-Pe=8.17_Da=10.94_b -----Pe=227_Da=7.06_a - Pe=2.27_Da=7.06_b

1.00

0.754

0

0.50- R e St

Ccx)/C

0.00 T T T
0.00 0.25 0.50 0.75 1.00

Figure B-1: Influence of diffusion on root of Eq. (3-11) at z = 0 pm : (a) with diffusion operator; (b)
without diffusion operator. The equations were solved at different Pe numbers i.e. different super-
ficial velocities (investigated range in this research) and Da numbers are calculated using reaction
rates at top of catalyst layer z = 0.

144



Appendix B Mathematical modelling
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0.75 1
S L I e
Q .............
8 osod L
O
—— Pe=25.54_Da=1.68_a
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025 |--—- Pe=8.17_Da=1.63_a
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— Pe=2.27_Da=1.51_b
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X
Figure B-2: Influence of diffusion on root of Eq. (3-11) atz= 1.0 ym : (a) with diffusion operator;
(b) without diffusion operator. Da numbers are calculated using reaction rates atz = 1.0
pgm.

From the figures, it is obvious that the influence of axial dispersion depends much on
both the values of Pe number and Da number and their ratio. The influence is considera-
ble only and only if the Pe number smaller than 8 and the Da number is larger than 10.
For example, FPMRs using P25 tiania as photocatalyst, that impact is significant if the cat-
alyst layer thickness L < 1uym and Pe < 8.

In conclusion, in the context of FPMRs, the influence of axial dispersion should be
considered. Nevertheless, for the FPMs formed by P25 titania (with the experimental con-
ditions in this work) the diffusion operator in Eq. (3-11) can be omitted.

1.000 ———
90 .............
X 0.975
O
—— Pe=25.54_Da=0.053_a
—— Pe=25.54_Da=0.053_b
- — - Pe=8.17_Da=0.053_a
- - - Pe=8.17_Da=0.053_b
----- Pe=2.27_Da=0.053_a
----- Pe=2.27_Da=0.053_b
0.950 T T T
0.00 0.25 0.50 0.75 1.00

X

Figure B-3: Influence of diffusion on root of Eq. (3-11) at z = 2.5 um: (a) with diffusion operator; (b)
without diffusion operator. Da numbers are calculated using reaction rates at z = 2.5 pm.
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B.2 SPECIAL CASE

When the condition in Eq. (3-2) is not satisfied, the mathematic problems leads to the
difficulty in developing the reactor model. However, if the mass transfer rate is much
faster than reaction rate and adsorption rate i.e. in chemically-controlled kinetics, the fol-

lowing model is developed:

Co _ Kaak (B-2)
Kuq(Co—C) +In C = apu

The developed model can be employed to determine the intrinsic parameters of het-

erogeneous photocatalysis. For example, doing experiments with different initial concen-
Kagqk

pr can be

trations of reactant A, then plotting (Co-Cv) vs In(Cy/Cy) the values of K,qand

determined. The values should be identical with those determined by doing the experi-
ments at different flow rate, i.e. different interstitial velocity u. In addition, doing experi-
ments to find out K,q at different light intensity, the results will reveal the influence of light

intensity on the adsorption equilibrium constant.
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Appendix C Comparison the photocatalytic
activity of TiO, and ZnO

Table C-1 shows the comparison between photocatalytic activities of different ZnO and
TiO, powders at a wide spectrum of experimental conditions such as specific surface, re-
actor type, light source and reactant. It is obvious that there is no consensus in the com-
parisons between the photocatalytic activity of ZnO and TiO,. According to Table C-1,
some found that ZnO particles have higher photocatalytic activity than TiO; particles while
others reported the opposition. As photocatalysis is a complex process, it is not easy to
reach a general judgment on the comparison i.e. which oxide has higher photocatalytic
activity. Any judgment should include specific conditions such as the properties of em-
ployed catalysts (e.g. phase composition, primary particle size), the type of reactor and
reactants. Incidentally, the data in Table C-1 pointed that the higher specific surface area
(BET) i.e. the lower primary particle size does not always result in higher photocatalytic
activity, at least in slurry systems. In the collected results, indeed, the higher surface area
of ZnO particles, the lower their photocatalytic activity. Second, Figure 4-23 shows that the
photodegradation rate in FPMR made of P90 was slightly higher than those by P25. This
is in agreement with the results found in section 4.4.2.2.

Table C-1: Comparison the photocatalytic activity of ZnO and TiO:

TiO; Zn0 React. Reactant Light Activity ref.

P25 a: 100 nm;  slurry  MB, UV-A P25>a>b (Barnes et al.,
b: 50 nm bacteria 2013)

P25 a:5pm; slurry  wastewater UV-C P25>a>b (Phutthamon
b: 100 nm et al., 2015)

P25 9 m?/g imm. tartrazine Solar TiO;<ZnO (Tassalit et al.,

2016)

P25; 5m?/g slurry  vanillin uv P25>7Zn0 > (Qamar and

uv100 (*) uv100 Muneer, 2009)

P25; P90 523m%g  slurry MB UV-A P25<P90<ZnO  (Le, 2018)

P25; P90 523 m?/g FPMR MB UV-A  P25<P90<ZnO  thiswork

(*) medium pressure Hg lamp; P25: 50 m?/g, P90: 90 m?/g, UV100: 250 m?/g, specific surface
area: BET; imm.: Immobilised reactor
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Appendix D Mathematical validation of model
for LPMR and CPMR

D.1 MODEL FOR LPMR (CF. EQ. (5-12)):
Eq. (5-12) states that

Kies = —

tl In{[(1 — 71 Kapp) (1 — T2Kapp)e Kapp™ —x] /(1 — 0)}. (D-1)

Because K. is naturally positive, the quantity within the logarithm should satisfy this
below inequation:

1> [(1 — 11 Kqpp) (1 — T2Kgpp)e Xapp™ —x] /(1 —x) >0 (D-2)
Because 0 < x < 1, the condition (D-2) is equivalent to
(1 — 13 Kapp) (1 — 7K, pp)e ™ Farp™ > x (D-3)
and
efapp® > (1 — 7, Kopp) (1 — T2Kapp). (D-4)
Inequation (D-3):

In the model, the parameters t,, 7,, depend only on the reactor configuration and
flow rate. The apparent reaction rate K,,, depends on reaction rate of catalyst layer (Kes),
on the reactor configuration and the bypass ratio x. For example, when the volume of
mixing tanks increases or the value of x increase, the apparent reaction rate constant will

decrease.

Chemically, the apparent reaction rate constant in mixing tank will approach a maxi-
mum value when the reaction in catalyst layer approaches complete degradation i.e.

e Krestres — 0 OF Kpestres — . The upper limit of Ky, is named Kimax.
Kapp < Kmax (D-5)

In the critical case of e Krestres - 0 Eq. (D-1) yields the relationship between K. and

other parameters 74, 7,, 7and x.
(1 =71 Kmax) (1 — TZKmax)e_KmaXT =X. (D-6)

Now considering the relationship between K.x and Ti and Ti
1 2

The material balance in mixing tank 1 produces

%H = Cu(t —ty) — C1 (D). (D-7)
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Because of C,(t —t,) > 0(C4(t —t,) = 0if and only if when the degradation in catalyst
layer is complete and x = 0),

dc -
d—tlrl +C,(t) > 0. (D-8)

Inserting C;(t) = Ciyiefmaxt one yields
1—17Kpnax > 0. (D-9)
Because the right side of Eq. (D-6) is positive = 1 — 7,K.x > 0.
AS Kapp < Kmax,
(1 — T1Kapp) (1 — T2Kapp)e ™ @PPT > (1 = 71 Kmax) (1 — ToKimax)e ~Kmax? (D-10)
From inequations (D-6) and (D-10),
(1 = 71 Kapp) (1 — T2Kapp)e PP > x, (D-11)
In other words, the condition under inequation (D-3) is always satisfactory.

It is worth noting that when the measured value of K,,, does not meet the condition
(D-3), the conditions for those assumptions for developing the model should be exam-
ined. For example, when the assumption (iv) is not met such as there are adsorption of
species in tube or wall of mixing tanks, the measured apparent reaction rate constant Ky
will higher than the one caused only by photocatalytic degradation. Consequently, the
condition behind the inequation (D-3) could be not satisfied.

Inequation (D-4):
Inequation (D-4) states that
eXarp™ > (1 — 11K, ) (1 — 72Kapp)-
As proved above 1 — 7,K,,, > 0 and 1 — 7,K,p, > 0.
Because of Ky > 0,
(1 = 11 Kapp ) (1 — T2Kqpp) < 1 < eXare?

That means that the condition behind inequation (D-4) is always satisfied.

D.2 MODEL FOR CPMR (CF. EQ. (5-17))

The concentrations of feed and product flow in CPMR are presented in Figure D-1.
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Figure D-1. Material flow in CPMR x denotes the ratio between the bypass flow and the outlet flow.
The material balance around the reactor (i.e. the submerged membrane) yields the
relationship between product (C) and feed concentration (Co):
C = (1 —x)Cye Krestres + x(, (D-12)
Hence,
Kpos = —iln [(C/Co —%)/(1—X)]. (D-13)
From Eq. (5-16), it can be seen that
C/Cy = (1 — x)e Krestres 4 x (D-14)
Because 0 < x < 1,and e Krestres <1 =1 > C% > x, thus (C/Cy —x)/(1 —x) > 0.In other

words, the logarithm of (C/C, —x)/(1 — x) always provides a result within the model as-
sumption and given accurate measurements as well as correct model parameters.

Note: x = 0 means there is no bypass flow. If x = 1, there is no reacted flow i.e. there is no
photocatalysis, this is not the case considered here.
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Appendix E Particle size distribution

Table E-1: Particle size distribution of different P25 titania suspensions

Parameter PSO PS3 PS10 PSF
Xcum, NM 457.3 254.8 207.5 2370.0
STD (Xcum), NM 27.6 3.1 1.3 162.1
PDI 0.59 0.31 0.17 0.56
STD (PDI) 0.02 0.03 0.02 0.02
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