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Abstract in English

The pharmaceutical diclofenac provides effective treatment for pain and inflammatory diseases.
However, after administration, the medication is not fully metabolized and ends up in the wastewater
with its metabolites. After a regular water treatment, diclofenac is still present in the effluent in
concentrations that exceed the Predicted No Effect Concentration. The aim of this master’s thesis was
to degrade diclofenac with photochemistry in a scalable micro-flow reactor, a translucent monolith. This
reactor consists of small channels placed parallel next to each other and was used because of its high
productivity and energy efficiency.

First, experiments were performed in batch reactors to analyze the catalyst Au/TiO,, to gain insight in
the reaction and to develop an analysis method to quantify the reaction products. The concentration of
diclofenac was first examined with a UV/VIS spectrophotometer at a wavelength of 276 nm. Next, when
degradation was detected, HPLC was used to analyze the reaction products. After performing the
reaction in batch, it was performed in the monolith.

The degradation of diclofenac is observed in the batch reactor with the UV/VIS spectrophotometer by
an increase in absorbance, which was counterintuitive. Afterwards, the degradation was confirmed by
the HPLC analysis. The concentration of diclofenac decreased, but the formed degradation products
were absorbing at the same wavelength. So, a photocatalytic degradation of diclofenac took place.






Abstract in Dutch

Het farmaceutische component diclofenac behandelt pijnen en ontstekingsreacties. Helaas metaboliseert
het menselijk lichaam dit medicijn niet volledig waardoor het in het afvalwater belandt samen met zijn
metabolieten. Na een traditionele afvalwaterzuiveringsbehandeling is diclofenac nog steeds aanwezig
in het effluent in concentraties die de Predicted No Effect Concentration overschrijden. Het doel van
deze masterscriptie was om diclofenac af te breken met behulp van fotochemie in een opschaalbare
doorschijnende monolithische reactor. Deze reactor bestaat uit kleine, parallel naast elkaar geplaatste
kanalen en werd gebruikt vanwege zijn hoge productiviteit en energie-efficiéntie.

Eerst werden experimenten uitgevoerd in batch reactoren om de katalysator Au/TiO, te analyseren,
inzicht te krijgen in de reactie en een analysemethode te ontwikkelen om de reactieproducten te
kwantificeren. De concentratie werd eerst gemeten met een UV/VIS-spectrofotometer bij een golflengte
van 276 nm waarna een HPLC-analyse de reactieproducten analyseerde. Na het uitvoeren van de reactie
in een batch reactor werd er overgeschakeld naar de monolithische reactor.

Fotokatalytische afbraak van diclofenac is waargenomen in de batch reactor. De UV/VIS-
spectrofotometer meette eerst een verhoging in concentratie waarna de HPLC-analyse de degradatie
bevestigde. De concentratie aan diclofenac verlaagde en afbraakproducten, die licht absorbeerden bij
dezelfde golflengte, werden gevormd. Besloten is dat fotokatalytische degradatie van diclofenac
plaatsvond.






1 Introduction

In the first part of this thesis the degradation of diclofenac in the first generation of translucent monoliths
is discussed.

The research for this thesis takes place at CIPT. This is a research group that focuses on the
intensification of chemical processes. CIPT develops new technologies for process intensification
utilizing ultrasound, photochemistry and micro-flow reactors [1]. This thesis focuses on the
development of a scalable micro-flow reactor to eliminate diclofenac (DCF) out of wastewater with
photochemistry.

DCF is a pharmaceutical used to treat pain and inflammatory diseases effectively. Therefore 940 tons
of DCF is consumed worldwide each year. The human body does not fully metabolize this medicine
after administration. So, the non-metabolized parent medications and metabolites are excreted from the
body by urine and feces and end up in the wastewater [2].

In consequence, DCF has to be eliminated by a wastewater treatment plant so that it is not harmful for
the human body when taken in. A problem here is that, after a normal water treatment, consisting of: a
primary purification, a biological cleaning and after-settlement, DCF is still in too high amounts detected
in the wastewater [3]. So, a tertiary purification is necessary. A possible solution is a photocatalytic
degradation to remove DCF.

Earlier was mentioned that the aim of this master’s thesis is to try to eliminate DCF out of wastewater
with the help of photochemistry. Photochemistry is a reaction that takes place under the influence of
light [4]. Also, a catalyst is added which is responsible for changing the intrinsic mechanism of the
reaction. A commonly used semiconductor heterogeneous catalyst is TiO, [5]. This process is termed a
photocatalytic reaction.

The majority of photocatalytic reactions are performed in batch reactors, however this reactor has a
major disadvantage. When it is irradiated with light, the light cannot reach the center of the reactor,
hence the reaction slows down, lowering the reactors overall efficiency. The use of microreactors can
be the solution for this disadvantage, because of their small channel. Light irradiates every single part
of the channel so that every catalyst, also in the center, can be activated. Microreactors has also a large
surface-to-volume ratio [5], [6].

During the experimental part of the thesis, first, preliminary experiments are performed in batch reactors.
This to test the catalyst, to gain insight in the reaction and to develop an analysis method to quantify the
reaction products. The moment the desired result is achieved, a switch is made to the microreactor.

After the photocatalytic reaction, the concentration of DCF is measured by several techniques to
determine the conversion and reaction rate. The first detection technique is UV/VIS spectrophotometry,
this is used to quantify the DCF concentration. When a decrease in DFC concentration is observed via
this technique, there was switched to an advanced detection technique to determine the reaction
production, high pressure liquid chromatography (HPLC). Another detection technique that can be used
is the chemical oxygen demand (COD) to determine the amount of carbon inside the solution. If any
volatile compounds are formed (e.g. CO»), a decrease in COD is expected.

Last, another aim of this thesis is to optimize the degradation of DCF by varying the catalyst
concentration, flow rate and light intensity.

In the second part of this project, an article discusses the validation of simulations of different monolith
reactors.

As mentioned before, these days, photochemical reactions are performed in batch reactors, however
these reactors have two major disadvantages: photon transfer limitations and mass transfer limitations.



These problems can be solved by the use of microreactors. This reactor consists of a small channel
where the chemical reactions takes place. But this reactor has the disadvantage of a low overall energy
efficiency. To solve this issue, a monolith reactor can be created consisting of small channels placed
parallel next to each other. This 3D reactor captures the lost photons of the 2D reactor. This happens
through the use of the set of channels placed behind the first set of channels. The energy efficiency and
throughput increase.

The aim is to develop a monolith reactor with a high productivity and a high energy efficiency. To
evaluate different reactors, the software program COMSOL is used. This program calculates ray tracing
and computational fluid dynamics (CFD) of each channel. These parameters give information about the
interaction between the light and the particle on the one hand and the throughput on the other. Out of
these results, the space-time yield (STY) and the photochemical space-time yield (PSTY) can be
calculated. These parameters give information about the productivity and the amount of product
produced by a volumetric specific yield per power and unit of time which makes it possible to compare
the different designs.
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2 Literature review

2.1 Wastewater

Every day, every single person consumes 120 L domestic wastewater. Today, a treatment plant can
already clean 84 % of all this domestic wastewater [3].

The wastewater is composed of domestic wastewater, wastewater from hospitals and wastewater from
industrial sites. This water contains a lot of different components, herbicides, pesticide, and inorganic
compounds (such as heavy metals, mercury, cadmium, lead, etc.). Medication and numerous pathogenic
micro-organisms are also found in wastewater which has genotoxic, mutagenic and carcinogenic effects.
Furthermore, nutrients are also traced in the wastewater, some of these nutrients stimulate the growth of
plants, others may be toxic [7], [8].

Besides the wastewater, some drugs such as DCF are still present in the effluent. The concentration of
some medications is too high in the effluent which has a harmful effect on the human body, animals and
nature. The factors responsible for tracing the drugs in wastewater are the amount of people who takes
the drugs, the frequency of intake, the doses of intake and the excretion factor [7].

2.2 Diclofenac in wastewater

DCF, 2-[2-(2,6-dichloroanilino)phenyl]acetic acid, is one of the most present components in
wastewater. Each year, about 940 tons of DCF is consumed worldwide. DCF is a non-steroidal anti-
inflammatory drug and also used as painkiller. It can be taken orally, dermally, rectally and
intramuscularly. The molecular formula, C;,H;,C;,NO,, of this drug is shown in Figure 1 [2].

Cl

NH
Cl OH

@)

Figure 1: The molecular formula of DCF [2, p.1152]

Some medicines are not fully metabolized after administration. Non-metabolized parent medications are
excreted from the body by urine and feces. The allowable amount for taking DCF is 75—-150 mg daily.
After oral intake of DCF, the drug is halved after two hours. 65 percent of the medication and metabolites
leave the human body and end up in the wastewater. The metabolites of DCF are 5’-OH-DFC, 4’-OH-
DFC, 3’-OH-DFC, 4’-5-diOH-DFC, 4’-OH-5-Cl- DFC, 3°-OH-DCF. These are hydroxylated
metabolites. Further a methoxylated derivative, 3’-OH-4’-CH3;O-DFC, is also metabolized [2], [9].

Various studies indicate that the intake of contaminated wastewater with DCF disrupts biochemical
functions and damages tissues, liver and kidney cell function of aquatic animals [9]. DCF is a drug
detected in the effluent with a concentration of 503 ng/L. This concentration is above the minimal and
maximal Predicted No Effect Concentration (PNEC). The minimal PNEC for DCF is 100 ng/L as is the
maximal PNEC [7].

Table 1 gives information about the physicals and chemicals of DCF.
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Table 1: Physical and chemical information about DCF [2], [9]

MM Vapor pKa LogK,, H(atm®m™) Solubility
(g mol™) pressure (mg L™
(mm Hg) (20°C)
Diclofenac 292.2 6.14x 1078  4.1-45 1.9-45 47x 10712 2.37

2.3 Wastewater treatment

In the treatment plant, wastewater is collected in a collection point and is controlled by a fine sieve. Big
waste is stopped by the sieves and the filtered water undergoes a primary purification.

The primary purification contains fine filters to remove particles in solution. At some installations, the
wastewater is brought through a grease- and sand trap. The grease trap is used to remove fats and oils.
The sand trap ensures that the sand and gravel settle down. This step is the mechanical pre-treatment.

In the secondary step, micro-organisms are used. This step is called the biological cleaning. These
organisms, also known as activated sludge, use the waste in the water as food, which keeps them alive
and makes them grow. During this step, an aeration basin bubbles oxygen through the water, so the
organisms are able to survive in this water. The oxygen helps to break down the carbon compounds in
the water to carbon dioxide and water. The water also contains phosphor and nitrogen which can be
removed by switching the aeration on and off.

A last step is required to settle down the sludge to the bottom. At the end of this process, the sludge is
collected in a central well. A substantial part of the sludge is returned to the start of the biological
cleaning and the cycle can start again [3], [7].

Now, the water is completely purified by the capacity of the water treatment plant. However, some
components, like DCF, are not fully biodegradable and have not yet been completely removed out of
the water. So, a tertiary treatment is necessary. A lot of techniques can be used to remove these non-
biodegradable components such as adsorption with active carbon, coagulation and flocculation,
oxidation, reduction and stripping [7], [10].

2.4 Degradation reaction capabilities

To trigger a chemical reaction, the activation energy must be reached. This can be realized by adding
external energy. For example, one of the most usable techniques is to add chemical reagents. These
reagents are used for the degradation of these non-biodegradable components, into the water. This
process happens under high temperature and pressure, and with the addition of expensive and/or toxic
catalysts. This technique is applied in a batch reactor, takes a lot of time and is energy intensive.
Furthermore, specialized equipment is needed to guarantee the process safety at these high temperatures
and pressures [11].

Instead of utilizing a process under high temperature and pressure, light can be used to supply the
activation energy. A distinction can be made between two forms of photochemical reactions: direct
photolysis and advanced oxidation processes (AOP) [4]. In the first case, the waste in the water directly
absorbs the light which lead to degradation [4]. In the second case, a photocatalyst absorbs the light and
forms reactive oxygen species (ROS). These species oxidize the organic material [4]. There are several
processes to create these ROS, such as ozone/hydroxide ion (O3/OH’), ozone/hydrogen peroxide
(O3H20,), ozone/ultraviolet radiation (O3/UV), hydrogen peroxide/UV radiation (UV/H>0,),
ozone/heterogeneous catalysts (HCO), photo Fenton (UV/H,02/Fe*") and heterogeneous photocatalysis
(UV/TiOy). These types of AOP’s increase the oxidation power. As mentioned, this is done by forming
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reactive OH radicals from an oxidant and a catalyst which has a higher oxidation power than the oxidants
normally used [6], [10].

The catalyst is responsible for changing the intrinsic mechanism of the reaction which leads to a decrease
of the activation energy. Subsequently, water-polluting substances are converted by these radicals into
carbon dioxide, water and stable mineral acids [6], [12].

This technique makes it possible to reduce the number of chemical reagents and improve the efficiency
of water treatment processes. A disadvantage of the use of photocatalysis in a batch reactor is the fact
that the light is not able to penetrate through this reactor to the center if a high catalyst concentration is
used [5].

Nevertheless, the batch reactor can be replaced by a more efficient reactor, a microreactor. In a
microreactor, the chemical reaction takes place in a small channel, so the light irradiates the entire
channel even when utilizing a high catalyst concentration. Furthermore, the aforementioned security
issues are solved. For example, an explosion of a batch reactor can have big consequences, which
includes financial losses and injuries. However, an explosion in a microreactor has fewer consequences.
Also, the process in a microreactor is no longer as time-consuming as the process in a batch reactor [5].

All of these topics will be discussed in detail in the following sections.

2.5 Photochemistry

Photochemistry is a technique that takes place under the influence of light which makes a reaction
possible by absorbing photons. This technique does not use any source of heat to get an electron in
excited state. With photochemistry, reactions pathways are accessible that are otherwise impossible for
conventional thermochemical reactions [4]. Some advantages of photochemistry are the increase in
selectivity, the mild reaction conditions and low demand for organic solvents. Nevertheless,
photochemistry has some drawbacks. One of them is their low reaction rate. Another one is their low
energy efficiency [13].

To begin, light is a bundle of photons which carry the energy of light. When light is absorbed by the
target molecule, the photon gives its energy to this molecule. The process ensures some changes in the
electrical structure of the molecule which makes it possible to react in a different way. The molecule is
now in an excited state.

To explain how it is possible for a molecule to switch to an excited state, the atomic structure and
electromagnetic radiation has to be discussed.

2.5.1 Atomic structure

An atom consists of an atomic nucleus, with protons, neutrons and some electronic shells around the
nucleus. The number of protons and electrons is the same in an atom which leads to a neutral atom. The
main quantum number (n) gives the number of electronic shells per atom. The shell the closest to the
atomic nucleus has the smallest radius and the lowest energy. The radius of a shell increases with the
number of shells. Also, the energy increases when the number of shells increases. Each shell can count
a maximum of electrons, 2 n2. The atomic number of an element gives the number of electrons and
consequently the number of electronic shells. The electrons on the outer shell are called the valence
electrons [14].

Furthermore, an electron has a dual character. This means, it has a particle- and a wave character.
Schrodinger described the electron as a mathematical wave function (y). The square of the wave
function (y?) provides information about the position of the electron. This is called the orbital. As
mentioned before, the main quantum number gives information about the energy level of the electron
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and the distance to the nucleus. The energy levels are divided into sublevels. The azimuthal quantum
number (1) gives information about the shape of the orbital. Orbitals on the same sublevel have the same
energy. The magnetic quantum number (m) tells something about the orientation of the orbital. Each
electron in an atom with multiple electrons is attracted by the nucleus and is repelled by the other
electrons. An electron on the outer shell can be shielded from the nucleus by the electrons in between
[14].

Later studies showed that an electron has an intrinsic property, the electronic spin. An electron spins
around his own axis. It can have a spin-up (T) or a spin-down (¥). A spinning electron is a moving
electrical charge and induces a magnetic field. Two spinning electrons with an opposite spin in the same
orbital are called a singlet. This level is the quaternal quantum number [14].

Next, the state of an electron can be described by the four quantum numbers, but Pauli’s exclusion
principle tells that two electrons never have the same conditions over all four quantum numbers [14].

Last, the electronic configuration gives information about the electrons in the different levels and
orbitals divided in the atom. The ground state is the state with the lowest energy level. This level is
achieved when orbitals on the same level contain as much as possible electrons with the same spin [14].

2.5.2 Electromagnetic radiation

Light is necessary to start a photochemical reaction. Visible (VIS)- (380 nm - 780 nm) and ultraviolet
(UV)-radiation (10 nm — 400 nm) are a kind of electromagnetic radiation. Electromagnetic radiation is
the reproduction of electric and magnetic oscillations through space. Radiation is described as a double
wave. The maximum amplitude of the electric wave (E) and the magnetic field (H) are perpendicular to
each other. The wave moves perpendicularly to both directions with a certain propagation speed that is
dependent on the nature of the medium. The smallest distance between two places with the same
electromagnetic conditions is called the wavelength (A). The number of wavelengths which an
electromagnetic wave follows per second is called the frequency (f). The wavelength and the frequency
are inversely proportional to each other. As mentioned before, electromagnetic waves are a stream of
photons. The number of photons observed per unit time is called the photon flux and has affect the
intrinsic reaction rate of photochemical processes [15]. Figure 2 presents all the mentioned terms.

The relation between the energy of a photon and its wavelength is described by equation (1).
E=hf (1)

E = The energy of the photons of light (J)
h = The Planck’s constant (6.63 x 10734 ] s)
f = The frequency (Hz)

Equation (2) gives the relation between wavelength and frequency.

c=Af 2)

c = The speed of the wave (cyigne ~ 3.00 x 108 ms™')

A = The wavelength (m)
f = The frequency (Hz)

These two formulas can be combined with each other to equation (3) [16].

E=h (3)

>0
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Figure 2: Illustration of the propagation of electromagnetic radiation [17]

2.5.3 Photochemical reaction

It is necessary that three fundamental principles take place in order for photochemistry to happen:

1. the first law, the Grotthuss-Draper law, states that it is essential that the target molecule must
absorb the light to make it possible for a photochemical reaction to happen. It is perfectly
possible to expose the molecules to light without absorbing energy [10].

The probability that the light absorption takes place, is indicated by the molar absorption
coefficient and is a measurement of the probability that the interaction of a molecule results in
light absorption. This results in excitation of the molecule. This parameter can be found in
Lambert-Beer's law, equation (4). This law says that the absorbance is directly proportional to
the concentration of the light-absorbing compound [10], [18];

E=ccd (4)

E =The absorbance
& = The molar extinction coefficient (I mol™* cm™1)

¢ = The concentration of light-absorbing compound (mol 171)
d = The path length (cm)

2. the second law, the Stark-Einstein law, states that each molecule absorbs one photon and is
activated by this photon [19];

3. the third law, the Bunson-Roscoe law, states that the amount of product, of a photochemical
reaction, is directly proportional to the total energy dose. The total energy dose depends on both
the radiation intensity and the exposure time independent of the type of source [10].

Also, there are some influencing factors which have to be noted. Firstly, the presence of suspended
solids and interfering substances are an important factor. These suspended solids can scatter the light or
can absorb the light which leads to the reduction of the radiation intensity. Secondly, substances that
give rise to deposits on the lamp must be avoided. This disposition causes a decrease of the light intensity
that reaches the organic material. The efficiency of the reaction decreases. In this case, the lamp is not
in contact with the water so, the hardness of the water or other substances do not influence the radiation
intensity by depositing the lamp [10].

One of the biggest advantages of photochemistry is the selectivity. A specific wavelength band can make
a specific bond type go in excited state. As mentioned, there is a whole spectrum of wavelengths that
can be used to make different types of bond types go in excited state which leads to a high selectivity

[4].

Once the molecule has absorbed the light energy, it changes from ground state to excited state. There
are several possibilities what the molecule can do next. One option is that the molecule in an excited
state, emits the absorbed light and goes back to the ground state. This process is called fluorescence.
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The energy can also be released in the form of light in an intersystem, phosphorescence. The excited
singlet state is crossed to a triplet state. The difference between triplet state and the singlet is the spin of
the excited electron [20]. The difference between these two mechanisms is shown in Figure 3.

Another option is that the molecule goes back to the ground state by losing the energy in the form of
heat, internal conversion. A fourth option is that the molecule can use the energy to fall apart, to
rearrange the molecule, isomerize, dimerize, eliminate or add small molecules. The energy can also be
used to transfer to another molecule [14].
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Figure 3: Illustration of the principles of fluorescence and phosphorescence [20]

2.6 Light sources

The most common light sources used for a photochemical reaction are UV-lamps (mercury lamps),
Xenon lamps and light-emitting diode (LED). UV-light falls just outside the spectrum of VIS-light. It
has a shorter wavelength than VIS-light, so UV-light contains a higher energy. [15], [21].

LED is a diode that consists of an electronic semiconductor component. When current passes through,
electromagnetic radiation is emitted in the form of UV, VIS or heat. The power of this radiation is called
optical power and can be calculated with equation (5).

P=UIK (5)

P = Optical power (Watt)

U = Source voltage (volt)
The labour required to transport a positive unit load from the negative clamp to the positive
clamp via the source. The labour is supplied by the source.

I = Current (ampere)
The amount of charge passing through any cross-section of a conductor per unit time.

Kk = Efficiency factor of the lamp

Normally, the efficiency of a LED-lamp is over 10 % and mostly is in between 40 and 50 % [22], [23].
Furthermore, it has a lot of advantages, such as a long lifetime and a fast response time (us). Its power
and environmental protection are two other advantages. At last, it has a good mechanical property which
means that LED is resistance to mechanical disturbances like shocks and impacts [4], [24].

2.7 Photocatalyst

As mentioned, a catalyst is responsible for changing the intrinsic mechanism of the reaction which leads
to a decrease of the activation energy. A photocatalyst is activated by light from a certain frequency and
catalyzes a reaction. The catalyst releases electrons, as a result of irradiation, to the target molecule to
oxidize it to H>O, CO» and stable mineral acids [4], [12].
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There are two types of catalysts: a heterogeneous catalyst and a homogeneous catalyst. The difference
between those types is the phase of the catalyst. On the one hand, a homogeneous catalyst is in the same
phase as the reagent. An advantage of this catalyst is that it makes optimal contact with the reagent so
mass transfer is not a problem. A disadvantage of this type is that after the process, an additional
purification step is necessary. On the other hand, a heterogeneous catalyst is in a different phase than
the reagent. A purification step is not always applicable in this process. When the catalyst is immobilized
to the walls of the reactor, a purification step is not applicable. But a heterogeneous catalyst can also be
brought in suspension. So, in this case a purification step is still necessary. Another disadvantage of this
catalyst is that the mass transfer is not as good as with a homogeneous catalyst [6], [25].

2.7.1 Titanium dioxide photocatalysis

A commonly used semiconductor heterogeneous catalyst is TiO,. TiO, is a non-toxic and safe catalyst
with a high photosensitivity and is very stable. It is one of the most active photocatalyst and owns an
energy band gap of 3.2 eV. A band gap is the energy difference between the bottom of the conductor
band and the top of the valence band of semiconductors [26], [27].

In this case, it means that the catalyst has to be irradiated with light with a wavelength around 380 nm
or less to make electrons go in an excited state. So, UV-light, can be optimally absorbed with this
catalyst. Only 5 % of the solar light exist of UV-light, which means that it is necessary to make sure the
catalyst changes in excited state with light with a lower energy level.

This can be realized by doping TiO, with metallic nanoparticles, with gold as one of the most interesting
particles. An important advantage of the metal nanoparticle is that it is possible to let the electron go in
excited state by irradiation of VIS-light. This light has a lower energy level than UV-light which means
a higher golf length. Au/TiO, absorbs light with a golf length from 430 to 700 nm. Another advantage
of the nanoparticles is that these elements make sure the electron does not fall down to the valence shell
[26], [27].

2.7.2 The photocatalytic reaction mechanism

The formation of an electron-hole pair is the result of this photoexcitation. This means, the catalyst lost
one electron and the remaining element is loaded positive. The excited electron is used in a reduction
reaction with dissolved oxygen to create a superoxide radical (037). It is very important that there is
enough dissolved oxygen in the wastewater to make this radical and to prevent an electron-hole
recombination. The electron-hole causes an oxidation reaction with the absorbed water which forms
OH". The superoxide radical can react with OH® to a hydroperoxyl radical (HOO*) which can react further
to H,0, [5]. H,0, can then participate in the degradation pathway by functioning as an electron acceptor
or by disintegrating into OH radicals through homolytic cleavage [4]. These reactions take place at the
surface of the catalyst and there can be deduced that it is necessary that this process has to be carried
out in the presence of water and sufficiently dissolved oxygen [5]. The reaction mechanism is illustrated
in Figure 4.

Photoexcitation: TiO, — e~ + h*
Reduction: 0, + e~ — 05~
Oxidation: OH™ + h* — OH*

The formation of H,0, out of 05~ and OH":
05~ + OH*— HOO°®
HOO® + e~ — HO3;
HO, + H* — H,0,
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Figure 4: Schematic visualization of the formation of an electron-hole pair [28, p. 1764]

The mechanism of the photocatalytic process consists out of several steps and is shown in Figure 5. The
first step is the mass transfer of the medical product from the bulk to the surface of the TiO, catalyst. In
this case, diffusion takes place because the product has to go from a liquid phase, wastewater, to a solid
phase, the photocatalyst. The second step is the absorption of the medical product to the activated surface
of the Ti0, nanoparticle. The photocatalytic reaction, desorption of the products and diffusion from the
surface of the photo catalyst to the bulk are the following steps [5].

Mass transfer is a very important step in this process because of the waste has to reach the surface of
the catalyst to react. Nevertheless, there are some rate limiting steps among which film diffusion. This
can be solved by mixing faster. The film becomes smaller, so the diffusion distance is shorter [12].

(1) Diffusion from bulk to particle
(2) Adsorption

(3) Reaction on surface

(4) Desorption [ ]
(5) Diffusion from particle to bulk

Figure 5: An illustration of the mechanism of the photocatalytic process [5, p. 10323]

2.7.3 Influencing parameters

The absorption to the catalyst surface can be influenced by the pH. This has namely an effect on the
surface charge of the photocatalyst. The isoelectric point of TiO, is around 6.25. Due to a pH lower than
6.25, the surface becomes positive and vice versa. As mentioned before, the isoelectric point of DCF is
around 4.3 and is not soluble below a pH of 4.00. So, the optimal pH for the best absorption lies around
6.00 [21].

Also, the temperature plays a role in the operation of the catalyst. 80 °C is a limit temperature. By
dropping the temperature, the surface absorption increases which is an advantage. However, when the
temperature rises, the electron-hole recombination increases, which has a negative effect on the
degradation rate.

Another limitation factor is the concentration. At the moment that the catalyst is saturated due to an
excessive amount of pollutant, the surplus pollutant is no longer broken down. Too many pollutants can
also scatter the light, so the catalyst is not activated. Also, the concentration of catalyst is an important
factor. More catalyst leads to more surface area which leads to more degradation. But too much catalyst
also scatters the light, so HO radicals can’t be formed and the degradation slows down [4], [21].
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At last, the light distribution can also lead to limitations. Irradiation of the catalyst forms electron-hole
pairs which makes a reaction possible. So, the reaction rate is proportional to the irradiation distribution.
When the intensity of the light increases, more electron-hole pairs are formed. Not every electron-hole
pair leads to a reaction because the concentration of the organic material is too low. Some electron-hole
pairs recombine and make a reaction no longer possible, lowering the photonic efficiency [4].

2.8 Degradation products of diclofenac

When a photocatalytic reaction takes place on DCF, some degradation products are formed. DCF falls
apart into eight reaction products.

A first pathway during the degradation of DCF is the loss of chlorine and hydrogen atoms. Next, a new
ring is formed as a result of a structural rearrangement. 2-(8-chloro-9H-carbazol-1-yl) acetic acid (1) is
formed. In this intermediary the chlorine is replaced by a HO™. The result of this substitution is genesis
of 2-(8-hydroxy-9H-carbazol-1-yl) acetic acid (3). From 1, also 1-chloro-8-methyl-9H-carbazole (2) can
be formed as a result of a decarboxylation. This intermediary can also lose its chlorine. But in this case,
a hydrogen addition takes place. The intermediary 1-methyl-9H-carbazole (4) is formed. 2 can also
undergo a HO-radical addition which leads to genesis of 8-chloro-9H-carbazole-1-carboxylic acid (5).

In another pathway, DCF undergoes a decarboxylation. The intermediary 2,6-dichloro-N-o-
tolylbenzenamine (6) is formed. On this intermediary a HO-radical addition can take place which leads
to the formation of 2-(2,6-dichlorophenylamino)phenyl)methanol (7). Next, this intermediary can lose
its chlorines and an oxidation can take place. The intermediary 2-(phenylamino)benzaldehyde (8) is
formed [21], [29], [30], [31], [32]. This reaction mechanism is shown in Figure 6.

During this process, a pH decrease takes place. This as result of the formation of the degradation
products and release of HCI and CO, [21].
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Figure 6: A schematical presentation about the reaction mechanism of the degradation of DCF [30, p. 116]

2.9 Reactor design

The geometry of a reactor is of uttermost importance to the productivity since it influences the reaction
rate. As already mentioned, two mains issues of the current design of reactors are mass and photon
transfer limitations. These problems will be discussed in the upcoming section.
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2.9.1 Batch reactor

A batch reactor is a reactor consisting of a vessel containing all the reagents that are required to perform
the desired reaction. The reactor is brought into the right conditions and is mixed during the entire
process. This process runs for a certain amount of time and the reactor is completely emptied at the end.

A major disadvantage is that when it is irradiated with light, the light cannot reach the center of the
reactor, so the reaction slows down in these dark areas [5].

The reaction time is the time how long the reagents remain in the reactor. Longer reaction times are
obtained because the mass transfer, from one phase to the other, takes place slowly in a batch reactor.
This is possible because the interfacial area is low and poorly defined. As mentioned before, the mass
transfer limitation can be solved by mixing faster so the film becomes smaller and the diffusion distance
shorter [5], [12].

Because of the whole reaction mixture is in the reactor, during the entire process, unwanted subsequent
reactions or dissolution take place [33].

2.9.2 Microreactor

Microreactors are very small reactors, which have a channel inside where the chemical reactions take
place. Microreactors are conducted in flow as opposed to batch reactors. This means, the reagents are
pumped through the channel [5]. So, a first disadvantage of the batch reactor is solved. By pumping the
mixture through the reactor, the mixture is removed after it has passed the whole reactor. Unwanted
subsequent reactions or dissolution are reduced or shut down [33].

Furthermore, the design of the microreactor is very important for the reactions to take place under
optimal conditions. It is necessary that the channel is transparent so the light can go through and prevent
dark areas. An advantage of this small channel is that the light hits every single part of the channel so
that every catalyst, also in the center, can be activated [5].

Another advantage of the microreactor is the large surface-to-volume ratio, which ensures improved
photon transport phenomena and improved mass and heat transfer. It also ensures efficient heat
dissipation. This is important to keep the reaction temperature stable so that no unwanted by-products
can be formed via thermal paths. Microreactors are therefore called isothermal reactors. The surface
characteristics and material properties also play an important role in the heat management of the reactor.
Strong heat-conducting material is able to release heat more easily, so that the reaction temperature can
be kept stable more easily than poor heat-conducting material [5]. The pressure and residence time are
also under effective control which makes a microreactor safer than a batch reactor [33].

For a microreactor, the reaction time is the average time that the reactants spend in the reactor. These
reactors have an internal diameter of less than or equal to 1 mm. Laminar flow takes place in these
channels. This means that the liquid flows over each other in parallel layers, as shown in Figure 7.
Mixing takes place by diffusion from one layer to the other. The smaller the diameter of a channel, the
faster uniform distribution over the channel is achieved. It is important that the mixing time must always
be shorter than the reaction time so that the desired reactions can take place. It is also of great value that
good flow channeling takes place in order to reduce death volume/stationary volume, thereby reducing
the volume of the reactor [5], [34], [35].
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Figure 7: [llustration of the laminar flow in a microreactor [5, p. 10279]
To scale up a microreactor, two methods can be applied.

The first way is to increase the flow rates, thereby an increase of throughput. An advantage of this
technique is that the reaction times can be shortened because a higher mass and heat transfer takes place.
A disadvantage of this method is that the energy dissipation across the reactor increases as a result of
the pressure drop [5].

The second technique is numbering-up. Here, several microreactors are placed parallel to each other. A
distinction is made between two types of numbering-up. In the first method, several microreactors are
placed in parallel with their process control and pump system, which has the advantage if at the moment
one reactor fails, it has no influence on the other reactors. A disadvantage is the fact that this method is
very expensive. This way is called external numbering-up. The second method, internal numbering-up,
is cheaper. Here, the reactor itself is numbering-up and the process control and the pumping system are
distributed over the reactor. The distributor section is an essential part of this method since uneven
reaction conditions are the result of small differences in pressure drop [5].

2.9.3 Monolith reactor

A major disadvantage of the microreactors is the low overall energy efficiency. This is caused by the
photons that cannot transfer their energy to the catalyst because the majority of them do not end up in
the reaction channel. To solve this problem, a 3D microreactor can be developed. The lost photons of
the 2D reactor are captured by the set of channels placed behind the first set of channels. The energy
efficiency and throughput increase. This reactor is called a monolith [13]. This phenomenon is shown
in Figure 8.

Microreactor

1D Light source @

Case: Reaction mixture is fully irradiated, but light wasted

1 @
2D Light source

Case: Less light is wasted but improvement is still possible
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—
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Figure 8: Illustration about the disadvantage of 1D and 2D microreactors in contrast with a 3D microreactor [36]

The several reactor types are illustrated in Figure 9.
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Figure 9: a. A visualization of external numbering-up [37, p. 141]; b. An illustration of internal numbering-up [37, p. 141];
c. A schematic presentation of a monolith reactor [36]

2.10 Material

2.10.1 3D-printer

In this research a monolith reactor is printed with a 3D-printer. There are two principles commonly used
to print an object.

The first principle is fused deposition modeling (FDM). This is a technique where the object is built by
editing layer by layer. The material is melted and is brought on the next layer. By moving the nozzle of
the printer, the right pattern is created [38].

A second principle is stereolithography apparatus (SLA). This technique uses a UV-laser to cure the
resin in the right pattern. It means, the resin is liquid at the beginning of the printing. SLA works also
layer by layer. Because of the accuracy of SLA, this technique is used to print the monolith [39].

2.10.2 UV/VIS spectrophotometry

The UV/VIS spectrophotometry is a quantity analysis technique to measure the concentration of a
chemical compound. The concentration of DCF, in this case, is determined by how much light is
absorbed by the chemical compounds and the number of photons that passes through the sample. Every
chemical product absorbs light with a specific wavelength. So, it is important to first measure the
absorption spectrum of the compounds to determine its maximum absorption. The possible spectrum to
measure this absorption in, is in the UV- and VIS-spectrum, between 190 and 1100 nm.

A spectrophotometer consists of two parts. The spectrometer is the first part. This sends out light with
a specific wavelength. The monochromator receives a straight bundle of light coming from the
collimator. The monochromator splits the light in a spectrum. Next, the sample absorbs a specific
wavelength. After this, the photometer sends a signal to the galvanometer or a digital display based on
the amount of light passed through the sample. This principle is shown in Figure 10. In conclusion, the
concentration of the chemical compound can be measured by Lambert-Beer's law, equation (4) [18],
[40].
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Figure 10: A presentation of the principle of a UV/VIS spectrophotometer [40]

2.10.3 High pressure liquid chromatography

HPLC is a separation technique that separates compounds in a liquid phase by pumping it, under high
pressure, through a packed column.

There is a difference between normal phase chromatography and reversed phase chromatography. When
a polar stationary phase and a non-polar mobile phase are used, the phenomenon normal phase
chromatography arises. In this case, polar molecules absorb strongly to the stationary phase. The non-
polar molecules are taken with by the mobile phase. Later, the least polar molecules are deleted from
the column by the non-polar mobile phase. The time that a compound needs to leave the column is
defined as the retention time. The separation is based on a difference in hydrophobicity between the
different compounds. The technique used, is based on reversible absorption and desorption. Reversed
phase chromatography is the opposite.

A C18 column is one of the most commonly used columns. In this case, reversed phase chromatography
is maintained. The column contains a non-polar stationary phase composed of silica particles with linear
C18 carbon compounds.

Within the mobile phase, a distinction can be made between isocratic chromatography and gradient
chromatography. Isocratic chromatography utilizes a mobile phase with constantly the same
composition. When the percentages of the mobile phase increase during the run, gradient
chromatography is applied.

A HPLC instrument consist of three sections: a pump, a UV-monitor and a processor. The pump is
responsible for pumping samples through the column. When the injector is connected to the system, the
injector takes up a solution and the solution is brought through the column. Next, the absorption of the
compounds, which has left the column, are measured by a specific wavelength of the UV-monitor. This
information is sent to the processor and this section prints a chromatogram. The chromatogram shows
the order, linked to the retention time, of the different compounds. As mentioned, the retention time is
depending on the polarity of the products. The area under the curve gives information about the
concentration of each compound [41].

The principle of this technique is illustrated in Figure 11.

31



Processor with
chromatogram

‘UV-monitor Waste

Solvent Pump

Figure 11: An illustration of the principle of HPLC [42]

2.10.4 Chemical oxygen demand

COD is a third technique to determine the carbon concentration. This is a technique where dichromate
is used to oxidize the organic materials under acidic conditions. During the oxidation, oxygen is used
to continue the process and leads to the production of Cr3*. The amount of the remaining Cr®* or the
produced Cr3* can be measured with a colorimetric determination technique and give information about
the initial concentration of the organic materials [43].
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3 Material and Method

3.1 Material

For the experiments, diclofenac sodium salt was supplied by VWR. This product has a purification of
more than 98 %. The catalyst used in this research is the Au/TiO, catalyst delivered by Strem chemicals.
The catalyst consists of 1 % gold and 98 % TiO,. Further, in this experiment a comparison is made
between the spectra of TiO, and Au/Ti0,. The catalyst TiO, was purchased from VWR and has a purity
of > 99.5 %. When the reaction mixture is made, ultrapure water is used, purified by a device supplied
by Sartorius.

When the reaction mixture is ready, the reaction can start. For the radiation, a CREE HighPower LED
is used. This lamp was purchased from Conrad and has a maximal capacity of 40 W and a radiation
angle of 115 °. In a first experiment, the Basetech BT-305 is used as a power source. This source was
also supplied by Conrad. The voltage can be regulated between 0 and 30 V. The current is also
adjustable. This from 0 to 5 A. So, the maximum power that can be supplied by this source is 150 W.
In a second test setup, two constant current LED-drivers are used, produced by Barthelme. The maximal
voltage is equal to 32 V and the current is adjustable with a setting screw till a maximum of 1000 mA.

Once the reaction takes place, the degradation has to be measured. First, a Genesys 10S UV/VIS
spectrophotometer detects the concentration of the compounds. The spectrometer was purchased from
ThermoFisher. Next, the degradation and the production of reaction products are measured with a HPLC
device supplied by Agilent. As stationary phase, an Agilent Eclipse XDB-C18 column is applied (2.1 x
150 mm; 3.5 pm). A third way of measuring concentration is by means of COD. The Macherey-Nagel
Nanocolor COD 1500 purchased from Fisher scientific is used. To heat the cuvettes, the Macherey-
Nagel heating block is purchased and to measure the oxygen concentration, the Macherey-Nagel
photometer is acquired.

When switched to the monolith reactor, the reactor is printed with the 3D-printer Form 2 purchased from
Formlabs. It has a resolution of 100 um. The resin used in this case is the Clear resin v4. The mixture is
pumped through the monolith reactor by the use of the diaphragm liquid transfer pump, Liquiport NF
100, supplied by KNF.

3.2 Method

This thesis consists of 3 parts: a startup reaction in a batch reactor, the actual reaction in the monolith
reaction and the optimization of degradation reaction.

3.2.1 Setup batch reactor

As mentioned before, the first experiments are performed in batch reactors to test the catalyst, to gain
insight in the reaction and to develop an analysis method. Three reactors are set up. The first reactor
contains DCF, the photocatalyst and light. The second reactor contains only DCF and light and the last
reactor contains DCF and the photocatalyst but is performed in the dark. This set up is shown in Figure
12. The solution is measured after several hours and filtrated with a 0.45 um filter to remove the catalyst.
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Figure 12: A schematic presentation of the preliminary experiments performed in batch reactors

A typical experiment consists of 0.1 mM DCF and 0.1 g/ Au/TiO,. A beaker of 400 mL is used as a
reactor. The total reaction volume is equal to 100 mL and consists of the needed compounds into
ultrapure water. The diameter of the reactor is equal to 8 cm and the height is 11.5 cm. The reactor is
placed onto a stirring plate and mixed with 300 rpm. On top of the reactor, the LED-lamp is placed, first
connected to the Basetech BT-305 power source and later to two constant current LED-drivers. The
temperature of the lamp is measured constantly by a thermometer because overheating can damage the
lamp. This is caused by the large amount of energy that the lamp releases in the form of heat instead of
light. The setup is cooled constantly to control this temperature. The setup is shown in Figure 13.

Thermometer

LED-lamp

Batch reactor

Cooling

source Stirring plate

Figure 13: Setup batch reactor (the power source is not shown in this figure)

This experiment took several weeks. During these weeks several setups were tested. The first setup
consisted of the LED-lamp connected to the Basetech BT-305. The distance between the surface of the
mixture and the lamp was 25 cm. The voltage across the lamp was 32.1 V and the current flowing
through the lamp was equal to 0.07 A. The power of the lamp is equal to 2,247 W but the efficiency has
to be taken into account. The effective power achieved by the mixture is consequently lower.

The second setup was similar to the first one but the distance between the mixture and the lamp was in
this case 12 cm. This configuration was done to make sure, more of the radiation would hit the mixture.
This because of the radiation angle of the lamp of 115 °.
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The final setup consisted of a LED-lamp connected to two constant current LED-drivers serialized. In
this case the distance between the mixture and the lamp was kept at 12 cm. By the use of the constant
current LED-drivers, the power of the lamp was equal to its maximal power of 40 W. Also, in this case
the efficiency of the lamp has to be taken into consideration.

3.2.2 Setup Monolith reactor

The batch reactor is replaced by the monolith reactor, when degradation in the batch reactor is measured.
As mentioned earlier, the reactor is made by a 3D-printer. The monolith consists of sixteen channels
with a diameter of 2 mm. The length of one channel is 150 mm and the distance between two channels
is equal to 4 mm.

The CREE HighPower LED-lamp is also used in this case to illuminate the mixture and get its power
from the two constant current LED-drivers. The settings of the LED-converters are set in such a way
that the LED can deliver its maximum power of 40 W. Taking into consideration the efficiency of the
lamp, the total power reaches the mixture is lower.

Because degradation is measured in the batch reactor, these mixtures are also used in the monolith
reactor. The mixture consists of 0.1 mM DCF and 0.1 g/L. Au/TiO, mixed into ultrapure water. This
suspension is brought into a beaker and placed onto a stirring plate in the dark. The diaphragm liquid
transfer pump brings this mixture to the top of the monolith reactor and the reacted mixture is received
in a beaker under the reactor. To remove the catalyst, the 0.45 pm filters are used. In this case, the
mixture is not measured after several hours but after several minutes. The setup of a similar setup is
shown in Figure 14.

LED-
lamp
Monolith
reactor
Pump
Outlet
Reaction
mixture in
the dark
Power
source Inlet

Figure 14: Setup monolith reactor (the power source and the pump are different than the described setup)

3.2.3 Analytic method

The first thing to do, is measuring the spectrum of DCF to get knowledge about its maximal absorption.
The spectrum of DCF is measured with a concentration of 0.2 mM within 250 nm and 800 nm. For this
experiment, the UV/VIS spectrophotometer is used. When the maximal absorption is known, the
wavelength can be set to measure the degradation of DCF.

Before the degradation can be measured, a series of standards of DCF has to be made. This is necessary
to measure the degradation of DCF after the spectrophotometric analysis. The series of standards is
measured with the UV/VIS spectrophotometer with the maximal absorption of DCF, 276 nm. The series
of standards is shown in Table 2 and at each dilution step the dilution factor (DF) is mentioned. There
is started with a concentration of DCF of 0.4 mM.
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Table 2: The series of standards of DCF with a starting concentration of 0.4 mM

04 mM
DF= |05 DF= |075
[02 mM | [03 mM_|
DF= |05 DF= |0.25 DF= [0.1 DF= |0.05 DF= |05 DF= |025 DF= |0.125
[o0.1 mM| [005 wmM | [002 mM | Joo1 mM | [015 mM | 0075 mM | 0035 mMm |

Another matter that has to be researched before starting the actual experiments is the difference between
the absorption spectra of Au/TiO, and TiO,. This will be reached by measuring each absorption spectrum
within 200 nm and 800 nm. Each catalyst has a starting concentration of 0.2 g/L. These spectra are also
measured by using the UV/VIS spectrophotometer.

Also, a series of standards of the catalyst Au/Ti0, is made to detect its molar extinction coefficient. The
starting concentration of Au/TiO, is 2 g/L. The UV/VIS spectrophotometer is in this case also used to
monitor the absorption spectra of the different concentrations. The series of standards is shown in Table
3.

Table 3: The series of standards of Au/TiO, with a starting concentration of 2 g/L

[2.0 g/l |
DF = 0.5
[1.0 o/L |
|
DF = 0.4 DF = 0.2 DF = 0.1 DF = 0.01
[04 g/L | (02 g/l | [o.1 g/l | [o.01 g/l

Now, the actual degradation experiments can start. As mentioned before, the degradation of DCF is first
measured with the UV/VIS spectrophotometer. The whole absorption spectrum of the solution is studied
to see of some degradation products are formed. It is possible that these products absorb light at the
same wavelength as DCF. But when it absorbs light at a different wavelength it will be visible in the
absorption spectrum. The 3 setups and the monolith setup will be discussed. When degradation is
observed with the UV/VIS spectrophotometer there is switched to the HPLC.

HPLC is used to monitor the degradation of DCF and to detect the degradation products. As mentioned
earlier, the stationary phase consists of a non-polar C18 column. An isocratic mobile phase, 40 % of
methanol and 60 % of ammonium acetate 0.1 mM is used. 0.20 pL of the degradation mixture is pumped
through the column with a flow rate of 0.800 mL/min. The absorption is measured at a wavelength of
276 nm.

When the degradation of DCF is detected in the monolith reactor and when the reaction products are
identified, the degradation of DCF will be optimized. This by varying the catalyst concentration, flow
rate and light intensity.
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4 Results

4.1 Spectrum of DCF

4.1.1 Results and calculations

To detect the spectrum of DCF, a concentration of 0.2 mM is used. In the lab, 0.0337 g of DCF was
weighed and was diluted to 500 mL with ultrapure water.

0.0337 g
500 mL

+2=0.0674 g/L

0.0674 g/L

————>——=(.000228 mol/L
296.148 g/mol

0.000228 mol/L = 0.228 mmol/L (mM)

The concentration present in the sample is equal to 0.228 mM. The spectrum is measured within the
wavelengths 250 nm and 800 nm. The spectrum of DCF is shown in Figure 15 and details of the maximal
absorption are shown in Table 4.

Table 4: Details about the maximal absorption of DCF

Wavelength (nm) Absorption

270 2.135

271 2.171

272 2.200

273 2.214

274 2.225

275 2.232

276 2233

277 2233

278 2.224

279 2.210

280 2.188

281 2.162

282 2.130

283 2.093

284 2.050

285 1.990
g 15
=
0,5

0 - -
200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850
Wavelength (nm)

Figure 15: The absorption spectrum of DCF (0.228 mM)
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4.1.2 Discussion

The spectrum of DCF was measured within 250 nm and 800 nm. In Figure 15, a peak is visible between
the wavelengths of 250 nm and 300 nm. When Table 4 is observed, the maximal absorption is detected
at 276 nm and 277 nm. There can be concluded that the maximal absorption of DCF is equal to 276 nm.
At this wavelength, DCF absorbs most light. This is in line with previous studies [21], [31], [44].

4.2 Series of standards of DCF

4.2.1 Results and calculations

The starting concentration of DCF to make the series of standards is 0.4 mM. Therefore, 7.1 mg was
weighed and was diluted to 50 mL with ultrapure water.

7.1 mg
50 mL

.20 = 142 mg/L

142-1073g/L

=0.000479 mol/L
296.148 g/mol

0.000479 mol/L = 0.479 mmol/L (mM)

The updated series of standards of DCF is shown in Table 5. The starting concentration is 0.479 mM.

Table 5: The updated series of standards of DCF with a starting concentration of 0.479 mM

0.479 mM

DF = 0.5 DF = 0.75
[ 0240 mM | [[0360 mM |
DF=|05 DF =025 DF=0.1 DF = | 0.05 DF=|05 DF = 0.25 DF = 0.125
[ 0120 mM | | 0060 mM | | 0024 mM | | 0012 mM | | 0180 mM | [ 0090 mM | | 0.045 mM |

The absorption of each standard is measured at a wavelength op 276 nm. The results are present in Table
6.

Table 6: Results of spectrophotometric analysis of the series of standards of DCF with a starting concentration of 0.479 mM

Absroption (276 nm) Concentration (mM)
0 0
0.109 0.012
0.232 0.024
0.424 0.045
0.582 0.060
0.819 0.090
1.150 0.120
1.722 0.180
2.209 0.240
3.140 0.360
3.481 0.479

A regression analysis is performed to measure the R square. Also, the coefficients are measured to
establish the equation of the calibration line. These results are shown in Table 7.
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Table 7: Results of the regression analysis of the results of the spectrophotometric analysis

SUMMARY
OUTPUT
Regression
Statistics
Multiple R 0.999
R Square 0.998
Adjusted R
Square 0.997
Standard Error 0.054
Observations 10
ANOVA
Significance
df SS MS F F
Regression 1 9.469 9.469 3209.491 1.046. 101
Residual 8 0.024 0.003
Total 9 9.493
Standard Lower Upper

Coefficients Error t Stat P-value Lower 95% 95.0% 95.0%
Intercept 0.0362 0.0247 1.468 0.180 -0.021 -0.021 0.093
X Variable 1 8.873 0.157 56.652 1.046. 10! 8.512 8.512 9.234

The R square is equal to 0.998.

The equation of the calibration curve is of the form y = a - x + b with a equal to 8.873 and b equal to

0.0362. It follows y = 8.873 - x + 0.0362 with y = absorption and x = concentration (mM).

As mentioned before, Lambert-Beer's law is equal to E = € ¢ d. Also, a is equal to € d. For this test,
cuvettes with a path length of 1 cm are used which means a is equal to €, so € is equal to 8.873 (L

mol~! cm™1).

The results are based on 10 standards instead of 11. The standard 0.4 mM showed a different result and

was therefore not taken into account.

These results of the spectrophotometric analysis and the calculations are shown in Figure 16.

S

Absorption (/)

0,1 0,15

y=8,873 . x +0,0362

Concentration (mM)

R?=10,998

0.4

Figure 16: Visualization of the results of the spectrophotometric analysis at a wavelength of 276 nm and the regression
analysis of the series of standards of DCF
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4.2.2 Discussion

There are no major outliers on the calibration line instead of the standard 0.4 mM. So, this point was not
taken into consideration. All the other measured points are very close to the calculated line. R? is 0.998.
It is decided that R square is acceptable, and this series of standards can be used further. The equation
of the calibration line is equal to absorption = 8.873 - concentration + 0.0362.

4.3 Equation spectra of Au/TiO; and TiO;

4.3.1 Results and calculations

For both catalysts a solution of 0.2 g/L was made. Further, 0.028 g of Au/Ti0, was weighed and diluted
to 100 mL with ultrapure water.

0.0280g _
ToomL 10=0.280 g/L

Au/TiO, has a molar mass of 80.83 g/mol.

0.280 g/L

8083 g/mol 0.00346 mol/L (M)

For the catalyst Ti0,, 0.0386 g was weighed and diluted to 200 mL with ultrapure water.

003898 . 5-0.193 g/L

200 mL
The molar mass of TiO, is equal to 79.66 g/mol.

0.193 g/L

o0 o = 0.00242 mol/L (M)

The spectrum of Au/TiO, with a concentration of 0.00346 M is measured within the wavelengths 200
nm and 800 nm. The results of the spectrophotometric analysis are shown in Table 8. For each

absorption, the molar extinction coefficient is measured, based on Lambert-Beer's law: —S= € with d

=1 cm. This in order to be able to make a good comparison between the two catalysts afterwards because
different numbers of mole per liter were used. Figure 17 shows the spectrum of Au/TiO, with on the y-
axis the molar extinction coefficient (L mol~! cm™1) and on the x-axis the wavelength (mM).

Table 8: Results of the spectrophotometric analysis of Au/TiO,

Molar extinction coefficient

Wavelength (nm) Absorption (Lmol™tem™)
200 1.442 416.29
250 1.429 412.54
300 1.496 431.84
350 1.546 446.31
400 1.456 420.33
450 1.361 39291
500 1.267 365.77
550 1.182 341.23
600 1.098 316.98
650 1.019 294.17
700 0.944 272.52
750 0.880 254.05
800 0.827 238.75
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Figure 17: The absorption spectrum of Au/TiO, (0.00346 M)

The spectrum of TiO, with a concentration of 0.00242 M is also measured within the wavelengths 200
nm and 800 nm. The results of this spectrophotometric analysis are shown in Table 9. In this case, the
molar extinction coefficient is also measured to be able to make a good comparison between the two
catalysts. The spectrum of TiO, is shown in Figure 18.

Table 9: Results of the spectrophotometric analysis of TiO,

Molar extinction coefficient

Wavelength (nm) Absorption (Lmol™t cm™1)
200 4.504 1859.01
250 4.945 2041.03
350 3.478 1435.53
400 2.215 914.23
450 1.790 738.82
500 1.476 609.21
550 1.247 514.69
600 1.072 442.46
650 0.936 386.33
700 0.832 343.40
750 0.747 308.32
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Figure 18: The absorption spectrum of TiO, (0.00242 M)
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4.3.2 Discussion

The molar extinction coefficient was obtained from the UV-VIS data to compare TiO, and Au/TiO,. The
UV-spectrum ranges from 10 nm to 400 nm. This is shown in Figure 17 and Figure 18 with the use of
green lines. The VIS-spectrum (380 nm to 780 nm) is visualized in Figure 17 and Figure 18 with yellow
lines. As mentioned before, gold is added to the catalyst to widen the absorption spectrum of the catalyst.
In this case, the catalysts TiO, (Degussa) and Au/TiO, (Aurolite) are used.

When there is looked at the spectrum of Au/TiO, there can be concluded that the molar extinction
coefficient is between 450 and 250 (L mol™! cm™). The lowest extinction coefficient measured is equal

to 238.75 (L mol™* cm™) at a wavelength of 800 nm. The maximal molar extinction coefficient is
reached at a wavelength around 350 nm.

When the results of the spectrum of TiO, are studied, there can be concluded that the maximal molar
extinction coefficient is reached at a wavelength around 300 nm. The minimal molar extinction
coefficient is reached at a wavelength of 800 nm.

The overall conclusion is that Au/TiO, during the whole spectrum is under the spectrum of TiO,. This
can be explained by the use of TiO, (Degussa). A study explains that the molar extinction coefficient
of a catalyst with the use of Degussa is much higher than those with a different oxide [45]. These
experiments cannot conclude that Au/TiO, (Aurolite) has a wider absorption spectrum in comparison
with TiO, (Degussa). Further, research have to be done where experiments has to be set up to measure
the band gaps of each catalyst.

4.4 Series of standards of Au/TiO>

4.4.1 Results and calculations

The starting concentration of Au/TiO, to make the series of standards is 0.2 g/L. Because of its bad
solubility, the series of standards is made with a starting concentration of 0.1 g/L. The sample with a
concentration of 0.2 g/L is also measured but is not used to make the series of standards to avoid
unreliable results. Further, 0.1907 g of Au/TiO, was weighed and diluted to 100 mL with ultrapure
water.

0.1907 g
100 mL

+10=1.907 g/L

For the series of standards, 0.1036 g Au/Ti0, was weighed and diluted to 100 mL.

0.1036 g
100 mL

+10=1.036 g/L

The updated series of standards is shown in Table 10 with a starting concentration of 1.036 g/L and a
concentration of 1.907 g/L.

Table 10: The updated series of standards of Au/Ti0, with a starting concentration of 1.036 g/L and a concentration of

0.1907 g/L
[ 01907 gL |
| 1.036 g/L |
|
DF =04 DF=]02 DF=]0.1 DF = | 0.01
[ 04144 gL | [ 02072 gL | [ 01036 gL | [ 0.01036 gL |

For each standard, the whole absorption spectrum is measured within the wavelengths 250 nm and 800
nm. The spectra are shown in Figure 19. Around a wavelength of 328 nm, the maximal absorption is
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detected. But only for the standards 0.2 g/L, 0.1 g/L and 0.01 g/L realistic results are obtained. The
standards 2 g/L, 1 g/L and 0.4 g/L have a concentration which is too high.

2 g/L
1g/L
0,4 g/L

Absorption

0,2 g/L
s 0,1 g/L
0,01 g/L

0,5

200 300 400 500 600 700 800
0,5
Wavelength (nm)

Figure 19: The absorption spectra of the standards of Au/TiO,

The molar mass of Au/TiO, is equal to 80.83 g/mol. So, the concentration in M can be measured. Next,

the molar extinction coefficient can be measured with the Lambert-Beer's law: S= € withd =1 cm.

These results of the spectrophotometric analysis and calculation are shown in Table 11.

Table 11: Results of the spectrophotometric analysis at a wavelength of 328 nm and calculations

Molar extinction coefficient

Concentration (g/L) Concentration (M) Absorption (/) (L mol ™! cm_l)
0.2072 0.00256 3.494 1375.18
0.1036 0.00128 1.538 1200.01
0.01036 0.000128 0.452 3542.30

There is a big difference between the results of 0.2 g/L and 0.1 g/L, and 0.01 g/L. The results are
interpreted on the basis of those of 0.2 g/L and 0.1 g/L. The average molar extinction coefficient is equal
to 1287.59 (L mol™! cm™1).

4.4.2 Discussion

The molar extinction coefficients of the standards: 2 g/L, 1 g/L. and 0.4 g/L cannot be measured because
it reached the maximal absorption. When there is looked at the other molar extinction coefficients there
can be concluded that only the values of 0.2 g/L and 0.1 g/L are around the same value. Out of these
results can be derived that the molar extinction coefficient is equal to 1287.59 (L mol™! cm™1).

But out of the previous experiment can be deduced that the molar extinction coefficient is equal to
446.31 (L mol~* cm™1) for a solution of 0.28 g/L. This can be explained by the negative deviation from
Lambert-Beer's law. This is caused by a concentration which is too high. This results in an interaction
between the catalysts, which causes the absorption characteristics to be affected. Another reason is that
refractive index is changed by the high concentration causing abnormalities to be observed in Lambert-
Beer’s law [46].

Another explanation of the different molar extinction coefficients can be the inaccurate operation during
the setting up of the series of standards. During the production of the series of standards was observed
that the catalyst did not fully dissolve. The production of a new standard out of a previous standard,
there may be inaccuracies that may explain the difference in molar extinction coefficients.
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When there is the possibility, the series of standards has to be made again. In this case, every standard
has to be weighed, so no inaccuracies can occur.

4.5 Experiment 1

4.5.1 Results and calculations

This experiment consists of three reactors. The first one contained 0.1 mM DCF and 0.1 g/L Au/TiO,
mixed in ultrapure water. Then, 0.0337 g DCF was weighed and diluted to 500 mL with ultrapure water.
This is equal to 0.228 mM. For Au/Ti0O,, 0.028 g was weighed and diluted to 100 ml so equal to 0.28
g/L. The total reaction volume was 100 mL consisting of 50 mL DCF solution and 50 mL Au/TiO,
solution. Both solutions were diluted with a DF of 0.5. The reaction mixture consisted of 0.114 mM
DCF and 0.14 g/L Au/TiO,. This mixture was made two times, one was placed in the dark and the other
one was placed under the LED-lamp that is positioned 20 cm above the solution. The power that reaches
the mixture was generated by the Basetech BT-305. The third reactor contained only DCF. The 50 mL
0.228 mM DCEF solution was diluted with 50 mL ultrapure water. This mixture was also placed under
the light source.

After several hours the samples were measured with the UV/VIS spectrophotometer at a wavelength of
276 nm. At the beginning two samples were taken: one with a 0.45 um filter and one without. Based on

absorption—0.0362 .
p8 573 = concentration (mM), the

concentration of DCF can be measured. The results of these experiments are shown in Table 12 and
Table 13.

the comparison obtained from the series of standards,

Table 12: Results of the spectrophotometric analysis (276 nm) and calculations of samples with and without a 0.45 pm filter

DCF, Au/TiO,, Light DCEF, Light DCF, Au/TiO,, Dark
With 0,45 pum filter Absorption (/) 1.162 1.110 1.113
Concentration (mM) 0.127 0.121 0.121
Without filter Absorption (/) 1.797 1.123 1.967
Concentration (mM) 0.198 0.122 0.218

Table 13: Results of the spectrophotometric analysis (276 nm) and calculation of samples taken after several hours of
experiment 1

DCF, Au/TiO,, Light DCEF, Light DCF, Au/TiO,, Dark
Start Absorption (/) 1.162 1.110 1.113
Concentration (mM) 0.127 0.121 0.121
After 1 h Absorption (/) 1.156 1.118 1.125
Concentration (mM) 0.126 0.122 0.123
After 2 h Absorption (/) 1.158 1.125 1.118
Concentration (mM) 0.126 0.123 0.122
After 3 h Absorption (/) 1.149 1.134 1.102
Concentration (mM) 0.125 0.124 0.120
After 24 h Absorption (/) 1.062 1.383 1.135
Concentration (mM) 0.116 0.152 0.124

4.5.2 Discussion

When the results of the experiment with and without filter are studied, clear conclusions can be made.
When looking at the two different samples, with and without filter, of DCF, Au/TiO, in the light and
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DCF, Au/TiO, in the dark, big differences in concentrations are found. However, when studying the
results of the sample consisting only DCF in the light, the same concentrations are detected. There can
be concluded that the 0.45 um filter does not eliminate DCF out of the sample. Studying the results of
the two different samples with filter of DCF, Au/TiO, in the light and DCF, Au/TiO, in the dark in
comparison with the sample DCF in the light, about the same concentrations are found. There can be
deduced that the 0.45 um filter eliminates the catalyst. This filter can be used for the further experiments.

When the results of the degradation are studied there can be concluded that the results are stable except
for a few values. The concentration of DCF, Au/Ti0,, light after 24 hours has a really low concentration.
This can be explained by the degradation of DCF or an unreliable measurement. Further experiments
have to explain this result. The other deviating result is DCF, light after 24 hours. The concentration is
very high in comparison with the other results. This can be clarified by the contamination of the cuvette.

Overall, there can be concluded that degradation of DCF has not taken place. This can be the result of
the low amount of radiation that reaches the mixture. So, no photocatalytic reaction can take place.

4.6 Experiment 2

4.6.1 Results and calculations

In this case, the experiment consists also of three reactors. For DCF the same standard was used as in
the first experiment. The concentration was equal to 0.228 mM. The Au/Ti0, solution consisted of 0.019
g Au/TiO, diluted with ultrapure water to 100 mL. The concentration was equal to 0.190 g/L. Those
reagents were diluted with a DF of 0.5 so each sample consisted of 0.114 mM DCF and 0.095 g/L
Au/Ti0,. The samples in the light were placed under the LED-lamp and the distance between the mixture
and the lamp is equal to 12 cm. The lamp was connected to Basetech BT-305.

The samples were measured after several hours with the UV/VIS spectrophotometer at a wavelength of

276 nm. The concentration of DCF can be measured with the comparison obtained from the series of
absorption—0.0362
8.873
the experiment before, the whole spectrum of the samples consisting of DCF and Au/TiO; placed in the

light were measured within 200 nm and 350 nm. These spectra are shown in Figure 20.

standards, = concentration (mM). These results are shown in Table 14. Different with

Table 14: Results of the spectrophotometric analysis (276 nm) and calculation of samples taken after several hours of
experiment 2

DCF, Au/TiO,, Light DCEF, Light DCF, Au/TiO,, Dark
Start Absorption (/) 1.099 1.078 1.109
Concentration (mM) 0.120 0.117 0.121
After 1 h Absorption (/) 1.121 1.093 1.137
Concentration (mM) 0.122 0.119 0.124
After 2 h Absorption (/) 1.132 1.135 1.180
Concentration (mM) 0.123 0.124 0.129
After 24 h Absorption (/) 1.351 1.162 1.162
Concentration (mM) 0.148 0.127 0.127
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Figure 20: The absorption spectra of the sample consisting DCF and Au/TiO, placed under the LED-lamp after several hours
of experiment 2

4.6.2 Discussion

For the three samples can be concluded that the concentration of DCF increases within the hours. This
is also visualized in Figure 20. This can be clarified by the production of degradation products that
absorb at the same wavelength as DCF. However, these products have higher concentrations or can
absorb more light in comparison with the same amount of DCF. But these possible degradation products
cannot be identified with the UV/VIS spectrophotometer. There has to be switched to a HPLC analysis.

The results of DCF, light and DCF, Au/Ti0,, dark are stable which means, no degradation took place.

4.7 Experiment 3

4.7.1 Results and calculations based on a spectrophotometric analysis

The setup was the same as experiment 2 but in this case, the lamp was connected to two constant current
LED-drivers. In this experiment, the same standard of DCF was used as in experiment 1. The
concentration was equal to 0.228 mM. The standard of Au/TiO, was made by weighing 0.0215 g
Au/TiO, and diluting with ultrapure water to 100 mL. The concentration was equal to 0.215 g/L. The
three same reactors were set up as described in the previous experiments. The reactors consisted of 0.114
mM DCF and 0.108 g/L Au/TiO,.

The results are measured similar to experiment 2. The results and calculations of the spectrophotometric
analysis are present in Table 15. The spectra measured within 200 nm and 350 nm of the samples
consisting of DCF and Au/TiO, placed in the light are shown in Figure 21.

Table 15: Results of the spectrophotometric analysis (276 nm) and calculation of samples taken after several hours of
experiment 3

DCF, Au/TiO,, Light DCEF, Light DCF, Au/TiO,, Dark
Start Absorption (/) 1.098 1.093 1.097
Concentration (mM) 0.120 0.119 0.120
After 1 h Absorption (/) 1.203 1.174 1.142
Concentration (mM) 0.131 0.128 0.125
After 2 h Absorption (/) 1.116 1.199 1.144
Concentration (mM) 0.122 0.131 0.125
After 3 h Absorption (/) 1.198 1.189 1.103
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Concentration (mM) 0.131 0.130 0.120

After 24 h Absorption (/) 1.252 1.123 1.145
Concentration (mM) 0.137 0.122 0.125
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Figure 21: The absorption spectra of the sample consisting DCF and Au/TiO, placed under the LED-lamp after several hours
of experiment 3

4.7.2 Discussion

It is shown in Table 15, that the concentration of DCF increases within the several hours. But the
concentration of DCF in sample DCF, Au/Ti0,, light is really high after one hour. This can be explained
by contamination of the cuvette. The concentrations of DCF in the samples of DCF, Au/TiO,, dark and
DCEF, light are stable during the whole experiment. No degradation of DCF took place in these reactors.

Figure 21 shows that an increase of the concentration of DCF is detected. Only the sample after 1 hour
shows a concentration not similar with the other concentrations. As mentioned before, these can be
caused by contamination of the cuvette. The increase of the concentration can be explained by the
production of degradation products. As explained in experiment 2, the spectrophotometric analysis
cannot confirm this. A HPLC analysis is necessary to affirm this hypothesis.

4.7.3 Results and calculations based on a HPLC analysis

The same setup as described in 4.7.1 is examined. In this case, a HPLC analysis is performed after
several hours. The isocratic mobile phase consists of 40 % of methanol and 60 % of ammonium acetate
0.1 mM. 0.20 pL of the degradation mixture is pumped through the column with a flow rate of 0.800
mL/min. The absorption is measured at a wavelength of 276 nm. The chromatograms are shown in
Figure 22 and Figure 23.
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Figure 22: The chromatogram of the starting solution consisting DCF and Au/TiO, placed in light
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Figure 23: The chromatogram of the solution consisting DCF and Au/TiO, placed in light after 4 hours

4.7.4 Discussion

In Figure 22 the chromatogram of the starting solution is shown. One peak is visible and presents DCF.
It has a retention time of 7.261 minutes and the area under the curve is equal to 869.7. The second
chromatogram presents the results of the solution DCF, Au/TiO,, light radiated 4 hours. When studying
this chromatogram, shown in Figure 23, three peaks can be observed. The second peak presents DCF.
This can be concluded based on the retention time. The area under the curve is equal to 833.3. So, there
can be analyzed that the concentration of DCF is decreased and a photocatalytic degradation reaction
took place. The actual concentration of DCF cannot be measured because a series of standards was not
yet made.

The two other peaks present the degradation products. The first peak has a retention time of 4.832
minutes and has an area under the curve of 78.9. The third peak is a really small peak and has a retention
time of 9.518 minutes and has an area under the curve of 14.5. Based on this analysis cannot be
concluded which degradation product this is or products these are. Studies show that there are eight
reaction products with different retention times. To identify these products, a HPLC MS has to be done.
Then, the concentration of each peak can also be measured. It seems like the total concentration is
increased but there is no information of the concentration of each peak. The means that it is in fact
possible that the products are present with higher concentrations in comparison with DCF. Or that these
products may absorb more light. Further experiments have to clarify this lack of knowledge.
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5 Conclusion

The main aim of this thesis is met. Photocatalytic degradation of DCF took place. The degradation was
first observed when using the LED-lamp at a distance of 12 cm between the mixture and the lamp and
connected to the Basetech BT-305. The degradation was also observed when connected to two constant
current LED-drivers. First, the degradation was observed with the UV/VIS spectrophotometer by an
increase of the concentration at a wavelength of 276 nm. This could be caused by the production of
degradation products. Afterwards, this was confirmed by the HPLC analysis. The concentration of DCF
was decreased and other peaks were formed. These peaks probably represent the degradation products.

6 Future

There can be concluded that degradation of DCF took place. But there is an absence of knowledge and
there are still some experiments that have to be carried out in order to complete this subject.

First, the experiments with regard to the catalyst have to be repeated. Also, an experiment to measure
the band gaps of the two different catalysts has to take place. So, there can be concluded if the addition
of gold widens the absorption spectrum of the catalyst. This can be measured with the Tauc plot.
Secondly, the series of standards have to be made again to detect the molar extinction coefficient of
Au/Ti0,. This time by weighing each standard to avoid inaccuracies instead of making a standard out
of a previous standard.

Second, experiment 1 has to be repeated. This because a lower concentration was detected after 24
hours. This is in contrast with experiment 2 and 3 where the concentration is higher at the end. When
the concentration of experiment 1 is also higher after 24 hours, it means a mistake was made during the
experiment. If the concentration is still lower after 24 hours a HPLC analysis has to be completed to
analyze the sample.

Then the HPLC analysis must be further developed. Now, two new peaks were detected. By changing
the settings maybe more peaks can be detected. This because some degradation products have a similar
retention time. Right now, it is possible that these products leave the column at the same time. Changing
the setting can make it possible to let them come out separately. To identify the degradation products a
HPLC MS analysis has to be performed. So, this is a next step in the process.

When the reaction in the batch reactor is on point and the right settings for the HPLC analysis are
installed, the batch reactor will be replaced by the monolith reactor. The setup of this experiment will
be performed as subscripted in 3.2.2.

Last, as mentioned before, when the degradation of DCF is detected in the monolith, the degradation of
DCEF will be optimized. The catalyst concentration, flow rate and light intensity will be altered till the
maximal degradation is observed.
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ABSTRACT

Photochemical reactions are commonly performed in batch reactors. However, these designs have two disadvantages:
photon transfer limitations and mass transfer limitations. To solve these issues, microreactors can be used. To raise the
productivity and energy efficiency, a monolith reactor can be created consisting of small channels placed parallel next to
each other. Not a lot of studies have yet been published on the dimensioning of a translucent monolith reactor. This article
focused on the development of productive and energy efficient monolith reactors. Multiple parameters were changed, and
each reactor design was validated. First, the simulation software COMSOL was used to calculate ray tracing and
computational fluid dynamics. These parameters gave information about the interaction between the light and the particle
on the one hand and the throughput on the other. Second, out of these parameters the photochemical space-time yield was
measured which reflected the amount of product produced by a volumetric specific yield per power and unit of time. The
relative SD was calculated to evaluate the homogeneity of the light absorption and the throughput. The results show that
the RSD, for both parameters, increases with the volume of the reactor. The PSTY also increases with a raise of the

volume in comparison with the productivity.

Keywords: Photochemistry, COMSOL, Ray tracing, CFD, PSTY.

INTRODUCTION

PHOTOCHEMISTRY

A photochemical reaction occurs under the influence of
light. Light consists of a bundle of photons that carry the
energy in the form of electromagnetic radiation. When the
target molecule absorbs the light, the energy of the photons
is given to this molecule. Changes in the electrical structure
of the molecule take place, so a reaction is possible. The
molecule is now in an excited state. No source of heat is
used to get this electron in excited state [4], [13].

The advantages of this technique are increased selectivity,
mild reaction conditions and it has a low demand for
organic solvents compared to thermochemical reactions.
However, it has also some disadvantages. First, the reaction
rate is very low when using conventional batch reactors and
second, it usually has a low energy efficiency due to
suboptimal reactor design [13].

Three fundamental events can be distinguished during a
photochemical reaction:
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1. first, the light has to be absorbed by the target
molecule [10].
The Lambert-Beer’s law, shown in equation (6),
dictates that the concentration (c) of the light-
absorbing compound is directly proportional to
the absorbance (F). The molar extinction
coefficient (&) can also be extracted from this law.
This is the probability that the light is absorbed.
The length (d) of the cuvette must also be taken
into account [10], [18];

E=ccd (6)

2. second, it is crucial that the photon activates the
molecule that has absorbed the photon [19];

3. the third law states that the total energy dose is
directly proportional to the number of molecules
produced [10].

In photochemistry, the quantum yield (@) is a well know
parameter. This is defined by the ratio of the number of
molecules formed or decomposed to the number of photons
absorbed by the reacted molecules. This can be calculated
by equation (7) [47].



_ #molecules decomposed

)

# photons absorbed

SINGLET OXYGEN

Oxygen has eight electrons on which two electrons are
unpaired. They have the same spin and are placed in
different © orbitals, hence, the ground state of oxygen is a
triplet state. It is a fairly stable molecule and can oxidize
other molecules. But this oxidation reaction is kinetically
slow caused by the spin of the unpaired electrons [48].

Further, by adding energy, the triplet ground state (325)

converts to singlet oxygen (*A,). The electron configuration
makes singlet oxygen more reactive with 95 kJ mol 1
more than the triplet state and increases the oxidation
capacity. One unpaired electron jumps to the orbital of the
other unpaired electron. The two electrons have an
antiparallel spin. This molecule has a lifetime of 1076 —
1073 s in a solution which is much shorter than this of the
triplet state [48], [49]. The phenomenon is shown in Figure
24.
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Figure 24. Schematic visualization of the atomic
structures of: a) the triplet ground state of oxygen and b)
of singlet oxygen [50]

To induce this transition, light with a wavelength of 1269
nm has to be absorbed or has to be emitted. With the
addition of a photosensitizer this wavelength can be
reduced. This is a specific molecule which absorbs a certain
wavelength and generates singlet oxygen [49], [51].

When light is absorbed by the photosensitized it goes from
ground state (S¢) to the excited single state (S;). Next,
intersystem crossing changes the single state (S;) to the
triplet state (T;). This state has a longer lifetime which
makes interaction with oxygen possible. Then the
photosensitizer gives its energy to the triplet ground state
of oxygen producing singlet oxygen [49], [52]. Figure 25
presents a schematic representation of this process.

Photosensitizer hv% "Photosensitizer*

"Photosensitizer* ——> *Photosensitizer*
SPhotosensitizer® + O, (3Zg ) ——> Photosensitizer + O,
('Ay)

0, ('Ap) + substrate ——> Oxidation

Rose Bengal is a commonly used photosensitizer and
absorbs visible light with a wavelength between 480 nm
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and 550 nm. The sensitizer has a quantum yield of 0.76 in

water [49].
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Figure 25. Illustration of the mechanism of action from a
photosensitizer [53, p. 86]

As mentioned earlier, O, (!A,) has a really short lifetime.

But 9,10-diphenylanthracene (DPA) is an acceptor for O,
('A,) which forms an endoperoxide (DPAO,). This

endoperoxide is used to detect the formation of O, (‘A,) by

an decrease in absorption at the wavelength of 355 nm [54],
[55], [56]. This reaction is shown in Figure 26.

TF

DPAO»
Figure 26. Concept of bounding of oxygen to DPA [56,
p.3317]
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REACTOR DESIGN

An important parameter when performing a photochemical

reaction is the productivity, which can be benchmarked

with space-time yield (STY). This is the amount of product

(n) that is formed per unit of time (#) and reactor volume

(V) as shown in equation (8) [13], [58].
STY = —

tVy

®)

Nowadays, a photochemical reaction is usually performed
in batch reactors. To reach a high productivity, the reactor
can be scaled-up by an increase of the volume, catalyst
concentration or light intensity. However, this leads to
some disadvantages: photon transfer limitations and mass
transfer limitations. First, when the reactor is irradiated
with light, not all the light can irradiate the center of the
reactor. This creates dark areas and slows down the
reaction, hence lowering the productivity. This is illustrated
in Figure 27. The phenomenon of mass transfer limitation,
specifically film diffusion limitation, occurs when two
different phases are used and a product of one phase has to
reach the other phase to react. By mixing faster, the film
gets smaller which decreases the diffusion distance. This
solves the problem of mass transfer limitation [5], [12].
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Figure 27. Visualization of photon transfer limitation in
large batch reactors [36]

A solution for the photon transfer limitation is the use of a
microreactor. These reactors consist of a small channel and
have a large surface-to-volume ratio. Due to the small
pathlength, the light can irradiate every single part of the
reactor. This design also improves mass and heat transfer.
Some disadvantages of a microreactor are the low overall
energy efficiency and size of the reactor. Due to the
relatively large size of the used lamps compared to the
small reactor, the majority of the light leaks out of the
reactor, therefore it does not contribute to the process,
lowering the energy efficiency. Both disadvantages can be
solved by placing more channels next to each other and
above each other which creates a 3D reactor. The size of
the reactor increases and photons which pass by the 2D
reactor will be apprehended by the channels placed above
the first row. This design is called a monolith reactor [13],
[5]. The solution is shown in Figure 28.
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Case: Almost all light is absorbed

1D Light source

Figure 28. Illustration of the scale-up of microreactors
[36]

The aim of a profitable process is a high productivity and
conversion at the end of the process, but this is dependent
on several factors. First of all, the conversion at the end of
the process is equal to the average of the conversion at the
end of every single channel. A distributor distributes the
reaction mixture over the microchannels. Furthermore, two
parameters are of uttermost importance, namely, the
reaction rate and the residence time. The reaction rate
depends on the amount of absorbed light, quantum yield
and mass transfer limitations. The residence time depends
on the throughput. The aim is that every channel has the
same throughput and absorbs the same amount of light, so
the conversion is the same at the end of every channel.

In the upcoming sections there will be discussed how a
design of the monolith will be developed to reach the
targeted conversion. First in methodology the simulation
software COMSOL and the parameters which will be
modified will be explained. Afterwards, the results of the
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simulations will be examined and discussed and finally, a
conclusion will be formed.

METHODOLOGY

To develop and to optimize the microreactor, the simulation
software COMSOL is used. As mentioned before, two
parameters are very important. The reaction rate is
examined by the ray tracing. The throughput and residence
time in each channel are investigated by computational
fluid dynamics (CFD).

First, ray tracing is explained. This is a study which
simulates how an electromagnetic wave reproduces
through matter. Also, the interaction between particles and
the light can be studied. Important is that wavelength has to
be ten times smaller than the smallest body in the matter
and that the model has a certain condition. This means,
there has to be at least one surface that can refract and
reflect a ray in a new direction. This material discontinuity
creates a secondary ray.

COMSOL performs the ray tracing by solving the
differential equations (9) and (10) where Z is equal to the
wave vector, w is equal to the angular frequency, q is the
position vector and ¢ is the time. [13], [59] .
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A light source releases a bundle of rays and the ray tracing
algorithm traces its direction through the matter. These rays
are defined as primary rays because they were sent directly
from a source. When the primary rays hit a material
discontinuity a secondary ray is reflected. Snell’s law and
Fresnel equations are then be used to determine the
direction of the ray and its intensity or power. Depending
on which surface the light hits, the other part of the light
bundle is absorbed by the absorbing solution or a refracted
ray reproduces itself like the incident ray [13], [59].

The complex refractive index (k) of the material is
combined with the deposited ray power node from
COMSOL to calculate how much energy is absorbed by the
materials. The complex refractive index can be calculated
with equation (11). This equation is a result from the
combination of Lambert-Beer's law and the equation to
measure the intensity of light with 4 as wavelength [13].

(1)

Second, CFD is used to analyze and solve problems from
systems containing fluid flows by solving the Navier-
Stokes equation. This equation consists of two partial
differentials, the conservation of momentum, equation (12)
and the conservation of mass, equation (13). These
describe the flow of a fluid with v is equal to the speed
vector, ¢ is equal to the time, p is equal to the pressure and
g is equal to the gravity vector. The fluid is incompressible
and Newtonian [60], [61].

gc A1 In(10)
4
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pﬂ= —-Vp+uVv+pg

dt

(12)

Vv=0 (13)

The flow regime can be determined with Reynolds number,
Nre, equation (14), with D is equal to the characteristic
length of the channel, v is equal to the speed of the flow, p
is equal to the density and p is equal to the viscosity. If Ng.
is smaller than 2100, the flow is laminar [60], [61].

_Dvp

e = 14
Nk p (14)
Due to the low velocity and the small characteristic length
of the channels in the monolith, the flow can be considered
as laminar.

To perform CFD simulations, the finite analytic method
(FAM) is performed to solve the partial differential
equations. In this method the problem is solved by dividing
the system into smaller elements, finite elements, which is
achieved by constructing a mesh. A system of algebraic
equations is formulated from where COMSOL calculates
the velocity, pressure and throughput [60], [62], [63].

Different monolith reactors are validated with a refraction
index of 1.5. The absorbent, DPA, pumped through the
reactor has a refraction index of 1,333 and is brought into
the reactor with a concentration of 2 mM. It has a specific
absorbent coefficient of 9000 m?2/mol [64].

RESULTS AND DISCUSSION

RAY TRACING

The reactor is built out of multiple unit cells. This is a
repeating unit which cannot be divided into other units.
Several unit cells together built the monolith reactor. A
sample design of a reactor is shown in Figure 29. This
reactor consists of unit cells with two rows of channels
where the channel in the next row is placed in the center of
the previous row.

Unit cell

O O O O
a o o o
O O OO
OONONGC

Figure 29. A sample design of a reactor consisting of two
unit cells above each other and four next to each other

Row 1

Row 2

Row 3

Row 4

During the experiments, various parameters are changed,
and each design is validated. The homogeneity of the light
absorption in each reactor is investigated by calculating the
relative SD (RSD) of the light absorption through each
channel. Also, the percentage of light absorbed by the
monolith reactor and the light balance are calculated. The
light balance gives information about the ratio of
standardized light absorbed by the reactor and the
standardized light that was emitted. This parameter is

calculated to control the amount of light lost by the
simulation. Desired is a light balance of 1 [13].

The first parameter modified is the power of the lamp.
Table 16 gives information of the influence of this
parameter. There can be concluded that when the power of
the lamp increases, the light absorbed by the reactor also
increases. The percentage of light absorbed, RSD and the
light balance are constant. This means that the power has
no influence on the homogeneity and the percentage of light
absorbed by the reactor but only on the total amount of light
absorbed. The light balance is around 1 which is good.

Table 16. The influence of the power of the lamp in a
16x2 monolith reactor with a channel diameter of 3 mm

Light absorbed Light absorbed RSD

Power (W) (W) (%) (%)  Light balance
50 42.36 84.72 6.92 1.013
100 84.72 84.72 6.92 1.013
200 169.45 84.73 6.92 1.013
500 423.65 84.73 6.92 1.013
750 635.48 84.73 6.92 1.013
1000 847.31 84.73 6.92 1.013

Next, the number of rows, the diameter of the channels and
the number of channels per row are modified. The results
of the different monolith reactor designs are shown in
Figure 31 and Figure 32.

First, the influence of the number of rows is examined.
Figure 31a shows that the RSD increases when the number
of rows increases which is undesired. This figure also
shows that the percentage of light absorbed remains
constant with an increasing number of rows which is also
undesired. The light balance, Figure 31b, decreases with the
number of rows. When the percentage of light absorbed per
row is studied, shown in Figure 30, these results can be
explained.

The reactor design in Figure 30a shows that the amount of
light absorbed in the first row is 10 % lower than in the
second row. This is not a significant difference, therefore a
low RSD is obtained. Then, in the reactor design shown in
Figure 30b, the amount of light in the first two rows is
clearly more than in the last two rows. This results in a
higher RSD and by the low amount of light absorbed in the
last two rows, the percentage of light absorbed is not
change much toward the reactor with one row unit cells.
Last, the same results as the reactor with two rows unit cells
are observed in the reactor shown in Figure 30c. The first
two rows absorb significantly more light than the next four
rows which results in a further increase of the RSD. Also,
by the low amount of light absorbed in the last two unit
cells, the percentage of light absorbed is constant. The
decrease of light balance can be explained by the low
amount of light absorbed at the lower wall of the reactor.
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This decreases the light absorbed by the reactor which leads
to a decrease of the light balance.

The homogeneity, in a reactor consisting of multiple unit
cells above each other, can be improved by lowering the
concentration of absorbent. Less light will be absorbed in
the first rows so more light will go through to the next rows
[13].

31.40 %

42.03 %

33.60 % 2.59 %

O
O

O O
O 43.98 % O 0.11 %

a) b) <)

40.59 % 0.49 %

33.80 % 0.82 % 0.69 %

0.77 %

Figure 30. Illustration of the percentage of light absorbed
per row channels for the reactor designs: a) 16x2, b) 16x4
and c) 16x6 with a channel diameter of 2 mm

After the examination of the influence of the number of
rows, the influence of the diameter of the channels and of
the number of channels per row are studied. The results are
shown in Figure 32. First of all, a diameter of 2 mm shows
abnormal results. These results are not taken into account
in the discussions.

After analyzing the results of an increasing diameter, there
can be concluded that the percentage of light absorbed
increases, Figure 32a. This can be explained by an increase
of the surface that can absorb light. For the light balance,
Figure 32b, can be concluded that no significant difference
between the different diameters is observed. The RSD,
Figure 32a, does not change much with an increase of the
diameter. This means that the homogeneity in each reactor
is approximately the same. When the diameter increases,
the influence of mass transfer limitation also increases. So,
when working with an immobilized catalyst it is important
to choose a reactor with a smaller diameter [13].

Last, the number of channels per row is changed. Here, as
expected, the percentage of light absorbed, Figure 32a,
raises with the number of channels. This is caused by an
increase of the surface that can absorb light. Also, the light
balance, Figure 32b, grows with the number of channels.
The RSD, Figure 32a, is the lowest for a reactor with the
design 16x2 which means that the homogeneity is the best
in this reactor.

Overall, there can be concluded that a reactor consisting of
one unit cells, two rows of channels, gives the best results.
This design is used for the next experiments.

COMPUTATIONAL FLUID DYNAMICS

Also, for this part of the simulations, various parameters are
changed, and each design is validated. The homogeneity of
the throughput in each reactor is investigated by calculating
the RSD of the throughput through each channel [64].

First, the influence of the inlet diameter of the distributor is
examined. The results of these simulations are shown in
Figure 33. There can be concluded that an inlet diameter of
1 mm has the lowest RSD followed by an inlet diameter of
4 mm. This means that the homogeneity of the throughput
in these reactors are the highest. Also, the inlet diameter
affects the inlet throughput. The throughput can be
measured by equation (15). This equation says that the
throughput (qv) is equal to the flow area (r? - 7t ) times the
velocity (v) and so, as the diameter (r- 2) of the inlet
channel increases, the throughput increases. For further
simulations, an inlet diameter of 4 mm is used.

2

qv=r°mv (15)

Second, the inlet velocity is modified. As mentioned in the
last equation, the throughput increases with the velocity.
So, the highest throughput is reached by the highest
velocity. The results of the homogeneity are shown in
Figure 34. These results illustrate that the RSD increases
with the inlet velocity. This can be explained by Newton’s
laws. The mixture enters the reactor with a specific velocity
and is distributed over the channels. No force has to be
applied to the mixture to bring it in the central channels.
The velocity is not changed. To bring the mixture to the
outer channels, a force has to be applied which leads to a
delay and a lower velocity. The influence of this
phenomenon increases when the velocity increases because
a bigger force has to be applied. This means that the
homogeneity decreases with an increase of the velocity
causing an increase of the RSD.

Last, the influence of the channel diameter and the number
of channels are examined. The results are shown in Figure
35. There can be noted that the RSD, Figure 35a, increases
with the diameter of the channels and with the number of
channels. This can also be declared by Newton’s laws.
First, when the diameter increases the dimensions of the
reactor raises. This means a higher force has to be applied
on the mixture to bring it to the outer channels. So, the
velocity decreases in the outer channels in contrast to the
central channels which leads to a lower homogeneity and a
higher RSD. This is also the case when the number of
channels increases, Figure 35a. When the dimensions of the
reactor increase, a higher force has to be applied to the
mixture to bring it to the outer channels and the velocity
decreases in contrast to the central channels. So, the RSD
increases.

In this case, also the influence on the inlet throughput,
Figure 35D, is studied but this is overall constant. Only the
inlet diameter and the inlet velocity have a big influence on
the inlet throughput.

PHOTOCHEMICAL SPACE-TIME YIELD

Out of the previous results, the STY and the photochemical
space-time yield (PSTY) can be measured to evaluate the
productivity and the energy efficiency of the monolith
reactor. The last parameter reflects the amount of product
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produced by a volumetric specific yield per lamp power
and unit of time [13], [58].

Using the results of the ray tracing, the amount of product
generated per unit of time can be calculated by equation
(16) for each channel. P, is equal to the light absorbed by
the mixture, v, is the speed of light, h is equal to Planck’s
constant and Ny is equal to Avogadro’s number [58].

# product generated _ Pgps A @

s vp h Ny (16)
Next, the residence time (7), in each channel (V;), can be
measured out of the results of CFD by equation (17) [58].

Vs

= 7)
Then, the amount of product (n) formed per channel can be
calculated by multiplying equation (16) by equation (17).
To measure the STY, the average of the residence time and
the total amount of product formed have to be calculated
first. With these data the STY of the reactor can be
calculated according to equation 8 [58].

Last, to calculate the PSTY with equation (19), the
standardized lamp power (LP) has to be measured by

equation (18) where P is equal to the power of the lamp
[58].

1m3
LP=P = (18)
PSTY =32~ (19)
LP

Table 17 shows the results of the calculations of the PSTY
for monolith reactors with an inlet diameter of 4 mm and a
velocity of 0.001 m/s. There can be concluded that the
PSTY is the highest for reactors with the largest diameter
or with the highest number of channels. This can be
explained by the larger volume of the reactor so, photons
are longer in contact with the mixture. When the velocity
increases, the amount of product formed (mol) decreases
due to a decrease residence time. But this has no influence
onthe STY and PSTY. The STY decreases with an increase
of the channel diameter which means that the productivity
decreases. So, the best reactor is a reactor with small
channel diameters and a high absorption rate. Furthermore,
a small channel diameter decreases mass transfer
limitations [13].

CONCLUSION

During the experiments, different parameters were
modified to optimize a monolith for photochemical
reactions. Different monolith reactors were used because of
its large surface-to-volume ratio and its high energy
efficiency. The PSTY was measured to benchmark these
different reactor designs so that it could be compared.
While studying the results of the ray tracing, it was
preferred to use a design consisting of one unit cells for
further experiments due to its high irradiance homogeneity.
By an increase of the surface of the reactor, the percentage
of light absorbed increased. Out of the results of CFD, there
was concluded that an inlet diameter of 4 mm had to be
used for further experiment because of its low RSD and its
effect on the inlet throughput. Next PSTY was calculated
and it concluded that a larger volume of the reactor results
in a higher PSTY. This is due the longer time that the
photons were traveling through the mixture. The STY
decreased by a larger volume, so it is important to choose
the reactor with the highest PSTY and highest STY. It is
also important to remember the mass transfer limitation
phenomenon. When using an immobilized catalyst, it is
recommended to choose a reactor with a small channel
diameter because it lowers the mass transfer limitation.

FUTURE

The next step in the process of the development of a
productive and energy efficient monolith reactor is an
experimental setup of the best reactors. The reactors will be
printed by a 3D-printer and the same parameters will have
to be validated to evaluate the reactor design. Further, new
simulations have to be run to optimize the reactor design or
to develop a more productive and energy efficient reactor.
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Table 17. Summary of the results to measure the PSTY of different reactor designs

Reactor design  Diameter channel (m)  Volume reactor (m3)  n (mol) T(s) STY (mols™*m™3) LP(Wm™®) PSTY (mols™! m3 W™
8x2 0.001 1.88x 107 1.06 179.48 3124.93 1494663853.50 2.09x107°
8x2 0.002 7.54x 107 2.16 748.93 381.92 180243763.27 2.12x107°¢
8x2 0.003 1.70x 1075 3.89 1739.37 131.96 55283693.68 2.39x107°
8x2 0.004 3.01x 1075 5.31 3078.66 57.21 23286799.69 2.46x10°°
16x2 0.001 3.77x 107 1.35 1.35 979.29 397482287.69 2.46x 107°
16x2 0.002 1.51x1075 2.81 2.81 120.51 47196005.84 2.55x107°¢
16x2 0.003 3.39x10°° 4.55 4.55 38.70 14621583.81 2.65x107°
16x2 0.004 6.03x10°° 6.07 6.07 16.41 6175922.41 2.66x10°°
32x2 0.001 7.54x 107 1.53 1.53 272.95 102768906.58 2.66 x 107°
32x2 0.002 3.01x10°° 3.06 3.06 33.01 12134900.64 2.72x 107
32x2 0.003 6.78 x 1075 491 491 10.51 3791271.82 2.77x107°¢
32x2 0.004 1.21x107* 6.50 6.50 4.44 1598449.86 2.78x107°¢
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