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1
Introduction

1.1 Mass transport limitations in heterogeneous catalysis

Catalysts are ubiquitous in industry. Up to 90% of the industrial processes
employ heterogeneous catalysis. This compelling incentive drives enormous ef-
forts into improving catalytic materials. Extensive experimental data coupled
with increasingly powerful ab-initio modelling leads to extraordinary results.
However, without a concerted effort regarding reactor design, these exceptional
materials cannot deliver their potential. External mixing looses its efficiency
close to the surface where mass transport remains diffusion based. To be
able to sustain a reaction driven conversion for very high catalytic activities,
inspired solutions need to be found.
Heterogeneous catalysis seems condemned to a compromise. High surface

Figure 1.1: Illustration for mass transfer limitation next to active surfaces

1



2 INTRODUCTION

Figure 1.2: Tackling external and internal mass transfer limitations [1]

areas required for the reaction are leading to smaller and smaller structures
that provide increasing resistance to mass transport. Chemical engineers have
been facing this conundrum for a very long time.
The main strategy is to decrease the diffusion length scale for both internal
and external transport. In the case of external transport, this is achieved
by distributing the catalyst evenly throughout the reaction medium such is
the case of fluidized beds, packed beds or slurry reactors. For fluidized beds
and slurry reactors, the catalyst is suspended in the fluid which is mixed
or pumped at high flowrates. Additional turbulence can be generated by
static mixing geometry and in the case of slurries by bubbling inert gas or
making use of potential gaseous reactants or products. For packed beds, the
approach is using either smaller catalyst pallets or convoluted structures while
finding a trade-off with respect to the corresponding pressure drop increase.
The same idea for decreasing the diffusion length scale governs the design of
microreactors and monolith structures such as honeycombs and foams. These
offer a better control over the pumping energy expenditure. Either straight
microchannels or slightly larger channels with additional tortuosity seem to
offer a good compromise between external mass transport and pressure drop.
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In the case of internal mass transport, it is generally accepted that diffusion
is the only transport mechanism. The only available design option here is to
dimension the particle/agglomerate size or layer thickness according to the
chemistry at hand. The kinetics will dictate how much of the catalyst is being
actually utilised, such that the only intervention is to minimize the material
overuse. Well-known parameters such as Thiele modulus and the internal
effectiveness factor evaluate this length scale. When the catalyst is embedded
in a support matrix, diffusion to the active sites needs to be unhampered, such
that open support structures are preferred as the effective diffusion coefficient
for the porous matrix will depend on the pore size and tortuosity.
The current thesis challenges this narrative and argues that even when ex-
ternally driven convection is not available such is the case for transport near
the catalyst surface or inside the catalytic matrix, diffusion does not have to
be the whole story. Surface flows driven by concentration gradients could be
sustained without any energy expenditure. This in-situ generated convective
transport opens up additional criteria that could be used for reactor design
that would intensify the process beyond the diffusion scenario.

1.2 Historical background on diffusio-osmosis

Surface flows generated by concentration gradients and their particle propul-
sion counterpart have been theoretically speculated by Derjaguin who demon-
strated that a solute gradient along a surface will develop an osmotic pressure
gradient inside the interfacial layer where the interaction potential spans that
will set the fluid in motion (chemi-osmotic contribution). Another contribu-
tion to this driving force in case of charged species is the diffusion potential;
the electric potential that develops based on the different diffusivities of the
ions (electro-osmotic contribution). These individual contributions are illus-
trated in Figure 1.3. A solid theoretical background has been established
from the very beginning with the most significant contributions coming from
Derjaguin and coworkers [2–4] and later Prieve, Anderson and coworkers.
Prieve and Anderson extended the study of diffusio-phoresis by gradients of
neutral species to various molecular interaction potential profiles [5]. In 1984
they showed that the diffusio-phoretic velocity for finite double layers with
respect to particle radius depends on the size of the particles, offering clear
criteria for the validity of their results [6]. An important contribution is the
analysis regarding strongly adsorbing solutes where the outside concentration
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Figure 1.3: A bulk concentration gradient will translate into a diffusio-osmotic
flow inside the interaction layer which originates from an osmotic pressure
gradient and a diffusion potential in case of charged species with a contrast in
diffusivity.

field is affected by the solute transport inside the interfacial layer [7]. They
also studied the arbitrary distribution of zeta potential across the surface
of the particle, showing that varying surface properties can decelerate the
translation movement by the rotation of the particle which aligns the dipole
moment of zeta potential along the concentration gradient [8]. Later on, they
consider both non-spherical and non-uniformly charged particles with finite
double layers [9].
The theory was validated using different experimental designs. Smith and
Prieve studied the instantaneous rate of deposition of latex particles on a
dissolving stainless steel surface. The dissolution of the metal through the
addition of acid and oxidising agent generates a gradient of charged species
which develops a macroscopic electric field that acts on the charged latex
particles. They showed the linear dependency of the velocity on the local
electric field predicted by the analysis of the multicomponent diffusion near
the metal surface [10].
However, the mobilities they derived were very small which motivated Lin and
Prieve to perform a more controlled study where the deposition of particles
on a membrane separating two well stirred containers of different salinity is
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measured for different salts and gradients. They were able to correlate the
electric field induced by the difference in diffusivity of the counter ions to the
velocity of the particles [11].

Lechnick and Shaeiwitz designed a new experiment to quantify diffusio-phoresis
that would remove the uncertainty introduced by the growing particle layer
present in the work of Lin and Prieve. They monitored the electrolyte and par-
ticle concentration in two well stirred reservoirs of different salinity separated
by a thin membrane through which the particles could pass. They validated
the theory regarding diffusio-phoresis [12] for monovalent electrolytes, con-
cluded that the theory could be corrected to fit their experimental results for
non-symmetric salts and confirmed that the velocity is independent on the
particle concentration. They followed up with a second paper where they
studied the influence of the electrolyte concentration. Here they showed that
for a concentration ratio of the different salinity solutions less than 2, the
average values could be used to accurately predict the velocity [13]. The ex-
amples above concern the thin double layer regime. More than three decades
later, Shin et al. experimentally probed the effect of the finite Debye layer
thickness and confirmed the theory of Prieve on the particle size dependent
velocity [14].

Staffeld and Quinn used a more accurate design for studying diffusio-phoresis
which they called the stopped-flow diffusion cell where coflowing streams of
equal particle concentrations, but different salinity, are suddenly stopped and
the transient behaviour of particles is monitored under a microscope for both
migration and local concentration [15]. The initial step function concentra-
tion profile relaxes due to diffusion leading to an instantaneous velocity that
is inversely proportional to the square root of time. The system can be ac-
curately modelled to extract the zeta potential of the particles which they
confirm by comparison to a classical measurement. They also made a proof
of principle for separating particles based on their zeta potential. A similar
study was performed later on in a long microfluidic device by Abécassis et
al. who changed the transient analysis to steady state by analyzing the pro-
files at different locations along the channel [16, 17]. While the first paper of
Staffeld and Quinn addresses electrolyte solutions, the second one investigates
the particle-solute interaction in gradients of neutral polymers (Dextran) and
charged hard spheres (Percoll). They used the interaction radius as a param-
eter to describe the step function potential for steric exclusion interaction of
hard spheres and an additional electrostatic interaction to account for charge
on the surface of the seeding particles as well as Percoll particles [18].
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Kosmulski and Matuevi followed the particle migration under a gradient of
solvent composition by measuring the turbid zone displacement after placing
a lower density miscible liquid on top of another which was usually an aqueous
particle dispersion. They varied the zeta potential of the particles by changing
the pH and KCl concentration. Unfortunately, they did not have the possi-
bility to control the gradient and offer only a vague explanation according
to which the electrolyte affects the hydration behaviour of the particles [19].
Paustian et al. used a more accurate design to have precise control over
the salinity and solvent gradients. They used hydrogel membranes to divide
channels with different composition and monitored the transient behaviour of
particles after stopping the flow [20]. Nery-Azevedo et al. used the same de-
vice for tracking the migration of particles under ionic surfactant gradients [21]
while Shi et al. used it under opposing gradients of different electrolytes [22]
where the neutralizing reaction leads to focusing of particles.

1.3 Applications and recent developments

Once the theory matured and the confidence in the experimental results in-
creased, there was a natural transition from fundamental studies to applica-
tions. Numerous proposals were brought forward. Clogging of membranes by
particle deposition which is greatly enhanced by diffusio-phoresis could be re-
duced by insertion of CaCO3 particles. While the chemi-osmotic term will still
direct the particles towards the high concentration region, the electro-phoretic
contribution, which depends on the relative difference in the diffusivity of the
ions, can cancel or even reverse the particle migration by generating a stronger
opposing electric field [23–25]. Oil recovery can be enhanced by flooding the
reservoir with fresh water which generates salinity gradients and transports
the oil droplets out of dead-end pores by diffusio-phoresis [26]. Particles can
benefit from the same type of mechanism [27]. Particle separation based on
zeta potential and precise particle manipulation [28, 29] have been proven by
meticulous design of concentration profiles. Regarding diffusio-osmosis, a very
important contribution came from Siria et al. where the diffusio-osmotic flow
is measured through a single boron nitride nanotube [30]. Based on their find-
ings, they bring forward the potential of BN and TiO2 membranes for energy
conversion driven by salinity gradients. Later on, Marbach at al. developed
a model for both the osmotic and diffusio-osmotic transport through a leaky
membrane at high solute concentrations [31]. Diffusio-osmotic flow can also
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be controlled by substrate design as illustrated by Niu et al. which achieved
pumping in microfluidics using an ion-exchange resin [32]. Another pumping
mechanism is achieved by patterned titania which is activated by UV light [33].
The photocatalytic chemistry consists in the oxidation of water and reduction
of oxygen which generates various charged species (hydroxyl radicals, super-
oxide and protons) whose gradients drive the diffusio-osmoic flow. They also
report the use of methanol as fuel to increase its pumping capacity.
Another direction concerns the migration of bimetallic particles that cat-
alyze complementary redox reactions which leads to a distribution of protons
and hence an external electric field which electrophoretically drives the par-
ticles. This spontaneous electro-chemistry involves the production of charged
species that are not being screened by counter-ions, as electrons are transferred
through the conductive metals. This phenomenon relies on particular chemi-
cals that decompose spontaneously, namely hydrogen peroxide or hydrazine,
used sacrificially as fuel to provide the corresponding transport [34–39]. A
short note here is that a combination of metal-nonconductive material leads to
the same mechanism. The metal is usually deposited by a directional method
which leads to a higher metal thickness at the pole of the particles providing
the reaction asymmetry and the polarization within the metal. This phe-
nomenon that is based on a conceptually different mechanism, i.e. through
the local net volume charge, relies on a particular chemistry which is rather
sacrificial, namely used as fuel to provide the corresponding transport.
An increasing interest is showing up in literature on developing pumping mech-
anisms without external imposed fields for fine-tuned transport in microfluidic
devices or biological systems. There are some efforts beyond electro-chemistry
for an envisioned biological compatibility. A nice example concerns the col-
loidal photodiode where diffusio-osmosis is generated by product concentration
gradients [40]. There are two initial solid substrates that decompose into sol-
uble fragments, while one of the products of the first pump is consumed in the
decomposition reaction of the second pump. The photolysis of a photo acid
generating substrate produces protons that are later on consumed through the
hydrolysis of a polymeric imine. Note that the driving force here arises from
the high contrast between the diffusivity of protons and the counter ions. An-
other example of a source only pump is a polymeric film that depolymerizes
when exposed to a certain chemical [41]. In this case, the mechanism is based
on gradients of neutral solutes.
A few reviews cover examples that focus on microfluidic related applications
[42, 43], while Velegol et al. puts into perspective the multitude of scenarios
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where diffusio-phoresis spontaneously arises [44]. Diffusio-phoresis plays a
role from DNA and virus transport, to bone healing, kidney stone formation
and pseudomorphic mineral replacement. They hypothesized on ubiquitous
natural phenomena where the stratification of layers of different salinity due
to evaporation or incoming streams of melted ice may affect the transport of
pollutants.
Technological advancements, especially regarding material science, and the
corresponding increased capabilities of experimental design drive new research
areas for diffusio-phoresis. Ajdari and Bocquet introduced a new concept re-
garding enhancement of the slip through solvent repellent surfaces. They do
find that the condition for a significant enhancement is a repulsive interaction
between the solute molecules and the surface [45]. Michelin et al. conceptu-
alised a microchannel design with an asymmetric sinusoidal profile where op-
posing walls benefit from the production/consumption synergy to drive flow.
The gradients are designed by geometric arrangement rather than activity
contrast [46].
The analysis has been extended for charge regulating surfaces, porous spheres,
hard spheres with soft shell, soft spheres, liquid droplets and surrounding non-
Newtonian fluids. The velocity can double in the case of a shear thinning
Carreau fluid with respect to the Newtonian case. If the ion size effect is
taken into account, the velocity has been found to be higher than for point
charges. Unlike the case of thin double layers where the size, shape and
density of particles have no influence on the velocity, when polarization of
the double layer is taken into account, the particle-particle interactions have
been found to be significant. The interplay between the diffusio-phoresis of
particles and diffusio-osmosis of neighbouring boundaries has also been stud-
ied. The relaxation of the gradient due to convection and the corresponding
decrease of the particle velocity has also been evaluated. A review by Keh
summarizes the latest theoretical contributions on both diffusio-osmosis and
diffusio-phoresis [47].

1.4 Diffusio-osmosis induced by catalytic surfaces

These are valuable applications, but may give the impression that diffusio-
osmotic flows are very specific. It is either the serendipity of a certain system
or a sustained effort to generate the conditions for this flow to arise. Their
relevance may also seem restricted by the magnitude of these velocities which
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Figure 1.4: Illustration for diffusio-osmotic flow inside a catalytic pore. The
recirculation that replenishes the catalytic pore originates from the concentra-
tion gradient that develops with respect to the bulk solution.

Figure 1.5: Illustration for using surface heterogeneity to enhance external
transport. The patterned catalyst generates concentration gradients that drive
diffusio-osmotic flow which mixes the boundary layer.

average to few micrometers per seconds peaking for brief transients in the
lower range of tens of micrometers per second. Most of the previous exam-
ples used either externally imposed gradients or in-situ generated gradients by
ion-exchange, dissolution or depolymerization. These all suffer from a finite
material capacity (either saturation or depletion of surface). In the absence of
a constant driving force, these scenarios are inherently transient, as concen-
tration gradients relax. A steady state which also implies a sustained driving
force requires a consumption / replenishment enclosing system.
We propose in this thesis that heterogeneous catalysis can provide a framework
for effortlessly generating concentration gradients which are the requirement
for driving surface flows. Now, their magnitude can easily surpass 100 µm/s
even for moderate kinetics. Moreover, the requirements for maintaining these
flows at steady state are in accordance with inherent principles of catalytic
reactor design. But what is most important, their impact on mass transport
far exceeds their seemingly small magnitudes. The key is location. They arise
at the surface of the catalyst without any inconvenience of confined volumes
and are inevitably redirected out of plane stirring the otherwise quiescent
depleted layer.
We proposes to explore this free transport mechanism in already available
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Figure 1.6: Illustration for self-induced diffusio-phoresis by homogeneous cat-
alytic particles. The left side depicts a plain catalytic particle with a sur-
rounding depleted boundary layer. The right side represents the spontaneous
phoresis of this particle once a macroscopic gradient develops due to the un-
even distribution of other similar particles.

catalytic systems. The spontaneously occurring surface flow can have a great
impact on the overall conversion, as interfacial transport is a known limita-
tion for heterogeneous catalysis. The surface reaction can create exceptional
steep gradients. Not to forget that in the framework of this application, the
continuous supply of reactant is a prerequisite. Furthermore, there is a syn-
ergy between the surface flow and the reaction rate with one enhancing the
other that is particularly exciting. By providing a direct quantification of the
diffusio-osmosis phenomena, the design of catalytic reactors that maximize the
benefits of this additional transport mechanism is made possible.

1.5 Scope of the thesis

The project investigates the relevance of diffusio-osmosis for the main as-
pects of mass transport in heterogeneous catalysis: external transport, internal
transport and the analogue propulsion of particles by these surfaces flows in
the case of suspended catalysts.
To quantify the diffusio-osmotic phenomena we need a framework for inves-
tigating the catalytic reactions as previous kinetic information is essential for
understanding the dynamics of the system. A microfluidic platform using an
inline analysis based on UV-Vis spectrometry proved to be a proper tool due
to the well-defined mass transport and fast analysis.
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Chapter 2 starts with an overview on photocatalytic reactor design, focus-
ing on unbiased kinetic investigation. This study encompasses guidelines for
heterogeneous catalysis in general, as photocatalysis builds further on the com-
plexity. In this review, the underlying physics of photocatalytic reactions are
tackled by providing rational reasoning for simplified analytic descriptions.
We start by analyzing the charge carrier generation and transfer, move on
to radiative transfer based on the distribution and properties of the catalytic
material and account for the mass transfer both inside and outside the porous
structure. Finally, we discuss the consequences for the most basic reactor de-
signs for which guidelines and criteria are provided to meet their assumptions.

Chapter 3 presents a complete model for immobilized photocatalytic mi-
croreactors and explores their potential to obtain intrinsic kinetics. Accu-
rate modeling for microreactors can be achieved by applying basic physical
mechanisms. This leads to a rational reactor design and easy optimization.
Models capable of describing reactor performance were build for a first order
reaction rate with either light independency or light dependency described
by photon absorption carrier generation mechanism. The extracted reaction
rate constant reveals the intrinsic kinetics as both external and internal mass
transport are accounted for. For the first time k values on the order of magni-
tude 101 1/s are reported. The simplification to the light independent model
is justified by defining a criterion for neglecting light intensity based on film
thickness and absorption coefficient. Performance parameters are also derived
for the situation when light absorption has to be considered. The updated
internal effectiveness factor reveals both mass transfer and light limitations.

In Chapter 4 a microfluidic platform was developed for high temperature,
high pressure conversion to extend the chemistry range that can be explored.
The inline UV-Vis spectroscopic measurement facilitates the fast screening of
catalytic materials. The well-defined mass transport characteristic for immo-
bilized catalytic layers in microchannels allows for accurate kinetic investiga-
tion. One of the essential reactions in the biomass conversion platform, the
dehydration of fructose to 5-hydroxymethyl-2-furaldehyde (HMF), was stud-
ied using both sputtered ZrO2 and wash coated TiO2 layers. The kinetics
were determined for each catalyst. For the TiO2 layer that showed higher
conversion, the dependency on temperature was also investigated, revealing
an activation energy of ∼ 80 kJ/mol. Surface functionalization of TiO2 using
phosphoric acid treatment under UV light proved to have a limited capacity
for increasing the density of active sites. This chapter was initially designed
as one of the catalytic reactions to show case diffusio-osmosis. Unfortunately,



12 INTRODUCTION

the kinetics for the employed catalytic materials are inherently slow such that
these systems do not suffer from mass transport limitations.
In Chapter 5 we numerically study the concept of enhancing external mass
transport by patterned catalytic surfaces. The reactivity contrast designed by
alternating active and inactive regions spontaneously generate in-plane gra-
dients that drive a steady diffusio-osmotic flow. We use a numerical model
based on a first order reaction rate assumption to study the structure of the
diffusio-osmotic flow, its development and dependency on the catalytic chem-
istry, i.e. reaction kinetics and interaction potential between chemical species
and catalytic surface (expressed through the mobility parameter). The study
reveals that while diffusio-osmosis is initiated by the contrast in reactivity, it
develops along the catalyst due to a self-reinforcing mechanism specific to ac-
tive surfaces. The flow parallel to the catalyst surface introduces a residence
time distribution and thus a concentration gradient which is the sustaining
driving force that depends on both kinetics, DaII and mobility, µ. Based
on this fundamental understanding we introduce criteria to dimension the
catalyst patch according to the chemistry. Scaling laws provide a direct cor-
relation between the catalytic chemistry, the dynamics of the system and the
conversion enhancement.
In Chapter 6 we demonstrate that convective transport is characteristic in-
side catalytic dead-end pores as a result of generated surface flows, solely.
These surface flows are induced by concentration gradients that form during
catalysis inside the pores. We quantify and explain the onset of diffusio-
osmosis and discuss its relevance in existing catalytic systems. We visualise
and quantify the flow in 3D using the General Defocusing Particle Track-
ing technique. We analyse the phenomena using a model that includes the
fluid dynamics actuated by the concentration gradients that arise due to the
catalytic reaction. We are able to extract parameters revealing the interac-
tion strength between the reactant/product chemical species and the catalytic
surface. In the end, we probe the dependency of this in-situ generated diffusio-
osmotic flow on its driving force by varying the reaction rate which changes
accordingly the concentration gradients of the reactant and product species.
Chapter 7 follows the diffusio-phoresis of plain catalytic particle induced by
macroscopic concentration gradients generated by the particles themselves.
The symmetry breaking is designed by the uneven distribution of particles.
The migration of photocatalytic particles is studied systematically in a mi-
croreactor where an aqueous solution of an organic contaminant is contacted
under continuous flow with a particle suspension containing the same solute
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concentration. When UV light is turned on, the photocatalytic particles de-
compose the contaminant lowering the solute concentration inside the colloidal
stream. The difference in concentration that is generated via the photocat-
alytic reaction leads to the migration of particles toward the higher concen-
tration site. The effect of the reaction rate on the migration of particles is
evaluated by changing both the light intensity and initial particle concentra-
tion. We explore this migration mechanism by experiments and numerical
simulations.
Chapter 8 emphasizes the change in paradigm regarding mass transport
in heterogeneous catalytic systems introduced by in-situ reaction induced
diffusio-osmosis. A summary of the most important findings of this thesis is
provided and the many open questions that remain are examined. A proposal
for the experimental approach to these essential investigations is provided.
The potential of this phenomenon for fundamental studies is anticipated and
industrial perspectives beyond enhanced mass transport are discussed.
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2
Photocatalytic reactor design: guidelines for

kinetic investigation◦

This review addresses the inconsistencies in interpreting measurements of intrinsic
catalyst properties using lab-scale devices. Any experiment has to analysed in the
framework of a model for which the choice and assumptions regarding the neces-
sary parameters have to be based on critical reasoning. Either through rigorous
3D computational modelling or simplified analytic descriptions, physical intuition
about the properties of the system is required. Any divergence between hypoth-
esis and characteristics of the systems affects both the investigation of intrinsic
catalytic properties and the later industrial design where parameters are extrapo-
lated outside their obtained operating range. In this work, we make an overview
of the underlying physics of photocatalytic reactions, while focusing on pertinent
hypothesis and discuss the consequences for the most basic reactor designs for
which guidelines and criteria are provided to meet their premise.

◦Published as: Aura Visan, van Ommen, J. R.; Kreutzer, M. T.; Lammertink, R. G. H.,
Photocatalytic Reactor Design: Guidelines for Kinetic Investigation, Ind. Eng. Chem. Res.
2019, 58 (14), 5349–5357.
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2.1 Introduction

Photocatalysis is still seldom used in industry despite the explosive increase
in research efforts [48, 49]. There are two research areas that have too little
exchange of information and ideas: catalyst fabrication and reactor design.
Unfortunately, these disparate contributions do not amount to industrial de-
velopment if there is not a shared basic knowledge. This paper is aimed at
providing a common ground.
Intrinsic kinetics are of paramount importance when developing new catalytic
materials. The comparison across different research groups can be possible
only if the performance of the catalyst is decoupled from the reactor design.
In this way the best approach, for example, to increase quantum efficiency
or material resistance can be spotted early on and a more rational trend can
follow. It is far too common that research design is motivated by the history
of the group or simply left to chance. While diverging towards new ideas has
its indisputable value, serendipity has a statistical disadvantage. Purposeful
design exerted by a closely interconnected community is the only way to move
forward.
Knowledge of the intrinsic properties of a catalyst are essential to optimizing
reactor design. This entails not only tuning the mixing rate or superficial
velocity according to the mass transfer requirements. The particle density
and spatial distribution required to achieve economically feasible conversions
define the optical properties of the system, which are necessary for determining
the slurry volume for a given light intensity. Moreover, the dynamics of these
slurries can alter the particle distribution and affect their aggregation state
which impacts their usage of light. These decisions are not as straightforward
as maximizing output, but are also affected by operation and material costs, as
well as downstream separation. These decisions have to be taken a priori based
on an accurate knowledge of the catalytic material, as changing operating
conditions may not be sufficient to render the process economically feasible
and encourage industrial implementation.
Intrinsic catalyst properties denote values that are independent of reactor de-
sign or are explicitly defined inside the operating range for which their validity
holds. For example reaction kinetics should be decoupled from mass transfer
and light dependency should be accurately described. If simplifications are
sought, their applicability regime should be clearly specified. Optical proper-
ties for dispersed systems are based on collective particle characteristics, i.e.
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both particle density and aggregation state. Explicit information of the size
distribution and the agglomeration development should be given such that the
significance of the measurement is not limited to that particular system, but
adds to a broader physical intuition that could in the end lead to predictive
models.
The objective of this review is to provide guidelines and criteria for the mea-
surement of intrinsic catalyst properties using lab-scale devices and build on
the physical intuition for those who are more comfortable with the mathe-
matical description of the phenomena. We start with the dependency of the
reaction rate on the local light intensity. Next, we study how to determine
the light intensity across the system based on the distribution and properties
of the catalytic material. Finally, the mass transfer is analyzed both inside
and outside the porous structure. While the first three sections are presented
for clarity separately by decoupling their complexity, in the last section we
integrate the most important conclusions in an overview regarding reactor
design. We address both suspended small photocatalytic particles and wall-
coated films of photocatalysts and present the fundamental designs for ideal
systems and the deviations that can still be treated analytically. These ba-
sic designs can be employed under certain operation conditions for the most
commonly used reactors based on the criteria for these approximations.

2.2 Electron-hole pair generation

A photocatalyst is a semiconductor that absorbs photons of equal or higher
energy than its band gap which excites electrons from the valence band into the
conduction band, leaving positive holes in the valence band of photocatalyst.
The generated electrons and holes can migrate to the surface to engage in redox
reactions with adsorbed substrates. This is, however, in competition with
electron-hole recombination in the bulk or on the surface of the photocatalyst
within a very short time, releasing energy in the form of heat or photons [50].
To maximize the reaction efficiency, recombination should be minimized.
Several ways to reduce electron-hole pair recombination (i.e., enhance the
charge separation) via modification of the photocatalysts have been proposed
in literature. One is to deposit fine noble metals on the photocatalyst sur-
face [51, 52]. While this is an effective approach, one should be aware that
such noble metals might also give a catalytic effect in the absence of light,
which can obscure experimental results [53]. Another approach is doping the
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photocatalyst with metal ions. This may both enhance the charge separation
and the response in the visible light range, but for some metals (e.g., transition
metals) it may also reduce the charge separation [54, 55]. Coupling two semi-
conductors with different band gaps is an alternative way to enhance electron-
hole separation [55]. The effect of particle size on recombination is complex:
some authors report a reduced charge separation with reducing particle size
from 100 to 10 nm [56], while others report increased charge separation with
reducing particle size down to 10 nm [57]. Moreover, the effect of doping on
the charge separation can strongly depend on the particle size [58]. A compli-
cating factor is that the crystal phase has an influence on charge separation
(anatase versus rutile for TiO2) but the crystal phase is also influenced by
particle size.

The generation and recombination of electron-hole pairs strongly influences
the reaction kinetics. There is an ongoing debate about the influence of light
intensity and the corresponding regimes. In most photoreactors both regimes
coexist: high intensity close to the illumination source and diminishing in-
tensity as light travels through the reactor farther from the source. Thus, a
proper kinetic rate expression must take this distribution into account. There
are mainly two approaches that we are aware of when deriving the dependency
on light intensity, I: the mechanistic approach and the semiconductor physics
approach.

In the mechanistic approach a kinetic model is set up based on the law of mass
action for both chemical species and electron hole pairs, namely that the rate
at which they react is dependent on the diffusion driven collisions which are
directly proportional to their concentration. In this case, the recombination
rate is defined as rrecomb = krecomb[h

+][e−], where krecomb is the recombina-
tion reaction rate constant, [h+] and [e−] are the positive and negative charge
carrier concentrations. The simplification rrecomb = krecomb[h

+]2 can be made
for ideal intrinsic semiconductors where the positive and negative charge car-
riers are in equal concentration. Intentional or unintentional doping will lead
to an excess for one of the carriers. This leads to the proportionality of the
photocatalytic reaction rate to r ∝ [h+] ∝ I0.5 when the consumption of holes
due to the chemical reaction is negligible compared to the recombination rate,
following the charge carrier governing equation: I ≈ rrecomb ≈ G, with G
the generation rate [59–61]. The transition of the exponent from 0.5 to 1 is
explained by the competition between electron-hole recombination and pho-
tocatalytic reactions [62–64]. Given the very small quantum efficiencies (less
than 1%) for these reactions, we find the assumption unreliable.
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The semiconductor approach starts also from the charge carriers governing
equation using the same assumption regarding the negligible consumption of
holes and electrons due to reaction, hence [h+][e−] ≈ G/krecomb. Here, the
generation rate dependency on the local light intensity is directly quantified:
G = αϕ/h̄ω , where α is the absorption coefficient, ϕ the photon flux den-
sity, h̄ω is the photon energy. Light absorption follows the Lambert-Beer law
ϕ(x) = ϕ0 · e−αx. However, the reaction dependency on the electron/hole
concentration is extended beyond the mechanism of an elementary reaction.
Nielsen et al. [65] follow the electrochemistry reasoning, namely that the driv-
ing force for the reaction rate is the photovoltage, Vph, which can be derived
based on semiconductor physics:

eVph = kBT ln [h+][e−]

[h+]0[e−]0
(2.1)

where e is the elementary charge, kB the Boltzmann constant and T the tem-
perature. Moreover, when the photovoltage drives a rate-limiting electron
transfer process, the rate depends exponentially on the photovoltage:

r ∝ e
eVph
kBT =

[h+][e−]

[h+]0[e−]0
(2.2)

which gives in the end the following expression:

r ∝ G

krecomb[h+]0[e−]0
=

αϕ0 · e−αx

krecomb[h+]0[e−]0h̄ω
(2.3)

The denominator is a material characteristic, as well as the light absorption
coefficient α, which can be measured experimentally using time resolved mi-
crowave photoconductivity via the minority carrier lifetime and the equilib-
rium hole concentration [66].
Nielsen et al. do allow for an exponent smaller then 1, r ∝

(
[h+][e−]

[h+]0[e−]0

)γ
, where

γ is the corresponding transfer coefficient for the electron transfer process.
The transfer coefficient is a material characteristic related to its morphology
which corrects the model for additional phenomena that were not accounted
for. One must be aware that the above derivation is valid for ideal intrinsic
semiconductors with a homogeneous crystalline lattice. There are multiple
phenomena that involuntarily appear in an experimental system such as trap-
assisted generation and recombination that arise from crystalline defects (e.g.
unintentional n-doping in TiO2 due to oxygen vacancies) or impurities. Not
to forget, the surface itself is a severe disruption of the periodic crystal.
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The transfer coefficient is fundamentally different from the exponent in the
mechanistic approach and does not depend on the intensity of light. Nielsen
et al. also draws attention on the confusion related to the apparent order
in light intensity and shows that also for their system if they simply fit the
conversion data to a power law equation, rexp. = bIγapp they find a variable,
the apparent reaction order γapp that decreases to an asymptotic value for
increasing catalyst thickness. This variation in γapp comes from the interplay
between reaction rate and diffusion and therefore, another possible explanation
for the experimental findings in literature regarding the variation in the order
of light is that for high intensities the reaction rate is fast and diffusion is
prevailing, while for low intensities the reaction rate becomes limiting and
mass transfer limitations can be neglected. This is also supported in Visan et
al. where γ remains 1 for a wide range of light intensities due to the accurate
modelling of internal and external mass transport [67].

2.3 Radiative transfer

The propagation of light in heterogeneous (particulate) systems such as photo-
catalytic slurries is influenced essentially by two processes: elastic scattering
and absorption. Scattering represents a redistribution of light in all direc-
tions, but usually with different intensities in different directions (anisotropic)
depending on the characteristics of the particles such as refractive index, com-
position, size distribution, morphology and dynamics (change in orientation).
Absorption depends on the local light intensity given by the modified electro-
magnetic field upon light-particle interactions as explained below.
The most general mathematical representation for the total electromagnetic
field in the presence of arbitrary particles is given by Maxwell’s equations.
Solving even for a single particle is not a trivial endeavour [68]. Such com-
putations are important for optical anisotropic particles or for complex ge-
ometries and can also provide insight into the effect of neighbouring particles.
This modelling based on fundamental electromagnetic theory provides light
scattering properties for realistic systems.
The relevance for photocatalytic dispersed systems is mostly related to the
light intensity distribution which can be solved using the scalar radiative trans-
fer equation (RTE). The derivation of RTE from Maxwell’s equations in the
far field showing the underlying assumptions is covered by Ripoll [69]. The
change in light intensity at every location is solved considering the incoming
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light that is the light from the source plus the scattered light coming from
other particles, and the outgoing light, namely the scattered light contribu-
tion of that particular location and the loss due to absorption. Here, the
wavelength-dependent light interaction properties, the spectral volumetric ab-
sorption and scattering coefficients, αλ and σλ, as well as the scattering phase
function, p(Ω′ → Ω), have to be imported to resolve the spectral radiation
intensity, Iλ,Ω(s, t) reaching a given point s(x) in space and time t, having a
given direction of propagation Ω defined by the polar and azimuthal angles,
travelling along distances measured by the spatial parameter s.

dIλ,Ω(s, t)

ds
+ αλ(s, t)Iλ,Ω(s, t)︸ ︷︷ ︸

absorption

+σλ(s, t)Iλ,Ω(s, t)︸ ︷︷ ︸
out−scattering

= jeλ(s, t)︸ ︷︷ ︸
emission

+
σλ(s, t)

4π

∫
Ω′=4π

p(Ω′ → Ω)Iλ,Ω′(s, t)dΩ′︸ ︷︷ ︸
in−scattering

(2.4)

For the rigorous RTE, isotropic scattering and diffuse reflectance phase func-
tions are usually used [70–75]. The accuracy of the solutions is dictated by
simplifications made on the scattering spatial distribution function [76]. For
symmetry arguments, the six flux [77] and two flux [63,78–80] approximations
are utilized the most. The former assumes 3D scattering in the six directions
of the Cartesian coordinates, while the latter takes into account only forward
and back-scattering.
Scattering is always detrimental to the overall energy absorption. Since the
scattered light is not lost for the system, but merely contributes to other direc-
tions, the change in direction inside the reactor could be intuitively understood
as an overall decrease in the optical path. The change in direction inside the
reactor will limit the penetration distance accordingly. The change in optical
path for different scattering models is illustrated in Figure 2.1 by the absorbed
light fraction, Ψ, solved for different scattering albedos, ω, which represents
the ratio between the scattering coefficient and the sum of scattering and ab-
sorption coefficients. Light absorption is underestimated to the greatest extent
in the two flux model due to the highest optical path decrease coming from
considering only back-scattering.
We argue that a more rational approach should be sought. The coherence
between modelling and the properties of the particles is usually missing in the
photocatalytic literature. Building a physical intuition is a prerequisite to-
wards understanding the dominant characteristics of each system and provides
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Figure 2.1: Absorbed light fraction vs. optical thickness for different scattering
albedos. The dashed lines indicate results predicted by the two flux model
(TFM), while the continuous lines depict the six-flux model (SFM). [77]

arguments for simplifying the general RTE. Moreover, intrinsic optical prop-
erties, namely the real and imaginary parts of the complex refractive index,
n and k, cannot be measured directly, but must be derived from measurable
quantities. The measured quantities have to be interpreted in the framework
of the RTE model to generate the necessary coefficients [81–85]. In order to fit
the measured quantities, external inputs such as the scattering phase function
are required.
That is why a good starting point for evaluating the optical properties of
individual particles is the scattering angular dependency with the particle size.
Useful guidelines are provided by known solutions for Maxwell’s equations
solved for different limiting cases such as scattering by homogeneous spheres
(Mie scattering). The scattering phase function is illustrated with polar plots
in Figure 2.2 where x is the normalized diameter

x =
π · d ·mmedium

ν
(2.5)

with d is the diameter of the particle, mmedium is the refractive index of the
non-absorbing surrounding medium and ν is the wavelength. As particles
become larger (x>3), isotropic scattering changes to a preferential forward
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Figure 2.2: Polar plots of the scattering phase function for different particle
sizes with mparticle = 1.33 and mmedium = 1. [86]

direction.
The scattering magnitude can also be quantified using the scattering cross sec-
tion which represents the area that would capture the energy of the incident
beam equal to the total energy that is scattered in all directions. The cor-
responding normalized parameter is the scattering efficiency which equals to
the scattering cross section divided by the particle cross section area projected
onto a plane perpendicular to the incident beam. The scattering efficiency as
a function of particle diameter is illustrated in Figure 2.3 for TiO2 particles.
Even if the scattering efficiency is presented for 560 nm wavelength due to the
visible range interest for the coating industry, a general trend can be noticed.
Scattering is negligible for particle sizes much smaller than the wavelength,
x < 0.6 (0.16 µm in Figure 3), while maximum scattering is achieved when
particle sizes approach the wavelength. The scattering efficiency levels off at
a value 2 for larger particles, x>3 (0.8 µm in Figure 2.3), which is character-
istic for the geometric scattering regime. A general observation is that large
particles scatter twice more light than it is geometrically incident upon them.
The scattering coefficients selected from literature should correspond to the
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Figure 2.3: Scattering efficiency vs. TiO2 particle size (mparticle = 2.73)
embedded in resin (mmedium = 1.5) at 560 nm [87]. The ripple structure
comes from constructive and destructive interference between incident and
forward scattered light.

particle size regime of interest and special care should be given to the radiative
transfer model used to extract these optical properties from measurements. A
poor choice for external inputs such as the scattering phase function can lead
to erroneous coefficients which propagate into further modelling.
Dispersed systems have an inevitable degree of agglomeration. Agglomerate
sizes in slurries are above 100 nm, in other words, above the negligible Rayleigh
regime. Therefore, the lower particle size range for practical applications cor-
responds to the highest degree of scattering. Nevertheless, the experimentally
observed strong light attenuation for fine particle slurries is still related to
the efficient absorption of light by the highly dispersed system. For smaller
particles, absorption is always the dominant process due to the higher proba-
bility of light-particle interaction. However, larger agglomerates with forward
scattering are more prominent in realistic conditions. As aggregation devel-
ops, the decrease in absorption is independently accompanied by a decrease in
scattering. It is a general misunderstanding that the decrease in absorption is
due to enhanced scattering. As the particle size increases, the main reason for
lower absorption efficiencies is the shadowing effect. The exponential decay
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Figure 2.4: Configurations for measuring absorption and scattering coeffi-
cients. (a) Collimated transmittance; (b) Diffuse transmittance. [71]

of light inside the particle agglomerate renders smaller internal effectiveness
factors [67] (see reactor design section). Most of the light is then absorbed by
only the outer agglomerate material.
While the accurate interplay between scattering and absorption is given by rig-
orously solving the RTE, simplifications can be used under certain conditions.
Decoupling scattering and absorption processes can be verified by observing
how attenuation scales with particle concentration. If a linear proportion-
ality exists, then the scattering of neighboring particles does not add up to
the light reaching every particle. The important implication concerns cumu-
lative scattering. Scattering of individual particles can be summed up due to
no interference from neighboring particles, namely photons are scattered only
once. This is a valid assumption for relevant particle concentrations in pho-
tocatalysis, which are on the order of a few grams per liter. Crowding effects
are noticed only when the distance between particles decreases below 3 times
the particle radius [88]. An important consequence is that the exponential
profile for attenuation of light is preserved (ϕ(x) = ϕ0 · e−βx). Essentially,
the scattering coefficient, σ and absorption coefficient, α can be summed up
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into an attenuation coefficient, β. If this independent absorption hypothesis
holds, there are multiple resources that discuss the implications of deviating
from ideal systems such as size distribution, various morphologies or optical
anisotropy [86].

Collimated and diffuse transmittance experiments illustrated in Figure 2.4 are
the standard methods for measuring absorption and scattering coefficients.
The challenge is that these coefficients cannot be measured independently in
slurry systems. Even in the diffusive transmittance mode, the collected light
excludes the back scattered light, so it does not amount to a true absorbance
measurement. We propose that for particles which are touching, as is the case
for immobilized porous layers, scattering can be neglected. If only the near
field interaction of a second particle is considered, a significant 20% decrease
in scattering is observed [68]. Even if some degree of scattering remains in-
side the porous film due to consecutive transitions between the two different
refractive index mediums, this redistribution of light does not lead to external
losses. There is a high probability that it will be captured by the densely
packed particle matrix. The high solid volume fraction also ensures a strong
absorption which makes the relative contribution of scattering to the total
attenuation insignificant.

Given the negligible scattering for immobilize layers, a simple transmittance
measurement reveals directly the material absorption coefficient based on the
solid volume fraction. This could then be easily translated to the absorp-
tion coefficient of the slurry systems for different particle concentrations. An
available example in the literature defends our reasoning. The absorption co-
efficients for immobilized TiO2 layers has been reported for both dense and
porous films. Looking at the 300 nm wavelength, the absorption coefficient in
the case of dense layers is between 0.033 and 0.058 1/nm [89], while for the
porous layer with a 0.45 solid fraction the value is 0.023 1/nm [67]. The range
for the former study stems for different synthesis conditions which lead to a
variation in the crystalline phase composition. If we follow the previous sug-
gestion and normalize the absorption coefficient by the solid volume fraction,
the absorption coefficients in the 2 references become very close, namely 0.06
- 0.03 versus 0.05 1/nm, revealing its intrinsic value.
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2.4 Mass transport

In chemical reactors, a proper description of the mass transport is crucial to
determine limitations and obtain the conversions of reactants and formation
of products. In photocatalytic processes, light intensity distribution as well
as mass transport can become limiting in terms of the overall conversion. In
this section, we will briefly treat the relevant steps in mass transport, starting
inside a porous structure, moving to the boundary layer at the surface of the
structure and finally to convective transport in the bulk.

2.4.1 Internal mass transport

We will first consider the mass transport inside a porous structure. In the
framework of this paper, this can be an agglomerate of nanoparticles in a slurry
system or a porous immobilized catalyst layer. This internal mass transport
is governed by diffusion and reaction only at given x:

Deff
∂2c

∂y2
− r = 0 (2.6)

with the following boundary conditions for a slab geometry. At y = −δ,
Deff

∂c
∂y = 0 and at y = 0, c = cs, where r is the reaction rate, Deff = D · ϵ

τ is
the effective diffusion coefficient, D is the molecular diffusion coefficient, ϵ is
the porosity, τ is the tortuosity and δ is the catalyst thickness.
The equation can be solved analytically for a first-order reaction rate r =
k · c, where k is the rate constant. This is an effective bulk reaction rate
often assumed for simplicity, representing the surface reactions taking place
inside the porous material. The concentration profile and the net reaction rate
(inward flux) are:

c(y) = cs
cosh(ϕ(1 + y/δ)

cosh(ϕ)
(2.7)

Ny=0 = Deff
∂c

∂y
= cs

Deff

δ
ϕ tanhϕ (2.8)

where cs is the surface concentration at the particle-liquid interface. It is
important to realise that this surface concentration can be different from the



2.4. MASS TRANSPORT 29

bulk in case external mass transfer limitations are present, as will be discussed
later.
The dominating mechanism can be evaluated using the Thiele modulus, ϕ, and
the internal effectiveness factor, η, defined in Table 2.1 for a first order reaction
rate. The former computes the ratio between the reaction and the diffusion
time scales, while the later gives the ratio between the net reaction rate and
the surface reaction rate, namely the rate in the absence of concentration
gradients.

Geometry Thiele modulus Internal effectiveness factor

Slab ϕ =
√

k
Deff

· δ η = tanhϕ
ϕ

Spherical ϕ =
√

k
Deff

·Rp η = 3
ϕ2 (ϕ cothϕ− 1)

Table 2.1: Performance parameters

Weisz and Prater established that ϕ ≤ 10−1 to neglect or avoid concentration
gradients (≤ 5% deviation from a flat concentration profile). The formal
criterion [90] for a first order reaction is:

rnetR
2
p

csDeff
< 0.6 (2.9)

where rnet is the net or observed reaction rate. An even more practical meaning
is conveyed by the internal effectiveness factor, which directly expresses the
fraction of the catalyst that is being utilised. Thiele modulus and internal
effectiveness factor are also derived for reaction rates taking into account their
dependency on the local light intensity. For clarity, these will be presented in
the reactor design section.

2.4.2 External mass transport

The reaction-diffusion equation can be solved for boundary conditions that
specify the concentration at the catalyst surface which can be determined
only if external transport is known. Equality between the surface and bulk
concentrations implies perfect mixing, but even in a well-stirred volume this



30 CHAPTER 2. PHOTOCATALYTIC REACTOR DESIGN

is typically not reached for fast catalytic conversions: depletion of reactants
at the catalyst surface is still taking place. The easiest method to incorporate
this additional resistance to mass transport is to use a stagnant boundary layer
model which connects the bulk concentration to the surface concentration via
the mass transfer coefficient, km. The flux continuity boundary condition is:

Ny=0 = km(cb − cs) = rnet · δ (2.10)

This flux continuity matches the mass transport through the boundary layer
to the total conversion inside the porous catalyst. Using the definition of the
internal effectiveness factor, rnet = rs · η = k · cs · η, and solving the equation
for the unknown surface concentration, the net reaction rate becomes:

rnet =
ηkcb

1 + (ϕ tanhϕ)/Bim
(2.11)

where the mass Biot number evaluates the ratio between the internal and
external mass transport coefficients, Bim = km

Deff
δ. A straightforward criterion

for assessing the effect of external transport on the reaction rate was introduced
by Carberry [91]. For

ηk

kmA
< 0.1 (2.12)

the reaction rate constant derived from the observed reaction rate reaches its
intrinsic value, where A is the external surface to volume ratio (1/m). The
mass transfer coefficient depends on velocity and can be determined experi-
mentally with the benzoic acid dissolution method [92] or can be computed
via empirical correlations [93]:Sh = f(Sc,Re) with Sh =

kmdp
D , Sc = ν

D ,
Re =

ūdp
ν , where ν is the kinematic viscosity, dp is the diameter of the par-

ticle agglomerates and ū is the superficial velocity of the fluid. Welty and
Wicks [94] give a comprehensive list of convective mass transfer correlations
for various types of reactors and operating conditions.

2.4.3 Convective transport

Until now, we have worked under the assumption of a constant bulk concen-
tration. However, the replenishment of the bulk solution is not instantaneous
and needs to be accounted for a temporal and/or spatial development of the
bulk concentration. The concentration in the bulk of the reactor is determined
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by the velocity profile, which influences both the residence time distribution as
well as the mass transfer capacity. Following the general approach of the pa-
per, we will seek to simplify the daunting transient 3D analysis to a 1D model.
The most basic reactor design is the plug flow model, assuming zero axial dis-
persion and infinite radial dispersion. The velocity is assumed constant along
the axial direction, resulting in:

u
∂cb
∂x

= r (2.13)

where cb depends only on x since the radial concentration gradients are lo-
calized within the boundary layer. Lumping both internal and external mass
transport limitations into an apparent reaction constant kapp:

kapp =
η

1 + (ϕ tanhϕ)/Bim
· k (2.14)

cb has the well-known expression: cb = c0e
−kapp· xu .

This model is equivalent to an ideally stirred batch reactor where the position
along the plug flow reactor correspond to a residence time, x

u = t.
The plug flow reactor (PFR) is relevant in practice for a continuous operation
of a slurry reactor or an effectively mixed immobilized reactor. Concentration
gradients can be accounted for by using deviations from plug flow. The axial
dispersion approximation can be used to evaluate molecular and turbulent
mixing:

Da ·
∂2cb
∂x2

− u · ∂cb
∂x

= r (2.15)

where the axial dispersion coefficient Da can be experimentally determined
from residence time distribution measurements [90] or derived using empirical
correlations. Fortunately, Eq. (2.15) has analytical solutions for zeroth and
first order reaction rates. Using the first order reaction rate model in Eq.
(2.11) gives the following cb profile:

cb = c0
4 ·

√
1 + 4DaI

Pe · e
Pe
2

(
1−

√
1+

4DaI
Pe

)
(
1 +

√
1 + 4DaI

Pe

)2
−

(
1−

√
1 + 4DaI

Pe

)2
· e−Pe

√
1+

4DaI
Pe

(2.16)

where Péclet number is Pe = ū·x
Da

and the first Damköhler number is DaI =
kapp·x

ū with ū being the average velocity. The axial dispersion model can be
used only for Pe > 20 [95].



32 CHAPTER 2. PHOTOCATALYTIC REACTOR DESIGN

2.5 Reactor design and operation

In the last section, we discuss the underlying assumptions of basic reactor
designs and provide criteria that ensure these conditions are accurately met in
practice. Here, we integrate the analysis of the physical phenomena presented
separately in the first three sections.

2.5.1 Dispersed systems

Slurry reactors are widely used in photocatalysis. Such reactors is obtained
by dispersing photocatalyst nanoparticles in aqueous environments. These
particles are often already aggregated because of their production process (e.g.,
combustion synthesis for TiO2 P25), and agglomerate even further to larger
clusters. These agglomerates typically have a size in the order of 1 µm [71,96]
and a very open structure. To verify if internal mass transfer can be ignored,
a sample from the catalyst aggregates could be redispersed for instance using
ball milling. The conversion under identical conditions should be similar before
and after crushing. To work under the assumption of an ideally stirred system,
the mixing rate should be increased until no further change in conversion
is noticed. In this case, external mass transfer can also be ignored, and a
homogeneous concentration of reactants and products throughout the system
can be assumed. Another type of dispersed system is the stagnant slurry
reactor. Here, in the absence of convection, the underlying physics encompass
diffusion and reaction only, such that the mathematical description resembles
the immobilized catalyst case.
When designing a photocatalytic slurry reactor for optimum determination of
reaction rates, one wants to have a nearly constant light intensity inside the
catalyst agglomerate and throughout the reactor. The criterion for neglecting
light dependency is defined as the decay length in Visan et al. [67] for more
than 1/e transmission corresponding to δ < 1

α and in Motegh et al. [63] for
less than 5% deviation of photoreaction rate per particle from the maximum
photoreaction rate in the absence of shielding, corresponding to δ < 0.1

α . To
illustrate the concept, a TiO2 layer with a porosity of 0.45 has a characteristic
decay length for the light intensity of ∼ 1 µm [67]. In a single agglomerate of
∼ 1 µm the porosity is much higher, thus it is reasonable to assume a constant
light intensity within the agglomerate: i.e., each individual particle is equally
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exposed to the light.
A more general criterion that takes into account multiple scattering is that for
common values of the scattering albedo (around 0.7), one has to work at an
optical thickness below 0.2 to be able to volume-average the reaction rate [63].
When designing a photocatalytic slurry reactor for maximized use of photons,
the optical thickness should be at least 3.5 for low photon fluxes or 6.5 for
high photon fluxes. In that case less than 5% of the photons leave the reactor
unused [63]. These threshold values are only a weak function of the scattering
albedo.
The guidelines above are for two-phase systems: fine particles dispersed in
a liquid. However, Motegh et al. [80] showed that the same guidelines can
be used for slurry reactors with gas bubbles, i.e. three-phase systems. For
a gas fraction below 20% and bubble diameters around 3 mm, typical values
in such reactors, the effect of the additional scattering by the bubbles on the
photoreactor performance is insignificant, and the same limiting values for
optimal thickness apply.

2.5.2 Immobilized systems

There is a general preference for dispersed catalytic systems due to their en-
hanced mass transport capacity, as the small inter-particle distance ensures a
small diffusion length scale. However, the additional separation step and the
corresponding complexity for continuous operation motivate the use of im-
mobilized systems. Moreover, slurry systems have inherently lower quantum
efficiencies, as various degrees of scattering are unavoidable.
The general approach for preserving high mass transfer rates for immobilized
systems is either to operate at high flowrates which generates strong turbu-
lence, being aided sometimes by static mixers, or reactor design for sudden
changes in flow direction or to maintain a small diffusion length scale by de-
creasing the transverse dimension of the flow channel. In cases where mass
transport in the liquid is affecting the conversion, quantification of this trans-
port is required in order to obtain intrinsic kinetics for the catalytic conversion.
The former case, namely the well-mixed reactor with immobilized layer can
be modelled as a plug flow reactor where the radial mass transfer resistance is
represented by a fictitious stagnant layer. For the higher range of velocities, the
departure from ideality such as concentration gradients in the axial direction
can be handled by extending the PFR to the axial dispersion model.
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In the latter, we refer to microreactors which can be modelled accurately due
to the well-defined underlying physics and geometry. The characteristic di-
mensions ensure a parabolic velocity profile and a homogeneous light intensity
across the surface of the reactor. For these reasons microreactors with an im-
mobilized porous layer of photocatalyst on one or both of the channel walls,
are attractive devices to obtain the intrinsic kinetics [67]. As described previ-
ously, for immobilized layers scattering can be neglected (see radiative transfer
section).
Light-dependent kinetics can be derived for intrinsic semiconductors based
on their fundamental physics [65]. For the diffusion-reaction regime, light-
dependent kinetics can also be tackled analytically. Furthermore, a corre-
sponding internal effectiveness factor has been derived [67] which is evaluating
the catalyst coverage by taking into account both mass and radiative transfer
limitations:
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where a modified Thiele modulus was computed as the ratio between surface
reaction rate and the diffusion rate:

ϕ2 =
ki · δ2

Deff
·
(

αΦ0

Bp0n0h̄ω

)γ

(2.18)

where Bp0n0
∼= 3.3 · 10−23m−3s−1 is the equilibrium electron-hole recombina-

tion rate [65]. In(x) and Kn(x) are modified Bessel functions of the first and
second kind, respectively.

2.6 Conclusions

In this review, we tackle the underlying physics of photocatalytic reactions
by providing rational reasoning for simplified analytic descriptions. We begin
by analyzing the charge carrier generation and transfer, move on to radiative
transfer based on the distribution and properties of the catalytic material and
account for the mass transfer both inside and outside the porous structure.
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Finally, we discuss the consequences for the most basic reactor designs for
which guidelines and criteria are provided to meet their assumptions.
For ideal intrinsic semiconductors, the photocatalytic reaction rate scales lin-
early with light intensity if mass transfer is accurately accounted for. Simpli-
fications to the radiative transfer equation should start based on a physical
understanding of the scattering angular dependency on the size of the particles
with respect to the wavelength. The particle size regime can also give an idea
about the scattering magnitude. It is only in the framework of pertinent as-
sumptions that the experimental measurements can be correctly interpreted
to provide true optical properties. The validity of simpler models, such as
exponential attenuation of light, could be confirmed for a certain particle
density regime by testing the proportionality between particle concentration
and light attenuation. Immobilized films benefit from negligible scattering
with simple transmission measurements revealing true absorption coefficients
that can be used in dispersed systems to decouple absorption from scattering.
The reaction-driven regime should be established using criteria such as Thiele
modulus, internal effectiveness factor and Carberry criterion or mass trans-
port limitations should be properly described using for example the stagnant
boundary layer model or the axial dispersion model. Empirical tests are also
presented to discard both external and internal mass transfer limitations.
This review should be of assistance in designing experiments where the under-
lying assumptions for various photocatalytic models are accurately met and
reveal the operating condition range for which these values are still accurate.
Those who deal with rigorous 3D computational modelling can foresee the
possible complexities for certain creative designs that may venture outside
the experimental data set and care can be exercised when trying to extrapo-
late. Having a good grasp of the intricacies of the system, they can identify
the missing parameters and establish a dialogue with experimentalists. This
will aid in creating a situation in which the experimental endeavors are di-
rected purposefully by investigating better defined questions from researchers
in complementary fields.
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3
Modeling intrinsic kinetics in immobilized

photocatalytic microreactors◦

The article presents a simple model for immobilized photocatalytic microreactors
following a first order reaction rate with either light independency or light depen-
dency described by photon absorption carrier generation semiconductor physics.
Experimental data obtained for various residence times, catalyst thicknesses and
photon flux densities proved that the model is capable of describing the reactor
performance. The extracted reaction rate constant reveals the intrinsic kinetics as
both external and internal mass transport are accounted for. The effect of light is
also considered by defining a criterion for neglecting light intensity based on film
thickness and absorption coefficient. For the first time k values on the order of
magnitude of 101 1/s are reported. In the end, performance parameters are also
derived for the light dependent model for which the internal effectiveness factor
reveals both mass transfer and light limitations.

◦Published as: Aura Visan, Rafieian, D.; Ogieglo, W.; Lammertink, R. G. H., Modeling
Intrinsic Kinetics in Immobilized Photocatalytic Microreactors, Appl. Catal. B Environ. 2014,
150–151, 93–100.
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3.1 Introduction

Heterogeneous photocatalysis is a promising technology for environmental re-
mediation. However, commercial products are focused mostly on self-cleaning
surfaces and air filtering. Important applications such as removing refrac-
tory compounds from wastewater are scarce. In 2007 van Gerven et al. [48]
mentioned only 6 examples: Zentox Corporation, Matrix Photocatalytic Inc.,
Clearwater Industries, Photox Bradford Ltd., Lynntech Inc. and Purifics En-
vironmental Technologies Inc. The invoked reasons are small conversion ca-
pacities and inefficient light use, addressing especially the inconsistencies in
the definitions of various performance parameters. A progress in optimization
requires that individual research efforts can be combined which is possible
only if an honest comparison between them can be achieved.
One parameter used frequently when evaluating the conversion capacity of a
reactor is the apparent reaction rate constant. Its derivation implies identi-
fying the reaction rate with the conversion −dc/dt = r. The kinetic model
is usually Langmuir-Hinshelwood r = kKc

1+Kc or a first order reaction r = kc
from which the reaction rate constant is obtained [97–105]. The agreement
with respect to these basic relations is widespread, as several reviews mention
it [106,107].
Heterogeneous reactions involve the diffusion of species to the active catalyst
sites. Mass transport becomes important and if omitted can alter the true
values of the reaction kinetics. Intrinsic kinetic parameters are of paramount
importance. They are required for catalyst screening and necessary when
simple engineering tools such as the apparent reaction constant are used for
comparing different reactor configurations. The real value for the reaction rate
constant allows the evaluation of the mass transfer contribution on the conver-
sion which is a main factor dictating the performance of a reactor. Evidently,
comparison complicates further when the gradients in photon absorption be-
come important and kinetics cannot be volume averaged anymore. When
both immobilized and dispersed systems are considered, the difference in light
dispersion can be bridged only by light dependent intrinsic kinetics.
The standard approach for kinetic investigation is to place the system in the
reaction rate limiting regime, so the apparent reaction rate can reach the in-
trinsic value. The classical method uses a differential reactor which consists
of a reaction chamber and a mixing tank, where the reaction volume is much
smaller than the total volume. The small conversion per pass allows the sim-
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plification of the mass balance to a batch reactor equation. The intrinsic
kinetics are determined for flowrate - independent conversions [108–119]. Ac-
cepting the reliability of this method to eliminate external mass transport, the
question about internal mass transfer remains, which will be present even for
thin catalyst layers or for an inevitable degree of aggregation in slurry sys-
tems. Ballari et al. [120–122] went on to defining guidelines for canceling mass
transfer limitations in slurry reactors based on flow rate, catalyst loading and
irradiation rates.
Even when concentration gradients are eliminated, the inhomogeneity regard-
ing light distribution has to be carefully considered, especially for slurry sys-
tems. Motegh et al. [63] gave guidelines for operating in optically differential
mode. Starting from the premise of perfect mixing, a criterion was defined for
keeping the gradients in photon absorption rate small enough as to allow the
volume-averaging of the reaction rate.
A more thorough method is to model light distribution, fluid dynamics and
mass transfer and fit the kinetics to the experimental data. Due to the com-
plexity of large-scale photocatalytic reactors, a lot of assumptions come into
play.
The first challenge in a large-scale system is the non-uniform incident flux. To
obtain the radiation field distribution, light emission models have to be cor-
related to the radiation transfer equation (RTE) in order to obtain the local
volumetric rate of energy absorption (LVREA) which can be afterwards cou-
pled to the reaction rate. In case of dispersed systems, the radiation transfer
equation becomes more complex due to in and out-scattering effects that also
depend on the aggregation extent of the particles [79,123–126].
The next step is to consider the complex hydrodynamics. The most rigorous
approach is to perform a CFD simulation which solves the continuity and
Navier-Stokes equations and also requires turbulence models. Again, dispersed
systems demand the most elaborate models. An Eulerian multi-fluid approach
is necessary to connect the fluid velocity field to the solid particle distribution.
However, real flow computations are quite challenging. This is why, when
possible, approximations are used. In case of small deviations from laminar
flow, the axial dispersed model can be considered. For this, the Péclet number
(Pe) can be experimentally determined from RTD measurements [64,127]. At
the other end of the complexity spectrum, perfect laminar or turbulent flows
are the most convenient options.
Once the velocity field is characterized, mass transport can be investigated.
The most accepted approximation for slurry reactors is a one phase system
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with high Pe numbers. Hence, the governing equation becomes represented
by advection and homogeneous reaction only [128–130].
For immobilized systems it is easier to couple the reaction rate to mass transfer,
given the clear definition for the interface. The most realistic transport models
for the flow channel take into account both advection and diffusion [131–135].
All these papers neglect the internal mass transport inside the catalyst film.
Hence, the reaction rate is set as the boundary condition for the catalyst-fluid
interface. A more manageable method is to represent mass transport through
the stagnant film model. The mass transfer coefficient can be determined
experimentally with the benzoic acid dissolution method [92, 136] or can be
computed via empirical correlations from Reynolds and Schmidt numbers [93,
137–139].
Microreactors are a special case. The modeling of such systems is straightfor-
ward due to their laminar flow and constant photon flux density throughout
the entire surface of the reactor. Moreover, for immobilized catalyst, interface
scattering due to roughness is neglected. Bulk scattering is not relevant due
to absorption. Hence, the RTE simplifies to a Lambert-Beer law.
Very few papers seem to exploit the potential for accurate modeling of mi-
croreactors. Most of the articles employ the PFR equation [140–143]. Meng
et al. [143] report values for reaction rate constants without providing an equa-
tion. It is assumed the same PFR equation is used due to its widespread use.
Gorges et al. [140] validate the intrinsic character of k by proving their sys-
tem is placed in the reaction limiting regime. Lindstrom et al. [144] adopts
the same approach of employing Damköhler number to assess mass transfer
restrictions. However, for the apparent reaction rate constant they use the
highest value in the literature, without computing the one for their system.
Charles et al. [145] used the axially dispersed plug flow model to set up the
mass balance in the microreactor. Mass transfer in the radial direction was
represented by the stagnant film. Both the axial dispersion and mass transfer
coefficients were computed from empirical relations. The kinetic model was
initially Langmuir-Hinshelwood, but later on simplified to a first order-like
equation. The kinetic coefficients were fitted to the model via iteration.
Nielsen et al. [65] derived a reaction rate expression based on semiconductor
physics. The governing equation they set up for the catalyst layer comprised
of diffusion and reaction. The gas concentration in the flow channel was con-
sidered constant by keeping the conversion under 10%. They also managed to
define a continuity equation for the localized excess hole concentration.
The current article draws attention on the simplicity of accurate modeling
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in the case of microreactors and proposes them as a pertinent choice when
attempting to extract kinetic parameters. A complete model for immobilized
photocatalytic microreactors is set up for the first time and solved for both
light independency and light dependency first order kinetics. Experimental
data obtained for various residence times, catalyst thicknesses and photon
flux densities proves the model is capable of describing the reactor perfor-
mance. Furthermore, a criterion is defined based on the absorption coefficient
and catalyst thickness to mark the transition towards the regime where the
incorporation of photon flux density is required. Performance parameters are
also derived for the light dependent model for which the internal effectiveness
factor reveals both mass transfer and light limitations.
The potential of the models is not confined to microreactor engineering. Scale-
up is straightforward compared to slurry reactors as only channel height and
catalyst thickness should be designed for a specific flowrate.

3.2 Materials and Methods

3.2.1 Microreactor fabrication

The silicon chips cut from 4′′ wafers were cleaned with 65% nitric acid (Merck)
for 15 min and rinsed with water and acetone. Following the cleaning, the
substrates were covered entirely with a commercial TiO2 suspension (VP Disp.
W 2730 X, Evonik) and spin coated at 3000 rpm angular velocity and 524
rpm/s acceleration. The spin coating time was kept at 1 min. The resulted
layer was sintered for 2 h at 500 ◦C in air. The heating and cooling rates were
kept at 2 ◦C/min.
The standard thickness obtained with the unprocessed dispersion of 30% (wt.)
solid content was around 1200 nm. Thinner layers were prepared by decreasing
the viscosity of the dispersion. 310 nm and 640 nm were obtained by diluting
the dispersion with distilled water to 15 and respectively 24% solid content.
Thicker films were prepared by multiple coatings with sintering in between.
The alteration of photocatalytic activity by repeated sintering was ruled out
when the same degradation was observed for layers with one and two sintering
cycles. As a general rule, the thickness of the catalyst layer was multiplied by
the number of coatings.
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Figure 3.1: Schematic of the micro reactor fabrication steps. PDMS is cast
on a microstructures mold and released after curing. The PDMS slab is sub-
sequently sealed to a TiO2 coated substrate.

Catalytic films of 310, 640, 1200, 2050, 3000 and 4000 nm were used for
degradation experiments.
The microreactor was assembled by attaching the TiO2 coated substrate to
a PDMS slab containing the microchannel replicated from a microstructured
mold. The PDMS was prepared by blending the polymer base (RTV-615
A, Permacol) with the curing agent (RTV-615 B, Permacol) in 10:1 ratio as
indicated by the manufacturer. The mixture was poured on top of a patterned
wafer and degassed in a vacuum desiccator. After partial curing for 45 min at
60 ◦C, while still preserving its adhesive properties, the PDMS slabs were cut
out from the mold, punctured for the inlet and outlet connections, attached
to the substrate containing the catalyst layer and cured for another 45 min.
To ensure a leakfree assembly, additional PDMS was poured and cured for 3 h
at 70 ◦C. The inlet and outlet connections were made by introducing needles
into the previously punctured holes. The preparation steps are illustrated in
Fig. 3.1.
The microstructured mold was made by standard photolithography using neg-
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Figure 3.2: SEM cross-section of a porous TiO2 film.

ative photoresist (SU-8). SU-8 was spun on silicon wafer at 500 rpm for 10
seconds and continued to 100 rpm for 30 seconds. Then the sample was pre-
baked at 50, 65, 95 ◦C for 10, 10, 45 minutes respectively. This is followed
by UV exposure for 33 seconds and post baking at 50, 65, 80 ◦C for 5, 10, 20
minutes respectively. Finally the sample was spray developed by RER 600.
The resulted SU-8 height was measured with optical profiler. The channel is
rectangular and follows a meandering path. The basic dimensions are: 50 µm
height, 500 µm width and 5.96 cm length, with a total volume of 1.49 µl.

3.2.2 Catalyst layer characterization

High resolution SEM showed a highly homogeneous surface with a narrow
particle size distribution around 20 nm. The cross-section (Fig. 3.2) shows
also a uniform porosity throughout the layer.
M2000-X variable angle spectroscopic ellipsometer by J.A. Woollam was used
for fast and non-invasive thickness measurements. The accuracy of the method
was validated by comparing one of the results with the value obtained from
SEM. Porosity and roughness could also be extracted by ellipsometry mea-
surements. Porosity was determined by the Bruggeman Effective Medium
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Figure 3.3: Spectral absorption coefficient of a TiO2 layer.

Approximation, EMA, [146] by mixing properties of dense TiO2 and void in a
self consistent manner. Bruggeman type of EMA was used because it is well
valid when the volume fractions of both components are comparable. Rough-
ness was also estimated using EMA, this time adding a layer on top of the
samples with assumed 50% of material and 50% of void and fitting its thick-
ness. Values of 45% and 10 nm, respectively, were consistent for thicknesses
ranging between 300 and 4000 nm. The morphology of layers is reproducible
due to the same spin coating parameters used during preparation.
Ellipsometry could also be used for evaluating optical constants. Due to the
homogeneity of the film, scattering was almost absent. Consequently, the
model fitted very well and the accuracy of the measurement was high. For
the extinction coefficient determination, we modeled the dielectric dispersion
of the material by parametrization with B-Splines which is basically a polyno-
mial spline function [147]. It works well when normal parametrization of the
dielectric function requires too many dielectric oscillators. We also forced the
dispersion to be Kramers-Kronig consistent, namely physically viable.
The extinction coefficient can be easily converted to absorption coefficient
(Fig. 3.3) using the formula: α = 4πβ/λ where β is the extinction coefficient,
α is the absorption coefficient (1/nm) and λ is the wavelength (nm). The
method was validated by comparing the results with the absorption coefficient
computed from transmission measurements of TiO2 films of varying thickness
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Figure 3.4: Transmission spectra for multiple catalyst thicknesses

(Fig. 3.4). The transmission measurements were performed by connecting a
FHS-UV In-Line Filter Holder by Ocean Optics to the UV-VIS spectrometer
(USB2000+ Miniature Fiber Optic Spectrometer by Ocean Optics) where the
substrate coated with the catalyst film was fixed. Quartz glass was used as
a substrate due to its transparency in the far UV range. Cleaned quartz
glass was used to reference the transmission. The absorption coefficient was
computed only for a single wavelength as a mere validation tool from the
slope of the straight line fitting −ln(T/100) against thickness based on the
Lambert-Beer law: T = I/I0 · 100 = e−α∆x

3.2.3 Microreactor operation

An aqueous solution of 10 mg/L cortisone acetate (CA) (Sigma-Aldrich) was
injected into the microreactor with flowrates of 5, 10, 20, 30, 40 and 50 µL/min
using a syringe pump.
The CA concentration was determined by light absorbance measurements us-
ing USB2000+ Miniature Fiber Optic Spectrometer by Ocean Optics. The
monitored wavelength was 244.48 nm, corresponding to the maximum absorp-
tion peak of CA. The calibration was carried out for different concentrations
of CA solutions (from 5 to 20 mg/L).
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When adsorption reached steady state and the concentration recorded by the
UV-VIS spectrometer showed the inlet value, the UV lamp (UV-Point Source
HP-120, Dr. Gröbel UV-Electronik GmbH) was turned on. The photocat-
alytic degradation of CA was continuously monitored by passing the outlet
stream through a flowcell connected to the spectrometer. For the first batch
of experiments, the irradiance was set at 180 W/m2. For the second part,
the light intensity was varied between 55 and 270 W/m2 by changing the
distance between the light guide and the microreactor. Due to the sharp emis-
sion peak, there was no necessity for integrating the irradiance over the whole
TiO2 absorbing wavelength range. The total incoming photon flux density
was approximated to the value corresponding to 365 nm wavelength which
was measured using an optical power meter (Newport 1916-R).
O2 was continuously replenished through the permeable PDMS layer. The O2

permeability of the PDMS layer was tested by monitoring the O2 concentration
after passing O2 depleted water through the reactor. The O2 inline detector
recorded a steady state concentration very close to the maximum solubility of
O2 in water at atmospheric pressure.

3.3 Model

3.3.1 Light independent model

Fig. 3.5 illustrates the schematics of the model. The reactor was divided in 2
domains: the flow channel and the catalyst film.
The governing equation in the catalyst layer includes diffusion and reaction
only. The reaction rate is assumed to be first order with respect to the corti-
sone acetate, zero order with respect to oxygen due its provision through the
permeable PDMS layer and zero order with respect to irradiance. Hence, the
mass balance for the catalyst layer reduces to:

Deff
∂2c

∂y2
− kc = 0 (3.1)

Where Deff = D · ϵ
τ is the effective diffusion coefficient, D is the molecular

diffusion coefficient for cortisone acetate in water, ϵ is the porosity, τ is the
tortuosity and k is the first order reaction rate constant.
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Figure 3.5: Schematic representation of the 2D model, indicating channel
length L, channel height H, and catalyst thickness δ

The bottom boundary for the catalyst layer has the flux equal to zero:

y = −δ : Deff
∂c

∂y
= 0 (3.2)

The boundary condition at the interface between the channel and the catalyst
is represented by flux and concentration continuity:

y = 0 : c = cL, Deff · ∂c
∂y

= D
∂cL
∂y

(3.3)

The diffusion reaction equation together with the boundaries mentioned above
have the following analytical solution:

c(y) = cL ·
cosh(ϕ · (1 + y

δ ))

cosh(ϕ)
(3.4)

where Thiele modulus is ϕ =
√

k
Deff

· δ.
Hence, the domain of the catalyst layer can be collapsed into a single flux
boundary condition for the flow channel:

Ny=0 = Deff · ∂c
∂y

=
Deff · ϕ · cL

δ
· tanh(ϕ) (3.5)

The transport of the model compound in the flow channel is governed by
advection and diffusion.
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u(y) · ∂cL
∂x

= D · ∂
2cL
∂y2

(3.6)

where u(y) = uavg · (−6 y2

H2 + 6 y
H ) represents a parabolic velocity profile.

The governing equation for the flow channel was non-dimensionalized to a
square 1x1 domain (eq. 3.7) together with the boundary conditions (eq. 3.8
and 3.9) and numerically solved in Matlab.

uavg · (−6y′
2
+ 6y′) · 1

L
· H

2

D
· ∂c

′

∂x′
=

∂2c′

∂y′2
(3.7)

where x′ = x/L, y′ = y/H, c′ = cL/c0.

Ny′=0 =
Deff · ϕ · c′ ·H

δ
· tanh(ϕ) (3.8)

for the boundary to the catalytic coating.

Ny′=1 = D
∂c′

∂y′
= 0 (3.9)

for the upper wall.

3.3.2 Light dependent model

To account for light dependent conversion, the photon flux density was incor-
porated in the reaction rate described by photon absorption carrier generation
first order kinetics. The expression was taken form Nielsen et al. [65], derived
based on semiconductor physics. The governing equation for the catalyst layer
becomes:

Deff
∂2c

∂y2
− kc

(
αΦ0

Bp0n0h̄ω

)γ

exp(−γαy) = 0 (3.10)

where Bp0n0
∼= 3.3 · 10−23m−3s−1 is the equilibrium electron-hole recombi-

nation rate [65], Φ0 is the incoming photon flux density, h̄ω is the photon
energy, γ is the transfer coefficient for the electron transfer process and α is
the absorption coefficient.
Given that the boundary conditions remain the same, the new analytical so-
lution for the concentration profile in the catalyst layer becomes:
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where ϕ2 = ki·δ2
Deff

·
(

αΦ0
Bp0n0h̄ω

)γ
and In(x) and Kn(x) are modified Bessel func-

tions of the first and second kind.
This translates in the following boundary condition for the flow channel, giving
the flux towards the catalyst layer which is again non-dimensionalized and
implemented in Matlab:

Ny′=0 =
Deff · ϕ ·H · c′

δ
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(3.12)

Note that the governing equation is the same for both the light dependent and
light independent model, and that the two models only differ in the boundary
condition describing the flux into the catalyst layer.
The geometry of the channel was simplified to a rectangle preserving the
height, H, of 50 µm and the length, L, of 5.96 cm. The mesh was refined
such that mesh independent results were obtained.

3.4 Results and discussion

3.4.1 Light independent model (LIM)

The assumption for a first order reaction rate was first justified by evaluating
the effect of different residence times ranging between 1.8 and 18 s. The
degradation vs. residence time curve shown in Fig. 3.6 corresponds to 2050 nm
catalyst thickness in order to capture the complete spectrum for the residence
time range used during the experiments.
k = 31 1/s was extracted by fitting the model for the lowest residence time
where experimental data is more reliable. The reaction rate constant values de-
termined for various catalyst thicknesses ranged between 21 and 43 1/s. Their
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Figure 3.6: Degradation of Cortisone acetate (CA) vs. residence time for 2050
nm catalyst layer

corresponding degradation curves were also plotted in Fig. 3.6. The standard
deviation for the degradation is around ±2.5%. It was assessed based on the
systematic deviation of the base line during the absorption measurements.
The consistency of k is set out in Fig. 3.7 where degradation is plotted against
catalyst thickness ranging between 300 nm and 4000 nm for multiple residence
times. An optimum catalyst thickness can already be deduced given the fact
that an increase in thickness beyond 2000 nm affects the degradation only
slightly.
The intrinsic k values are several orders of magnitude higher than the apparent
first order reaction rate constants reported in the literature. For example, for
methylene blue (MB), a common model compound, values between 10−5 and
10−2 1/s are usually assigned [98, 105, 142, 143, 148–158]. The values increase
for smaller reactor scales, reaching approximately 0.3 1/s for the present study.
Following the same experimental routine and simulation procedure, given the
molecular diffusion coefficient for MB in water, D = 5.7·10−10 m2/s, a value of
k = 40 1/s was fitted. The difference of two orders of magnitude between the
real and apparent reaction rate constant draws attention on the importance
of accurate modeling. The intrinsic value for the reaction rate constant allows
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Figure 3.7: Degradation vs. thickness for multiple residence times. Sym-
bols depict experimental results and lines correspond to the light independent
model with k = 32 1/s

catalyst comparison, as well as the evaluation of mass transfer for different
reactor configurations.
The use for the extracted reaction rate constant can also be extended to dif-
ferent catalyst densities or dispersed systems by expressing it per unit surface
area. The conversion from k per unit volume [1/s] to k′′ per units surface area
[m/s] has the known formula: k′′ = k

Saρc(1−ϵ) , where Sa = 9 · 104 m2/kg is the
specific surface area, ρc = 3895 kg/m3 is the anatase density and ϵ = 0.45 is
the porosity. Consequently, MB has k′′ = 2.07 · 10−7 m/s corresponding to
k = 40 1/s, while CA has k′′ = 1.66 · 10−7 m/s corresponding to k = 32 1/s.
Not to forget, the use of light independent kinetics is valid when the reaction
rate can be volume averaged with respect to the field of local volumetric rate
of photon absorption. The case of immobilized systems will be discussed later
by comparing the light independent with the light dependent model.
For a quantitative optimization, the diffusion/reaction limiting regimes were
investigated by evaluating the effect of k on degradation, in terms of Thiele
modulus. For a first order reaction occurring in a planar porous catalyst, the
Thiele modulus can be computed using the following formula: ϕ =

√
k

Deff
· δ.
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Figure 3.8: Degradation by 2050 nm catalyst layer vs. Thiele modulus for
multiple residence times

The overall degradation given by a 2050 nm catalyst film was plotted in Fig. 3.8
against Thiele modulus for k ranging between 10−3 and 104 1/s.
As k and, consequently, Thiele modulus start to increase, the intrinsic chem-
ical reaction rate starts to compete with the given diffusion rate. For the
experimentally determined kinetics, k = 32 1/s, Deff = 1.4 · 10−10 m2/s and
δ = 2050 nm, Thiele modulus is 0.98.
We will later analyze the effectiveness of the catalyst according to this model,
combined with the light dependent model.

3.4.2 Light dependent model (LDM)

An important part in designing a photocatalytic reactor is related to light
intensity distribution as effective use of light has a big impact on the economics
of the process.
Whenever kinetics are modeled with respect to light intensity, I, the reaction
rate is considered to follow a power law: r = bIγ . Based on semiconductor
physics, the physical meaning of γ would be the transfer coefficient of the
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Figure 3.9: Degradation by 2050 nm catalyst layer vs. photon flux density.
ki = 6.46 · 10−48 1/s, α = 1.073 · 106 1/m, γ = 1

electron transfer process. There is a general misunderstanding about γ, which
is usually confused with the apparent γ extracted by fitting the conversion
against the irradiance in a power law fit.
The real decrease in γ given by the higher enhancement in the recombination
rate in connection with the excess hole production rate was found to happen
at light intensities higher than 250 W/m2 [159]. Moreover, values lower than
1 would translate in decreased efficiency regarding the use of light, rendering
this operating range with less practical value.
The model was evaluated for the effect of different incoming photon flux den-
sities. Fig. 3.9 shows the degradation by the 2050 nm catalyst film plotted
against irradiance for values ranging between 55 and 270 W/m2.
For the light dependent reaction rate, r = ki

(
αΦ0

Bp0n0h̄ω

)γ
exp(−γαy) · c, the

constant ki was extracted by fitting the model to the experimental data for
the higher light intensities. In this range, degradation is almost independent
on the light intensity. The small order of magnitude ki ∼= 10−48 1/s comes
from the high value of the prefactor

(
αΦ0

Bp0n0h̄ω

)γ ∼= 1049.
The challenge with the incorporation of light into the kinetic model does not
come only from the increased difficulty in mathematical manipulation. The
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Figure 3.10: Normalized concentration profiles vs. catalyst thickness. k =
69.485 1/s for LIM, ki = 6.46 ·10−48 1/s, α = 1.073 ·106 1/m, γ = 1, Φ0 = 180
W/m2 for LDM

most important disadvantage is the high number of unknowns that come into
play when attempting to understand the photon absorption carrier generation
mechanism. Simple engineering tools are very important for reactor design
and optimization. A simplistic model could pave the way towards a consensus
regarding photocatalytic reactor design and optimization and speed up the
industrial implementation. Hence, a thorough comparison between the two
models was performed in order to identify the regime where the simplistic
model is an admissible approximation.

3.4.3 Criteria for neglecting light intensity

Previously, k was averaged for multiple catalyst thicknesses. However, when
light is modeled, k is no longer constant throughout the thickness and follows
an exponential decay: k(y) = ki

(
αΦ0

Bp0n0h̄ω

)γ
exp(−γαy). We can define a

characteristic decay length: δ = 1/γ · α = 932.3 nm where the normalized
k(y), k′(y) = exp(−γαy) decreases to 1/e of its initial value. This light decay
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length (LDL) is very useful in order to point out the transition towards the
regime where light incorporation is recommended.
The significance of LDL can be visualized by plotting the normalized con-
centration profiles for both models shown in Fig. 3.10. To have a common
starting point kLIM was equalized to ky=0 = ki ·

(
αΦ0

Bp0n0h̄ω

)γ
= 69.485 1/s.

For thicknesses higher than LDL, the concentration profiles of the two models
become significantly distinct.

3.4.4 Updated performance parameters

A conclusive discussion has to include performance parameter investigation, as
the efficient use of catalyst is crucial to the design procedure [160]. Given the
first order reaction in the planar porous catalyst for the LIM, the internal effec-
tiveness factor has the well known expression: η = tanhϕ

ϕ , where ϕ =
√

k
Deff

·δ.
In the case of LDM, the expressions were derived based on definitions. The
internal effectiveness factor represents the ratio between the actual reaction
rate and the rate in the absence of concentration gradients. However, an easier
way to find this is to use the flux at the surface of the catalyst which equals to
the total reaction occurring inside. The internal effectiveness factor can then
be expressed as:

η =
1

ϕ
·
I1

(
2ϕ

√
eγαδ

γαδ

)
·K1

(
2ϕ
γαδ

)
−K1

(
2ϕ

√
eγαδ

γαδ

)
· I1

(
2ϕ
γαδ

)
I0

(
2ϕ
γαδ

)
·K1

(
2ϕ

√
eγαδ

γαδ

)
+K0

(
2ϕ
γαδ

)
· I1

(
2ϕ

√
eγαδ

γαδ

) (3.13)

where the updated Thiele modulus was computed as the ratio between surface
reaction rate and the diffusion rate:

ϕ2 =
ki · δ2

Deff
·
(

αΦ0

Bp0n0h̄ω

)γ

(3.14)

The internal effectiveness factor is plotted for both models in Fig. 3.11. ηLIM
accounts only for mass transfer limitation, while ηLDM considers both diffu-
sion and radiative transport when assessing catalyst coverage. The relative
effectiveness factor is an indication for which transport is limiting. While in
the top layer light and consequently, reaction rate are controlling, when the
relative effectiveness factor levels off, mass transfer takes over and no further
improvement in conversion can be sought. It can be noticed that the thickness
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Figure 3.11: Internal effectiveness factor vs. catalyst thickness. k = 69.485
1/s for LIM, ki = 6.46 ·10−48 1/s, α = 1.073 ·106 1/m, γ = 1, Φ0 = 180 W/m2

for LDM. The insert shows the LDM/LIM effectiveness factor

corresponding to the transition between the two regimes is the same for which
conversion reached its maximum in Fig. 3.7. Hence, the relative effectiveness
factor can be considered the absolute performance parameter for immobilized
photocatalytic reactors.
The maximum conversion thickness depends on the absorption coefficient and
incoming photon flux density. For higher α, the initial decrease becomes
steeper, lowering the maximum conversion thickness. For higher light inten-
sities, the maximum conversion thickness is also decreasing due to the higher
ky=0. The difference is in the asymptotic value for the relative effectiveness
factor which suggests how far away the two models are from each other. For
higher α the discrepancy between the two models is increasing, while for higher
light intensities it is decreasing.

3.5 Conclusions

Accurate modeling for microreactors can be achieved by applying basic physi-
cal mechanisms. This leads to a rational reactor design and easy optimization.
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The present article attempts a complete model for immobilized photocatalytic
microreactors and explores their potential as investigation tools for intrinsic
kinetics.
Models capable of describing reactor performance were build for a first order
reaction rate with either light independency or light dependency described by
photon absorption carrier generation mechanism. The extracted reaction rate
constant reveals the intrinsic kinetics as both external and internal mass trans-
port are accounted for. For the first time k values on the order of magnitude
101 1/s are reported.
The simplification to the light independent model is justified by defining a
criterion for neglecting light intensity based on film thickness and absorption
coefficient. Performance parameters are also derived for the situation when
irradiance has to be considered. The updated internal effectiveness factor
reveals both mass transfer and light limitations.



4
Fructose dehydration to hydroxyl-methylfurfural

in an immobilized catalytic microreactor◦

In this chapter we report a microfluidic platform that allows for high temperature,
high pressure conversion with inline spectroscopic measurement for a fast and
accurate determination of both reaction rate constant and activation energy. The
dehydration of fructose to hydroxyl-methylfurfural has been performed in this
immobilized microreactor with both dense zirconia and porous titania layers, as a
starting point to probe the potential of abundant metal oxides.

◦Submitted as: Aura Visan and Rob G. H. Lammertink, Fructose dehydration to hydroxyl-
methylfurfural in an immobilized catalytic microreactor (2019)
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4.1 Introduction

Catalysis is ever-present in industry with up to 90% of the reaction processes
using catalysts. However, this valuable experience covers mostly the fossil
based feedstock processing which entails selective functionalization of apolar,
unfunctionalized hydrocarbons. For well-known reasons, there is a global in-
terest for more sustainable resources. The catalytic conversion of biomass
waste is a promising alternative for chemicals, materials, and fuel produc-
tion [161–163]. Especially for chemical synthesis, this route is challenging due
to the richness and complexity of the chemical composition of biomass waste.
While oil consists of hydrocarbons and, hence, is hydrophobic, biomass is high
in oxygen content and consequently hydrophilic. Catalysts will have to fulfil
completely different requirements in the case of biomass conversion, as the
chemical conversion will entail selective defunctionalisation of polar, highly
functionalized oxygenates.
Future bio-refineries need to produce high value biobased chemicals to be eco-
nomically competitive. There are two possible strategies for approaching the
market. The first is to aim for novel products with new and improved prop-
erties such is the case of 2,5-furandicarboxylic acid which has the prospect of
replacing terephthalic acid in the fabrication of PET [164]. In this context,
markets need to develop. The second scenario is to aim for existing products
that utilize existing infrastructure and for which there is already a mature mar-
ket [165]. Both processing routes converge towards a few important platform
molecules from which a myriad of end products can diverge. Dusselier identi-
fied that carbohydrates give access to a plethora of novel and drop in chemi-
cals. Some of these highly versatile chemicals include 5-hydroxymethylfurfural
(HMF), levulinic acid (LA) and γ-valerolactone (GVL) [166–168].
HMF is a versatile and promising compound derived from carbohydrates. It
can be used as a renewable intermediate for the production of polymers, fu-
els or solvents in the petrochemical industry. The last step in the synthesis
of HMF is the dehydration of fructose (Figure 1). Researchers have devel-
oped biocatalysts to convert fructose from cellulose [169], which is one of the
major component of most plants and agriculture wastes [170]. This is why
an environmental-friendly process with a high fructose conversion rate is in
strong demand for the overall conversion of biomass.
The challenge for the effective utilization of biomass is to develop novel and
ecofriendly catalysts for efficient conversion at low cost [171–174]. Group VIII
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metals, notably ruthenium, have been shown to facilitate the hydrogenation
step in liquefaction, but the cost of these precious metals is extremely high.
Thus, inexpensive heterogeneous catalysts, such as zirconium dioxide and tita-
nium dioxide are attracting increasingly more attention as alternatives [175].
Moreover, due to its high content in oxygen, biomass is typically processed in
aqueous solutions or other polar solvents such as alcohols. These polar sol-
vents at high temperatures and pressures and often at extreme pH challenge
the stability of most catalysts. Among the few that can withstand these severe
conditions are metals oxides.

Solid acids such as oxides [171, 176, 177], phosphates [178] and chlorides [179,
180], but also plain metal oxides [176, 181] have been studied as catalysts for
the dehydration of fructose. It has been proven that metal oxides increase their
acid site density upon treatment with phosphoric acid and thus improve the
dehydration from fructose to HMF [177,181]. The treatment with phosphoric
acid, esterifies −OH groups on the surface of TiO2 into −O−PO(OH2) and
increase the HMF selectivity [171, 177]. What is more, TiO2 exhibits super-
hydrophilicity during and after UV light due to the formation of excess surface
−OH groups under light irradiation. The combination of UV light and phos-
phoric acid treatment would increase the density of surface phosphate species,
thereby enhancing its catalytic performance [171].

The optimization of catalyst design for biomass conversion is a prerequisite for
making this technology industrially feasible. To assess these improvements, the
activity investigation process has to be fast, restricted in energy and chemical
use and, very importantly, decoupled from reactor design. Intrinsic kinet-
ics can be retrieved when the system is accurately modelled. Microreactors
have been proven to be pertinent tools for kinetic investigation. Their small
dimensions provide a laminar flow profile and, consequently, a well-defined
mass transport. They also allow for fast inline measurement which generates
information in real time without the need to quench the reaction for sample
collection. The current project investigates one of the key reactions in the
conversion of biomass waste, namely fructose to hydroxyl-methylfurfural.
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Figure 4.1: Reaction scheme showing the dehydration of fructose to hydroxyl-
methylfurfural

4.2 Experimental

4.2.1 Chip fabrication

The need for harsh conditions such as high temperature and high pressure
requires a robust microreactor design. The fabrication of microchannels and
inlet/outlet holes in silicon was achieved using photolithography and deep re-
active ion etching. Anodic bonding of the glass cover to silicon gives a very
strong bond without the need of excessive heating which could affect the mor-
phology of the immobilized catalyst. Having the channels in silicon is beneficial
due to its high thermal conductivity and glass is the obvious choice to close the
microreactor because it gives the possibility of UV irradiation necessary for the
surface functionalization of the catalyst and the use of microscopic techniques
to evaluate in-situ humin deposition or bubble formation. The meandering
channel (Figure 4.2) is 500 µm wide and 50 µm deep and 18 cm long.
We have used two types of catalysts. A dense zirconia layer which was sput-
tered during the cleanroom fabrication and a porous titania which was wash
coated after closing the reactor. The cleanroom fabrication steps include
photolithography, opening the SiO2 mask, deep reactive ion etching the mi-
crochannels, lift-off, second photolithography on the back, deep reactive ion
etching the inlet and outlet holes, as well as the gap separating the heated
area from the fluidic connections, again lift off, wet etching of the SiO2 mask,
photolithography for the third time by spray coating the photoresist to homo-
geneously cover the 3D structures, sputtering the catalyst, lift off in acetone
bath, anodic bonding and dicing. The success of this patterning is due to the
thick resist that is obtained by spray coating. The 5 µm layer ensures that no
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a. b.

Figure 4.2: a. Microreactor CAD design b. The actual microreactor with the
sputtered ZrO2 layer (visible in the purple colour)

edge connection takes place upon sputtering. The second type of microreactor
does not require a third photolithography step and it was closed after deep
reactive ion etching the back.

4.2.2 Catalyst deposition and characterization

Zirconium dioxide was deposited by reactive magnetron sputtering with a zir-
conium target using a dc power source. The film was sputtered for 40 min
at 200W using a reactor gas mixture of 92.5 vol% Ar and 7.5 vol% O2 at a
process pressure of 5 × 10−3 mbar. The layer was annealed for 4 h at 500 ◦C
in air. The heating and cooling rates were kept at 2 ◦C/min. A thorough
characterization of the layer was performed. High resolution scanning elec-
tron microscopy revealed a nonporous film with significant roughness. The
elemental stoichiometry of the metal oxide was investigated using Energy Dis-
persive X-ray spectroscopy. The chemical composition was also confirmed
by X-Ray Photoelectron Spectroscopy. The thickness and roughness could
be determined by Spectroscopic Ellipsometry using the method described in
Visan et al [67]. X-ray Diffraction was used to investigate the degree of crys-
tallinity and detect the crystalline phases. The orientation of the crystallites
was visualized by TEM.
The second microreactor was wash coated with a porous titania layer using
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Figure 4.3: Chipholder CAD design displaying the configuration of the TEC
element

a monodisperse commercial suspension (VP Disp. W 2730 X, Evonik). The
suspension was used without dilution at the initial 30% (wt.) solid content.
The aqueous dispersion is pumped through the microchannel and flushed af-
terwards at a constant displacement velocity to ensure a constant thickness
along the channel. The resulting layer was sintered for 2 h at 500 ◦C in air.
The heating and cooling rates were kept at 2 ◦C/min. The quality of the
suspension gave a highly homogeneous layer which was visualized using high
resolution scanning electron microscopy. The narrow size distribution of the
starting suspension was confirmed by light scattering measurements using a
Zetasizer. The roughness and porosity could be determined by spectroscopic
ellipsometry [67]. The crystalline composition is provided by the manufac-
turer.

After sintering the wash coated layer, TiO2 was treated with phosphoric acid
under UV. The microchannels were flushed with 1M H3PO4 solution for 15
min at 50 µl/min. While filled with H3PO4 solution, the microreactors were
fixed under UV light (Dr. Gröbel UV light source HP-120, 180 mW/cm2)
for 4 hours. After treatment, the microchannels were rinsed thoroughly with
distilled water.
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Figure 4.4: Schematic illustration of the used setup, combining temperature
and flow control with inline UV-Vis analysis.

4.2.3 Modular packaging

We opted for modular packaging due to the plug and play feature (Figure 4.3).
To achieve fluidic connection, compression needs to be used which requires o-
rings. The stability of the o-rings is challenged for this combination of high
temperature and pressure. A solution was found in the literature where the
heated reaction area is separated from the connection side. We placed the
heating element inside the chipholder to keep a compact design. To limit the
heating at the connection side, a part of the silicon between the connection
zone and heated zone is removed according to the design of Samuel Marre [182].
The temperature difference between the reaction zone and the port side has
been assessed by using a second temperature sensor in order to check if active
cooling is required on the compression side. The system proved to be leakage
free until 50 bar. We opted for silicone o-rings due to their higher flexibility
compared to Karlez. Karlez and Valco give good sealing only for the first use.
The heating was performed locally on the reaction side using a Peltier element
which allowed for accurate temperature control up to 200 ◦C. The chipholder
has two separate top parts, the fluidic connection and the Al plate that pushes
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down the Peltier element which also works as a heat sink to ensure the heat
flux through the element. This separate top prevents heat dissipation to the
rest of the chipholder. The commercial temperature control system does not
go higher than 120 - 150 ◦C for thermoelectric (TEC) cooling elements, so
individual components were put together in house. Two separate temperature
measurements are possible. On the reaction side this is done with a Pt100
sensor that provides a very high accuracy in the order of 10−3 ◦C, while a NPT
sensor monitors the compression side. The thermocouple tip is positioned very
close to the microchannels inside a separate pocket. A 24 watt resistive heater
can replace the Peltier within the same control unit to extend the temperature
range up to 250 ◦C. The chipholder was fabricated entirely from PEEK in
order to minimize the heat loss from the Peltier element. It also has a window
on the glass side of the chip which allows microscopic visualization.

4.2.4 Setup and operation

The setup allows to independently vary residence time, pressure and tempera-
ture and monitor conversion using inline analysis. The liquid handling system
comprises a Fluigent flow controller equipped with a thermal sensor that is
connected to a control unit which actively regulates the gas pressure necessary
to achieve the flowrate set point. A back-pressure regulator using an active
valve controls the pressure, decoupling in this way the flowrate from the pres-
sure. Figure 4.4 shows the schematic of the set up used. After the pressure
reaches the set point, the microreactor was heated to the desired temperature.
The operating conditions for the showcase reaction, namely the conversion of
fructose to hydroxymethylfurfural (HMF) are 7 bar and 130 ◦C. The conver-
sion is quantified by measuring the product concentration via inline UV-Vis
spectroscopy that tracks the absorption in the UV range of HMF. The maxi-
mum absorption peak of HMF is at 284 nm. The calibration was carried out
for different concentrations of HMF solutions (from 2 to 15 mg/L). The fitted
calibration curve is: A284nm = 0.1174 · cHMF [mg/L]. The product molar yield
was evaluated according to the equation: yield = [h]/[f ]0 · 100, where [f ](0) is
the initial fructose concentration and [h] is the HMF final concentration.
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4.3 Results and discussion

The sputtered zirconia layer has a dense structured as visualized by HRSEM
(Figure 4.5). The 1:2 elemental stoichiometry for Zr:O is constant for a wide
range of O2 concentrations used during the sputtering process. The elemental
content was measured with both XPS and EDX. The observed drop in deposi-
tion rate for high O2 concentrations is attributed to the oxidation of the target
prior to sputtering (Figure 4.6). For the final recipe, a 7.5% (vol.) O2 was
chosen to ensure a high deposition rate which results in a 250 nm layer for a 40
min deposition time as shown in Figure 4.5 a. and b. XRD shows a mixture of
tetragonal and monoclinic crystalline phases. The annealing process increases
the crystallinity of the film, with the previous amorphous phase transitioning
to the tetragonal structure which shows up in an increase in the T(1,1,1) peak
intensity. TEM revealed a polycrystalline film (Figure 4.5), as sputtering is
a high energy process which does not give the possibility for preferential ori-
entation. The wash coated titania film displays a high degree of homogeneity
(Figure 4.7). While the initial suspension shows already a narrow size distri-
bution, 157 ± 70 nm, there are small aggregates comprising of monodisperse
particles of 21 nm which are the building blocks of the final coating as it is
shown in Figure 4.7. A porosity of 45% and roughness similar to the particle
radius (∼ 8 nm) was measured by Spectroscopic Ellipsometry. The specific
surface area of the porous film given the particle size and the density of anatase
(3895 kg/m3) is about 50 m2/g. The crystalline phase is not affected by the
sintering process. The 80% anatase to 20% rutile composition specified by the
manufacturer is preserved. The high quality of the commercial suspension and
the constant displacement rate ensured a uniform thickness of the wash coated
catalyst which can be observed in the cross section of the channel (Figure 4.7
c). A displacement rate of 17 mm/sec led to a thickness of 5± 0.5 µm.

The reaction was performed at 7 bar and 130 ◦C for different flowrates. The
product (HMF) absorption peak was monitored at each corresponding res-
idence time (Figure 4.8). Given the small product yield (Figure 4.9), the
conversion is reaction rate limited and external mass transfer does not have
to be taken into account. This assumption is valid for the second Damköhler
number, DaII < 10−1, which varies for the fitted reaction constants between
4 × 10−3 and 0.013.
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a. b.

c.

Figure 4.5: a. High resolution SEM of a 250 nm ZrO2 layer b. Higher SEM
magnification revealing the dense structure c. TEM of sputtered ZrO2 dis-
playing its polycrystalline morphology

Figure 4.6: Deposition rate dependency on volumetric gas composition
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a. b.

c.

Figure 4.7: High resolution SEM of TiO2 showing a. the porous structure and
b. the monodisperse particles c. Cross-section of the wash coated uniform
layer

DaII =

√
k

D0
· L (4.1)

where k is the volumetric reaction rate constant [1/s] for a first order reaction
rate, L is the height of the channel, and D0 is the diffusion coefficient of
fructose in water corrected for the change in temperature and pressure by
using the Stokes Einstein equation:

D0 =
kBT

6πη0a
(4.2)

kB and η0 are Boltzmann constant and the viscosity of pure water at temper-
ature T and the corresponding pressure (7 bar). a = 0.365 nm is the effective
hydrodynamic radius of fructose in water at small concentrations reported in
Lee et al. [169]. The variation in a with temperature is small, typically less
than 3%. Consequently, a homogeneous concentration profile can be assumed
in the transversal direction which simplifies the system to a plug flow reactor
(PFR) model. A first order reaction rate assumption was used due to the low
concentration range.
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Figure 4.8: HMF absorbance showing the increase in HMF production for
higher residence times. Reaction performed at 130 ◦C and 7 bar using the
porous TiO2 layer

d[f ]

dt
= −k[f ] (4.3)

ln [f ]

[f ]0
= ln [f ]0 − [h]

[f ]0
= −kt (4.4)

[h]

[f ]0
= 1− e−kt (4.5)

We take into account only the reaction pathway to HMF, as the present spec-
troscopic measurement allows for HMF detection only. Mass spectrometry is
required to identify other possible secondary products and quantify the abso-
lute conversion of fructose.
The sputtered ZrO2 displayed a low activity (k = 1.43 × 10−3 1/min) which
referenced to the geometric surface area of the film converts to a surface reac-
tion rate constant of k′′ = 1.192 × 10−9 m/s. The slow overall kinetics can be
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a. b.

Figure 4.9: HMF yield dependence on residence time for a. dense ZrO2 and b.
porous TiO2. The data points represent the experimental measurements. The
continuous line represents equation 5 where a. k = 1.43 × 10−3 1/min and b.
k = 6.34 × 10−3 1/min

attributed to the obvious low surface available area, but also to a low density
of active sites.
The next attempt tried to improve both aspects, increase the specific surface
area and alter the surface functionality for an increase in the number of acid
sites. The initial concentration of fructose was lowered to 0.5 g/L in the case
of TiO2 due to the absorption signal saturation beyond HMF concentrations
of 15 mg/L. Figure 4.8 shows the full spectrum of the steady state for each
residence time. The HMF absorption corresponding to the conversion for 10 s
residence time has a much broader peak which proves that it does not reflect
the true corresponding concentration. Hence, the data for this measurement
was not used in the kinetic fitting.
The porous titania layer displayed a higher volumetric rate constant due to
the higher available surface area, k = 6.34 × 10−3 1/min. The extracted value
is averaged with respect to the height of the channel. In order to be repre-
sentative for the catalyst layer, it needs to be normalized to the thickness of
the layer with respect to the height of the channel, kTiO2

= k · L/δ, where δ
is the catalyst thickness. To be able to validate the volume averaging of the
reaction rate constant, we need to exclude internal mass transfer limitations,
such that the catalyst layer is utilized evenly throughout its thickness. Two
parameters can be used in this respect: thiele modulus, ϕ, and the internal
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effectiveness factor, η. Thiele modulus evaluates the reaction time scale with
respect to the diffusion time scale:

ϕ =

√
kTiO2

Deff
· δ (4.6)

Where Deff = D0 · ϵ
τ is the effective diffusion coefficient, ϵ = 0.45 is the

porosity and τ = 1.35 is the tortuosity [67]. ϕ values up to 6 × 10−3 for the
extracted kinetics confirmed the reaction driven regime for which the formal
criterion is ϕ < 10−1. The effective factor gives the ratio between the net
reaction rate and the surface reaction rate, namely the rate in the absence of
concentration gradients, which for the present system is almost unity:

η =
tanhϕ

ϕ
(4.7)

The conversion from kTiO2
per unit volume [s−1] to k′′ per units surface area

[m/s] has the known formula: k′′ = kTiO2
/(Saρ(1 − ϵ)), where Sa = 5 × 104

m2/kg is the specific surface area, ρ = 3895 kg/m3 is the anatase density and
ϵ = 0.45 is the porosity. This gave a lower surface reaction rate constant,
k = 9.87 × 10−12 m/s, than the corresponding value for the ZrO2 layer, prov-
ing a lower density of the −OH functional groups required for the reaction
mechanism.
The dependency of k on temperature is expressed by the Arrhenius equation:

k = Ae−Ea/RT (4.8)

where Ea is the activation energy, A is the pre-exponential factor and R =
8.31446 Jmol−1K−1 is the ideal gas constant. We investigated experimentally
this dependency of k on temperature for the porous TiO2 layer for which
we determined Ea = 80 kJ/mol and A = e19.4 1/min (Figure 4.10). These
values are slightly higher than what Carnity et al. measured for the same
reaction using a niobium phosphate catalyst (Ea = 65.8 kJ/mol and A = e15.7

1/min) [183]. For these measurements, the surface functionalization procedure
using H3PO4 acid under UV exposure was extended from 4 to 6 h. This
change led to a modest improvement in the reaction rate constant, namely
from 6.34 × 10−3 1/min to 11 × 10−3 1/min for 130 ◦C. We did not proceed
to quantify the surface functionality of TiO2.
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Figure 4.10: The dependency of k with temperature. The data points represent
the experimental measurements. The continuous line represents equation 6
where Ea = 80 kJ/mol and A = e19.4 1/min

While the catalysts investigated in this work displayed rather low activities,
the microfluidic platform proved to be a useful tool for rapid investigation of
catalytic performance. Especially for higher activities when mass transport
becomes limiting and accurate modelling is crucial to decouple the kinetics
from reactor design, microreactors provide a reliable option due to their well
defined fluid dynamics.

4.4 Conclusion

A microfluidic platform was developed for high temperature, high pressure
conversion with an inline UV-Vis spectroscopic measurement that facilitates
the fast screening of catalytic materials. The well-defined mass transport
characteristic for immobilized catalytic layers in microchannels allows for ac-
curate kinetic investigation. The dehydration of fructose to 5-hydroxymethyl-
2-furaldehyde (HMF) was studied using both sputtered ZrO2 and wash coated
TiO2 layers. The kinetics were determined for each catalyst. For the TiO2
layer, that showed higher conversion, the dependency on temperature was also



4.4. CONCLUSION 75

investigated, revealing an activation energy of 80 kJ/mol. Surface function-
alization of TiO2 using phosphoric acid treatment under UV light proved to
have a limited capacity for increasing the density of active sites.
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5
Reaction driven diffusio-osmotic flow inside

catalytic dead-end pores◦

We study convective transport inside a catalytic dead-end pore resulting from re-
action driven diffusio-osmotic flows. This additional mass transport mechanism
does not require any external input, but arises spontaneously when the configu-
ration of the catalyst matrix facilitates the development of significant gradients
with respect to the bulk solution. The surface driven flow originates from os-
motic pressure gradients and diffusion potential in case of charged species. We
have performed experimental studies on reaction driven flows inside a microflu-
idic dead-end channel with a photocatalytic wall. This diffusio-osmotic flow is
a result of the generated concentration gradient of glycerol and its degradation
products formed by the photocatalytic reaction. This catalytically generated flow
was characterised by 3D particle tracking and compared to a numerical mass and
momentum model including diffusio-osmotic slip.

◦Submitted as: Aura Visan, Alvaro Marin, Jeffery A. Wood and Rob G.H. Lammertink,
Reaction driven diffusio-osmotic flow inside catalytic dead-end pores (2019).

77



.



5.1. INTRODUCTION 79

5.1 Introduction

Mass transport in dead-end pores is of great importance in many chemical
systems, for example heterogeneous catalysis, enhanced oil recovery, and wet
etching processes, amongst others. For incompressible liquids, advective trans-
port into dead-end pores is challenging, as pressure driven flow is not possible.
Regarding enhanced oil recovery, this results in oil residues remaining inside
dead-end channels in porous structures. In heterogeneous catalysis, the lack
of advection inside dead-end pores causes internal concentration polarization,
i.e. depletion of reactant deeper inside the catalyst particle. The transport
of reactive species into, and products out of, the catalytic particle is then
frequently limiting the efficiency of the catalyst.
The main strategy to reduce internal concentration polarization has been to
decrease the diffusion length scale [184]. The only available design option
here is to dimension the particle/agglomerate size [185] or layer thickness [67]
according to the chemistry at hand. The kinetics will dictate how much of
the catalyst is being actually utilised, such that the only intervention is to
minimise material overuse. Well-known parameters such as Thiele modulus
and the internal effectiveness factor evaluate this length scale [90,91,95].
Recently, chemical gradients were demonstrated for obtaining advective flows
via ”transient diffusio-osmosis” in dead-end channels. [26, 27] The transient
nature is caused by the flow itself which mixes the solution and therefore
diminishes any chemical gradient. The concept of diffusio-osmosis was first
introduced by Derjaguin et al. [2, 3] who demonstrated that a solute gradi-
ent along a surface will develop osmotic pressure gradients within the inter-
facial layer where the interaction potential spans, which will set the fluid
in motion. Another contribution to this driving force in case of charged
species is the diffusion potential, namely the electric potential that devel-
ops for ion concentration gradients based on the different diffusivities of the
corresponding ions [4]. There is a large body of work that extended this
theory further [5–9, 186] and validated it with increasingly more accurate ex-
periments [10–13,15,18,19,187,188].
The strong understanding of this phenomenon led to the proposal of a range
of applications from surface charge characterisation [189], particle separa-
tion based on their zeta potential [15–17, 28, 29], membrane fouling preven-
tion [23–25], enhanced oil extraction [26], energy production from salinity gra-
dients [30] and fluid control in micro-channels [32]. Most of these examples are
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Figure 5.1: a. Sketch of the setup b. Particle trajectories c. Particle velocities
in the yz plane

based on externally applied gradients by bringing in contact solutions of differ-
ent concentration. The second approach is in-situ gradient generation by sac-
rificial substrates that are either consumed, for example, by depolymerization
reactions [41] or depleted such is the case of ion-exchange resins [190]. Another
example is the use of redox chemistry on bimetallic surfaces [34, 37, 191–194].
The production and consumption of protons on adjacent noble metals leads
to an uneven distribution of protons and hence an external electric field which
sets in motion electrophoretically the particles. The mechanism relies on par-
ticular chemicals, namely hydrogen peroxide or hydrazine, used as fuel to
provide the corresponding transport.
Our work focuses on studying induced advective flows in catalytic porous
structures with the aim of enhancing mass transport in such systems. It
proves the inherent existence of diffusio-osmosis in reactive dead-end pores
where conditions for this flow arise spontaneously. The catalytic reaction will
generate the required chemical gradient by itself, as well as potentially sustain
it. We have analysed the catalytic induced flow by means of 3D particle
tracking inside a microchannel comprising a reactive wall. A numerical model
is proposed to understand the signature of this flow in terms of the generated
gradient and solute-wall interactions.
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5.2 Experimental

A glass wafer was patterned using standard photolithography without HMDS
pretreatment. Following development and UV ozone cleaning, the wafer was
dried for 15 min at 120 ◦C. To prevent rehydration, the wafer was hydo-
phobized immediately with FDTS (Sigma Aldrich) in vapour phase using a
vacuum chamber. The best results were achieved when the wafer was left for
a few days to allow for covalent bonding completion. A thermal treatment at
60 ◦C removed the excess FDTS from the surface. The final water equilib-
rium contact angle for the hydrophobic regions was 115 ± 5◦. Prior to dip
coating, the wafer was dipped for a minute in 99% nitric acid to remove the
photoresist and ensure a clean hydrophilic surface. This short treatment had
a negligible influence on the hydrophobic functionality with a decrease in the
water equilibrium contact angle up to 5◦. Dip coating was performed using
a commercial 30 wt% TiO2 (Evonik) suspension at a speed of 10 mm/min
which gave for 600 µm wide stripes a thickness of 1100 nm determined using
a surface profiler. The patterned glass wafer was sintered to improve adhesion
for 2 h at 500 ◦C in air. The heating and cooling rates were kept at 2 ◦C/min.
The microreactor was assembled by aligning the TiO2 patterns to the side
dead-end channels replicated in a PDMS slab from a microstructured mold.
The PDMS was prepared by blending the polymer base (RTV-615 A, Perma-
col) with the curing agent (RTV-615 B, Permacol) in 10:1.5 ratio to increase
stiffness. The mixture was poured on top of a patterned wafer, degassed and
cured for 2 h at 80 ◦C. The PDMS was kept in DI water prior to bonding to
prevent water permeation during the experiments. After cleaning for 30 min
in 2M NaOH solution, the permanent bonding between the TiO2 patterned
substrate and the PDMS was achieved by activating the PDMS and glass sur-
face using O2 plasma for 12 seconds at 100 W. The design was inspired by the
work of Shin et al. [189]. The device has a large main channel with height of
100 µm and 600 µm width and side dead-end pores with height of 10 µm, 500
µm width and 300 µm length.
A 0.01 wt% glycerol (Sigma Aldrich) solution seeded with 2.5 × 10−3 wt%
tracer particles (PS-FluoRot-Fi267 1 µm Microparticles GMBH) was flushed
through the main channel using a syringe pump. The side dead-end channels
filled by capillary forces due to the hydrophilic walls, while air could could be
evacuated through the PDMS matrix. The reaction was triggered by UV light
of different intensities (18 - 90 mW/cm2). Density driven flows were ruled out
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by performing a blank experiment using the same catalytic configuration with
only DI water under UV light illumination. Wide channels were chosen to
increase the number of data points. However, this introduced disturbances in
the side capillaries caused by the flow in the main channel and therefore during
measurements the flow was stopped in the main channel which introduces a
transient in the inlet boundary condition. To exclude this effect only the
first 20 second of the experiment were used for processing. The wide side
channels allowed flushing them with fresh solution between experiments. The
homogeneous concentration profile was verified by the absence of directional
particle movement when the pumping was stopped. The zeta potential of the
tracer particles (-45 ± 5mV) was measured in the 0.01 wt% glycerol solution
using a Malvern Zetasizer NanoZS .
The particle tracking was performed with a commercial LaVision system that
uses a dual-cavity Nd:YAG laser at 532 nm. Images were recorded at 10 frames
per second using a double-shutter PCO Sensicam camera with a resolution of
1,376 x 1,040 pixels x 12 bits. Bright-field images were acquired to determine
the locations of the catalyst patch with respect to the entrance of the dead-
end side channel. The particle velocity was resolved in 3D using the General
Defocusing Particle Tracking (GDPT) technique [195]. This method is based
on a set of calibration images and the normalized cross-correlation function
used to connect the 2D intensity map with the height position.

5.3 Model

Momentum and mass transport are solved numerically for a two-dimensional
domain of height H and length L consisting of a solution of glycerol which is
consumed at the bottom catalytic surface and connected to the large reservoir
at the left side. The large reservoir was also modelled at the left side of
the catalytic pore to avoid fictitiously large reactant and, especially, product
concentration gradients. The height is 10H, while the length is L/3.
The system is governed by the Stokes and the continuity equations for fluid
dynamics. The inertial term is neglected due to small Re numbers. The species
conservation equation for mass transport includes advection and diffusion. In
dimensionless form they are given by:
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1

Sc

∂u

∂t
= −∇p+∇2u (5.1)

∇ · u = 0 (5.2)

∂ci
∂t

= ∇ · (Di∇ci − uci) (5.3)

The Schmidt number is Sc = ν/D1 where ν is the kinematic viscosity, t = t̃/t0
where t0 = H2/D1 is the diffusion time with D1 = 9.3 × 10−10 m2/s the diffu-
sivity of glycerol [196] and p = p̃/(νρD0/H

2) is the pressure. The dimension-
less velocity u is obtained with respect to the diffusion velocity u = ũ/D0H,
where the height of the dead-end channel is H = 10 × 10−6 m and the length
L = 300 × 10−6 m. ci = c̃i/c0 is the dimensionless concentration where i = 1
refers to the reactant species and i = 2 represents the product and c0 the
initial glycerol concentration. The diffusivities are referenced with respect to
the reactant diffusivity, Di = D̃i/D1, where D2 = 1.94 × 10−9 m2/s is the
diffusivity of carbon dioxide. Both catalytic surface and top wall are defined
by the diffusio-osmotic slip caused by the reactant and product concentration
gradients. The phoresis of the particles follows the same equation while chang-
ing sign as they are propelled in the opposite direction by the flow enclosing
the particle. We want to stress here, that this corresponds to cases where the
pore radius is large compared to the solute interaction length.

uDOF
j = −

µR
j

c1

∂c1
∂x

−
µP
j

c2

∂c2
∂x

(5.4)

The mobility µ is the prefactor of the diffusio-osmotic slip which lumps the
effects of the diffusion potential and interaction strength between reactant
molecules and the catalyst surface (quantified via the zeta potential in case of
charged species or a more general integrated interfacial concentration [2, 5]).
We reference the mobility to the diffusivity of the reactant, µ = µ̃/D1. Indices
R and P stand for reactant and product species. Indices j corresponds to the
3 type of surfaces present in this system, TiO2 (bottom surface), PDMS (top
surface) and PS particles.
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Figure 5.2: Velocity profile across the capillary integrated for the first 10 s
at (a) 20 ≤ y ≤ 30 µm, (b) 40 ≤ y ≤ 50 µm, (c) 60 ≤ y ≤ 70 µm, (d)
80 ≤ y ≤ 90 µm.
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Figure 5.3: Surface velocity along the catalyst (black markers) integrated
over 0 ≤ z ≤ 2 µm and along the PDMS wall (red markers) integrated over
9 ≤ z ≤ 10 µm for (a) 1.5 ≤ t ≤ 4.5 s, (b) 5 ≤ t ≤ 8 s, (c) 10.5 ≤ t ≤ 13.5 s,
(d) 17.5 ≤ t ≤ 20.5 s

For the species transport, the inlet boundary condition at the left side of the
large reservoir is defined by a fixed bulk concentration, c1 = 1 and c2 = 0.
The boundary condition for catalyst surface is represented by the normalised
surface flux which is a first order reaction rate, ∂c1

∂y = −∂c2
∂y = −DaIIc1,

where DaII = kH/D1 is the dimensionless second Damköhler number with
surface reaction rate constant k, while the inactive regions, top and right side
inside the capillary and the rest of walls of the large reservoir, have a no flux
boundary condition, ∂ci

∂y = 0.
It has been reported in literature [197] that the photocatalytic oxidation of
glycerol leads to 4 main products with the following molar distributions: 8%
glyceraldehyde, 6% 1,3 - dihydroxyacetone, 22% formic acid and 64% CO2.
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This distribution changes with the residence time and complete kinetic data is
not available. The individual interaction potentials of these species with the
catalytic surface are also unknown. Thus, we cannot determine their individ-
ual contribution to the net diffusio-osmotic driving force. This will be part
of future work, as an online mass spectrometer is required to investigate the
reaction mechanism and the kinetics of the elementary reactions. To account
for observations, the individual product species were collapsed into a net con-
tribution which regards the predominance of one of them, namely CO2 whose
diffusivity was used as the product in the model.
The governing equations are solved using Finite Element Analysis in COMSOL
Multiphysics 5.3. The simulations were performed with an unstructured mesh
with triangular elements for the large reservoir domain and a structured mesh
for the capillary domain. 150 by 100 rectangular elements were used within
the capillary to ensure mesh independence. The physical properties of the
medium were taken as water at 298K due to the dilute nature of the solution.

5.4 Results and discussion

Initially, the dead-end channel has the same concentration as the main channel
which is confirmed by the lack of directional motion of the tracer particles.
Once the reaction is triggered at the surface of the catalyst by UV illumina-
tion, glycerol degradation is initiated which lowers its concentration within
the capillary. This reactant concentration gradient together with the product
counterpart develops along the capillary and generates flow at both the cat-
alyst surface and the upper wall. Although the PDMS wall is inactive, the
diffusion time scale across the capillary is small compared to the kinetic ana-
logue, providing a similar concentration gradient along the top boundary. The
resulting fluid recirculation is visualised by tracer particles. The flow field has
been resolved in 3D using General Defocusing Particle Tracking. An experi-
ment with the same configuration of the catalyst and only DI water displayed
no directional motion under UV illumination. This rules out density driven
flows due to local heating and any additional dynamics driven by gradients
generated by solvent (water) reactions. Also, the 1 mM glycerol concentra-
tion ensures negligible change in density and other physical properties upon
chemical conversion.
The particle velocities across the height at different position along the capillary
are shown in Figure 5.2. These tracer particles sample the flow, but also have
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Figure 5.4: a. Velocity profile inside the pore for the first 4.5 s at 24 ≤ y ≤ 29
µm (black markers) and at 77 ≤ y ≤ 82 µm (red markers). The continuous
lines depict the simulation results at the corresponding positions to confirm
the integration range b. Surface velocity along the PDMS integrated over
9 ≤ y ≤ 10 µm (black markers) and the simulation results for z = 9 µm and
z = 10 µm at t = 4.5 s.

their own diffusio-phoretic motion due to the same diffusio-osmotic flow at
the surface of the particles which propels them in the opposite direction. The
magnitude and the direction of these surface flows will depend on the kinetics
of the reaction and the interaction potential between the solute species and
the solid surface. There is an inward flow at the catalyst surface and an
outward flow at the upper wall. This reversed flow direction comes from a
different interaction between the solute species and the catalyst versus the
PDMS surface. The difference in interaction potential originates from the
different surface charge between substrates. At the working pH (1 mM glycerol
solution in DI water has a pH = 5.5), the surface of TiO2 is expected to be
positive (pKa = 7.5 [198]), while PDMS (pKa = 5 [199]) and PS tracer particles
have a negative surface charge. However, the surface charge is also affected by
the cleaning procedure and in the case of PDMS by the O2 plasma treatment
required for bonding [200].
The velocities close to surface of the catalyst and PDMS along the capillary
are shown in Figure 5.3 at different time intervals. Close to the entrance
of the capillary the solute concentration gradient vanishes due to the large
reservoir. The surface induced velocity peaks around y = 30 µm followed by
a further decrease. This particular surface velocity profile is dictated by the
interplay between the driving force generated by the reactant gradient and the
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k[m/s] µR
TiO2

µP
TiO2

µR
PDMS µP

PDMS µR
PS µP

PS

2 × 10−6 -12.2 -8.7 -16.4 -1.6 -1.2 1.5

Table 5.1: Fitted reaction rate constant and mobilities

opposing product gradient which becomes more significant as the conversion
proceeds. This dependency of the velocity on the conversion degree produces
a velocity variation along the pore length (Figure 5.2). The same dependency
on conversion also causes a sharp transient (Figure 5.3) in which the velocity
decreases significantly and even changes direction at the catalyst surface as
the product driving force overcomes the reactant contribution.
We have analysed the velocity field using a numerical model (for details, see
the methods section). The model is based on the mass transport of reactant
and product species by advection, diffusion and reaction. The fluid dynamics
are driven by the surface flows at the top and bottom walls which arise with the
development of concentration gradients. Due to the sharp transient (Figure
5.3) that we cannot yet interpret, we focus on the analysis of the instantaneous
response. We analyse the initial velocity during the first 4.5 s that provides
enough data points to resolve the velocity profile (in comparison to ∼ 50
s necessary to achieve steady state). As shown in Figure 5.2, close to the
entrance of the capillary the particles are not equally spread over the height
such that data points are missing for the first 10 s near the catalyst wall
(z = 0). Nevertheless, we have sufficient data points to fit the velocity across
the height of the capillary which gives us the velocity at the catalyst surface
while at the same time determining the diffusio-phoresis of the tracer particles.
The kinetics together with the reactant and product mobilities for the three
type of surfaces, TiO2, PDMS and PS, were fitted against the experimental
z velocity profiles at multiple y locations through an iterative process. The
fitted values are presented in Table 5.1. The simulated particle velocity profiles
are presented in Figure 5.4 a. and b. against the experimental data. Phoresis
of tracer particles has been taken into account for the simulation results. We
decouple the reactant and product contributions in Figure 5.5 where we show
the diffusio-osmotic velocity together with the individual reactant and product
terms from eq. 5.4 employing the mobilities reported in Table 5.1 for both
TiO2 and PDMS surfaces along the length of the channel.
In the end, we can vary the driving force for this surface flow by changing the
kinetics, as the photocatalytic reaction rate depends on the UV light inten-
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sity [67]. Figure 5.6 shows the experimental particle velocity dependency on
the UV light intensity at the PDMS surface and in the middle of the chan-
nel. These are the interpolated values based on a quadratic regression of the
velocity profile across z between 12 ≤ y ≤ 32 µm for the first 10 seconds.
The range has been extended as the triangular profile of the surface velocity is
shifted in the y direction depending on the reaction kinetics as the concentra-
tion profile is altered. The data for the middle channel is an indication of the
surface velocity at the catalyst side. The data at the TiO2 surface is missing
as the incoming stream from the large reservoir does not have a homogeneous
particle distribution. There is a particle free region close to the bottom of
the channel which may be caused by the shear lift force which propels the
particles upwards [201]. In the dead-end pore the particles redistribute across
the channel due to the phoretic migration towards the active surface (Figure
5.2). While the main phoretic component is in the y direction, the phoresis in
z direction is still present even if one order of magnitude less. This phoretic
velocity will depend on the kinetics. Therefore at lower UV light intensities
the particle redistribution inside the capillary is reduced, limiting the number
of data points.

The diffusio-osmotic flow at the PDMS and TiO2 surfaces follows a different
development with the increase in UV light. The surface flow at the PDMS
side levels off sooner than at the catalyst surface which indicates that UV light
intensity may affect both the kinetics and the surface charge of TiO2. As the
PDMS surface is inactive, a further increase in the velocity at the TiO2 can
be explained by an increase in mobility as a result of higher surface charge.

The parameters presented in Table 5.1 do not reveal accurately the transient.
To accomplish this, the variation of mobilities with respect to time would
be required to accurately fit the experiments. One possibility would entail a
nonlinear combination between the reactant and product contributions that
would depend on the relative interfacial composition that changes with the
degree of conversion, altering the mobilities as the reaction proceeds. Hence,
a more detailed approach is required to fully understand the transient. An a
priori quantification of the mobilities would entail molecular dynamics simu-
lation with an explicit description of the interaction potentials [45]. A further
level of complexity could arise from a change in interaction potential between
the chemical species and the catalyst surface under in-situ conditions. We
speculate that this is a general inherent mechanism by which a reaction is
activated and anticipate that diffusio-osmotic phenomena will become an ex-
perimental technique for in-situ active surface characterisation in case of well
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Figure 5.5: Dimensionless diffusio-osmotic velocity together with the reactant
and product individual contributions (eq. 5.4 employing the mobilities re-
ported in Table 5.1) for the TiO2 and PDMS surfaces along the length of the
channel at t = 4.5 s.
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Figure 5.6: a. Particle velocities at the PDMS surface (black markers) and
in the middle of the channel (z = 5 µm) (red markers) for different light
intensities.

defined systems (i.e. known reaction mechanism and kinetics for all elementary
reactions).

5.5 Conclusion

We demonstrate that convective transport is characteristic inside catalytic
dead-end pores as a result of generated surface flows, solely. These surface
flows are induced by concentration gradients that form during catalysis in-
side the pores. We quantify and explain the onset of diffusio-osmosis and
discuss its relevance in existing catalytic systems. We visualise and quantify
the flow in 3D using the General Defocusing Particle Tracking technique. We
analyse the phenomena using a model that includes the fluid dynamics actu-
ated by the concentration gradients that arise due to the catalytic reaction.
We are able to extract parameters revealing the interaction strength between
the reactant/product chemical species and the catalytic surface. In the end,
we probe the dependency of this in-situ generated diffusio-osmotic flow on
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its driving force by varying the reaction rate which changes accordingly the
concentration gradients of the reactant and product species. The current ap-
proach is based on flow in a dead-end pore that has a radius much larger than
the interaction length of the chemical species with the surfaces. This work
demonstrates the potential of self-induced mixing in dead-end catalytic pores
and motivates further studies of different chemistries and surface properties in
order to understand how best to utilize it for enhancing catalytic performance.



6
Catalytically induced flows: Increasing

conversion with less catalyst◦

We illustrate in this paper a simple concept by which patterning a catalyst, i.e.
making use of discontinuous patches, generates a diffusio-osmotic flow that mixes
the otherwise quiescent liquid near the surface and thereby enhances chemical
conversion. The magnitude of this surface flow and the extent to which it im-
pacts mass transfer and consequently catalytic conversion depends foremost on
the kinetics of the system. The origin of this flow lies on the concentration gra-
dients generated by the contrast in catalytic surface reactivity. In this study, we
use a numerical model employing a diffusio-osmotic slip velocity to explore the
role of these surface flows towards enhancing mass transfer. To place the idea of
improving conversion by simply redistributing the catalytic material in a general
framework, we derive scaling laws which provide guidelines for the dependency
of diffusio-osmotic velocity and conversion enhancement on the reaction kinetics
and interaction potential between chemical species and the catalytic surface. In
the end, we provide criteria for dimensioning the catalyst patch to maximize the
benefit of these surface flows.

◦Submitted as: Aura Visan and Rob G. H. Lammertink, Catalytically induced flows: Increasing
conversion with less catalyst (2019).
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6.1 Introduction

There is a constant effort to produce evermore active catalysts. An improve-
ment in the catalyst activity does not necessarily translate into a correspond-
ing increase in chemical conversion. Mass transfer may become limiting very
close to the catalyst surface, where diffusion is still the dominating transport
mechanism. Mass transfer especially in this near surface region needs to be
enhanced in order to benefit from these exceptional materials. One possible
approach to enhance near surface transport is to exploit diffusio-osmotic flows.
Diffusio-osmotic flows, namely surface flows generated by concentration gra-
dients, were described for the first time in 1947 by Derjaguin [3]. In the
presence of macroscopic gradients, osmotic pressure differences develop in-
side the interfacial layer where the interaction potential spans. The dif-
fuse part of the adsorption layer is mobile, leading to an osmotic flow par-
allel to the surface. In the case of charged species, an additional driving
force comes from the contrast in diffusivity of the corresponding ions which
generates an internal electric field. An impressive body of work was dedi-
cated to validate the initial findings and further develop theoretical descrip-
tions [2, 4–13,15–21,30,46,186–188,202,203].
Most of these studies, with the noteworthy exception of Smith and Prieve [10]
who investigated the instantaneous rate of deposition of latex particles on
a dissolving stainless steel surface through the addition of acid and oxidising
agent, relied on externally imposed concentration gradients. Except for partic-
ular designs (e.g. pores connecting large reservoirs [30]), immobilised surfaces
that pump the solution by diffusio-osmosis would relax the concentration gra-
dients and diminish its own driving force. A sustained driving force requires
in-situ generation of concentration gradients.
A few experimental examples of in-situ driven diffusio-osmosis by reactive
surfaces [32, 33,40,41] have been reported for the purpose of transport in mi-
crofluidics. The most famous example concerns the H2O2 redox decomposition
on Pt / Au alternating surfaces [34,36,37,191–194,204]. The uneven distribu-
tion of protons leads to a strong electric field which sets in motion the charged
Debye layer. The spatially divided consumption and production of protons
may benefit from an inherently strong driving force, but concerns only a very
specific example relying on ”external” electron transport.
Here, we propose a more general method to generate in-situ diffusio-osmotic
flows by surface reactivity contrast that is not pinned to a particular chem-
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istry. The contrast in reactivity can be designed by alternating active and
inactive regions. We introduce this concept in a new context for diffusio-
osmosis. That is the possibility of enhancing catalytic conversion by making
use of the concentration gradients that are inherent to the design of the sys-
tem. The synergistic coupling between mass transport and chemical reaction
with one enhancing the other could be achieved by a simple redistribution of
the catalytic material, i.e. rearrangement of the catalyst into discontinuous
patches. In this manner the concentration gradients that are characteristically
developing out of plane can now extend in-plane creating the condition for the
diffusio-osmotic flow.
The research question that this work tries to answer by means of a numerical
model is: Can we impact the conversion capacity of a catalytic system by
patterning the catalyst, and if so, what is the dependency of the conversion
enhancement on the chemistry of the system, namely reaction rate and inter-
action potential of the chemical species with the catalytic surface? The model
is general in the heterogeneous catalysis framework. We argue that as long as
the kinetics are fast enough to place the system in the mass transfer limiting
regime, diffusio-osmosis will spontaneously arise for patterned catalysts and
can make a significant impact on the overall conversion.
This is an initial paper on the topic that in order to preserve a general frame-
work relies on the simplification of a first order reaction rate where only the
reactant species are considered when quantifying the diffusio-osmotic flow. We
are aware that more complex mechanistic pathways will deviate from a first
order reaction rate and that all chemical species, including intermediates and
products will contribute to the overall driving force. While these aspects can
be resolved only on a case to case basis, we believe that valuable trends could
be drawn from this simple, but more general model.
First, we will illustrate the general features of the diffusio-osmotic flow gener-
ated by patterned catalytic surfaces. These include the flow pattern, the tran-
sient development of the concentration profile and the enhancement of mass
transfer and conversion. In the second part, the characteristic dimensions of
the system are investigated, namely the aspect ratio and catalyst coverage. In
the last section we explore different reaction kinetics and diffusio-osmotic mo-
bilities (parameter quantifying the interaction potential between the chemical
species and the catalytic surface) to identify the potential of the induced flow
to impact the conversion. Scaling laws for the surface velocity and Sherwood
number (Sh) on reaction rate constant and mobility will offer guidelines and
quantify the potential of this strategy for enhancing catalytic conversion.
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6.2 Model

Momentum and mass transport are solved numerically for a two-dimensional
domain of height L and width 2L consisting of a solution of an arbitrary
chemical which is consumed at the catalytic surface and replenished by the
top reservoir. We work under the premise of a given (stagnant) boundary layer
thickness and determine the optimum catalyst pattern design accordingly. The
domain is periodic in the x direction. The width represents the period of
a repeating patterned surface consisting of alternating active and inactive
regions at varying ratios. The domain was chosen for better visualisation
in order to encompass 2 vortexes instead of 1 vortex which would represent
the basic symmetry of the system, while keeping the aspect ratio of the vortex
near unity.
The system is governed by the Stokes and the continuity equations for fluid
dynamics where the inertial term is neglected due to small Re numbers and
the species conservation equation for mass transport which includes advection
and diffusion. In dimensionless form they are given by:

1

Sc

∂u

∂t
= −∇p+∇2u (6.1)

∇ · u = 0 (6.2)

∂c

∂t
= ∇ · (∇c− uc) (6.3)

The Schmidt number is Sc = ν/D0 where ν is the kinematic viscosity, t =
t̃/t0 where t0 = L2/D0 is the diffusion time with D0 = 4.6 × 10−10 m2/s
the diffusivity of methylene blue [205] and p = p̃/(µD0/L

2) is the pressure.
The dimensionless velocity u is obtained with respect to the diffusion velocity
u = ũL/D0, where the height of the boundary layer is L = 500 × 10−6 m.
c = c̃/c0 is the dimensionless concentration, where c0 is the bulk concentration
which sets the top boundary condition.
The upper boundary condition is set to full slip in the x direction and no
velocity in the y direction, to prevent formation of a viscous layer, unless
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stated otherwise. The active and inactive regions of the solid surface are
defined by the diffusio-osmotic slip, uDO.

uDO = −µ

c

∂c

∂x
(6.4)

The mobility µ is the prefactor of the diffusio-osmotic slip which lumps the
effects of the diffusion potential and osmotic pressure gradient set by the in-
teraction potential between reactant molecules and the catalyst surface. This
can be quantified via the zeta potential in case of charged species or a more
general integrated interfacial concentration [2,5,6]. We reference the mobility
to the diffusivity of the solute, µ = µ̃/D0.

µ̃ = −εkBT

ηe

(
βζ +

4kBT

e
ln

(
cosh

(
eζ

4kBT

)))
(6.5)

where ε is the permittivity of water, kB the Boltzmann constant, T the tem-
perature, η the viscosity of water, e the elementary charge, ζ the zeta po-
tential and the diffusivity contrast β = (D+ − D−)/(D+ + D−) with D+ =
4.3 × 10−10 m2/s and D− = 2.03 × 10−9 m2/s the cation and anion diffusivi-
ties [206].
For the species transport, the reservoir boundary condition is defined by a
fixed bulk concentration, c = 1. The boundary condition for catalyst surface
is represented by the normalised surface flux which is a pseudo-homogeneous
first order reaction rate, ∂c

∂y = −DaIIc, where DaII = kL/D0 is the dimension-
less second Damköhler number, with reaction rate constant k. The inactive
region has a no flux boundary condition, ∂c

∂y = 0. The left and right bound-
aries are set as periodic, with equal concentration and flux for each boundary.
The governing equations are solved using Finite Element Analysis in COM-
SOL Multiphysics 5.3 with a relative tolerance of 0.05. P2 + P1 discretization
(second-order Lagrange elements for velocity and first-order elements for pres-
sure) was used to solve the Stokes equations and second-order Lagrange ele-
ments for the species conservation equation. The simulations were performed
using an unstructured mesh with triangular elements. The mesh was refined
near the walls and intersection points and independency was checked. The
complete mesh consisted of approximately 180,000 domain elements.
We chose a catalytic example from literature to showcase the induced flow
conversion enhancement. Yang et al. reports the photocatalytic degradation
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Figure 6.1: For all graphs µ = 2.82, DaII = 98, ω = 0.65, except for para-
metric sweep a. Absolute velocity map at steady state, |u| =

√
u2 + v2 with

streamlines and velocity vector arrows. Boundary conditions for the momen-
tum equation are indicated. The grey surface region represents the active
region, while the black corresponds to the inactive surface part. b. Con-
centration map at steady state with fluid flow streamlines and velocity vec-
tor arrows. Boundary conditions for the species conservation equation are
indicated. c. Transient surface concentration profiles for an active region
0.7 < x < 2; continuous lines for a diffusio-osmosis scenario, dotted lines for
a fictitious diffusion only scenario d. Surface averaged reaction rate at steady
state (R = DaII

∫ 2
2−2ω c · dx

∣∣∣
y=0

) vs surface reactivity DaII . For a continuous
catalyst surface (dotted red line) the conversion levels off for fast kinetics while
a discontinuous catalyst surface induces diffusio-osmotic flow (continuous blue
line) which extends the conversion capacity for higher catalytic activity.



100 CHAPTER 6. SURFACE HETEROGENEITY

of methylene blue by poly-o-phenylenediamine modified TiO2 with pH depen-
dent kinetics that vary between k = 5.5 × 10−5 and 1.9 × 10−4 m/s [207].
The pH dependent zeta potential of TiO2 is reported between ζ = 100 and
ζ = −150 mV [208]. To avoid any bias we select an intermediary value for
kinetics (k = 9 × 10−5 m/s) and an average zeta potential (ζ = −75 mV) that
is characteristic for metal oxides. The diffusivity contrast gives a β = −0.65
which sets the mobility to µ̃ = 1.298 × 10−9 m2/s and the dimensionless ana-
logue to µ = 2.82. The optimised characteristic dimensions (aspect ratio 1:2
and 65% catalyst coverage) will be rationalised later on. The further studies
preserve these characteristics while varying one parameter at a time. The ex-
ample concerns realistic values for the mentioned parameters to benchmark the
effect, and in our study we report a range around these values to investigate
their relative influence.

6.3 Results and discussion

As the reaction proceeds and the depletion zone forms, the solute influx leads
to significant gradients along the surface which initiates the diffusio-osmotic
flow (Fig. 6.1a and b). Initially, the gradient is contained at the inac-
tive/active intersection. Once the flow sets in, it transports fresh solution
towards the catalyst, extending the gradient which intensifies the flow. Due
to the symmetry of the system, diffusio-osmotic slip is generated in both di-
rections. The inward flows extend half way across the catalyst and diverge
each other upwards giving rise to two mirrored vortex structures.
Intuitively, one would imagine that replenishing the surface of the catalyst
with fresh solution will diminish the concentration gradient such that the
diffusio-osmotic slip will limit its own driving force. However, comparing the
transient concentration profiles for the slip and no slip scenarios, there is an
obvious reinforcement in the gradient development. Figure 1c presents the
surface concentration profiles for a scenario where the surface flow is absent
(uDO = 0, dashed lines) and where it is present due to the diffusio-osmotic flow
(uDO = −µ1

c
∂c
∂x , continuous lines). The profiles illustrate the self-enhancing

effect of the flow parallel to the surface to its own driving force, namely the
concentration gradient. The steeper gradients are a result of the flow along
the active surface which introduces a residence time distribution. We tried
to describe this effect by an advection-reaction mass balance (Eq 6.6) just
along the catalyst surface. This corresponds to a 1D model where the origin
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of the flow lies only in the concentration gradient generated by the reaction,
disregarding the reactivity contrast and the replenishment of the boundary
layer by the 2D diffusional and advective transport. The equation represents
a solute mass balance which assumes a steady state between the consumption
of the solute by the surface and a diffusio-osmotic flow along this surface.

d

dx
(uDO · c−DaII · c) = 0 (6.6)

The diffusio-osmotic flow uDO is a function of the concentration and its gradi-
ent (Eq 6.4), and hence a function of x. Using Eq 6.4 we obtain the following
expression for the surface concentration along the half catalyst patch:

c = −cω − c0 · e−
DaII

µ
ω
+ (c0 − cω) · e−

DaII
µ

x

e
−DaII

µ
ω − 1

(6.7)

where c0 is the concentration at the start of the active domain, and cω is the
concentration at the center of the active domain of length 2ω.
The accuracy of this analytical simplification diverges as the reaction kinetics
increase and the corresponding increase in diffusional transport as well as the
advective transport provided by the circular flow relaxes the expected con-
centration gradients. This is also illustrated in Fig. 2b where the linearity
between uDO and DaII breaks down around DaII ∼ 101. It is not surpris-
ing that for DaII = 98 corresponding to the show case, the dominating slope
of the logarithmic fit to the numerical data, −4.47 (inverse decay length), is
significantly lower than the analytical value for −DaII

µ = −34.7 which dom-
inates the slope of Eq. 6.7 for c > cω. This simple model illustrates that
while DO flow is initiated by the contrast in reactivity, it develops because of
the increase in residence time along the catalyst which generates a constant
normalised gradient given by −DaII

µ . For a first order reaction rate we would
expect a constant DO velocity equal to DaII . This original driving force is
significantly decreased as concentration gradients are relaxed by transport in
the wall-normal direction.
In addition to the residence time distribution, the gradient is accentuated
at the intersection through the fresh solution supply that covers the entire
inactive region. Fig. 1b illustrates the higher concentration at the inactive
side. The flow accelerates again before being diverged midway into the catalyst
patch due to the stagnation point. Here, the concentration is the lowest due
to the longest local residence time.
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The driving force for this diffusio-osmotic flow lies in the mass transfer limita-
tion, i.e. the concentration gradients that develop due to the interplay between
reaction and mass transfer rates. For higher consumption rates, these gradi-
ents will deepen and consequently increase the diffusio-osmotic flow. This
increased convective transport will have a higher impact on the concentration
profile which will translate into a corresponding increase in the conversion
enhancement. While for a continuous catalyst where diffusion is the only
transport mechanism, the conversion levels off at DaII ≥ 10 due to increasing
mass transfer limitations, the diffusio-osmotic flow extends the conversion to
much higher DaII numbers. Fig. 6.1d. makes a comparison between the
current situation where continuous layers of catalyst are used to the design
proposed by this paper which despite using less material can achieve more con-
version. Diffusio-osmosis is a self-regulating mechanism with an amplification
set by the mobility.

Diffusio-osmosis speeds up the replenishment of the depleted solution thanks
to the circular structure of the flow. The mass balance follows two main
repeating steps; consumption at the catalyst surface and replenishment at the
top boundary. The enhanced mass transport due to mixing in the boundary
layer maintains a higher concentration at the catalyst surface which increases
linearly the first order reaction rate leading to a higher conversion capacity.
The impact of the diffusio-osmotic flow on mass transport depends on the size
of the vortex region with respect to the thickness of the diffusion dominated
boundary layer. It follows that the vortex width should match this height, so
it can reach the reservoir and replenish the catalyst surface with fresh solution
(Fig. 6.1a). When the velocity extends throughout the whole boundary layer,
it provides the highest degree of mixing. As it became obvious from figure 6.1
already, the vortex is half the size of the catalyst pattern due to the symmetry
of the system. The domain chosen for better visualisation encompasses 2
vortexes (instead of 1 vortex representing the basic symmetry of the system)
which gives a 1 to 2 height to width optimal ratio.

Local strong relative concentration gradients can sustain significant diffusio-
osmotic velocities regardless of small mobilities. As shown in Fig. 6.2 b for
µ = 2.82, the average catalyst surface velocity can easily surpass one order of
magnitude for faster kinetics. However, as discussed previously, the velocity
decreases along the catalyst patch as diffusion relaxes the concentration gra-
dients. It follows that the catalyst patch has to be dimensioned such that the
contrast in reactivity regenerates these gradients when this velocity becomes
inefficient. The relevance of the diffusio-osmotic flow is preserved as long as it
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exceeds the diffusion velocity, −µ1
c
∂c
∂x > udiff . In the framework of preserving

in-plane concentration gradients, the diffusion velocity is defined with respect
to the inactive patch length, 1 − ω. We make an arbitrary choice that the
threshold for the velocity decrease to be −1

c
∂c
∂x = 1 or uDO = µ. The formal

criterion becomes ω = (µ − 1)/µ, where ω is the dimensionless normalised
catalyst patch length which is denoted as catalyst coverage when expressed in
percentages. For the parameters used in the showcase, this simple criterion
would prescribe an optimum of 64.5% catalyst coverage, which is identical to
the numerically determined optimum value rounded up at 65%. A significant
enhancement in conversion of more than 50% can be generated by the diffusio-
osmotic slip for 65% of the catalyst in comparison to a continuous layer (Fig.
2a). For the same amount of catalyst as in a continuous layer, the conver-
sion enhancement exceeds 130% as can be read in Fig. 6.2d for DaII = 98,
corresponding to the kinetics used for the showcase.

While slower kinetics will have less impact, it is worth mentioning that this
criterion is based on the assumption that DaII > µ which corresponds to an-
alytically derived relative gradient originating from the residence time distri-
bution, −1

c
∂c
∂x = DaII/µ. Except for localised gradients at the active-inactive

junction, this value can be regarded as the maximum driving force that gets
relaxed by diffusion. An important observation here is that for slower kinet-
ics, the impact of diffusion on the concentration gradients is minimal, such
that the departure from this analytical velocity is insignificant and does not
represent the limiting factor. However, if DaII/µ > 1, this starting relative
gradient will already be smaller than 1, which imposes a different criterion.
Please note that diffusio-osmosis may still be relevant if mobilities are very
high. If we consider this analytical velocity based on the residence time dis-
tribution, namely uDO = DaII , the condition for diffusio-osmosis is given by
the same comparison to the diffusion velocity, DaII > udiff , which results in
the formal criterion ω = (DaII − 1)/DaII .

In order to motivate the use of this approach we retrieved simple scaling laws
for the diffusio-osmotic velocity and conversion enhancement based on the ki-
netics, DaII , and mobility, µ. The driving force for the diffusio-osmotic slip
is the relative concentration gradient which is generated by the contrast in
reactivity. Higher kinetics will deepen this gradient and increase the velocity
accordingly. A linear scaling relation could be inferred between surface veloc-
ity and reaction rate constant using a simple convection reaction mass balance
along the catalyst (Eq. 6.6). While this is generally valid for the intersection
velocity, the average velocity follows this scaling up to DaII numbers of ap-
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a. b.

c. d.

Figure 6.2: All graphs represent the steady state with µ = 2.82, DaII = 98,
ω = 0.65 except for parametric sweeps a. Enhancement in reaction rate, (Sh−
1) · 100, generated by the diffusio-osmotic flow with respect to a diffusion only
scenario representative for a continuous catalyst configuration vs. catalyst
coverage (catalyst patch / repeating unit) b. Surface induced velocity u vs
surface reactivity DaII c. Surface velocity u vs mobility µ d. Dimensionless
mass transport number Sh vs surface reactivity DaII .
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proximately 10 (Fig. 6.2b), after which it proceeds to decrease asymptotically.
As discussed previously, for very fast kinetics, the depleted surface enhances
transversal diffusion which relaxes the concentration gradients and decreases
the velocity. Further along the catalyst surface as shown in Figure 6.2 b at
location 1/4 into the patch, the velocity stagnates for increasing DaII because
increasing kinetics do not translate into an increase in the relative concentra-
tion gradient. Beside diffusion, there is an increasing advective contribution
coming from the faster diffusio-osmotic flow. The linear increase in velocity
cannot be sustained at higher consumption rates as a result of a matching
increase in mass transfer. This equilibrium between consumption and replen-
ishment fluxes is also illustrated by the asymptotic decay of both surface and
volume average concentrations in this second regime of fast kinetics.

The specific chemistry influences the dynamics of the system not only through
kinetics, but also through the interaction potential between the chemical
species and the catalyst surface, i.e. the mobility. By scanning different
mobilities, three different regimes can be identified (Fig. 6.2c). In the diffu-
sion controlled regime, the diffusio-osmotic slip, uDO = −µ1

c
∂c
∂x , has a linear

dependency on the mobility, µ, given that the low velocity comparable to
the diffusion velocity does not significantly impact the concentration profile
along the catalyst, i.e 1

c
∂c
∂x . The mechanism of the diffusio-osmotic flow in this

regime relies only on the reactivity contrast without benefiting from the self-
enhancing effect coming from the residence time distribution, as the in-plane
gradients relax due to diffusion. The residence time distribution effect of the
surface flow kicks in when µ approaches 1. In this regime, when increasing
the mobility, the velocity couples to its own driving force, because the higher
the surface flow, the higher the discrepancy with respect to the diffusion time
scale which prevents the decrease in concentration gradients for a given DaII
and thus reinforcing itself. This produces an exponent of 3/2 for the inter-
mediate regime. For mobilities much higher than 1, the exponent decreases
back to 1. In this advection regime, the driving force stagnates because the
mixing of the boundary layer at this high velocities limits the further increase
in concentration gradients for a given DaII , that is, the efficient replenishment
of the catalyst surface is not supported by faster consumption.

The overall increase in mass transfer due to diffusio-osmotic flow with respect
to a diffusion only scenario can be evaluated by the ratio between the catalyst
surface concentrations for the two different scenarios. The ratio represents the
convective to diffusive mass transport rate, i.e. the Sherwood number.
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Sh =

∫ 2
2−2ω c · dx

∣∣∣
y=0

, uDO = −µ1
c
∂c
∂x∫ 2

2−2ω c · dx
∣∣∣
y=0

, uDO = 0
(6.8)

For laminar flow parallel to a flat surface there is a well known mass trans-
fer correlation, Sh = 0.664Re1/2Sc1/3 [209]. The fitting Sh vs Re1/2 of the
numerical data gave a prefactor of Sh/(Re1/2Sc1/3) = 2.4. This represents a
mean Sh number almost 4 (3.62) times higher than for the parallel laminar
flow, suggesting further enhancement by the vortex structure of the diffusio-
osmotic flow.
In the end we can directly infer the flux enhancement from the chemistry of the
catalytic system. The convective transport extends the conversion capacity of
the system following a scaling of the Sh number with Da

1/5
II (Fig. 2d) up

to DaII of 100. Beyond that, the exponent decays in an ironic development
due to the self-limiting effect of the increasingly faster mass transport which
relaxes the concentration gradients and limits its own driving force.
We want to make a final note regarding the configuration of the system. Until
now, we have described the system as a diffusion dominated boundary layer
close to a catalytic surface. By a common engineering practice this boundary
layer is considered stagnant while encompassing all bulk mass transfer resis-
tances such that the bulk solution at the top boundary is considered perfectly
mixed. We made this decision to preserve a general framework. Any choice re-
garding external flow would have introduced a bias in the outcome. However,
we want make a few qualitative remarks. For the given 2D model, an external
laminar flow parallel to the catalyst surface can be considered in the x and z
directions, that is either a transversal or longitudinal flow with respect to the
pattern orientation.
Regarding the transversal arrangement, simulations showed that the results
reiterate with small deviations as long as the magnitude of the external flow
does not surpass the local diffusio-osmotic velocity. For higher external veloc-
ities, the enhancement decreases accordingly. The unidirectional external flow
breaks down the symmetry of the vortexes, such that the depleted layer does
not reach the top boundary where can it get replenished, but it is entrained by
the external flow and changes to a tangential configuration. Approximately
half of the average surface velocity is preserved even for very intense external
flows in comparison to a stagnant layer scenario. In this case, the diffusio-
osmotic velocity is contained at the active/inactive intersection. Instead of
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Figure 6.3: 3D concentration map at steady state with fluid flow streamlines
and velocity vector arrows corresponding to the show case, µ = 2.82, DaII =
98, ω = 0.65, under an external unidirectional flow along the catalyst patches,
i.e. in the z direction, of magnitude w = 10. The in-situ reaction driven surface
flow that develops in the transverse direction leads to the helical profile.

extending further into the patch, the DO flow is picked up by the external flow.
This localised surface velocity has hardly any contribution to mass transfer,
indicating that the y component of the velocity field is required to ensure the
by-passed replenishment of the depleted layer.

Regarding the longitudinal arrangement, preliminary 3D simulations (Figure
6.3) showed a mirrored helical flow as a result of the laminar flow which intro-
duces a residence time distribution across the height of the channel. While this
3D flow structure changes the results, there are no foreseeable limitations as
for the previous configuration which indicates an optimum pattern orientation
with respect to a unidirectional external flow.
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6.4 Conclusion

We propose a new context for reaction induced diffusio-osmosis, i.e enhancing
chemical conversion by the geometric patterning of the catalyst. The reactivity
contrast designed by alternating active and inactive regions spontaneously
generate in-plane gradients that drive a steady diffusio-osmotic flow. While the
details of the numerical model may need to be adjusted for particular catalytic
reactions, the approach is not pinned to a certain chemistry. Concentration
gradients will develop as long as kinetics are fast enough to place the system in
the mass transfer limiting regime. The diffusio-osmotic flow is redirected out
of plane due to the symmetry of the system and mixes the otherwise diffusion
dominated boundary layer which greatly enhances mass transport and thus
impacts the overall conversion.
We use a numerical model based on a first order reaction rate assumption
to study the structure of the diffusio-osmotic flow, its development and de-
pendency on the catalytic chemistry, i.e. reaction kinetics and interaction
potential between chemical species and catalytic surface (expressed through
the mobility parameter). The study reveals that while diffusio-osmosis is ini-
tiated by the contrast in reactivity, it develops along the catalyst due to a
self-reinforcing mechanism specific to active surfaces. The flow parallel to the
catalyst surface introduces a residence time distribution and thus a concen-
tration gradient which is the sustaining driving force that depends on both
kinetics, DaII and mobility, µ. Based on this fundamental understanding we
introduce criteria to dimension the catalyst patch according to the chemistry.
Scaling laws provide a direct correlation between the catalytic chemistry, the
dynamics of the system and the conversion enhancement. Specific chemistries,
with known reaction kinetics and interaction potential (i.e. mobilities), can
now be tested against this predictive model.



7
Reaction induced diffusio-phoresis of ordinary

catalytic particles◦

In this paper we demonstrate experimentally diffusio-phoresis of plain catalytic
particles driven by the macroscopic concentration field that the particles generate
by themselves. This introduces a general framework for heterogeneous catalysis
where the driving force relies on solute gradients that are generated by a mere
uneven distribution of catalytic particles. Whenever an inhomogeneity appears in
the particle distribution, the higher particle density region will lower the reactant
concentration more than the surrounding environment. This macroscopic con-
centration gradient propels the particles towards higher reactant concentration by
surface driven flows. The nature of this flow originates from osmotic pressure
differences and diffusion potentials in the case of charges species. This context of
diffusio-phoresis demonstrates an additional transport mechanism for slurry reac-
tors. We investigate the reaction induced particle movement for a photocatalytic
degradation reaction using TiO2 suspensions in a co-flow microchannel. We have
analyzed the experimental particle distribution by means of a numerical model
that includes diffusio-phoretic movement of the catalytic particles. This model
stresses the importance of particle characteristics, like surface potential, reactant
and product interaction, and reaction kinetics with respect to the catalyst particle
migration.

◦Submitted as: Aura Visan and Rob G. H. Lammertink, Reaction induced diffusio-phoresis
of ordinary catalytic particles (2019).

109



.



7.1. INTRODUCTION 111

7.1 Introduction

Surface flows generated by concentration gradients and their particle propul-
sion analogue have been introduced by Derjaguin under the name of capillary
osmosis and diffusio-phoresis. The phenomenon was speculated theoretically,
starting from an extensive knowledge on surface science. Derjaguin rational-
ized that due to molecular interactions between solute and solid surface, a
solution has a different chemical composition close to that solid surface which
is susceptible to bulk concentration gradients. A gradient in osmotic pressure
will develop within the interfacial layer where the interaction potential spans.
Given that the diffusive part of the adsorption layer is mobile, it drives an os-
motic flow parallel to the surface [2, 3]. Suspended particles will be propelled
by such a surface flow in a solute concentration gradient. This propulsion
mechanism is analogue to particle electro-phoresis in an external potential
gradient. Derjaguin illustrated the theory regarding particle migration un-
der electrolyte concentration gradients using an industrial example, namely
the ionic deposition of latex particles under the dissolution of an electrolyte
coating [4].
Following Derjaguin, Prieve and Anderson extended the theory in a series of
papers. They derived the migration velocity of particles in gradients of neu-
tral species while including other interaction potentials than the exponential
profiles [5]. They went on to prove that diffusio-phoresis in case of finite dou-
ble layers will depend on the particle size [6]. They corrected for the effect
of strongly adsorbing solutes which affect the external concentration field [7].
They also studied the effect of arbitrary distribution of zeta potential across
the surface of the particle [8] and, later on, they considered both non-spherical
and non-uniformly charged particles with finite double layers [9].
The theory was soon after validated in a series of experimental papers [10–
13, 15–19, 187, 188]. Lechnick and Shaeiwitz accounted for the dependency of
the zeta potential on the electrolyte concentration [13]. Staffeld and Quinn
inferred the particle-solute interaction potential by observing the diffusio-
phoresis in gradients of neutral polymers (Dextran) and charged hard spheres
(Percoll) [18]. More than three decades later, Shin et al. experimentally
probed the effect of the finite Debye layer thickness and confirmed the theory
of Prieve on the particle size dependent velocity [14]. Paustian et al. looked
into the particle migration under a gradient of solvent composition. They used
hydrogel membranes to divide channels with different composition and mon-
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itored the translation of particles after stopping the flow [20]. Nery-Azevedo
et al. used the same device for tracking the migration of particles exposed to
ionic surfactant gradients [21] and Shi et al. used it under opposing gradients
of different electrolytes [22] where the neutralizing reaction leads to focusing
of particles.

The examples mentioned above focused on the fundamental aspects of diffusio-
phoresis, probing the chemical nature of the gradient with various solid-solute
molecular interactions. These experimental endeavors served initially to con-
firm the theory and later on use it to infer surface properties and solute wall
interactions. This increasing confidence in the theory helped transition to
various applications. Shin et al. developed a very simple, but elegant experi-
mental design using a dead-end channel to measure the zeta potential of walls
and particles simultaneously [27, 189]. Due to the well-defined electrostatic
interactions, one can use a plain electrolyte such as sodium chloride to infer
the charge density of various surfaces by visualizing collective particle dynam-
ics. Particle focusing and separation based on zeta potential was achieved
by meticulous design of concentration profiles inside microchannels [28, 29].
Oil recovery can be enhanced by diffusio-phoresis of oil droplets out of the
dead-end pores [26] and membrane fouling due to particle deposition could be
reduced by adding sodium carbonate particles, that by dissolving counteract
the diffusion potential that appears due to the inherent salt rejection [23–25].
Other applications using in-situ gradient generation involve ion-exchange sur-
faces. Niu et al. uses ion-exchange particles for cargo transport [210] while
Florea et al. suggests an antifouling material application as a result of the
migration of particles away from a Nafion ion-exchange membrane [190].

There are two types of reaction induced phoretic phenomena that have been
studied so far. The first is chemotaxis in biological systems where cells mostly
react to the external composition. Their low activity has a small impact on the
surrounding environment, such that the reactivity feedback on their dynam-
ics is of lesser degree. The migration of cells towards higher nutrient sites is
studied under externally imposed gradients while trying to decouple the con-
tribution brought by their own activity [211–214]. The second example is the
migration of bimetallic particles that catalyze complementary redox reactions
which leads to an uneven distribution of protons and hence an external elec-
tric field which electrophoretically drives the particles. This chemistry involves
the production of charged species that are not being screened by counter-ions
thanks to the “external” electron transport through the bimetallic particle.
This phenomenon is based on spontaneous electrochemical reactions using
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Figure 7.1: Sketch of the setup. In a coflow microchannel, reactant is added
to each inlet, while photocatalytic particles are only present in the middle
stream. This uneven particle distribution leads to reactant concentration gra-
dients during photocatalytic degradation. These concentration gradients drive
catalytic particles via diffusio-phoresis.
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particular chemicals, namely hydrogen peroxide or hydrazine, and Janus-type
particles to provide the corresponding transport [34–39].
In this paper, the driving force relies on solute gradients generated by the inho-
mogeneous distribution of otherwise homogeneous catalytic particles (Figure
7.1). The spontaneously occurring surface flow can have a great impact on
the overall conversion, as interfacial transport is a known limitation for het-
erogeneous catalysis. Reactant and product gradients are generated by an
uneven distribution of catalytic particles, rather than by asymmetric particles
(Janus type). The catalytic reactant consumption creates exceptional steep
gradients. There is a synergy between the surface flow and the reaction rate
with one enhancing the other that is particularly exciting.
The study describes the diffusio-phoresis of photocatalytic particles that cat-
alytically generate macroscopic gradients caused by the uneven distribution
of the particles. The migration of photocatalytic particles is studied system-
atically in a channel where an aqueous solution of an organic contaminant,
methylthioninium chloride, is contacted under continuous flow with a parti-
cle suspension containing the same solute concentration. When UV light is
turned on, the photocatalytic particles decompose the contaminant lowering
its concentration inside the colloidal stream. The gradient in concentration
that is photocatalytically generated leads to the migration of particles toward
the higher concentration site. The effect of the reaction rate on the migration
of particles is evaluated by changing both the light intensity and initial particle
concentration. We analyze this experimentally observed migration mechanism
by numerical simulations.

7.2 Methods

7.2.1 Experimental

Methylthioninium chloride, also known as methylene blue (MB) and Tris buffer
were purchased from Sigma Aldrich and TiO2 suspension from Evonik. The
particle agglomerates were measured to be 157 ± 70 nm in size. The Si-glass
chip has been fabricated in a cleanroom using standard lithography, DRIE
etching of silicon and anodic bonding. The channel has 55x600 µm cross-
section (height x width) and is 10 mm in length. The design was inspired
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a.

b.

Figure 7.2: 2D and 1D particle density profiles for various residence times.
(a) optical microscopy images of the particle distribution at different positions
in the downstream direction, corresponding to the indicated residence time.
Light off (left), on (right), 50 µM MB, 1 wt% TiO2. (b) particle density
profiles obtained from the microscopy images. Little diffusion is observed for
the situation without catalytic reaction, while a broader shoulder of particles
appear during the photocatalytic conversion.
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by the work of Abécassis et al. [16, 17]. The two methylthioninium chloride
solution streams are pumped at 1 µL/min using a Fluigent pressure pump
where the flowrate is controlled by individual thermal sensors. The TiO2
suspension containing the same MB concentration is controlled at the same
flowrate using a Nemesys syringe pump. All the solutions have been buffered
at pH 8.15 using 1 mM Tris solution. The 365 nm monochromatic UV light
is provided by 2 UV LEDs from Dr. Gröbel that allow a direct control of
the intensity without changing the distance. The UV light intensity has been
measured at the exact distance by a UVA sensor from the same company.

7.2.2 Model

Mass transport is solved numerically for a two-dimensional domain of length
L and width W . The macroscopic particle distribution was obtained by solv-
ing the species conservation equation for both the solute and catalytic par-
ticles. While the solute conservation equation includes advection, diffusion,
and reaction terms, the particle transport is dictated by advection, migra-
tion and diffusion. Note that particle diffusion is insignificant as predicted by
the Stokes-Einstein equation. A 3D model has also been built to verify the
influence of the channel height. While the particle spreading shows a clear de-
pendency on the z component, there was no specific feature of the integrated
3D particle profile that was additional to the 2D model. In dimensionless form
the equations are:

∇ · (uc1) = ∇2c1 +R (7.1)

∇ · (uc2) = D2∇2c2 +∇ · (uDOF · c2) (7.2)

where ci = c̃i/c̃i,0 is the dimensionless concentration of species i which has
diffusivity Di = D̃i/D̃1. Index i = 1 corresponds to the solute species, while
particles are denoted by index i = 2. R is the normalised pseudo-homogeneous
first order reaction rate, R = Da·c1, where Da = kW 2/D̃1 is the dimensionless
Damköhler number. The apparent reaction rate constant, k, scales linearly
with the particle density due to the linear proportionality of the catalytic sur-
face area for a monodispersed suspension, k = k0 · c2, where k0 is the intrinsic
reaction rate constant. In this study we reference diffusivities to the diffusiv-
ity of methylthioninium chloride D̃1 = 5.7 × 10−10 m2/s and concentrations
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a. b.

Figure 7.3: 1D particle density profiles for various light intensities and particle
concentrations ((a) 1 wt% TiO2, (b) 0.5 wt% , 50 µM MB, τ = 5.61 s)

to their corresponding initial values, c̃i,0. The probed initial concentrations of
methylthioninium chloride in DI water are c̃1,0 = 10, 50 and 100 µM, while the
initial particles densities are c̃2,0 = 0.1, 0.5 and 1%. The diffusivity of the par-
ticles was estimate using Stokes-Einstein equation, D̃2 = 4.825 × 10−12 m2/s.
Due to the high aspect ratio, velocity is assumed constant across the width and
calculated based on the flowrate and channel dimensions. The x and y coordi-
nates are scaled with respect to the width of the channel W = 600 × 10−6 m.
The dimensionless velocity, u = 1595, is referenced with respect to the diffu-
sion velocity u = ũW/D̃1. The migration term, ∇ · (uDOF c2), represents the
diffusio-phoresis of particles where the diffusio-phoretic velocity, uDOF , scales
with the normalized concentration gradient of the solute and has a mobility
prefactor that depends on the zeta potential of the particles [186].

uDOF = −µ2
∇c1
c1

(7.3)

where the mobility is referenced with respect to the solute diffusivity, µ2 =
µ̃2/D̃1.

µ̃2 = −εkBT

ηe

((
D+ −D−
D+ +D−

)
ζ − 2kBT

e
ln

(
1− tanh2

(
eζ

4kBT

)))
(7.4)

where ε is the permittivity of water, kB the Boltzmann constant, T the tem-
perature, η the viscosity of water, e the elementary charge, ζ the zeta potential
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and D+ = 4.3 × 10−10 m2/s and D− = 2.032 × 10−9 m2/s are the methylene
blue cation and chloride anion diffusivities, respectively [206]. The first term
in equation 7.4 represents the electrophoretic contribution coming from the in-
ternal electric field set up by the diffusivity contrast of the charged species, i.e.
methylene blue cation and chloride anion. The second term encompasses the
driving force which originates from the osmotic pressure difference defined in
literature as the chemi-phoretic contribution. Both concentration dependent
and independent zeta potentials are taken into account.
The three inlets are composed by two different boundary conditions. The side
inlets have the reactant concentration 1 and 0 particle density, c1 = 1, c2 = 0,
while the middle inlet has both reactant concentration and particle density 1,
ci = 1. The outlet boundary condition is open flux, ∂ci

∂x = 0. The boundary
conditions for the side walls are zero flux, ∂ci

∂y = 0.
The governing equations are solved using Finite Element Analysis in COMSOL
Multiphysics 5.3. The simulations were performed with a structured mesh,
where 500 by 500 rectangular elements were used to ensure mesh independence.

7.3 Results and discussion

In the three co-flowing streams the initial methylthioninium chloride (MB)
concentration is homogeneous. As long as the particles are passive such that
they do not affect the reactant concentration, there is no driving force for
diffusio-phoresis. Particle diffusion is negligible in the short 6 seconds res-
idence time, as confirmed in the left panel of figure 7.2. The migration of
particles becomes significant when the photocatalytic reaction is triggered by
UV light. At this moment the particles start decomposing the methylthion-
inium chloride, lowering the concentration inside the colloidal stream. The
concentration gradient that develops drives the particles towards higher MB
concentrations by means of diffusio-phoresis (right figure 7.2). An experiment
with the same distribution of particles and a homogeneous 1 mM Tris buffer
solution under UV illumination displayed no diffusio-phoresis. We believe this
rules out possible heating effects that could arise due to UV light absorption,
any gradients generated by radical formation due to solvent (water) reactions
that would affect particle migration, any additional gradients arising from Tris
buffer oxidation and any pH gradients. Also, the µM MB concentration range
ensures negligible change in density upon chemical conversion.
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a. b. c.

Figure 7.4: Numerically modelled particle (a), reactant (b) concentration pro-
files and the corresponding reactant normalized gradients (∇c1/c1) (c) for
indicated residence times (k = 0.2 s−1, ζ = −120mV)

The 2D and the corresponding width averaged 1D density profiles are shown in
Figure 7.2 for different residence times. Upon illumination, a MB gradient ap-
pears at the intersection between the streams. This leads to diffusio-phoresis
of the catalytic particles from the center stream outwards, where the migrating
cloud has a lower particle density compared to the center stream. The local
MB conversion depends on the local particle density. As the particles migrate
sideways the MB gradient is affected correspondingly. We want to stress the
fact that these are plain catalytic particles which are not fluorescent and in-
herently will give less ideal imaging, including the saturation of the signal in
the middle of the particle stream.
The concentration gradients sustained by active particles remain steeper than
externally imposed gradients that relax due to diffusion. The particle velocities
are extremely high, especially in the beginning when the contrast in particle
density is the highest. For example, in the first micrograph slab which has a
residence time of only 0.33 seconds, the displacement is already 30 µm which
corresponds to a diffusio-phoretic velocity of ∼ 90 µm/s. The enhancement in
migration compared to pure particle diffusion is in the order of O(103 − 104).
Given that the particle migration is dictated by the local solute gradient, any
factor that is altering the concentration profile is affecting the particle distri-
bution. The reaction rate, which is the source for gradient generation, depends
on both particle density and light intensity (Figure 7.3). The kinetics for the
given particle density and light intensity were estimated from Visan et al.
[67] who investigated the same chemistry in an immobilized reactor. It also
validates the possibility for neglecting the light intensity decay due to absorp-
tion by volume averaging the reaction rate constant, as it falls under the light
independence criterion. Assuming that scattering is negligible compared to
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a. b. c.

Figure 7.5: Numerically modelled particle (a), reactant (b) concentration pro-
files and the corresponding reactant normalized gradients (∇c1/c1) (c) for indi-
cated residence times, using a concentration dependent ζ-potential (k = 2 s−1,
b = −120mV)

absorption at the 365 nm wavelength, this criterion stipulates that the height
of the dispersion layer should be smaller than the inverse of the absorption
coefficient (α= 5.1 × 103 m−1) for the used 1% TiO2 particle concentration.
That is, for a thickness smaller than 200 µm, the absorption of light is less
than 1-1/e (63.2%) of the incoming light.
We have analyzed the particle distributions using a numerical model that
includes the reactant concentration only and its interaction with the catalyst
wall, expressed by the mobility (for details, see the methods section). The mo-
tivation behind it is that the electro-phoretic contribution is most significant
for the starting component as the contrast in diffusivity between the methylth-
ioninium and chloride ions is the highest, i.e. the first term in equation 7.4
dominates. We are aware that the magnitude of the velocity will depend on
the collective contribution of all the chemical species present (reactants to
intermediates and final products). For the electro-phoretic contribution, as
long as the cation diffuses slower than the anion, the resulting electric field
will be diminishing the one corresponding to the reactant, but will switch to
being cumulative once the cation surpasses the diffusivity of the counter-ion
(Cl– in this case). For the chemi-phoretic contribution which is dependent on
the net interfacial concentration distribution, the product gradient will have
an osmotic pressure gradient opposite to the reactant gradient in case of at-
tractive interactions with the catalyst or additional in case of repulsive forces.
The complete effect of species gradients on the resulting diffusio-phoretic flow
involves many components and their interactions, which is beyond the scope
of this paper. Here, we aim to demonstrate the relevance of diffusio-phoresis
for heterogeneous catalytic systems.
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The model is based on advection, diffusion and reaction for MB, combined
with advection, diffusion and diffusio-phoresis for the catalytic particles. As
a starting model, we considered a constant zeta potential, thus constant mo-
bility. The particle density and reactant concentration profiles are shown in
Figure 7.4 for k = 0.2 s−1 and ζ = −120 mV for the same residence times
as the experimental profiles presented in Figure 7.2. For a constant mobility,
the particle density evens out as it is spreading. In the beginning, the relative
gradient is localised at the edge of the colloidal stream, so only a thin region
of particles feel the driving force (e.g. Figure 7.4c at 0.33 s). As the particles
spread further, the colloidal stream gets ’diluted’ as the maximum relative
gradient moves outwards with the edge of the stream and the leading parti-
cle density decreases. The reactant gets more depleted in the middle, near
y = 0.5 in Figure 7.4b, due to higher particle densities, causing these particles
to accelerate and catch up with the leading front.

Clearly, the particle distribution does not match the experimental observa-
tions, even when the parameters were adjusted. The experimental particle
density profiles can be retrieved in the numerical model only when the mobil-
ity is decreasing with MB concentration. The understanding behind a possi-
ble decrease in zeta potential with concentration relates to the specifics of the
photocatalytic reaction. The degradation of MB follows a complex pathway
[215] that produces numerous ionic species which can potentially screen the
surface charge. While a clear relationship between the degree of conversion
and the zeta potential is difficult to infer a priori, a decrease in zeta poten-
tial with reactant concentration can be explained by an increase in the local
ionic strength during reaction. Experiments using the same MB conversion,
but with additional electrolytes (10 mM NaCL) confirmed the attenuation of
diffusio-phoresis in high ionic strength media. Moreover, the particle dynam-
ics showed experimentally an initial reactant concentration dependency which
could not be explained by Langmuir-Hinshelwood kinetics verified numerically
using the parameters determined in Houas et al. [215]. This finding suggests a
correlation between the particle zeta potential and the reactant concentration
for the illuminated state.

We employ a linear function to express the zeta potential in terms of reactant
concentration which was also used by Lechnick et al., ζ = a + b · c1. The
dependency of the zeta potential on the reactant concentration is an indirect
method to account for the change in zeta potential that may be caused by
the increase in reaction products. The dependency of the zeta potential on
the conversion degree and thus on the reactant concentration is an empirical
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model that attempts to include the (opposing) product contribution on the
driving force. A more theoretical model would entail a detailed understanding
of the mechanism, that is, not only the identity of these intermediary species,
but also their in-situ interaction potential with the catalytic surface and the
kinetics for all elementary reactions, i.e. the change in the distribution of these
species with the conversion degree.
The particle density and reactant concentration profiles shown in Figure 7.5
for k = 2 s−1 and a = 0mV , b = −120 mV match the experimental shapes
presented in Figure 7.2. The fitted starting value (−120 mV) is relatively
close to what has been reported in literature [208]. Leroy et al. found a
zeta potential of −90 mV for the same Evonik TiO2 particles at pH 8.15
corresponding to the conditions used in our experiments. The difference could
be explained by an in-situ increase in zeta potential upon UV light illumination
which may originate from the same mechanism by which photocatalysis takes
place, i.e. the generation of positive and negative charges that migrate to
the surface. The concentration dependent zeta potential has the same initial
magnitude, but decays very fast as the reactant is consumed which leads to
a decreased mobility. It is very clear from Figure 7.5c that the maximum in
relative gradient does not move outwards with the edge of the particle stream,
but instead remains deeper inside the particle stream. Here, the absolute
reactant concentration is quite low, leading to a very strong relative gradient.
However, due to the low reactant concentration in this middle region, the
mobility is also very low. The consequence is not only a significantly reduced
overall migration, but also a reduced particle density at the migrating front.
Particles are continuously left behind as the spreading develops due to the
steep decrease in reactant concentration in the migrating front. This gradual
decline in the particle front density also reduces the driving force by relaxing
the concentration gradient in Figure 7.5c.
The particle dynamics are very sensitive to the interplay between the activity
of the particles and their surface properties via the mobility. The mobility
represents the sensitivity of the particle’s response to the gradient (Figure
7.6a). Enhanced zeta potentials are directly reflected in enhanced migration.
For higher catalytic activities, steeper gradients develop which drive higher
diffusio-phoretic velocities. Because the mobility depends on the local con-
centration, a change in the reaction rate constant will affect both the relative
gradient as well as the mobility prefactor via the zeta potential which will
couple back to the concentration profile in a nonlinear way (Figure 7.6b).
The spontaneous response of catalytic particles to the local reactant gradient
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Figure 7.6: Particle density profiles at τ = 5.61 s for a. various concentration
dependent ζ (k = 2 s−1) and b. various k (b = −120mV)

enhances overall conversion. As they migrate towards regions of higher con-
centration, the local reaction rate increases. The conversion enhancement will
depend on the extent of the particle migration, being a function of catalyst
activity, its surface properties and residence time. As an example, given the
parameters used in Figure 7.5, the conversion doubles for the final residence
time of 5.6 seconds with respect to a migration free scenario.

7.4 Conclusions

This work illustrates some intriguing aspects for reaction induced diffusio-
phoresis of plain catalytic particles. While photocatalytic degradation of
methylthioninium chloride may not pass as a standard industrial catalytic
conversion, we consider the photocatalytic example to be an experimental
proof for a general transport mechanism by which active particles migrate
in response to local gradients that are produced by the particles themselves
through their uneven distribution. We believe this phenomenon to be present
for arbitrary chemical conversions whenever their kinetics are fast enough to
preserve significant concentration gradients. While the phenomenon is gen-
eral, we expect the particle migration signature to be specific to the catalytic
system, depending on kinetics and interaction of all species involved. A sim-
ple numerical model is used to explore the details of the diffusio-phoretically
driven process, confirming the relevance of the molecular interactions between
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the reactants/products and the catalyst surface.



8
Summary and Outlook

8.1 Summary

As presented in the last century in chemical engineering textbooks [90, 91,
95], there has been a general consent on the diffusion based mass transport
inside porous catalysts. As pressure driven flows are forbidden at this small
dimensions, convective transport seems to be out of the question. The famous
Ernest Thiele pointed out that pellets of excellent catalyst are active only at
the surface, [184] given the underlying assumption that diffusion is the only
replenishment mechanism inside the catalytic pores.
In this thesis we challenge the generally accepted narrative on mass transport
for heterogeneous catalysis and demonstrate that convective transport inside
catalytic dead-end pores is not only possible, but ubiquitous for higher kinetics.
Surface flows induced by concentration gradients, i.e. diffusio-osmotic flows,
form during catalysis inside the pores. This additional mass transport does
not require any external input. It spontaneously arises when the configuration
of the catalyst matrix facilitates the development of significant gradients with
respect to the bulk solution. The reaction driven surface flow which originates
in the osmotic pressure gradient and diffusion potential in case of charged
species, replenishes the catalytic pores with fresh solution, having a positive
impact on the conversion. We visualise and quantify the flow in 3D using the
General Defocusing Particle Tracking technique. We analyse the phenomena
using a model that includes the fluid dynamics actuated by the concentration
gradients that arise due to the catalytic reaction. We are able to extract
parameters revealing the interaction strength between the reactant/product
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chemical species and the catalytic surface.
Diffusion is also the dominating mass transport mechanism close to the cata-
lyst surface where external mixing loses its efficiency. We introduce the con-
cept of enhancing external transport by patterning catalysts. The reactivity
contrast designed by alternating active and inactive regions generates sponta-
neously in-plane gradients that drive a steady diffusio-osmotic flow. While the
details of the numerical model may need to be adjusted for particular catalytic
reactions, the approach is not pinned to a certain chemistry. Concentration
gradients will develop as long as kinetics are fast enough to place the system
in the mass transfer limiting regime. The diffusio-osmotic flow is redirected
out of plane due to the symmetry of the system and mixes the otherwise dif-
fusion dominated boundary layer which greatly enhances mass transport and
thus impacts the overall conversion. Scaling laws provide a direct correlation
between the catalytic chemistry, the dynamics of the system, and the con-
version enhancement. Specific chemistries, with known reaction kinetics and
interaction potentials, can now be tested against this predictive model.
Slurry reactors are known for their high conversion capacity as they benefit
from high mass transfer rates. This has been explained so far by accessible
high catalytic surface areas and small diffusion length scales. In this thesis
we demonstrate experimentally an overlooked transport mechanism by which
particles migrate towards higher reactant concentration. Whenever an uneven
particle distribution appears, the higher particle density region will lower the
reactant concentration more than the surrounding environment. This macro-
scopic concentration gradient propels the particles towards higher reactant
concentration by diffusio-osmotic flows. We believe this phenomenon to be
present for arbitrary chemical conversions whenever their kinetics are fast
enough to preserve significant concentration gradients. We have analysed the
experimental particle distribution by means of a numerical model that includes
diffusio-phoretic movement of the catalytic particles. While the phenomenon is
general, the particle migration signature is specific to the catalytic system, de-
pending on kinetics and molecular interactions between the reactant/product
species and the catalyst surface.

8.2 Outlook

While this thesis is a proof of principle for using in-situ reaction driven diffusio-
osmotic flows to enhance mass transport in ordinary catalytic systems, there
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are multiple aspects that need to be investigated further. The fundamental
theory regarding diffusio-osmotic phenomena for reactive systems needs to be
validated and developed further. Sampling multiple chemistries is a prerequi-
site for formulating general principles.
Chemical reactions involve multiple species, from reactants to intermediates
and products. All these elementary steps as well as their individual kinetics
need to be known to have an accurate description of the transient concen-
tration profiles. To be able to quantify the corresponding individual driving
forces, their intrinsic mobilities are also required. These mobilities are a mea-
sure of the integrated concentration across the interaction length which is
dictated by the individual interaction potential. One important observation
here is that in Chapter 5, we experimentally determined mobilities much
higher than the values approximated for inert surfaces. A possibility would be
an in-situ increase in the interaction potential. This alteration as a condition
for reaction is already speculated for photocatalysts and for high temperature
metal catalysts. In the first example the surface charge increases upon UV-Vis
illumination by the charge carrier generation mechanism particular for semi-
conductors. In the second example metal surface morphology changes upon
heating which enhances the coordination degree with the chemical species.
That is why well known chemistries need to be employed to validate the ad-
ditional degree of complexity that reactive systems pose.
The next question arises about the summation of these individual driving
forces to calculate the net chemi-osmotic and electro-osmotic contributions.
There is no guarantee that individual contributions add up linearly and most
likely they will have to be weighted against the relative composition of these
individual species inside the interaction potential length scale. The implica-
tions will be transient net mobilities that depend on the conversion degree. A
preliminary proof for the relevance of the composition of the interaction layer
is the quenching of the diffusio-osmotic phenomenon at high ionic strength. If
the charged surface is screened completely by an inert salt, the discreet pres-
ence of other species will not make up for an overall osmotic pressure gradient
despite their individual concentration gradient. The internal electric field due
to diffusivity contrast will also most likely be screened by the high permittivity
medium.
Another uncertainty that naturally emerges is the lower limit of the absolute
concentration of the chemical species for which the diffusio-osmotic fundamen-
tal theory holds. This is especially relevant for catalytically induced flows.
While computationally we set a random limit of 10−9 M, experiments are re-



128 SUMMARY AND OUTLOOK

Figure 8.1: Illustration for in-situ driven diffusio-osmotic flow by active sur-
faces. The left side accounts only for reactant consumption. The right side
includes the possible opposing driving force given by a mirrored product con-
centration profile.

quired to identify where the continuity assumption breaks down. Regarding
the upper limit, it is expected that for high absolute concentration values the
bulk gradient will not translate anymore into a gradient inside the interaction
potential layer, as the screening of the surface is saturated above certain molec-
ular densities. Although for highly active catalysts that consume/convert the
species present at their surface this condition may be overcome as the equilib-
rium composition is continuously altered leaving room for out of equilibrium
dynamics. Especially for in-situ generated concentration gradients that ap-
pear as a result of the surface flow itself, this condition could be realistically
met.

Regarding the diffusio-osmotic flow inside catalytic dead-end pores, an im-
portant question arises about the prospect of this surface flow in increasingly
narrower pores. One concern regards the overlap of these interaction poten-
tial layers that would prohibit an opposing pressure driven flow. The second
concern is the high pressure drop at small diameters that will counteract the
inward surface driven flow. If these limitations do prove to be true they could
still be overcome by 3D patterning in the nanometer range to allow for the
assembly of symbiotic materials that combine the inward surface flow with an
outward surface flow. This fortunate situation was also present in Chapter 5
where the PDMS top assisted the recirculation by an outward surface driven
flow.
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Figure 8.2: High resolution SEM of patterned porous catalyst (TiO2).

Research infrastructure

All these propositions stemming from the high degree of complexity for reactive
systems need to be settled experimentally and complemented by molecular
dynamics simulations. The only approach at hand is to design well-defined
protocols that are based on complete chemical information regarding (in-situ)
interaction potentials and kinetics of elementary reactions. This experimental
endeavour requires extensive preliminary investigation. To identify all possible
intermediates involved in the mechanistic pathway and resolve their individual
kinetics, online mass spectrometry with time resolution in the milliseconds is
required. This has already been reported for µ total analysis systems [216,217].
To be able to sample online the surface composition ATR-IR spectrometry
proved to be a useful technique [218,219].
The microfluidic platform that is undoubtedly required for the times scales and
length scales relevant for these investigations poses another technical challenge
concerning the patterning of porous catalyst inside microchannels. The local
deposition of materials using methods compatible with photolithography is the
easy task. However, these cleanroom techniques such as sputtering and vapour
deposition lead to dense materials with low surface area and low catalytic ac-
tivity. Among the promising techniques are flame spray deposition, glancing
angle vapour deposition, and electrical discharge [220–222]. These deposi-
tion methods required designated infrastructure and extensive optimization.
We selected for research purposes the local dip coating via contrast in wet-
tability. This entails the chemical modification of the support using silanes
which converts the initial hydrophilic surface into a hydrophobic one. This
surface functionalization can be patterned by photolithography techniques.
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After hydrophobization, the photoresist is stripped to form hydrophobic and
hydrophilic patterns. When contacting the heterogeneous surface with the
catalyst suspension, it adheres preferentially only on the hydrophilic patches,
being repelled by the hydrophobic ones. The resolution of this technique goes
down to 5 µm (Figure 8.2).

Diffusio-osmosis as a tool for fundamental studies

If these numerous complexities that arise for reactive surfaces are resolved and
the additional theory is systematically confirmed, we can envision using this
phenomena to develop a new in-situ characterisation method for investigating
the interaction between the chemical species and the catalyst surface. We have
conducted the analysis in Chapter 6 by assuming an independence between
the reactivity of the surface and diffusio-osmotic mobility. It is very likely
that these properties are intimately connected as the interaction forces of the
numerous species with the surface is what determines the reactivity.
The device designed by Shin and coworkers [189] is an inspirational example in
that aspect. Of course, reactive systems are in a league of their own and require
more efforts regarding infrastructure and operation. Another inspirational
work comes from Palacci et al. [28, 29] that hints at the level of complexity
required to achieved coordinated response. This type of approach could be
transferred from precise manipulation to analysing patterns emerging from
out of equilibrium conditions. Collecting the signature from a series of events
such as the intersection of pairs of streams of different residence times or
different particle densities could deconvolute the contribution of the different
chemical species to the net driving force.

Perspectives on industrial design

The relevance of catalytically driven diffusio-osmosis may go beyond enhanced
mass transport and fundamental studies. There are foreseen implications for
the local residence time of products close to the catalyst surface which could
prevent secondary reactions that would decrease the selectivity and poten-
tially poison the catalyst. The research question here is can the design of the
catalyst, beyond material development, through mere geometric arrangement
enhance the yield and selectivity of the process and even prevent deactivation
of the catalyst? Designs where particles are guided continuously by the fresh
supply of reactants to prevent consecutive reactions may actually prevent de-
activation of the catalyst. Using the same strategy may even assist or bypass
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the final particle separation as streams with the aimed degree of conversion
could be withdrawn as the particles move to higher concentration sites. This
is achievable as diffusio-phoresis precedes solute diffusion. This added value
comes at a very low price as the distribution of particles is the only design
criterion. There is no requirement regarding complex particle synthesis or use
of additional chemicals.
The concept of surface heterogeneity started from the intuitive idea that con-
secutive reactions would benefit from alternating catalysts in order to consume
intermediates that would shift the thermodynamic equilibrium of the reaction
and increase overall conversion. The obvious concentration gradients that
would arise inspired the investigation of the more subtle phenomenon of cat-
alytically induced diffusio-osmosis. Due to the higher complexity of a chemical
system compromising consecutive reactions, the phenomenon was explored by
reducing the contrast in activity to alternating active and inactive patches.
It goes without saying that complementary catalysts that would produce and
consume species adjacently would lead to steeper gradients. This is a strong
incentive for not abandoning the initial idea.
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Samenvatting

Zoals in de afgelopen eeuw, gepresenteerd in chemische technologie boeken
[90,91,95], is er een algemene consensus over het op diffusie gebaseerd transport
in poreuze katalysatoren. Omdat het op deze kleine schaal niet mogelijk is
om door druk aangedreven stromen te laten plaatsvinden, is er geen transport
door middel van convectie mogelijk. De beroemde Ernest Thiele toonde aan
dat diffusie het enige mechanisme is, in katalytische poriën van kwalitatief
hoogwaardige pellets welke enkel aan het oppervlak actief zijn [184].
In dit proefschrift testen we het algemeen geaccepteerde verhaal aangaande
massatransport voor heterogene katalysatoren en laten we zien, dat convectie
transport in katalytische doodlopende poriën niet alleen mogelijk is, maar
ook zorgt voor snellere reacties. Oppervlaktestromen, opgewekt door een
concentratiegradiënt zoals bijvoorbeeld diffusie-osmotische stromen, vormen
zich gedurende de katalytische reacties in de poriën. Dit additionele mas-
satransport vereist geen externe bron. Het ontstaat spontaan wanneer de
structuur van de katalysatormatrix de ontwikkeling van significante concen-
tratiegradiënten, ten opzichte van de bulkoplossing, stimuleert. De door de
reactie aangedreven oppervlakte stroom die zijn oorsprong vindt in de os-
motische drukgradiënt en de diffusiepotentiaal, als er sprake is van geladen
deeltjes, voorziet de katalytische poriën van verse oplossing. Dit resulteert in
een hogere conversie. We visualiseren en kwantificeren de stroom in 3D met
behulp van de General Defocusing Paticle Tracking techniek. We analyseren
de fenomenen met behulp van een vloeistof dynamisch model, aangedreven
door de concentratie gradiënten die ontstaan door de katalytische reactie. We
zijn in staat om hier parameters uit te extraheren die de interactie sterkte
tussen de reactant/chemisch product en het katalytische oppervlak aangeven.
Diffusie is ook het dominante massatransport mechanisme in de nabijheid van
het katalysator oppervlakte omdat het externe mixen zijn efficiëntie verliest
nabij het oppervlakte. Wij introduceren het concept van verhoogd extern
transport door patronen te maken op de katalysatoren. Het reactiviteitscon-
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trast, gevormd door actieve en inactieve regionen zorgen voor spontante gradiën-
ten, parallel aan het oppervlak, welke zorgen voor een diffusie-osmotische
stroom. Hoewel de details van het numerieke model aangepast dienen te wor-
den voor specifieke katalytische reacties, is de aanpak niet uitsluitend voor
een specifieke chemische reactie. Concentratiegradiënten zullen ontstaan wan-
neer de uitwisseling snel genoeg is om het systeem zich bevindt in het massa-
overdracht limiterende regime. De diffusie-osmotische stroom is, door de sym-
metrie van het systeem, uit het oppervlakte en zorgen voor het mengen in
het anders door diffusie gedomineerde grensvlak. Dit verhoogt de hoeveel-
heid massatransport en heeft daardoor een positieve invloed op de algehele
conversie. Schalingswetten geven een directie correlatie tussen de katalytische
chemie, de dynamica van het systeem en verhoging van de conversie. Speci-
fieke chemische reacties met bekende reactiesnelheden en interactie potentialen
kunnen tegen dit voorspellende model gehouden worden.
Slurryreactoren staan bekend om hun hoge conversie capaciteit door hoge
massatransport snelheden. Tot op heden wordt dit gewijd aan de toeganke-
lijke hoog katalytische oppervlakten en korte diffusielengtes. In dit proef-
schrift demonstreren we experimenteel een over het hoofd gezien transport
mechanisme, waarbij katalytische deeltjes migreren naar een hogere reactant
concentratie. Wanneer er sprake is van een ongelijke verdeling van de kat-
alytische deeltjes, zullen de regionen met een hogere dichtheid van deeltjes
de reactant concentratie meer verlagen dan de omliggende regionen. Deze
macroscopische concentratie gradiënt drijven de deeltjes naar de hoge reac-
tant concentratie regionen door diffusie-osmotische stromen. We geloven dat
dit fenomeen aanwezig is bij verscheidene chemische conversies zolang de reac-
ties maar snel genoeg zijn om de significante concentratie gradiënten in stand
te houden. We hebben de experimentele verdeling van deeltjes geanalyseerd
door een numeriek model dat rekening houdt met de diffusiephoretische be-
weging van katalytische deeltjes. Hoewel het fenomeen veralgemeniseerbaar
is, is de migratie van deeltjes specifiek voor het katalytische systeem. Welke
afhankelijk is van de reacties die plaatsvinden en de moleculaire interacties
tussen de reactant/het product en het katalysator oppervlak.
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