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Summary

Catalysis is widely used in industry, where 90% of the industrial processes
uses at least one catalyst in the system. Heterogeneous catalysts are most
commonly used (80%) compared to homogeneous catalysts (15%) and biocat-
alysts (5%). A heterogeneous catalyst is a solid surface with active sites to
accelerate a reaction without changing the thermodynamic equilibrium, and
the reactant is in gas or liquid phase. The reactant is transported to the sur-
face and active site to be able to convert to products. If the reaction is really
fast compared to the mass transport towards the surface, then a boundary
layer is formed. This boundary layer limits the effectiveness of the catalyst, as
the concentration of reactant vanishes near the surface and conversion mainly
depends on the diffusivity of the reactant.

The boundary layer can thus be a limiting factor in heterogeneous cataly-
sis. In this study, we aim to create a surface induced flow such that reactant is
transported to the surface and product is transported from the surface. The
surface flow of interest is diffusio-osmosis, originating from a solute concen-
tration gradient parallel to the surface with which the solute interacts. The
interaction of the solute with the wall creates a pressure on the fluid in the
interaction layer. This pressure is higher for higher concentrations, so the
concentration difference creates an osmotic pressure along the surface. This
pressure difference is balanced by a viscous force, creating a flow within the
interaction layer along the surface. This flow is defined as the diffusio-osmotic
flow.

A heterogeneous catalysis process suitable to study diffusio-osmosis in-
volves the oxidation of organic compounds over titanium dioxide. Titanium
dioxide is a photocatalyst, meaning that the catalytic properties are activated
by light. This process can be used in wastewater treatment systems to remove
organic micropollutants from water. An elaboration on this process and a
general introduction of diffusio-osmosis are given in Chapter 1.

The magnitude of the diffusio-osmotic velocity depends on the concentra-
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viii Summary

tion gradient and the interaction between the solute and surface. The concen-
tration gradient is created in-situ by the surface reaction. In Chapter 2, a
microfluidic reactor is utilized to study reaction kinetics with well defined mass
transport such that both factors can be studied independently. Microfluidic
devices usually have laminar flow that dictates the mass transport, which is
easily described in a two-dimensional model for the convective and diffusive
transport. In this chapter, the micropollutant Bisphenol A is oxidized over
titanium dioxide as a function of the light intensity. Guidelines were set to
determine if a wall-coated catalytic microfluidic reactor operates in a mass
transfer limited regime or reaction rate limited regime. These guidelines are
applied to selected examples from literature.

The same wall-coated catalytic microreactor is used inChapter 3 to study
the photocatalytic oxidation of methylene blue, several carboxylic acids and
formate salts. The methylene blue oxidation showed the importance of cat-
alytic reactor design, as the conversion was low compared to another reactor
design with the same catalyst layer fabrication. Formic acid and oxalic acid
both oxidized fast, with full conversion within two minutes of residence time.
Acetic acid was oxidized very slowly, probably because one intermediate is
methanol, which is known as a hole scavenger, inhibiting the reaction. The
reaction rate of formate was also inhibited by the cations potassium, sodium,
and lithium. The influence of inlet oxygen concentration was studied on the
oxidation of formic acid, where a higher oxygen concentration resulted in a
higher conversion for the longer residence times or larger conversions. Over-
all, in this chapter, reaction kinetics are measured of organic compounds of
interest for the diffusio-osmotic flow, and the influence of oxygen is studied.

The interactions of selected organic compounds are studied via diffusio-
phoresis in Chapter 4. Diffusiophoresis works according to the same mech-
anism as diffusio-osmosis, but phoresis is the movement of particles whereas
osmosis is along an immobile surface. The surface potential of polystyrene
particles is measured to determine the theoretical diffusiophoretic movement
under the imposed concentration gradients. The diffusiophoretic movement of
polystyrene particles is measured in an H-shaped microchannel in concentra-
tion gradients of lithium chloride and sodium bicarbonate. These inorganic
salts impose diffusiophoretic movement as was expected by theory. The or-
ganic salts potassium formate, sodium formate, and lithium formate, also im-
pose diffusiophoretic movement as was expected by theory. For the carboxylic
acids formic acid, acetic acid, and oxalic acid, the experimental measured dif-
fusiophoretic movement was less compared to the theoretical predicted move-
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ment. This was attributed to the dissociation constants of carboxylic acids,
so the ionic gradients were actually lower, decreasing the driving force for
diffusiophoretic movement. The H-shaped channel can be used to study dif-
fusiophoretic movement of particles, especially to compare experimental work
with theory.

The diffusio-osmotic flow induced by a photocatalytic reaction at the sur-
face is studied inChapter 5. The reaction kinetics measured in Chapter 2 and
3 are used to determine the concentration gradient. The surface ζ-potential
of titanium dioxide was measured under reactive and nonreactive conditions,
resulting in a potential between 40 and -70 mV for pH 3 to 10. A numerical
study showed how diffusio-osmosis can enhance mass transfer especially when
the flow is directed from noncatalytic to catalytic surface. The numerical study
was also used to determine the diffusio-osmotic velocity for methylene blue,
formic acid, acetic acid, oxalic acid, potassium formate, sodium formate, and
lithium formate. For all compounds, the numerical and experimental study
concluded that the reaction rate was too slow and the interaction between
solute and wall too weak in order to create a surface flow which would be
higher than the diffusive rate of the solutes. Thus the diffusio-osmotic flow
created by the studied solutes was unable to enhance mass transfer at the
surface significantly.

In Chapter 6, a numerical study is performed to study the influence of
byproducts on the diffusio-osmotic flow. The reaction rate was set at 10 times
the diffusive rate in the two studied reaction. The first reaction was sodium for-
mate to sodium bicarbonate over titanium dioxide, where the diffusio-osmotic
flow was governed by the electro-osmotic contribution. An fast decay of the
velocity is observed after the start of the reaction due to the opposing concen-
tration gradients of formate and bicarbonate. The second reaction was oxalic
acid to carbon dioxide, which is an pH dependent system. Carbon dioxide
remained in neutral form as the pH stayed below 4, so there was no opposing
gradient of the byproduct compared to the first reaction. The diffusio-osmotic
velocity was well described by the low potential approximation over the whole
potential range studied, where both the electro-osmotic and chemiosmotic
contribution were of influence on the total velocity.

Conclusions were drawn over the whole thesis in Chapter 7, and the
whole project is reflected on. The reflection includes two projects, controlled
periodic illumination and diffusio-osmosis of neutral compounds. The con-
trolled periodic illumination was based on the idea to create a concentration
gradient relaxation in the microreactor by pulsating the light. This was stud-
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ied for a range of photon fluxes and periods (time on and off) however, the
conversion measured experimentally never exceeded the conversion achieved
for continuous illumination with the same overall photon flux. Secondly, the
diffusio-osmotic velocity of glycerol and Bisphenol A were determined with
the same approach as in Chapter 5. The velocities achieved were in the nm/s
range, so surface velocity was always much lower compared to the diffusive
rates of the solutes.



Samenvatting

Katalysatoren wordt op grote schaal toegepast in de industrie, ongeveer 90%
van alle industriële processen gebruikt ten minste één katalysator. Heterogene
katalysatoren worden het meest gebruikt, in ongeveer 80% van de processen,
tegenover 15% homogene katalysatoren en 5% biokatalysatoren. Een hetero-
gene katalysator bestaat uit een vast oppervlak met actieve delen waar de
reactie wordt versneld zonder dat het thermodynamische evenwicht verstoort
wordt. De reactant bevindt zich in de vloeistof- of gasfase en wordt getrans-
porteerd door deze fase naar het actieve oppervlak waar het kan reageren
naar een of meerdere producten. Wanneer de reactie snel is ten opzichte van
het transport naar het actieve oppervlak ontstaat er een grenslaag. Deze
grenslaag limiteert de effectiviteit van de katalysator doordat de concentratie
van de reactant verdwijnt nabij het oppervlak en re reactie snelheid voor-
namelijk afhangt van de diffusiviteit van dit reactant. De grenslaag kan dus
een limiterende factor zijn in heterogene katalyse.

In dit onderzoek streven we naar het creëren van een stroming die wordt
gëınduceerd door het oppervlak zodat de reactant naar en het product weg
van het oppervlak getransporteerd wordt. Diffusio-osmose is een oppervlak-
testroming door een concentratiegradiënt parallel aan het oppervlak, waarbij
een opgeloste stof een interactie heeft met het oppervlak. De interactie met
het oppervlak resulteert in een verhoogde druk op de vloeistof nabij het op-
pervlak, in de grenslaag, waarbij een hogere concentratie opgeloste stof zorgt
voor een hogere druk. Dankzij het concentratieverschil is er een drukgradiënt
parallel aan het oppervlak. De drukgradiënt wordt gebalanceerd door een vis-
ceuze kracht, wat resulteert in een stroming. Deze stroming is gedefinieerd als
diffusio-osmose.

Een proces geschikt om diffusio-osmose te bestuderen is de oxidatie van
organische componenten over titanium dioxide. Titanium dioxide is een fo-
tokatalysator, geactiveerd door UV licht. Dit proces wordt gebruikt in wa-
terzuiveringsinstallaties om organische microverontreinigingen te verwijderen
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xii Samenvatting

en wordt beschreven in Hoofdstuk 1, samen met een algemene introductie
over diffusio-osmose.

De grootte van de stroming is afhankelijk van de concentratiegradiënt en
de interactie tussen de opgeloste stof (het organische component) en het op-
pervlak. De concentratiegradiënt wordt ter plaatse gecreëerd door de fotokat-
alytische reactie. In Hoofdstuk 2 is een microreactor ontworpen om reac-
tiekinetiek te bestuderen met de katalysator op de reactiewand. In de microre-
actor is het massatransport goed gedefinieerd dankzij de laminaire stroming,
waardoor massatransport en reactie kinetiek van elkaar onderscheiden kunnen
worden. De laminaire stroming wordt beschreven in een tweedimensionaal
model voor convectief en diffusief transport. Bisfenol A, een microverontreinig-
ing, wordt geoxideerd over titanium dioxide met verschillende verblijftijden en
licht intensiteiten. Deze reactie laat zien dat reactie kinetiek en massatrans-
port van elkaar gescheiden kunnen worden met dit tweedimensionale model.
Tot slot bevat dit hoofdstuk richtlijnen om te bepalen of een microreactor met
de katalysator op de wand zich in het massatransport gelimiteerde gebied of re-
actiesnelheid gelimiteerde gebied bevindt, samen met een literatuuronderzoek
van geselecteerde reacties.

In Hoofdstuk 3 is de reactie kinetiek bestudeerd van de organische com-
ponenten die van belang zijn voor de studie naar diffusio-osmose en daarnaast
is de invloed van zuurstof bestudeerd. Hierbij wordt gebruik gemaakt van
dezelfde microreactoren als hoofdstuk 2 om de fotokatalytische oxidatie van
methyleenblauw, enkele carbonzuren en formiaatzuren te bestuderen. De ox-
idatie van methyleenblauw laat het belang van reactorontwerp zien, waarbij
een 30% lagere conversie is gemeten vergeleken met reactoren van een ander
ontwerp maar met dezelfde fabricagestappen voor de katalysator. Mierenzuur
en oxaalzuur oxideren beide snel, met volledige conversie binnen twee minuten
verblijftijd. Azijnzuur oxideert langzaam, waarschijnlijk doordat methanol
wordt gevormd als bijproduct. Methanol blokkeert het reactiemechanisme
voor oxidatie waardoor de reactie geremd wordt. De oxidatie van de formi-
aatzouten kaliumformiaat, natriumformiaat en lithiumformiaat is vergeleken
met mierenzuur, waar de reactiesnelheid wordt afgeremd door de kationen. De
invloed van zuurstofconcentratie in de inlet wordt bestudeerd via de oxidatie
van mierenzuur, waarbij de conversie toenam met hogere zuurstofconcentratie
voor langere verblijftijden.

De interactie van de eerder bestudeerde organische componenten met poly-
styreen deeltjes is bestudeerd via diffusioforese inHoofdstuk 4. Diffusioforese
werkt volgens hetzelfde mechanisme als diffusio-osmose, alleen hier wordt een
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deeltje verplaatst in een concentratiegradiënt in plaats van een stroming langs
een vlakke wand. Het oppervlaktepotentieel van een polystyreen deeltje is
eerst gemeten zodat deze gebruikt kon worden als input in een numeriek model
gebaseerd op de theorie. De diffusioforese wordt gemeten in een H-vormig mi-
crokanaal in concentratiegradiënten van de anorganische zouten lithium chlo-
ride en natriumbicarbonaat. Deze anorganische zouten gedragen zich in lijn
met de theorie. De organische zouten kaliumformiaat, natriumformiaat en
lithiumformiaat tonen tevens de diffusioforese zoals verwacht vanuit de theorie.
De carbonzuren mierenzuur, azijnzuur en oxaalzuur gedragen zich niet zoals
verwacht, aangezien ze gedeeltelijk dissociëren waardoor de ionische gradiënt
werkelijk lager is dan bij de zouten. Hierdoor is de drijvende kracht, het ionis-
che concentratieverschil, kleiner waardoor de experimentele diffusioforese niet
overeen komt met de theorie. Echter, het H-vormige microkanaal is een goed
platform om diffusioforese te bestuderen, vooral wanneer experimenten met
theorie vergeleken moeten worden.

De diffusio-osmotische stroming gëınduceerd door een fotokatalytische re-
actie is bestudeerd in Hoofdstuk 5. De reactiekinetiek die gemeten is in
hoofdstuk 2 en 3 wordt gebruikt om de concentratiegradiënt te bepalen. Het
oppervlaktepotentieel van titanium dioxide is gemeten onder reactieve en pas-
sieve condities, wat resulteert in een potentiaal tussen de 40 en -70 mV voor een
pH van 3 tot 10. Een numeriek model wordt gebruikt om aan te tonen hoe
massatransport versterkt kan worden door middel van een oppervlaktestro-
ming, voornamelijk wanneer deze stroming van passief naar actief oppervlak
gaat. Het numerieke model wordt tevens gebruikt om de diffusio-osmotische
snelheid van methyleenblauw, mierenzuur, azijnzuur, oxaalzuur, kaliumformi-
aat, natriumformiaat, en lithiumformiaat te bepalen. Er is geconcludeerd
vanuit zowel het numeriek model als de experimenten, dat de reactiesnelhe-
den te langzaam zijn en de interactie tussen component en oppervlak te zwak
om een oppervlaktesnelheid te creëren die hoger is dan de diffusie snelheid
van het component. De diffusio-osmotische stroming, gëınduceerd door de
verschillende componenten, is niet in staat om massatransportlimiteringen te
verminderen aan het oppervlak.

In Hoofdstuk 6 wordt een numerieke studie uitgevoerd om de invloed de
reactieproducten te bestuderen op de diffusio-osmotische snelheid. De reac-
tiesnelheid is vastgezet op 10 keer de diffusiesnelheid. De eerste reactie is de
oxidatie van natriumformiaat naar natriumbicarbonaat over titanium dioxide.
De diffusio-osmotische stroming wordt overheerst door de electro-osmotische
contributie, waarbij een snel verval van de snelheid werd waargenomen. Dit
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snelle verval is een resultaat van de gradiënten van formiaat en bicarbonaat
die exact tegengesteld waren, waardoor ze elkaar opheffen. De tweede reactie
is oxaalzuur naar koolstofdioxide, een reactie die afhankelijk is van de pH.
Koolstofdioxide blijft in neutrale vorm aangezien de pH niet boven 4 komt,
waardoor er geen tegengestelde gradient van het product was ten opzichte
van de reactant. De diffusio-osmotische snelheid kan beschreven worden door
een lage-potentiaal benadering over het gehele potentiaal bereik. Zowel de
chemiosmotische contributie als de electro-osmotische contributie zijn van be-
lang voor de totale diffusio-osmotische snelheid aan de wand.

In Hoofdstuk 7 worden verschillende conclusies die kunnen worden ge-
trokken gepresenteerd, waarbij ook op het hele project gereflecteerd werd. De
reflectie omvat twee projecten, gecontroleerd periodieke belichting en diffusio-
osmose van neutrale componenten. Bij de gecontroleerde periodieke belichting
wordt een concentratie relaxatie gradiënt gecreërd door het pulseren van licht,
bestudeerd over een bereik van fotonen fluxen en periodes (een periode is tijd
aan plus tijd uit). De conversie is numeriek en experimenteel bepaald, waarbij
de conversie nooit hoger is dan de behaalde conversie voor continue belichting
op dezelfde fotonenflux, waardoor er geen energiewinst behaald kan worden
uit het pulseren van licht. De diffusio-osmotische snelheid van de neutrale
componenten glycerol en Bisfenol A worden bepaald volgens dezelfde methode
als Hoofdstuk 5. De behaalde snelheden zijn in de ordegrootte van nm/s,
waardoor de oppervlaktesnelheid altijd veel lager is dan de diffusiesnelheid
van de componenten.
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The world would not look as it is without catalysis. Today, approxi-
mately 90% of the chemical processes make use of at least one catalyst [1, 2],
of which 80% are heterogeneous catalysts, 15% are homogeneous catalysts,
and 5% are biocatalysts. The first industrial catalytic process was the Haber-
Bosch process, which synthesizes ammonia from nitrogen and hydrogen [1].
The Haber-Bosch process is essential for fertilizer production, which allowed
large-scale food production [1–3]. Catalytic processes have been important for
the last 100 years and are also essential in future challenges.

Challenges arise as the world continues to change and population con-
tinues to grow, with an expected population of 11 billion in 2100 [4]. Catalysis
plays an important role in addressing these challenges [5]. The challenges lie in
environmental catalysts (for clean drinking water and reduction of greenhouse
gases), catalysts for refinery and energy applications (for biorefinery concepts,
fuels, and hydrogen), catalysts for the production of (biodegradable) polymers
and materials, and catalysts for chemical synthesis from renewable feedstocks
[1, 3].

Catalysts are essential for many processes because they accelerate
a reaction (kinetics) without changing the equilibrium (thermodynamics) [1],
they alter the route without changing the destination of the reaction [6]. Dur-
ing the reaction they are never consumed and their technical performance
depends on the activity, selectivity, and lifetime [1]. In heterogeneous cataly-
sis, the active site is part of a surface and therefore a surface phenomenon [1].
A high surface area is needed to create the highest density of active sites for
the best performance of the catalyst. The specific area increases for porous
catalysts compared to nonporous, and with decreasing particle size. However,
there is a trade-off with the pressure drop. The pressure drop determines the
energy demand for the process and increases with smaller particle sizes. So,
smaller particles have a higher specific area, which increases the performance
but increases the energy demand for the process.

The performance of heterogeneous catalysts depends on mass transfer
and surface reaction [6]. Most of the heterogeneous catalysts are porous in
nature, which creates the following steps for a reactant.

• external diffusion to the catalyst

• internal diffusion to the catalyst surface (for porous catalysts)

• molecular adsorption on the catalyst

• surface reaction
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• molecular desorption from the catalyst

• internal diffusion away from the catalyst surface (for porous catalysts)

• external diffusion away from the catalyst.

For porous catalysts, the pore is usually very small and transport is mainly via
diffusion. For nonporous catalysts, there is no internal diffusion to and away
from the catalyst surface. Nonporous catalysts are used for specific selectivity
problems, for example, when the selectivity decreases significantly as parallel
and consecutive reactions occur, or where external mass transfer limitations
dominate [1]. The reactant concentration is then close to zero at the surface,
which happens, for example, in ammonia oxidation to NO [1]. The general
steps of heterogeneous catalysis involve mainly mass transport, decreasing the
overall effective kinetic rate unless the transport resistances are negligible [1].

A boundary layer forms adjacent to the catalytic surface when exter-
nal mass transfer is slow compared to the reaction [1]. Figure 1.1a illustrates
the boundary layer, where the concentration vanishes near the surface. The
thickness of the boundary layer can be reduced by stirring the bulk (Figure
1.1b), which is usually an energy intensive process. Stirring of the bulk might
decrease the boundary layer, but there is still a concentration gradient at the
surface [7].

(a) Boundary layer (b) with stirred bulk (c) with stirred boundary

Figure 1.1: Boundary layer formed at a catalytic surface (a), limiting the overall
conversion. Stirring of the bulk decreases the boundary layer (b). The boundary layer
is reduced by mixing of the boundary layer, induced by a surface flow (c).

The boundary layer exists as there is some convective flow near the
solid surface but the velocity vanishes at the surface [7], so mass transfer relies
on the diffusivity of the reactants and products. In this thesis, we explore the
possibility of creating a surface flow to decrease limitations of mass transfer
in the boundary layer (Figure 1.1c). Stirring the boundary layer creates the
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possibility of a decrease in energy demand, a higher efficiency of the catalyst,
and more fundamental insight into what is happening at the catalytic surface.

The surface flow of interest concerns diffusio-osmosis, which is a
surface-driven flow created by a solute concentration gradient parallel to the
surface with interactions between solute and surface [8, 9]. The solute inter-
acts with the surface via an interaction potential, where the solute is attracted
or repelled from the surface [10]. When the solute is attracted to the surface,
it induces an osmotic pressure on the surrounding liquid [8]. The pressure
is higher for higher concentrations, so on the side of the higher concentra-
tion, there is a higher pressure compared to the lower concentration. This
pressure difference parallel to the surface drives a fluid flow from high to low
concentration. Consequently, the flow of the fluid is directed from low to
high concentrations when the solute is repelled from the surface. This fluid
flow is called diffusio-osmosis. In the case of charged solutes (electrolytes)
with a charged surface, there is an additional electric field that spontaneously
arises as a result of a concentration difference and diffusivity contrast between
positive (cationic) and negative (anionic) solutes [9, 10].

The aim is to study diffusio-osmotic flow at a heterogeneous catalytic
surface. Titanium dioxide (TiO2) is chosen as heterogeneous catalyst, which
is a photocatalyst activated by light [11]. TiO2 assisted oxidation is one of the
advanced oxidation processes used in wastewater treatment to remove organic
pollutants and is widely researched as TiO2 it is relatively inexpensive, widely
available and offers high chemical stability [12].

The degradation of organic compounds via TiO2 offers an interesting
platform to study diffusio-osmosis for different reasons. Diffusio-osmosis is
mostly studied for electrolyte solutions at low concentrations [8, 10]. The
degradation of organic compounds via TiO2 is used in wastewater treatment,
so there is a low concentration of organic compounds in the water. TiO2 is
externally activated by UV light, which makes it possible to study diffusio-
osmosis experimentally in the absence of a convective term, as concentration
gradients are created in situ when the light is on.

In the next sections, the theory of diffusio-osmosis is elaborately dis-
cussed, including the governing equations and a short review of the literature.
Then, titanium dioxide is discussed in more detail regarding surface proper-
ties and reaction kinetics, which are relevant for this study. Finally, research
objectives are established including a brief outline of the thesis.
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1.1 Diffusio-osmosis

Diffusio-osmosis was first described by Derjaguin for nonelectrolytes, where
osmotic flow was generated in a capillary [13], and then for electrolytes by
Dukhin et al. [14]. Diffusiophoresis is the movement of particles as a result
of a concentration gradient, first described by Derjaguin et al. [15]. Diffu-
siophoresis and diffusio-osmosis have the same driving force, where diffusio-
phoresis corresponds to the movement of a particle and diffusio-osmosis to the
movement of fluid adjacent to a surface [16]. The initial model of Derjaguin
is extended by Anderson et al. [8] for non-electrolytes and Prieve et al. [9]
for electrolytes. The working mechanism is shown schematically for nonelec-
trolytes (Figure 1.2a) and electrolytes (Figure 1.2b).

(a) Non-electrolyte

(b) Electrolyte

Figure 1.2: Schematic of the diffusio-osmotic mechanisms for non-electrolytes (a)
and electrolytes (b), inspired by Marbach and Bocquet [10]. The yellow dots (a) and
blue/red dots (b) represent solutes

Diffusio-osmosis is described by many [8, 9, 17–19], who describe the
mechanisms as follows. Diffusio-osmosis is induced at the surface along which
a solute concentration gradient exists, either non-electrolyte or electrolyte,
over a length much larger than the interaction length between the solute and
wall. The interaction layer is defined where the solute is either attracted to or
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repulsed from the surface, which is within nanometers from the surface. The
adsorption of the solute on the surface creates a body force on the fluid, which
is higher for higher concentration. This body force translates into a drop
in pressure along the surface from high to low concentration. The osmotic
pressure drop is balanced by a viscous stress on the surface, which induces a
flow along the surface from high to low concentration in the case of attractive
forces. For repulsive forces, the flow is directed from low to high concentration,
as the repulsion between the solute and the surface creates body force directed
away from the surface, creating a lower pressure for the higher concentration.

The above mechanism concerns the chemiosmotic contribution to
diffusio-osmosis, which is the only contribution for nonelectrolyte solutes.
Electrolyte solutes have an additional electro-osmotic contribution. The mech-
anism for electrolyte solutes with a charged surface is as follows. Counterions
are attracted to the surface and form an electric double layer (of characteristic
thickness λD), also known as the Debye layer. The higher concentration results
in a higher body force, creating an osmotic pressure difference along the sur-
face, resulting in a flow from the high to low concentration. As the counterion
is always attracted to the surface, the chemiosmotic contribution is always
directed from high to low concentration. The electro-osmotic contribution
then originates from the concentration difference and the diffusivity contrast
between the anion and the cation (D− ̸= D+). This build-up of diffusion
potential, a potential due to diffusivity differences between anion and cation,
results in an electric field, yielding an electro-osmotic flow. The direction of
electro-osmotic flow can be toward high concentration (when D+ < D−) or
toward low concentration (when D+ > D−), so it can enhance or diminish the
chemiosmotic contribution.

The given direction of the flow is applicable to a single monovalent
(z+ = z−) electrolyte, which is the most researched system [8, 20, 21]. The
direction of flow can be different for bivalent electrolytes and for even more
complex systems. Wilson et al. [22] researched systematically non-z : z elec-
trolytes to understand the influence of electrolyte valence on diffusiophoretic
movement. More complex systems can involve multiple electrolytes that can-
not be treated independently as ion fluxes are coupled [23–25].

Non-electrolyte diffusio-osmosis depends solely on the interaction po-
tential between the solute and the surface, which needs information about the
specific interaction potential to be determined [26]. It is possible to determine
the interaction potential of a neutral dipolar molecule that can align with the
double layer of a charged surface [26]. The interaction of rigid particles can
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be determined as a result of the steric exclusion. The interaction between
the electrolyte and the charged surface is well known, where diffusio-osmosis
depends solely on the diffusivity contrast between the anion and cation, and
the surface ζw potential in the case of a single monovalent electrolyte. In this
thesis, we focus on diffusio-osmosis with electrolyte solutes, since reactions
with titanium dioxide involve many ionic species in aqueous media [11].

Theoretical description The diffusio-osmotic velocity is equal to and op-
posite to the diffusiophoretic velocity (uDO = −uDP ) [18]. The derivation of
the velocity is the same, with the main difference in the final movement, where
for diffusiophoresis eventually the particle moves whereas for diffusio-osmosis
the wall is stagnant, so the fluid moves. To derive the diffusio-osmotic velocity,
it is assumed that the liquid far away from the surface contains ions, where
the cations have a valence higher than zero (zi > 0) and the anions a valence
lower than zero (zi < 0) [18]. It is assumed that the surface charge density
is constant and that the potential drop across the double layer depends on
it. The fluid is governed by Stokes equation for incompressible fluid flow with
the additional Gauss’s law of electrostatics to describe the electrostatic body
force, and the flux of the ions is described by the Nernst-Planck equations.
The electrical permittivity is constant throughout the system.

The diffusio-osmotic flow is developed in the double layer, where it is
assumed that the diffusion and electromigration normal to the surface are in
balance. Therefore, the concentration in the double layer can be described by
the Boltzmann distribution. In the bulk, there is no external electric field, and
there is electroneutrality. The complete derivation can be found in [8, 18, 26].

The electro-osmotic contribution is derived under the assumption of
a small double layer compared to the length of the concentration difference.
The chemiosmotic velocity uCO is defined as

uCO = µ̃CO · ∇ ln c = −4ε

η

(
kBT

ze

)2

ln

[
cosh

(
zeζw
4kBT

)]
∇ ln c (1.1)

where µ̃CO is the chemiosmotic mobility, ε is the electrical permittivity, η is
the dynamic viscosity, kB is the Boltzmann constant, T is the temperature, z
is the ion valence, e is the electron charge, ζw is the surface zeta potential and
c is the electrolyte concentration [18, 19, 21].

The electro-osmotic velocity uEO is defined as

uEO = µ̃EO · ∇ ln c = −εζwβ
η

kBT

ze
∇ ln c (1.2)
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where µ̃EO is the electro-osmotic mobility and β is the diffusivity contrast,
defined as

β =
D+ −D−
D+ +D−

(1.3)

The diffusio-osmotic velocity uDO is the combination of chemiosmotic
and electro-osmotic velocity

uDO = uCO + uEO = (µ̃CO + µ̃EO) · ∇ ln c

= − ε
η

kBT

ze

(
βζw +

4kBT

ze
ln

[
cosh

(
zeζw
4kBT

)])
· ∇ ln c (1.4)

The diffusio-osmotic mobility (µ̃DO) is the combination of the chemios-
motic and electro-osmotic mobility, µ̃DO = µ̃CO + µ̃EO, which has the unit of
m2/s. This mobility can be made dimensionless via the ambipolar electrolyte
diffusivity (De), defined as

De =
2D+D−
D+ +D−

(1.5)

The derived equations are applicable for diffusio-osmotic flow as a
result of a single monovalent electrolyte. As mentioned above, a system with
titanium dioxide as a catalyst produces several species of ions, so these equa-
tions would not be applicable. Gupta et al. [18] derived a diffusio-osmotic
velocity for a mixture of asymmetric electrolytes, defined as

uDO = −εΨT

η

∑
i ziDi∇ci∑
i z

2
iDici

ζw

− 1

2

∑
i

∇ci ∫ ζ/ΨT

0

{
∫ Ψ0

0 gi(Ψ
′)
[∑

j cj∞gj(Ψ
′)
]−1/2

dΨ′}[∑
j cj∞gj(Ψ0)

]1/2 dΨ0

 (1.6)

where ΨT is the thermal potential (ΨT = kBT/e ≈ 25 mV at 298K), Ψ is
the nondimensional potential defined as ζw/ΨT , Ψ′ and Ψ0 are integration
limits, gi(Ψ0) ≡ exp(−ziΨ0) − 1 is the excess concentration of the ith ion
in the double layer relative to the bulk. gi(Ψ0) and ci∞ should satisfy the
bulk electroneutrality condition (

∑
i zici∞ = 0). The first term represents

electroosmosis and the second term represents chemiosmosis. This equation
would reduce back to Eq. (1.4) for 1:1 electrolytes where z+ = −z− = z.
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Chemiosmosis can be approximated in the limit of low potentials (|ζw/ΨT | ≪
1), resulting in the following approximation for the velocity.

uDO,low potential = −
εΨT
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i z
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i z
2
i ci

)2
]
ζ3w (1.7)

The magnitude of the diffusio-osmotic velocity depends on the ion dif-
fusivities, surface potential, and concentration for all systems. A system with
monovalent single electrolytes depends on the relative concentration gradient.
For asymmetric electrolytes and electrolyte mixtures, this is more complex be-
cause these gradients cannot be treated independently due to the electroneu-
trality condition.

Applications of diffusio-osmosis The mechanism of diffusioosmosis was
first described by Derjaguin et al. [13], who later introduced the term diffu-
siophoresis. The basics of interactions between colloids, neutral molecules,
and electrolytes were established in the 1950s until the 1980s [27]. Anderson
et al. [8] described the complete derivation of the diffusiophoresis of neutral
solutes in 1982, with not much later the complete derivation for electrolytes
[9]. Knowledge was further extended to colloid interactions with a wall [26],
protein diffusion [28], and strongly adsorbing solutes [29].

In the early 2000s, Keh and Ma [30] derived the diffusioosmotic ve-
locity without any assumptions about the magnitude of the electric potential
or thickness of the double layer. Before that, it was mostly assumed that the
electric potential would be small and the double layer would be thin enough
to apply the Debye-Hückel approximation. Around the same time, Ajdari
and Bocquet [31] showed how diffusio-osmosis could result in slip velocity,
and Abécassis et al. [20] showed diffusiophoretic movement under salt gradi-
ent in a Ψ-shaped microchannel (a microchannel with three inlets and one
outlet). Subsequently, the interest in diffusioosmosis and diffusiophoresis in-
creased with the development of microfluidic devices for different applications.
Applications include, but are not limited to, lab-on-a-chip devices for biological
studies, porous membrane studies, separation of colloids for wastewater treat-
ment, measurement of surface potentials, and micropumps. The applications
are further elaborated on in the following paragraphs to give an indication of
which aspects have been studied.
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Lab-on-a-chip devices for biological studies can benefit from diffusio-
osmosis and diffusiophoresis. Proteins can be separated by solvophoresis [29].
DNA can behave similarly to colloids in a salt gradient [32], where diffusio-
phoresis can even help DNA move through nanopores [33]. Shin et al. [34]
developed a microfluidic chip to concentrate biomolecules for rapid bioassays
based on diffusiophoresis. A similar technique was used by Friedrich et al. [35]
where diffusiophoresis excluded the need for an external electric field. Vrhovec
Hartman et al. [36] used dead-end pores and inducing a concentration gradient
such that blood cells moved according to diffusiophoresis. Rasmussen et al.
[37] could determine the size and surface charge by trapping liposomes in
channels.

Osmosis is closely related to membrane processes, where water moves
through a semi-permeable membrane toward the higher concentration of solute
[10]. Diffusio-osmosis and -phoresis are important in membrane processes for
porous membranes, as pores resemble micro and nanocapillaries, which have
been widely studied [21, 38–44]. Marbach and Bocquet [10] reviewed elabo-
rately osmosis from macroscale to diffusioosmotic flow within the pores. Nu-
merical studies have been performed to study the entrance effects of nanopores
due to diffusio-osmosis [38, 45]. On the other hand, diffusiophoresis can cause
the negative effect of colloidal fouling in reverse osmosis membranes [46]. Keh
and Ma [47] studied hydrogen transport across a membrane in a polymer elec-
trolyte fuel cell, where diffusioosmosis showed significant velocities for low-
potential-difference operations.

Diffusiophoresis is a useful mechanism for separate colloids for wastew-
ater treatment. Abécassis et al. [20] showed the spreading and focusing of
particles under a saline gradient, where the magnitude of movement depended
on the diffusivity contrast of the salt. Lee et al. [48] used diffusiophoresis to
focus E.Coli and salmonella with ion-exchange membranes to induce a con-
centration gradient. Shimokusu et al. [49] used a carbon dioxide gradient to
separate nanoemulsions, Shin et al. [50] used it to separate colloids, and Shim
et al. [51] predicted the particle exclusion zone. The influence of pH gradients
on the diffusiophoretic movement was studied by Shi et al. [52]. An elaborate
review by Shin [19] describes all studies on this application.

Measurement of the surface potential of colloids can be difficult, for
example, when the colloid is difficult to purify [37]. Shin et al. [53] and Ault
et al. [54] developed a method to determine the surface potential of the wall and
the particle in a dead end pore. Rasmussen et al. [37] determined the surface
potential of exosomes, which are lipid vesicles, and their size, based on the
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diffusiophoretic velocity. Ault et al. [16] developed a method to determine the
surface potential from the diffusioosmotic flow in cases of electrolyte solutions
with constant and variable surface potential, and for non-electrolytes with
generic interactions and purely steric interactions.

Diffusioosmosis can be considered as a slip velocity at the wall, as
originally described by Derjaguin et al. [55]. It opens up the possibility of
creating micropumps without external sources, such as a syringe pump or an
electric field [31], and it can significantly reduce the pressure drop in a mi-
crochannel [56]. Ajdari and Bocquet [31], Huang et al. [57], and Hoshyargar
et al. [58] worked on superhydrophobic surfaces, that allow some hydrody-
namic slip which enhances diffusio-osmosis. Michelin and Lauga [59] devel-
oped a universal optimal geometry to create a pumping wall in a microchan-
nel based on chemically active patches with non-zero phoretic mobility. Bekir
et al. [60] created a micropump by light-driven diffusio-osmosis, where the
surfactant changes from trans to cis states depending on the light wavelength.
The surfactant is adsorbed by a particle in the trans state, while the cis state
prefers the solution, which creates a strong concentration difference based on
adsorption and desorption.

Another type of micropumps concerns Janus particles, that consist
of two different (catalytic) materials and can be propelled upon catalyst acti-
vation [61, 62]. One of the most common Janus particles consists of titanium
oxide capped with gold, which is activated by UV light, with hydrogen per-
oxide as fuel [61]. The particles propel themselves as different reactions take
place on the titanium dioxide and gold sides of the particle, creating an in situ
concentration gradient. Ebbens et al. [63] studied the velocity as a function of
particle size. Theurkauff et al. [64] explored the aggregation of Janus particles
under a gravity gradient. Vutukuri et al. [65] showed that the direction of the
particles can be changed with different wavelengths, with motion towards the
side that is activated, thus towards titanium dioxide under UV illumination
and towards gold under green light illumination. The gold side can be replaced
with polymer dots, as done by Kim et al. [66], so that activation can be done
with visible light instead of UV light. Gold can also be replaced by iron oxide
[67]. Visan and Lammertink [68] showed that diffusiophoretic flow can also
be induced by ordinary titanium dioxide catalytic particles upon illumination
due to their uneven distribution.

Reactive walls have been investigated to operate as micropumps. Yu
et al. [69] immobilized Janus pillars on a surface such that they operate as
micropumps under UV illumination. Before that, Hong et al. [70] used pure
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titanium dioxide on the wall as micropumps, which moved the tracer particles
away under UV illumination. McDermott et al. [71] made a micropump from
solid calcium carbonate and dissolved it in water, where ions were formed and
tracer particles were moved. Banerjee and Squires [72] used a sources and a
sink to drive colloidal migration, where the source emitted a surfactant and the
sink absorbed it, moving the colloids towards a lower concentration. Feldmann
et al. [73] could pump tracer particles due to a photosensitive surfactant, which
changed from trans to cis state with UV light. The same surfactant was later
used by Bekir et al. [60] to create a micropump.

1.2 Titanium Dioxide

Titanium dioxide is a semiconductor and is widely studied for its photoinduced
processes [74], where the photodegradation of organic compounds is the most
active field [75]. Organic compounds can be completely mineralized to CO2,
H2O and harmless inorganic compounds. The properties of titanium dioxide
depend on the crystalline structure, which can be rutile, brookite, or anatase.
Rutile and anatase TiO2 are the most used for applications, where anatase is
preferred over rutile as it has higher electron mobility, lower dielectric constant,
lower density, and lower deposition temperature [75]. Titanium dioxide is often
chosen as a catalyst, as it is cheap, non-toxic, chemically stable over a wide pH
range and not subject to photocorrosion [76]. Here, anatase TiO2 is studied, as
a dense layer on a silica surface. This material was previously investigated by
Rafieian et al. [77], who produced an anatase layer through reactive sputtering
of titanium in the presence of oxygen and thermal annealing and analyzed its
photocatalytic activity.

Titanium dioxide as a photocatalyst follows the general steps of a
heterogeneous catalyst, where the catalyst is activated by the absorption of
photons [78]. Upon illumination, electron-hole pairs are created which dis-
sociate in electrons and positive holes. The electrons can move through the
solid toward the surface, where they can react with adsorbed compounds.
However, most electrons (≈ 90%) recombine with a hole before reaching the
surface. Absorbed photons need to have an energy greater than the band gap
of the photocatalyst to create electron-hole pairs [11]. The band gap is the
energy difference between the valence band and conduction band in a semi-
conductor material, representing the energy an electron has to jump to flow
a current through the material. For anatase TiO2, this band gap is 3.2 eV
so light with wavelengths (λ) below 400nm give electrons in the valence band
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Figure 1.3: The primary reactions for the mineralisation of organic compounds
over titanium dioxide, reprinted from Gaya and Abdullah [11] with permission from
Elsevier.

the energy to jump to the conduction band. Light with wavelengths below
400nm is towards the UV-regime of the light spectrum. The general reaction
of titanium dioxide is summerized as [79]

organic + O2
TiO2−−−−−−→

λ<400nm
H2O+CO2 +mineral acids (1.8)

The reaction takes several steps to degrade organic compounds, which
is schematically shown in Figure 1.3. The first step is the absorption of a pho-
ton with an energy larger than the band-gap energy,

TiO2 + hυ −−→ e− + h+ (1.9)

where hυ is the band gap energy required [11]. This reaction is called charge
carrier generation, which is very fast (femtoseconds).

Second, the charge carriers need to be trapped by the surface.

h+ +TiIVOH −−→ TiIVOH•+ (1.10)

e− +TiIVOH −−→←−− TiOHIII (1.11)

e− +TiIV −−→ TiIII (1.12)
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where TiIVOH•+ and TiOHIII represent the surface trapped hole and electron,
respectively [11]. The trapping of the hole and the deep trapping of the elec-
tron to TiIII are fast, on the order of 10 ns. The electron on the surface is
caught in a shallow trap forming a dynamic equilibrium. When electrons and
holes are ’trapped’ it means they are at an energy level inbetween the valence
band and conduction band [80]. If the electron is in a shallow trap it is at an
energy level close to the conduction band, whereas in a deep trap the energy
is more towards the valence band. On the other hand, a shallow hole trap is
close to the valance band.

Surface traps can recombine with holes and electrons

e− +TiIVOH•+ −−→ TiIVOH (1.13)

h+ +TiIII −−→ TiIVOH (1.14)

which decrease the efficiency of the catalyst [11]. Approximately 90% of the
formed electron-hole pairs do recombine before reaching the surface.

The surface reactions needed for mineralization are the following for
organic compounds

TiIVOH•+ +Or −−→ TiIVOH+OrOx (1.15)

TiIII +O2 −−→ TiIVOH+O2
•− (1.16)

where Or represents the organic compound and OrOx the oxidized organic
compound [11]. These surface reactions are the slowest of all processes, with a
characteristic time in the range of milliseconds. In general, the hole eventually
oxidizes a reductant, such as the organic compound, and the electron reduces
an oxidant, such as oxygen. The superoxide radical (O2

• – ) can react in bulk
with water with other radicals, such as hydroxide (•OH) and hydroperoxyl
(•OOH), which can react further with organic compounds, as can be seen in
Figure 1.3.

Overall, the reaction of the organic compound with the surface is
the limiting step, since the other reactions are on the time scales from femto
to nanoseconds [11]. The reaction scheme presented here is general and can
be specified depending on the reaction conditions and the organic compound.
The influences relevant for this thesis will be discussed next. One must take
into account that most of these trends have been measured in batch systems,
whereas in this thesis we focus on continuous flow operation where the titanium
dioxide is coated on the reactor wall. The trends themselves are not expected
to change with a different reactor configuration.
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Inlet concentration The kinetics are generally described according to the
Langmuir-Hinshelwood scheme

r = −dC
dt

=
kKC

1 +KC
(1.17)

where r is the initial photooxidation rate, C is the concentration of the re-
actant, k is the reaction rate constant, and K is the adsorption coefficient of
the reactant [11]. The Langmuir-Hinshelwood model includes a single layer
of adsorbed molecules on the surface, which is proportional to the reaction
rate [81]. For batch reactors, it is assumed that at low concentrations (< 1
mM) the adsorption scales linear with the concentration [78], resulting in an
apparent first-order reaction rate

r = kappC = kKC (1.18)

On the other hand, the adsorption saturates at very high concentrations [78].
The reaction rate becomes independent of the inlet concentration, and so the
reaction rate is reduced to zero-order kinetics.

Light intensity The light intensity, or photon flux, determines the amount
of electron-hole pairs, as for each photon an electron-hole pair can be formed
according to Eq. (1.9). However, not all electron-hole pairs eventually react at
the surface [11]. The reaction rate varies with the light intensity according to
αIβ, where α is a constant, I is the photon flux in mW/cm2, and β is the order
that is typically between 0.5-1 [82]. At low light intensities, estimated below 25
mW/cm2, the order is towards 1. The order is less, around 0.5, for higher light
intensities [78]. Herrmann [78] relates this decrease to the increasing electron-
hole pair formation rate, which becomes greater than the photocatalytic rate.
The recombination rate increases with an excess of electron-hole pairs, which
limits the overall reaction rate increase. Optimization of the light intensity is
important because it determines an important energy input of the system.

Oxygen concentration The oxygen concentration is relevant for the reac-
tion rate, as it is an electron scavenger [83] and thus prevents electron-hole
recombination. In addition, it is an intermediate for the oxidation of organic
contaminants (see Figure 1.3). Lin et al. [83] showed a decrease in the con-
version of terephthalic acid when operated in an oxygen-poor environment.
Aran et al. [84] studied the effect of oxygen concentration in a photocatalytic
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membrane microreactor, where the degradation of phenol decreased with de-
creasing oxygen concentration. These studies confirmed the importance of
oxygen in the reaction.

pH & surface potential The pH of the solution affects the surface charge
of titanium dioxide. The surface charge in turn influences the adsorption
of molecules, especially those with charge. Friedmann et al. [81] mentioned
that TiO2 has a point of zero charge around 6.5, so a pH higher than 6.5
would result in a negative surface charge and a positive surface charge with
a lower pH. Kosmulski and Matijević [85] measured the point of zero charge
of Degussa P-25, consisting of 80% anatase and 20% rutile, at pH 6.9. The
surface is protonated in acidic medium and deprotonated in basic medium,
according to the following equations [11]

TiOH + H+ −−→ TiOH2
+ (1.19)

TiOH +OH− −−→ TiO− +H2O (1.20)

The protonation and deprotonation occur at different pH values, so titanium
dioxide has two pKa values. However, usually only one point of zero charge is
given. The surface potential (ζw) is the potential defined at the slipping plane,
whose magnitude depends on the conditions of the solute (ion strength and ion
type) and the surface chemistry. In general, the surface potential of titanium
dioxide is positive under acid conditions and negative under basic conditions.
Kosmulski and Matijević [85] reported a ζw-potential of 80 to -70 mV, varying
the pH from 3 to 10 for TiO2 with potassium chloride as electrolyte. Leroy
et al. [86] measured ζ-potentials for TiO2 nanoparticles in the same pH range
between 110 and -110 mV for 0.017 M sodium nitrate and between 70 and -70
for 0.3 M sodium nitrate, showing the importance of ionic strenght. Moorthy
et al. [87] determined the ζ-potential based on the electro-osmotic velocity for
active and nonactive titanium dioxide, where titanium dioxide became more
negative upon illumination, but the effect depends greatly on the soluton pH.

Batch versus wall-coated reactor Most photocatalytic research has been
carried out in a batch reactor with suspended titanium dioxide particles [78].
In addition to the previous discussed parameters, for these batch reactors
important parameters include also the photocatalyst mass and particle size
[88]. There are several disadvantages regarding these batch reactors. First
of all, the titanium dioxide particles can agglomerate, which decreases the
overall surface area. The particles are generally porous of structure, creating
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not only a large surface area but also internal mass transfer limitations. Mass
transfer limitations are minimized by stirring fast and having a large number
of particles within the slurry. However, the photon flux has an exponential
decay within the reactor according to Lambert-Beer law [89]. The catalyst
particles also scatter the light such that the light can penetrate further into
the reactor [90]. There is a trade between the amount of catalyst and the
energy input, where a higher amount of catalyst decreases the mass transfer
limitation but it also decreases the penetration depth of the photon flux.

In this thesis, titanium dioxide is coated on the reactor wall according
to the method of Rafieian et al. [77], resulting in a layer of 200 nm thickness,
dense, and in the anatase phase. The dense thin layer ensures that there is
no photon flux gradient or mass transfer limitation within the layer [91]. The
reactor is a microreactor, so the mass transfer could easily be distinguished
from the reaction kinetics, as the flow is laminar.

1.3 Scope & outline of the thesis

The scope of this thesis is to study diffusio-osmosis induced by a photocatalytic
wall reaction and its influence on mass transfer within the boundary layer of
heterogeneous catalysis systems. The model system concerns the degrada-
tion of organic compounds over the photocatalyst titanium dioxide, which has
applications mostly within wastewater treatment. There are several parame-
ters that influence the magnitude of the diffusioosmosis, which are related to
the compound (diffusivity of the compound), surface related (ζ potential), or
concentration related. The concentration gradient required to induce diffusio-
osmosis depends on the reaction kinetics which, in turn, depend on the organic
compound, the pH of the solution, the ζ potential of the surface, the intensity
of light and the concentration of oxygen. This thesis starts with mass trans-
fer limitations and reaction kinetics and works its way up to reaction-induced
diffusio-osmosis.

Chapter 2 describes the convection-diffusion-reaction system in a
wall-coated photocatalytic microreactor. This system allows us to study in-
trinsic reaction kinetics as mass transfer is well defined. The degradation of
a micropollutant (Bisphenol A) is measured as a function of residence time
and light intensity, and the derived surface reaction rate is analyzed with and
without mass transfer. Secondly, an analysis of the mass transfer rates com-
pared to surface reaction rates is made to distinguish limiting regimes. The
chapter ends with a literature review, in which the literature with similar sys-
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tems is subjected to the mass transfer analysis to determine if mass transfer
is properly neglected in wall-coated microreactors.

The reaction kinetics for the photocatalytic degradation of several
compounds is studied in Chapter 3. At first, a comparison with literature is
made via methylene blue conversion. Some carboxylic acids are degraded over
titanium dioxide, as these are interesting compounds for the reaction-induced
diffusio-osmosis study. The influence of oxygen concentration is measured via
the degradation of formic acid and by measuring the outlet oxygen concentra-
tions. Formate salts are included as well, as these compounds have different
diffusivity contrasts, while it is expected that the surface reaction rate stays
similar compared to formic acid.

In Chapter 4 we switch from reaction kinetics to an H-shaped mi-
croreactor where the diffusiophoretic movement of ordinary polystyrene parti-
cles is measured. This chapter does not contain any photocatalysis but is a val-
idation of the theoretical model and experimental results for diffusiophoresis.
The concentration gradients are induced by lithium chloride, sodium bicar-
bonate, formic acid, acetic acid, oxalic acid, lithium formate, sodium formate,
and potassium formate. The diffusiophoretic movement of the particles in
these monovalent electrolytes should be well described by the theoretic model
presented earlier in this introduction.

Chapter 5 describes the experimental study of reaction-induced
diffusio-osmosis. In this chapter, we combine the learnings from Chapters
2-4 to determine the maximum achievable diffusio-osmotic velocity. The ζ
potential of titanium dioxide is measured under active (illuminated) and non-
active (dark) conditions. The experimental results are combined with a nu-
merical model for a deeper understanding. The numerical model contains only
the inlet conditions, and reaction products are not taken into account. The
compounds studied for reaction-induced diffusio-osmosis are methylene blue,
formic acid, acetic acid, oxalic acid, lithium formate, sodium formate, and
potassium formate.

The numerical model is extended in Chapter 6 for the reactions of
sodium formate to sodium bicarbonate and oxalic acid to carbon dioxide. This
model includes the reaction products such that the diffusio-osmotic velocity
can be studied over time. Sodium formate to sodium bicarbonate is a relatively
simple system in which formate reacts directly to bicarbonate; the pH remains
around neutral during the whole reaction time. The reaction of oxalic acid
involves a pH-dependent system, thus a more complex yet realistic system.

Chapter 7 draws the conclusions of all the chapters, reflects on the
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results obtained and the challenges within this project, and gives perspectives
on future work.
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[36] S. Vrhovec Hartman, B. Božič, J. Derganc, Migration of blood cells and phospholipid
vesicles induced by concentration gradients in microcavities, New Biotechnology 47
(2018) 60–66. doi:10.1016/j.nbt.2018.02.015.

[37] M. K. Rasmussen, J. N. Pedersen, R. Marie, Size and surface charge characterization of
nanoparticles with a salt gradient, Nature Communications 11 (2020) 1–8. URL: http:
//dx.doi.org/10.1038/s41467-020-15889-3. doi:10.1038/s41467-020-15889-3.

[38] P. Bacchin, Interfacially driven transport in narrow channels, Journal of Physics Con-
densed Matter 30 (2018) aacb0c. URL: https://doi.org/10.1088/1361-648X/aacb0c.
doi:10.1088/1361-648X/aacb0c. arXiv:1802.07031.

[39] X. Tong, S. Liu, J. Crittenden, Y. Chen, Nanofluidic Membranes to Address the
Challenges of Salinity Gradient Power Harvesting, ACS Nano 15 (2021) 5838–5860.
doi:10.1021/acsnano.0c09513.

http://dx.doi.org/10.1016/0021-9797(77)90118-7
http://dx.doi.org/10.1021/ie00098a024
http://dx.doi.org/10.1021/ie00098a024
http://dx.doi.org/10.1021/la00050a035
http://dx.doi.org/10.1021/la0504863
http://dx.doi.org/10.1103/PhysRevLett.96.186102
http://arxiv.org/abs/0605512
http://dx.doi.org/10.1103/PhysRevLett.104.138302
http://arxiv.org/abs/1004.1256
http://dx.doi.org/10.1038/s41598-019-51049-4
http://dx.doi.org/10.1038/s41598-019-51049-4
http://dx.doi.org/10.1038/s41598-019-51049-4
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.041038
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.041038
http://dx.doi.org/10.1103/PhysRevX.7.041038
http://dx.doi.org/10.1038/s41467-017-01214-y
http://dx.doi.org/10.1038/s41467-017-01214-y
http://dx.doi.org/10.1016/j.nbt.2018.02.015
http://dx.doi.org/10.1038/s41467-020-15889-3
http://dx.doi.org/10.1038/s41467-020-15889-3
http://dx.doi.org/10.1038/s41467-020-15889-3
https://doi.org/10.1088/1361-648X/aacb0c
http://dx.doi.org/10.1088/1361-648X/aacb0c
http://arxiv.org/abs/1802.07031
http://dx.doi.org/10.1021/acsnano.0c09513


24 Chapter 1. Introduction

[40] V. Sasidhar, E. Ruckenstein, Electrolyte osmosis through capillaries, Journal of Colloid
And Interface Science 82 (1981) 439–457. doi:10.1016/0021-9797(81)90386-6.

[41] S. Chanda, P. A. Tsai, Competition between electroosmotic and chemiosmotic flow in
charged nanofluidics, Physics of Fluids 33 (2021). doi:10.1063/5.0030960.

[42] V. Hoshyargar, S. Nezameddin Ashrafizadeh, A. Sadeghi, Diffusioosmotic flow in rectan-
gular microchannels, Electrophoresis 37 (2016) 809–817. doi:10.1002/elps.201500370.

[43] V. Hoshyargar, S. N. Ashrafizadeh, A. Sadeghi, Drastic alteration of diffusioosmosis
due to steric effects, Physical Chemistry Chemical Physics 17 (2015) 29193–29200.
doi:10.1039/c5cp05327g.

[44] H. Jing, S. Das, Theory of diffusioosmosis in a charged nanochannel, Physical Chemistry
Chemical Physics 20 (2018) 10204–10212. doi:10.1039/c8cp01091a.

[45] D. J. Rankin, L. Bocquet, D. M. Huang, Entrance effects in concentration-gradient-
driven flow through an ultrathin porous membrane, The Journal of Chemical
Physics 151 (2019) 044705. URL: https://doi.org/10.1063/1.5108700. doi:10.1063/
1.5108700. arXiv:1904.10636.

[46] R. Guha, X. Shang, A. L. Zydney, D. Velegol, M. Kumar, Diffusiophoresis contributes
significantly to colloidal fouling in low salinity reverse osmosis systems, Journal of
Membrane Science (2015). doi:10.1016/j.memsci.2015.01.024.

[47] H. J. Keh, H. C. Ma, The effect of diffusioosmosis on water transport in polymer
electrolyte fuel cells, Journal of Power Sources 180 (2008) 711–718. doi:10.1016/j.
jpowsour.2008.02.072.

[48] H. Lee, J. Kim, J. Yang, S. W. Seo, S. J. Kim, Diffusiophoretic exclusion of colloidal
particles for continuous water purification, Lab on a Chip 18 (2018) 1713–1724. doi:10.
1039/c8lc00132d.

[49] T. J. Shimokusu, V. G. Maybruck, J. T. Ault, S. Shin, Colloid Separation by CO2-
Induced Diffusiophoresis, Langmuir (2020). doi:10.1021/acs.langmuir.9b03376.

[50] S. Shin, O. Shardt, P. B. Warren, H. A. Stone, Membraneless water filtration us-
ing CO2, Nature Communications 8 (2017) 1–6. URL: http://dx.doi.org/10.1038/
ncomms15181. doi:10.1038/ncomms15181.

[51] S. Shim, M. Baskaran, E. H. Thai, H. A. Stone, CO2-Driven diffusiophoresis and water
cleaning: Similarity solutions for predicting the exclusion zone in a channel flow, Lab
on a Chip 21 (2021) 3387–3400. doi:10.1039/d1lc00211b. arXiv:2105.15154.

[52] N. Shi, R. Nery-Azevedo, A. I. Abdel-Fattah, T. M. Squires, Diffusiophoretic Fo-
cusing of Suspended Colloids, Physical Review Letters 117 (2016) 1–5. doi:10.1103/
PhysRevLett.117.258001.

[53] S. Shin, J. T. Ault, J. Feng, P. B. Warren, H. A. Stone, Low-Cost Zeta Potentiometry
Using Solute Gradients, Advanced Materials 29 (2017). doi:10.1002/adma.201701516.

http://dx.doi.org/10.1016/0021-9797(81)90386-6
http://dx.doi.org/10.1063/5.0030960
http://dx.doi.org/10.1002/elps.201500370
http://dx.doi.org/10.1039/c5cp05327g
http://dx.doi.org/10.1039/c8cp01091a
https://doi.org/10.1063/1.5108700
http://dx.doi.org/10.1063/1.5108700
http://dx.doi.org/10.1063/1.5108700
http://arxiv.org/abs/1904.10636
http://dx.doi.org/10.1016/j.memsci.2015.01.024
http://dx.doi.org/10.1016/j.jpowsour.2008.02.072
http://dx.doi.org/10.1016/j.jpowsour.2008.02.072
http://dx.doi.org/10.1039/c8lc00132d
http://dx.doi.org/10.1039/c8lc00132d
http://dx.doi.org/10.1021/acs.langmuir.9b03376
http://dx.doi.org/10.1038/ncomms15181
http://dx.doi.org/10.1038/ncomms15181
http://dx.doi.org/10.1038/ncomms15181
http://dx.doi.org/10.1039/d1lc00211b
http://arxiv.org/abs/2105.15154
http://dx.doi.org/10.1103/PhysRevLett.117.258001
http://dx.doi.org/10.1103/PhysRevLett.117.258001
http://dx.doi.org/10.1002/adma.201701516


Bibliography 25

[54] J. T. Ault, P. B. Warren, S. Shin, H. A. Stone, Diffusiophoresis in one-dimensional
solute gradients, Soft Matter 13 (2017) 9015–9023. doi:10.1039/c7sm01588g.

[55] B. V. Derjaguin, S. S. Dukhin, M. M. Koptelova, Capillary osmosis through porous par-
titions and properties of boundary layers of solutions, Journal of Colloid And Interface
Science 38 (1972) 584–595. doi:10.1016/0021-9797(72)90392-X.

[56] B. Tomicki, The role of pressure in osmotic flow, Journal of Colloid And Interface
Science 108 (1985) 484–494. doi:10.1016/0021-9797(85)90288-7.

[57] D. M. Huang, C. Cottin-Bizonne, C. Ybert, L. Bocquet, Massive amplification of
surface-induced transport at superhydrophobic surfaces, Physical Review Letters 101
(2008) 1–4. doi:10.1103/PhysRevLett.101.064503.

[58] V. Hoshyargar, A. Sadeghi, S. N. Ashrafizadeh, Bounded amplification of diffusioos-
mosis utilizing hydrophobicity, RSC Advances 6 (2016) 49517–49526. doi:10.1039/
c6ra05846a.

[59] S. Michelin, E. Lauga, Universal optimal geometry of minimal phoretic pumps, Scientific
Reports 9 (2019) 1–7. doi:10.1038/s41598-019-46953-8. arXiv:1907.06839.

[60] M. Bekir, A. Sharma, M. Umlandt, N. Lomadze, S. Santer, How to Make a Surface Act
as a Micropump, Advanced Materials Interfaces (2022). doi:10.1002/admi.202102395.

[61] R. Dong, Q. Zhang, W. Gao, A. Pei, B. Ren, Highly efficient light-driven TiO2-Au
Janus Micromotors, ACS Nano 10 (2016) 839–844. doi:10.1021/acsnano.5b05940.

[62] A. Aubret, S. Ramananarivo, J. Palacci, Eppur si muove, and yet it moves: Patchy
(phoretic) swimmers, 2017. doi:10.1016/j.cocis.2017.05.007.

[63] S. Ebbens, M. H. Tu, J. R. Howse, R. Golestanian, Size dependence of the propulsion
velocity for catalytic Janus-sphere swimmers, Physical Review E - Statistical, Nonlinear,
and Soft Matter Physics 85 (2012) 1–4. doi:10.1103/PhysRevE.85.020401.

[64] I. Theurkauff, C. Cottin-Bizonne, J. Palacci, C. Ybert, L. Bocquet, Dynamic clustering
in active colloidal suspensions with chemical signaling, Physical Review Letters 108
(2012) 1–5. doi:10.1103/PhysRevLett.108.268303. arXiv:1202.6264.

[65] H. R. Vutukuri, M. Lisicki, E. Lauga, J. Vermant, Light-switchable propul-
sion of active particles with reversible interactions, Nature Communications 11
(2020) 1–9. URL: http://dx.doi.org/10.1038/s41467-020-15764-1. doi:10.1038/
s41467-020-15764-1. arXiv:2012.00107.

[66] J. Kim, S. Jo, W.-j. Lee, J. Lim, T. Seung Lee, Moving photocatalyst of a tita-
nium dioxide-based micromotor asymmetrically decorated with conjugated polymer
dots, Materials & Design 219 (2022) 110743. URL: https://linkinghub.elsevier.
com/retrieve/pii/S0264127522003653. doi:10.1016/j.matdes.2022.110743.

http://dx.doi.org/10.1039/c7sm01588g
http://dx.doi.org/10.1016/0021-9797(72)90392-X
http://dx.doi.org/10.1016/0021-9797(85)90288-7
http://dx.doi.org/10.1103/PhysRevLett.101.064503
http://dx.doi.org/10.1039/c6ra05846a
http://dx.doi.org/10.1039/c6ra05846a
http://dx.doi.org/10.1038/s41598-019-46953-8
http://arxiv.org/abs/1907.06839
http://dx.doi.org/10.1002/admi.202102395
http://dx.doi.org/10.1021/acsnano.5b05940
http://dx.doi.org/10.1016/j.cocis.2017.05.007
http://dx.doi.org/10.1103/PhysRevE.85.020401
http://dx.doi.org/10.1103/PhysRevLett.108.268303
http://arxiv.org/abs/1202.6264
http://dx.doi.org/10.1038/s41467-020-15764-1
http://dx.doi.org/10.1038/s41467-020-15764-1
http://dx.doi.org/10.1038/s41467-020-15764-1
http://arxiv.org/abs/2012.00107
https://linkinghub.elsevier.com/retrieve/pii/S0264127522003653
https://linkinghub.elsevier.com/retrieve/pii/S0264127522003653
http://dx.doi.org/10.1016/j.matdes.2022.110743


26 Chapter 1. Introduction

[67] J. Palacci, S. Sacanna, S.-H. Kim, G.-R. Yi, D. J. Pine, P. M. Chaikin, Light-
activated self-propelled colloids, Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences 372 (2014) 20130372. URL:
https://royalsocietypublishing.org/doi/10.1098/rsta.2013.0372. doi:10.1098/
rsta.2013.0372.

[68] A. Visan, R. G. Lammertink, Reaction induced diffusio-phoresis of ordinary cat-
alytic particles, Reaction Chemistry and Engineering 4 (2019) 1439–1446. doi:10.1039/
c9re00103d.

[69] T. Yu, A. G. Athanassiadis, M. N. Popescu, V. Chikkadi, A. Güth, D. P. Singh, T. Qiu,
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Chapter 2

Connecting Experimental Degradation Kinetics to
Theoretical Models for Photocatalytic Reactors:
The Influence of Mass Transport Limitations1

Abstract
Catalytic microreactors offer great opportunities to measure reaction kinetics, and
parameters influencing the reaction. Although microreactors are quite useful for char-
acterizing catalysts, it is important to understand the relative contributions of mass
transport and intrinsic kinetics to the apparent reaction rate. In this chapter, we
demonstrate the importance of accounting for mass transport limitations in the pho-
tocatalytic degradation of Bisphenol A over titanium dioxide. Using analytical scaling
laws available from literature and numerical simulations, we provide guidelines for the
use of microreactors in characterizing (photo)catalysts. These guidelines identify the
mass transport limited regime, or the reaction rate limited regime. The photocat-
alytic degradation of Bisphenol A was found to be mass transport limited at high
light intensities (photon fluxes of above 25 mW/cm2). Neglecting the influence of
mass transfer limitations in fitting kinetic data resulted in the exponent of reaction
rate (β) with respect to light intensity to be β ∼ 0.25, while including these effects
gave an exponent directly proportional to the light intensity (β ∼ 1). These findings
stress the importance of a correct inclusion of mass transport limitations. A simple
analysis of the transverse Péclet number and second Damköhler number, to quantify
the transport and reaction rates, is presented for our laminar flow reactor to illustrate
the different limiting regimes.

1Published as: Nicole Timmerhuis, Jeffery Wood, Rob Lammertink, Connecting Experi-
mental Degradation Kinetics to Theoretical Models for Photocatalytic Reactors: The Influ-
ence of Mass Transport Limitations, Chem.Eng.Sci. (2021) 245, 116835.
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Figure 2.1: Graphical abstract

2.1 Introduction

The state-of-art photoreactor is either a fixed-bed or slurry batch reactor [1]
however, there is an increasing interest in microreactors. The reactor choice
mainly depends on the research objective, for which Plutschack et al. [2] made
a decision chart. A continuous flow (micro)reactor provides the advantage of
precise control over process parameters. Catalytic microreactors are continu-
ous flow reactors with the catalyst either as a fixed bed, in a micromonolith,
or coated on the wall of the microreactor [3]. In the last 20 years, a growing
number of articles was published in this field, as shown in Figure 2.2.

The reaction rate in photocatalysis is typically obtained from con-
version experiments which are assessed by kinetic models [1, 4]. The most
frequently used model is the one-dimensional plug flow model, where all mass
transfer is neglected which makes it straightforward and simple to use. On
the other hand, Sherwood correlations provide information about mass trans-
fer, and exist for different geometries with constant concentration or flux at
the surface [5]. Mass transfer can be included via more complex models, usu-
ally two or three-dimensional models which are solved numerically. Numerical
methods are useful to extract more complex kinetic parameters, including
more complex mass transfer, and when additional parameters influence the
system, like photon flux for photocatalysis or temperature fluctuations.
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Figure 2.2: Amount of articles published according to Scopus, accessed on 12th
October 2020

Another common kinetic model is the Langmuir-Hinshelwood model
in photocatalysis, which simplifies for low inlet concentration to a first-order
reaction model[1] resulting in the one-dimensional plug flow model. This model
describes the reaction kinetics limited regime as it does not include mass trans-
fer. Including mass transfer and possible mass transport limitations leads to
more complex expressions. Solbrig and Gidaspow [6] derived a semi-analytical
solution of a one-side coated rectangular catalytic microreactor, and Lopes
et al. [7] derived an analytical solution for symmetric, circular and rectangu-
lar, wall-coated microreactors. These models take advection and diffusion into
account and are suitable for a quick assessment of the wall-coated catalyst.

Catalytic microreactors are dominated by advection, diffusion, and
a reaction, which all have their own characteristic time scale [8]. Advection
is controlled by the flow velocity, with characteristic time scale tadv = L/u,
where L is the length of the reactor, and u the superficial velocity. Diffusion
is generally a slow transport mechanism with a characteristic time scale tdiff =
l2/D, where l is the typical length (L or H, depending on the considered
direction of diffusion), and D diffusion coefficient [9]. Consider a microreactor
of L ∼ 10mm, H ∼ 10µm, D ∼ 5 · 10−10 m2/s, and u ∼ 10mm/s, resulting in
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the time scales tadv ∼ 1s, tdiff,L ∼ 2 · 1011s, and tdiff,H ∼ 0.2s. Diffusion over
the length of the channel is slow, but over the height of the channel it is in
the same order of magnitude as advection.

The last important time scale comes from the reaction either in bulk
or at the surface. For the bulk reaction tbulk reaction = k−1

bulk, where kbulk is the
bulk reaction rate, or for the surface reaction, tsurface reaction = (k”a)−1, where
k” is the surface reaction rate and a the catalytic specific area. The bulk
reaction rate is a time scale [s], whereas the surface reaction rate is a velocity
[m/s]. These three time scales determine whether the reactor is reaction rate
limited or mass transfer limited [7].

It is crucial in order to properly assess the reaction kinetics that
measurements are conducted in regimes where this information is accessible.
To illustrate this point, articles from Figure 2.2 are analysed if they contained
wall-coated catalytic microreactors with first-order kinetics. The analysis uses
the different time scales, tadvection, tdiffusion, and treaction to determine the rate
limiting regime.

We consider experimentally and theoretically a wall-coated photo-
catalytic microreactor to study the influence of mass transfer in interpreting
reaction kinetics. The photocatalyst titanium dioxide (TiO2) is chosen due to
its rate dependency on the incident photon flux, as the reaction rate increases
with increasing photon flux [1]. The degradation of Bisphenol A (BPA) is
considered as a model reaction, as this molecule has large consequences for
aquatic life and can be completely mineralized by TiO2 [10].

In this chapter, one- and two-dimensional mathematical models are
described to calculate the experimental reaction rate constant with and with-
out considering mass transfer limitations. Secondly, the degradation of BPA
over TiO2 is experimentally determined for different photon fluxes. From
there on, dimensionless numbers from the two dimensional model are used to
identify different limiting regimes. Lastly, an extensive number of literature
on experiments using catalytic wall coated microreactors are analysed and
placed in the different limiting regimes. We provide an analysis which allows
for rapid determination of the corresponding regime, as well as guidelines to
design experiments for accurate intrinsic reaction constant evaluation.
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2.2 Experimental

2.2.1 Microreactor fabrication

Our photocatalytic microreactor was fabricated in the MESA+ Nanolab clean-
room. We started with a wet thermally oxidized silicon wafer, with a silica
layer of 1 µm. Photolithography with a positive photoresist (Olin Oir 907-
17) was used to define the main channel patterns. Deep reactive ion etching
was used to first etch the silica layer and secondly the main channel. Before
the powder blasting, the channel was protected via spray coating photore-
sist (AZ4999) and adding a protection foil (Harke i-HC). Negative photoresist
(SU8) was used create the mask on the back side, to powder blast the inlet
and outlet of the channel. Afterwards, the photoresist and foil were stripped
and remaining silica were removed with 1% BHF (buffered hydrogen fluoride).

Secondly, a MEMpax wafer was lithographically structured with a
positive photoresist (Olin Oir 907-17) layer followed by reactive sputtering
of oxidized titanium, according to Rafieian et al. [11] at an oxygen pressure
of 10−3 mbar for 90 minutes to create a layer of about 200 nm. After the
sputtering, the photoresist layer was removed and lifts off the TiO2, leaving
only TiO2 at the location of the main channels.

The silicon and MEMpax wafer were bonded together via anodic
bonding and diced into reactors of 30x15 mm. Lastly, the TiO2 layer was
annealed in an oven at 500℃ for two hours with a heating and cooling rate
of 2 ℃/min, resulting in a dense anatase TiO2 layer. The TiO2 layer was
analysed with X-Ray Diffraction (XRD) to confirm the anatase crystalline
structure, and with ellipsometry to determine the thickness. The rectangular
reactor is 50 µm deep, 500 µm wide and 18 cm long, with a specific area of
9 · 10−5 m2.

2.2.2 Photocatalytic experiments

The microreactors were placed in a home-made reactor holder, of similar design
to Visan and Lammertink [4]. The holder was made from aluminum, chosen
for high thermal conductivity. The temperature was kept constant at 25℃
with a Peltier element, QC-17-1.0-2.5MS, controlled by TEC software from
Meerstetter Engineering and a PT100 temperature sensor. A Harvard PhD
Ultra Syringe pump was used with a 5 mL Hamilton 1005 TLL gas tight
glass syringe with PEEK tubing to and from the reactor. The TiO2 was
regenerated before each set of experiments using 30 w/w% hydrogen peroxide
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(Sigma Aldrich) and UV light for 30 minutes. After the regeneration, a higher
activity of the photocatalyst was found so the catalyst is first stabilized for
1.5 hours before the start of the experiments. The Thorlabs SOLIS 365C was
used as monochromatic UV source with a wavelength of 365nm, controlled by
a DC2200 high power LED driver. The photon flux was measured for different
currents by a Thorlabs PM100A power meter with S120VC sensor. The UV-
LED illuminates the microreactor from below, through the MEMpax-side, on
the TiO2-layer inside the channel. The UV-LED has a warm-up time of 20
minutes for light intensities of above 50 mW/cm2 for a steady photon flux.

The degradation of BPA (purchased at Sigma Aldrich, ≥ 99%) was
determined for different residence times and photon fluxes, with a constant
inlet concentration of 50 mmol/m3. The aqueous BPA solution was saturated
with pure oxygen prior to the start of the experiments. The residence time was
varied between 10 and 120s, with a photon flux between 1 and 250 mW/cm2.
Each experiment was performed in triplicate (N=3).

Degradation was determined by measuring the outlet concentration.
Samples were collected after steady state was achieved and analyzed by a
ThermoFisher Ultimate 3000 HPLC using a C18 column (Thermo Scientific
Acclaim RSLC 120) with a water/acetonitrile and 0.1% phosphoric acid eluent.
BPA concentration was determined in the HPLC via UV/Vis detection at
225nm. The degradation was calculated by (1− coutlet/cinlet) ∗ 100%.

2.3 Mathematical description

A mathematical description of the mass transport is essential to determine
the surface reaction rate of the wall coated catalyst. Two models are consid-
ered, the most commonly used one-dimensional plug-flow model which neglects
mass transport and the two-dimensional numerical model which includes mass
transport by means of advection and diffusion. The one-dimensional model is
easily solved analytically, whilst the two-dimensional model is typically solved
numerically, although asymptotic solutions derived by Solbrig and Gidaspow
[6] are available. In Appendix A.2.2, cases are provided for both top and
bottom walls coated with catalyst, as well as for circular channels. These
models are symmetric with respect to the middle of the channel, which alters
the mathematical model slightly, and asymptotic analytical solutions were de-
rived by Lopes et al. [7].
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2.3.1 One-dimensional model

The one-dimensional model (1D-model) is applicable in the absence of mass
transfer limitations, as the reaction kinetics are limiting the conversion. This
is known as the ideal plug-flow model, defined in Eq. 2.1 for a first-order
reaction [4].

c

c0
= exp(−kbulkt) (2.1)

where c is the outlet and c0 the inlet concentration [mol/m3], kbulk the bulk
reaction rate constant [s-1], and t the residence time [s]. The bulk reaction
rate constant relates to the surface reaction rate constant for dense layers by
k” = kbulk/a, where k” is the surface reaction rate constant [m/s] and a the
specific area of the catalyst [m2/m3].

2.3.2 Two-dimensional model

The two-dimensional model (2D-model) is solved for steady state and takes the
following into account; advection, diffusion, and a first-order reaction at the
wall. This is schematically shown in Figure 2.3. The validity and limitations
of this model are discussed first, followed by the governing equations and
boundary conditions. The system is made non-dimensional to enable a general
approach and to compare different time scales.

H

L

x0

convection

transverse
diffusion

u(y)

y

catalytic
wall
reaction

Figure 2.3: Schematic of the model boundaries in Cartesian coordinates (x, y), with
a laminar velocity flow profile. A concentration profile is given in color, where red is
high concentration and blue is low concentration.

The motion of fluid is described by the Navier-Stokes equations.
When the width is much larger than the height, the influence of the side
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walls can be neglected[8] and the fluid flow reduces to a two-dimensional ve-
locity profile. Advection only occurs in the x-direction, whilst diffusion occurs
in both the x- and y-direction, also called axial and transverse diffusion. This
is described in the following equation

u(y)
∂c

∂x
= D

(
∂2c

∂x2
+
∂2c

∂y2

)
(2.2)

where u(y) is the height dependent velocity profile, c the molar concentration
[mol/m3], and D the diffusion coefficient [m2/s].

The Reynolds number, which balances viscous forces over inertia,
was between 0.08 and 0.9 in this system indicating laminar flow as expected
[12]. Hagen-Poisseuille flow is applicable with a parabolic velocity distribution

u(y) = 6⟨u⟩
(
y

H
−
( y
H

)2
)

(2.3)

where u is the velocity [m/s], ⟨u⟩ the average velocity, and H the channel
height [m] [13].

Axial diffusion can be neglected when the axial diffusion time scale
(L2/D) is much larger than the residence time in the channel [7], which is
determined by the axial Péclet number.

Peax =
⟨u⟩L
D

(2.4)

Axial diffusion can be neglected when Peax ≫ 1. The Péclet number in the
experiments conducted ranged between 4.8 · 105 and 5.5 · 106, therefore axial
diffusion was neglected.

The governing equation for the system presented in Figure 2.3 then
becomes

6⟨u⟩
(
y

H
−
( y
H

)2
)
∂c

∂x
= D

∂2c

∂y2
(2.5)

which is solved with the following boundary conditions. At first, the inlet
concentration is set at c0 and at the outlet as an open boundary condition,
defined as zero normal gradient. Secondly, material cannot exit at the bottom
wall, so there is no flux (y = 0), described by

∂c

∂y

∣∣∣∣
y=0

= 0 (2.6)
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Lastly, the catalytic wall at y = H is described by a first-order reac-
tion.

D
∂c

∂y

∣∣∣∣
y=H

= −k”ηc (2.7)

where k” is the surface reaction rate and η the internal effectiveness factor.
The internal effectiveness factor is important for porous catalysts, as it de-
scribes the diffusion limitation into the catalytic pores. Additionally, porous
photocatalysts can dependent on the light intensity, as the photon flux varies
over the thickness of the catalyst layer. Both effects have been previously
described by Visan et al. [14]. Here, the internal effectiveness factor is 1 as a
dense photocatalyst is used.

2.3.3 Non-dimensional analysis

The model described above is made non-dimensional for easy comparison be-
tween articles and experiments, and furthermore illustrates the origin of the
dimensionless transverse Péclet and second Damköhler numbers. The parame-
ters are re-scaled as c̃ = c/c0, x̃ = x/L, and ỹ = y/H. The governing equation
then becomes

6
(
ỹ − ỹ2

)
PeH

∂c̃

∂x̃
=
∂2c̃

∂ỹ2
(2.8)

where PeH is the transverse Péclet number which is defined as

PeH =
⟨u⟩H2

LD
(2.9)

The transverse Péclet number scales the transverse diffusion rate with
the axial advection rate. Small PeH represents dominant transverse diffusion
and for large PeH the advection dominates. Globally there are two different
regimes which can be distinguished by the transverse Péclet number. The first
one, the Graetz regime, is when transverse diffusion dominates the advective
rate (PeH ≤ 1). In the second regime, the Lévêque regime, the advective rate
is dominant over the transverse diffusion rate (PeH ≫ 1).

The boundary conditions are made dimensionless, similar to the gov-
erning equations. The inlet concentration becomes c̃ = 1. Secondly, the no
flux boundary condition at ỹ = 0 becomes

∂c̃

∂ỹ

∣∣∣∣
ỹ=0

= 0 (2.10)
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Lastly, the first-order reaction at the catalytic wall at ỹ = 1 becomes

∂c̃

∂ỹ

∣∣∣∣
ỹ=1

= −DaII c̃ (2.11)

where DaII is the second Damköhler number and defined as

DaII =
k”ηH

D
(2.12)

The second Damköhler number relates the first-order reaction rate at the
wall with the transverse diffusion rate [8]. The diffusion rate dominates for
DaII ≪ 1 and the reaction rate for DaII ≫ 1.

Additionally, a dimensionless concentration gradient, the mass trans-
fer coefficient, can be defined to distinguish mass transfer limitations[7]. It is
defined as the concentration variance over the average concentration at a spe-
cific location x in the channel.

θ(x) =
⟨c⟩(x)− c(x, 1)
⟨c⟩(x)

(2.13)

where ⟨c⟩(x) is the height averaged concentration, and c(x, 1) the concentration
at the catalytic wall. When mass transfer is much faster than the reaction rate,
the concentration at the wall is approximately the average concentration over
the height (⟨c⟩(x) ≈ c(1, x)), thus θ ≈ 0. The mass transfer limited regime
is reached when the reaction is very fast so the concentration at the wall is
approximately zero, c(1, x) ≈ 0, and θ ≈ 1. As a rule of thumb, the system
is in the kinetic limited regime when θ < 0.05 and mass transfer controlled
regime when θ > 0.95.

The governing equation with the boundary conditions are solved nu-
merically with the PDEPE-solver, with 500 grid points, in MATLAB v. 2019B.
The experimental outlet concentrations vs. residence times were fit to the
model in a least-squares sense to estimate the surface reaction rate constant
(k”), with a function tolerance of 10−9 for the least squares fit.

2.4 Results and discussion

2.4.1 Degradation of Bisphenol A

The degradation of Bisphenol A (BPA) is measured for four different resi-
dence times in triplicate at each photon flux. The degradation of BPA is
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estimated using first-order reaction kinetics, as the inlet concentration is low
(50 mmol/m3) and adsorption is not the rate-limiting step in this system [1].
The light intensity was varied between 1 and 250 mW/cm2. The residence
time is varied between 10 and 120 seconds, corresponding to transverse Péclet
numbers from 0.04 to 0.42, implying that all experiments are performed in the
Graetz regime with a fully developed concentration profile.
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Figure 2.4: Degradation of BPA versus residence time for different light intensities:
∼250, ∼ 100, ∼ 50, ∼ 10, ∼ 5, and ∼ 1mW/cm2. The symbols are experimental
results and the lines are fits based on the two-dimensional model

Figure 2.4 shows the degradation of BPA as a function of the res-
idence time for different light intensities. The highest light intensity (∼250
mW/cm2) results in full conversion for just 42s residence time, while the con-
version is around 20% for the lowest light intensity (∼1 mW/cm2) at 115s
residence time. The conversion increases with light intensity, on account of
the increasing photon flux. The more photons reach the photocatalyst, the
more electron-hole pairs are formed and thus, the more organic compound is
degraded. The lines in Figure 2.4 represent the fitted data from the 2D-model.
The resulting reaction rate constants are shown in Table 2.1, and plotted as a
function of the light intensity in Figure 2.5.

Firstly, the 1D-model is used to fit the experimental data to extract
the bulk and surface reaction rate from Eq. (2.1). The results are shown
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I kbulk,1D k”1D k”2D DaII
[mW/cm2] [1/s] [µm/s] [µm/s] [-]

232± 0.5 0.0607± 0.0078 3.03± 0.39 7.80± 0.15 0.66± 0.01
91.1± 0.1 0.0554± 0.0011 2.77± 0.05 4.50± 0.13 0.38± 0.01
43.4± 0.1 0.0355± 0.0009 1.78± 0.04 2.23± 0.09 0.19± 0.007
8.17± 0.01 0.0068± 0.0006 0.34± 0.03 0.41± 0.02 0.035± 0.002
3.90± 0.01 0.0032± 0.0003 0.16± 0.01 0.22± 0.01 0.019± 0.001

0.899± 0.004 0.0015± 0.0003 0.07± 0.01 0.11± 0.01 0.009± 0.01

Table 2.1: The one-dimensional (1D) bulk and surface reaction rate, and the surface
reaction rate and second Damköhler number from the two (2D) dimensional model,
for each experimental photon flux.

in Table 2.1. As expected, the reaction rate increases with increasing light
intensity. Figure 2.5 shows a decreased slope for higher light intensities (above
25 mW/cm2).

Secondly, the 2D-model data was fitted with one slope over the whole
data regime, resulting in a slope of 0.82 ± 0.04. The slope for low and high
light intensities were approximately equal to each other, therefore one slope
over the whole range is representative for the data. The slope differs from 1
mainly because of the lowest and highest light intensity measurements. At the
highest light intensity, the conversion was 100% for almost all residence times,
meaning the reaction was limited solely by the amount of organic compound
to degrade.

The surface reaction rate constant is related to the light intensity by
k” = αIβ, where α depends on the specific reaction, and β determines the
order[1]. For many studies in batch reactors, it has been reported that the
exponent β reduces at higher light intensities (above 25 mW/cm2). This re-
duction is frequently attributed to the electron-hole pair recombination which
becomes the rate limiting step in the process at high light intensities [1].

The 1D-model shows a similar trend with literature, with even a
steeper decrease in slope for the higher light intensities. On the other hand, the
2D-model showed no decrease in slope for the higher light intensities compared
to the lower light intensities, and the slope was approximately 1 over the entire
range. This implies that the photoreaction rate was linearly proportional to
the light intensity over the entire light intensity range studied. The only
difference in the 1D- and 2D-model is the inclusion of mass transport for the
2D-model.
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Figure 2.5: Surface reaction rate constant and second Damköhler number as a
function of the light intensity. The black points were fitted with the two-dimensional
model (mass transport and kinetics) and the red points with the one-dimensional
model (kinetics only).

The resemblance between the theory, from a batch reactor, and the
1D-model arises from both approaches neglecting mass transport. Mass trans-
port is not taken into account in a batch reactor, as it is an ideally stirred
tank reactor [1]. For very fast reactions, the concentration at the catalyst
particle vanishes. This creates a boundary layer between the catalyst particle
and liquid bulk, resulting in an apparent reaction rate with some mass trans-
fer limitations. These mass transfer limitations are evidently reduced in batch
studies carried out to date, as the slope decreased to 0.5 while even a larger
decrease is observed when using the 1D-model. Here we show that the lower
apparent reaction rate constant at higher photon fluxes can be the result of
assessing reaction kinetics without including mass transport aspects, instead
of the rate limiting step changing to the electron-hole pair recombination.

Figure 2.5 shows the importance of including mass transport when
determining the surface reaction rate. This is further explored in the next
section, where general regimes are drafted indicating the validity of the 1D-
model and when to include mass transfer in deriving the reaction rate constant



2.4. Results and discussion 43

in a catalytic microreactor.

2.4.2 Influence of Mass Transfer

Several limiting regimes can be distinguished for the microreactors, based on
the advection, diffusion and reaction time scales [15]. Firstly, mass transfer is
limiting when diffusion time exceeds the residence time and the reaction is fast
compared to diffusion (tdiff,H ≪ treaction). Secondly, the kinetic limited regime
occurs when the reaction is slow compared to mass transfer (tdiff,H ≫ treaction).
There is no substantial concentration gradient across the height of the reactor.
Lastly, mass transfer and kinetics are both limiting when the typical time scales
are similar (tdiff,H ≈ treaction).

The 2D-model was made dimensionless, where three dimensionless
numbers were derived. These three dimensionless numbers were the trans-
verse Péclet number, PeH , the second Damköhler number, DaII , and the
dimensionless mass transfer coefficient, θ(x). Each dimensionless number dis-
tinguishes different operating regimes and together these provide a general
analysis for mass transfer and kinetic limitations in a system.

The transverse Péclet number scales the transverse diffusion rate with
the advection rate, and it determines the Graetz regime or the Lévêque regime.
In the Graetz regime, the transverse diffusion is dominant over the advection
(PeH ≤ 1) and the concentration boundary layer is fully developed. In the
Lévêque regime, advection is dominant over transverse diffusion (PeH ≫ 1),
creating a developing concentration boundary layer smaller than the channel

height. The outlet concentration scales with Pe
1/3
H in this developing concen-

tration boundary layer [6].
The second Damköhler number determines whether the transverse

diffusion rate is limiting compared to the reaction rate. Transverse diffusion
dominates when DaII ≪ 1 and the reaction rate dominates for DaII ≫ 1.
Lastly, the mass transfer coefficient (θ) determines whether the system is mass
transfer or reaction rate limited. The dimensionless mass transfer coefficient
θ depends solely on the second Damköhler number in the Graetz regime. In

the Lévêque regime it additionally scales to Pe
1/3
H due to the developing con-

centration boundary layer [6]. The limiting regimes are graphically shown in
Figure 2.6a.

Figure 2.6a shows the transverse Péclet number versus the second
Damköhler number. On the left side we have the Graetz regime with a fully
developed concentration profile and on the right side the Lévêque regime with
the developing concentration profile. Similarly, we can go from the bottom
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Figure 2.6: Left; Combining the transverse Péclet number, second Damköhler num-
ber and mass transfer coefficient (for laminar flow) in a graph to show the limiting
regimes. Right; Concentration profiles for different transverse Péclet and second
Damköhler numbers.

to the top by increasing the reaction rate. Previously, θ < 0.05 was set as
a rule of thumb for the reaction rate controlled region and θ > 0.95 for the
mass transfer controlled region [7]. Here it shows that for DaII < 0.1 the
system is reaction rate limited in the fully developed regime, and mass transfer
limitations increase gradually with increasing second Damköhler numbers.

Figure 2.6b shows different concentration profiles along the complete
channel, for given transverse Péclet and second Damköhler numbers. Dark red
represents the inlet concentration and dark blue represents zero concentration,
with the catalytic wall at y = 1. The inlet is at x = 0 and outlet at x = 1.
Concentration profiles [A]-[E] are conform with the letters in Figure 2.6a.

Profiles [A] and [B] are both in the mass transfer controlled regime,
where [A] has a fully developed concentration profile, meaning equal relative
concentration distribution across the channel height at each x location, and
[B] a developing concentration profile with a growing boundary layer. The
reaction rate is very high for both so the concentration near the catalyst
becomes zero in both profiles. Profile [A] is mass transfer limited due to low
superficial velocity and profile [B] due to low transverse diffusion, so in both
cases there is insufficient reactant supply towards the catalyst which results
in mass transfer limitations.

Profile [C] is controlled equivalently by mass transfer and reaction
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rate, and located in the transfer region from developed to developing concen-
tration profile. The developing concentration profile is most clearly shown
here, as the concentration at the catalytic wall changes over the length of the
channel compared to the average concentration. Also, the boundary layer is
protruding towards the other wall but does not reach it, implying a still devel-
oping concentration profile. This case is both mass transfer and reaction rate
controlled, as the transverse diffusion rate and reaction at the wall are both
limiting.

Profile [D] and [E] are both in the reaction rate controlled region,
where [D] has a fully developed concentration profile and [E] a developing
concentration profile. The transverse diffusion rate is ten times faster than
the advective rate for [D], resulting in almost no concentration difference over
the height of the channel. The conversion is thus determined by the reaction
rate at the wall, and the average concentration variance over the length is the
same as the concentration at the wall. Therefore, the region of profile [D],
Graetz regime and low second Damköhler number, can also be described by
the 1D-model, the plug flow model. Lastly, profile [E] has a slow reaction rate
and high convective rate, resulting in a barely visible concentration boundary
layer, so there is no significant conversion.

In the model, the transverse Péclet number and second Damköhler
number determine the outlet concentration, and thus the conversion. Figure
2.7 shows a surface graph of the conversion for the same PeH -DaII -landscape
as previously shown. Each DaII -number ranges all conversions, dependent on
the PeH -number. However, the conversion does not increase anymore with
increasing Damköhler in the mass transfer limited regime (DaII > 35 in the
developed concentration region). This means that for one PeH -number a range
of DaII -numbers match for one conversion, thus the DaII -number cannot be
uniquely determined in that range.

The conversion of a compound is usually kept low to determine ki-
netic rate constants. The low conversion prevents mass transfer limitations
as large concentration gradients are prevented in the reactor. However, for a
microreactor it is possible to measure without mass transfer limitations also
at high conversions, as can be seen in Figure 2.7.

The degradation of BPA over TiO2 was measured at transverse Péclet
numbers of 0.04 till 0.42. The photon flux was varied, resulting in second
Damköhler numbers from 0.01 till 0.66, so from the kinetic limited regime
towards the mixed controlled regime. The significance of mass transfer limita-
tions increases with increasing photon fluxes, above 25 mW/cm2. When the
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Figure 2.7: The PeH -DaII -graph with the conversion plotted as surface, where dark
red is full conversion and dark blue is no conversion.

same experimental data is treated with the 1D-model, a lower surface reaction
rate constant is obtained, as was shown in Figure 2.5.

Process design and optimization could benefit from the PeH -DaII -
graph with the limiting regimes. Industrial processes want the highest produc-
tion rate for the lowest cost. Figure 2.7 shows the conversion for all limiting
regimes in the PeH -DaII -graph. When the surface reaction rate, diffusion
coefficient and optimal conversion are known, a micro-reactor can be designed
with optimal height, length, and superficial velocity. The process can then
be scaled-up by matching the width and amount of channels to the desired
production rate.

2.4.3 Comparison with Literature

The articles found via the Scopus search in Figure 2.2 were further selected
for having a wall-coated catalyst with first-order reaction in either circular
or rectangular channels, with laminar flow. The surface reaction rate, and
second Damköhler number, were fitted with the 2D-model provided here for
one-wall coated reactor or in the Appendix A.2.2 for top and bottom wall
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coated reactors. The results are shown in Figure 2.8.
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Figure 2.8: Transverse Péclet versus second Damköhler number fitted for the avail-
able literature [16–35]

Figure 2.8 presents a variety of studies including zeolites and biolog-
ical catalysts. Many studies operate in the Graetz regime (PeH < 1) with
kinetic limitations (DaII < 0.1) and without significant mass transfer limita-
tions (region [D] in Figure 2.6a). Some studies which do operate with mass
transfer limitations (towards region [C] and beyond) are discussed hereafter.

Nakamura et al. [34] immobilized silica colloidal particles in circular
channels with different diameters. The silica particles were functionalized with
either photocatalyst or enzymes. The enzyme reactor operates very close to
the θ = 0.05 iso-curve and thus has some mass transfer limitations. The
photocatalytic reactors operate close to the Lévêque-regime at DaII ≈ 50 for
the TiO2 and DaII ≈ 5 for the TiO2/SiO2 catalyst, resulting in a high mass
transfer coefficients (θ ≈ 0.96 & 0.43 respectively). Here, the combination of
a fast reaction (methylene blue to leucomethylene blue) and high surface area
results in severe mass transfer limitations.

Li et al. [19] immobilized palladium nanoparticles in UiO-66-NH2-
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films to study the conversion of 4-nitrophenol to 4-aminophenol, with control
over the Pd-loading. The second Damköhler number is fitted at around 5, with
the mass transfer coefficient of 0.7 for the lower Pd-loading, indicating both
reaction and mass transfer limitations. The higher Pd-loading case could not
be fitted as the conversion was always around 100% and there is insufficient
information to extract rate kinetics. Mass transfer limitations occur due to
the relatively large inner diameter and high palladium loading.

Li et al. [30] proposed a photocatalytic microreactor with catalyst at
top and bottom wall with increased specific surface area (dual film reactor),
and compared it to a one-wall coated photocatalytic reactor with conventional
1D-model to extract a bulk reaction rate, per residence time. The conversion,
and their kbulk-value, was found to be higher for the dual film reactor compared
to the single film reactor and they attribute the better performance to better
mass transfer. Here, we considered single and dual catalyst wall models to
extract the surface reaction rate constants. The DaII -number was fitted for
the single and dual film at 1.8 and 0.7 respectively, with a surface reaction
rate constant of 5 · 10−6 m/s and 4 · 10−6 m/s respectively. Although the dual
film has a higher conversion, the single film has a faster surface reaction rate,
likely caused by the improved illumination. The efficiency of the single film
reactor would surpass the dual film reactor when the top and bottom wall are
used.

Matsushita et al. [32] studied the photocatalytic degradation and
reduction of organic compounds in a micromilled microreactor with a rough
surface. The rough surface increases the specific area of the catalyst, and
the experiments were performed close to the Lévêque regime, resulting in low
conversions. The results were fitted with a second Damköhler number around
1, implying some mass transfer limitations. The mass transfer limitations
would decreased by increasing the residence time and decreasing the channel
height. With that, the compound has more time to reach the surface and has
to overcome a shorter distance.

The remaining articles shown in Figure 2.8 can roughly be divided
in two categories; articles which operate in the kinetic limited regime [16,
20, 21, 23–27, 29, 31, 33] and articles which operate in the mixed limited
regime[17, 18, 22, 23, 28, 35]. The articles operating in the mixed limited
regime (θ > 0.05) have some mass transfer limitations and should take these
into account when determining the surface reaction rate constant. The studies
performed in the region without mass transfer limitations can use the simple
1D plug-flow model to calculate the reaction rate constant.
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2.5 Conclusion

The degradation of BPA over TiO2 has been studied for different photon
fluxes. For high photon fluxes, above 25 mW/cm2, mass transfer limitations
become apparent. The appearance of mass transport limitations can result in
an underestimation of the surface reaction rate constant.

The analysis with transverse Péclet number, second Damköhler num-
ber, and mass transfer coefficient proved efficient in distinguishing in which
limiting regime a system operates. Different studies were analysed on mass
transfer limitations, mainly in the field of photocatalysis, although it also
proved useful for other catalysis studies. Mass transfer limitation can easily
occur in catalytic microreactors, and can be overcome by changing the superfi-
cial velocity, reactor geometry, or reaction rate (in case of photocatalysis). The
PeH -DaII -graph can provide clear insight in the operation of a microreactor
and assist in optimizing the design.
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A.2 Appendix

A.2.1 TiO2 characterization and experimental setup

The sputtered TiO2 layer is analysed with SEM, XRD and ellipsometry. The
results can be compared to the original published articles by Rafieian et al.
[11].

(a) (b)

Figure A.2.2: SEM pictures of the TiO2 surface taken before (left) and after (right)
annealing.

The SEM pictures show a smooth TiO2 surface after the sputtering,
and some cracks in the surface after annealing, which is similar to Rafieian
et al. [11].

The XRD was measured to confirm an anatase crystalline TiO2-layer,
which was measured at an angle of 20-30° with an increment of 0.002 and 10
rpm. Anatase TiO2 would show a peak at 25°, while rutile would show a
peak around 27°. From the XRD and SEM can be concluded that an anatase
crystalline TiO2-layer is formed.

Ellipsometry is used to measure the thickness of the layer and the
extinction coefficient. The extinction coefficient gives information about the
absorbance of light by the layer. The thickness of the layer is approximately
300nm, and the extinction coefficient is plotted in Figure A.2.3b. The extinc-
tion coefficient increases with lower wavelengths, which was expected as TiO2

absorbs light with energies higher than 365nm.

The reactor holder is shown in Figure A.2.4a, where the green tubing
is the inlet and the brown one is the outlet. The Peltier element is secured
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Figure A.2.3: X-Ray Diffraction results (left) before and after annealing the TiO2-
layer and extinction coefficient (right) as a function of the wavelength, measured with
Ellipsometry

with an aluminium plate, with on top a static cooler. Figure A.2.4b shows the
holder from the bottom, where the channel can be seen. The opening is made
so the UV-light can reach the TiO2 from the bottom side.

A.2.2 Mathematical description for catalyst on both walls

Here, the mathematical description is given for systems with catalyst on both
walls, top and bottom. We consider both polar and Cartesian coordinates,
as these correspond to the most common cases for a microreactor (circular
cross-sections or thin rectangular slabs). The main difference between the one
wall coated and two wall coated models is that the two wall coated model
has symmetry in the middle of the channel, schematically shown for the half
channel height or radius in Figure A.2.5.

The geometry is either a rectangular or circular channel. The rect-
angular channel is described in Cartesian coordinates (x, y) and assumes ho-
mogeneous catalyst coating on the wall, so the model is symmetrical from the
middle of the channel and the typical height is the half the channel height
(a = H/2). The circular channel is described in polar coordinates (r, z) and
is also symmetrical in the middle of the channel, so the typical height is the
radius of the channel (a = R).

The governing equation describes the advection and transverse dif-
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(a) (b)

Figure A.2.4: Reactor holder from the top (left) and bottom (right).
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Figure A.2.5: Schematic of the model boundaries with a laminar velocity flow profile
in Cartesian coordinates (x, y) for a rectangular channel and polar coordinates (r, z).
A concentration profile is given in color, where red is the begin concentration and
blue is zero concentration.

fusion for the rectangular channel as following

u(y)
∂c

∂x
= D

∂2c

∂y2
(A.2.2)

where c is the concentration in [mol/m3]. The circular channel is different in
coordinate system, so the governing equation then becomes

u(r)
∂c

∂z
= D

(
1

r

∂

∂r

(
r
∂c

∂r

))
(A.2.3)

The velocity profiles are again dependent on the height

u(y) =
3

2
⟨u⟩(y)

(
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(y
a

)2
)

(A.2.4)
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for a rectangular channel where a = H/2

u(r) = 2⟨u⟩(r)
(
1−

(r
a

)2
)

(A.2.5)

for a circular channel, where a = R.

The boundary conditions for a rectangular channel are similar to
the one-wall coated model, only the no-flux boundary condition at y = 0 is
now replaced with a symmetry boundary condition. For the circular channel,
the inlet concentration is c0 and there is also symmetry in the middle of the
channel. The catalytic wall is described by

D
∂c

∂r

∣∣∣∣
r=a

= −k”ηc (A.2.6)

The model is made non-dimensional again. The same scaling is used
for the rectangular channel, c̃ = c/c0, x̃ = x/L, ỹ = y/a, and for the circular
channel z̃ = z/L and r̃ = r/a. The governing equations then become

3

2

(
1− ỹ2

)
PeH

∂c̃

∂x̃
=
∂2c̃

∂ỹ2
(A.2.7a)

2
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1− r̃2
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∂c̃

∂z̃
=

1
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∂

∂r̃

(
r̃
∂c̃

∂r̃

)
(A.2.7b)

for the rectangular and circular channel respectively. The transverse Péclet
number is the same as for the one-wall coated rectangular channel

PeH =
⟨u⟩a2

LD
(A.2.8)

The boundary conditions are also made dimensionless. The inlet
concentration becomes c̃ = 1, there is still symmetry in the middle of the
channel and the first-order reaction at the wall for rectangular channel is

∂c̃

∂ỹ

∣∣∣∣
ỹ=1

= −k”ηa
D

c̃ = −DaII c̃ (A.2.9)

and for a circular channel

∂c̃

∂r̃

∣∣∣∣
r̃=1

= −k”ηa
D

c̃ = −DaII c̃ (A.2.10)
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where DaII is the second Damköhler number and, again, defined as

DaII =
k”ηa

D
(A.2.11)

This set of equations represents a rectangular channel with catalyst
coated on both walls, and a circular channel with catalyst coated on the wall.
The equations were made dimensionless, so it can be used more global and
different systems can be compared fairly to each other. An analytical solution
to these is provided by Lopes et al. [7].





Chapter 3

Reaction Kinetics of Carboxylic Acids over a Dense
Anatase Titanium Dioxide Photocatalyst

Abstract
A wall-coated photocatalytic microreactor is used to study the reaction kinetics of sev-
eral compounds on a dense anatase titanium dioxide (TiO2) layer. The discoloration
of methylene blue shows the importance of reactor design and process operation, since
conversions can decrease by 30% with the same catalyst layer and process operation
conditions but different materials used for reactor design. Carboxylic acids degrade
over TiO2 to carbon dioxide through holes and hydroxide radicals, where the acid
group reacts with the holes and the proton adsorbs to a hydroxide group. Formic
and oxalic acid both degrade rapidly in comparison to acetic acid because acetic acid
most likely forms methanol as a byproduct, which is a known hole and hydroxide
scavenger and thus inhibits the reaction. Similarly, significant conversions of formic
acid are measured in the absence of electron-scavenger oxygen because the reaction
proceeds mainly through holes. The exchange of the proton from formic acid with
sodium, potassium, and lithium decreased the overall conversion of formate because
the absence of protons decreased the amount of hydroxide radicals and the cations
screen negative charges on the catalytic surface. Therefore, cations other than protons
decrease the overall conversion of formate over TiO2.

59
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Figure 3.1: Graphical abstract

3.1 Introduction

The removal of harmful organic compounds from water and wastewater streams
remains a challenge and the problem continues to increase [1]. Organic com-
pounds could be isolated or degraded. Isolation of the compounds would
require additional steps to prevent build-up, whereas degradation converts
them to less harmful compounds like water and carbon dioxide. Photocataly-
sis is one of the advanced oxidation techniques suitable for converting organic
compounds to less harmful compounds.

Titanium dioxide (TiO2) is one of the most researched photocata-
lysts, as it is inexpensive and abundant, highly photoreactive, and non-toxic
[2]. TiO2 forms electron-hole (e–/h+) pairs by overcoming the 3.2 eV band
gap, which occurs upon excitation with UV light with wavelengths below
400nm. Approximately 90% of the (e–/h+) pairs recombine directly after
excitation. The remaining 10% propagate to the surface. The electrons can
react with an acceptor molecule like oxygen, and the holes can react with a
donor molecule like carboxylic acids. The overall conversion is determined
by the amount of catalyst, the wavelength of the light, the radiant flux, the
initial concentration of the reactant and the temperature [3]. These param-
eters complicate the distinction of process parameters from intrinsic reaction
kinetics.

The kinetics of the photocatalytic reactions are frequently measured
in batch reactors with suspended TiO2-particles [4]. The issue with these pho-
tocatalytic batch reactors is that the penetration depth of the light is typically
lower than the reactor radius [5], though this depends on the slurry concentra-
tion and reactor geometry. This creates a nonuniform photon flux within the
reactor which influences the reaction kinetics and complicates the determina-
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tion of intrinsic reaction kinetics. Microreactors have a radius that is lower
than the penetration depth of light, creating the ideal platform to measure
photocatalytic reaction kinetics. The photocatalyst can also be immobilised
on the microreactor surface, which has the advantages of providing a high
surface-to-volume ratio without the need for catalyst separation, and guaran-
tees a well-defined laminar flow. Mass transfer limitations can be precisely
taken into account in such wall-coated photocatalytic microreactors [6].

In this article, the photocatalytic reaction kinetics are measured for
several reactants (contaminants) over TiO2 in a microreactor. Firstly, the dis-
colouring of methylene blue was measured for different residence times and
compared to other reactors. Secondly, formic acid, acetic acid and oxalic acid
are degraded under the same conditions and compared to each other. The
influence of an acceptor molecule, oxygen, is studied by changing the inlet
concentration of dissolved oxygen and observing the influence on the kinetics
of formic acid degradation. Lastly, the influence of cations is studied by in-
terchanging the proton of formic acid that forms the sodium (Na+HCOO– ),
potassium (K+HCOO– ), and lithium (Li+HCOO– ) formate salts.

3.2 Experimental

3.2.1 Microreactor fabrication

The microreactor is fabricated according to Timmerhuis et al. [6]. In summary,
the channel was etched in an oxidized p-type silicon wafer via deep reactive
ion etching. The inlet and outlet were powder blasted from the back side of
the wafer. Secondly, TiO2 was sputtered on a MEMpax wafer in the shape of
the channel with a thickness of 200nm. The wafers were bonded together via
anodic bonding, placing the TiO2 inside of the etched channel, and diced into
reactors of 30x15 mm. A dense anatase TiO2-layer is formed by annealing the
layer at 500 ℃ for two hours. The reactor channel cross-section is rectangular
in shape, 50 µm deep, 500 µm wide and 18 cm long. The specific area of
photocatalyst in the reactor is 2 · 104 m2/m3.

3.2.2 Photocatalytic experiments

The photocatalytic experiments are performed according to Timmerhuis et al.
[6]. The reactors are placed in an aluminium reactor holder and connected via
PEEK-tubing. The temperature was controlled at 25 ℃ via a Peltier element
and temperature sensor. A syringe pump with glass syringes was used to
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pump the feed through the reactor. The photocatalyst was regenerated with 30
w/w% hydrogen peroxide and UV light for 30 minutes. After the regeneration,
the photocatalyst was stabilised for one hour before the start of each set of
experiments. The photon flux was kept at 70 mW/cm2 for all experiments and
the inlet was saturated with pure oxygen gas prior to the experiment, unless
otherwise stated.

The degradation of methylene blue (MB) (Sigma-Aldrich, 1.5%) was
determined for residence times varying between 10 and 50s. The outlet was
collected in a cuvet after steady state was achieved. The outlet concentration
was determined by measuring the absorption of the outlet sample in an UV-
1800 Shimadzu UV spectrophotometer at wavelength 664nm, and comparing
it to a calibration curve.

The degradation was measured using formic acid (Alfa Aescar, 96+%),
acetic acid (Boom, 99-100%), and oxalic acid (Sigma-Aldrich, 98%) for res-
idence times between 30 and 150s. The outlet concentration was analysed
in the ThermoFisher Ultimate 3000 HPLC, equipped with ThermoFisher Ac-
claim Organic Acids column (5 µm particle size and length of 150mm). The
mobile phase is 40 mM sodium sulfate (Sigma-Aldrich, ≥99%, anhydrous) at
pH 2.6 (adjusted with methanesulfonic acid, Merck, ≥99%). The temperature
of the column was 30 ℃, the flow rate of the mobile phase was 0.8 mL/min, and
the injection volume was 40 µL. The outlet concentrations were determined
via UV/Vis detection at 210nm.

The formate salts were created by mixing, in a 1:1 molar ratio, formic
acid with either sodium hydroxide (Sigma-Aldrich, ≥98%, anhydrous), potas-
sium hydroxide (Sigma-Aldrich, ≥85%), or lithium hydroxide (Sigma-Aldrich,
98%), to form respectively sodium formate, potassium formate, and lithium
formate. The degradation of these formate salts was measured at residence
times varying from 30-150s. The outlet concentrations were determined by
the same procedure as formic acid in the HPLC.

3.2.3 Oxygen measurements

The oxygen concentration in the inlet was varied by saturating the feed solu-
tion with pure oxygen, air, or nitrogen. The oxygen concentration was mea-
sured inline with the autoclavable O2 Flow-Through Cell from PreSens, con-
nected to the Fibox 3 and monitored over time. The flow-through cell was
connected after the outlet of the reactor, so the difference before and during
the reaction could be logged. The sensor measured only the dissolved oxygen
concentration, thus no radical or ionic subspecies of oxygen.
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3.3 Results & Discussion

3.3.1 Methylene blue

Methylene blue (MB) is used as a benchmark to investigate the effectiveness
of the photocatalyst and reactor. There is an excess of dissolved oxygen to
reduce limitations in the oxidation process. The residence time in the reactor
was varied between 10 and 50s. The results are shown in Figure 3.2.

Figure 3.2: Discolouring of methylene blue for different residence times at 70
mW/cm2. The feed is 50 µM and saturated with pure oxygen gas. The points
represent the experimental results and the line is an analytical fit for first-order bulk
kinetics (conversion = (1−e−kt) ·100%). The error bars represent the 95% confidence
interval.

The conversion of MB in the current case did not exceed 20%, while
in preliminary experiments conversions of ≈80% at a residence time of 30s
and a photon flux of 100 mW/cm2 were found, which are described in Ap-
pendix A. The preliminary experiments were based on Rafieian et al. [7], who
reported MB conversions of 90% in 20 s with a lower inlet concentration (40
µM) and higher photon flux (100 mW/cm2). The catalyst fabrication is kept
the same in all three cases, forming a dense anatase TiO2-layer. The prelimi-
nary experiments and experiments by Rafieian et al. [7] consisted of a shorter



3.3. Results & Discussion 65

PDMS-based channel, and the analysis was done in-line. The support wafer
for the TiO2-layer was a MEMpax wafer in the preliminary experiments and
a p-type silicon wafer in Rafieian et al. [7].

Figure 3.2 shows conversions of MB which are lower compared to
preliminary experiments and experiments done by Rafieian et al. [7], while
the catalyst layer is fabricated the same in all cases. The differences concern
the reactor design, material (PDMS versus glass), operation, and analysis.

For comparison to other literature, it is useful to determine the intrin-
sic reaction kinetics. MB has a strong adsorption to TiO2, as MB is cationic
and TiO2 has negative surface groups. For low inlet concentrations, the reac-
tion rate is limiting compared to the adsorption rate, so the reaction rate can
be estimated by first-order kinetics. Herrmann [8] stated that this concentra-
tion should be below 1 mM in general for photocatalysis, and Fetterolf et al.
[9] showed that it should be below 0.1 mM for MB on TiO2. The inlet con-
centration here is 50 µM, so the discolouring can be estimated by a first-order
reaction rate.

There are probably no limitations in mass transfer since the reaction
is slow, so the reaction can be approximated by a bulk reaction [6], resulting
in kbulk = 0.004 s-1. The surface reaction rate follows from the bulk reaction
rate, divided by the specific catalytic surface area, resulting in k” = 1.9 · 10−7

m/s. The absence of mass transfer limitations is validated by the second
Damköhler number (DaII = k”H/D), which scales the surface reaction rate
with the transverse diffusive rate of MB. In this case, DaII = 0.02, so the
diffusion from the surface is 50 times faster than the reaction occurring at the
surface, confirming that there are no mass transfer limitations.

Maleki and Bertola [10] inkjet printed the catalyst in a microreactor,
with the standard Degussa P25 catalyst and a homemade catalyst, which are
porous catalysts. The activity of the catalyst is determined by MB conversion
and results in reaction rates ranging from 1.2 · 10−7 m/s to 3.4 · 10−7 m/s,
depending on the type of catalyst. The degradation reaches 60-90% with
residence times of up to 2 hours. Although the catalyst and reactor design
differ from our system, the reaction rates are of the same order of magnitude,
so the conversion of MB here is comparable to Maleki and Bertola [10].

Nakamura et al. [11] coated TiO2- and SiO2/TiO2-colloids on the
interior of a capillary. The conversion of MB is used to test the effectiveness
of the reactor. The complete decolorization of the MB was achieved for 1-2
minutes of residence time (depending on the inner diameter of the capillary).
In case of the TiO2-layer, reaction rates were fitted at 1.0 · 10−5 m/s and
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7.8 · 10−6 m/s for the 530 and 200 µm inner diameter, respectively. These
reaction rates are orders of magnitude higher compared to our reaction rates,
which could be due to the porous character of the catalyst, increasing the
specific area of catalyst.

Methylene blue is generally used to determine the activity of photo-
catalysts. The conversion achieved depends on the catalyst and the reactor
design. Full conversion is reported in a few minutes, while the slowest process
can take up to half an hour for full conversion, showing the importance of
reactor design for rapid discolouring of methylene blue.

3.3.2 Formic, Acetic and Oxalic Acid

Formic acid, acetic acid, and oxalic acid are photocatalytically oxidized over
TiO2. The inlet concentration is always 100ppm, resulting in 2.2 mM formic
acid, 1.7 mM acetic acid, and 1.1 mM oxalic acid. The kinetics depend on
the surface reaction rate and adsorption equilibrium rate according to the
Langmuir-Hinshelwood isotherm [8], which are determined by measuring the
conversion for different inlet concentrations. Here, only one inlet concentration
per compound is measured so fitting the results according to the Langmuir-
Hinshelwood isotherm would not represent the system properly. The results
are shown in Figure 3.3.

Formic and oxalic acid degrade fast, with at least conversions of
90% conversion after 1.5 minutes of residence time in the reactor, with the
possibility of full conversion. More accurate determination of the conversion
was not possible due to the detection limit of the HPLC. Acetic acid has a
low conversion over the whole range of residence times (below 10%), although
acetic acid is similar in structure compared to formic and oxalic acid. The
experimental conditions were similar for all compounds, so the explanation
must be found in the mechanism of the photocatalytic conversion.

Formic, acetic, and oxalic acid are carboxylic acids, which degrade
via two pathways [12]. The pathways are shown in Eq. (3.1) and (3.2).
Firstly, the carboxylic acid group bonds to the surface in a dissociated form
[13]. The deprotonated acid group reacts directly with a hole, forming CO2

and a radical (R•), see Eq.3.1. The radical reacts with a •OH– radical to form
an alcohol (R–OH). The second route (Eq.3.2) is through hydroxylation of
the rest group, followed by Kolbe’s decarboxylation, which also forms CO2

and an alcohol group (R–OH)[12]. The alcohol rest group (R–OH) oxidizes
further to CO2 and water.
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Figure 3.3: Conversion of formic, acetic and oxalic acid at 100ppm inlet concentra-
tion. The error bars represent the 95% confidence interval and the lines are solely to
guide the eyes.

RCOOH
−H+

−−−⇀↽−−−
+H+

RCOO− hvb+

−−−−→
−CO2

R• •OH−
−−−−→ R−OH (3.1)

RCOOH
hydroxylation−−−−−−−−→

•OH−
R(OH)(COOH) −−−−→

−CO2
R−OH (3.2)

According to the mechanisms, formic acid reacts directly to CO2

and water. Oxalic acid consists of two carboxylic acid groups, leaving the rest
group to be a carboxylic acid. The expected pathway is that CO2 is formed
in two different steps. Acetic acid, on the other hand, has a methyl-group as
rest group which forms methanol. Methanol is known as a scavenger of holes
and •OH radicals [14]. The degradation of acetic acid is potentially inhibited
by the methanol intermediate product as the reaction pathway is mainly via
holes and •OH radicals.

Hence, a clear observation is made that carboxylic acids can be de-
graded over TiO2, though intermediate (by-)products can lower the conversion
by inhibiting the reaction via scavenging holes and •OH radicals. Formic and
oxalic acid degrade relatively fast, as they convert to CO2 in one and two steps,
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respectively. Acetic acid degrades slowly, as it forms methanol as intermediate,
which is a hole and •OH radical scavenger.

3.3.3 Influence of oxygen concentration

The influence of dissolved oxygen concentration on the reaction rate was stud-
ied via formic acid degradation. The inlet concentration of formic acid was
kept at 100ppm (2.2 mM) and the residence time was varied from 10 to
60s. The oxygen concentration was varied between pure oxygen saturated
(≈ 1.3mM), air saturated (≈0.3mM), and nitrogen saturated (≈ 0mM). The
results are shown in Figure 3.4.

Figure 3.4: Conversion of formic acid as a function of residence time in the reactor for
oxygen, air and nitrogen saturated feeds. The error bars represent the 95% confidence
interval.

The conversion of formic acid is similar in all cases up to a residence
time of 30s, reaching about 30% conversion. The conversion remains increasing
for the oxygen saturated case over the whole residence time range, while it
flattens out for air and nitrogen saturated cases after 50 and 30s, respectively.
For further insight, the dissolved oxygen concentration was measured at the
inlet, as well as at the outlet for the reaction of 10s and 60s residence time.
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The results can be seen in Figure 3.5 and the absolute numbers can be found
in Table 3.1.

Figure 3.5: Oxygen concentrations at the outlet measured for formic acid conver-
sions at 10 and 60s residence time. The points represent the oxygen inlet concentra-
tions.

The oxygen saturated feed has an excess of oxygen, stoichiometrically,
as one mole formic acid reacts with half a mole of oxygen to carbon dioxide
[15]. Note that more oxygen is consumed in this case for both residence times
than is required for the reaction solely. For residence times 10s and 60s, the
ratio formic acid to oxygen is 1:1.4 and 1:0.6, respectively, instead of the
stoichimetric required ratio of 1:0.5. As only dissolved oxygen is measured,
other oxygen species could be present but undetected, like O2

– , HO– , and
HOO– . In the absence of organic compounds, no consumption is measured
of the dissolved oxygen for both residence times (see Appendix B). Indicating
that active oxygen species are not formed or have a short lifetime in the absence
of organic compounds.

The air-saturated feed has not yet been limited in oxygen for a resi-
dence time of 10s, since the inlet concentration is approximately 0.3 mM and
the amount of degraded formic acid is 0.32± 0.12 mM. However, the amount
of oxygen actually used in the reaction is much lower, only 0.09 mM. At 60s
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Res. Time Saturation Conversion FA ∆c FA (mM) ∆c O2 (mM)

τ = 10s
Oxygen 13.2± 5.3% 0.29± 0.12 0.41± 0.03
Air 14.8± 5.3% 0.32± 0.12 0.086± 0.003
Nitrogen 17.8± 5.0% 0.39± 0.11 0.032± 0.001

τ = 60s
Oxygen 73.1± 1.7% 1.59± 0.04 1.02± 0.013
Air 45.9± 3.3% 1.00± 0.07 0.20± 0.01
Nitrogen 29.1± 4.5% 0.63± 0.10 0.029± 0.001

Table 3.1: Concentration difference between formic acid and oxygen under reactive
conditions. The inlet concentration of formic acid was 2.2 mM

residence time, there is a stoichiometric limitation in the amount of oxygen
provided, and still significant conversion of formic acid could be achieved. The
nitrogen saturated feed has almost no dissolved oxygen (only a few ppm), and
conversions up to 30% of formic acid could be achieved. The activity observed
in the absence of oxygen implies inner electron traps.

As mentioned before, formic acid converts to carbon dioxide via holes
and hydroxide radicals. A third option is via oxygen, for which the formic acid
has to form a radical at the surface. The results show that oxygen is necessary
for higher conversions, but some degradation occurs significantly via holes and
hydroxide radicals in the absence of oxygen. This is in line with the observation
made for the acetic acid conversion.

3.3.4 Influence of formate salts

Formic acid is neutralized with sodium hydroxide, potassium hydroxide, and
lithium hydroxide, resulting in the formate salts sodium formate (Na+HCOO– ),
potassium formate (K+HCOO– ) and lithium formate (Li+HCOO– ). The pH
of formate salts is approximately 6-7 at the inlet, while formic acid has a pH
of 3.4 at 100ppm. The kinetics are also not fitted with Langmuir-Hinshelwood
kinetics as there is only one inlet concentration measured, and the inlet con-
centrations are too high to neglect the adsorption rate for a first-order reaction
rate. The results are shown in Figure 3.6.

Formic acid has the highest conversion at all residence times, with
a flattening of the conversion after approximately 60s residence time when it
reaches nearly 100% conversion. The same trend is observed for potassium
formate, with slightly lower conversions compared to formic acid. Sodium and
lithium formate show a more linear trend, in contrast to the flat trend shown
for formic acid and potassium formate. The cations reduce in all cases the
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Figure 3.6: Conversion of the different formate salts compared to formic acid. Inlet
concentration equals 100ppm for all compounds and light intensity is 70 mW/cm2.
The lines are solely to guide the eyes.

conversion of formate, in the approximate trend of K+<Na+<Li+.

Formic acid dissociates on the surface, at least between pH 3-5 [16],
and the proton adsorbs to a surface hydroxide-group (OH–

ads). Hydroxide
plays an active role during the reaction as an intermediate [15]. There are two
major differences in the reactor when the proton is substituted for potassium,
sodium, or lithium.

First, formate is completely dissociated and there are fewer protons
to form the hydroxides. As hydroxides are an important intermediate in the
reaction, one pathway to CO2 is now limited. Second, the pH is near neutral,
as the inlet contains formate salts instead of the carboxylic acid. Therefore,
the TiO2 surface is neutral to slightly negatively charged (assuming a surface
pKa for TiO2 of around pH 6 [17]). The few charged groups are screened by
the cations [18], hindering oxygen adsorption at the surface. The observed
trend of cations (K+<Na+<Li+) could be explained by the corresponding
electronegativity (potassium ≈0.82, sodium ≈0.93 and lithium ≈0.98). The
increase in electronegativity increases the bond between the cation and surface,
thus the inhibition of the cations decreases the catalyst activity in the same
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trend as the electronegativity increases.
In conclusion, the proton of formic acid can be substituted for potas-

sium, sodium, or lithium, forming formate salts. These formate salts degrade
over titanium dioxide, but with some inhibition. The absence of protons de-
creases the amount of surface hydroxide intermediates, and the cations de-
crease the adsorption of oxygen at the surface. Both effects decrease the
conversion of formate to CO2. The direct hole pathway is not inhibited by the
cations, resulting in significant conversion of the formate salts.

3.4 Conclusion

The degradation of several organic compounds was measured over titanium
dioxide in a microreactor. The discoloration of methylene blue showed the im-
portance of materials used in reactor design and process, as lower conversions
were measured here compared to preliminary experiments with the same cata-
lyst layer but different materials used for the reactor design. Three carboxylic
acids were converted over TiO2, formic, acetic, and oxalic acid. Formic and
oxalic acid degraded fast compared to acetic acid, which was explained by the
degradation mechanism. Acetic acid likely forms methanol as a byproduct,
which inhibits the reaction at the surface.

The influence of dissolved oxygen on formic acid conversion is stud-
ied. As formic acid conversion to carbon dioxide goes mainly via the hole and
hydroxide radicals, there was still significant conversion in the absence of dis-
solved oxygen. Dissolved oxygen becomes relevant for longer residence times
and higher conversions. The influence of formate salts, sodium, potassium,
and lithium formate was studied in comparison to that of formic acid. The
conversion of formate salts was less compared to formic acid, as the cations
slightly inhibit the surface reactions.
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A.3 Appendix

A.3.1 Methylene Blue conversion in a PDMS based reactor

In preliminary experiments, the conversion of methylene blue was measured in
a photocatalytic microreactor partially made of PDMS. The reactor design and
fabrication is the same as in Rafieian et al. [7], with as only difference that the
TiO2-layer is sputtered on a MEMpax-wafer instead of a p-type silicon wafer.

There are some main differences between the reactor used in the
preliminary experiments and the final reactor used for the experiments in the
main text. Firstly, the length of the final reactor is three times the length of
the preliminary reactor. The height and width of the channel are the same.
Secondly, the preliminary reactor consists of a MEMpax wafer with TiO2-
coating and the channel is formed in PDMS, while the final reactor has the
channel etched in a silicon wafer. Thirdly, a pressure driven pump is used in the
preliminary experiments, and a syringe pump for the final reactor experiments.
Fourthly, the photocatalyst was not regenerated every day in the PDMS-type
reactors. Lastly, the MB analysis in the preliminary experiments is done using
an in-line flow cell for UV/Vis-spectroscopy, whereas the outlet is collected and
measured offline in a UV/Vis-spectroscope for the final reactor experiments.

The preliminary results are shown in Figure A.3.1. The different
colours represent different experimental sets, measured on different days. There
is substantial scatter in measured conversion up to 30%. The lack of accuracy
is due to different reasons, here we mention the main influences on the results.
Firstly, the catalyst was not regenerated between experimental sets, decreas-
ing the catalytic activity over time. Additionally, the pressure driven pump
proved to be unstable in this system, which could influence the results. Lastly,
the thickness of the PDMS is not the same in different sets, which could limit
the oxygen supply towards the reaction.

The conversion of the preliminary experiments is always higher com-
pared to the final reactor experiments, which were shown in the main text.
Conversions up to 90% could be achieved in the PDMS reactor at a residence
time of 45s, whereas only 15% conversion was achieved in the final reactor.
There were two things the same in the experiments: the catalyst layer and the
methylene blue.



76 Chapter 3. Reaction kinetics

Figure A.3.1: Conversion of Methylene Blue in preliminary experiments, performed
in a shorter channel from PDMS. The different colours represent different measur-
ing days, showing the accuracy of the setup. The conversion was measured for 100
mW/cm2.

A.3.2 Influence of flow rate on oxygen concentration

The influence of the flow rate on the oxygen concentration measurement is
measured with oxygen saturated water. The sensor was placed directly after
the syringe pump, with the reactor inbetween, and with the UV light turned
on. The results are shown in Table A.3.1

The measured oxygen concentration is independent on the flow rate
for higher flow rates. At the lowest flow rate, 4.5 µL/min, the oxygen con-
centration is approximately 6-8 ppm lower compared to the higher flow rates,
implying lower accuracy of the sensor at lower flow rates. The difference at
the residence time of 60 s between with and without reaction is only 2 ppm.
Therefore, it is assumed that no dissolved oxygen is consumed during the
reaction in the absence of organic compounds.
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ϕv (µL/min) Res.Time (s) cO2 (ppm) cO2 (ppm) cO2 (ppm)
w/o reactor with reactor with reaction

50 - 39.5± 0.8 36.8± 0.3 -
27 10 38.6± 0.4 36.5± 0.4 35.4± 0.3
4.5 60 32.2± 0.3 31.5± 0.3 28.8± 0.3

Table A.3.1: Influence of the flow rate (ϕv) on the oxygen concentration, measured
with oxygen saturated water. The error margins represent the spread in measurement.





Chapter 4

The Study of Particle Diffusiophoresis in
Concentration Gradients of Inorganic Salts,
Carboxylic Acids and Organic Salts 1

Abstract
Diffusiophoresis is the movement of particles due to a concentration gradient, where
the particles can move towards higher concentrations. The magnitude of the move-
ment is largest for electrolyte solute and depends on the relative concentration gra-
dient, surface potential, and diffusivity contrast between cation and anion. Here,
diffusiophoresis of ordinary polystyrene particles is studied in an H-shaped channel
for different solutes. The experimental results are compared to a numerical model
which is solely based on the concentration gradient, surface potential, and diffusivity
contrast. The surface potential of the particles was measured to use as input for the
numerical model. The diffusiophoretic movement of the experiments aligns well with
the theoretical predicted movement for the inorganic (lithium chloride and sodium
bicarbonate) and organic (lithium formate, sodium formate, and potassium formate)
salts. However, for the carboxylic acids (formic acid, acetic acid, and oxalic acid),
the theoretical model and experiment do not align as they are weak acids and only
partially dissociate, creating a lower driving force for diffusiophoresis. Overall, the
H-shaped channel can be used in the future as a platform to measure diffusiophoretic
movement for more complex systems, for example with mixtures and asymmetric
valence electrolytes.

1Submitted as: Nicole A.B. Timmerhuis, Rob G.H. Lammertink, The Study of Particle
Diffusiophoresis in Concentration Gradients of Inorganic Salts, Carboxylic Acids and Organic
Salts, Langmuir
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4.1 Introduction

Particles move along a solute concentration gradient as a result of diffusio-
phoresis [1], where the solute interacts with the surface. The solute can either
be a non-electrolyte [2] or an electrolyte [3], where largest phoresis magnitudes
were found for electrolyte systems [4]. Velegol et al. [4] provided an overview
of diffusiophoretic transport in both artificial and natural systems where diffu-
siophoresis has a significant impact. Diffusiophoresis can be used to separate
colloids from a solution, as was shown for different configurations by Shin [1],
and to improve mixing of colloidal suspensions [5]. Applications of colloidal
separation include water treatment, drug production, disease detection and
prevention, personal care products, and food processing [1].

Diffusiophoresis is a non-equilibrium phenomenon originating from
solute-surface interactions in a concentration gradient [1, 3]. We consider a
particle in a monovalent electrolyte solution with a charged wall at potential ζ.
The particle is submerged in a concentration gradient over much greater dis-
tance than the interaction range, where the interaction range is approximated
by the Debye layer with thickness κ−1. Counterions are attracted towards the
surface within the Debye layer, creating a diffusion potential gradient in the
bulk. The buildup of diffusion potential results in an electric field, which leads
to an electrophoretic flow within the Debye layer of the particle. Simultane-
ously, an osmotic pressure difference arises within the Debye layer due to the
concentration difference. This osmotic pressure is balanced by a viscous force,
creating a chemiphoretic flow, which propels the particle towards the higher
concentration region.

The magnitude of diffusiophoresis depends on the electrophoretic and
chemiphoretic contributions and the relative concentration gradient as follows
[1, 3]

uDP = µ̃∇ ln c (4.1)

where uDP is the diffusiophoretic velocity, µ̃ the diffusiophoretic mobility,
and c the concentration. The diffusiophoretic mobility depends on the elec-
trophoretic (µ̃EP ) and chemiphoretic (µ̃CP ) contributions.

µ̃ = µ̃EP + µ̃CP (4.2)

The electrophoretic contribution originates from the spontaneous
electric field, as a result of the diffusion potential gradient that depends on
the ion pair type. This is described by [1, 3]

± µ̃EP = f(λ) · ±(ζpβ)ε
η

kBT

ze
(4.3)
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where f(λ) is a size-dependent function, ε is the electrical permittivity, ζp is
the particle surface potential, η is the dynamic viscosity, kB is the Boltzmann
constant, T is the temperature, z is the ion valence, e is the electron charge,
and β is the diffusivity contrast between anion and cation, defined as

β =
D+ −D−
D+ +D−

(4.4)

The chemiphoretic contribution results from the osmotic pressure
difference in the Debye layer as a result of the concentration gradient in the
bulk [1, 3], and is defined as

µ̃CP = g(λ) · 4ε
η

(
kBT

ze

)2

ln

[
cosh

(
zeζp
4kBT

)]
(4.5)

where g(λ) is another size-dependent function. These size-dependent functions
(f(λ) and g(λ)) depend on λ = (κa)−1, which is the ratio of the Debye layer
thickness (κ−1) and particle radius (a). For very thin Debye layers, when the
Debye layer is much thinner than the particle radius so λ→ 0, both f(λ) and
g(λ) approach unity [1, 3].

The diffusiophoretic mobility is found by combining Eq.(4.3) and
Eq.(4.5) with Eq.(4.2) results

µ̃ =
ε

η

kBT

ze

(
ζpβ +

4kBT

ze
ln

[
cosh

(
zeζp
4kBT

)])
(4.6)

The diffusiophoretic mobility can be nondimensionalized by the salt
diffusivity; µ = µ̃/De, where De is the electrolyte diffusivity defined as follow-
ing for monovalent salts

De =
2D+D−
D+ +D−

(4.7)

The magnitude of the diffusiophoresis depends on the relative con-
centration gradient (∇ ln c), the particle surface potential (ζp), and diffu-
sivity contrast (β). The magnitude is largest when the electrophoretic and
chemiphoretic contributions are in the same direction, where a positive contri-
bution results in movement towards higher concentration. The chemiphoretic
contribution is positive for all ζp-potentials, whereas the electrophoretic con-
tribution is positive for a negative ζp-potential when D− ≫ D+, or a positive
ζ-potential when D+ ≫ D−. As such, these two contributions can either
enhance or inhibit the resulting diffusiophoretic motion.
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Diffusiophoresis can be measured via particle displacement along a
cross-gradient in a co-flow system [6–8], via a wall reaction [9–11], and via
counter-gradients [12–14]. The focus here is on co-flowing systems in an H-
shaped channel. An H-shaped channel is ideal to measure diffusivity of a solute
[15], and it can also be used to measure diffusiophoresis. The H-shaped channel
is a simple microfluidic device in design and operation such that complex
systems can be measured.

Abécassis et al. [6] studied diffusiophoresis under salt gradients in a
Ψ-shaped microchannel, where a colloid solution was fed in the middle chan-
nel. They added different salts (NaCl, KCl, and LiCl) either to the colloid
solution or outside the colloid solution, causing the colloids to spread or focus.
Spreading of the colloids was observed when the salt was added outside the
colloid solution and focusing occured when the salt was added to the colloid
solution. The movement was always directed towards higher concentration
and attributed to diffusiophoresis, which was validated with an analytical and
numerical approach. The chemiphoretic contribution was the same for all
experiments as the ζ-potential was constant and the electrophoretic contribu-
tion increased with increasing diffusivity contrast, such that movement ranked
from LiCl (β = −0.33), to NaCl (β = −0.21) to KCl (β = −0.02).

Visan and Lammertink [7] studied diffusiophoresis of photocatalytic
particles. The concentration gradient was created in-situ by the photocatalytic
reaction, resulting in spreading of particles towards higher concentration of
the reactant. The movement was modelled numerically with only considering
the reaction rate constant, being proportional to the particle concentration,
and particle ζp-potential, being proportional to the solute concentration. The
experiments were well described by the simple numerical model. The influence
of solute concentration on ζp-potential does deserve further investigation and
inclusion regarding diffusiophoretic modeling.

Research towards diffusiophoresis has increased in complexity of the
systems over the last decades. For example, Abécassis et al. [6] studied a basic
diffusiophoretic system under salt gradients, and Visan and Lammertink [7]
increased complexity of the system by using photocatalytic particles thus in-
cluding an in-situ generated concentration gradient. Other elaborations have
been made for example on high salinity gradients [16, 17], multicomponent
systems [18–20], and reactive systems (other than Janus particles) [4, 21].
However, there are still more simple systems to explore in order to understand
the more complex systems. In particular, electrolytes that posses strong diffu-
sion contrast, or large β values, concern a class solutes that have been relatively
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unexplored.

Surfactants have a stronger diffusivity contrast compared to most
inorganic salts, as most inorganic salts have −0.4 < β < 0.4 [10]. SDS, an
anionic surfactant, and CTAB, a cationic surfactant, are two common surfac-
tants which have diffusivity contrasts of 0.4 and -0.55 respectively [22]. Strong
acids and bases can also have higher diffusivity contrasts, as the diffusivity of
a proton and hydroxide are high compared to the other cations and anions
[4, 23]. For example, hydrochloric acid (HCl) has a diffusivity contrast of 0.64
and for caustic soda (NaOH) β = −0.60.

Here, we study diffusiophoretic movement of ordinary polystyrene
particles in an H-shaped microchannel under different solute gradients. The
systems explored here are firstly of the well-known salts, lithium chloride and
sodium bicarbonate, which are expected to behave according to theory. These
salts are used to validate the setup. In the second system we use the car-
boxylic acids, formic acid, acetic acid, and oxalic acid. Strong acids have been
measured before[17, 24], but these weaker acids offer the opportunity to study
larger diffusivity contrasts, as most inorganic salts have −0.4 < β < 0.4 [10].
Lastly, the diffusivity contrast of formic acid is modified by replacing the pro-
ton with the anion sodium, potassium, or lithium. These organic formate salts
are studied to compare their behavior to the known theory.

4.2 Experimental

4.2.1 Chemicals

The chemicals used during the experiments were lithium chloride (Sigma-
Aldrich, ≥ 99%), sodium bicarbonate (Sigma-Aldrich, 99.5− 100.5%), formic
acid (Alfa Aeser, 96+%), acetic acid (Boom, 99.0−100%), oxalic acid (Sigma-
Aldrich, 98.0%), sodium hydroxide (Sigma-Aldrich, ≥ 98.0%), potassium hy-
droxide (Sigma-Aldrich, ≥ 85.0%), and lithium hydroxide (Sigma-Aldrich,
≥ 98.0%). The compounds are dissolved or diluted with pure water (Milli-Q
grade).

4.2.2 Zeta potential of the particles

Polystyrene particles functionalized with fluorescent (PS-FluoRed-Fi329), were
purchased from Microparticles GmbH. The particles were synthesized by poly-
merization of polystyrene with potassium persulfate, forming sulfate groups
at the surface. As sulfate is a strong acid (pKa ≈ −1.9 of methanosulfonic
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Figure 4.1: Schematic of the H-shaped reactor

acid), the particle surface groups were fully dissociated under the experimen-
tal conditions. The particles were spherical with a diameter of 1.14± 0.03 µm
and a density of 1.05g/cm3.

The ζ-potential of the particles was measured in the Zetasizer Nano
ZS (Malvern Panalytical), which uses laser Doppler velocimetry and phase
analysis light scattering to measure the particle electrophoretic mobility. The
ζ-potential was calculated from the electrophoretic mobility via Henry’s func-
tion

µe =
2εζ

3η
f(κa) (4.8)

where µe is the electrophoretic mobility, ε is the fluid permittivity, η is the
dynamic viscosity, and f(κa) is Henry’s function which depends on the Debye
layer (κ−1) and particle radius (a) [25, 26]. This function is valid for weak,
constant surface potentials such that the electrostatic potential is described
by the linearized Poisson-Boltzmann equation. Henry’s function knows two
limits, f(κa) → 1 for a thick double layer (κa ≪ 1) and f(κa) → 3/2 for
a thin double layer (κa ≫ 1) which is the Smoluchowski mobility. The full
expression for f(κa) can be found in Swan and Furst [25].

4.2.3 Diffusiophoresis measurements

The experimental measurements were done in an H-shaped channel, which is
schematically shown in Figure 4.1. The channel has the dimensions of 2cm
length, 600µm width, and 100µm depth, between inlets and outlets.

The microreactor was fabricated in the MESA+ Nanolab Cleanroom
from an oxidized p-type silicon wafer and MEMpax wafer. Five reactors were
produced from one wafer. The channel was etched in the silicon wafer accord-
ing to the following steps. Firstly, a positive photoresist (Olin Oir 907-17) was
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coated on the wafer, excluding the shape of the channel. The channel was
etched via deep reactive ion etching (DRIE), where the depth was checked
between etching cycles till a depth of 100 µm was achieved. Next, the front
side of the wafer was coated with a spray coating photoresist (AZ4999) and
a protection foil (Harke i-HC), so the main channels were protected. On the
backside, a negative photoresist (SU8) was used and the inlets and outlets
where prepared using powder blasting. After the powder blasting, all pro-
tection layers of photoresist and foil were removed and the silica layer was
removed with 1% BHF. The clean silicon wafer with channel was bonded to
the MEMpax wafer via anodic bonding. Lastly, the wafers were cut into five
reactors of 15x50 mm.

A reactor was placed in a home-made aluminium reactor holder. The
inlets and outlets were connected via PEEK tubing and connections. A Har-
vard PHD syringe pump with push-pull mechanism was used in combination
with four glass syringes of 1 or 10 mL (Hamilton T-1000 gastight syringes with
luer lock), which was needed to ensure stable flow without pressure differences
over the whole system.

Before the start of each experiment, the reactor was flushed with
water (MilliQ quality) before the solute with particles was introduced into the
reactor. The flow rate during flushing was kept at 100 µL/min and reduced to
1 µL/min for the experiment (0.56 mm/s). The solute concentration was 10
mM for each experiment with 0.02 wt% of particles which were sonicated for
5 minutes prior. The flow was stabilized for 20 minutes before the microscopy
pictures were taken.

The microscope used was a Carl Zeiss Axio Observer Z1 with LaV-
ision Imager intense camera, in combination with a 5x objective (Epiplan-
Neofluar 5x/0.13 HD DIC M27). Images were taken at each location in the
channel with a shutter time of 1 ms at 9.84 Hz for 3s, collecting 30 images.
Additionally, a bright-field image was taken to determine the channel loca-
tions.

The images collected per locations were first post-processed in Im-
ageJ to increase contrast and then processed in Matlab to determine the in-
tensity profiles per location. An intensity profile was taken with intervals
of 1 mm channel length. The intensity profiles were fitted with a normal
cumulative distribution function to determine the particle displacement. A
positive displacement (∆w > 0) represents diffusiophoresis towards higher so-
lute concentrations, and a negative displacement (∆w < 0) towards lower
concentration.
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4.3 Numerical model

The diffusiophoretic movement of particles is studied theoretically in a nu-
merical COMSOL Multiphysics v.5.6 model, with the same channel geometry
as was shown in Figure 4.1. A two-dimensional geometry was used with the
same width and length as the experimental channel. The fluid flow through
the channel was described by Stokes flow, as the inertial term could be ne-
glected due to low Reynolds numbers. The shallow channel approximation
was used to account for the channel depth (100µm). The inlets consisted of
fully developed flow with average velocity 0.56 mm/s, and the outlet boundary
condition was at zero static pressure with suppressed backflow.

The species balance was solved with the Transport of Diluted Species
module with convection, where the velocity field was coupled to the creeping
flow module. The initial concentration in the whole channel was zero, and
species were introduced via inlet ϕin,0 (see Figure 4.1), with outflows at ϕout.

The particle tracking module was used for particle transport, which
were introduced in inlet ϕin,0. It was assumed that the particles were of uni-
form size, which freeze at the wall, with density 1050 kg/m3, diameter 1.14µm,
without a charge. The influence of the charge was included in the diffusio-
phoretic movement, which was added to the drag force of the particles. The
drag force was defined as the velocity field plus the diffusiophoretic velocity
(Fd = u+ µ̃∇ ln c) in the x- and y-direction. For this, the concentration pro-
file from the Diluted Species calculation was used to define ∇ ln c throughout
the domain, to defined the force on each particle using the constant diffusio-
phoretic mobility µ̃ from Table 4.1. The particles were introduced at ϕin,0
from 0.01s till 60s for every 0.2s with 50 particles per release, and exit at ϕout.

The mesh was physics-controlled with a fine element size for all mod-
ules, where the mesh size was checked for independency. The velocity and so-
lute concentration profile were first solved in a stationary study, as it reaches
a steady-state solution for the specific velocity and diffusion coefficient com-
bination. Secondly, the particle tracing was solved in a time-dependent study
over the range of 0.01s till 60s with steps of 0.1s. The particle positions were
further analyzed in Matlab to determine the maximum particle movement over
the length of the channel.
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Compound ζ β µ̃EP · 109 µ̃CP · 109 µ uDP

(mV) (m2/s) (m2/s) Direction

Acetic acid −58.5± 2.6 0.79 −0.82 0.28 -0.28 Lower
Formic acid −59.6± 8.4 0.73 −0.77 0.29 -0.19 Lower
Oxalic acid −61.2± 9.7 0.79 −0.86 0.31 -0.29 Lower
Lithium formate −75.5± 8.5 −0.68 0.23 0.45 0.56 Higher
Sodium formate −72.6± 7.8 −0.04 0.06 0.42 0.34 Higher
Potassium formate −58.7± 4.0 0.15 −0.15 0.28 0.13 Higher
Lithium chloride −76.7± 8.9 −0.33 0.44 0.47 0.91 Higher
Sodium bicarbonate −93.8± 8.4 0.06 −0.10 0.67 0.57 Higher

Table 4.1: The experimentally measured particle ζ-potential and the theoretical
diffusivity contrast (β) per compound. The electrophoretic (µ̃EP ) and chemiphoretic
(µ̃CP ) contribution to the diffusiophoresis from Eq. (4.3) and (4.5) respectively. The
total diffusiophoretic mobility is normalized by the electrolyte diffusivity ((4.7) to
obtain the normalized diffusiophoretic mobility (µ). Whether the diffusiophoretic
motion is towards higher or lower concentration is depicted in the last column.

4.4 Results & discussion

4.4.1 Particle zeta potential

The particle ζ-potential was measured for all compounds of interest at a con-
centration of 10 mM. The particle concentration was kept at 0.001 wt% for the
salts and 0.02 wt% for the carboxylic acids. The results are shown in Table
4.1.

The ζ-potential can be divided in roughly three categories depending
on the solutions pH; acidic, neutral and basic. Sodium carbonate solution has
a pH of approximately 9, thus slightly basic, and results in the most negative
ζ-potential for the particle, −93.8±8.4mV. Sodium formate, lithium formate,
and lithium chloride are approximately neutral (pH 6-7) which results in a ζ-
potential around -75mV. Potassium formate was expected to be around neutral
pH, but it was measured at pH 4.6 so slightly acidic, which results in a less
negative ζ-potential. Lastly, the carboxylic acids result in a ζ-potential of
around -60mV eventhough the pH ranges from 2.1 (oxalic acid) to 3.4 (acetic
acid).

The electrophoretic and chemiphoretic mobilities are calculated from
the ζ-potential and diffusivity contrast (β) via Eq. (4.3) and Eq. (4.5), and
are shown in Table 4.1. The diffusivity contrast β is based on the cation and
anion diffusivity, which are given in Appendix A.4.1. The data given here is
used later on to discuss the experimentally measured diffusiophoresis.
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Figure 4.2: Diffusiophoretic movement of PS-particles for 10 mM lithium chloride
and 10 mM sodium bicarbonate. The points are the experimental values and the lines
the numerical model predictions including error margins. The experimental error bars
are the measurement uncertainties and the numerical error margins are based on the
measurement uncertainty of the particle ζ-potential (see Table 4.1).

4.4.2 Lithium chloride & sodium bicarbonate

The diffusiophoretic movement is measured in lithium chloride (LiCl) and
sodium bicarbonate (NaHCO3) solutions. The diffusiophoretic movement is
plotted against

√
(x/u), where u is the fluid velocity (0.56 mm/s), as then the

slope should equal an effective diffusion coefficient [6, 27] and deviances from
linearity imply limitations. Figure 4.2 shows the diffusiophoretic movement
for both the experiments (symbols) as well as the model (lines), where the inlet
concentration was 10 mM, with 0.02 wt% polystyrene particles. The input for
the model is based on the parameters presented in Table 4.1, and is thus not
fitted to the data.

The diffusiophoretic movement is towards a higher concentration for
both LiCl and NaHCO3, with good agreement between experiment observa-
tions and the model prediction (within the error margins). The out of line
experimental points are due to some local contaminations within the channel
leading to erroneous position determination.

The diffusiophoretic movement of LiCl is towards higher concentra-
tion as the electrophoretic and chemiphoretic contributions are in the same
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Acid pKa pHinlet cdissociated [mM]

Formic acid 3.75 3 1.2
Acetic acid 4.76 3.4 0.4
Oxalic acid 1.27 2.1 8.6

Table 4.2: Amount of dissociated carboxylic acids based on the inlet concentration
and pH, calculations are shown in A.4.3

direction (both are > 0). For NaHCO3, β is positive as the diffusivity of
sodium is higher than bicarbonate (D+ > D−). Therefore, the electrophoretic
contribution is opposing the chemiphoretic contribution. The movement is
still towards higher concentration as the chemiphoresis dominates the elec-
trophoresis.

From Figure 4.2 it can be concluded that diffusiophoretic movement
of polystyrene particles can be measured under saline gradients. The exper-
imental results agree well with the numerical model, which is only based on
the measured particle ζ-potential and diffusivity contrast of the used salt.

4.4.3 Carboxylic acids

The diffusiophoretic movement is measured in gradients of formic acid (FA),
acetic acid (AA), and oxalic acid (OA). The movement is expected towards
lower concentration, as the proton has a higher diffusivity than the acid, result-
ing in a dominating electrophoretic contribution towards lower concentration
and an overall negative diffusiophoretic mobility (Table 4.1).

Figure 4.3 displays particle displacement towards lower concentra-
tion. The particle velocity increases from FA to AA to OA, as expected from
the diffusivity contrast and electrophoretic contribution. However, the dis-
placement measured during the experiments is somewhat less than expected
from the numerical model. The results from OA are closest to the numerical
model, but for all of them the experimental displacement is less compared to
the model prediction.

The carboxylic acids are all weak acids, meaning only a portion of
them is dissociated, as can be seen in Table 4.2. Only 1.2 mM of the 10 mM is
dissociated of the FA. Although this does not influence the relative gradient,
the diffusiophoretic mobility (µ̃) can decrease with salt concentration [19], as
it depends on the Debye layer thickness and ζp-potential, which both depend
on the solute concentration. The Debye layer thickness is 9nm at 1.2 mM salt
concentration, so the derivation of the diffusiophoretic velocity is still valid for
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(a) Formic Acid (FA) (b) Acetic Acid (AA)

(c) Oxalic Acid (OA)

Figure 4.3: Diffusiophoretic movement of PS-particles under formic acid, acetic acid,
and oxalic acid gradients. The experimental error bars are the measurement uncer-
tainties and the numerical error margins are based on the measurement uncertainty
of the particle ζ-potential (see Table 4.1).
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Figure 4.4: The influence of pH over the length and width of the channel for formic
acid. The black line represents the maximum particle movement according to the
numerical model. The particles are introduced at the top channel (0 < y < 300µm)

the experimental conditions.

The pH does not change significantly over the range 5-10 mM for all
carboxylic acids, resulting in a relatively stable particle ζ-potential (see A.4.2).
However, the pH gradient is very significant at the inlet where the carboxylic
acid and water stream meet. The diffusiophoretic movement depends on the
local pH via the particle ζ-potential. The pH distribution of FA in the channel
is determined via the concentration of FA and calculated based on Appendix
A.4.3 and shown in Figure 4.4.

The pH changes the most in the first 0.5 cm of the channel, where
the pH quickly drops from neutral to approximately 4 on the water side (be-
tween y = −300µm and y = 0µm) and then decreases gradually further to
approximately 3. The particles are located in the acid solution, so the pH
around the particles front changes between 2.9 (inlet) and 3.2 over the whole
length of the channel. Eventhough there is a large pH gradient at the inlet of
the channel, the particles ζ-potential is not significantly influenced by these
local gradients.

From the Debye layer thickness and relatively stable ζ-potential it can
be concluded that the diffusiophoretic mobility does not change significantly
during the experiment using FA. OA is a stronger acid compared to FA, so 8.6
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mM dissociated at pH 2.1 (see Table 4.2). AA is the weakest acid, where a
pH of 3.4 corresponds to 0.4 mM dissociated acid and a Debye layer thickness
of 21 nm. Eventhough the carboxylic acids are weak acids which are partly
dissociated, this does not significantly change the Debye thickness or particle
ζ-potential at the used concentrations.

Abécassis et al. [6] showed that salt concentrations of 10 mM and
larger are needed to get the maximum diffusiophoresis. At lower concen-
trations, the effect of the buffer becomes more relevant and lowers the ef-
fective diffusiophoresis. Nery-Azevedo et al. [22] encountered a similar issue
when measuring the diffusiophoretic movement of latex colloids under surfac-
tant gradients. Theory overpredicted the diffusiophoretic movement two- to
threefold for weak applied gradients (∆c = 2 mM), whereas larger gradients
(∆c = 4−6 mM) were closer to theory. Gupta et al. [17] studied the influence
of concentration on the diffusiophoresis in a dead-end pore by changing the
boundary conditions in a numerical study (constant current versus constant
potential) and comparing it to experimental results. For NaCl, their movement
was approximately described by the constant current boundary condition for
1-10 mM, but for 0.1 mM the movement cannot be described by the constant
current or potential boundary conditions and the charge regulation boundary
condition would be most suitable.

Here, the movement is closest to theory when most acid is dissociated
(oxalic acid) and less movement when less acid is dissociated. The magnitude
of diffusiophoresis depends on the relative concentration gradient however, the
driving force is the absolute concentration gradient [28], as

∇ ln c =
∇c
c

(4.9)

So eventhough the relative gradient is the same for fully dissociated solutes
and partial dissociated solutes, the driving force is smaller for the partial
dissociated solutes and therefore, the overall diffusiophoresis is less compared
to theory.

4.4.4 Formate salts

Formic acid was neutralized with either lithium hydroxide, sodium hydroxide,
or potassium hydroxide to get the organic salts lithium formate (LF), sodium
formate (SF), or potassium formate (PF). The pH was around neutral for all
these solutions. The results are compared to FA and shown in Figure 4.5.
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Figure 4.5: Influence of the cation of formate on the diffusiophoretic movement.
The experimental error bars are the measurement uncertainties and the numerical
error margins are based on the measurement uncertainty of the particle ζ-potential
(see Table 4.1).
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The movement of all formate salts is towards higher concentration,
as expected from Table 4.1. The chemiphoretic and electrophoretic contribu-
tions are in the same direction for LF and SF, although for PF the elec-
trophoretic contribution is opposing the chemiphoretic contribution. The
trend Li+>Na+>K+ is observed for diffusiophoretic movement. This trend
is explained by the diffusivity contrast, which is most negative for LF, slightly
negative for SF, positive for PF, and even more positive for FA. The same
trend was observed by Abécassis et al. [6], who measured diffusiophoresis un-
der chloride salt gradients. The experiments here show that organic salts
behave similar to inorganic salts.

4.5 Conclusion

Diffusiophoretic movement of ordinary polystyrene particles can be measured
in H-shaped microchannels under different solute gradients. It was shown
that theory and experiments are in accordance with each other for ordinary
inorganic salts and organic formate salts. Carboxylic acids did not cause
the diffusiophoretic movement which was expected from theory, as they are
partially dissociated and thus the driving force, which depends on the absolute
ionic gradient, is less compared to the other salt gradients measured.

The H-shaped microreactor has shown to be a simple platform to
measure diffusiophoretic movement under different solute gradients. This plat-
form could be used in future endeavours for more complex systems, like the
influence of mixed ion gradients, the minimum absolute gradient or reactive
systems. The combination with the numerical model ensures deeper insight
in the system studied, like the true concentration and pH gradients. Addi-
tionally, the numerical model could be used to fit the experimental results to
extract an effective diffusion coefficient.
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Compound D+ D− De β
10−9 [m2/s] 10−9 [m2/s] 10−9 [m2/s]

Acetic acid 9.31 1.09 1.95 0.79
Formic acid 9.31 1.45 2.52 0.73
Oxalic acid 9.31 1.07 1.92 0.79
Sodium formate 1.33 1.45 1.39 -0.04
Lithium formate 1.03 1.45 1.20 -0.17
Potassium formate 1.96 1.45 1.67 0.15
Lithium chloride 1.03 2.03 1.37 -0.33
Sodium bicarbonate 1.33 1.18 1.25 0.06

Table A.4.1: Diffusivities of the compounds [23] with the respective electrolyte
solute diffusivity De and the diffusivity contrast β

A.4 Appendix

A.4.1 Diffusivity constants

The diffusivities of all measured compounds are given in Table A.4.1.

A.4.2 Particle zeta potential for the carboxylic acids

The ζ-potential is measured over a range of concentrations for the carboxylic
acids. The results are shown in Figure A.4.1.

The particle ζ-potential is constant for all measured concentrations
of carboxylic acids. Over a range of 5 till 10 mM, the pH changes for formic
acid from 3.1 to 3, for acetic acid from 3.6 to 3.4, and for oxalic acid from 2.4
to 2.2. It is expected that the ζ-potential mostly depends on the solution pH.
The pH does not change in the range of 5 till 10 mM for all carboxylic acids,
and there is also no significant change in ζ-potential.

A.4.3 Calculate pH of the acids

The amount of dissociated acid is determined by calculating the pH of a weak
acid solution based on the inlet concentration and pKa-value. We consider a
weak acid with concentration [HA] in mole/L, which dissociates in water.

[HA] + [H2O] ⇌ [A−] + [H3O
+] (A.4.1)
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(a) Formic Acid (FA) (b) Acetic Acid (AA)

(c) Oxalic Acid (OA)

Figure A.4.1: The particle ζ-potential as a function of the acid concentration be-
tween 5 and 10 mM.
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The equilibrium is determined by the acid dissociation constant

KA =
[A−][H3O

+]

[HA]
(A.4.2)

where the acid dissociation constant is related to pKa according to pKa =
− log10(KA).

The total concentration acid (cHA) is the amount of dissociated and
neutral compound together

cHA = [HA] + [A−] (A.4.3)

Lastly, the total charges in the system should be equal to zero in
order to maintain electroneutrality

[H3O
+]− [A−] = 0 (A.4.4)

Equations (A.4.2) and (A.4.3) are combined to describe [A−] as a
function of KA, cHA, and [H3O

+]

[A−] =
KAcHA

[H3O
+] +KA

(A.4.5)

According to Eq. A.4.4, [H3O
+] = [A−], resulting in

[H3O
+]2 +KA[H3O

+]−KAcHA = 0 (A.4.6)

which can be solved according to the ABC-formula to obtain the concentration
of [H3O

+]

[H3O
+] = [A−] = −KA

2
+

1

2

√
K2

A + 4KAcHA (A.4.7)

Lastly, the pH is calculated as following pH= − log10([H3O
+]). These

equations are applicable to all the carboxylic acids discussed.





Chapter 5

Diffusio-Osmotic Flow Induced by a Photocatalytic
Reaction at the Surface

Abstract
Diffusio-osmotic flow is induced by a photocatalytic reaction at the surface, creating
local concentration gradients. Titanium dioxide is the photocatalyst of interest here,
with the reactants methylene blue, formic acid, acetic acid, oxalic acid, sodium for-
mate, potassium formate, and lithium formate. A two-dimensional numerical model
shows the relevance of a surface-driven flow in a catalytic system. Diffusio-osmosis
improves the overall conversion when the induced flow is from the nonreactive to the
reactive surface, flowing fresh solute towards the reactive surface. The ζ-potential of
titanium dioxide varies from approximately 30 until -70mV for pH 3 until 10, with no
significant difference with and without UV light. The ζ-potential is used to quantify
the diffusio-osmotic mobility at the boundary for each of the solutes of interest. The
two-dimensional numerical model is used to predict the maximum diffusio-osmotic ve-
locity, with the diffusio-osmotic mobility and the previously reported surface reaction
rates as input parameters. The surface velocity is also determined experimentally via
particle tracking. The numerical model and experimental particle tracking both show
no significant diffusio-osmotic velocity for the studied reactions on titanium dioxide.
The numerical model can be used to identify reactions that do present significant
diffusio-osmotic flow.
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5.1 Introduction

Heterogeneous catalysis is widely used in industry to form a large variety of
chemicals [1]. Although they are widely used, the processes generally have to
deal with the mass transport limitations of reactants towards and products
from the surface in the boundary layer. The mass transfer limitations occur
due to the absence of convective fluid flow near the surface, leaving diffusion as
the main transport mechanism. These mass transfer limitations are generally
minimized by mixing, decreasing the boundary layer thickness. A convective
flow at the surface would decrease the boundary layer even further.

Diffusio-osmosis is a surface driven flow, induced by a solute con-
centration gradient in near proximity of a surface [2]. When the solute is
attracted towards the surface, it creates a pressure on the fluid which in-
creases with concentration. The concentration gradient along the surface thus
creates a pressure gradient along this surface, which results in an convective
flow. The flow is called diffusio-osmosis in the case of an infinite long flat plate
and diffusiophoresis for particles.

Most research on diffusio-osmosis are focused on salt gradients[3],
as these have well-known ion-ion interactions and larger velocity magnitudes
compared to neutral compounds. Diffusio-osmotic flow is proportional to the
concentration gradient. Reactive systems create local concentration gradi-
ents, opening the possibility to study diffusio-osmosis triggered by chemical
conversion. The most researched reactive systems involve bimetallic catalysts
converting hydrogen peroxide to oxygen and hydrogen [4]. Although this re-
active system is interesting for research purposes, it is not a catalytic reaction
used in industry.

Hong et al. [5] showed movement of titanium dioxide (TiO2) particles
upon UV illumination, which was explained by diffusiophoresis. They reported
particle movement with and without organic compounds, arguing that the
species produced and consumed by TiO2 are enough to cause a significant
concentration gradient for particle diffusiophoresis.

Visan and Lammertink [6] studied diffusiophoresis of TiO2 particles
under reactive conditions with methylene blue as the reactant. They showed
significant movement of the particles as a result of the reaction. The exper-
imental results were compared with a numerical model, which includes the
diffusiophoretic movement and reaction rate. The numerical model matched
the experimental results when the particle ζ-potential was related to the con-
centration. The degradation of methylene blue forms more ionic species, in-
creasing the ionic strength of the solution, influencing the particle ζ-potential.
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The diffusiophoretic movement as a result of a reaction was shown
by Visan and Lammertink [6]. Here, the catalyst is immobilized at the surface
to study the adjacent fluid flow. TiO2 is chosen as the catalyst as it activates
under UV illumination, providing excellent external control over the reaction.
We aim to create a diffusio-osmotic flow by creating in-situ solute concentra-
tion gradients resulting from a patterned immobilised TiO2 structure.

The magnitude of diffusio-osmotic flow of electrolyte solutions de-
pends mainly on the surface ζ-potential, the diffusivity contrast between anion
and cation, and the relative concentration gradient along the surface [7]. The
surface ζ-potential depends mainly on the pH and ionic strength of the solute
in contact with the corresponding surface. The diffusivity contrast is a solute
specific characteristic, determined by the cation and anion diffusivities. The
relative concentration gradient is developed by the reaction rate and employed
feed concentration. The solutes of interest here include methylene blue, formic
acid, acetic acid, oxalic acid, and the formate salts sodium formate, potassium
formate, and lithium formate.

We explore reaction-induced diffusio-osmosis with the aforementioned
variety of organic compounds. The experimental results are compared with
numerical simulations for a more in-depth analysis. The numerical solutions
explore the influence of surface induced velocity and allows estimating the
magnitude of parameters necessary for significant diffusio-osmotic flow. In
the experimental part, the ζ-potential of titanium dioxide is measured via the
streaming current, with and without UV irradiation. The reaction rates of
the solutes were previously measured as presented in Chapter 3. The experi-
mental results are used to numerically predict the maximum surface velocity
at the wall, which is then evaluated by experimental determined surface flow
in microscopy experiments.

5.2 Diffusio-osmosis

5.2.1 Diffusio-osmotic velocity

The diffusio-osmotic flow velocity is usually described for small ζ-potentials
and a single electrolyte [3]. In order to create diffusio-osmotic flow, a con-
centration gradient is needed along the surface over distances larger than the
interaction length, and the solute or colloids should have an interaction with
the wall. The velocity magnitude depends on a chemi- and electro-osmotic
contribution for an electrolyte near a charged wall.

The electroosmotic contribution is due to the movement of ions in
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the Debye layer [8]. The ions move toward lower concentrations, creating a dif-
fusion potential when they have different diffusivities for the anion and cation.
This diffusion potential is created to maintain a zero flux of net charge, and
the buildup of potential results in an electric field, which induces an electro-
osmotic flow. Simultaneously, an osmotic pressure is buildup in the Debye
layer as a result of the counterions which were attracted. This osmotic pres-
sure difference induces a fluid flow in the Debye layer according to Stokes’ law,
where a pressure difference is balanced by a viscous force. This contribution
is the chemiosmotic contribution. [8]

The diffusio-osmotic flow along the surface is defined as [3, 7, 9]

uDO = −µ̃∇ ln(c) (5.1)

where us is the velocity in (m/s), µ̃ the diffusio-osmotic mobility in (m2/s),
and cs is the solute concentration. The diffusio-osmotic mobility depends on
a chemi- and electro-osmotic contribution, defined as

µ̃DO = µ̃CO + µ̃EO (5.2)

were µ̃CO is the chemi-osmotic contribution, and µ̃EO the electro-osmotic con-
tribution [8, 9]. The chemi-osmotic contribution is due to the osmotic pressure
gradient [9], given as

µ̃CO = −4ε

η

(
kBT

ze

)2

ln

[
cosh

(
zeζ

4kBT

)]
(5.3)

where ε the permittivity of the fluid, η the dynamic viscosity, kB is the Boltz-
mann constant, T the temperature, z the ion valence, e is the elementary
charge, and ζ the surface potential.

The electro-osmotic contribution arises from the diffusion potential
[8, 9], defined as

µ̃EO = −εζβ
η

kBT

ze
(5.4)

where β represents the diffusivity contrast, defined as β = (D+−D−)/(D+ +
D−), where D+ is the cation and D− the anion diffusivity.

Combining Eq.(5.3) and (5.4) into Eq.(5.2), results in the following
expression for the diffusio-osmotic mobility

µ̃DO = −εkBT
ηe

(
βζ +

4kBT

e
ln

(
cosh

(
eζ

4kBT

)))
(5.5)
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5.2.2 Dimensionless analysis

Two dimensionless numbers are used to simplify and generalize the system.
They can be obtained from dimensionless transport equations. The second
Damköhler (DaII) number relates a first-order reaction at the wall to the
diffusion rate over a typical length scale. For DaII ≫ 1, the reaction rate is
faster than the diffusion rate. Here, the typical length scale is defined as the
height of the system.

DaII =
kH

D
(5.6)

where k is the first order reaction rate (m/s), H the height of the system (m),
and De the diffusion coefficient (m2/s) defined as De = 2D+D−/(D+ +D−).

The second relevant dimensionless number is the Péclet number. In
the Péclet (Pes number, the diffusio-osmotic velocity is related to the diffusion
rate along the surface. If Pes ≫ 1, the induced velocity is much faster than
the diffusion rate along the surface.

Pes =
us(Lunit)

D
(5.7)

The typical length scale (Lunit) used here is half an unit cell.

Lastly, the diffusio-osmotic mobility is scaled with the diffusion co-
efficient

µ =
µ̃

D
(5.8)

5.2.3 Numerical simulation

The diffusio-osmotic velocity is introduced in a numerical model as a velocity
boundary condition, quantified by the concentration gradient along the sur-
face. The system is described by Stokes flow (Eq. (5.9)) and the continuity
equations for fluidics. The inertial term has been neglected as the flow is lam-
inar (Eq. (5.10). The conservation of species is described by advective and
diffusive mass transport (Eq. (5.11))

ρ
∂u

∂t
= −∇p+ η∇2u (5.9)

∇ · u = 0 (5.10)

∂c

∂t
= D∇2c− u∇c (5.11)
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where ρ is the density, p is the pressure, η the dynamic viscosity and u the
velocity.

The governing equations are solved in COMSOL Multiphysics v.5.6.
A two-dimensional closed system geometry is modelled with width and height
both 100 µm. Symmetry was imposed on the side walls, leaving one repetition
unit cell to compute, to reduce the computation power. At the top wall there
is no flux of species. The geometry and boundary conditions are schematically
shown in Figure 5.1.

x

y

∂c
∂y = k · c

∂c
∂y = 0

u = us, v = 0

u = 0, v = 0

Figure 5.1: Schematic of the numerical simulation and it’s boundary conditions.
The blue part indicates the catalytic surface with a surface reaction. The diffusio
osmotic velocity at the catalytic surface is indicated. The side walls have a symmetry
boundary condition.

The system is solved over time for convection, diffusion, and reaction
on a mesh of 10842 elements with a standard linear discretization for fluids and
cubic for concentration for computing stability. A parametric sweep is used
to study the influence of different diffusio-osmotic mobilities and Damköhler
numbers.

5.3 Experimental procedure

For the prescreening, the reaction kinetics were measured in Chapter 3 and
the ζ-potential of TiO2 is evaluated via streaming current measurements. The
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surface flow induced by the catalytic conversion is assessed via microscopic
experiments. Here, we describe the execution of the streaming current exper-
iments and microscopic experiments.

The solutes of interest are methylene blue (MB) (Sigma-Aldrich,
1.5%), formic acid (Alfa Aescar, 96 + %), acetic acid (Boom, 99-100%), and
oxalic acid (Sigma-Aldrich, 98%). Sodium formate, potassium formate, and
lithium formate were created by mixing formic acid in a 1:1 ratio with, respec-
tively, sodium hydroxide (Sigma-Aldrich, ≤ 98%, anhydrous), potassium hy-
droxide (Sigma-Aldrich, ≤ 85%), or lithium hydroxide (Sigma-Aldrich, 98%).

5.3.1 Streaming current

The streaming current of titanium dioxide is measured with the SurPASS
from Anton Paar. A 5 mM aqueous potassium chloride solution was used as
electrolyte. The pH was adjusted before the start of the experiment to ≈ 10
by adding 1M NaOH. During the experiment, the pH decreases in steps of 0.2
by titration of 1M HCl.

The samples were prepared by DCmagnetron sputtering (TCOATER,
MESA+ Nanolab) of titanium on a MEMpax wafer, at 4.4 cm distance and ro-
tation speed of 5 rpm. During the reactive sputtering, titanium is oxidized to
titanium dioxide under 10−3 mbar oxygen pressure. The layer has a thickness
of approximately 200nm. The wafer is diced into slices of 20x10mm. Lastly,
a dense anatase TiO2 layer is formed by annealing at 500 °C for two hours,
with heating and cooling rates of 2°C/min.

The MEMpax/TiO2-slices are placed in the SurPASS at a distance
of approximately 100µm. During the measurement, the flow rate is varied
for each pH value, measuring the pressure (max 200mbar) and current. The
ζ-potential is estimated via the streaming current versus pressure relation,

ζ =
η

ε

L

A

di

d∆p
(5.12)

where di/d∆p is the slope of the streaming current versus the differential
pressure, η is the electrolyte viscosity, L is the length of the streaming channel,
and A is the cross-sectional area [10]. The equation above is known as the
Helmholtz-Smoluchowski equation.

The holder for flat plates is adapted such that UV-light can access
the thin layers (see Appendix A.5.1). A UV-LED of 365nm from Opsytec Dr.
Gröbel was used, controlled by SmartUV software. The UV light was set at
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4 and 15 mW/cm2 to prevent heating effects from the lamp. The photon flux
was measured by a Thorlabs PM100A power meter with S120VC sensor.

5.3.2 Optical microscopy

The microreactor is fabricated in the MESA+ Nanolab cleanroom and the
fabrication steps are the same as in Timmerhuis et al. [11]. In short, the
channels were etched by deep reactive ion etching into a thermally oxidized
silicon wafer. The inlets and outlets were powder blasted via the backside
of the wafer. Secondly, oxidized titanium was sputtered on to a MEMpax
wafer in the shape and pattern of the channel. The two wafers were bonded
together by anodic bonding, such that the oxidized titanium is located in the
main channel. The wafer was diced into reactors of 50x15mm. Lastly, the
oxidized titanium was annealed at 500 °C for two hours to form anatase TiO2.

Figure 5.2: Schematic of the H-cell with a top and cross sectional view.

The microreactor concerns H-shaped channels with the TiO2-pattern
on the bottom side (see Figure 5.2), placed in an aluminium reactor holder.
The dimensions of the main channel are 600 µm width by 100 µm height
by 2cm length. The TiO2 was coated in a periodic line pattern of 100 µm
wide with 60 µm catalyst and 40 µm uncoated. The inlets and outlets were
connected via 1/16” OD PEEK tubing to the PHD Ultra syringe pump with
a push/pull mechanism from Harvard Apparatus GmbH. In total, four glass
syringes of 5 mL (Hamilton gastight, 1005TTL) are used to push the liquid
through the system. The temperature is kept constant at 25°C using a Peltier
element, combined with a PT100 temperature sensor. Before the experiments,
the photocatalyst was regenerated for 30 minutes with 30 w/w% hydrogen
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peroxide (Sigma-Aldrich) and UV light at 365nm. Afterwards, the catalyst
was restabilised with water containing the organic compound for one hour
while illuminated at 70 mW/cm2.

The aqueous solution with contaminants is saturated with pure oxy-
gen, resulting in a concentration of ≈ 40ppm dissolved oxygen and seeded with
3.75 ·10−4 wt% polystyrene particles (PS-FluoRed-1.0 particles, 1.14±0.03µm
diameter from microParticle GmbH). Microvalves are installed at the inlets
and outlets, the experiment is done 15 minutes after the valves were closed to
ensure complete relaxation of the fluid beforehand. After an experiment, the
reactor is flushed with fresh feed solution for the duplo and triplo measure-
ments.

The experiments were performed with an inverted optical microscope
(Carl Zeiss Axio Observer Z1). The images are obtained in single frame mode,
1000µs shutter time, at a frame rate of 5 fps, with a 20x objective. The
focus is set at approximately 30 µm above the catalytic surface. The particle
trajectories are resolved via General Defocusing Particle Tracking [12], where
defocused particles are used to determine the particle z-location. The 3D-
particle location is reconstructed based on the z-location together with a 2D-
image of the x- and y-coordinates. Particle tracking is done based on the
nearest-neighbour tracking. More details on the method and the calibration
curve can be found in Appendix A.5.2.

5.4 Results & Discussion

5.4.1 Numerical simulations

The simulations are performed with formic acid as the model compound, which
has a diffusion coefficient of 1.2 · 10−9 m2/s [13], inlet concentration of 2.2
mol/m3, for −3 < µ < 3, and the second Damköhler varying from 0.001 to 100
on a logarithmic scale. We consider a wide range of µ-values in the simulation
to match a varied range of potential experimental mobilities. When the anion
has a larger diffusivity than the cation, like methylene blue, combined with a
negatively charged surface, the mobility is positive. For methylene blue, the
mobility is 2.8 at ζ = −100 mV, as DCl− = 2.0 · 10−9 m2/s and DMB+ =
4.3 · 10−10 m2/s. On the other hand, when the cation has a larger diffusivity
than the anion, like citric acid, combined with a positively charged surface,
the mobility is negative. The mobility is 1.5 for citric acid at ζ = 100 mV,
as it has DCA− = 0.8 · 10−9 m2/s and DH+ = 9.3 · 10−9 m2/s[13]. The range
for the second Damköhler number is chosen to include all kinds of boundary
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conditions, from reaction limited (low DaII , cwall ≈ cbulk) to mass transfer
limited (high DaII , cwall ≈ 0).
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Figure 5.3: Overall conversion and maximum velocity at the catalytic surface as a
function of time, for DaII = 100.

Figure 5.3 shows the conversion of the whole domain and maximum
velocity at the wall over time, in all cases for DaII = 100, without diffusio-
osmotic flow, and for the most extreme cases µ = ±3. The conversion versus
time shows that diffusio-osmotic flow increases the overall conversion of the
domain compared to no diffusio-osmotic flow, regardless of its direction. Why
µ = −3 has a higher conversion (and maximum velocity) than µ = 3 will be
explained later. The maximum velocity remains relatively stable in the first
10-15s, meaning that the relative gradient is evidently quite constant during
that time. After a complete conversion is achieved, the maximum velocity
decreases as the relative gradient of the solute diminishes.

Figure 5.4 shows the concentration profiles with and without diffusio-
osmotic flow for different mobilities. The concentration is normalised by the
inlet concentration. Figure 5.4a shows the concentration profile without sur-
face flow, thus only transport occurs by diffusion. For a negative mobility,
as shown in Figure 5.4b, the flow is directed towards the lower concentra-
tion which is located in the middle of the catalyst patch. The reactant is
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(a) µ = 0 (b) µ = −3 (c) µ = 3

Figure 5.4: Concentration profiles after 5s reaction at DaII=100, with the concentra-
tion normalised over the inlet concentration, without (a) diffusio-osmotic flow, with
µ = −3 (b), and with µ = 3 (c) for the diffusio-osmotic mobility. The arrows indicate
the direction of the flow.

thus transported from the bulk towards the active catalyst and the product is
transported upwards from the center. The opposite happens in Figure 5.4c,
where the flow is directed from the active towards the nonactive surface, with
a downward flow toward the middle of the catalyst patch. As seen in figure
5.3, the negative mobility results in the largest improvement in conversion.
The reverse flow direction obtained for the positive mobility still enhances the
conversion compared to the case without diffusio-osmotic flow. This can be
explained by the fact that the diffuse boundary layer is compressed by the
circulating flow, enhancing the transport towards the catalyst.

Figure 5.5 shows the concentration and velocity profile at the cat-
alytic surface for different mobilities. Note that the velocity is proportional to
the concentration gradient. For finite mobility, the velocity is maximal at the
point where the active and nonactive surface meet, as there the concentration
gradient is maximal. After 5s, the conversion is 70% without diffusio-osmotic
flow, ≈ 83% for µ = 3, and ≈ 90% for µ = −3. The highest concentration is
found without the diffusio-osmotic flow, as there is still significant compound
to convert. The concentration is lowest for µ = −3 at the center of the catalyst
patch as the fresh reactant is moved upward due to the diffusio-osmotic flow.
At µ = 3, the reactant is moved in downward motion to the center. The neg-
ative mobility enhances the effectiveness of the catalyst to a greater extend as
fresh reactant is transported towards the catalystic surface, while the positive
mobility only benefits from the surface flow to move some reactant from the
surface.

Lastly, the maximum velocity is evaluated over a range of second
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Figure 5.5: Concentration and velocity profile at the catalytic surface (at y = 0) for
DaII = 100 at 5s and different mobility’s. The concentration is normalised over the
inlet concentration

Damköhler numbers in Figure 5.6. Pes,max represents the normalised velocity
with the diffusion rate, therefore it should be of order and above 1 to have a
significant contribution to the mass transport. Otherwise, diffusion is faster
than the surface flow. The second Damköhler number should be above 0.2
for µ ≈ |3| and above 1 for µ ≈ |1| to achieve this significant surface flow in
the system. From this, it can be concluded that the magnitude of diffusio-
osmotic flow induced by a photocatalytic reaction is highly dependent on the
the reaction rate of the system, even more so than the mobility, within the
range researched here.

Figure 5.6 shows a linear relation between the second Damköhler
number and the maximum Péclet number at the surface for DaII < 1. There
seems to be a decrease in the slope at the higher second Damköhler numbers.
The maximum values plotted here are taken after 5s of reaction time. As
mentioned before, the conversion is approaching 100% for the higher mobility
for these high second Damköhler numbers. The maximum surface velocity at
5s is therefore not the maximum surface velocity achieved in the system, so
the maximum velocity achieved at the wall could be higher before the 5s time
stamp used here.

The numerical simulations show that a surface velocity enhances
the efficiency of the catalyst, as the overall conversion increased for diffusio-
osmotic flows (Figure 5.3). The enhancement is the largest, in this case, if the
surface flow is directed from high to low concentration. The two most impor-
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Figure 5.6: Normalised maximum velocity at the wall versus the second Damköhler
number, after 5s of reaction time.

tant parameters are the diffusio-osmotic mobility (determined with β and ζ)
and the second Damköhler number (determined from the reaction rate). Fig-
ure 5.6 shows the impact of the second Damköhler number and diffusio-osmotic
mobility on the maximum Péclet number at the surface. This analysis pro-
vides an estimation of the maximum surface velocity due to diffusio-osmosis,
which can be determined based on the surface ζ-potential, diffusivity contrast
between cation and anion (β), and first-order reaction kinetics.

5.4.2 Photocatalytic reactions to induce diffusio-osmosis

Three parameters are the most important to determine if there would be signif-
icant reaction-induced diffusio-osmotic flow, which are the surface ζ-potential,
diffusivity contrast, and catalytic reaction rate. The surface ζ-potential and
first-order reaction kinetics are experimentally investigated independently, β
is theoretically determined.

Surface ζ-potential

The ζ-potential was measured with 5 mM KCl as electrolyte. The pH was set
to 10 by adding NaOH and stepwise decreased by titration with HCl. The
experiment was done three times without UV light, once with 1% UV and
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Figure 5.7: The ζ-potential of anatase TiO2 on a MEMpax wafer determined by
the streaming current. The UV intensities, 1% and 5%, correspond to approximately
4 and 15 mW/cm2 respectively.

once with 5% UV. The UV intensities were kept low to prevent heat influence.
The results are given in Figure 5.7.

The ζ-potential ranges from -70mV to 40mV, the point of zero charge
is around pH 4-5, which is a little lower compared to other types of TiO2 who
report pH 6-7 [14]. The influence of light is minimal, contrary to what was
reported earlier [15]. From the triplet experiments without UV light, it can
be seen that the machine has an accuracy of approximately 5 mV. This would
place the increase in ζ-potential due to UV-light within the accuracy of the
machine.

Surface reaction kinetics

Secondly, the reaction rate is determined based on the kinetics described in
Chapter 3. In general, Langmuir-Hinshelwood kinetics are applied for photo-
catalysis, which includes the adsorption and reaction rate [16]. The reaction
rate is limiting over the adsorption rate for low concentrations (below 1 mM),
simplifying Langmuir-Hinshelwood to first-order kinetics. The adsorption rate
becomes limiting for high concentrations (above 5 mM). The adsorption and
reaction rate both contribute between 1 and 5 mM. Here, the kinetics are
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approximated for simplicity with first-order kinetics, although the inlet con-
centrations are slightly above 1 mM. The fitted first-order surface reaction
rate constants can be found in Table 5.1.

Compound cinlet (mM) kfitted (µm/s) pHinlet β

Acetic Acid 1.7 0.042 3.9 0.79
Methylene Blue 0.05 0.19 5.5 -0.65
Lithium Formate 1.9 0.28 6.7 -0.17
Sodium Formate 1.5 0.4 5.1 -0.04
Potassium Formate 1.2 0.49 4.3 0.15
Formic Acid 2.2 0.87 3.7 0.73
Oxalic Acid 1.1 0.86 2.7 0.81

Table 5.1: Relevant parameters to determine the maximum surface velocity for the
different compounds

The reaction rate constant is lowest for acetic acid and highest for
oxalic and formic acid. The reaction mechanisms are elaborately discussed
in Chapter 3. In short, carboxylic acids react mainly via holes and hydroxyl
radicals to carbon dioxide. The low reaction rate of acetic acid is likely due
to the formation of methanol, which inhibits the reaction. The formate salts
have exchanged the proton for cations (lithium, sodium, or potassium), which
inhibit the reaction rate in two ways. Firstly, the absence of protons decreases
the amount of hydroxyl radicals formed. Secondly, the cations screen the
negative charges at the surface, creating a barrier between the formate and
surface. Both effects can decrease the overall conversion of formate.

Theoretical diffusio-osmotic velocity

The first-order reaction rate is used to calculate the second Damköhler num-
ber based on Eq. (5.6). The diffusio-osmotic mobility is calculated with Eq.
(5.5) for two cases; for a constant ζ-potential of -75 mV and for the ζ-potential
matched to the inlet pH. The diffusio-osmotic mobility is divided by the dif-
fusion coefficient of the compound to make it dimensionless according to Eq.
(5.8). The results are shown in Figure 5.8.

The second Damköhler number is in all cases below 0.05, meaning
that the diffusion from the surface to the top of the channel is significantly
faster than the reaction rate. In the case of ζ = −75 mV, the mobility varies
from −1.9 (methylene blue) till 0.4 (oxalic acid), corresponding to the most
extreme diffusivity contrasts (β). The mobility changes significantly when the
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Figure 5.8: The second Damköhler number versus the dimensionless mobility for
several charged compounds. The black points represent the mobility for a constant
ζ-potential of -75 mV. For the red points, the mobility is adjusted to the ζ-potential
corresponding to the inlet pH. Compounds: 1. acetic acid, 2. lithium formate, 3.
methylene blue, 4. sodium formate, 5. potassium formate, 6. formic acid, 7. oxalic
acid.

ζ-potential corresponding to the inlet pH is taken into account. For formic,
acetic, and oxalic acids, the mobility changes from a positive to negative value
as the ζ-potential is approximately 30-40 mV instead of -75 mV. The other
compounds have a more neutral pH, resulting in ζ-potentials around -20 until
-30mV, decreasing the magnitude of the mobility.

The mobility based on the inlet pH and measured first-order kinetics
are used to determine the maximum expected velocity at the wall, see Figure
5.9. The second Damköhler number varies from 0.002 till 0.05, with diffusio-
osmotic mobility between 0.5 and -0.5. As expected from Figure 5.6, the
maximum Péclet number at the surface does not exceed 0.02, meaning that
the diffusion from the surface is significantly faster than the reaction-induced
diffusio-osmotic velocity in all cases.
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Figure 5.9: Maximum dimensionless velocity at the wall achieved in the system for
all compounds, according to the numerical simulation. Compounds: 1. acetic acid,
2. lithium formate, 3. methylene blue, 4. sodium formate, 5. potassium formate, 6.
formic acid, 7. oxalic acid.

Microscopy experiments

The microscopy experiments are done for all compounds separately, with the
given inlet concentrations and pH. Figure 5.9 predicted the highest velocity
for oxalic acid. Therefore, oxalic acid is shown in Figure 5.10. The particle
location is plotted while the color represents the velocity magnitude.

The highest velocities are achieved above 20 µm above the photocat-
alytic surface. The microscope objective has a depth of field of approximately
15 µm, resulting in a large uncertainty of the particle location within this
region, as all particles appear in focus. During the cause of the experiment,
more particles adsorb on the catalytic surface. The particles are negatively
charged, and the wall is positively charged at inlet conditions. Therefore, the
particles have a high affinity for the catalytic surface. There is little sedimen-
tation velocity expected as the particle density is 1050 kg/m3, which is close
to the density of water.

As expected, there are no significant velocities nearby the surface
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Figure 5.10: Microscopy results of oxalic acid. The UV light is turned on after 5
minutes and the black stripes indicate where the photocatalyst is.

between 5 and 10 minutes of experiment. The method used here is not accu-
rate enough to distinguish small particle drifts in close proximity to the wall.
Experiments with different compounds showed similar results.

The presented analysis is based on the inlet conditions for an ini-
tial diffusio-osmotic velocity. Photocatalytic oxidation by TiO2 creates sev-
eral byproducts. Formic acid reacts directly to carbon dioxide, but larger
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solutes likely have byproducts. These products probably contribute also to
the diffusio-osmotic flow. The current analysis gives a first indication of the
magnitude of the diffusio-osmotic flow.

5.5 Conclusion

Diffusio-osmotic flow can be induced by a reaction at the surface. Significant
diffusio-osmotic flow was defined as a flow comparable and faster than the
diffusion rate (Pes > 1). This flow can be achieved when the reaction rate is
faster than the diffusion rate (DaII > 1), and the diffusio-osmotic mobility is
larger than the diffusion coefficient (µ > 1).

Titanium dioxide is analysed as a possible photocatalyst against a
range of organic reactants. The surface ζ-potential and surface reaction kinet-
ics were measured to determine the diffusio-osmotic mobility and the second
Damköhler number. The diffusio-osmotic mobility was below 1 for all solutes,
taking into account the surface ζ-potential of the inlet pH. Additionally, TiO2

proved to be too slow in reaction kinetics to induce significant diffusio-osmotic
flow.
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A.5 Appendix

A.5.1 Adjustment streaming current UV light

The measurement cell is adjusted such that UV light reaches the TiO2-coated
glass slices, see Figure A.5.1. The UV LED is introduced on the front side,
with a fixed distance to the TiO2-surface. The gap width can be adjusted via
the screw in the back, adjusting the position of the second TiO2-slice.

Figure A.5.1: Measurement cell of the streaming current adjusted to accommodate
an UV-LED.

A.5.2 GDPT calibration curve

The calibration of the defocused particles occurred on a microscope slide. The
particles were first diluted with MilliQ water, then left for a few hours so the
water would evaporate. MilliQ is reapplied on the slide to match the refractive
index with the actual experiments. The result of the calibration curve is shown
in Figure A.5.2.

The calibration curve is taken for 30 µm height with 1 µm step length,
with the median filter of 5 to reduce thermal noise and a smoothing factor of
0.2. The correlation factor is set at 0.9, a scaling of 0.3126 µm per pixel is
applied in the x- and y-direction, and the refractive index was 1.33.

The calibration curve deviates from the theoretical value (solid line)
as the objectives’ depth of field is 15 µm, meaning within 15 µm the particles
are all in focus and the height cannot be determined via this analysis.
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Figure A.5.2: Calibration curve used for the analysis of the microscopy experiments.



Chapter 6

Surface Induced Flow Reduces Mass-transfer
Limitations of Heterogeneous Catalysis

Abstract
Heterogeneous catalysis could benefit from surface-induced flow to decrease mass
transfer limitations. Mass transfer limitations occur when the surface reaction is
much faster than the mass-transfer rate. Diffusio-osmosis is a surface-driven flow re-
sulting from a concentration gradient parallel to the surface. This surface-driven flow
could decrease the limitations of mass transfer. Two surface reactions are numerically
studied with a surface reaction rate 10 times faster than the diffusive rate, where the
reaction products are included in the diffusio-osmotic flow description. First, sodium
formate is converted to sodium bicarbonate over titanium dioxide. The diffusio-
osmotic flow is governed by the electro-osmotic flow, as formate and bicarbonate have
opposing gradients, which diminishes the chemiosmotic flow. The second reaction
is the conversion of oxalic acid to carbon dioxide over titanium dioxide, which is a
pH-dependent system. Electro-osmotic and chemiosmotic flow enhance each other for
positive surface potentials, such that a maximum surface velocity of approximately
100 µm/s is achieved for a surface potential of 70 mV. Overall, heterogeneous catalysis
could benefit from diffusio-osmotic flows at the surface to decrease the mass transfer
limitations.

127
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6.1 Introduction

Heterogeneous catalysis is highly dependent on mass transfer, as a reactant
has to move toward the surface, transfer in a pore towards the active site where
it can react, so the product can diffuse out of the pore and move away from
the catalyst [1–3]. A boundary layer arises near the surface when the reaction
rate is much faster than the mass-transfer rate. The concentration gradient in
the boundary layer decreases the productivity of the catalyst as mass transfer
becomes more rate limiting. The mass transfer limitations can be reduced by
mixing of the bulk, but this would only decrease the thickness of the boundary
layer at the expense of a large energy penalty [4]. Here, the aim is to induce
diffusio-osmotic flow at the surface to reduce these mass transfer limitations.

Diffusio-osmosis is a flow driven by a concentration gradient parallel
to the surface where the solute interacts with the surface [5–7]. Diffusio-
osmotic flow is the result of two different contributions: chemiosmosis and
electro-osmosis [7–9]. It is driven by neutral or electrolyte solutes, where neu-
tral solutes only have a chemiosmotic contribution, and electrolytes have the
additional electro-osmotic contribution. Here, we consider an electrolyte solu-
tion near a charged wall with a concentration gradient over a length greater
than that of the interaction layer (Debye layer). Firstly, the counterion is at-
tracted towards the charged surface within the Debye layer, creating a pressure
on the surrounding fluid; this pressure increases with concentration, resulting
in a pressure difference within the Debye layer. This pressure difference is
balanced by a viscous force on the liquid, creating a flow from high to low
concentration. This is the chemiosmotic contribution. At the same time,
outside the interaction layer, the concentration difference creates a diffusion
potential gradient. The buildup of this diffusion potential results in an electric
field, driving an electro-osmotic flow in the Debye layer. The direction of this
flow depends on the diffusivity contrasts between the anion and the cation.

Diffusio-osmosis and diffusiophoresis are driven by the same mecha-
nism, where diffusio-osmosis is fluid moving in one near a surface and diffusio-
phoresis is the motion of a particle driven by the fluid flow at the particle sur-
face [7]. Diffusiophoresis is exactly opposite to diffusio-osmosis, uDO = −uDP

[10]. Both diffusio-osmosis and diffusiophoresis have been studied before in
which a surface reaction was involved.

Hong et al. [11] studied diffusiophoretic movement of titanium dioxide
under reactive conditions, where titanium dioxide was activated with UV light.
The silica-titanium dioxide Janus particles repelled each other when activated
by UV light and aggregated in the absence of UV light, which was a reversible
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process in pure water. Tracer particles moved away from the titanium dioxide
when the titanium dioxide was coated on a surface. This was the first study
to target micromotors and micropumps.

A general type of micromotors are Janus particles, which are particles
with an asymmetric coating that propel themselves as different reactions take
place on the different sides, creating an in situ concentration gradient [12].
Gold-titanium dioxide particles are commonly studied with hydrogen peroxide
as fuel [13]. UV light activates the titanium dioxide side of the particle, where
the gold side acts as an electron acceptor, such that protons are generated on
the titanium dioxide side and consumed at the gold side. The diffusiophoretic
movement is then towards the titanium dioxide side. Vutukuri et al. [14]
changed the direction of the movement by activating the Janus particle with
green light, although the propulsion speed was 3-4 times higher for UV light.

Michelin and Lauga [15] used the information of Janus particles to
design a periodic phoretic pump through an immobilized structure. Here,
the reactions of a Janus particle are assumed, so generation on one patch
and consumption on the next patch. An universal design of three patches
was needed to break the symmetry and create flow in a microchannel. Other
research towards micropumps involved immobilizing Janus particles [16], by
creating a point source, such as calcium carbonate dissolving in water [17], and
Banerjee and Squires [18] added a sink for a stable diffusiophoretic movement
from source to sink. Studies usually have a first-order reaction in which the
reaction products are either not taken into account or not relevant for the
diffusiophoretic movement. Here, we aim to study more realistic catalytic
reactions at the wall by including the reaction products to the diffusio-osmotic
velocity.

Diffusio-osmosis (DO) induced by a catalytic surface is studied theo-
retically using a numerical model. The DO is induced by a localized catalytic
reaction at the wall which creates a concentration gradient. Two different
catalytic surface reactions are studied. The first reaction is the conversion of
sodium formate to sodium bicarbonate to study the influence of by-products
with similar but opposing gradients. The second reaction is the conversion
of oxalic acid to carbon dioxide, which is a more complex system with pH
dependence and bulk equilibrium reactions. The goal is to understand how
reaction-induced diffusio-osmotic velocity in multicomponent systems is influ-
enced by the surface ζ-potential, where the ζ-potential is assumed constant.
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6.2 Model

In the first reaction, the anion converts into another anion, whereas the cation
does not participate in the reaction. The first reaction of interest is the con-
version of sodium formate to sodium bicarbonate over titanium dioxide.

Na+ +HCOO− +
1

2
O2

TiO2===⇒
UV

Na+ +HCO3
− (6.1)

The second reaction is more complex, where oxalic acid is converted
into carbon dioxide over titanium dioxide. The overall reaction is defined as

H2C2O4 +
1

2
O2

TiO2===⇒
UV

2CO2 +H2O (6.2)

Oxalic acid is a weak acid that can dissociate in hydrogen oxalate (pKOx1 =
1.3) and oxalate (pKOx2 = 4.3). Carbon dioxide is an even weaker acid,
dissociating to bicarbonate (pKa = 6.4) and carbonate (pKa = 10.2). The
following equilibrium reactions are of importance in acidic environments.

[H2C2O4] + [H2O]
KOx1−−−⇀↽−−− [HC2O4

−] + [H3O
+] (6.3)

[HC2O4
−] + [H2O]

KOx2−−−⇀↽−−− [C2O4
2−] + [H3O

+] (6.4)

[CO2] + [H2O]
KCB−−−⇀↽−−− [HCO3

−] + [H3O
+] (6.5)

The inlet concentration of oxalic acid determines the initial pH and
therefore the amount and types of ions in the solution. Figure 6.1 shows the
compositions of the mixture based on pH, calculations are shown in Appendix
A.6.1.

6.2.1 Governing equations

We consider a channel unit cell of 100 µm height and 100 µm width, similar
to the model used in Chapter 5. At the bottom of the channel, a catalyst is
deposited in patches of 100 µm with 60% catalyst, shown in Figure 6.2.

The transport of ionic species is described by the Nernst-Planck equa-
tion in dilute systems for an incompressible fluid. It describes the concentra-
tion difference over time as a result of advection, diffusion, and electromigra-
tion.

∂ci
∂t

= ∇·Ji (6.6)
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Figure 6.1: Mole fractions of oxalic acid and dissolved carbon dioxide as a function
of the pH
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Figure 6.2: Schematic of the numerical domains, where the blue part indicates the
catalytic surface with a surface reaction and the boundary condition are provided.
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Ji = u · ci −Di∇ci − ziFµm,ici∇ψ (6.7)

where ci is the concentration of the i-th ionic species, Ji is the ionic flux, u is
the velocity vector, Di the diffusion coefficient of the i-th ionic specie, zi its
valence, F is the Faraday constant (9.65·104 Cmol-1), µm,i is the ionic mobility,
defined as µm,i = Di/RT , where R is the gas constant (8.314 J/K.mol) and T
the temperature. The electric potential (ϕ) is defined by Poisson’s equation

∇2ϕ = ρe/ε (6.8)

where ρe is the charge density, defined as ρe = F
∑

i zici and ε the permittivity
of the electrolyte medium (ε = 7.1 · 10−10 F/m).

The total amount of ionic charges remains stable in the whole domain
to maintain overall electroneutrality.∑

i

zici = 0 (6.9)

Fluid flow is described by the unsteady Stokes equation, as Re ≪
1, for an incompressible fluid (Eq. (6.10)) and governed by continuity (Eq.
(6.11)).

ρ
∂u

∂t
= −∇p+ η∇2u (6.10)

∇ · u = 0 (6.11)

where ρ is the fluid density, p is the pressure, and η the dynamic viscosity.

6.2.2 Boundary conditions

The boundary conditions are displayed in Figure 6.2, where most walls have no
slip (u = 0), zero current density (i = 0) and no ionic flux (Ji = 0). The side
walls have a periodic boundary condition for velocity and flow. The reaction
takes place at the catalytic wall according to a first-order reaction rate.

Ji = Di
∂ci
∂y

= −vk · ci (6.12)

where v is the stoichiometric factor, and k is the first-order surface reaction
rate constant [m/s]. The second Damköhler number is defined as the reaction
rate over the transverse diffusive rate away from the surface and appears as the
first-order reaction rate at the surface is made dimensionless with c̃i = ci/c

∗

and ỹ = y/H [19]
∂c̃i
∂ỹ

= −vkH
Di
· c̃i = −vDaII c̃i (6.13)
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The surface reaction rate (k) is determined such that the second Damköhler
number equals 10, so the surface reaction rate is 10 times faster than the
transverse diffusion rate ensuring mass transport limitations.

For the first reaction, the flux applies for formate (f) and bicarbonate
(b) with 1 : 1 stoichiometry, such that

Jf = Df
∂cf
∂y

= −Db
∂cb
∂y

= −kf · cf (6.14)

where kf is determined at 1.45 ·10−4 m/s for DaII = 10 with Df = 1.45 ·10−9

m2/s. The flux of bicarbonate opposes the flux of formate as formate reacts
to bicarbonate. It is assumed that the concentration of oxygen is not limiting,
so that the reaction rate is independent of the oxygen concentration.

The second reaction is modeled also as a first-order surface reaction,
assuming that the oxygen concentration is not limiting the reaction. The flux
of hydrogenoxalate is defined as

JHOx = DHOx
∂cHOx

∂y
= −kOA · cHOx (6.15)

where cHOx is the concentration of hydrogenoxalate. The reactive flux at the
catalyst for carbon dioxide is defined as

JCO2 = DCO2

∂cCO2

∂y
= 2 · kOA · cHOx (6.16)

The surface reaction rate kOA is set at 10−4 m/s, so that the second Damköhler
number is 10 for DHOx = 0.99 · 10−9 m2/s. The factor 2 is due to the stoi-
chiometry of the reaction.

Diffusio-osmotic flows are modeled via a slip boundary condition. In
this system, the simple single component salt equation [6] is not suitable as
we wish to study the influence of multiple ionic species. Therefore, we use the
expression derived by Gupta et al. [10].

The diffusio-osmotic velocity at the wall for multicomponents in an
ideal solution is described by

UDO = UEO + UCO = −εΨT

η

∑
i ziDi∇ci∑
i z

2
iDici

ζw

− 1

2

∑
i

∇ci ∫ ζ/ΨT

0

{
∫ Ψ0

0 gi(Ψ
′)
[∑

j cj∞gj(Ψ
′)
]−1/2

dΨ′}[∑
j cj∞gj(Ψ0)

]1/2 dΨ0

 (6.17)
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where ε is the electric permittivity, ΨT is the thermal potential (ΨT = kBT/3 ≈
25 mV at 298K), η is the dynamic viscosity, zi is the valence of the ith ion,
Di is the diffusivity of the ith ion, ci is the concentration of the ith ion,
gi(Ψ0) ≡ exp(−ziΨ0)− 1 is the excess concentration of the ith ion in the dou-
ble layer relative to the bulk, and ci∞ should satisfy the bulk electroneutrality
condition (

∑
i zici∞ = 0) [10]. The dimensionless potential (Ψ) is defined as

the surface potential over the thermal potential. This complete solution con-
sists of two terms, the first representing the electro-osmosis and the second
representing the chemiosmosis. The chemiosmotic contribution needs a double
numerical integration to be solved, but this term can be approximated with
asymptotic analytical solutions in the low- and high-potential ranges.

Gupta et al. [10] derived equations valid for very small and very large
ζ-potentials. However, the ζ-potential is usually more moderate. Kosmulski
and Matijević [20] reported a ζ potential of -70 to 80 mV, varying the pH
from 10 to 3 for TiO2 with potassium chloride as electrolyte. Leroy et al.
[21] measured ζ-potentials between 110 and -110 mV for TiO2 nanoparticles
with sodium nitrate as electrolyte. In Chapter 5 the ζ-potential was measured
between 40 and -70 mV for a pH range between 2.5 to 10. The differences are
mainly due to the different ionic strengths used to measure the ζ-potential.
Phrasing it in dimensionless potentials, then 110 mV is ≈ 4, so the limit of very
large ζ-potentials (Ψ≫ 1) is never reached. Therefore, only the low potentials
approximation will be used here and compared to the complete solution.

For low potential, gi(Ψ0) can be approximated via a Taylor series
expansion [10], resulting in

UCO,LP = − ε

8η

∑
i z

2
i∇ci∑

i z
2
i ci

ζ2w

+
ε

54ηΨT

[∑
i z

3
i∇ci∑

i z
2
i ci
−

5
(∑

i z
2
i∇ci

) (∑
i z

3
i ci

)
4
(∑

i z
2
i ci

)2
]
ζ3w (6.18)

For monovalent solutes, the term
∑

i z
3
i ci equals the electroneutrality condi-

tion, so the last term can be discarded for the first reaction. The equation for
low potential is valid for potentials smaller than thermal potential, such that
|Ψ| = |ζw/ΨT | ≪ 1.

The governing equations and boundary conditions are solved for both
systems in COMSOL Multiphysics v.5.6. The diffusion, convection, and reac-
tions of the ionic species are solved where an electrolyte potential is set at 0V in
the upper right corner. The flow profile is solved with the diffusio-osmotic ve-
locity as a sliding wall velocity. The complete solution for the diffusio-osmotic
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flow (Eq. (6.17)) was numerically integrated within COMSOL and the low
potential approximation could be added directly as a sliding wall boundary
condition. A pressure point constraint is set at 0 Pa in the upper right corner.
The mesh is physics controlled with extremely fine element sizes to reach mesh
size independent results. The concentrations are evaluated over the complete
domain, unless otherwise stated.

6.3 Results

6.3.1 Sodium formate to sodium bicarbonate

The first reaction to be studied is a first-order reaction, where formate is con-
verted to bicarbonate over titanium dioxide. Three ionic species are impor-
tant for diffusio-osmosis, sodium (Na+), formate (HCOO– ), and bicarbonate
(HCO3

– ). The electroosmotic contribution is defined as

UEO = −
Ds∇cs −Df∇cf −Db∇cb
Dscs +Dfcf +Dbcb

εΨT

η
ζw (6.19)

where the subscript s represents sodium, f represents formate, and b represents
bicarbonate.

In the limit of |ζ| ≪ 25mV, the velocity is defined as

UDO,LP = UEO −
∇cs +∇cf +∇cb
cs + cf + cb

εζ2w
8η

+
∇cs −∇cf −∇cb
cs + cf + cb

εζ3w
54ηΨT

(6.20)

The second chemiosmotic contribution from Eq. (6.18) with
∑

i z
3
i ci is zero,

as it equals the electroneutrality condition in this case.
Equation (6.20) is used to evaluate the diffusio-osmotic slip veloc-

ity achieved under reactive conditions and compared to the complete solution
given in Eq. (6.17). The complete solution is solved using numerical integra-
tion. The reaction rate is set at 10 times the formate diffusion rate normal to
the surface. The inlet concentration of bicarbonate is based on the maximum
solubility of carbon dioxide when water is saturated with air, 0.013 mol/m3.
The reaction rate constant and the inlet bicarbonate concentration do not
change during the simulations. The reaction is started after 1s via a step
function with 0.1s transition zone for numerical stability.

Figure 6.3 shows the concentration profiles of formate, bicarbonate,
and sodium after 2s, so after 1s of reaction. The concentration profile of
bicarbonate opposes the profile of formate, as expected. The overall reaction



6.3. Results 137

(a) Formate (mM) (b) Bicarbonate (mM)

(c) Sodium (mM) (d) Conversion formate

Figure 6.3: The two-dimensional concentration profiles of formate (a), bicarbonate
(b) and sodium (c) after 2s. The domain averaged conversion of formate is shown in
(d), where the conversion is calculated according to ((1−cformate/cinlet, formate)∗100%

is fast, as nearly complete conversion is reached in the complete domain after
approximately 20s. The concentration range for sodium is small, only 5 µM,
which exists due to the different diffusivities that meet the electroneutrality
condition.

Figure 6.4 shows the maximum velocity over time determined at the
catalytic surface for ζw = −25 and 25 mV, so |Ψ| ≈ 1. The maximum velocity
increases instantaneously at the start of the reaction and gradually decreases
from there. The complete solution (Eq. (6.17)) matches the electro-osmotic
contribution (Eq. (6.19)) and the low surface potential approximation (Eq.
(6.20)). The chemiosmotic term is very small (≈ 0.1µm/s), so the velocity
depends mainly on the electro-osmotic contribution. The shape of all curves
can be explained by the concentration profiles along the catalyst surface.
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(a) ζ = −25mV (b) ζ = 25mV

Figure 6.4: Maximum velocity at the wall determined for the full solution (Eq.
(6.17)), the electroosmotic contribution (Eq. (6.19)) and the low potential approxi-
mation (Eq. (6.20)) for ζ = ∓25mV, and formate inlet concentration of 0.1 mol/m3

(a) Formate (b) Bicarbonate

Figure 6.5: Concentration at the wall at two different times with (solid lines) and
without (dashed lines) diffusioosmosis. The complete solution is used at ζw = 75 mV
to study the influence of the diffusioosotic velocity on the concentration profile. The
inlet concentration of formate was 0.1 mol/m3 and the catalyst area is indicated with
a gray bar.

The surface concentration profile shows a kind of step function be-
tween the noncatalyst and the catalyst surface at the start of the reaction
(t = 1s) for all compounds (see Figure 6.5), as this was imposed in the model.
The maximum gradient decreases with time as the components diffuse to and
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from the surface. The surface velocities achieved did not significantly influence
the concentration profile on the surface compared to the absence of surface
flow, as can be seen in Figure 6.5. The total concentration of formate and
bicarbonate increases during the reaction in close proximity of the wall, which
is balanced by sodium, which increases locally to maintain electroneutrality.
This was seen in Figure 6.3c. The total concentration of sodium over the whole
domain remained constant over time.

Figure 6.6: The velocity at the surface for different times determined by the elec-
troosmotic contribution for ζ = 75 mV

Figure 6.6 shows the velocity at the surface at different time stamps,
for the electro-osmotic contribution (Eq. (6.19)). The positive peak at x =
20µm and negative peak at x = 80µm implies that the velocity is directed
from the noncatalytic surface inwards to the catalytic surface, so toward lower
formate concentration. The peak is highest for 1s, as the concentration gradi-
ent is steepest there (see Figure 6.5a), then gradually decreases until there is
hardly velocity left with vanishing concentration gradients. This trend is the
same as in Figure 6.4a, with different magnitudes as the ζ-potential there is
three times lower.

The maximum surface velocity as a result of diffusio-osmosis induced
by the reaction of sodium formate to sodium bicarbonate is presented in Figure
6.7 for the complete solution for diffusio-osmosis (Eq. (6.17)) compared to the
electro-osmotic contribution and low potential approximation. For low surface
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Figure 6.7: The influence of the surface potential on the maximum surface velocity
for the wall reaction of sodium formate to sodium bicarbonate. The complete solution
refers to Eq. (6.17), the electroosmostic contribution refers to Eq. (6.19), and the
low potential approximation refers to Eq. (6.20).

potentials, |ζw| ≈ 50 mV, the system is well described by electro-osmosis and
the low potential approximation. The chemiosmotic contribution increases
with increasing surface potential, whereas the complete solution is described
by the electro-osmotic contribution over the whole range. Therefore, the low-
potential approximation starts deviating for higher potentials.

The diffusio-osmotic velocity is evaluated for the reaction of sodium
formate to sodium bicarbonate at different surface potentials. The inlet con-
centrations were unchanged at 0.1 mM formate and 0.013 mM bicarbonate,
at a reaction rate constant of 1.45 · 10−4 m/s (corresponding to the set second
Damköhler number of 10). Gupta et al. [22] provided the complete solution
for the diffusio osmotic velocity, and an approximation in the limiting cases
for very low and very high surface potentials. However, most systems studied
have surface potentials which are approximately around the thermal potential
(≈ 25 mV), so both approximations would not suffice or one would expect
to arrive in between. At low surface potentials (tested here at 25 mV), the
approximation of low potentials could fairly describe the system compared to
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the complete solution up to potentials of approximately 50 mV. The system
is described by electro-osmosis for higher potentials.

The diffusio-osmotic velocity achieved on the surface is a result of the
diffusivity contrast between the reactant and the product (Df = 1.45 · 10−9

m2/s, Db = 1.13 ·10−9 m2/s, and Ds = 1.33 ·10−9 m2/s). This small difference
in diffusivities together with the small differences in the concentration gradi-
ents results in a small electro-osmotic flow that scales linearly with the surface
potential. The chemiosmotic contribution is negligible, as the gradients of
formate and bicarbonate are largely opposing each other, thus dimishing the
chemiosmotic contribution. For positive surface potentials, the flow is directed
from the non-catalytic surface to the catalytic surface, and the flow is directed
in the other direction for negative surface potentials.

6.3.2 Oxalic acid to carbon dioxide

The inlet concentration of oxalic acid is set at 2 mM, resulting in pH 2.7.
The inlet concentration of carbon dioxide is again 13.2 µM, based on the
assumption that the concentration is in equilibrium with air. Carbon dioxide
is in neutral form at pH 2.7 and oxalic acid is mostly in hydrogenoxalate form
(1.88 mM), with traces of oxalic acid (0.07 mM) and oxalate (0.05 mM). For
simplicity, it is assumed that hydrogenoxalate is converted to carbon dioxide
at the surface, since that concentration difference will be most significant.
When 90% of the hydrogenoxalate is converted to carbon dioxide, the pH
has increased to 3.6 with a composition of 0.007 mM oxalic acid, 0.16 mM
hydrogenoxalate, 0.04 mM oxalate, 3.61 mM carbon dioxide, and 0.007 mM
bicarbonate. The concentration of oxalic acid decreases with increasing pH,
according to the equilibrium reaction between oxalic acid and hydrogenoxalate.
The oxalate concentration is more or less the same in absolute concentration
and increases in mole fraction, balancing the increase in pH and the decrease
in the total concentration of oxalic acid. The carbon dioxide concentration
increases as a result of the reaction, while the pH is too low for a significant
concentration of bicarbonate.

The reaction started at 1s with a transition zone from 0.5 to 1.5s for
numerical stability. The domain averaged conversion of oxalic acid is defined
as follows.

ConversionOA =

(
c0,OA − cOA − cHOx − cOx

c0,OA

)
· 100% (6.21)

where c is the concentration and where the subscript OA refers to oxalic acid,
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HO refers to hydrogenoxalate, Ox refers to oxalate, and (0, OA) refers to the
initial oxalic acid concentration.

(a) pH & Conversion

(b) Oxalic acid (c) Carbon dioxide & protons

Figure 6.8: The conversion of oxalic acid and pH over time (a), with the concen-
tration profiles of oxalic acid, hydrogenoxalate and oxalate (b), and carbon dioxide,
bicarbonate, and protons (c).

Figure 6.8a shows the conversion over time, where ≈ 90% conversion
is achieved within 10 seconds. The domain average pH increases with time,
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where the pH is 3.6 when the conversion is ≈ 90%. The average concentration
over time are shown in Figures 6.8b and 6.8c for all compounds. The concen-
tration of hydrogenoxalate and the protons decay over time, as expected from
the reaction. The concentration of oxalic acid decreases as a consequence of
the increase in pH. The oxalate concentration is stable as a balance between
the increased pH and decreased overall concentration of oxalic acid. The con-
centration of carbon dioxide increases the most as two moles of carbon dioxide
are formed for each mole of oxalic acid. The maximum solubility of carbon
dioxide in water is approximately 34 mM (1.5g per kg H2O at room tempera-
ture), so the highest concentration here is still well below the solubility limit.
The concentration of bicarbonate stays low as the pH stays below 4. The con-
centrations shown in Figure 6.8 are averaged throughout the domain, which
does not describe the concentration distribution within the domain. These
profiles are given in Figure 6.9.

Figure 6.9 shows the concentration distributions within the domain,
where the reaction was defined at y = 0 and 2 · 10−5 < x < 8 · 10−5 m. The
profiles look similar, but have very different absolute scales. The concentration
of oxalic acid is lower at the catalytic surface because the pH is higher there.
Hydrogenoxalate actually degrades at the catalytic surface, and carbon dioxide
is formed. The concentration differences in oxalate and bicarbonate are due
to the pH and the electroneutrality condition.

So far, there was no diffusio-osmotic flow involved in the simulations.
Diffusio-osmosis is included with the complete solution and the approxima-
tion for low surface potentials. We consider here surface potentials between
-50 and 100 mV, so the approximations for high surface potentials are not
considered, as the surface potential of titanium dioxide does not exceed 100
mV, realistically. The electro-osmotic contribution is defined as follows:

UEO =
DHOx∇cHOx + 2DOx∇cOx +DBC∇cBC −DH∇cH

DHOxcHOx + 4DOxcOx +DBCcBC +DHcH
· ζwΨT ε

η
(6.22)

The chemiosmotic contribution in the |Ψ| ≪ 1 approximation (Eq.
(6.18)) consists of two term which are individually investigated here for their
significance.

UCO1 =
− (∇cHOx + 4∇cOx +∇cBC +∇cH)

cHOx + 4cOx + cBC + cH
· ζ

2
wε

8η
(6.23)
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(a) Oxalic acid (b) Hydrogenoxalate

(c) Oxalate (d) Carbon dioxide

(e) Bicarbonate (f) pH

Figure 6.9: The two-dimensional concentration profiles at 1.5s of oxalic acid (a),
hydrogenoxalate (b), oxalate (c), carbon dioxide (d), and bicarbonate (e) where the
surface represents the concentration in (mol/m3). Note that the scaling is different
for each compound. The pH is calculated from the proton concentration in (f).
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UCO2 =
ζ3wε

54ηΨT

[
∇cH −∇cHOx − 8∇cOx −∇cBC

cHOx + 4cOx + cBC + cH

− 5 (∇cHOx + 4∇cOx +∇cBC +∇cH) (cH − cHOx − 8cOx − cBC)

4 (cHOx+ 4cOx + cBC + cH)2

]
(6.24)

UDO,LP = UEO + UCO1 + UCO2 (6.25)

The chemiosmotic contribution will be compared to the complete
solution, which is again solved with a double numerical integration directly in
the model. The diffusio-osmosis is studied during the first 5 seconds, as the
concentration differences are most significant here.

(a) Velocity in (µm/s) (b) Velocity at catalytic surface

Figure 6.10: Two-dimensional velocity profile as a result of diffusio-osmosis at ζ =
50 mV (a) and the velocity at the catalytic surface for different surface potentials (b),
all taken at 1.5s.

Figure 6.10a shows the two-dimensional velocity magnitude distribu-
tion resulting from the diffusio-osmosis calculated with the complete solution
at a surface potential of 50 mV at 1.5 s. The velocity is highest near the wall
at the catalyst and noncatalyst junction. The direction of the flow can be
derived from Figure 6.10b, which shows the magnitude (x direction only) of
the velocity on the surface. For ζw = 50 mV, the negative velocity at 20 µm
and the positive velocity at 80 µm implies a flow directed from the catalytic
surface towards the noncatalytic surface. The opposite applies for ζw = −50
mV, where the flow is directed from the noncatalytic surface to the catalytic
surface.

The direction of flow at ζw = −50 mV is most beneficial, as it trans-
ports reactants towards the catalyst and products away from the catalyst,
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although the velocity is not high enough to change the concentration profile
significantly. The surface potential of TiO2 is approximately 0 at pH 5, pos-
itive at more acidic solutes and negative at more basic solutes. Here, the
pH is determined at ≈ 3, so ζw = 50 mV is the most realistic at the inlet
conditions. The pH and ionic concentration vary during the reaction which
influences the ζ-potential, which is not taken into account here. Although the
direction of flow is not optimal, the absolute velocity is highest for positive
surface potential, which can be explained by the different contributions.

(a) ζw = −50 mV (b) ζw = 50 mV

Figure 6.11: Maximum diffusio-osmosis at the surface for ζw = −50 and 50 mV, for
the complete solution (Eq. (6.17)), the electroosmotic contribution (Eq. (6.22)), the
low potential approximation with the electroosmotic contribution and first chemios-
motic contribtuion (Eq. (6.22)+(6.23)), indicated with ∗, and the total low potential
approximation (Eq. (6.22)+(6.23)+(6.24)), indicated with ∗∗.

The maximum velocity on the surface is plotted versus time for the
different contributions in Figure 6.11. The electro-osmotic contribution is sim-
ilar in magnitude for both surface potentials. The chemiosmotic contributions
decrease the total velocity of the negative surface potential and amplify the
velocity of the positive surface potential. The chemiosmotic contribution con-
sisted of two terms, and here there is only a small difference seen with the ad-
dition of the second chemiosmotic term. Therefore, the second chemiosmotic
contribution can be neglected in our case. The first chemiosmotic contribution
is independent of the sign of the surface potential, as it is based on ζ2w, while
the electro-osmotic contribution is sign dependent. It can be concluded that
the electro-osmotic contribution opposes the chemiosmotic contribution for
negative surface potentials, and that both contributions are amplifying each
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other for positive surface potentials.

The electro-osmotic and chemi-osmotic contributions follow the same
profile as the complete solution, with a peak at 1.5 s and a slow decay after-
wards. The peak is at 1.5 s as the reaction rate reaches 100% here, so the
concentration gradients are highest. The slow decay is due to the decrease in
total ion concentration, as the charged hydrogenoxalate is converted to neutral
carbon dioxide. For both surface potentials, the approximation for low surface
potentials underestimates the complete solution with approximately 10%.

For simplicity, it was assumed that the surface potential did not
change over the duration of the reaction. However, as the pH increases from 3
to 4, this can decrease the surface potential by approximately 20 mV. This de-
crease in surface potential can lead to a surface velocity that is approximately
30 µm/s lower compared to what is determined here, so the decay in velocity
will likely be higher compared to what is calculated here.

Figure 6.12: Maximum surface velocity due to diffusio-osmosis for different surface
(ζw) potentials, with the electro-osmotic contribution (uEO, Eq.(6.22)), plus the first
chemi-osmotic contribution (uCO1, Eq.(6.23)), plus the second chemiosmotic contribu-
tion (|Ψ| ≪ 1, Eq.(6.24)), and the complete solution (Eq.(6.17)). The Péclet number
is added on the second y-axis which is defined as Pe = umax,surfaceL/DHOx.

The surface potential is varied to study the effect on the maximum
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surface velocity in Figure 6.12. The total velocity is underestimated by the
electro-osmotic contribution but is reasonably described by the low potential
approximation (within 10%). At negative surface potentials, the chemiosmotic
contribution is directed against the electro-osmotic contribution, so the total
velocity decreases. At positive surface potentials, both contributions are in
the same direction, and they amplify each other. The approximation for low
surface potentials predicts the surface velocity within 10% of the complete
solution.

The Péclet number is plotted at the second y-axis in Figure 6.12,
which is defined as follows

Pe =
umax,surfaceL

DHOx
(6.26)

where L is a typical length scale, in this case half an unit cell (50 µm). The
Péclet number scales the diffusio-osmotic flow with the diffusive rate along the
surface. For Péclet number is approximately 8 at a surface potential of 100
mV, so the diffusio-osmotic velocity created at the surface is 8 times faster
than the diffusive rate along the surface. However, this did not change the
concentration profile along the surface so even an 8 times higher surface flow
than the diffusive rate is not enough to reduce mass transfer limitations in the
boundary layer.

The function gi(Ψ0) ≡ exp(−ziΨ0) − 1 concerns the excess concen-
tration of the ith ion in the double layer relative to the bulk [10], which is
approximated with the Taylor expansion for the low surface potential approx-
imation. This approximation is valid for small potentials (|ζ| ≪ ΨT ), whereas
here the approximation appears to be reasonable for |ζ| ≈ 4ΨT . This is in line
with Russel et al. [23], where the Debye-Hückel approximation is valid up to
Ψ = 4. The Debye-Hückel is a linearlization of the Gouy-Chapman model, de-
rived for very small potentials, resulting in an exponential decay characterized
by the ratio of distance from the wall to Debye length. This decay reaches
saturation around a nondimensional surface potential of 4.

It was assumed now that oxalic acid does not have an opposing gra-
dient of reaction products. However, many ionic species can be formed at
the titanium dioxide surface upon illumination. These ions could decrease the
total magnitude of diffusio-osmotic velocity, although they are probably low
in concentration compared to the reaction products.
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6.4 Conclusions

The diffusio-osmotic flow induced by a first-order surface reaction is theoreti-
cally studied with a numerical two-dimensional model. The first reaction con-
cerns the conversion of sodium formate to sodium bicarbonate over titanium
dioxide, which is a pH-independent reaction with a concentration gradient of
formate opposing the gradient of bicarbonate. The diffusio-osmotic velocity
achieved at the surface was largely attributed to the electro-osmotic contribu-
tion. The electro-osmotic contribution depends on the concentration potential
outside of the electrical double layer, creating a flow inside the electrical dou-
ble layer. The chemiosmotic contribution only depends on the concentration
gradients, which was small in magnitude because the concentration gradients
oppose each other (for formate and bicarbonate) or are negligible (for sodium).
The diffusio-osmotic velocity was strongly influenced by the product, as a fast
decay was observed after the reaction started. This is attributed to the op-
posing concentration gradients of formate and bicarbonate, which cancel each
other out.

The second reaction studied is the conversion of oxalic acid to car-
bon dioxide over titanium dioxide, which is a pH-dependent system. Oxalic
acid dissociated in hydrogenoxalate or oxalate, depending on pH, and carbon
dioxide dissociated in bicarbonate or carbonate. The inlet concentration was
chosen such that oxalic acid was mainly in the hydrogenoxalate form and car-
bon dioxide in the neutral form. The carbon dioxide formed stayed neutral
during the investigated reaction time. The reactants thus contributed to the
diffusio-osmotic velocity, whereas the products are not of significant due to
their neutrality.

Whereas the reaction with sodium formate was best described by the
electro-osmotic contribution, the reaction with oxalic acid is best described by
the low potential approximation up to |ζ| ≈ 4ΨT . The sodium formate reac-
tion showed a fast decay in the diffusio-osmotic velocity magnitude, whereas
the oxalic acid reaction showed a slow decay. This was explained by the bicar-
bonate gradient, which opposes the formate gradient. The oxalic acid converts
to neutral carbon dioxide, and thus it does not have this opposing gradient,
and the decay is solely because of the decrease in concentration gradient.

Two photocatalytic oxidation reactions were studied numerically to
induce a diffusio-osmotic flow. The inclusion of multicomponents make the
diffusio-osmotic mechanisms intriguing and complex. The approach used here
allows to predict a potential relevance of diffusio-osmosis for heterogeneous
catalysis in order to reduce mass transfer limitations in the boundary layer.
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A.6 Appendix

A.6.1 Dissociation of Oxalic Acid and Carbon Dioxide

The composition of a weak acid mixture can be determined based on the
pKa-values and inlet concentrations of both compounds. First, all equilib-
rium reactions need to be determined which are relevant in the researched
pH-range. Here, we determine the composition based on an inlet with oxalic
acid and carbon dioxide over a pH range of 1-7. Oxalic acid can be dissocia-
tion in hydrogenoxalate (HC2O4

– ) and oxalate (C2O4
2– ), and carbon dioxide

into bicarbonate (HCO3
– ). The following equilibrium reactions apply, where

[solute] represents the molar concentration in mole/L

[H2C2O4] + [H2O]
KOx1−−−⇀↽−−− [HC2O4

−] + [H3O
+] (A.6.1)

[HC2O4
−] + [H2O]

KOx2−−−⇀↽−−− [C2O4
2−] + [H3O

+] (A.6.2)

[CO2] + [H2O]
KCB−−−⇀↽−−− [HCO3

−] + [H3O
+] (A.6.3)

[H2O]
KW−−⇀↽−− [OH−] + [H3O

+] (A.6.4)

The equilibrium constants are defined as following

KOx1 =
[HC2O4

−] · [H3O
+]

[H2C2O4]
(A.6.5)

KOx2 =
[C2O4

2−] · [H3O
+]

[HC2O4
−]

(A.6.6)

KCB =
[HCO3

−] · [H3O
+]

[CO2]
(A.6.7)

KW = [OH−] · [H3O
+] (A.6.8)

where the concentrations of water was neglected as it is considered constant.

Secondly, the inlet concentrations are equal to the sum of the solutes
according to the mass balances.

cOx = [H2C2O4] + [HC2O4
−] + [C2O4

2−] (A.6.9)

cCB = [CO2] + [HCO3
−] (A.6.10)
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Lastly, the total ionic charges equal zero in the solution such that

[H3O
+] = [HC2O4

−] + 2 · [C2O4
2−] + [HCO3

−] + [OH−] (A.6.11)

The mass balance is combined with the equilibrium constants to write
each anion concentration as a function of known constants (K-values and inlet
concentration) and [H3O

+].

[OH−] =
KW

[H3O
+]

(A.6.12)

[HCO3
−] =

KCBcCB

[H3O
+] +KCB

(A.6.13)

[C2O4
2−] =

KOx1KOx2cOx

[H3O
+]2 + [H3O

+]KOx1 +KOx1KOx2
(A.6.14)

[HC2O4
−] =

KOx1cOx1

[H3O
+] +KOx1

− KOx1

[H3O
+] +KOx1

·

KOx1KOx2cOx

[H3O
+]2 + [H3O

+]KOx1 +KOx1KOx2
(A.6.15)

Eq. (A.6.12)-(A.6.15) can be used directly to calculate the amount
of a certain ion concentration for an inlet concentration and pH (as pH =
− log10([H3O

+])). The mole fraction can be determined with the same equa-
tions by dividing them with the inlet concentration. Lastly, the pH can be
determined by inserting Eq. (A.6.12)-(A.6.15) in Eq. (A.6.11) and solving it
for the concentration of [H3O

+].
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The aim of this thesis was to study diffusio-osmosis induced by a pho-
tocatalytic wall reaction to reduce the limitations of mass transfer within the
boundary layer of heterogeneous catalysis systems. The heterogeneous cataly-
sis system of interest involved the degradation of organic compounds over the
photocatalyst titanium dioxide. The diffusio-osmotic velocity is influenced by
the interaction of the compound with the catalytic surface, the diffusivity of
the compound, the surface potential, and the surface reaction kinetics that
generate the concentration gradients.

The study was performed utilizing a microreactor, as microreactors
have well defined laminar flows such that mass transfer and reaction kinetics
could be quantified. The literature review in Chapter 2 described that mass
transfer is often neglected although there are limitations. The analysis based
on the second Damköhler number and Péclet number, quantifying reaction
kinetics and mass transport, provides a simple method to determine if a system
is mass transfer limited in such flow reactors.

The conversion of Bisphenol A is measured over titanium dioxide
for different residence times and different photon fluxes in Chapter 2. The
surface reaction rate is determined for these different photon fluxes for two
cases, where mass transfer is taken into account and without limitations of
mass transfer. At low photon fluxes (< 25 mW/cm2), the surface reaction
rate was proportional to the photon flux, implying no mass transfer limita-
tions. Whereas at high photon fluxes (> 25 mW/cm2), the surface reaction
rate scaled to the light intensity with the order of 0.25 when mass transfer
limitations are not taken into account and linearly with mass transfer limita-
tions taken into account. In batch reactors an order of 0.5 is usually found for
high photon fluxes. This showed the importance of including mass transfer
and photon flux effects in the determination of intrinsic kinetics.

In Chapter 3 the kinetics of several compounds is measured in the
same microreactor which was used in Chapter 2. Methylene blue is usually
used to determine the effectiveness of a photocatalyst. Here, the discoloring of
methylene blue decreased approximately 30% in conversion between different
reactor designs. The improved reactor design, also used in Chapter 2, showed
good accuracy to measure intrinsic kinetics for Bisphenol A. Although the
accuracy was good, the reaction conditions were then not optimal for methy-
lene blue. The carboxylic acids formic acid, acetic acid, and oxalic acid were
also converted over titanium dioxide and the results could be explained by
the mechanism previously presented in literature. Lastly, the formate salts
sodium formate, potassium formate and lithium formate were converted over



158 Reflections & perspectives

titanium dioxide, where the cations inhibited the reaction rate compared to
formic acid.

Chapter 4 describes the diffusiophoretic movement of polystyrene
particles under different concentration gradients in an H-shaped channel. The
ζ-potential of the particles was first measured and used as input for a theoret-
ical model. The diffusiophoretic movement was measured experimentally and
compared to the theoretical prediction. The movement was as expected for
inorganic and organic salts, although for the carboxylic acids the movement
was less. Carboxylic acids are only partly dissociated which creates a lower
driving force compared to the other salts.

The diffusio-osmotic velocity was determined for selected compounds
in Chapter 5. The compounds of interest were methylene blue, formic acid,
acetic acid, oxalic acid, sodium formate, potassium formate, and lithium for-
mate. A numerical model was used to understand the experimental results.
The diffusio-osmotic velocity depends on the diffusio-osmotic mobility and re-
action rate. The compounds had a diffusio-osmotic mobility close to zero,
based on the surface potential at the inlet pH. The second Damköhler num-
ber for all reactions is also below 0.1. Together, diffusio-osmotic velocity was
always 50 times lower than the diffusive rate for all compounds.

In Chapter 6 the diffusio-osmotic velocity is numerically researched
in a two-dimensional model for faster reaction rates, where the surface reaction
rate is 10 times faster than the diffusive mass transfer rate. The byproducts
are taken into consideration to study their influence on the flow. Two reactions
are studied, sodium formate to sodium bicarbonate and oxalic acid to carbon
dioxide. The diffusio-osmotic velocity of the sodium formate reaction depends
on the electro-osmotic contribution whereas the oxalic acid reaction depends
on the chemi- and electro-osmotic contribution.

From this thesis it can be concluded that diffusio-osmosis can be in-
duced by surface reactions. In order to get a significant surface flow, faster than
the diffusive transport, the reaction rate should be faster than the diffusive
transport and there should be significant diffusio-osmotic mobility. Addition-
ally, the reaction products with similar diffusivity and charge compared to the
reactant directly oppose the reactant gradient which decreases the chemios-
motic contribution. The numerical model from Chapter 6 could be used to
study diffusio-osmotic flow for other reactions to study the viability.
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7.1 Reflections

The four years spent on this PhD resulted in this thesis, with Chapters 2-6
of interesting results prone to publication. This PhD has been not unlike any
other, where ’succesful’ projects are balanced with less ’succesful’ projects. I
parenthesize successful, as in academia usually only projects with interesting
results are published, whereas a researcher might learn even more from the
journey than the destination. In the next sections I discuss some research
lines which were not completed for different reasons and which are still worth
mentioning. Additionally, I reflect on some research lines which would have
been interesting to research additionally.

7.1.1 Controlled periodic illumination

The initial research proposal of this PhD project was described as ’stirring the
boundary layer via unsteady osmosis’, where unsteady osmosis implied a time-
dependent system. Diffusio-osmotic flow induced by a photocatalytic reaction
is a transient system, as the reactants degrade over time and form products.
This creates a transient concentration gradient, resulting in diffusio-osmotic
flow. On the other hand, the catalyst is activated with UV light, which can be
pulsated and thus creating another transient system. The pulsation of light is
called controlled periodic illumination (CPI).

In 1993, Sczechowski et al. [1] researched the influence of periodic
illumination, with the hypothesis that there should be a critical illumination
time for the creation of electron-hole pairs. These electron-hole pairs react
further with the organic compounds in the solvent, independent of photons.
Consequently, there is a critical dark period in which adsorption, desorption
and diffusion take place. Controlled periodic illumination (CPI) should pre-
vent the buildup of charges (the electron-hole pairs) and intermediates (OH–

radicals / superoxide anion radicals), by alternating light and dark periods.

The controlled periodic illumination investigated up till now is at high
frequencies and in slurry reactors, with as goal to improve the efficiency of the
photocatalyst [1–4]. Periodic illumination could be used to decrease the mass
transfer limitations in a microreactor via concentration relaxation. When the
light is off, products near the surface have time to diffuse towards the bulk and
reactants can diffuse towards the catalytic wall. A larger concentration could
be realized at the wall with periodic illumination due to the concentration
relaxation. Optimization would allow for the most efficient use of photons,
thus energy input.
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The focus of this thesis is on improvement of mass transfer limitations
in photocatalytic microreactors, so CPI can be used for concentration relax-
ation to improve conversion. CPI was studied experimentally and numerically
and compared to the conversion which could be achieved under continuous
illumination at the same photon flux. The experimental setup from Chapter
2 was used with bisphenol A (BPA) as model compound. A two-dimensional
numerical model based on the governing equations from the same chapter was
made in COMSOL Multiphysics v5.5.

Controlled periodic illumination is governed by the duty cycle and
period, which depend on the time on and off [2]. The duty cycle (γDC) is the
amount of time on compared to the total time, defined as

γDC =
ton

ton + toff
=

ton
tperiod

(7.1)

where ton is the time on and toff the time off, and the period is to the total
time (tperiod = ton + toff ). A Damköhler number is defined to compare the
reaction time (k · ton) with the total relaxation time according to Fick’s second
law ((D · tperiod)1/2). The Damköhler number I defined for CPI then becomes

DaCPI =
kton√
Dtperiod

(7.2)

where k is the surface reaction rate constant and D the diffusion coefficient.
DaCPI < 1 for all cases, and DaCPI = 1 is by definition for continuous
illumination.

The experiments are performed according to the description in Chap-
ter 2. The flow rate is constant for all experiments at 6.4 µL/min (τ = 42.2s),
with photon flux at 250 mW/cm2. Bisphenol A is used as model compound
with inlet concentration 50 µM and analysed in the HPLC. The periodic illumi-
nation is evaluated for tperiod = [0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1]s and DaCPI =
[0.001, 0.005, 0.01, 0.05, 0.1], for all combinations.

Two numerical models were used to compare the experimental results
with. Firstly, the model from Chapter 2 is used to predict the outlet conversion
for the same photon flux when continuous illumination is used. For this, the
boundary condition for the reaction (Eq. (2.11)) is altered to

∂c̃

∂ỹ

∣∣∣∣
ỹ=1

= −DaII · (γDCI)
m · c̃ (7.3)
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where I is the photon flux and m the order (set at 1). The model is solved
in Matlab with the PDEPE-solver, similar to Chapter 2. Secondly, a two-
dimensional model is made in COMSOL Multiphysics v5.5, based on the same
governing equations and boundary conditions as in Chapter 2. In this model,
the periodic illumination is modelled by multiplying the reaction rate with a
step function based on the time on and off. The surface reaction rate used in
both models is k” = 7.8 · 10−6 m/s, which was measured for 250 mW/cm2.

The results of both numerical models and experiments are shown
in Figure 7.1, where the photon flux is plotted against the conversion. The
line of the model represents the conversion achieved for continuous illumi-
nation, the red stars represent the periodic model from COMSOL, and the
blue squares represent the experimental results. Figure 7.1a shows the re-
sults over the whole photon flux range and 7.1b is zoomed in for low photon
fluxes. Figure 7.1c shows the photon flux, which is measured for all tperiod
and DaCPI combinations and compared to the expected photon flux, based
on Iexpected = (γDCI)

m. The error margins of the photon flux in Figure 7.1a
and 7.1b are based on the spreading in photon flux of Figure 7.1c, which was
determined experimentally.

Figure 7.1 shows that the experimental conversion is always lower
compared to the expected numerical determined conversion. Also, the numer-
ical simulations which include concentration relaxation never exceed the con-
version based on continuous illumation. The experimental result exceeds the
numerical models only at the lower photon fluxes (< 50mW/cm2), although
the error margins show significant overlap. Therefore, controlled periodic illu-
mination to create a relaxation gradient within a photocatalytic microreactor
does not seem to improve the overall conversion compared to continuous il-
lumination at the same average photon flux, under the conditions measured
here.
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(a) Conversion vs photon flux

(b) Conversion vs photon flux (zoomed in) (c) Photon flux vs duty cycle

Figure 7.1: Experimental and numerical determined conversion of BPA for different
periods and DaCPI . The top figure shows all results, bottom left is the zoomed in
version of the top and bottom right is the photon flux as a function of duty cycle,
measured and calculated. The ’model’ is the conversion achieved for continuous illu-
mination and the ’simulation’ is the numerical model which includes the concentration
relaxation.
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7.1.2 Diffusio-osmotic flow for neutral compounds

The focus of this thesis was diffusio-osmotic flow induced by electrolyte gradi-
ents. Diffusio-osmosis can also be relevant for neutral compounds, whereas the
interaction potential is more difficult to determine [5]. However, the diffusio-
osmotic velocity of a neutral compound can be determined if the compound
has a dipole moment and the wall is charged such that the compound can
align its dipole moment with the charged wall [5]. The compounds bisphenol
A and glycerol were researched for their diffusio-osmotic effect under reactive
conditions. The dipole moment of Bisphenol A is 0.92D and of glycerol 2.56D.

The slip velocity can be calculated as follows

uDO,neutral = −
kBT

η
KL∗ dc

dx
(7.4)

where uDO,neutral is the slip velocity, kB is the Boltzman’ constant, T is the
temperature, η is the viscosity, KL∗ is the parameter of the solute profile,
and c is the solute concentration in m−3 [5]. The interaction parameter of the
solute is defined as

KL∗ =
4

3

(µD
Ze

)2
ξ2

[
1 +

ξ2

2

[
1 +

4

5

(µDκ
Ze

)2
]]

(7.5)

where µD is the dipole moment, Z is the valence of the supporting electrolyte,
e is the electron charge, ξ is a parameter from the Gouy-Chapman theory
defined in Eq. (7.6), and κ−1 is the Debye length defined in Eq. (7.7).

ξ = tanh

(
Zeζ

4kBT

)
(7.6)

κ−1 =

√
εkBT

2NAe2I
(7.7)

where ζ is the zeta potential of the surface, ε is the fluid permittivity, NA is
Avogadro’s constant, and I is the ionic strength of the supporting electrolyte.
The supporting electrolyte is assumed to be bicarbonate with a valence of 1,
originating from dissolved carbon dioxide.

Bisphenol A For Bisphenol A, the first-order surface reaction rate constant
was determined at 7.8 µm/s at a photon flux of 250 mW/cm2 in Chapter 2.
Suppose the surface zeta-potential is 75 mV and the supporting electrolyte is
bicarbonate, at an ionic strength of 0.013 mol/m3, which is the air saturated
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concentration of carbon dioxide at room temperature. These conditions result
in a Debye length of 84 nm, ξ equals 0.62, and the interaction parameter
KL∗ equals 2.3 · 10−22 m2. These parameters are used in the numerical model
of Chapter 5, with an inlet concentration of 50 µM. The numerical model
determined a maximum surface velocity of 6.7 · 10−9 m/s at the start of the
reaction which is very low.

Glycerol The conversion of glycerol was measured over time and analysed in
an HPLC with refractive index detector to determine the outlet concentration.
The method of Chapter 2 and 3 is used to measure the kinetics, where the
inlet concentration was pure oxygen saturated, 0.05 wt% glycerol with 100
mW/cm2 as photon flux. The conversion is shown in Figure 7.2.

Figure 7.2: Conversion of 0.05 wt%, oxygen saturated, glycerol over titanium dioxide
with 100 mW/cm2 photon flux.

The first-order surface reaction rate constant was determined at 0.087
µm/s. The Debye length and ξ are the same as for Bisphenol A, 84 nm and
0.62. The interaction parameter is higher due to the higher dipole moment of
glycerol, KL∗ = 18·10−22. The numerical model determined a surface velocity
of 5 · 10−9 m/s at the start of the reaction.

Conclusion The diffusio-osmotic velocity can be estimated to be very low
for neutral compounds with a dipole moment at a charged wall, where the
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concentration gradient is induced by a catalytic surface reaction. Glycerol
and Bisphenol A have a dipole moment and can be degraded over titanium
dioxide. However, the reaction rates are slow and the interaction between
compound and the charged wall are weak, such that the calculated velocity is
in the nm/s range.

7.2 Perspectives

As mentioned in the introduction, the population is expected to be around
11 billion in 2100. This year, World Overshoot Day is on 28 July, which is
the day we used all the ecological resources earth can provide. This year, we
already need the resources of 1.75 earths. And this number is growing. And
that is a problem.

“THE INDUSTRIAL REVOLUTION OPENED up new ways to
convert energy and to produce goods, largely liberating humankind
from its dependence on the surrounding ecosystem. Humans cut
down forests, drained swamps, dammed rivers, flooded plains, laid
down hundreds of thousands of miles of railroad tracks, and built
skyscraping metropolises. As the world was moulded to fit the
needs of Homo sapiens, habitats were destroyed and species went
extinct. Our once green and blue planet is becoming a concrete
and plastic shopping centre.”
— Yuval Noah Harari, Sapiens: A Brief History of Hu-
mankind

The increase in the world’s population is the root of the main chal-
lenges the world faces right now, such as climate change and food security. I
am not in favor of limiting the number of children you can have to decrease
the world population. I am in favor of more awareness and open discussions of
what small changes you can make in your daily life that influence your impact
on the Earth. I believe that together we can face these challenges and create
a better world for generations to come, so our green and blue planet recovers
from being transformed to a concrete and plastic shopping center.

Technological solutions for a more sustainable world are available
or are being researched at this time. Unfortunately, it takes a long time
before a research study at a university becomes an application, especially
for fundamental studies such as described in this thesis. The impact of a
thesis might seem small on large-world problems, as usually more research
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and engineering is necessary for an eventual solution to reduce resources for a
product. But if you do not take the first step, you will never reach the end.

The PhD traject is generally a first job after a master of science (at
least in The Netherlands). In my opinion, the PhD traject has two main de-
liverables. The first deliverable is the PhD’er, who becomes a scientist during
the traject. The PhD’er is challenged to invest in personal development so
he/she can get most out of their research. Many soft skills are obtained which
are not written down in the thesis, like communication skills, presentations
skills, and project management. These skills and the research abilities give
the PhD’er a skill set useful for the rest of their (professional) life. The sec-
ond deliverable of the PhD traject is the thesis, where existing knowledge is
expanded by creating new insights and sharing these findings.

Future of catalysis Catalysis is used in industry to make high-value prod-
ucts, developed historically to make the most out of oil and gas. As the oil and
gas industry is coming to an end, catalysis should be used to make high-value
products out of more sustainable resources. This research and development
of catalysis should always include an economical analysis to prevent abundant
research and high environmental impact, for example when a catalyst is en-
riched with a rare, thus expensive, metal to improve conversion with a few
percentages, it would most likely not be economical feasible.

Future of kinetic studies The reaction kinetics of photocatalytic reactions
are most often measured in batch reactors, as batch reactors are simple systems
and appear to be easy to operate. The kinetics are often measured as a
function of residence time and inlet concentration. These parameters do give
an indication of how well the catalyst performs. However, as seen in this
thesis and many articles, the reaction kinetics of photocatalysis are dependent
on a variety of parameters, such as temperature, light intensity, and mass
transfer. This variety of parameters creates a complex system to evaluate
what is actually happening at the catalytic surface.

Reaction kinetics are thus influenced by a variety of parameters, and
investigating all of them is time consuming. For photocatalysis, the trends
are extensively studied with approximate general values for transition zones,
for example when the reaction rate order changes based on the light intensity.
The researcher should evaluate which parameter is the most impactful on the
reaction kinetics and set a clear research objective and boundary before the
experimental study in order to limit time spent on reaction kinetics.
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As researches we have the obligation to think before we act and
evaluate the impact of our research. To conclude on the future of catalysis and
kinetic studies, researchers should not aim to have their research outperformed
by adding crap to it [6].

Future of diffusio-osmosis Diffusio-osmosis was studied in this thesis to
overcome mass transfer limitations within catalytic systems. Photocatalytic
reactions with only titanium dioxide were not fast enough to create a concen-
tration gradient on the time scale needed for diffusio-osmosis. The effects of
diffusio-osmosis are negligible on the mass transfer limitations in the boundary
layer.

The future of diffusio-osmosis as means to decrease mass transfer
limitations lies in the evaluation of different heterogeneous catalytic systems.
Inspiration can be taken from Janus particles made from gold and titanium
dioxide, which are microswimmers. Alternating titanium dioxide with gold
patches could potentially function as a pumping mechanism in microfluidic
systems.
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