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Enhancing conversion using diffusio-osmosis from
patterned catalytic surfaces
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An inhomogeneous catalyst surface leads to concentration gradients along this surface, which can
generate diffusio-osmotic flows. The magnitude of this surface flow and the extent to which it impacts the
catalytic conversion is numerically investigated and depends foremost on the reaction kinetics of the
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system and the surface-species interactions expressed via the diffusio-osmotic mobility. We present
general scaling laws based on the reaction kinetics and interaction potential between chemical species and

the catalytic surface, captured in a single parameter. We further investigate the optimal catalyst coverage in
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1 Introduction

There is a constant effort to produce increasingly more active
catalysts. However, an improvement in the catalyst activity
does not necessarily translate into a corresponding increase
in chemical conversion. Mass transfer may become limiting
very close to the catalyst surface, where diffusion is still the
dominating transport mechanism. Mass transfer needs to be
enhanced in order to benefit from these more active catalyst,
especially in this near surface region. Active methods include
increasing flow rates to reduce the boundary layer thickness.
Passive mixing can result from, for example, buoyancy driven
flow due to (thermal or concentration) density differences
generated by the catalytic conversion which can also help to
reduce boundary layer thicknesses. Another possible
approach to enhance near-surface transport that we want to
exploit is diffusio-osmotic flows.

Diffusio-osmotic flows, ie. surface flows generated by
concentration gradients, were first described by Derjaguin in
1947." In the presence of concentration gradients parallel to the
surface, osmotic pressure differences develop within the
interfacial layer where the interaction potential spans. The
diffuse part of this interfacial layer is mobile, leading to an
osmotic flow parallel to the surface. In the case of charged
species, an additional driving force comes from the contrast in
diffusivity of the corresponding ions, generating an induced
electric field. A large body of work has been dedicated to
validate and further develop theoretical descriptions.*>®
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order to maximize the benefit of these surface flows.
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Many of these studies relied on externally imposed
concentration gradients. Except for particular designs (e.g. pores
connecting large reservoirs®'), immobilised surfaces that pump
the solution by diffusio-osmosis relax concentration gradients
and this results in a decay in driving force. However, sustained
driving forces can be achieved using reactive systems. As an
early example, Smith and Prieve’® investigated the
instantaneous rate of deposition of latex particles by diffusio-
phoresis on a dissolving stainless steel surface, driven by the
addition of acid and oxidising agents. Recently, numerical and
theoretical investigations regarding a uniformly active catalytic
surface indicate the existence of an instability region.>”*® Such
spontaneous wall-driven flows affect the distribution of the
reactive species and with that the overall conversion.

A few experimental examples of in situ driven diffusio-
osmosis by non-uniform reactive surfaces’*>> have been
reported for transport in microfluidics. The most common
system is the redox decomposition of H,O, on Pt/Au alternating
surfaces.”**' The uneven distribution of protons leads to a
strong electric field which sets the charged electric double layer
in motion, driving fluid flow.

Here, we describe more generally diffusio-osmotic flows
generated by surface reactivity contrast that is not pinned to
a particular chemistry. We purposely minimize the number
of parameters to the surface reactivity and diffusio-osmotic
mobility, to explore their impact. We thus do not include the
very details of specific species interactions with the active
catalytic surface and generate a contrast purely based on
local active and inactive regions. In this manner, the
concentration gradients can now extend in-plane creating the
condition for the diffusio-osmotic flow.

To explore the potential impact on the catalytic by patterning
the catalyst using an irreversible first-order reaction, we explore
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the general features of the diffusio-osmotic flow generated by
patterned catalytic surfaces. The influence of the characteristic
dimensions of the system are investigated, namely the active
and inactive spacing and total catalyst coverage and we also
explore the influence of catalytic rate parameters different
reaction kinetics and diffusio-osmotic mobilities (parameter
quantifying the interaction potential between the chemical
species and the catalytic surface) to identify the potential of the
induced flow to impact the conversion. Scaling laws for the
surface velocity and Sherwood number (Sh) on reaction rate
constant and mobility are derived to illustrate the potential
benefit of diffusio-osmotic enhanced catalytic conversion.

2 Results and discussion

As the reaction proceeds and the depletion zone forms, the
solute influx leads to significant gradients along the surface
which initiates the diffusio-osmotic flow (Fig. 1a and b). Once
the flow sets in, it transports fresh solution from the inactive
region towards the catalyst region. Due to the symmetry of
the system, diffusio-osmotic slip is generated in both
directions. The inward flows extend halfway across the
catalyst towards the middle of the active region and diverge
upwards giving rise to two mirrored vortex structures. This
mixing of the otherwise stagnant boundary layer replenishes
the catalyst surface and, consequently, increases the reaction
rate. The impact of diffusio-osmotic flow on enhancing
interfacial transport depends on the size and dynamics of the
vortex region with respect to the thickness of the diffusion-
dominated stagnant layer. It follows that the vortex size
should match this height, so it can reach the reservoir and
replenish the catalyst surface with fresh solution. This
prescribes an optimum 1:2 aspect ratio, as the vortex is half
the size of the periodic catalyst pattern due to the symmetry
of the system.

Intuitively, one would imagine that replenishing the surface of
the catalyst with fresh solution will diminish the concentration
gradient such that the diffusio-osmotic slip will limit its own
driving force. However, comparing the transient concentration
profiles for the slip and no-slip scenarios, there is an obvious
reinforcement in the relative gradient development due to the
osmotic flow. Fig. 1c presents the surface concentration profiles
for a scenario where the surface flow is absent (upo = 0, dashed

. . 1loc . .
lines) and where it is present (upo = — A3y continuous lines,
cox

with p the diffusio-osmotic mobility). The steeper gradients are a
result of the diffusio-osmotic flow along the active surface. This
allows for a simplified description of the transport and reaction
of chemical species along the catalyst, which we will provide next.

To illustrate the concept of self-reinforcing -catalytic-
induced surface flow, we developed an analytical expression
for a 1D system encompassing a diffusio-osmotic flow along
a catalyst surface. For this, we will ignore the diffusive and
advective contributions in the wall-normal direction, and
only describe the x direction transport and reaction. We
describe the surface flow along a reactive surface by an
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Fig. 1 An illustration of surface reactivity contrast. (a) Concentration
map at steady state. Boundary conditions for the species conservation
equation are indicated. The grey surface region represents the
catalytic active region, while the black corresponds to the inactive
surface part. The reactivity contrast leads to concentration gradients
along the interface that drive fluid flow; (b) absolute velocity map at
steady state, |u| = v/u? + v2, with streamlines. Boundary conditions for
the momentum equation are indicated; (c) transient surface
concentration (c(y = 0)) profiles for an active region 0.7 < ¥ < 2 next
to an inactive region 0 < ¥ < 0.7; continuous lines for a diffusio-
osmosis scenario, dotted lines for a fictitious diffusion only scenario.
The profile at t = 5 corresponds to the steady-state concentration
profile. Note the logarithmic concentration scale.
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advection-diffusion-reaction mass balance (eqn (1)). The
equation represents a solute mass balance which assumes a
steady state between the diffusio-osmotic flow along this
surface and diffusion that supply the reactant and the
reaction that consumes it. In steady state this becomes:

a u c—Dg +Kc—0 (1)
dx \"7° dx L

The diffusio-osmotic flow upo (eqn (11)) is a function of
the reactant concentration and its gradient, both a function
of x, which leads to the following differential equation:

2

wip) it @)
representing a classic diffusion-reaction problem. We see
that the diffusio-osmosis enhances the diffusive contribution
(first term) in this mass balance by an amount . One should
realise that this contribution is fundamentally different from
surface diffusion, as the induced convection drags the liquid
along, analogous to electro-osmotic flow. In dimensionless
form, we can isolate a group of constants representing the
ratio between reaction and transport:

e K g ®
dx* u+D
Taking ¢ = 1 at ¥ = 0 and dé/dx = 0 at ¥ = 1 (note that we
thus consider only the x-direction, describing one half of the
active catalyst patch), we obtain the following expression that
estimates the surface concentration along the catalyst patch:
~  exp(2¢-¢x) + exp(¢x)

€= exp(2¢) + 1 )

. [ kL . .
with ¢ = P We can see that ¢ describes a reaction to
U

transport rate ratio, similar to the Thiele modulus, however,
including the effect of diffusio-osmosis. Based on eqn (4) and
(11), we can express the diffusio-osmotic velocity along the
catalyst patch and can see how this velocity depends on the
reaction and transport constants included in ¢.

b0 = Jid exp2¢— exp2¢x 5)

exp2¢ + exp22¢x

with i@, the dimensionless diffusio-osmotic velocity (upoL/D)
and g the dimensionless mobility (4/D). For values of ¢ > 1,
the fraction in eqn (5) approaches 1 for small x, which gives

. . . 1dc
a relative concentration gradient P - ¢. In our example,
cdx

the slope of log(c) versus x for the numerical data equals
-4.47 (Fig. 1c). This is slightly lower compared to the
analytical prediction of the slope, —¢ = -5.06, that was used
in this example. This can be explained by the wall-normal
transport that is ignored in this analytical model. The
analytically derived relative gradient can be regarded as the
maximum driving force that is relaxed by transversal mass
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transport. For high reaction rates, ie large ¢, the
concentration gradients will deepen and consequently
increase the diffusio-osmotic flow. We also see that for
increasing mobility, ¢ will reduce and with that the
concentration gradient along the surface. The enhanced
diffusio-osmotic flow transports more reactant across the
catalyst surface, increasing the reaction rate as the catalyst is
in contact with a higher reactant concentration.

These expressions can be used to determine the average
dimensionless concentration and diffusio-osmotic velocity
along a patch, which gives an insight into the degree of
reaction enhancement possible with diffusio-osmosis as well
as the magnitude of the induced DOF velocity.

tanh ¢

©=""

(6)

(#po) = fi log(cosh ¢) (7)

We can analyze the effect of diffusio-osmosis on the
catalytic reaction rate, through the reactant concentration
profile along the catalyst surface. Most relevant is the
reaction rate enhancement by the diffusio-osmotic flow,
which we can directly quantify through the average
concentration along the catalyst patch, (¢) relative to the
average concentration for the case of only diffusive transport
(@=0).

In Fig. 2, the direct relation is plotted between ¢ and the
ratio of average concentration on the catalyst patch, (¢) for
the case with and without diffusio-osmosis, which is
proportional to the reaction rate enhancement. For values of
¢ between 0.5 and 10, we can expect a substantial
enhancement of the reaction rate due to the diffusio-osmotic
flow. For lower values of ¢, the reaction is too sluggish to
benefit from any mass transport enhancement. At higher

ar _
3.5
3
N 2.5
<c>
<CE>lp=0 2

107! 10° 10?

Fig. 2 Reaction rate enhancement vs. ¢ for v = 0.65 and » = 0.85
with g4 = 2.82 from 2D simulations along with the value determined
from the 1D scaling law (dashed black line).
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Fig. 3 (a) Reaction rate enhancement vs. » and (b) extent of conversion vs. o for ¢ = 5.07 and i = 2.82 from 2D simulations.

values of ¢ the concentration along the surface approaches
zero and the reaction is depleting the reactant severely.

In order to enhance the reaction rate, the mobility should
be substantial enough to reduce the value of ¢ such that
higher average concentration (reaction rate) values are
obtained. As illustrated in Fig. 3a, the reaction rate can be
greatly enhanced vs. the case without diffusio-osmotic
transport. At the same time, even with using less catalyst (w
< 1) it is possible to achieve a higher conversion of material
as illustrated in Fig. 3b where an increase in conversion is
obtained at a coverage of ~0.65. The specific optimum
coverage for a given system would vary depending on the
nature of the reaction rate, diffusio-osmotic mobilities, etc.
The optimum in active catalyst fraction, ®, can be
understood as follows. For a too-short catalyst patch, the
depletion of reactant will be limited, which reduces the
generated gradient. For a too-long catalyst patch, or too-short
inactive patch, the generated vortex will be slanted, which
reduces its effectiveness. These results highlight the potential
of intentionally introducing non-active patches in order to
achieve not just higher fluxes to but also overall higher
conversions at reaction surfaces even with less catalytic
surface area.

We want to make a final note regarding the configuration
of the system. Until now, we have described the system as a
diffusion-dominated boundary layer close to a catalytic
surface. By a common engineering practice, this boundary
layer is considered stagnant while encompassing all bulk
mass transfer resistances such that the bulk solution at the
top boundary is considered perfectly mixed. We made this
decision to preserve a general framework.

3 Conclusion

We propose a new context for reaction-induced diffusio-
osmosis, i.e. enhancing chemical reaction rate by geometric
patterning of the catalyst surface. The reactivity contrast
designed by alternating active and inactive regions generates

454 | /nd. Chem. Mater.,, 2024, 2, 451-457

in-plane gradients that drive a steady diffusio-osmotic flow.
While the details of our numerical model may need to be
adjusted for particular catalytic reactions, the approach is not
pinned to a certain chemistry.

We use a numerical model based on a first-order reaction
rate to study the structure of the diffusio-osmotic flow. We
have quantified its development and dependency on the
catalytic chemistry, ie. reaction kinetics and interaction
potential between chemical species and catalytic surface
(expressed through the mobility parameter). Diffusio-osmosis
is initiated by the contrast in reactivity and develops along
the catalyst due to a self-reinforcing mechanism. The flow
parallel to the catalyst surface introduces a concentration
gradient which is the sustaining driving force that depends
on both reaction kinetics and mobility. A simplified
theoretical model is able to predict the degree of reaction
rate enhancement, based on reaction rate constant, mobility,
diffusivity, and characteristic length, all captured in a single

parameter ¢ = i Based on this fundamental
u+D

understanding we introduce criteria to dimension the catalyst
patch according to the chemistry. Specific chemistries, with
known reaction kinetics and interaction potentials (i.e.
mobilities), can now be tested against this predictive model.

4 Model

For our system, we first consider a 2D periodic domain where a
first-order reaction is assumed to take place on a catalytically
active patch in a larger domain for conversion of methylene
blue as an arbitrary solute. Momentum and mass transport are
solved numerically for a two-dimensional domain of height L
and width 2L consisting of a solution of an arbitrary chemical
which is consumed at the catalytic surface and replenished by
the top reservoir. We assume an otherwise stagnant boundary
layer that will now be mixed by the induced osmotic flow. As
such, the characteristic dimension of this system concerns the
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boundary layer thickness, or stagnant film thickness. This
thickness depends on design and operation parameters and
sets the typical size of the catalyst structure accordingly. The
domain is periodic in the x direction. The width represents the
period of a repeating pattern consisting of an alternating active
and inactive region, with a reactive fraction (active area over
total area) equal to w. The domain was chosen for better
visualisation in order to encompass 2 vortexes instead of 1
vortex which would represent the basic symmetry of the system,
while keeping the aspect ratio of the vortex near unity.

The system is governed by the Stokes and the continuity
equations for fluid dynamics where the inertial term is
neglected due to small Re numbers (here between 10™* and
10") and the species conservation equation for mass
transport which includes advection and diffusion. These
equations (in dimensionless form) are:

1 ou

o3 -Vp +V’u (8)
V=0 (9)
— = V-(Vc—uc) (10)

The Schmidt number is Sc = v/D,, where v is the kinematic
viscosity of water, £ = t/t, is dimensionless time where t, = L*/
D, is the diffusion time scale with D, = 4.6 x 10 m? s™* the
diffusivity of methylene blue** and p = p/(uDo/L*) is the
pressure. The dimensionless velocity @ is obtained with
respect to the diffusion velocity & = uL/D,, where the height
of the boundary layer is L = 5.00 x 10™* m. & = c/c, is the
dimensionless concentration, where ¢, is the bulk
concentration which sets the top boundary condition.

The upper boundary condition is set to full slip in the x
direction and no velocity in the y direction. The active and
inactive regions of the solid surface are defined by the
diffusio-osmotic slip, upo, which acts along the surface in
x-direction only.

(11)

The diffusio-osmotic (phoretic) mobility g is the prefactor
of the diffusio-osmotic slip, describing the effective motion
of a fluid with respect to a relative concentration gradient.
This mobility is quantified via the zeta potential in case of
charged species and can be written as follows:>*”

_ eksT akgT el
e )

where ¢ is the permittivity of water, kg the Boltzmann
constant, T the temperature, 5 the viscosity of water, e the
elementary charge, { the surface zeta potential and the
diffusivity contrast g = (D, — D_)/(D, + D-) with D, and D_ the

(12)
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cation and anion diffusivities. We assume equal mobility for
both the active and inactive region for simplicity.

For the species transport, the reservoir boundary
condition is defined by a fixed bulk concentration, ¢ = 1. The
boundary condition for the catalyst surface is represented by
the normalised surface flux which is a pseudo-homogeneous

. . oc . .
first-order reaction rate, 8 = —kc, with surface reaction rate
constant k (m s™'). The inactive region has a no flux boundary

o, ac . .
condition, % = 0. The left and right boundaries are set as

periodic, with equal concentration and flux continuity for
each boundary. The governing equations were solved using
Finite Element Analysis in COMSOL Multiphysics 5.3 with a
relative tolerance of 0.01. P2 + P1 discretization (second-order
Lagrange elements for velocity and first-order elements for
pressure) was used to solve the Stokes equations and second-
order Lagrange elements for the species conservation
equation. The simulations were performed using an
unstructured mesh with triangular elements. The mesh was
refined near the walls and intersection points and mesh
independence was obtained by successive refinement. The
complete mesh consisted of approximately 180 000 elements.

We chose a catalytic example from literature to illustrate
the induced flow conversion enhancement. Yang et al. reports
the photocatalytic degradation of methylene blue by poly-o-
phenylenediamine modified TiO, with pH dependent kinetics
that vary between k = 5.5 x 10 and 1.9 x 10™* m s™".** The
pH dependent zeta potential of TiO, is reported between { =
100 and ¢ = -150 mV.** To avoid any bias we select an
intermediary value for kinetics (k = 9 x 10 m s™") and an
average zeta potential ({ = =75 mV) that is characteristic for
metal oxides at low electrolyte concentrations. The diffusivity
contrast gives a # = —0.65 (based on D, = 4.3 x 107 m> 5"
and D_ = 2.03 x 107 m® s7")* which sets the mobility to x =
1.298 x 10™° m” s™". The optimal reactive fraction, m, is 0.65
and will be rationalised later on. Further studies preserve
these characteristics while varying one parameter at a time.
The example concerns realistic values for the mentioned
parameters to benchmark the effect. We extend the study to
report a range around these values in order to investigate
their relative influence and preserve the generality of this
mechanism.
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