
Aqueous-Phase Reforming in a
Microreactor: The Role of Surface Bubbles

In heterogeneous catalysis, the creation of gaseous products as bubbles in a liquid
phase on the catalytic surface is associated with slip phenomena. In a micro-
reactor, the slip length at the gas-liquid interface is in the same order of magni-
tude as the reactor dimensions, which can affect fluid dynamics and transport
phenomena. Here, the interplay of momentum, heat and mass transfer in a micro-
reactor, when bubbles form on the catalytic surface, was investigated using two-
dimensional simulations. The effect of bubbles on the endothermic process of
aqueous-phase reforming of a glycerol solution was evaluated in terms of conver-
sion and conversion and temperature in the reactor. Altogether, this study high-
lights the impact of bubbles, not only on the transport phenomena but also on the
reactor performance.
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1 Introduction

Many industrial chemical processes comprise one or multiple
catalytic reactions. For large-scale production, heterogeneous
catalysis is preferred, in which a solid-phase catalyst is used
while reactants, products, and solvent are in the gaseous and/or
liquid phase. In some catalytic reactions, such as aqueous-
phase reforming (APR) [1], gaseous products (CO, CO2, H2)
form as bubbles on the catalytic surface in the liquid reaction
mixture, resulting in a three-phase system. The interplay of the
different transport phenomena in such multiphase systems is
relatively complex due to the differences in the physical proper-
ties of the fluids and the competing effects in transport
phenomena, which altogether impact the resulting chemical
conversion and reactor performance.

Microfluidics is an ideal platform to study heat and mass
transfer in such multiphase systems [2–5]. These miniaturized
systems not only offer accurate fluid control, but also exhibit
excellent heat and mass transfer properties as a result of their
large surface-to-volume ratio [6–8]. In microfluidic systems,
the solid catalyst can be introduced as a packed bed [9, 10], a
monolithic phase (foam) [11, 12], or a thin-layer on the micro-
channel walls [13, 14]. Furthermore, and particularly, reactions
suffering from slow kinetics benefit from the large catalytic sur-
face area offered by microreactors.

However, the presence of bubbles on the catalytic surface is
highly undesirable, particularly in a microreactor, as they block
the catalytic surface, thereby preventing further reaction,
obstructing liquid flow, and also possibly negatively impacting

the temperature profile. At the same time, bubbles give no-
shear interfaces, so that they can promote mixing and/or re-
duce drag forces (if no surfactant is added to the system) by
providing effective slip [15, 16]. Typically, slip is quantified by
the slip length b1), expressed as:

b ¼ d
ml

mg
� 1

 !
@ d

ml

mg
(1)

where d is the thickness of the gas layer, and mi denotes the vis-
cosity of the liquid (l) or gas (g) [17]. Due to the large viscosity
difference between gases and liquids, the slip length for bubbles
can be in the order of micrometers. As microreactors have
dimensions in the same micrometer range, such a slippery
interface near or on a catalytic surface cannot be neglected
[18].

As a result of the slip velocity, convection is locally increased,
which is also influencing transport phenomena [19]. In
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previous work, Karatay et al. studied the dissolution of pro-
truding gas bubbles in liquid in a microreactor operating under
laminar flow conditions [20]. In that work, an array of elliptical
or hemispherical bubbles was considered, forming a bubble
mattress, which shares similarities with the case where bubbles
are formed as products of a reaction such as APR. Interestingly
in that work [20], depending on the exact bubble geometry,
mass transport was enhanced in the channel due to the slip-
page at the gas-liquid interface.

Here, we investigated the effect of a bubble mattress on the
momentum, heat and mass transport to and from a catalytic
surface, using COMSOL Multiphysics 5.3a [21] and a 2D nu-
merical simulation. Specifically, APR of glycerol was considered
as a model reaction. APR is an endothermic reaction, so that
bubbles can play an important role in terms of thermal trans-
fer, potential slip, and loss of catalytic surface area. The trans-
port phenomena (momentum, thermal and mass) and the
resulting reactor conversion were evaluated as a function of the
bubble characteristics, i.e., length, protrusion angle, and cata-
lytic surface coverage, at two temperatures to explore the possi-
ble impact of bubbles on the microreactor performance.

2 Experimental

2.1 2D Microreactor Geometry

A 2D model was considered to evaluate the momentum, heat
and mass transfer in a catalytic microreactor, in which bubbles
grew on a solid catalytic surface (Fig. 1). This 2D geometry was
derived from a previously described silicon/glass microfluidic
device [22]. Briefly, a 250-mm deep fluidic channel was created
in a silicon substrate and covered by a glass top layer. This

microchannel was considered as infinitely wide. A 10-mm thick
TiO2 layer on the silicon acted as a model catalyst. The catalytic
reaction occurred at this boundary, where only external mass
transport was taken into account. The device was heated from
the silicon side using an external MgO ceramic heater. Heat
was allowed to dissipate either through the glass cover or via
the inlet and outlet; the remainder of the geometry was consid-
ered thermally insulated.

A bubble mattress with hemispherical/elliptical H2 bubbles,
depending on the protrusion angle, was modeled on the TiO2

surface as products of the catalytic reaction. These bubbles
were described by their characteristic length (Lg), their protru-
sion angle into the liquid (a), and the fraction of the catalytic
surface covered by the bubbles (eB), and all these parameters
were varied in the simulations (see Tab. 1). A slip boundary
condition was imposed on the bubble-liquid interface, and a
no-slip boundary condition on the channel walls. The bubbles
were treated as non-deformable and set at a fixed position in
the microchannel.
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Figure 1. Schematic representation of the 2D microreactor geometry considered for the COMSOL simula-
tions; the different materials for each layer are indicated. The temperature is regulated from the silicon side
using an external ceramic heater. The characteristic bubble length and protrusion angle are denoted with Lg

and a, respectively.

Table 1. Parametric sweep values: the bubble characteristics
and heater temperature were varied to study their influence on
the momentum, heat and mass transfer.

Parameter Values

Protrusion angle a [�] 10; 45; 90

Characteristic gas bubble length Lg [mm] 20; 100

Fraction of the catalytic surface covered by bubbles eB 0.25; 0.5; 0.75

Heater temperature TH [K] 525; 725
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2.2 Catalytic Model Reaction

APR was considered as a model reaction. In APR, oxygenated
carbohydrates, such as alcohols and sugars, with a 1:1 C:O ratio,
herein referred to as biomass substrates, are reformed into CO2

and H2 in two main steps [1, 23]. First, the biomass substrate is
cracked into CO and H2, of which CO then reacts in the water-
gas shift reaction to form CO2 and additional H2. Per definition,
both reactions take place in the liquid phase on the same cata-
lytic surface, which commonly consists of a noble metal on an
oxide [23]. Typically, APR is performed at around 525 K,, as the
reaction is endothermic, so that a 30-bar pressure must be
applied to keep the reaction mixture in the liquid phase [23].
Here, a 10 wt % glycerol aqueous solution was considered as the
biomass model substrate, and APR was modeled with first-or-
der reaction kinetics (see Supporting Information S2).

2.3 Governing Equations

The fluid dynamics was evaluated by solving the steady-state
Navier-Stokes equation for compressible fluids (Eq. (2)), and
the continuity equation (Eq. (3)).

r ~u � �ð Þ~u ¼ ��P þ � � m �~uð Þ þ �~uð ÞT
h i

þ fg
!

(2)

� � r~uð Þ ¼ 0 (3)

with r being the density and m the viscosity of the liquid phase,
u! the average mean velocity, P the pressure, and fg

!
the volume

force due to gravity (buoyancy).
The heat transfer, as described by Eqs. (4) and (5), was scaled

to the inlet and heater temperatures, which were, respectively,
293.15 K and 525 K or 725 K.

rCp~u � �T þ � �~q ¼ 0 (4)

with:

~q ¼ �k�T (5)

where Cp is the heat capacity, T the temperature, q the heat
flux, and k the thermal conductivity.

The concentration profile in the bulk of the microchannel
was computed by solving the convection-diffusion equation,
while neglecting thermodiffusion effects:

� � �DGly�cGly þ~ucGly
� �

¼ 0 (6)

where DGly and cGly indicate the diffusivity constant and con-
centration of glycerol. During the simulations, the bubble
length, protrusion angle, and the catalytic surface coverage
were varied to study their influence on the momentum and the
heat and mass transfer, as summarized in Tab. 1, and two tem-
perature values (525 K, 725 K) were considered. Temperature-
dependent physical properties were included, as those can have
a large impact in the system. Supporting Information S1 pro-
vides a list of the expressions and corresponding references.

At low protrusion angles (below 45�) positive slip lengths
were expected, and negative slip at higher angles [20]. The low
temperature value (525 K) corresponded to a typical APR reac-
tion temperature [1], whereas the upper temperature limit
(725 K) refers to the maximum temperature, at which our mi-
croreactor can operate [22].

Dimensionless variables:
The system geometry was scaled to the channel height, as

well as other domain variables, for the purpose of numerical
stability and to understand the relative contribution of various
transport mechanisms. The dimensionless forms of the domain
variables are as follows:

�u ¼ ~u
u0

�T ¼ T � T0

TH � T0
�c ¼

cGly

c0
(7)

The dimensionless value of pressure is arbitrary since all
liquid properties are pressure-independent. T0 was 293.15 K, u0

1.25 mm s–1, and c0 1.09 mol L–1. TH denotes the heater temper-
ature.

2.4 Boundary Conditions

2.4.1 Momentum Transport (Velocity/Pressure)

The dimensionless inlet fluid velocity was set at a constant val-
ue of 1, so that the inlet velocity profile was fully developed
before entering the fluidic channel at the inlet with an average
velocity of u0. The bubble-liquid interface was treated as no-
shear since there were no surfactants or other effects expected
to reduce the interface to no-slip [17, 20], which was consid-
ered as the best-case scenario for a microsystem with bubbles.
The top wall of the microchannel and the catalytic surface were
treated as no-slip and the outlet was set as a constant pressure
outflow condition.

2.4.2 Energy Transport (Temperature)

The bottom of the ceramic heater was fixed at a specific tem-
perature, assuming that the maximum power output of the
heater was sufficient to maintain this temperature despite any
loss to the environment or from the endothermic reaction. The
inlet fluid temperature was set at 293.15 K, and the heat of
reaction was taken into account at the interface of the fluid and
the catalytic surface. The top of the glass layer was set at a con-
stant ambient temperature of 293.15 K and treated as a heat
flux using a heat transfer coefficient of 10 W m–2K–1, which is a
typical value for natural convection [24, 25]. Continuity of tem-
perature was assumed for all other internal boundaries.

2.4.3 Mass Transport (Concentration)

The concentration of glycerol in the microchannel was fixed at
an arbitrary constant concentration (dimensionless value of 1)
at the channel inlet, and assumed to be sufficiently low for
applying Fick’s law. At the catalyst surface, a first-order
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reaction rate model was employed with a temperature-depen-
dent rate constant introduced via an Arrhenius expression
(Supporting Information S2) [26]. A dimensionless rate con-
stant (Damköhler number) was calculated based on the charac-
teristic dimensions of the reactor and rate constant at the refer-
ence temperature. For the bubble-liquid interface and top wall
of the microchannel a no-flux boundary condition was pre-
scribed. The outlet of the system was treated as a Neumann
condition (zero normal gradient in concentration).

2.4.4 Simulation Details

The aforementioned equations were solved numerically for
steady-state profiles using the finite element method in
COMSOL Multiphysics 5.3a� [21]. For the temperature and
the concentration, second-order Lagrange polynomials were
used and for the velocity/pressure a P2-P1 basis was selected.
Mesh independency was confirmed based on successive refine-
ment and resolution for the smallest bubble size and coverage
considered.

3 Results and Discussion

3.1 Velocity, Temperature, and Concentration
Profiles

First, the velocity and temperature profiles as well as the con-
version were studied in a bubble-free microfluidic channel. The
velocity profile was found to be consistent with a laminar flow
profile and a no-slip boundary condition at the microchannel
wall. Fig. 2 depicts the temperature (a) and glycerol concentra-
tion profiles (b) in the considered 2D microreactor for the
endothermic APR reaction of glycerol at 525 K. Further down-
stream (increasing x L–1), the glycerol concentration decreased
in the channel, as a result of the APR reaction. As the reaction
is endothermic, the temperature in the channel declined in the

flow direction. The average dimensionless temperature at the
outlet of the device was 0.84, which corresponds to a physical
temperature of 488 K, whereas the average outlet conversion
reached 0.56.

The same analysis was performed with a bubble mattress
(Lg = 20 mm; a = 45�, eB = 0.5) at the same heater temperature.
Fig. 3 depicts the velocity, concentration, and temperature pro-
files around the first three bubbles at the inlet of the fluidic
channel. The average conversion determined at the outlet of
the microreactor in the presence of bubbles was 0.46, which is
lower than in the absence of bubbles.

From a global perspective, the velocity, temperature, and
concentration profiles seemed to be very similar to the bubble-
free case. However, when considering the liquid-bubble inter-
face, the velocity contour lines were much closer at the top of
the bubbles than near the channel wall, which indicates a
steeper velocity gradient at the gas-liquid interface, due to the
no-shear surface of the bubbles (Fig. 3 a). The concentration
profile (Fig. 3 b) was directly related to the position of the bub-
bles since no reaction could occur either on the bubble or on
the catalytic surface covered by bubbles.

The temperature profile (Fig. 3 c) was found to be almost uni-
form across the channel height, with only a small temperature
gradient near the bubble-liquid interface. The lateral temperature
gradient was very small, which can be explained by the relatively
high thermal conductivity of hydrogen compared to other gases,
which are more insulating [27]. The slightly higher temperature
in the bubble than in the fluid may be counter-intuitive. However,
since APR is an endothermic reaction, heat is only extracted at
the catalytic surface area not covered by bubbles. Therefore, the
temperature was lower at the catalytic surface than in the bubbles.
Furthermore, the presence of a slip velocity at the bubble-liquid
interface could not compensate for the temperature gradient
resulting from the reaction. Altogether, while the endothermic
character of the reaction dictates the temperature profile in the
microchannel, adequate heat transfer through the insulating TiO2

catalytic layer is essential for proper functioning of the microreac-
tor and providing energy to conduct the APR conversion.
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Figure 2. Dimensionless
temperature profile over
the entire microfluidic de-
vice (a) and dimensionless
glycerol concentration pro-
file from the inlet to half-
way in the fluidic channel
(b) in the absence of bub-
bles and at a heater tem-
perature of 525 K.
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3.2 Effect of the Bubble Mattress
Parameters on the Conversion

To study how the presence of bubbles could
affect the chemical conversion, a paramet-
ric sweep was run by varying the bubble
length, protrusion angle, and catalytic sur-
face coverage. The conversion was eval-
uated at four positions in the fluidic chan-
nel. As illustrated in Fig. 4, bubbles
negatively influenced the conversion, both
at 525 K and 725 K, and the higher the tem-
perature, the higher the glycerol conver-
sion, as predicted by the Arrhenius equa-
tion.

The effect of the bubble mattress charac-
teristics on the conversion was investigated
in more detail. The conversion was nor-
malized to the available catalytic surface
area (1–eB) and plotted as a function of the
same parameter, to determine how effec-
tively the catalytic surface was used.

Fig. 5 compares two specific scenarios,
with bubbles of 20 mm in length and a

protrusion angle of 10� (square symbols), and bub-
bles of 100mm in length and a protrusion angle of
90� (circle symbols). In general, the bubble
characteristics (length and protrusion angle) were
found to only influence the conversion rate at a
high catalytic surface coverage by the bubbles (high
eB). For 1–eB = 0.25, the highest conversion rate
was achieved for shorter and flatter bubbles
(Lg = 20 mm; a = 10�) for both considered tempera-
tures. For such bubbles, a higher degree of slip is
expected, so that they are less detrimental for the
conversion than larger bubbles.

As demonstrated in both Figs. 5 a and 5 b, the
conversion per available unit of catalytic surface
area dropped when increasing the available catalyt-
ic surface area, which is likely due to a temperature
effect: when a larger catalytic surface area was
available to the liquid, more heat was utilized for
the reaction, which in turn resulted in a lower tem-
perature in the channel and led to a lower conver-
sion.

3.3 Temperature

Finally, the temperature profile was evaluated in
the microchannel for different bubble characteris-
tics and applied temperatures. Fig. 6 depicts the
temperature as a function of the x-position in the
channel, for both heater temperatures, measured at
the half-height of the fluidic channel. For sake of
clarity, only non-overlapping data are depicted in
Fig. 6. Surprisingly, the temperature was higher in
the presence of bubbles, for all considered bubble
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Figure 3. Dimensionless velocity (a), glycerol concentration (b), and temperature
profiles (c) at the inlet of the microfluidic channel around the first three bubbles
(Lg = 20mm; a = 45�, eB = 0.5) when a temperature of 525 K was applied.

Figure 4. Chemical conversion as a function of the position in the fluidic channel for dif-
ferent bubble mattress characteristics. Squares (¢) and triangles (*) indicate heater
temperatures of 725 K and 525 K, respectively. The curves depict the conversion in the
absence of bubbles.
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configurations compared to a bubble-free situation. The high-
est temperature was obtained for bubbles characterized by
a = 90� and Lg = 100 mm, and a catalytic surface coverage eB of
0.75.

These results are counter-intuitive since a higher catalytic
surface coverage eB would be expected to correspond to a larger
insulating layer, which should therefore prevent heat transfer.
However, the temperature profile as depicted in Fig. 6 supports
the trends observed for the reaction conversion (Fig. 4). For a
lower conversion rate, less heat was used for the reaction,
which overall resulted in a higher temperature in the channel.
Altogether, the temperature in the fluid was mainly dictated by
the chemical conversion, for which the heat transfer through
the catalytic layer was limiting. Furthermore, in this work,
hydrogen bubbles were considered, which have a relatively high
thermal conductivity compared to other gases [27]. Thus, the
effect of H2 bubbles on the heat transfer was relatively smaller
than for more insulating gases.

Next, three different temperature regions could be distin-
guished, which were mainly determined by the available cata-

lytic surface coverage (1–eB) since the bubble protrusion angle
and length did not significantly affect the temperature at the
half height of the fluidic channel. At an applied temperature of
525 K, the relation between the temperature and the bubble
mattress characteristics (Lg, a, eB) was straightforward: the
temperature in the channel increased with the catalytic surface
coverage eB.

A similar trend was observed for x L–1 smaller than 0.6, and
an applied temperature of 725 K. Further downstream in the
channel, this situation was reversed, and higher temperatures
were found in bubble-free channels. In the absence of bubbles,
full chemical conversion was achieved at this specific location
in the channel, so that no more heat was used for the endother-
mic APR reaction and all energy was transferred to the fluid.
As full conversion was achieved at a later location in the pres-
ence of bubbles, heat was still used for the chemical reaction, so
that the temperature remained lower in the channel than in the
bubble-free configuration.
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Figure 5. Conversion normalized to the available catalytic sur-
face (1–eB) as a function of the available catalytic surface (1–eB),
for a heater temperature of 525 K (a) and 725 K (b). (¢) Bubbles
of 20mm in length with a protrusion angle of 10�, (*) bubbles
of 100mm in length and a protrusion angle of 90�.

Figure 6. Dimensionless temperature profile at the half height
of the fluidic channel as a function of the position in the chan-
nel for various bubble mattress characteristics and a heater tem-
perature of 525 K (a) and 725 K (b).
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Overall, heat and mass transfer were found to depend on the
degree of conversion, which was in turn determined by the cat-
alytic surface coverage eB. As the herein considered reaction is
endothermic, the conversion and, more indirectly, the catalytic
surface coverage dominated the temperature profile. Overall,
the slip velocity on the no-shear bubble-liquid interface was
found to not play a significant role in the transport phenom-
ena. In systems where gas bubbles inevitably form on the cata-
lytic surface, applying a higher heater temperature can aid to
counteract the negative effects of bubbles. At higher tempera-
ture, diffusion would also be enhanced, which would promote
mass transfer towards and from the catalytic surface.

3.4 Model Relevance

Several aspects must be considered when translating the results
of this study to an actual catalytic microreactor. First of all, in
this work, a 2D model was used, with channels having an
infinite width, while in an experimental microreactor the fluid
is also confined by side walls. As the microchannel width is
comparable to its depth, gradients caused by the presence of
the side walls cannot be neglected.

The model could also be extended to include the bubble
nucleation and growth. Product gases are expected to dissolve
into the liquid until their maximum solubility is reached, as
described by Henry’s law. Once the liquid is saturated, bubbles
are more likely to nucleate on rough surfaces, such as a catalyt-
ic layer or channel defects. During the bubble growth, a gas
depletion layer forms around the bubble, thus increasing the
gas flux from the bulk liquid towards the bubble [28]. In addi-
tion, the presence of temperature gradients at the bubble-liquid
interface can lead to variations in the surface tension at this
interface, which may in turn result in additional surface flows,
also known as the Marangoni effect [29].

Furthermore, the geometry and contact area of the bubble
on the catalytic surface depend on the surface properties of the
catalyst. In this study, bubbles with a protrusion angle a up to
90� were considered. However, bubbles can adopt more spheri-
cal shapes, have much smaller contact areas with the catalyst,
and therefore do not cover the catalytic surface as much as hy-
pothesized in this work. Furthermore, spherical bubbles also
possibly give rise to corner flows, which would enhance mix-
ing. Altogether, spherical bubbles are expected to limit the con-
version to a lesser extent than bubbles considered in this study,
which will be the topic of further research.

4 Conclusion

Transport phenomena in multiphase catalytic microreactors,
where bubbles grow on a catalytic surface, are relatively com-
plex. Here, the momentum, heat and mass transfer in a multi-
phase microreactor were studied using a 2D COMSOL simula-
tion for different bubble mattress characteristics (length,
protrusion angle, and catalytic surface coverage), and APR as a
model reaction. As expected, the presence of bubbles decreased
the overall chemical conversion, as they partially blocked the
catalytic surface: the larger the bubbles, the lower the conver-

sion. Although bubbles have a no-shear surface, the existence
of a slip velocity was not sufficient to compensate for the loss
of catalytic surface. For the considered endothermic APR reac-
tion, the temperature in the fluidic channel was reduced, which
in turn affected the diffusivity of the reactants to the catalytic
surface. Altogether, this work highlights the importance of
understanding the effect of bubbles on the interconnected
transport phenomena in microreactors.
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Symbols used

b [m] slip length
ci [mol] concentration species i
Cp [J kg–1K–1] heat capacity
Di [m2s–1] diffusion constant species i
fg [N m–3] volume force due to gravity
k [W m–1K–1] thermal conductivity
Lg [m] characteristic bubble length
P [bar] pressure
q [W m–2] heat flux
Re [–] Reynolds number
T [K] temperature
TH [K] heater temperature
u [m s–1] mean velocity

Greek letters

d [m] thickness of the gas layer
mi [Pa s] viscosity
a [�] protrusion angle
eB [–] catalytic surface coverage
r [kg m–3] density

Subscripts

g gas
Gly glycerol
l liquid

Abbreviation

APR aqueous-phase reforming
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