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ABSTRACT

The main objective of this paper was to evaluate the influence of mass transfer on the photocatalytic efficiency
at a low flow rate in the order of several mL per hour. Several continuous flow microchannel reactors have been
used to study the degradation of salicylic acid (SA) taken as a model pollutant. The photocatalytic degradation of
salicylic acid, under UV illumination of 1.5 mW cm~?, was assessed from the outlet concentration measured by liquid
chromatography HPLC. It was shown that the degradation of SA by UV was limited by mass transfer. Numerical
simulations have allowed establishing a relationship of the Sherwood number valuable for all the microchannel
geometries. Computational fluid dynamics with Comsol Multiphysics is useful for predicting the degradation yield
for a given geometry of the microreactor. The best representation of the experimental data is obtained by introducing
a kinetic law taking into account mass transfer limitation.

© 2013 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Photocatalysis; Continuous-flow; Microreactor; Kinetic modeling; Mass transfer; Microstructuration; Sim-

ulation

1. Introduction

Traditionally, photochemical reactors have operated in batch
mode. This configuration leads to a non-uniform distribu-
tion of UV light and a mass transfer limitation due to
a slow diffusion. Among the possible solutions for inten-
sification of photocatalytic reactions, there is the use of
microreactors (Van Gerven et al., 2007). Microreactors with
channel dimensions of a few hundred microns, enable opti-
mum utilization of incident radiation (Georges et al., 2004)
and larger surface to volume ratio compared to classic reac-
tors. In the light of these advantages, there have been a
number of developments in the area of flow-based photo-
chemical microprocesses (Teekateerawej et al., 2006; Mills
et al, 2007; He et al., 2010; Charles et al., 2012; Tsuchiya et al,,
2012).

In spite of the many work on heat transfer and pressure
drop in microchannels, the mass transfer studies remains
very limited. Acosta et al. (1985) investigated experimentally
the mass transport in narrow flow gaps with dimensions
ranging between 0.2 and 0.5mm at large Reynolds numbers
(Re=1300-22000). Van Male et al. (2004) explored, numer-
ically and experimentally, the mass transfer in a square

* Corresponding author. Tel.: +33 03 83 17 51 14.
E-mail address: serge.corbel@univ-lorraine.fr (S. Corbel).

microchannel. They reported a Sherwood correlation for the
channel heated from topside under laminar plug-flow. To
the best of our knowledge, only one study relates the mass
transfer determination in a rectangular microchannel (Barlay
Ergu et al., 2009). The authors studied experimentally the
local mass transfer in a rectangular channel with a hydraulic
diameter of 0.208 mm. The Sherwood number correlation was
reported with a power of the Reynolds number equal to
0.28.

In line with this reasoning, we report the photocat-
alytic degradation of SA on deposited catalyst TiO; in two
microchannel reactors. The main objective of this paper was to
evaluate the influence of mass transfer on the photocatalytic
efficiency at a low flow rate. For this purpose, we have simu-
lated the degradation reaction, with the objective to establish a
relationship of the Sherwood number valid for several geome-
tries and flow rates.

Overall, in this research, photocatalysis degrada-
tion of SA in TiO,/UV system was investigated by (i)
finding the conversion yield at each flow rate, (ii) mod-
eling with COMSOL Multiphysics, and (iii) investigating
the influence of mass transfer coefficient with the
hydrodynamics.
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Inlet Outlet

Fig. 1 - Photography of the microreactor with the central
microchannel where is deposited the catalyst TiO,.

2. Materials and methods

Several microchannel reactors have been tested (Corbel et al.,
2008, 2011, 2012). They have been fabricated in inox by numer-
ical machine. The top of the reactors was grooved with a
microchannel. The micro-channels had a length of 70 mm.
Only the results concerning two reactors are presented in this
paper. Fig. 1 shows the design of the microreactor.

The two microchannel reactors characteristics are pre-
sented in Table 1. Both reactors display the same catalytic
surface and roughly the specific surface « (i.e., the surface
area per unit of volume). All of them have a channel length
of 70mm.

The titanium dioxide samples were deposited on the
micro-channel reactor (inner surface of the channel) according
to the procedure of Furman et al. (2007). An aqueous suspen-
sion of TiO, Degussa P25 (Evonik) of 4 g/L at pH 3 was poured on
the channel and the excess removed. The wetted channel was
dried at 70 °C for 1 h. This coating process was repeated several
times. After rinsing under running distilled water in order to
remove loose particles, the amount of deposit was determined
by weighing the dried reactor before and after the deposition.
This method leads to a coating thickness of 5+1pum (deter-
mined by profilometry) and a surface load of 2.3+ 0.3 mg/cm?.
This value is generally required for complete light absorption
(Ould-Mame et al., 2000; Zahraa et al., 1999). The photoreac-
tor is a self-constructed microreactor with fluorescent lamp
(Amax =365 nm). The microchannel is closed to the UV lamp so
that the incident light power is 1.5 mW cm~2 at the surface of
the catalyst, i.e., the level of the bottom of the channel (Fig. 2).
The measure was performed with an UV radiometer.

Salicylic acid (SA) solution (10mgL-!) was injected by
means of a syringe pump through the microreactor at a con-
stant inlet flow rate between 2.5 and 20mL/h. During the
residence time, SA is adsorbed on TiO,, which may resultin a
decrease of the solution concentration. To take into account of
this effect, we carried out the photodegradation reaction after
flowing SA in the microreactor for 1.5h in the dark to reach
the adsorption equilibrium. During the course of photocata-
lysis and irradiation, a sample is withdrawn after regular time
intervals. The peak area on the chromatograms is converted to
SA concentration using a linear calibration curve. It gives the
output concentration of salicylic acid and then the conversion

Fig. 2 - Experimental setup equipped with feed control
consisting of a syringe pump system.
0.7
0.6 R?=0.9839
« 05
= R?=0.9635
.g 0.4

0.3

Conver

0.2
0.1

mexp. R2

(0]

0 20 40 60 80 100 120
Irradiation time (s)

Fig. 3 - Experimental photocatalytic conversion yield of SA
in microreactors R1 (depth =0.5 mm) and R2

(depth =0.75 mm) as a function of the irradiation time (lines
are drawn for readability).

yield. For each reaction time, final results were averaged out
of at least three independent experiments.

3. Photocatalytic activity

The reactors R1 and R2 have the same catalytic surface. In
these experiments, the contact time r equal to V/Q is adjusted
by changing the flow rate Q. In this case, it is possible to com-
pare the efficiency of the two reactors at the same contact
time. Fig. 3 illustrates the variation of the conversion yield in
the two reactors in function of irradiation time.

The conversion yields show a logarithmic growth with time
to reach a constant level. The reactor with the smaller depth
has the highest conversion. As they present almost the same
catalytic surface S, the rate of degradation is improved by low-
ering the depth of the channel and by increasing the specific
area «. The apparent kinetic depends on the hydrodynamic
and the boundary layer. This could be logically explained by
a lower limitation by the mass transfer in reactor R1 and this
aspect has been confirmed by simulation. A good agreement

Table 1 - Geometric characteristics for two microreactors with a channel length of 70 mm.

R; Width w (mm) Depth h (mm) Aspect Volume Channel surface Spec. surface «
ratio w/h V (mm?) Sc(mm?) (mm~1)

R1 2 0.5 4 70.0 210 3.0

R2 1.5 0.75 2 78.7 210 2.7

Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.10.011
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has been found between the models and experimental results.
In the photocatalytic reaction, we estimate in agreement with
(Shiraishi et al., 2006) that a recirculation mode may be bene-
ficial owing to a reduction in the film-diffusional resistance.

4. Kinetics models generated by photonic
excitation of the catalyst

A kinetic model (Mills et al., 2006) consists of the reversible
adsorption-desorption reaction rate k/k—1, Eq. (1), of the
organic pollutant followed by an oxido-reduction rate kiy
under UV light Eq. (2); this leads to the following mechanism:

SA (liquid) — SA (ads) (2)
SA(ads) — kpy + hv — products (2)

In this mechanism, it is assumed that a pseudo-steady
stateis reached and that the reaction (2) involves the oxidation
of the organic SA by the hydroxyl radical generated by pho-
tonic excitation of the catalyst (Chen et al., 1994). The constant
ki depends on the incident light intensity.

The pseudo-steady-state analysis of these reactions
reveals a kinetic expression of the rate of removal r of
the organic pollutant which can be well described by a
Langmuir-Hinshelwood kinetic equation Eq. (3) (Mills et al,,
2006; Hermann, 2010):

kruKruC
= 3
1+ KiuC ( )

where kg and Kiy are the apparent rate and adsorption
constants, respectively, and C is the reactant concentration
in the bulk (molm~3). It is now recognized that the apparent
rate constant is light-intensity dependant.

The reaction occurs on a thin film of titanium dioxide cov-
ering the inner surface of the channel. As it has been observed
previously (Furman et al., 2007), this reaction is strongly influ-
enced by the transfer of the reactant from the fluid bulk toward
the catalyst surface. Such coupled effect of photocatalytic
reaction and transfer limitation has been established in a pre-
vious work (Charles et al.,, 2011). The mass-flux toward the
surface of the catalyst is equal to the chemical consumption
of salicylic acid at the catalytic surface as expressed by the
following Eq. (4):

kiuKiuC
—r =kg(C—Cs) = ﬁHTL;cZ @)

where C is the bulk concentration, k; (ms~!) the exter-
nal mass transfer coefficient and Kz (mol-?m3) the
adsorption-desorption constant. The subscript s represents
the value of the concentration at the photocatalyst surface.
Furthermore, the surface concentration Cs; depends on the
bulk concentration and the external mass transfer. As the sur-
face reaction is faster than the diffusion reaction, it can be
assumed that the surface concentration Cs is negligible com-
pared to C, so that the Eq. (4) becomes

kKC
1+KC ©)

—r = de:

At a given flow rate Q and during the residence time z, the
experimental degradation ratio of salicylic acid, is defined by
the mean conversion ratio X. It represents the normalized

outlet

Yy
70 mm
length » _
»
> g
uv ’ Z
TIiradiation 3653 » é
nm b
B

X

\2

e
=

0.5mm (depth)

inlet

Fig. 4 - Schematic 2D model domain with the microchannel
and the active catalytic surface TiO,.

variation of the salicylic acid concentration between the inlet
and outlet of the reactor:

_ Co — Cout

X() =

()

where Cp (0.072molm—3) and Coy are the inlet and outlet
concentrations, respectively. The outlet concentration Coyt is
defined at a stationary state and varies with the flow rate. The
value of the outlet concentration Coyt is used to estimate the
degradation ratio of salicylic acid by using Eq. (5). Every exper-
iment is repeated at least three times, and the data presented
below are the averages of the repeated results. The experi-
mental uncertainty on the ratio X is less than 0.02 and we can
deduce a maximum vertical error bar of 7% on the data series.

5. Modeling with COMSOL Multiphysics

The model takes into account the convection-diffusion
phenomena occurring in a 2D domain which is coupled to
salicylic acid transport to the reacting surface. The geometry
of the model is a parallel plate reactor with an active surface
where occurs the reaction. The contribution of the lateral walls
(not represented) has been neglected and only the bottom of
the channel whose orientation is perpendicular to the irra-
diation has been considered. Cross-side 2D geometry of the
domain is shown in Fig. 4.

A Newtonian-incompressible flow has been adopted to
simulate the aqueous flow of the solution through the
channel. The governing equations are the well-known
Navier-Stokes, whereas the surface concentration Cs is cal-
culated by the material balance for the surface, including
diffusion and the reaction rate expression:

% +(-DVcg) =1 7)
where Cs is the surface concentration of SA in molm~2 and
r the surface reaction rate. In the model, the surface reac-
tion rate r is considered as a negative boundary flux. We have
simulated the reaction by considering two forms of the rate

Eng. Res. Des. (2013), http://dx.doi.org/10.1016/j.cherd.2013.10.011
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expression. In a first step, we considered the reaction rate as
the kinetics model of Langmuir-Hinshelwood (LH):

kLuKiuC
_y — RunKinGs ®)
1+ KruCs
And in a second step, we introduced a reaction rate governed
only by mass transfer from the bulk to the surface.

—1 =k4(C—Cs) (9)

with kg the external mass transfer constant, C and Cs the
concentration in the bulk and the surface, respectively. The
concentration Cs can be considered negligible in comparison
with the C concentration in the bulk. Therefore, Eq. (9) could
be approximated by

—r = de (10)

The coupling between the bulk and the surface is obtained as
a boundary condition in the bulk’s mass balance. This condi-
tion sets the flux of C at the boundary equal to the rate of the
surface reaction.

The transport in the bulk of the channel is described by a
convection-diffusion equation:
ac
s V.(-DVc+cu)=0 (12)
In the above equation, D denotes the isotropic diffusion coef-
ficient of SA in aqueous solution, and u(x,y) denotes the flow
velocity. In this case the velocity in the perpendicular direc-
tion x equals 0 while the velocity in the parallel direction y
of the active surface has a Gaussian distribution due to lam-
inar flow between two parallel plates. Moreover, during the
meshing step, care is taken in order to have a large number of
fine elements along the active surface and the total number
of elements for a complete triangular mesh is 158 570.

5.1. Comparison of the two models

For a given geometry and an inlet concentration
of 0.072molm~3, the apparent kinetics constant
(k=45x107molm=2s7!) and adsorption constant

(K=40m3 mol~?) have been found in a previous work (Corbel
et al,, 2012). They allow calculating for each flow rate the
outlet concentration Coyt and the corresponding yield X.
The average concentration Coyt is calculated by integrating
the concentration on the outlet border of the domain with
an average operator. The diffusivity of SA is supposed to
be isotropic and equal to 9.8 x 10-¥m?s~1 (Delgado, 2007).
Fig. 5 shows the calculated and experimental conversion
ratios as a function of the flow rate for the two models:
Langmuir-Hinshelwood (sim LH) and mass transfer (sim
transf.).

As expected, the conversion decreases with the flow rate
which corresponds to a shorter contact time in the microchan-
nel. At low flow rate, the two models describe correctly the
experimental data, but they diverge at higher flow rates. By
using the LH model, we observe a significant disagreement
between the model and the experimental data. This effect
illustrates the difficulty to choose correctly the couple of
constants (k, K) of the LH model. On the opposite, when the
model takes into account the mass transfer, a better agree-
ment is now observed. Indeed, the variation of the mass

0.8
0.7

06 &

0.5 ‘?

0.4 Y

~

Conversion X

R
0.3 \\ ~_*\ ¢ exp. R1
0.2 S "% <— X(sim. transf)
0.1 TS <« X(sim.LH)

0 10 20 30
Flow rate Q (mL/h)

Fig. 5 - Comparison of the two models (kinetics model of
LH and mass-transfer model) with experimental data for
the reactor R1.

Table 2 - Values of mass transfer k; obtained from the

simulation by COMSOL and the deduced values of the
Sherwood numbers in the case of reactor R1.

Q (mL/h) Re kg simul (m/s) Sh=dh*kq/Dm

2.5 0.6 6.3x10°° 5.14
7.5 1.7 1.03x 10> 8.41
10 2.2 1.10 x 10—° 8.98
15 33 1.20x 10> 9.80
20 4.4 1.15 x 107> 9.39

transfer with the flow rate influences the kinetics. In these
conditions the model with diffusion and mass transfer seems
more convenient. In the photocatalytic reaction, however, we
estimate in agreement with (Shiraishi et al., 2006) that a recir-
culation mode may be beneficial owing to a reduction in the
film-diffusional resistance. In addition, we verified by simula-
tion the effect of the mass transfer by introducing baffles in
half the depth of the microchannel. This causes a decrease
of the output concentration and a significant increase of the
conversion rate of the pollutant.

5.2.  Determination of the Sherwood number by
simulation

Using the COMSOL Multiphysics software, we took a kinetic
law of degradation following an external mass transfer rule as
described by Eq. (5) comprising the coefficient ky. For a given
flow, we can find the parameter kg4 by fitting the conversion of
experimental and simulated data. In the CFD simulation, only
one parameters is unknown, namely k;. To fit the experimen-
tal data to the model we use the following calculation scheme.
At first, we fix the value of k4. The resulting model value of
conversion is then compared to the experimental degradation
ratio at a given flow rate. The value of k; is modified in such
a way that the difference between the numerical solution and
the experiment is minimal. Tables 2 and 3 give the values of
kg deduced from the simulation at each flow rate and the cor-

Table 3 - Values of mass transfer k; obtained from the

simulation by COMSOL and the deduced values of the
Sherwood numbers in the case of reactor R2.

Q (mL/h) Re

ky simul (m/s) Sh=dh*kg/Dm

2.5 0.6 5.5x 107® 5.61
7.5 1.8 9.0x10°° 9.18
10 2.5 8.3x10°° 8.52
15 3.7 1.05x 10> 10.71
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Fig. 6 — Sherwood number variation as a function of flow
rate obtained from simulation and optimization of k; in the
case of reactors R1 and R2.

responding calculated values of the Sherwood number Sh for
the reactors R1 and R2, respectively.

Fig. 6 shows the evolution of the Sherwood number with
the Reynolds number. It increases with the flow rate and
stabilizes for Re larger than 2. The trend is similar to that
described by Barlay Ergu et al. (2009) for the mass transfer
coefficient in rectangular microchannel, and by Chen et al.
(2000) for the mass transfer coefficient of benzoic acid into
water during the photocatalytic degradation inside a circular
macro-reactor with immobilized titania oxide. All the former
studies illustrate that the Sherwood number, or the mass
transfer coefficient, increases (less mass transfer resistance)
with increasing circulating flow rate. This causes a decrease
of the output concentration and a significant increase of the
conversion rate of the pollutant.

6. Correlation of the Sherwood with
Reynolds and Schmitt numbers

We hypothesized that the number of Sherwood followed a law
of the type:

Sh = (i—h + Re“Sc? (12)

with dj, the hydraulic diameter, L the length of the microchan-
nel, Re the Reynolds number and Sc the Schmidt number. The
Schmidt number is calculated using Sc= u/pD, with 1 and p the
viscosity and the density of the solution, respectively.

The coefficients « and g were determined by linearization
of Eq. (12), and the values are determined from the slope
and intercept point, respectively. Fig. 7 shows the lineariza-
tion, and the values found: «=0.31 for R1 and «=0.34 for the
reactor R2. These curves can be used to deduce the value of
the exponent g8 of the Schmidt number: 8=0.27 and =0.28
for R1 and R2, respectively. The obtained power law values
of the Reynolds number « are comparable with that of about
0.26-0.32 already reported for a similar microchannel system
(Barlay Ergu et al., 2009). In addition, the power exponents are
in perfect agreement with the exponent corresponding to the
Graetz-Leveque laminar flow conditions inside a membrane
(@=0.33) (Van den Berg et al., 1989). The power values of the
Schmidt number g agree with the results of Barlay Ergu et al.

Fig. 7 - Linearization for finding the power values « and g
in the case of reactors R1 and R2.

(2009) who found a power exponent of 1/3 and also to the
Graetz-Leveque exponent given as 0.33.

The knowledge of the mass transfer coefficients with the
flow rate allows us defining a law of the Sherwood number for
a given geometry of the micro-channel reactor.

7. Conclusion

The degradation of SA was tested in different geometric con-
figurations of the microreactors. It has been found that the
microreactor with the smallest depth is the best configuration.
This is in relation with the mass transfer toward the catalytic
surface. The simulation of the degradation, taken into account
the diffusion and the mass transfer toward the catalyst, shows
an important concentration gradient. The best representation
of the experimental data was obtained by introducing a kinetic
law governed by mass transfer. By adjustment of the conver-
sion yield, we have simulated the conversion yield at each
flow rate. The simulation has allowed defining a correlation
of the Sherwood number with the flow rate. The following
expression was obtained: Sh=dh/L+Re%3Sc?3. This correla-
tion defines a mass transfer coefficient that can adequately
describe the experimental results in an area corresponding to
the Reynolds number between 1 and 4.
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