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a  b  s  t  r  a  c  t

The  main  objective  of  this  article  is  to  evaluate  quantitatively  the  kinetic  constants  of  a  photocatalytic
reaction  in  micro-channel  reactors  despite  the  presence  of  a  radial  concentration  profile  (mass-transfer
limitation)  and  axial  dispersion.  Photocatalytic  micro-channel  reactors  with  immobilized  titanium
dioxide  as  photocatalyst  have  been  fabricated  using  stereolithography  process.  The  photocatalytic  degra-
dation of  salicylic  acid  is  investigated  as  a function  of rectangular  micro-channel  size,  contaminant
concentration,  flow  rate  and  incident  UV light  intensity.  All  the  micro-channel  reactors  exhibit  the  same
tendency.  Higher  degradation  is  observed  for high  incident  light  intensities,  low  pollutant  concentrations
and  flow  rates.  A  simple  equation  for  the  determination  of  the  kinetic  constants  during  the  photocatalytic
degradation  is reported.  The  equation  includes  the  hydrodynamic  properties  and  a surface  reaction  model
for the  photocatalytic  reaction  (monomolecular  Langmuir–Hinshelwood  kinetics).  In  the  experimental
system,  we  demonstrate  that  some  external  mass-transfer  limitation  and  axial  dispersion  occur.  They
tereolithography are included  in  the  modeling  with  calculated  values  of  the  mass-transfer  coefficient  of  salicylic  acid  from
the solution  to  the  catalyst  surface  and  the  axial  dispersion  coefficient.  A single  couple  of  values  of  the
reaction  rate  constant  k and  the  adsorption  equilibrium  constant  K represent  properly  the  experimental
degradation  ratios for all  reactor  dimensions,  flow  rates  and  pollutant  concentrations.  The  major  param-
eter that  controls  the  values  of  the  reaction  rate  constant  is  the  incident  light  intensity.  The  dependence
of  the  reaction  rate  on  the  incident  light  intensity  is first  order.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Photocatalysis is a potential technology for the destruction
f organic contaminants in water, such as aromatic compounds,
hich present a potential hazard to the environment [1–3]. The
ineralization of remaining traces of organic contaminants in
ater together with the removal of microorganisms make photo-

atalysis a very suitable technique for the treatment of wastewater
ut also a valuable alternative to conventional drinking water treat-
ent and for the production of ultrapure water for pharmaceutical

pplications [4].
Titanium dioxide (TiO2) is the most commonly used semicon-

uctor photocatalyst since it is highly photoactive, photostable,

iologically and chemically inert, and relatively inexpensive.
he photochemical technology using TiO2 photocatalyst for the
ater treatment process is known as a clean method. Regarding

∗ Corresponding author. Tel.: +33 03 83 37 50 89; fax: +33 03 83 37 81 20.
E-mail address: thibault.roques-carmes@ensic.inpl-nancy.fr

T. Roques-Carmes).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.08.019
economical and practical reasons, it has become clear that the most
useful form of TiO2 photocatalyst is that of a film or coating on
a convenient support [5,6]. However, immobilized systems have
the problem that they are difficult to scale-up, have low interfacial
surface areas and mass-transfer limitations may occur [7,8].

To predict the performance of a photocatalytic reactor with
immobilized catalyst, it is necessary to previously determine the
intrinsic kinetic reaction rate constants. That contributes signifi-
cantly to shortening the delays from laboratory development to
industrial scale-up. An important consideration during kinetic con-
stant determination is the use of a reactor operating in a regime
in which mass-transfer limitations are not predominant [7,9]. The
kinetic parameters are then independent of the reactor configu-
ration. This can be achieved by using a well-mixed batch reactor
[10] or micro-reactors [11,12]. However, micro-reactors have only
very recently been investigated for the determination of the kinetic
constants of photocatalytic reactions [11–15].  For photochemical

reactions in particular, micro-reactors exhibit higher spatial illumi-
nation homogeneity and better light penetration through the entire
reactor depth in comparison to large-scale reactors [13]. Besides the
miniaturization of the reaction system itself, light emitting sources

dx.doi.org/10.1016/j.jphotochem.2011.08.019
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:thibault.roques-carmes@ensic.inpl-nancy.fr
dx.doi.org/10.1016/j.jphotochem.2011.08.019
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The experimental setup used for the photocatalytic tests
is shown in Fig. 1b. An aqueous solution of salicylic acid
was  introduced into the micro-channel reactor with a syringe

Table 1
Geometrical characteristics of the rectangular micro-channel reactors. w refers to
the  channel width, h to the channel height, L to the channel length, � to the specific
catalyst surface area per volume unit of liquid treated inside the reactor and Acat to
the  total catalyst surface.
G. Charles et al. / Journal of Photochemistry a

n the micro or even nanoscale near the catalyst are necessary to
chieve uniform and maximized illumination [16]. For instance,
orges et al. [11] used an array of 11 UV-A LEDs mounted on a
rinted circuit board to uniformly illuminate 19 micro-channels
ith a cross-section of approximately 300 �m × 200 �m.

However, to avoid the difficult fabrication of micro or nanore-
ctors and the prohibitive cost of the light sources on the micro or
anoscale, we propose to introduce micro-channel reactors with
ypical characteristic dimensions between 500 �m and 2 mm.  The
ize of the channel is more adapted to future industrial implemen-
ation. Unfortunately, this particular configuration may  lead to axial
nd radial concentration profiles (mass-transfer limitation) under
aminar flow. To this extent, it becomes then necessary to apply

 computational fluid dynamics (CFD) approach to determine the
inetic parameters [17–20].  One of the aims of this article is to
escribe a simple and rapid methodology for the accurate deter-
ination of the kinetic constants in the presence of mass-transfer

imitation and axial dispersion assuming that all photocatalytic
sers do not have access to CFD tools.

In this paper, photocatalytic rectangular micro-channel reactors
ith immobilized titanium dioxide as photocatalyst are designed,

onstructed and tested. The micro-channel reactors are fabricated
sing stereolithography process which allows the fabrication of
omplex forms with a great flexibility [21,22]. This study focuses
n the photocatalytic degradation of a model component, salicylic
cid, because it is easily degraded. The rectangular micro-channel
ize, contaminant concentration, flow rate and incident UV light
ntensity are varied. An equation for the determination of the
inetic constants is developed. The model takes into account the
ydrodynamic properties and the photocatalytic surface reaction.
he generic nature of the model means that it can be applied for
he determination of the kinetic constants, in the presence of mass-
ransfer limitation, for any reactor design and any organic pollutant
egardless of the photocatalyst nature if the reaction rate can be
odeled by a Langmuir–Hinshelwood law.

. Materials and methods

.1. Fabrication of photocatalytic micro-channel reactors

The rectangular micro-channel reactors were fabricated in
poxy resin by a home-made stereolithography apparatus using

 UV Nd–YAG laser [21–24].  The stereolithography technique is
ased on the process of photopolymerisation, in which a liquid
esin is converted to a solid polymer on exposure to laser radi-
tion. The models are produced by curing successive layers of
esin material until a three-dimensional object is formed. Fig. 1a
epicts a photographic view of the polymeric micro-reactor. The
itanium dioxide samples were deposited on the micro-channel
eactor (inner surface of the channel) according to the procedure
f Furman et al. [21]. An aqueous suspension of TiO2 Degussa P25
Evonik) of 4 g L−1 at pH 3 was poured on the channel and the excess
emoved. The wetted channel was dried at 50 ◦C for 1 h. This coating
rocess was repeated 20 times. After rinsing under running distilled
ater in order to remove loose particles, the amount of deposit
as determined by weighing the dried reactor before and after the
eposition. This resulted in a coating thickness of 5 ± 1 �m (deter-
ined by profilometry) and a surface load of 2.8 ± 0.3 mg/cm2, this

alue being above the minimal load generally required for com-
lete light absorption [3,25].  This experimental procedure enabled
o control the mass of the coated catalyst and to obtain a uniform

ayer on the entire surface of the channel. Note that only the two
ide walls and the bottom of the channel were covered with the
hotocatalyst. Following the deposition of the catalyst, the micro-
eactor was sealed with a glass top plate using an epoxy glue.
Fig. 1. (a) Photographic view of the micro-channel reactor. (b) Experimental setup
for  photocatalytic reactions with a micro-channel reactor.

The total catalyst surface Acat is obtained using:

Acat = L(w + 2h) (1)

where L denotes the channel length, w the channel width and h the
channel height.

Ray and Beenackers [7] identified the illuminated specific sur-
face area (�) of a photocatalyst within the reactor that is in contact
with the reaction liquid as an important design parameter for the
construction of photocatalytic reactors. � is calculated using the
following formula:

� = 2h + w

wh
(2)

The characteristics of the three rectangular micro-channel reac-
tors with different dimensions are shown in Table 1. It appears that
the � values for our micro-channel reactors surpass the values for
other macro-reactor types due to the large surface-to-volume ratio
inherent to any micro-structured reactor [13]. Then, from the geo-
metrical estimation, we conclude that the photocatalytic reaction
takes place mainly at the inner surface of the channel.

2.2. Photocatalytic reaction system
Width, w (mm) Height, h (mm) Length, L (mm)  � (m−1) Acat (mm2)

R1 1 0.5 70 4000 140
R1.5 1.5 0.5 70 3333 175
R2 2  0.5 70 3000 210
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ump (KdScientific, KDS-100-Ce). The flow regime inside the
icro-reactor channels was laminar since the Reynolds numbers

Re = 0.8–7.0) were smaller than the critical Re. A flexible tube at
he outlet of the reactor enabled to collect the irradiated solution
amples. The micro-channel reactors operated under continuous
ow operation (permanent regime) as plug-flow reactor.

A UV fluorescent lamp (Oaric Halolite, light power 8 W)  was
ositioned outside the reactor (Fig. 1b). It was located at 1 cm above
he reactor and parallel to the central axis of the channel. The inci-
ent light power was recorded by an ultraviolet radiometer and

ndicated a spectral response centered at 365 nm with a half band-
idth of 12 nm.  The incident light energy density at the surface of

he catalyst was Iincident = 1.5 mW/cm2 unless stated otherwise. The
ncident light energy density at the surface of the catalyst could be
aried by changing the distance between the reactor and the lamp.

To characterize the photocatalytic performance of the micro-
hannel reactors, the degradation of salicylic acid, a widely
mployed compound for the testing of photocatalytic systems, was
nvestigated [24,25]. The photocatalytic process was  followed by

onitoring the disappearance of salicylic acid. Solutions of sali-
ylic acid were prepared with Milli-Q water and aerated before
se. The photocatalytic experiments were performed at pH 6. At
he start of every experiment, introduction of the reactant into the
ystem was performed under light irradiation. Before samples were
aken, the solution was passed through the reactor for at least 1 h
o ensure that adsorption equilibrium and steady-state conditions
ad been reached. The salicylic acid concentration after photoreac-
ion (Cout) was measured by HPLC. The HPLC system was  equipped
ith a variable Shimadzu SPD-20A UV-Vis detector, a Rheodyne
odel 7725 injector, a loop size of 20 �L and a Shimadzu LC-20AT

ump. Chromatograms were registered with standard reversed-
hase HPLC using a Lichrosorb RP-18 column (250 mm × 4.6 mm,

.e. particle size 5 �m,  Supelco-Inc). The eluent was  a mixture of
0% (v/v) methanol and 30% (v/v) water containing 0.1% (v/v) of
hosphoric acid. The flow rate was 1 mL  min−1 and the detection
avelength was 295 nm.

The experimental degradation ratio of salicylic acid during its
ontact with the catalyst is defined by:

 = Cin − Cout

Cin
(3)

here Cin and Cout denote the salicylic acid concentrations at the
nlet and the outlet of the reactor, respectively.

Prior to the photocatalytic experiment, the experimental system
as operated for several hours using distilled water to remove any

rganic and inorganic impurities adsorbed on the surface of the
atalyst as well as any TiO2 coating particles that were not strongly
ttached to the surface of the micro-channel reactor.

.3. Residence time distribution

In order to characterize the flow in the micro-channel reactors,
he liquid residence time distribution (RTD) was determined. The
ollowing setup (Fig. 2) was used to evaluate the RTD in the reac-
ors. The reactor R2 used for RTD measurements had an internal
olume of 70 �L which was smaller than the volume of the over-
ll measuring unit. This meant that the residence time response
f an inert tracer was strongly influenced by the measuring setup
tself. For this reason, the flow characteristics in the micro-channel
eactor were isolated from measurements of the concentration of

 tracer at the inlet and at the outlet of the reactor. As inert passive
racer, nigrosin was used since it had strong UV-light absorption

ith an absorption maximum at approximately 300 nm.  Due to the

inear response and very short response times of the UV-sensor,
he acquired signals could then be easily treated in order to access
he concentration signals as a function of time [26,27]. Prior to
Fig. 2. Schematic of the experimental apparatus for residence time distribution
measurements.

each experiment, the reactor was rinsed with water using a syringe
pump (KdScientific, KDS-100-Ce). Switching a valve then allowed
the introduction of an aqueous solution of nigrosin (0.2 g L−1) by
a continuous switch of the feed pump at a given flow rate. The
acquisition system was then activated and the luminous intensi-
ties were recorded as a function of time. In our configuration, it
was  necessary to obtain the shape of the entering signal before the
reactor Einlet(t) and the shape of the output signal at the outlet of the
reactor Eoutlet(t). For this purpose, the signal was  measured with-
out the reactor (Einlet(t)) and later with the micro-channel reactor
(Eoutlet(t)). Normalization of these signals then allowed the RTD of
the liquid in the micro-channel reactor volume to be studied.

Calculation of the first-order moment of both the inlet
(

ts,inlet

)
and the outlet

(
ts,outlet

)
signals provided the mean residence time

in the reactor ts,R:

ts,R = ts,outlet − ts,inlet (4)

Estimation of the second-order moment of both the inlet
(�2,inlet) and the outlet (�2,outlet) signals gave the variance �2

R:

�2
R = �2

outlet − �2
inlet =

(
�2,outlet −

(
ts,outlet

)2
)

−
(

�2,inlet −
(

ts,inlet

)2
)

(5)

The mean residence time and the variance are related to the
experimental reactor Peclet number PeR [28], as:

PeR = 2

(
ts,R
)2

�2
R

(6)

3. Determination of the kinetic constants

3.1. Langmuir–Hinshelwood model

The photocatalytic degradation of salicylic acid is often
described to be governed by Langmuir–Hinshelwood kinetics
[3,25]. The model assumes (a) low concentration of the inter-
mediate products, (b) similar binding characteristics on TiO2 of
the intermediate products and the parent compound, (c) non-
competitive adsorption for the same active sites on TiO2 between

the organic contaminant and the solvent and (d) much slower
attack of the adsorbed pollutant molecule by a surface reactive
species (OH radical, hole) than the rate of disappearance of the
reactive species.
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The equation for reaction rate takes the form of the following
quation [29]:

 = kKCs

1 + KCs
(7)

here r denotes the reaction rate of salicylic acid degradation, Cs

he concentration of salicylic acid at the surface of the catalyst, k the
eaction rate constant and K the adsorption equilibrium constant.
he reaction rate constant k depends on the light intensity absorbed
y the catalyst but not on the catalyst load under our experimental
onditions. The adsorption equilibrium constant K is affected by
he temperature and the affinity between the pollutant and the
atalyst.

Assuming a steady-state approximation, the mass flux towards
he surface of the catalyst is equal to the chemical consumption in
alicylic acid at the support surface (Langmuir–Hinshelwood rate):

 = km,ext(C − Cs) = kKCs

1 + KCs
(8)

here C is the pollutant concentration of the liquid flow and km,ext

s the mass-transfer coefficient.
The solution of Eq. (8) gives the expression for Cs:

s =
−km,ext + km,extKC − kK +

√
(−km,ext + km,extKC − kK)2 + 4k2

m,extKC

2km,extK
(9)

s depends on the chemical consumption (kinetic constant k and
dsorption constant K) which acts as a “sink” and on the exter-
al mass-transfer (mass-transfer coefficient km,ext, flow rate and
oncentration C) [30]. When the external mass-transfer is efficient
nough, Cs tends to be equal to C and the degradation rate only
epends on the chemical kinetics (see Section 3.2). In the case
f a high chemical consumption compared to the mass-transfer
rocess, an important concentration gradient takes place in the
oundary layer and the concentration Cs can become lower than
he concentration in the liquid flow C (see Section 3.3). Therefore,
he degradation rate becomes lower, which reduces the efficiency
f the photocatalyst. This is true in particular for low flow rates.

.2. Perfect plug-flow reactor

The reactor is considered to be a perfect plug-flow reactor. We
lso assume the absence of limitation by mass-transfer (kinetic
egime), i.e. Cs tends to be equal to C and the degradation rate only
epends on the kinetics.

The mass balance on a small volume of support for a plug-flow
eactor is:

dC = − kKC

1 + KC
dV (10)

Integrating Eq. (10) between the reactor inlet and outlet yields:

1
kK

ln
(

Cout

Cin

)
+ 1

k
(Cout − Cin) = − V

Q
(11)

ith V the volume of the reactor, Q the flow rate, Cin and Cout

he inlet and outlet concentrations, respectively. We  introduce the
egradation ratio X = 1 − Cout/Cin. It will be shown experimentally
hat the kinetic constant k and the equilibrium constant K are appar-
nt constants. For that reason, we consider that k = kapp and K = Kapp.
q. (11) can be written as:

V 1 ln(1 − X) 1

QCinX

=
kappKapp CinX

−
kapp

(12)

 plot of −V/(QCinX) versus ln(1 − X)/CinX should be linear and allow
he determination of the two constants kapp and Kapp.
tobiology A: Chemistry 223 (2011) 202– 211 205

3.3. Plug-flow reactor in the presence of a radial concentration
profile and axial dispersion

The mass balance through a plug-flow reactor in the presence of
a radial concentration profile (mass-transfer limitation) and axial
dispersion is given by:

d2C

dx2
− u

Da

dC

dx
− 1

Da
km,ext(C − Cs) = 0 (13)

with u being the axial mean velocity in the micro-channel reactor,
Da the axial dispersion coefficient and x the axial coordinate.

However, the analytical solution of Eq. (13) using the expression
of Cs (Eq. (9))  is not analytically convenient. In order to overcome
this issue, a simplification is proposed. The relation between the
concentrations C and Cs can be obtained by rewriting Eq. (8) as:

C = Cs + 1
km,ext

kKCs

(1 + KCs)
≈  Cs

(
1 + kK

km,ext(1 + KCsi)

)
= A−1 × Cs

(14)

with

A =
(

1 + kK

km,ext(1 + KCsi)

)−1

= km,ext(1 + KCsi)
km,ext(1 + KCsi) + kK

(15)

It is then considered that Csi is a constant concentration.
Substituting Eq. (14) into Eq. (13) yields:

d2C

dx2
− u

Da

dC

dx
− 1

Da
km,extC(1 − A) = 0 (16)

The solution of Eq. (16) can be written as:

C = Cin exp

(
x

2

(
u

Da
−
√(

u

Da

)2
+ 4km,ext(1 − A)

Da

))
(17)

or

C = Cin exp

(
x

2

(
u

Da
−
√(

u

Da

)2
+ 4

1
Da

kKkm,ext

km,ext(1 + KCsi) + kK

))

(18)

The outlet concentration Cout can be calculated using x = L:

Cout = Cin exp

(
L

2

(
u

Da
−
√(

u

Da

)2
+ 4km,ext(1 − A)

Da

))
(19)

The degradation ratio of salicylic acid during its contact with the
catalyst is defined by:

X = 1 − Cout

Cin
= 1 − exp

(
L

2

(
u

Da
−

√(
u

Da

)2

+ 4
1

Da

kKkm,ext

km,ext(1 + KCsi) + kK

))

(20)

Eq. (20) constitutes our central result. It is first necessary to calcu-
late u, Da, km,ext, and Csi. The axial mean velocity u is estimated as the
ratio of the flow rate Q to the channel cross-section  ̋ (  ̋ = w × h),
i.e. u = Q/˝.

In laminar flow, the axial dispersion coefficient Da is given by

Da = D + u2d2
h (21)
192D

where D is the molecular diffusion coefficient and dh is the hydro-
dynamic diameter of the micro-channel. The value of D for salicylic
acid is 0.98 × 10−9 m2 s−1 [31,32].
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Fig. 4. Degradation of salicylic acid in R1 as a function of (a) the flow
rate with Cin = 10 mg/L and Iincident = 1.5 mW/cm2. The solid line is the best fit,
calculated with Eq. (20). Fitting parameters: k = 2.06 × 10−3 mmol L−1 s−1 and
K  = 23 L mmol−1. (b) The inlet salicylic acid concentration at different flow rates

2

Fig. 3. Method used for the calculation of Csi .

The mass-transfer coefficient km,ext can be estimated from Sher-
ood number using

h = km,extdh

D
(22)

Barlay Ergu et al. [33] investigated experimentally mass-transfer
n a rectangular micro-channel having a width of 3.7 mm,  height of
.1 mm and length of 35 mm by using the electrochemical limit-

ng diffusion current technique. They reported a correlation of the
orm:

h = 2.076 × Re0.28
(

L

dh

)−0.12
× Sc1/3 (23)

here Re is the Reynolds number, Sc the Schmidt number and L the
icro-channel length (70 mm).  The Schmidt number is calculated

sing Sc = �/�D, with � and � the viscosity and the density of the
olution, respectively.

An iterative methodology is used to determine Csi. The termina-
ion criterion is to obtain a constant value of Cout. The calculation
cheme is described in Fig. 3.

In Eq. (20), two parameters are a priori unknown, namely k and
. To fit the experimental data to the model we use the following
alculation scheme. Initially, we guess the values of k and K. For
hese values, the numerical solution of Eq. (20) is calculated. The
esulting curve is then compared to the experimental degradation
atio as a function of the flow rate. The values of k and K are modified
n such a way that the distance between the numerical solution and
he experiment is minimal.

. Results and discussion
The complete photocatalytic degradation of salicylic acid can be
ummarized as:

7H6O3 + 7O2
hv,TiO2−→ 7CO2 + 3H2O
with  Iincident = 1.5 mW/cm . The points are experimental data, the lines are model
results calculated using Eq. (20) and the fitting parameters k and K. Geometrical
characteristics of R1: w = 1 mm,  h = 0.5 mm and L = 70 mm.

Guinea et al. [34] described 2,3-dihydroxybenzoic acid,
2,6-dihydroxybenzoic acid and maleic acid to be the major interme-
diates for the photocatalytic degradation of salicylic acid. However,
in our experiments with the micro-channel reactors, we could
not detect any of these substances with the employed HPLC
method.

Figs. 4–6 show the influence of the flow rate, inlet concentra-
tion and incident light intensity on the degradation ratio of salicylic
acid in the reactors R1, R1.5 and R2, respectively. The photocat-
alytic activity of the micro-channel reactors is confirmed from
the degradation of salicylic acid. These results clearly indicate the
successful integration of the photoreactive TiO2 into the micro-
channel systems. All the reactors show the same trend. Higher
degradation is observed for lower inlet concentrations. Further-
more, the degradation decreases with the flow rate, which can
be explained by the reduction of the residence time of the reac-

tants in the micro-channels. The degradation performance is also
affected by the incident light intensity (Fig. 5a). The increase of
the incident UV light intensity results in an enhancement of the
degradation.
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Fig. 5. Degradation of salicylic acid in R1.5 as a function of (a) the flow rate at
different incident light intensities (Iincident) with Cin = 10 mg/L. The solid lines are the
best fit, calculated with Eq. (20). Fitting parameters: k = 2.92 × 10−3 mmol  L−1 s−1

and K = 25 L mmol−1 for Iincident = 2.8 mW/cm2; k = 1.68 × 10−3 mmol L−1 s−1

and K = 25 L mmol−1 for Iincident = 1.5 mW/cm2; k = 1.11 × 10−3 mmol L−1 s−1 and
K  = 25 L mmol−1 for Iincident = 1 mW/cm2. (b) The inlet salicylic acid concentration at
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Fig. 6. Degradation of salicylic acid in R2 as a function of (a) the flow
rate  with Cin = 10 mg/L and Iincident = 1.5 mW/cm2. The solid line is the best fit,
calculated with Eq. (20). Fitting parameters: k = 1.70 × 10−3 mmol L−1 s−1 and
K  = 24 L mmol−1. (b) The inlet salicylic acid concentration at different flow rates
ifferent flow rates with Iincident = 1.5 mW/cm . The points are experimental data,
he lines are model results calculated using Eq. (20) and the fitting parameters k
nd  K. Geometrical characteristics of R1.5: w = 1.5 mm,  h = 0.5 mm and L = 70 mm.

.1. Demonstration of mass-transfer limitation and axial
ispersion

Two measurements were performed in R2 in order to char-
cterize the axial dispersion and the mass-transfer limitation in
he micro-channel reactors: residence time distribution (RTD)
nd comparison of the experimental degradation ratio with the
angmuir–Hinshelwood model considering a perfect plug-flow
eactor. The results presented in the figures are fairly representative
or the other reactors.

Fig. 7 presents RTD curves, measured at the inlet and the out-
et of the reactor at different flow rates. The results are given in
uch a way that the area under the curve of RTD E(t) is unity. The
TD curves can be described by an axial dispersion model [28],
hus yielding a global reactor Peclet number PeR (Eqs. (4)–(6)).  For

ow rates of 2.5, 5 and 10 mL/h, with an effective average residence
ime in the reactor of 320, 95 and 40 s, respectively, PeR values of
3, 20 and 11 are obtained. As expected the PeR decreases with the
ow rate. Thus, under our experimental conditions, the PeR yields
with Iincident = 1.5 mW/cm2. The points are experimental data, the lines are model
results calculated using Eq. (20) and the fitting parameters k and K. Geometrical
characteristics of R2: w = 2 mm, h = 0.5 mm and L = 70 mm.

values lower than 100, which is the commonly accepted limit for
plug-flow [28]. These low values of PeR indicate that the reactor
cannot be considered as a perfect plug-flow reactor and that signif-
icant axial dispersion occurs. The influence of the parabolic laminar
velocity profile on axial dispersion is much larger than the molec-
ular diffusion. Note also that the theoretical values of Pe (using
Pe = uL/Da) equal 29, 15 and 8 for flow rates of 2.5, 5 and 10 mL/h,
respectively. The experimental values are close to those obtained
with the calculation.

In order to demonstrate the existence of a significant mass-
transfer limitation the experimental degradation ratios obtained
in R2 are compared with the perfect plug-flow reactor model (Eq.
(12)). In Fig. 8a, the data points for the various flow rates and inlet
concentrations do not fall on a single line indicating that the micro-
channel reactor cannot be simulated to a perfect plug-flow reactor.
This discrepancy cannot be attributed to experimental errors. How-
ever, for a given flow rate, a linear increase of −V/(QCinX) as a

function of ln(1 − X)/CinX is observed. The apparent kinetic con-
stants (kapp and Kapp) for each flow rate can be obtained using
Eq. (12) from the slope and intercept point. The values of kapp

and Kapp are indicated in Fig. 8a. To emphasize this flow rate
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Fig. 8. Langmuir–Hinshelwood kinetics assuming a perfect plug-flow reac-
tor.  (a) Plot of −V/(QCinX) versus ln(1 − X)/CinX to test the validity of the
perfect plug-flow reactor assumption in R2. The lines represent the best
linear fit given by −V/(QCinX) = 23.13 ln(1 − X)/CinX − 682.34 (R2 = 0.999) for
Q  = 20 mL/h, −V/(QCinX) = 25.88 ln(1 − X)/CinX − 812.78 (R2 = 0.969) for Q = 10 mL/h,
and  −V/(QCinX) = 39.50 ln(1 − X)/CinX − 852.61 (R2 = 0.997) for Q = 4 mL/h. (b) Com-
parison of the experimental (symbols) and calculated (lines) degradation of salicylic

2

ig. 7. Experimental residence time distribution measured at the inlet and the outlet
f  the micro-channel reactor R2 for three flow rates Q: (a) 2.5 mL/h, (b) 5 mL/h and
c)  10 mL/h. The experimental reactor Peclet numbers PeR are indicated in the figure.

ependence, the degradation ratios are calculated, for different
ow rates, using Eq. (11) and the obtained apparent kinetic con-
tants kapp and Kapp. Fig. 8b shows that a given couple of values
f kapp and Kapp is unable to represent the experimental degrada-
ion ratios for all the flow rates. The increase of kapp with the flow
ate, from 1.17 × 10−3 mmol  L−1 s−1 to 1.58 × 10−3 mmol  L−1 s−1, is

 strong indication of a mass-transfer limitation. It is also inter-

sting to note that kapp varies also significantly with the reactor
imensions (not shown). For a flow rate of 4 mL/h, kapp equals
.71 × 10−3, 1.34 × 10−3 and 1.17 × 10−3 mmol  L−1 s−1 for R1, R1.5
nd R2, respectively. In the same time, Kapp corresponds to 40, 14
acid in R2 as a function of the flow rate with Cin = 10 mg/L and Iincident = 1.5 mW/cm .
The calculations are performed using Eq. (11) and the obtained kinetic constants
kapp and Kapp.

and 22 L mmol−1. Great care has to be taken with the values of these
constants. However, these values will be used for the estimation of
the heterogeneous Damköhler number  ̨ which represents the ratio
of the heterogeneous reaction rate at the channel walls to radial dif-
fusion from the channel axis towards the wall (maximum possible
reaction rate divided by maximum possible mass-transfer rate). For
photocatalytic reactions that obey Langmuir–Hinshelwood kinet-
ics,  ̨ is defined as [35]:

 ̨ = kapp

km,ext�/Kapp + km,ext�Cin
(24)

In the case where the reaction rate is limited by mass-transfer,
 ̨ > 1. For the special case of micro-channel reactors, Commenge

et al. [36,37] developed a criterion which allows the estimation of
the influence of mass-transfer on the kinetic measurement. They

demonstrate that for  ̨ less than 0.1, the error in the measured rate
constants is less than 3% and reflect the intrinsic kinetics of the
investigated reaction. The calculated  ̨ are 6.7, 4.5 and 3.1 for flow
rates of 4, 10 and 20 mL/h, respectively. All the  ̨ values become well



G. Charles et al. / Journal of Photochemistry and Photobiology A: Chemistry 223 (2011) 202– 211 209

Table 2
Comparison of the values of the fitting parameters for different micro-channel
dimensions (Iincident = 1.5 mW/cm2). k is the reaction rate constant, K the adsorp-
tion equilibrium constant, and ka the reaction rate constant per unit coated surface
(ka = k/�).

K (L mmol−1) k (10−3 mmol L−1 s−1) ka (10−4 mmol  m−2 s−1)
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R1 23 2.06 5.15
R1.5 25 1.68 5.04
R2  24 1.70 5.67

arger than 1. It becomes obvious that there is significant mass-
ransfer limitation and that the measured apparent kinetic data
oes not reflect the intrinsic kinetics of the photocatalytic reaction.

.2. Determination of the kinetic constants

Eq. (20) is used to fit the experimental data using the procedure
escribed in Section 3.3.  We  use k and K as fitting parameters and
lot the degradation ratio as a function of the flow rate adjusting
he k and K to give the best fit. We  confirm the values of the kinetic
onstants by comparing the calculated (using Eq. (20) and the fit-
ed kinetic constants) and the experimental degradation ratio as

 function of the inlet concentration. The resulting best fits and
alculated degradation ratios are shown in Figs. 4–6 for a variety of
eactor dimensions, flow rates, inlet concentrations and light inten-
ities. The values of the adjustable parameters k and K are listed in
able 2.

For a given reactor, the fit accounts for all data points (flow
ates). In addition, we also obtain a good agreement between the
alculated and experimental degradation ratios for all the inlet con-
entrations. A single couple of values of k and K represents well the
xperimental degradation ratios for all flow rates and inlet con-
entrations. The values of K and k are independent of the flow rate
nd the inlet concentration, which is a very strong argument in
avor of the theory. This also confirms that the rate of salicylic acid
ecomposition follows Langmuir–Hinshelwood kinetics. The same
greement is observed for the three reactors.

The values of k and K obtained in the three reactors are com-
ared in Table 2. The reactor dimensions do not influence the
alues of K which range between 23 and 25 L mmol−1. The adsorp-
ion equilibrium constant only depends on the temperature and
he affinity between the pollutant and the catalyst [3,23,25]. Since
he experiments are performed at constant temperature with the
ame amount of catalyst, K is not expected to vary with the reactor
eometry. The obtained values are comparable with that of about
0–25 L mmol−1 already reported for a similar pollutant/catalyst
ystem [25,38]. The k values slightly vary with the reactor geome-
ry. They range from 2.06 × 10−3 to 1.68 × 10−3 mmol L−1 s−1 which
s actually within the margin of error of the kinetic constants
etermination. However, the k values agree with the results of
uld-Mame et al. [25] who found 3.5 × 10−3 mmol  L−1 s−1 for the
hotocatalytic degradation of salicylic acid on fixed TiO2 in the
bsence of mass-transfer limitation. The larger value of k, reported
n the literature, can be explained by the higher incident light inten-
ity (3.6 mW cm−2). However, as the reaction takes place at the
urface of the catalyst, it is more appropriate to express the reaction
ate constant per unit coated surface ka. ka is obtained by normal-
zing k with the specific surface area �, i.e. ka = k/�. Table 2 shows
hat ka does not depend on the reactor geometry. As expected, the
btained reaction rate constants are independent of the reactor
imensions [6].

It is anticipated that the light intensity has a significant effect

n the photocatalytic degradation rate. In order to investigate
he relationship between the reaction rate constant, k, and the
ight intensity, Iincident, experiments were conducted at varying
ight intensity (Fig. 5a). The following power law, r ∝ In

incident, is
Fig. 9. Reaction rate constant versus UV incident light energy density in R1.5. The
line represents the best linear fit given by k = 0.001 Iincident (R2 = 0.999).

usually used to relate the dependence of the degradation rate to
the photon flux [3,39].  According to the literature, the reaction rate
increases linearly with ultraviolet intensity (n = 1) until a given
intensity value around Iincident = 25 mW cm−2 [3].  In R1.5, under the
present experimental conditions (Iincident from 0 to 2.8 mW cm−2),
it is suggested that k should be plotted as a function of Iincident. If
this is done, a straight line should be obtained. In Fig. 9, a linear
relationship is found experimentally (R2 = 0.999). The dependence
of the reaction rate on the incident UV intensity is first order. The
reaction rate constant k is mainly determined by the incident light
intensity. This confirms the photo-induced nature of the activation
of the catalytic process, with the participation of photo-induced
electrical charges (electrons and holes) to the reaction mechanism.
This also indicates that k is a constant which only depends on the
light intensity absorbed by the catalyst. In addition, it is interesting
to note that the adsorption constant K does not vary with the
incident intensity (see the legend in Fig. 5).

Two additional series of measurements are made to test the
robustness of the model. First, experiments are performed with
micro-channel reactors with different lengths. The reactors used
are similar in width and height to R1 (w = 1 mm and h = 0.5 mm).  In
Fig. 10 the degradation ratio as a function of the channel length
is reported. The degradation increases with the micro-channel
length, which is explained by the increase in the residence time
of the reactants in the micro-channel. We  confirm the values of
the kinetic constants obtained for R1 by comparing the calculated
and experimental degradation ratios as a function of the micro-
channel length (Fig. 10). The calculations are carried out using
Eq. (20) with k = 2.06 × 10−3 mmol  L−1 s−1 and K = 23 L mmol−1. The
calculated degradation ratios are in very good agreement with the
experimental data for all the micro-channel lengths.

A second set of experiments is performed with the succes-
sion of the two reactors R2 and R1.5. The outlet channel of R2
is directly connected to the inlet of R1.5 to avoid dead vol-
ume and additional axial dispersion. The degradation ratio is
measured at the outlet of R1.5 as a function of the flow rate
(Fig. 11). The degradation decreases with the flow rate. As expected,
the degradation performance is strongly affected by the num-
ber of micro-channels. The degradation is significantly higher
for the two reactors configuration. A degradation ratio of 0.8 is

obtained for a flow rate of 3 mL/h which is the highest degra-
dation ratio obtained in the present study. The values of the
kinetic constants are checked by comparing the calculated and
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Fig. 10. Degradation of salicylic acid as a function of the micro-channel length with
Cin = 10 mg/L, Q = 5 mL/h and Iincident = 1.5 mW/cm2. The reactors used are similar in
width and height to R1 (w = 1 mm and h = 0.5 mm).  Comparison of the experimental
(symbols) and calculated (line) degradation curves. The calculations are performed
using Eq. (20) and k = 2.06 × 10−3 mmol  L−1 s−1, K = 23 L mmol−1.

Fig. 11. Degradation of salicylic acid at the outlet of the series of the two  micro-
channel reactors R2 and R1.5 as a function of the flow rate with Cin = 10 mg/L and
I
o
d

e
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t
e
K
f
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s

incident = 1.5 mW/cm2. The outlet of reactor R2 is directly connected to the inlet
f  reactor R1.5. Comparison of the experimental (symbols) and calculated (line)
egradation curves.

xperimental degradation ratios. The calculations are carried out
sing a stepwise procedure. First, the outlet concentration from
he reactor R2 (Cout(R2)) is estimated with Eq. (19). The param-
ters used in calculations are k = 1.70 × 10−3 mmol  L−1 s−1 and

 = 24 L mmol−1. Then, the outlet concentration (Cout(R2 + R1.5))
rom the second reactor is obtained using Cout(R2) as the inlet
oncentration, k = 1.68 × 10−3 mmol  L−1 s−1 and K = 25 L mmol−1. It
s then possible to evaluate the degradation ratio, given here as

 = 1 − Cout(R2 + R1.5)/Cin(R2). In Fig. 11 the calculated degradation
atio is plotted against the flow rate (line). A very good agreement
etween the calculated and experimental data is still observed.
. Conclusions

The aim of this paper was to determine the kinetic con-
tants during the photocatalytic degradation of salicylic acid in

[

[
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micro-channel reactors despite the presence of radial concentra-
tion profile (mass-transfer limitation) and axial dispersion.

Photocatalytic micro-channel reactors with immobilized tita-
nium dioxide as photocatalyst have been designed, constructed
and tested. The micro-channel reactors are fabricated using stere-
olithography and the surface of the channel is coated using an
aqueous suspension of TiO2. The photocatalytic degradation of
salicylic acid is investigated as a function of rectangular micro-
channel size, contaminant concentration, flow rate and incident
light intensity. All the micro-channel reactors show the same ten-
dency. Higher degradation ratio is observed for high incident light
intensities, low pollutant concentrations and flow rates.

A simple equation for the determination of the kinetic con-
stants during the photocatalytic degradation of salicylic acid in
the micro-channel reactors is presented. The equation employs
the hydrodynamic properties and a surface reaction model for the
photocatalytic reaction. The equation considers that the reaction
rate can be modeled by a monomolecular Langmuir–Hinshelwood
law. The external mass-transfer limitation and axial dispersion
are included in the modeling with calculated values of the mass-
transfer coefficient km,ext and the axial dispersion coefficient Da.
For an incident light intensity of 1.5 mW cm−2, a single couple of
values of k and K represent properly the experimental degradation
ratios for all the reactor dimensions, flow rates and inlet concentra-
tions. The obtained values for the adsorption equilibrium constant
K and the reaction rate constant k are K = 24 ± 1 L mmol−1 and
k = 1.81 × 10−3 ± 0.21 × 10−3 mmol  L−1 s−1. The reaction rate con-
stant k is significantly affected by the incident light intensity. The
dependence of the reaction rate on the incident UV intensity is first
order.

It is clear that, despite its simplicity, the model captures the
essential physics of the photocatalytic degradation of salicylic acid
for the determination of the kinetic constants without recourse to
numerical simulations (CFD). Both the radial concentration profile
and the axial dispersion are well described. We  report a simple and
rapid approach for the accurate determination of the kinetic con-
stants during a photocatalytic reaction. This general methodology
can be used for the determination of the kinetic constants for any
reactor design and any organic pollutant, regardless of the immobi-
lized photocatalyst nature. This work also indicates the potentiality
of micro-channel reactors for the determination of the activity of
the photocatalyst avoiding the fabrication of several, time consum-
ing and highly costing, reactor prototypes.
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