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A microfluidic device was applied to the photocatalytic degradation of methylene blue as a 

model pollutant. Titanium dioxide nanoparticles (TiO2–P25) and a synthesized composite TiO2-

graphene  catalyst were immobilized on the inner  walls of a borosilicate glass microfluidic chip. 

The deposition evolution of the nanoparticles was evaluated by monitoring the optical profile of 

the system. It was found that a higher initial reaction rate was obtained in the microreactor 

containing composite catalyst (TiO2-GR) on the inner walls, but both systems (TiO2 and  TiO2-

GR)  achieved  similar reaction rates when the steady-state was reached. Decolorization rate of 

methylene blue in our microfluidic chips was  found to be approximately one order of magnitude 

higher than equivalent macroscopic systems reported in the literature    at similar experimental 

conditions. Additionally, computational simulations were performed to investigate the physics 

involved  in  these  processes.  The  model  was  experimentally  validated  for  further  scale-out  

studies.   
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Introduction 

 
Recently, the application of microchannel technology has attracted great attention due to its 

potential for the intensification of chemical processes. Microchannel-based devices have been 

studied in heat and mass transfer operations, such as distillation, absorption and extraction,1,2  as 

well as in chemical reaction engineering.3 According to Gavriilidis et al.,4 J€ahnisch et al.,5 Aran 

et al.,6 Hartman et al.,7 and N€oel et al.,8 microreactors are advantageous when compared with 

reaction vessels with conventional dimensions mainly due to the high surface-to-volume ratio, 

http://dx.doi.org/10.1002/aic.15262


2 

which leads to high heat and mass transfer. Chemical reaction rates are also favored, particularly 

in heterogeneous reactions in which there is generally the dep- osition of a catalyst film on the 

inner walls of the device. 

Microstructured reactors have a high surface-to-volume ratio.9–11 Values in the order of 

1x104 to 5x104 m2/m3 can be encountered, while in conventional reactors this ratio varies in 

the order of 1x102 to 1x103 (in rare cases) m2/m3.5 Moreover, when heat transfer is 

involved, coefficients in the order of 10 kW/m2/K are encountered in microchannels (a value 

significantly superior to those obtained in traditional equipment), since this parameter is 

inversely proportional to the channel diameter.5 Thus, it is possible to rapidly remove or insert 

heat in a way that the chemical reactions may be conducted in perfect isothermal conditions and 

with precisely defined residence times, which consequently enhances the selectivity, yield and 

quality of the products.5 

Although the chemical reaction kinetics is independent of the scale in which the process is 

carried out, the transport phenomena are not, opening the opportunity for process optimization in 

microstructured devices.4 According to Hartman et al.,7 the performance of mass transfer limited 

reactions is improved by two orders of magnitude in microreactors. Furthermore, microfluidic 

devices allow precise process control, require small space and generate low quantity of waste. 

Matsushita     et al.12 also pointed out that microreactors exhibit short molecular diffusion path, 

fast mixing and are usually operated under laminar flow conditions. 

When applied to photocatalytic processes, microreactors are advantageous due to the short 

irradiation path, which reduces the photon transport resistance,8 commonly encountered in 

processes carried out in conventional reactors with catalyst immobilized on the inner walls,6 and 

allow spatial homogeneity of irradiance.9–12 In fact, extensive research has been reported on the 

application of microchannel reactors in photo- catalytic  processes.10–15 

However, few contributions are concerned about the use of this technology for the mitigation of 

environmental problems.16–21 Furthermore, the effect of the operational  conditions and 

geometry of the microchannels were not yet completely elucidated. It has been reported that the 

degradation of organic compounds depends on the dimensions of the microchannel10 and the 

profiles of velocity and concentration of the pollutant.16,18 In some instances, mass transfer 

limitations on the overall rate of pollutant degradation are observed.22 Additionally, even low 

cost materials can  be  used23 for photodegradation of a variety of compounds, such  as indigo 

carmine, diclofenac and benzoylecgonine24, and photoinactivation of virus.24 When compared 

with traditional batch vessels, microstructured reactors can reach reaction rates one order of 

magnitude higher.23 

Deep investigation about the fluid dynamics and the transport phenomena (especially mass 

transfer) is needed for enhanced design of photomicroreactors and for the application of this 

technology in large scale operations.9 According to Su  et al.,9 fundamental modeling aspects 

like the radiation distribution in microchannels, an essential parameter for integrating light source 

and reactor designs for process optimization, have not been published so far and are, thus, worthy 

of studying. Once rigorous models are available, the performance of micro- fluidic devices 

applied to photocatalytic pollutant abatement can be assessed and enhanced, and challenging 

scale-out strategies, such as the internal numbering-up,9 can be better explored. 

In this work, a microfluidic device was investigated aiming its application for photocatalytic 

degradation of pollutants in water treatment processes. Titanium dioxide nanoparticles (TiO –
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Aeroxide
    

P25   from   Evonik
 
)   and   a   synthesized graphene-titanium dioxide composite 

catalyst (TiO2-GR) were immobilized on the inner walls of a borosilicate glass micro- fluidic  

chip  (Micronit             Microfluidics  BV)  using  a  layer-by- layer method. The effect of the 

operational conditions on the decolorization rate of methylene blue was also investigated. Finally, 

a rigorous computational model of the photocatalytic process, taking into account light 

distribution within the device, was implemented and validated by experimental data. This work 

distinguishes from the published literature in the area of photocatalytic pollutant abatement in 

microreactors by the investigation of the possibility of using a composite photo- catalyst 

washcoat, which can be further optimized for sunlight harvesting, and the rigorous computational 

modeling of the process herein studied, through coupled radiation distribution within the catalyst 

film and reactive flow based on fundamental physics of semiconductors. 

 

Materials and Methods 

 

Microfluidic chip, catalysts and immobilization procedure 

Commercial  TiO    (Aeroxide
   

P25  from  Evonik
 
)  and  a composite catalyst made of 

TiO2 (P25) and graphene (1%) were immobilized on the inner walls of two distinct 

microfluidic chips (Micronit
  

Microfluidics BV, Enschede, The Netherlands, model 

R150.676). These chips are assembled with borosilicate glass through powder blasting 

technique and have an average total volume of 13 L, a surface/volume ratio of ~3.5x104   

m2/m3 and hydraulic diameter of ~133.5 m (~0.78 m long). 

The layer-by-layer immobilization of the TiO2-P25 nano- particles on the inner walls of the 

microfluidic chip was per- formed by passing a 1 g/L aqueous suspension at pH equal to the point 

of zero charge of TiO2-P25 (~7.5) intercalated with thermal treatments. The aqueous suspension 

was vigorously mixed, collected with a micropipette and injected in a port of the microdevice 

until it filled the channel. After removing the excess solution, the microfluidic chip was placed in 

a blow dryer (Hotwind System, Leister
  

, Switzerland) and submitted to thermal treatment (~   

25ºC to 450ºC in  ~4 min, 450ºC for 5 min and 450ºC to 30ºC in ~7 min). At the end of the thermal 

cycle, the microdevice  was removed  from the heating  equipment and allowed to equilibrate with 

the room temperature. This procedure was repeated cyclically. Between cycles the microchip was 

submitted to optical analysis in a UV-VIS-NIR spectrophotometer  (UV-3600,  Shimadzu
  

,  

Japan).  The  transmittance  (T)   was   obtained   in  the   wavelength   range   of  = 200–800 nm. 

The TiO2-graphene composite catalyst was synthesized using the hydrothermal method 

proposed by Zhang and co- workers.22 Graphene oxide was prepared from graphene nano- 

platelets by oxidation with KMnO4 in sulfuric acid—modified Hummer’s method.25 The detailed 

description of the composite preparation is given elsewhere.26 

A similar approach used for immobilization of the titanium dioxide nanoparticles (P25) was 

applied for supporting the composite P25-graphene photocatalyst on the inner walls of the 

microreactor. A 1 g/L dispersion of the compound was pre- pared using distilled water and then 

sonicated for 30 min. The solution was then collected with a micropipette and injected in a port 

of the microdevice until it filled the channel. The device was then submitted to the thermal 

treatment previously described. However, in this case the thermal ramp consisted in heating from 

room temperature to 150ºC, which was held for 30 min allowing for complete solvent evaporation. 

The  device was then removed from the heating equipment and allowed to equilibrate with the 

room temperature. Among the immobilization cycles of TiO2-GR, optical analysis were 

performed in the same manner previously described. 
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SEM images (JEOL
  

JSM-6390LV) were acquired from a microchannel  containing  TiO2  

nanoparticles  before  the conduction of chemical reactions (with accelerating voltage of 10 kV 

and magnifications of 65x and 500x). 

 

Kinetics of methylene blue decolorization 

The performance of the microfluidic device for environmental applications to degrade 

methylene blue dye (C16H18ClN3S.3H2O) was evaluated, because photocatalytic 

decolorization has been extensively studied in several reactor configurations.27–29 A stock 

solution of methylene blue (Sigma
 

) was used to prepare aqueous solutions with 

concentrations of 1 and 10 mg/L. 

To allow fluid flow through the microchannels, 1/32” bonded-port  Ultem
    

connectors  from  

Labsmith
    

(Livermore CA), supplied by Mengel Engineering (Virum, Denmark), were 

carefully glued on each port of the microreactor. One- piece PEEK fittings allowed leak-free 

interface between the port connectors to 1/32” OD, 250 m ID PEEK tubing. A PEEK one-piece 

plug was attached to one of the port connectors allowing a single-inlet/single-outlet setup. 

The   PEEK   tubing   was   connected   to   flexible   tubing (PharMed
     

BPT   NSF-51)   

attached   to   a   peristaltic   pump (Ismatec
  
,  IDEX

    
Health  &  Science  GmbH,  Germany)  

to control the continuous fluid flow from the pollutant solution reservoir through the microfluidic 

chip. In particular, a mean residence time of = 8.6 s was adopted in the experiments. At the 

other side of the microreactor, PEEK tubing was used to collect samples in glass vials, which 

were submitted to further spectroscopic analysis (UV-VIS-NIR spectrophotometer UV- 3600, 

Shimadzu
  
, Japan) at the range of = 400–800 nm. The concentration of methylene blue at the 

end of the system was evaluated by spectrophotometric method at = 665 nm. UV-A lamps 

(highest emission at = 365 nm, two 6 W black–light–blue bulbs, model VL-206-BL, Vilbert 

Lourmat, France) were used as photon source for the kinetics experiments, positioned at a distance 

of 15 cm above the microreactor. Light irradiance was measured at the surface of the microchip 

by radiometry (UV radiometer HD 2102.2, Delta/ OHM, Italy) and the value of 6 W/m2 was 

encountered. Minimum light dispersion in the experimental assays was ensured. Moreover, stray 

light incidence on the experimental setup was blocked involving it with a black barrier. 

Initially, the methylene blue solution was allowed to flow through the microchannel under dark 

conditions for the investigation of adsorption effect of dye molecules on the photocatalyst surface 

during the process. The solution was pumped through the device for 50 min. Thereafter, two 

samples were continuously collected in intervals of 40 min. This time interval was adopted for all 

sample collections since it yielded the volume required for the spectrophotometric analysis. 

Based on the procedure adopted, all kinetic runs were carried out as follows: (1) the methylene 

blue solution was pumped through the microreactor for 50 min under dark conditions; (2) then, 

an initial sample was collected for 40 min also under dark conditions; (3) the light was turned 

on; (4) samples were collected in time intervals of 40 min; and (5) all samples were analyzed by 

spectrophotometry (absorbance measured at the wavelength of = 665 nm). 

Additionally, an investigation of the influence of  photolysis on the process was carried out. For 

that, the procedure above described was applied to a microfluidic chip with the same 

characteristics previously mentioned, but without any catalyst immobilized on its inner walls. The 

initial (under dark) and probe  (under  light) solutions  were  also  analyzed  in spectrophotometer 

at the wavelength of 665 nm. Figure 1 illustrates a scheme of the system adopted in the kinetic 

studies. 
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Computational modeling 

Numerical simulations were conducted with the CAE tool COMSOL
   

Multiphysics  

(COMSOL,  Boston),  version  4.3a. In   particular,   conditions   similar   to   the    experiments   

(C0 = 1 mg/L and  = 8.6 s) were evaluated. Accordingly, a three-dimensional (3-D) model 

reproducing all features of the microfluidic chip used in the experiments was developed. The 

solution was supplied at one of the inlet ports with uniform velocity (u = 0.108 m/s). At the 

extreme opposite of the channel null gauge pressure was assigned (p = 0 Pa).  All other faces 

were impermeable to fluid flow and no-slip boundary condition was applied. The velocity and 

pressure fields inside the device was solved through Navier–Stokes equations (Eq. 1), coupled 

with the mass conservation equation (Eq. 2): 

 

 
 

where  (kg/m3) is the density, u (m/s) is the velocity, t (s) is time, p (Pa) is the pressure, I 

(dimensionless) is the identity matrix,  (kg/m/s) is the dynamic viscosity, T’ is the transpose 

operator and F (N/m3) represent generic body forces. Steady-state, laminar and 

incompressible fluid conditions were assumed. 

Moreover, the reactive transport of methylene blue molecules within the microchannel was 

modeled through the convection–diffusion equation expressed by Eq. 3: 

 

 
 

where Di  (m2/s) is the species diffusion coefficient, Ci (mol/ m3 ) is the species 

concentration and Ri (mol/m3/s) is the species reaction rate. It is interesting to notice that the 

species transport model is coupled with the fluid flow model through the velocity field (u). In 

particular, the photocatalytic reaction rate was modeled as a boundary condition at the 

microchannel walls  (i.e.,  the  volumetric  reaction  rate  Ri   was  neglected), expressed through 

the rate presented in Eq. 4:30  

 

 
 

where ki is the pre-exponential factor (s-1), Ci (mol/m3) is the species  concentration,    

(m-1)  is  the  optical  absorption coefficient, I0 (W/m2) is the incident UV irradiance, the 

term Bp0n0 (3.3x10-23 m3/s) represents the e- /h+   equilibrium, hw is the photon energy 

(5.44x10-19 J for UV at 365 nm),  (dimensionless) is the electron transfer coefficient and y 

(m) are Cartesian coordinates. 

According to Visan et al. (2014),31 the parameter  can be considered equal to the unity for 

incident irradiance lower than I0= 250 W/m2. Since the value of I0 in the experiments was 

much lower than this limit (I0=6 W/m2), we considered  = 1 in the computational 

modeling. The optical absorption coefficient  was taken as 6.264x105 m-1.32 Finally, the 
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pre-exponential factor ki should be determined. Visan et al. (2014)31 obtained the 

intrinsic kinetic constant k =40 s-1 for photocatalytic methylene blue degradation under UV 

irradiation at 365 nm with I0=180 W/m2. The authors found that in this condition the 

methylene blue degradation rate was approximately independent of the light intensity supplied 

to the sys- tem. Therefore, one can obtain the kinetic constant considering dependence on 

light intensity equating an apparent first order kinetic model to the generic expression derived 

by Nielsen et al. (2012).30 Through this procedure we deter- mined the light dependent apparent 

first-order kinetic constant according to Eq. 5: 

 

 
 

Since the value of the photocatalyst film thickness determined experimentally is lower than the 

cutoff criterion defined by Visan et al. (2014),31 a light independent model can be assumed, i.e., 

there is no necessity to evaluate the light intensity point by point inside the immobilized film and 

a logarithmic average can be considered, according to Eq. 6: 

 

 
 

Furthermore, the effect of internal mass transfer resistance within the photocatalyst film was 

accounted through the effectiveness factor (), defined by Eq. 7: 

 

 
 

where  is the Thiele modulus (dimensionless), expressed for a light dependent first-order 

reaction as: 
 

 
 

where  is the film thickness (m) and Deff (m
2/s) is the effective diffusion coefficient, taken 

as Deff=D/’. The diffusion coefficient assumed the value D=4.1x10-10 m2/s,33 while the 

film porosity was defined as  = 0.4531 and the tortuosity as ´ = 3.0.34 

Therefore, converting the light dependent volumetric apparent first-order constant 

(kapp,LD) to a superficial constant, yielding  k’’app,LD = 6.25  x 10-6  m/s,  the  superficial  

reaction rate applied to the computational model as a boundary condition was expressed 

according to Eq. 9: 

 

 
 

Complementary simulations in a 2-D domain that represents the cross-section of the 
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microchannel accounting the average film thickness was carried out to determine the average light 

intensity that effectively contributes to the photocatalytic reaction rate at the top, side and bottom 

layers of the device. 

Firstly, the light absorption due to the glass layer positioned on the microchannel was accounted. 

Thus, considering that ~60% of the light intensity is attenuated due to the glass contribution 

(determined by optical analysis in a microchip without any photocatalyst deposited on the inner 

walls, according to the procedure described in previously, see Figure 2) and taking into account 

that the  incident  irradiance  on the microfluidic chip surface was I0 = 6.0 W/m2, one can notice 

that the effective light intensity that reaches the top photocatalyst layer was Ieff = 3.6 W/m2. The 

Beer–Lambert law (Eq. 10) was then applied to calculate the light propagation through the  

photocatalyst  film layers9,31,35 

 

 
 

Different average intensities were obtained for the top, side and bottom photocatalyst layers. 

Therefore, the reaction rate was applied differently to each portion of the microchannel, taking 

into account the respective average light intensity. 

 

Results and Discussion 

Immobilization of the photocatalysts 

Figure 2a presents the optical profiles obtained during the immobilization procedure for the 

TiO2 photocatalyst on the inner walls of the microreactor. The initial curve correspond   to the 

background profiles obtained from the microfluidic chip as acquired (i.e., without any treatment 

or fluid pumping). The curves tended to a stagnation profile. Specifically for the case of TiO2 

nanoparticles (P25), 16 cycles of immobilization on  the microreactor walls were found to be 

needed for reaching this condition. 

Notably, the sharpest variations in the optical profiles were observed in the range  = 300–400 

nm, corresponding to the region where TiO2 harvests light. These observations are in  line  with  

the profiles  obtained  elsewhere.36  Similarly, Figure 2b presents the optical profiles obtained 

during the immobilization procedure for the composite photocatalyst of titanium dioxide and 1% 

of graphene (TiO2-GR). Again, a variation mainly in the range  = 300–400 nm was observed 

for transmittance profiles. The curves tended to a stagnation profile after only 8 immobilization 

cycles. This difference in the number of cycles observed for P25 and its composite may be mainly 

due to the thickness of photocatalyst film deposited in each layer. 

The Beer–Lambert law [I = I0 exp(2)] allowed the estimation of the film thickness in 

both cases (TiO2 and TiO2- GR). Considering the absorption coefficient of TiO2  as 

 = 6.264x105 m-1 at =365 nm32 the thickness of the TiO2  and TiO2-GR 

immobilized films was estimated as =1.52 mm. The absorption coefficient of TiO2-GR 

was assumed equal to a for TiO2 since graphene is nearly transparent to UV light. 

The immobilization procedure adopted in this work, similar to that followed by Choi et al.,37 

represents a different criterion in comparison with the techniques commonly used in related 

studies in the literature, which generally adopted the mass variation of the microreactor between 

successive cycles to assess the progress of the deposition.16,19 In these works, a surface mass 

density was defined as cutoff criterion: when this parameter reached a specified value, the 

deposition process was stopped. This procedure was tested in the present work  but without 
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success, since there was no significant mass variation between successive cycles, even when 

evaluating it in a four decimal cases analytical balance. 

Figure 3 presents SEM images of cross-sections of the microchannel reactor containing TiO2 

nanoparticles immobilized on its inner walls, obtained at the center of the device. 

 

Methylene blue decolorization kinetics 

Under dark conditions, the equilibrium of the adsorption of methylene blue (~0.0272 g/m3/s) 

was achieved after 50 min, as evidenced in Figure 4. The absorption spectra of the samples 

collected within the intervals of 50–90 min and 90–130 min under dark conditions were similar. 

Moreover, photolysis had a negligible effect on the process, as  evidenced  in  Figure 5. 

Based on these preliminary observations, kinetic runs were carried out to assess the 

decolorization profiles of methylene blue in the microfluidic chip, aiming to determine the 

reaction rate.  Figure  6a  presents  the  decolorization  profiles obtained from the kinetic 

experiments using the microreactor containing titanium dioxide nanoparticles (P25) immobilized 

on its inner walls, while Figure 6b shows the decolorization of methylene blue in the microreactor 

with TiO2-GR immobilized on the walls. 

It is possible to observe that a steady-state condition was reached for all cases. A lower 

initial concentration of the pollutant led to a more pronounced decolorization percentage (i.e., 

lower values of C/C0). For  = 8.6 s and C0 = 10 mg/L the equilibrium was reached at C/C0 

= ~0.85 (i.e., ca. 15% of decolorization was observed). Conversely, for the same value of s 

and considering C0 = 1 mg/L the steady-state decolorization ratio was C/C0 = ~0.30 (i.e., ca. 

70% of decolorization). Similarly, Figure 6b presents the decolorization profiles for the 

microreactor containing composite catalyst of titanium dioxide and graphene (TiO2-GR) 

immobilized on its inner walls. For  =8.6 s and C0=10 mg/L the equilibrium was reached 

at C/C0= ~0.80  (ca.  20%  of decolorization).  For C0 = 1 mg/L the steady-state  

decolorization  ratio  was C/ C0= ~0.20 (i.e., ca. 80% of decolorization). 

Clearly, it is possible to observe that a higher initial decolorization percentage was observed for 

the microfluidic chip containing composite catalyst of titanium dioxide and graphene  (TiO2-GR)  

immobilized  on  its  inner  walls. However, the equilibrium values obtained at the steady-state 

for both devices were similar. Thus, it is possible to point out that graphene is influencing the 

effectivity of the chemical reaction, especially at the early stage. Since the work of Willians, 

Seger and Kamar38 there is an increasing interest in the use of graphene-based composite 

semiconductors for photocatalytic processes due to their outstanding properties. According to 

previous findings,26 the enhanced activity of TiO2-GR may be attributed to the decrease in e
-

/h
+ 

recombination, since graphene has the ability to accept the electrons photogenerated by P25, as 

well as the increased adsorption of methylene blue on the graphene sheets. These observations 

are in line with other works published elsewhere.22,39 In fact, the adsorption capacity of graphene 

sheets is about fourfold higher than pure P25 and twofold higher than P25-GR.26 Nguyen-Phan 

et al.39 reported the photodegradation of methylene blue by TiO2-GR composite photocatalysts 

and also found enhanced performance of this composite when compared with pure TiO2 

nanoparticles. Moreover, Wu et al.40 reported enhanced photocatalytic activity when evaluating 

the decolorization of methylene blue solutions treated with TiO2 nanocrystals supported on 

graphene-like bamboo charcoal. 

Based on this scenario, the enhanced initial reaction rate of the photocatalytic film of composite 

TiO2-GR can be  explained as follows: due to the high surface area of graphene sheets, the 

adsorption rate of methylene blue molecules on the surface of the photocatalyst is higher than the 

reaction rate until a saturation is reached, when the reaction rate equals the adsorption rate. From 
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this point on, the reaction rate turns out to be higher than the adsorption rate and is approximately 

equal to the apparent reaction rate observed in pristine TiO2 nanoparticles. Therefore, methylene 

blue decolorization proceeds with a rate similar to that achieved with P25, eventually leveling-off 

to the same equilibrium level obtained with the model photocatalyst. In other words, graphene 

altered the kinetics of methylene blue decolorization in the microfluidic chip but did not alter the 

thermodynamic state of the system. 

 

Kinetics modeling 

Assuming that the device can be modeled as a pseudo-PFR reactor, the apparent reaction rate 

constant can be obtained according to Eq.  11:31,41 

 

 
 

where u (m/s) is the mean velocity at the microchannel (assumed constant), Ci is the 

concentration (mg/L), x (m) are the coordinates along the reactor length and kapp (s-1) is the 

volumetric apparent first-order reaction rate constant. 

For the microchannel containing TiO2 immobilized on its inner walls operating at  8.6 s 

and C0= 1 mg/L, the apparent reaction rate constant is kapp=0.17 s-1. However, for C0 

=10 mg/L kapp=0.0226 s--1. Since there was not a linear variation of kapp when the inlet 

concentration was increased, the reaction probably follows a Langmuir–Hinshelwood– 

Hunge–Watson mechanism. Moreover, when the residence time was decreased to  5.8 s, 

the apparent reaction rate assumed the value kapp= 0.14 s-1  for C0=1 mg/L and kapp 

=0.038 s
-1 

for C0=10 mg/L. 

Applying the same procedure to the TiO2-GR catalyzed reactions, kapp assumed the 

values 0.22 s-1 and 0.031 s-1 for C0= 1 mg/L and C0=10 mg/L, respectively, maintaining 

the mean residence time fixed in   8.6 s. 

Therefore, in the microfluidic chip with TiO2 immobilized on the inner walls submitted to 

C0=10 mg/L and  8.6 s, the    decolorization    rate    of    methylene    blue    was –

rA= ~0.209 g/m3/s at the steady-state. In addition, a reaction rate of –rA=~0.0988 g/m3/s 

was observed at the steady- state when carrying out the reaction with C0=1 mg/L and residence 

time of 8.6 s. When the reaction was conducted at C0=10 mg/L and the residence time was 

reduced to 5.8 s, a decolorization rate of –rA=~0.35 g/m3/s was  observed. Thus, there is a 

significant influence of external mass transfer resistance on the kinetics evaluated. 

In the microreactor containing TiO2-GR immobilized on its inner walls submitted to 

C0=10 mg/L and =8.6 s, the decolorization rate of methylene blue was –rA=~0.278 g/m3/s 

at the steady-state. Additionally, a decolorization rate of –rA=~ 0.109 g/m3/s was obtained 

for C0=1 mg/L and residence time of 8.6 s at the steady-state. Table 1 presents a summary 

of the reaction rates observed (for TiO2 and TiO2- GR). 

Therefore, there was no significant difference between the microreactors containing TiO2 and 

TiO2-GR immobilized on their inner walls in terms of reaction rates at the steady-state. However, 

a higher initial reaction rate was observed in the microreactor containing TiO2-GR,     particularly      

for  C0=10 mg/L. Additionally, it should be emphasized that the film of TiO2 tended to be more 

stable compared with the reactor containing TiO2-GR since in the former the photocatalyst was  
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deposited  at  a high-temperature (450ºC) that allowed the sintering of the material on the walls 

of the microfluidic chip. This temperature could not be applied for the thermal annealing of the 

TiO2-GR photocatalyst since it would certainly promote severe damage to the carbon structure 

of the graphene and, thus, modify its chemical identity. The temperature used for the thermal 

treatment of the microreactor containing TiO2- GR (150ºC) probably did not promote a tight 

adhesion of the photocatalyst  film  on the walls of  the microchannels, contributing to further 

deactivation due to the flow shear stress. 

Furthermore, in the microreactor containing TiO2, the steady-state was reached after  80 min 

for  C0=10  mg/L  and 120 min for C0=1 mg/L after light was turned on. Conversely,  the  steady-

state  was  obtained  after  120  min  for  C0=10 mg/L and 80 min for C0=1 mg/L in the 

microreactor containing TiO2-GR. Thus, there was a distinct behavior between the two systems 

studied in terms of time interval needed to reach the steady-state. Interestingly, the opposite 

behavior was observed in terms of the initial methylene blue concentration. 

Ling et al.27 studied the photocatalytic decolorization of methylene blue in a tubular reactor 

(ID = 1.3 cm, L= 25 cm, 10  pieces)  containing  TiO2  immobilized  on  its  inner walls. When 

operating at the temperature of 30ºC, pH of 6.9, catalyst mass of 0.25 g, air bubbling of 2.5 cm3/s 

and initial  methylene blue concentration of C0= 40 M (~15 mg/L), a reaction rate of –rA = 

0.004 g/m3/s was achieved. Reaction rates ~50x and ~90x higher were observed in our 

experiments when operating the microreactor containing TiO2 nanoparticles immobilized  on   

the   inner   walls   (C0=10   mg/L;   =8.6 s  and =5.8 s, respectively). Ling et al.27 worked 

with an aerated medium, which naturally enhances the photocatalytic activity, a condition that 

was not used in our experiments. Therefore, the advantage of the use of microreactors for the 

intensification of pollutant abatement reactions was demonstrated, because it can reach higher 

reaction rates compared with conventional equipment. 

A maximum apparent first-order reaction constant of kapp=0.17 s-1 was obtained when 

operating with C0=1 mg/ L, = 8.6 s and TiO2 immobilized on the reactor walls. When 

TiO2-GR was considered, kapp,max=0.22 s-1 under the same operational conditions. 

These values are slightly lower than the apparent first-order reaction rate constant reported 

by Visan et al. (2014)31(kapp=0.3 s-1). Moreover, the values of kapp obtained in this 

study are considerably lower than the intrinsic value (k=40 s-1).31 

 

Computational modeling 

Figure 7 presents the results obtained from the computational simulations according the 

workflow discussed in previously. Particularly, Figure 7a shows the light intensity distribution in 

a cross section of the channel considering the walls covered with a TiO2 film with the same 

average thick- ness obtained experimentally. 

It is possible to observe that considerably distinct average light intensities were obtained in each 

of the films layers. At the top of the microchannel, where the photocatalyst film was directly   

exposed   to   UV   irradiation   through   a  back-side illumination mechanism,32 the average 

light intensity was Iavg = 2.327 W/m2. Conversely, at the side and bottom photo- catalyst 

layers, subjected to a front-side illumination mechanism,32 the average light intensities 

were Iavg= 4.273 3 10-1 
W/m

2 
and Iavg=7.536 3 10

-1 
W/m

2
, respectively. 

Additionally, it should be stressed that the effect of internal mass transfer within all 

photocatalyst layers can be neglected, because the average effectiveness factor was close to the 

unity in  all  scenarios:  = 9.987x10-1,  =9.996x10-1 and =9.998x10-1 for the top, side 
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and bottom layers, respectively. These results indicate that the entire film was exposed  to 

approximately the same reaction conditions obtained at the catalyst surface. 

Figure 7b highlights the light intensity profile obtained through a line that crosses the channel 

cross section vertically at the center. One can notice that the higher light absorption occurs at the 

top layer of photocatalyst film, when I decreases from 3.6 W/m2 to approximately 1.4 W/m2. In 

addition, light intensity was attenuated from ~1.4 to~0.5 W/m2 within the bottom layer. 

Finally, a computational study was carried out in the 3-D domain representing all features of the 

experimental setup, as described before. Figure 7c presents the results obtained. In particular, it 

should be highlighted that the methylene blue degradation equilibrium obtained numerically was 

significantly close to the experimental result (~3% deviation was observed). Therefore, the 

computational model was validated and can be used for further investigations aiming to the scale- 

out of the photocatalytic abatement of pollutants in microfluidic  systems,  following  numbering-

up  strategies9  as reported elsewhere.42,43 

 

Conclusions 
We have demonstrated the feasibility of using microfluidics for environmental applications in a 

133.5 m internal hydraulic diameter borosilicate glass commercial microfluidic chip. TiO2 and 

composite catalyst of TiO2 and graphene (TiO2-GR) were used as photocatalysts and were 

deposited on the inner walls of the microchip using the optical profile evolution as a criterion. A 

kinetic study using methylene blue as model pollutant was carried out for the evaluation of the 

system performance. Although TiO2-GR allowed a higher initial reaction rate, the decolorization 

level was similar for both photocatalysts at the steady-state. Mass transfer limitation was found 

in our system. The observed reaction rate was at least one order of magnitude higher than that 

observed in reactors with conventional dimensions reported in the literature. This evidenced the 

potential use of microfluidic systems for process intensification. Recognized features of 

microchannel-based devices such as high area/surface ratio, fast mixing and short diffusive and 

photonic path contributed to the observed behavior. Furthermore, a rigorous computational model 

was implemented and validated with experimental data. This model will be used for further scale-

out studies based on internal numbering-up strategies. 

 

Acknowledgments 
The authors would like to thank CAPES/Brazil (Project 347/13) and FCT/Portugal (Project 

2649/12/3/2013) for financial support within cooperation project  “Development and 

characterization of titanium oxide-graphene composites”. 

Padoin  acknowledges  CNPq  (process  number  140521/2014-3) for the scholarship in Brazil. 

C. Soares acknowledges   CNPq   for   funding   within   project  number 459299/2014-0.  J.  
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Notation 

 = optical absorption coefficient, m-1 

 =  film thickness, m 

 =  film porosity, dimensionless 

 = Thiele modulus, dimensionless 

 =  electron transfer  coefficient, dimensionless 
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 =  wavelength, nm 

 = dynamic viscosity, kg/m/s 

 =  effectiveness factor, dimensionless 

 = density, kg/m3 

 =  residence  time, s 

 ‘=  catalyst tortuosity, dimensionless 

A =  absorbance, dimensionless 

Bp0n0 =  electron/hole  recombination  equilibrium, m3/s 

C =  methylene blue concentration, mg/L 

C0 =  initial methylene blue concentration,  mg/L 

D =  diffusion coefficient, m2/s 

Deff = effective diffusion coefficient, m2/s 

F =  body  forces, N/m3 

hw =  photon energy, J 

I =  identity  matrix, dimensionless 

I =  irradiance, W/m2 

I0 =  incident light  intensity, W/m2 

Ieff  =  effective incident light intensity,  W/m2 

Iavg =  average light  intensity, W/m2 

i =  species, dimensionless 

ID =  internal  diameter, m 

k = volumetric reaction rate constant, s-1 

kapp = apparent first-order volumetric reaction rate constant, s-1 

k’’ app =  apparent first-order superficial reaction rate constant, m/s 

L =  length, m 

LD =  light dependent 

R =  volumetric  reaction rate, mol/m3/s 

-rA =  reaction  rate, g/m3/s 

p =  pressure, Pa 

t =  time, s 

T =  transmittance, dimensionless 

T’ =  transpose operator, dimensionless 

u =  velocity  vector, m/s 

y,  x =  Cartesian coordinates, m 
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Figure 1. Experimental setup: (a) microfluidic chip at real scale; (b) sketch of the apparatus 

used for the investigation of methylene blue degradation kinetics 

 

 

 
 

Figure 2. Transmittance profile evolution for (a) the microfluidic chip containing titanium dioxide 

nanoparticles (TiO2-P25) and (b) composite catalyst of titanium dioxide and graphene 

(TiO2-GR) immobilized on its inner walls 
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Figure 3. SEM images of a cross section of the microreactor obtained at the center of the 

device. Magnification is highlighted in the respective pictures. 

 

 
 

Figure 4. Absorption spectrum of the methylene blue dye in the preliminary study under dark 

conditions 

 

 
 
Figure 5. Absorption spectrum of the methylene blue dye in the preliminary study of photolysis 

effect on the performance of the system 
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Figure 6. Decolorization profiles of methylene blue obtained with (a) the microfluidic chip 

containing titanium dioxide nanoparticles (TiO2 P25) immobilized on its inner walls 

and (b) the microfluidic chip containing composite catalyst of titanium dioxide and 

graphene (TiO2-GR) immobilized on its inner walls. The label n represents the 

samples acquired 

 

 
 

Figure 7. Computational model of methylene blue degradation in the microchannel containing 
titanium dioxide nanoparticles (TiO2-P25) immobilized on its inner walls: (a) light 

distribution at the photocatalyst layers (top, side, and bottom); (b) light intensity profile 
in a vertical line crossing the center of the computational domain; (c) degradation 
profile obtained at the steady-state (C0 5 1 mg/L and s 5 8.6 s) in the 3-D geometry. 

Details about average light intensity, Thiele modulus and effectiveness factor at each 
film layer are also presented 

 

 
Table 1. Summary of the Experimental Conditions Adopted in This Study and the Respective 
Reaction Rates Observed 

 

 


