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a b s t r a c t

Comprehensive experimental and mathematical studies for reactive dyes decolorization using Fen-
ton oxidation in a microfluidic system were investigated. Reactive Yellow 181 (P2RN/181)and Reac-
tive Blue 19 (RB19), were used as model solutions. The effect of process variables were experimentally 
and mathematically studied using Design of Experiments(DoE) approach. Mathematical modelling 
and fluid dynamic studies, using Computational Fluid Dynamics (CFD) modelling on COMSOL 
software were also implemented to validate the experimental work. Successful decolorization was 
achieved for both studied dyes in an in-house fabricated T-shaped microfluidic chip with serpen-
tine channels. The DoE approach showed its suitability and effectiveness to optimize the Fenton 
oxidation process with better performance over previously published work. The optimum opera-
tional conditions were found to be 0.8 mM, and 35 mM, for Fe(II) concentration, H2O2 concentration, 
respectively. The highest decolorization percentages in the microfluidic system were found to be 
92.9 and 96.0% for RY and RB, respectively at 100 ppm inlet dye concentration, 1.6 mM inlet Fe(II) 
concentration, and 70 mM H2O2 inlet concentration, flowing at a rate of 20 µL/s. CFD results obtained 
from the microfluidic system revealed 92.8% and 92.3% decolorization efficiencies from RY and RB, 
respectively after 200 s. The model prediction only deviated by 1.08% (for RY) and 3.85% (for RB) 
from the experimental values, indicating a very good agreement between the CFD and the experi-
mental results, thereby, successfully validating the proposed model.

Keywords:  Fenton oxidation; Reactive dye; Decolorization ; Mathematical modelling; Computational 
fluid dynamics; Design of experiment; Miniaturization; Microreactor; Microfluidic system

1. Introduction

Decolorization of dyes has been extensively studied in
the last few decades, especially for the treatment of waste 
water from textile industries. Several techniques were 

developed in this field reflecting the researchers’ concern to 
maintain a clean environment as one of the most important 
drivers [1–3]. Among those techniques, advanced oxida-
tion using Fenton reagent proved its suitability to produce 
a good level of dye degradation [4,5]. Fenton reagent in 
the oxidation process is mainly featured by the activation 
of hydrogen peroxide without the need for adding energy, 
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which makes this method cost effective. Oxidation by Fen-
ton is also characterized by its fast rate of decolorization as 
well as the absence of mass transfer limitation [6]. The main 
drawback of this technique could be the consumption of 
substantial amount of oxidant which undoubtedly could be 
minimized utilizing what is so called miniaturization. With 
such a technique, other reported drawbacks like long pro-
cess times and mixing efficiency could also be suppressed. 

Chemical processes applied in miniaturized devices 
have proven significant results in many fields. This is due 
to the fact that chemical processes performed in microsys-
tems are considered to be economical, efficient, and safe 
[7]. Moreover, microfluidic systems have high surface area 
to volume ratios which is 4–5 orders of magnitude greater 
than the one exist in a regular macro reactor [7]. This elimi-
nates mass transfer limitations and produces a remarkable 
improvement in the overall reaction rate of processes [8], 
which could significantly contribute to improving decolor-
ization processes even with less oxidant consumption.

Considering industrial application, miniaturization 
could also be advantageous as it reduces many issues asso-
ciated with scaling up of pilot plant studies, especially those 
related to optimizing industrial plants [9], studying chemi-
cal kinetics of processes, as well as both mass and transport 
phenomena [9,10]. With miniaturization a numbering-up 
technique could be applied for larger scale industrial appli-
cations. This involves having parallel chips operating con-
currently to accommodate the large industrial effluents. Such 
parallel processing is more efficient than installing macro 
scale systems that require regular maintenance, auxiliary 
components cost, more operators, and thus, higher labor 
charges [1,7]. Therefore, it would be worth investigating the 
capability of dye decolonization in microfluidic systems.

In this study, a T-shaped microfluidic chip (i.e. with 
two inlets microchannels where two mixing streams are 
flowed perpendicularly to each other) was fabricated with 
a serpentine merging channel to investigate its capability to 
achieve higher decolorization efficiency than in previously 
published works [11]. In addition, the DoE approach was 
implemented to introduce efficient optimization of Fen-
ton oxidation process in the fabricated microreactor. Up 
to the authors’ knowledge, this study is considered as the 
first study for implementing DoE approach, as well as CFD 
simulation in microfluidic systems for Fenton oxidation 
[12–14]. The study has shown remarkable results in terms 
of improvement in the percentage decolorization [11] and 
the decolorization time [14]. 

2. Theory

The flow of incompressible Newtonian fluid in min-
iaturized systems follows Navier-Stokes and could be 
described by the continuity equations as follows [15]:

∂ + ⋅∇ = − ∇ + ∇ +t Pv v v v g
1 2

ρ
ν  (1)

where v is the velocity vector, ρ fluid density, P the pressure, 
ν the kinematic viscosity and g is the gravitational accel-
eration, and ∇v = 0. Diffusion and convection describes 
the transportation of the fluid according to the following 
dynamic equation [15]:

∂ + ⋅∇ − ∇ =t i i i i ic c D c Rv 2  (2)

where ci, Di, and Ri are the concentration, diffusion coefficient, 
and rate of consumption/generation of species i, respectively. 
For steady-state study, the accumulation terms diminish to 
zero (i.e. ∂tv = ∂tci  = 0).The diffusion coefficient (cm2/s) can be 
estimated using the empirical Wilke-Chang equation [16]:
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where φB is the solvent association factor (φB = 2.6 for water), 
MwB is the molecular weight of solvent (water in this case), 
T is the temperature (K), µB is the solvent viscosity (cP), and 
νA is the dye molar volume (cm3/mol) at its normal boiling 
point.

Reynolds number plays a major role in defining the 
fluid mechanics inside microchannels. Reynolds number is 
defined as the ration of inertial forces to viscous forces in 
the fluid, and expressed as follows:

Re =
vd
ν

 (4)

where d is the characteristic length of the geometry (diame-
ter in this case.), v (m/s) is the fluid velocity, and v (m2/s) is 
the dynamic viscosity.

The efficiency of mixing ηmix of any component (x) at 
the pipe exit can be calculated using the surface integrals 
according to the following formula:

η ∞

∞
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R c

R i c

x x dA

x x dA
  (5)

where [x] is the concentration of component x as a function 
of the depth and the width of the channel; [x]∞ is the con-
centration of component x after complete mixing; [x]i is the 
concentration of component x at the inlet (prior to mixing), 
and Ac is the cross-sectional area of the exit channel.

3. Fabrication of the microfluidic system

A T-shaped microfluidic mixing design was fabricated 
to study the decolorization of dyes. The design was drawn 
in AutoCAD® (Autodesk 2015) as shown in Fig. 1a and 
fabricated in a poly methyl methacrylate (PMMA) sheet 
using a laser cutting machine (META 1.5C, TLM Laser Ltd, 
Worcestershire, UK). The dimensions of the microfluidic 
channels were (400 ± 0.5) µm width and (680 ± 0.5) µm 
depth. The serpentine length was 421 mm with a spacing of 
1.6 mm. This provided an overall surface area of 180 mm2. 
The volume of the microchip was found to be about 125 
mm3. The laser beam velocity and percentage power were 
manipulated to obtain the desired 680 µm depth for the 
microfluidic system channels. The parameters were set to 
be 10 mm/s working velocity and 30% percentage power. 
Inlets and outlet were drilled using CNC milling machine 
(DATRON Technology Limited, Milton Keyne, UK) then 1 
mm ID brass rods fittings were glued at both of the inlets 
and the outlet using epoxy glue to avoid leakage. Finally, 
the chip was sealed using a PVC clear lamination (TMI.
LLC, Pittsburgh, USA).Fig. 1b shows the fabricated micro-
fluidic chip for the Fenton process.
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4. Materials and experimental setup

4.1. Materials

The chemicals used in this study were: Reactive Yellow 
181 (P2RN/181, Ciba Specialty Chemicals, Basel, Switzer-
land), Reactive Blue 19 (RB19, Town End Plc., Leeds, UK), 
Hydrogen peroxide solution (35 wt. %, Scharlau, Ger-
many), Hydrochloric acid (37 wt. %, Scharlau, Germany), 
and Ferrous sulfate FeSO4 (Timstar Laboratory Suppliers 
ltd, UK).RB and RY were used as models for reactive dyes. 
RY has the following chemical formula: C24 H24 Cl N9O12 
S3·3Na, with λmax = 414 nm, while RB chemical formula is 
C22H16N2Na2O11S3 with λmax = 592 nm.

4.2. Experimental setup

The fabricated microfluidic chip has two inlets: one 
inlet (inlet 1) was used for pumping ferrous sulfate and dye 
aqueous solution) and the other inlet (inlet 2) was used to 
deliver hydrogen peroxide aqueous solution. All experi-
ments were run at a controlled room temperature of and 
equal inlet flow rates of 20 µL/s using peristaltic pump 
(Cole-Parmer Variable Flow pump, UK, Model: EW-73160-
40), as demonstrated in Fig. 2 unless otherwise stated.

5. Methodology: experimental design 

5.1. Procedure

The reactant species were fed to the microreactor as 
described in section 4.2. The concentrations at different con-
ditions were measured using the UV-Vis spectrophotome-
ter at maximum absorption wavelength for each dye. The 
absorption was then correlated to the concentration using 
the Beers Lambert Law and the decolorization efficiency 
was calculated using the following equation:

% Decolorization=
Initial dye absorbance-Final dye absorbancce

Initial dye absorbance
× 100  (6)

5.2. Optimization of process variables

Using the DoE approach, the Central Composite Design 
(CCD) method was implemented with 28 batch experi-
ments, including four repetitions at the central points, for 
both tested dyes: reactive yellow and reactive blue, in order 
to find the optimum conditions of the experiment. These 
variables (termed as factors; F, in CCD modelling) are: ini-
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Fig. 1. 2D- AutoCAD drawing for the fabricated microfluidic system. 

Fig. 2. Experimental setup to deliver a flow rate of 20 µL/s in 
each inlet of ferrous sulfate and dye aqueous solution (LHS in-
let) and hydrogen peroxide aqueous solution (RHS inlet) of the 
microfluidic chip.
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tial concentration of the dye [Dye]o, ppm, initial concen-
tration of hydrogen peroxide solution [H2O2]o, mM, initial 
concentration of Ferrous sulfate solution [Fe2+]o, mM, and 
pH. Table 1 (for reactive yellow dye) and Table 2 (for reac-
tive blue dye) illustrate the coding levels for each variable 
based on the ranges of the operational conditions.

5.3. Experimental design for the kinetic study 

In order to simulate the microfluidic system using CFD 
software, a kinetic model must be provided. However, the 
Fenton process has many reaction steps [17–21], which 
complicates the reaction rate expressions. Hence, an empir-
ical model has been implemented in this work to validate 
the results within the operational range.

The study was conducted using 15 experiments for each 
dye with 1) changing the initial concentration of the dye, 
the Fenton reagent, and hydrogen peroxide, as shown in 
Table 3, and 2) calculating the initial rates of reactions at the 
operating conditions.

For continuous decolorization experiments, Full Fac-
torial design, 23 (=8) experiments were conducted for each 

dye. The factors were: inlet concentration of the dyes, inlet 
concentration of hydrogen peroxide, and inlet concentra-
tion of ferrous sulfate. A system of codes was used to indi-
cate the level of each factor. These code levels are positive 
and negative to represent the low and high value, respec-
tively, as shown in Table 4. These values represent the inlet 
concentrations of ferrous sulfate and dye aqueous solution 
(inlet 1) and hydrogen peroxide aqueous solution (inlet 2) 
with equal inlet volumetric flow rates. The pH was chosen 
to be 3 in all runs following based on the batch experiment 
results and literature [18,22]. 

5.4. CFD simulations of the process

For the designed microchip, CFD computation was 
primarily used to firstly validate the experimental model 
and reaction kinetics (refer to section 6.6) and secondly, 
to study the mixing efficiency in the microfluidic system. 
For the microchip, CFD computation was primarily used 
to firstly validate the experimental model and reaction 
kinetics (section 6.6) and secondly, to study the mixing 
efficiency in the designed microfluidic system (section 
6.5). CFD models were run using COMSOL® Multiphys-
ics (version 5) which applies the Finite Element Method 
(FEM) to solve complicated problems combining several 
chemical and physical phenomena and processes. All 
models were run using Windows 7 with Intel® Core™ i5 
CPU, 6 GB RAM, and 64-bit Operating System. The mod-
els were meshed with normal element size that consumes 
about 45 min per model.

6. Results and discussion

6.1. Calibration data of dyes

Two calibration curves were done for reactive yellow 
(Absorbance = 0.0180 [RY] + 0.0014) and for reactive blue 
(Absorbance = 0.0125 [RB] + 0.0168). A straight line fit was 
obtained in both cases with correlation factors R2 of almost 
1 in both sets, indicating excellent agreement with the 
Beer-Lambert Law.

Table 1
Factors, their level codes, and their real experimental value for 
batch operation for RY

Variable Name Coded levels

–2 –1 0 1 2

Real experimental values

F1 [Dye]o/ppm 5 10 15 20 25

F2 [H2O2]o/mM 5 15 25 35 45

F3 [Fe2+]o/mM 0.02 0.22 0.42 0.62 0.82

F4 pH 2 2.5 3 3.5 4

Table 2
Factors, their level codes, and their real experimental value for 
batch operation for RB

Variable Name Coded levels

–2 –1 0 1 2

Real experimental values

F1 [Dye]o/ppm 10 15 20 25 30

F2 [H2O2]o/mM 7.5 15 22.5 30 37.5

F3 [Fe2+]o/mM 0.25 0.5 0.75 1 1.25

F4 pH 1.4 1.8 2.2 2.6 3

Table 3
Experimental design for kinetic study

[Dye]0,ppm 25 50 75 100 125 100 100

[Fe2+]o, mM 0.8 0.2 0.4 0.6 0.8 1 0.8
[H2O2]0, mM 35 35 5 15 25 35 45

Table 4
Factors, their level codes, and their real experimental value

Variable Name Coded levels

– +

F1 [Fe2+]o/mM 0.4 1.6

F2 [H2O2]o/mM 10 70

F3 [Dye]o/ppm 100 200
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6.2. Optimization results

Counter plots with spectrum color level were used to 
illustrate the effect of several combinations of factors on the 
decolorization of the individual dye after 20 min running 
time. The results from these plots lead to the estimation 
of the kinetic model for the study presented in section 6.3. 
Fig. 3 shows the effect of Fe(II) concentration and pH on 
decolorization efficiency, at which the violet color area rep-
resents the highest decolorization efficiency at [Fe2+] of 0.8 
mM and pH of 3.0. Another optimum region (smaller violet 
spot) was found at the same pH but with [Fe2+] = 0.4 mM, 
suggesting efficient decolorization of RY even at low Fe(II) 
concentration.

The value of pH is critical in Fenton’s process. Many 
researchers suggested optimum initial pH range of 3 to 3.5 
for Fenton’s process, which agrees with the current results. 
pH values other than 3 reduces the decolorization efficiency 
as summarized in Table 5.

Similarly, Fig. 4 illustrates the effect of H2O2 and pH 
combination on the decolorization efficiency, where one 
violet spot occurs only at pH = 3.0 and [H2O2] = 45 mM. 
However, Fig. 5 shows another optimum concentration for 
H2O2 at 25 mM and [Fe2+] of 0.8 mM.

For reactive blue, the decolorization was investigated 
after 5 min. Fig. 6 shows best decolorization at a pH range 
of 2.5–3.0 and Fe(II) concentration range of 0.6–1.1 mM. 
Almost the same optimization pattern was found in Fig. 7 
with the same pH range and H2O2 concentration range of 
15–30 mM. On the other hand, Fig. 8 suggests optimum 
conditions to be around 0.9 to 1.1 mM Fe(II) and 25 to 35 
mM and 12–17 mM H2O2 concentration.

Identifying the optimum ranges as illustrated above 
helps in developing the kinetics model for the processes, as 
presented in the coming section. 

Based on the optimum ranges of the experimen-
tal variables, the percentages of decolorization in the 
microfluidic system were illustrated for different runs, 
using cube plot as shown in Fig. 9. Fig. 9a shows the RY 
decolorization results, where the highest percentage of 
decolorization was found to be 92.8% at 1.6 mM Fe(II), 70 
mM H2O2, and 100 ppm RY while the lowest value was 
38.7%, found at 0.4 mM Fe(II), 10 mM H2O2, and 200 ppm. 
Fig. 9b shows the results of RB decolorization. The high-
est decolorization efficiency was found to be 96.0% at 1.6 
mM Fe(II), 70 mM H2O2, and 100 ppm RB while the low-
est efficiency was 21.0% at 0.4 mM Fe(II), 10 mM H2O2, 
and 200 ppm RB. 

6.3. Kinetic model results

The initial rate of reaction related to the initial concentra-
tion of dye, Fe(II), and H2O2 was fitted using the Lagrange 
numerical differentiation method:

− =
  ≈  

− −
−( ) −( ) +  r

d

dt
t t t

t t t t
t

Dye

Dye
Dye Dye

1
2 3

1 2 1 2
2

2 2 −− −
−( ) −( )

+  
− −

−( ) −( )

t t
t t t t

t t t
t t t t

1 3

2 1 2 3

3
1 2

3 1 3 2

2
Dye

 (7)

A rational empirical model was selected to fit the data 
since it is more realistic and closer to the mechanistic model. 
The data were fitted to the model using Matlab® cf tool.

6.3.1. Reactive yellow

The results of fixing the initial concentration of Fe(II) 
and H2O2, while changing the initial concentration of RY 
are illustrated in Fig. 10. The data were fitted using (1/1) 
rational model, with R2 of 0.95 of the data captured by the 
model. 

Fig. 11 illustrates the results obtained from varying 
H2O2 concentration between 5 to 45 mM at constant RY 
concentration and Fe(II). The optimum H2O2 concentration 
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Fig. 3. Counter plot that shows the optimum Fe(II) concentration 
and pH combination for maximum RY decolorization efficiency.

Table 5
Possible reasons for the reduction in decolorization efficiency in 
Fenton’s process at other than pH = 3

Reason Reference

When pH < 3

•	 Fe2+ form stable complexes with H2O2

•	 Formation of oxonium ion H2O2 + H+ → H3O2
+

•	 Formation of oxonium ions which enhance 
the stability of H2O2

[23]

•	 Increasing the rate of Eq. (R6), therefore 
increasing Fe3+ concentration which 
terminates the Fe(II)/Fe(III) cycle.

[18]

When pH < 3∼3.5

•	 Formation of ferric oxyhydroixde precipitate 
which reduces the concentration of Fe(II) ions 
in the solution

[18]

•	 At pH above 6, the following reaction occurs: 
Fe3+ + 3OH− → Fe (OH)3, and ferric hydroxide 
decomposes H2O2 into H2O and O2.

•	 At pH above 5, ferrous ions favor to exist as 
which reacts slower with H2O2.

[22]

•	 Auto-decomposition of H2O2 → H2O + 1/2 O2

•	 The concentration of hydroperoxy increases 
which sinks the OH radicals, as follows: 

H O H HO2 2 2

+ −+  

• •OH HO H O O+ → +− −
2 2 2

[24]
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was found to be 35 mM. The data were fitted using (1/2) 
rational model, with R2 = 0.998 of the data captured by the 
model. 

Finally, fixing RY and H2O2 concentrations while 
changing the Fe(II) concentration from 0.2 to 1 mM gave 
the results illustrated in Fig. 12. It was found that increas-
ing the Fe(II) concentration increases the decolorization 
rate. However, an optimum concentration of Fe(II) was 
found to be at 1 mM Fe(II). The rate was fitted using (1/2) 
rational model with R2 = 0.997 of the data captured by the 
model. 

The operating conditions and the kinetic model results 
are summarized in Table 6, along with the overall rate of 
reaction.

6.3.2. Reactive blue

The same procedures were followed with RB. Fig. 13 to 
Fig. 15 present the rate of reaction profiles. The results of fix-
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Fig. 4. Counter plot shows the optimum [H2O2] and pH combi-
nation for maximum RY decolorization efficiency.
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Fig. 5. Counter plot shows the optimum hydrogen peroxide and 
Fe(II) concentration combination for maximum RY decoloriza-
tion efficiency.
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Fig. 7. Counter plot shows the optimum hydrogen peroxide con-
centration and pH combination for maximum RB decolorization 
efficiency.
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Fig. 8. Counter plot shows the optimum hydrogen peroxide and 
Fe(II) concentration combination for maximum RB decoloriza-
tion efficiency.
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Fig. 6. Counter plot shows the optimum Fe(II) concentration and 
pH combination for maximum RB decolorization efficiency.
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ing the initial concentration of Fe(II) and H2O2, while chang-
ing the initial concentration of RB are illustrated in Fig. 13. 
The data were fitted using (1/1) rational model, with R2 of 
0.931 indicating 93.1% of the data captured by the model. 
The optimum H2O2 concentration was found to be 35 mM, 
with data fitted using (1/2) rational model and R2 = 0.946, 
while the optimum concentration of Fe(II) was found to be 
0.8 mM Fe(II), with data fitted using (1/2) rational model 
and R2 = 0.999. The kinetic model results at the optimum 
operating conditions are summarized in Table 7 along with 
the overall rate of reaction. 

6.4. Effect of variables on the decolorization process

This section discusses the effect of [Dye]o, [Fe(II)]o, 
and [H2O2]o on the decolorization efficiency for the Fenton 
process that was conducted in the fabricated microfluidic 
system.
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Fig. 9. Decolorization efficiencies in the microfluidic system using homogenous Fenton reagent at different conditions for a) RY and 
b) RB. F1, F2, F3 definitions and ranges are as given in Table 1 for RY and Table 2 for RB.
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Table 6 
Kinetic model results for the decolorization of reactive yellow

Dye Fixed variables Varied 
variable

Range Reaction rate Model R2

Reactive 
Yellow

[Fe(II)]o [H2O2]o [RY]o 0.03–0.15 mM
− = × [ ]

[ ] +
−rRY1

36 663 10
0 2684

.
.

RY
RY

(1/1)  
rational model

0.950

[Fe(II)]o [RY]o [H2O2]o 5–45 mM
− = ×

 +

  −  +
−rRY 2

2 2 2

2 2

2

2 2

1 608 10
118 6

57 12 1963
.

.

.

H O

H O H O

(1/2)  
rational model

0.998

[H2O2]o [RY]o [Fe(II)]o 0.2–1 mM
− = ×

  +

  −   +
−

+

+ +
rRY 3

3
2

2 2 2
1 901 10

0 1600

1 152 1 1
.

.

. .

Fe

Fe Fe 556

(1/2)  
rational model

0.997

Overall rate of reaction: − =
[ ]  +( )   +( )

[ ] +( )   +

+

r
a a a

a a
RY

RY H O Fe

RY H O

1 2 2 2
2

3

4 2 2

2

5 HH O Fe Fe2 2 6
2 2

7
2

8 +( )   +   +( )+ +a a a

a1 a2 a3 a4 a5 a6 a7 a8

4.707 × 10–2 118.6 0.1600 0.2684 –57.12 1963 –1.152 1.156

6.4.1. Effect of H2O2 concentration

As hydrogen peroxide concentration increases more 
OH radicals are available in the process. This subsequently 
increases the rate of decolorization up to a certain limit (35 
ppm in both dyes), as shown in Fig. 12 (for RY) and Fig. 15 
(for RB). Further increase in the H2O2 concentration leads to 
lowering the decolorization efficiency. This is mainly due 
to the increase in •OH scavenging rate at higher concentra-
tions where H2O2 acts as a quencher according to the fol-
lowing possible reactions: [18,23–26].

H O OH H O O H2 2 2 2+ → +• •  (8)

• •OH OH H O+ → 2 2  (9)

• •OH O H H O O+ → +2 2 2  (10)
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Fig. 13. Fitting the initial rate of RB decolorization to the initial 
RB concentration using rational empirical model (R2 = 0.931).
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Fig. 15. Fitting the initial rate of RB decolorization to the initial 
Fe(II) concentration using rational empirical model (R2 = 0.999).
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Table 7 
Kinetic model results for the decolorization of reactive blue

Dye Fixed variables Varied 
variable

Range Reaction rate Model R2

Reactive 
Blue

[Fe(II)]o [H2O2]o [RB]o 0.04–0.2 mM
− = × [ ]

[ ] +
−rRB1

34 689 10
0 2804

.
.

RB
RB

(1/1)  
rational model

0.931

[Fe(II)]o [RB]o [H2O2]o 5–45 mM
− =

  −  +
rRB2

2 2

2

2 2

0 8004

66 68 1623

.

.H O H O

(1/2)  
rational model

0.946

[H2O2]o [RB]o [Fe(II)]o 0.2–1 mM
− = ×

 
  −   +

−
+

+ +
rRB3

3
2

2 2 2
1 277 10

0 7687 0 5924
.

. .

Fe

Fe Fe

(1/2)  
rational model

0.999

Overall rate of reaction: − =
[ ] 

[ ] +( )   +  +( ) 

+

+
r

b

b b b
RB

RB Fe

RB H O H O Fe

1
2

2 2 2

2

3 2 2 4
2

  +   +( )+2

5
2

6b bFe

b1 b2 b3 b4 b5 b6

1.796 0.2804 –66.68 1623 –0.7687 0.5924

6.4.2. Effect of Fe2+ concentration

Referring to the following initiation reaction [19],

Fe H O Fe OH OH2
2 2

3+ + −+ → + +•  (11)

It is obvious that increasing Fe(II) concentration 
increases the rate of formation of the •OH radicals, which 
leads to better decolorization efficiency up to specific limits 
(1 mM and 0.8 mM, for RY and RB, respectively), as shown 
in Fig. 10 (for RY) and Fig. 13 (For RB). Any further incre-
ment in Fe2+ concentration decreases the rate of decolor-
ization due to scavenging of •OH radicals according to the 
following equation: [3,17,19,22,26].

Fe OH Fe OH2 3+ + −+ → +•  (12)

The Fe(II)/H2O2 molar ratio experimental results illus-
trated in section 6.2 shows a good agreement with the lit-
erature [27], which was about 0.02 and 0.025 with RB and 
RY, respectively, compared to the current optimum ratio of 
0.023 and 0.028 with RB and RY, respectively obtained in 
this study.

6.4.3. Effect of initial dye concentration

Generally, the decolorization efficiency is inversely pro-
portional to the initial dye concentration. m, the rate of reac-
tion is directly proportional to the initial dye concentration 
[14].

6.5. CFD mixing efficiency study

A comprehensive study was made on the mixing effi-
ciency in the microfluidic system. Efficient mixing is a 
crucial requirement to validate the model. Mixing in the 

microfluidic channel is mainly governed by diffusion, 
where laminar flow helps improving the mixing efficiency. 
Furthermore, having sinusoidal serpentines provides cha-
otic advection to enhance the rate of diffusion, as discussed 
by many authors [28,29]. In this study, mixing was induced 
passively using the serpentine to ensure good level of mix-
ing. The results shows that a 400 µm ID channel needs a 
total length of at least 400 mm to achieve 99% mixing effi-
ciency, at the operated flow rate.

Two models were run using COMSOL, in order to eval-
uate the mixing efficiency in the microfluidic system. The 
inlet conditions were chosen to be 100 ppm, 1.6 mM, and 70 
mM for [Dye]o, [Fe2+]o, and [H2O2]o, respectively, diffusion 
coefficients: DFe2+ = 7.19 × 10−10m2/s [30], DH2O2 = 1.71 × 10−5 

cm2/S [31], and dyes diffusion coefficient using the empir-
ical Wilke-Chang equation (Eq. (4)) at a room temperature 
of 25. The CFD solves the laminar flow (fluid mechanics) 
module, with an inlet flow rate of 20 µL/s and transport 
fluid module with diluted species (mass transfer) simulta-
neously. The mixing efficiency of the reacted species is sum-
marized in Table 8.

The results clearly agree with Fick’s law of diffusion, 
where the diffusion coefficient increases with the increase 
in the diffusion rate leading, to an increase in the mixing 
efficiency. It was also expected to have the highest mixing 
efficiency with H2O2 due to its highest diffusion coefficient 
and concentration while having lowest diffusion coefficient 
with RY which leads to lowest mixing efficiency [32,33]. 
A sample model for COMSOL results is shown in Fig. 16, 
where [RY]o = 200 ppm (0.24 mM), and inlet flow rate of 20 
µL/s.

Introducing serpentines in the designed microfluidic 
system was mainly to 1) reduce the design area and to, most 
importantly, 2) improve the mixing efficiency. This could be 
evident in Fig. 17 where a higher range of concentration 
gradient takes place in the serpentine region over elsewhere 
in the channels.
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6.6. CFD results for the decolorization of the studied reactive 
dyes

The decolorization reactions were also simulated by 
CFD to test their agreement with the experimental results. 
The overall CFD results for all runs (refer to Table 9) are 
summarized in Fig. 18 for RY (Fig. 18a) and RB (Fig. 18b), in 
comparison to those obtained experimentally. Good agree-
ment between the experiments and CFD results is shown 
for both dyes at almost all operating conditions. The devi-
ation observed in runs (b) and (ab) for RY, and runs (1) and 
(ab) for RB, is probably due to the high ratio of to which was 
calculated as 0.16, compared to the optimum ratio found in 
literature, as detailed previously. At the optimum operating 
conditions (run bc) though, the error was found to be 1.08% 
and 3.85% only, for RY and RB, respectively. This confirms 
the validity of the proposed kinetic model for the studied 
dyes.

A sample CFD result for the decolorization gradi-
ent in the microfluidic chip of each dye is shown in Fig. 
19. The selected run was (bc), according to Table 9, i.e. 
with inlet concentrations of 100 ppm dye, 1.6 mM Fe(II) 
, 70 mM H2O2, and inlet flow rate of 20 µL/s. COMSOL 
results show that the concentration of RY (Fig. 19a) 
decreases from 0.12 mM to 0.0086 mM, while that of RB 

Table 8
Summary of mixing efficiency results using CFD models for the involved species

RY RB Fe(II) H2O2

Diffusion Coefficient (m2/s) 2.98 × 10−10 3.59 × 10−10 17.1 × 10−10 7.19 × 10−10

Inlet concentration (mM) 0.24 0.32 1.6 35
ηmix (%) 98.7 99.5 99.8 100.0
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Fig. 16. A sample model for the concentration gradient of Reac-
tive yellow in the designed microfluidic system.
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Fig. 17. The effect of serpentines in the microfluidic system on 
the mixing efficiency.

Table 9 
Coding system for the microfluidic chip experiments

[Dye]/ppm (A) [Fe (II)]/ mM (B) [H2O2]/ mM (C)

Coded Uncoded Coded Uncoded Coded Uncoded

(1) − 100 − 0.4 − 10
a + 200 − 0.4 − 10
b − 100 + 1.6 − 10
c − 100 − 0.4 + 70
ab + 200 + 1.6 − 10
bc − 100 + 1.6 + 70
ac + 200 − 0.4 + 70
abc + 200 + 1.6 + 70



H.A. Yusuf et al. / Desalination and Water Treatment 116 (2018) 305–316 315

decreases from 0.16 mM to 0.0123 mM (Fig. 19b) along 
the microfluidic T- shaped serpentine, which lead to per-
centage decolorization of 92.8 and 92.3% for RY and RB, 
respectively. 

7. Conclusions

Successful mathematical and experimental modeling 
for reactive dyes decolorization using the Fenton oxidation 
process in a microfluidic system was presented. Reactive 
yellow and reactive blue dyes were used as models. For 
both dyes, good agreement was obtained between both 
experimental and mathematical modeling results. These 
results were also validated with additional computational 
fluid dynamic studies.

The Fenton oxidation process was optimized in batch 
mode and the optimum conditions were found to be 0.8 
mM, 35 mM, and 3.0 for Fe(II) concentration, H2O2 con-
centration, and pH, respectively. Initial rate study was 
conducted with 15 experiments per dye, with rational 
model that captures 95 and 93% of the data, for RY and 
RB, respectively. The highest decolorization percentage 
using the Fenton process in the microfluidic system was 
found to be 92.9 and 96.0% for RY and RB, respectively, at 
100 ppm inlet dye concentration, 1.6 mM inlet Fe(II) con-
centration, 70 mM H2O2 inlet concentration, 3.0 pH (after 
mixing) , and 20 µL/sinlet flow rate. Kinetic models were 
also developed for the Fenton oxidation process, on the 
studied dyes. The rate of reaction expressions proved to 
give valid results over the experimental ranges of [RY]o 
= 0.03–0.15 mM, [RB]o = 0.04–0.2 mM, [H2O2]o = 5–45 mM, 
and [Fe(II)]o = 0.2–1 mM.

Finally, the mixing efficiency studied using CFD mod-
elling revealed that more than 98.7% mixing efficiency was 
obtained after ten serpentines (total channel length of 420 
mm). CFD results for the decolorization efficiency of the 
studied process was found to be 92.8% for RY after 200 s 
which deviates by 1.08% only from the experimental value, 
at the optimum operating conditions. As for RB, the decol-
orization efficiency was found to be 92.3% after 200 s which 
deviates by 3.85% only from the experimental value, at the 
optimum operating conditions.

 

 (a) (b)

Fig. 18. The CFD results in comparison with the experimental results of a) RY decolorization, and b) RB decolorization.
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Fig. 19. CFD results for the decolorization of a) RY and b) RB, 
following (bc) run, with an inlet flow rate of 20 µL/s.
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