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A B S T R A C T

The oxidation of organic pollutants by Fenton's reagent is commonly considered as a single-stage process
that conforms to pseudo first-order kinetics. However, pollutant oxidation would exhibit a two-stage pattern
when the initial dosage of Fenton's reagent is sufficiently high. This study investigated the fast oxidation
kinetics of a model pollutant, malachite green (MG), in Fenton process in real time using continuous on-line
spectrophotometric detection. A chemical kinetic model was further developed, which could well predict the
effect of initial concentrations of Fe2+, H2O2, and MG on the degradation of MG in Fenton and solar photo-
Fenton processes. The model could also be adapted to model the kinetics of MG mineralization. Modeling
results reveal that the significant enhancement in the degradation rate of MG in the second stage of Fenton
process by sunlight irradiation was contributed mainly by the production of hydroxyl radicals from H2O2

photolysis. The chemical kinetic model also performed well in describing the degradation and mineralization
kinetics of carbendazim and thiabendazole in solar photo-Fenton process. The improved understanding on
the fast kinetics of pollutant degradation and the chemical kinetic model developed could help optimize the
treatment conditions for organic pollutants in Fenton and solar photo-Fenton processes.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Advanced oxidation processes (AOPs) hold promises for the treat-
ment of a wide range of refractory organic pollutants [1�3]. Fenton
process is a common type of AOPs that has been employed exten-
sively in wastewater treatment [4], which could degrade most
organic compounds due to the generation of hydroxyl radicals (¢OH)
[5]. The concentration of ¢OH is often considered to be steady
throughout the treatment process, thus the degradation kinetics of
organic pollutants in Fenton process is commonly described by the
first-order kinetic model [6,7]. Nonetheless, deviation in the pollutant
degradation kinetics from first-order has been observed [8].

A two-stage decomposition phenomenon would occur when the
dosage of Fenton's reagent is sufficiently high [9]. The first stage is
dominated by the reaction between Fe2+ and H2O2, which occurs rap-
idly. The production rate of ¢OH declines quickly in this stage, thus a
steady-state concentration of ¢OH could not be maintained, and pol-
lutant degradation would no longer observe pseudo first-order kinet-
ics. The second stage is dominated by the reaction between Fe3+ and
H2O2. The continuous reduction of Fe3+ promotes Fe2+ regeneration,
resulting in a rather low, but steady concentration of Fe2+ [10]. The
rate of pollutant oxidation in the second stage is much slower. Exper-
imentally, due to the very fast pollutant degradation in the first stage,
the degradation kinetics could not be well observed or studied using
conventional time-sampling techniques.

Photo-Fenton process is a type of modified Fenton treatment that
employs UV�visible light irradiation to enhance the oxidation and
mineralization of organic pollutants in Fenton process [11,12]. The
enhancement effect of light was commonly attributed to Fe2+ regen-
eration from Fe3+ photo-reduction (Fe3++H2O+hn!Fe2++¢OH+H+,
λ<450 nm) [13], while the extra production of ¢OH through H2O2

photolysis (H2O2+hn!2¢OH, λ<400 nm) was often neglected [14,15].
Nonetheless, the specific contribution of Fe3+ photo-reduction and
H2O2 photolysis to ¢OH production in photo-Fenton process has not
been quantitatively evaluated.

Several chemical kinetic models have been developed for describ-
ing the degradation of organic pollutants in Fenton-type processes.
They could predict the changes in the concentrations of chemical spe-
cies participating in the reactions [16,17], and thus facilitate the
design and optimization of treatment conditions [18]. However, none
of the chemical kinetic models developed so far could simulate the
fast kinetics of pollutant degradation occurring in the first stage of
Fenton process, probably due to the challenges in acquiring fast
kinetic data [18,19]. Chan and Chu observed two-stage kinetics in the
degradation of atrazine and 2,4-dichlorophenoxyacetic acid in Fenton
process [20,21], and developed an empirical kinetic model for such
behavior, which was named as the BMG model later by Behnajady
and co-workers [22]. The BMG model was further applied success-
fully to describe the reaction kinetics of a range of organic pollutants
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in Fenton process, such as the discoloration of dyes [23�25], and the
degradation of dimethyl sulfoxide and N,N-dimethylacetamide [26].
Tunc and co-workers studied the discoloration of dyes in Fenton pro-
cess with an online spectrophotometric method [27,28]. Based on
comparison of the performance of different kinetic models in describ-
ing the reaction kinetics, they found that the BMG model gave the
best results [27,28]. Despite its good performance, the BMG model is
completely empirical, and the predictions are not based on the suite
of chemical reactions occurring in Fenton process.

Understanding the fast kinetics of pollutant degradation in the
first stage and its modeling are important for designing efficient Fen-
ton treatment with short reaction times. To obtain pollutant degrada-
tion data with high temporal resolution, we chose malachite green
(MG) as a model organic pollutant, and used a spectrophotometer
with flow cell connected to the reactor for on-line monitoring during
the course of Fenton and solar photo-Fenton processes. A detailed
chemical kinetic model was developed to describe the degradation
kinetics of MG, particularly the fast kinetics in the first stage. The per-
formance of the model was validated under a wide range of condi-
tions, then it was further applied to evaluate the degradation of MG
in solar photo-Fenton process. The performance of the chemical
kinetic model was further validated with predicting the degradation
of two benzimidazole fungicides widely used in agriculture, carben-
dazim (CBZ) and thiabendazole (TBZ), in solar photo-Fenton process.
To the best of our knowledge, this study is the very first attempt to
examine and model the fast kinetics of pollutant degradation in Fen-
ton and solar photo-Fenton processes under high dosages of Fenton's
reagent.

2. Materials and methods

2.1. Chemicals and reagents

Malachite green (MG) and FeSO4�7H2O were purchased from Sino-
pharm Chemical Reagent (Beijing, China). H2O2 (30 wt.%) was pro-
vided by Beijing Institute of Chemical Reagents (Beijing, China), and
the content of H2O2 was determined by KMnO4 titration prior to use
[29]. 1,10-Phenanthroline (97%) was supplied by Sahn Chemical
Technology (Shanghai, China). Tert-butyl alcohol (TBA) was obtained
from Xilong Chemical (Guangzhou, China). Acetophenone (AP) was
purchased from Xianding Biotechnology (Shanghai, China). CBZ (98%)
and TBZ (98%) were purchased from Macklin Biochemical (Shanghai,
China). All chemicals were used as received. All solutions were pre-
pared with ultrapure water produced from a Milli-Q water purifica-
tion system (Millipore, Bedford, MA).

2.2. Fenton and solar photo-Fenton treatment

To monitor MG degradation in real time in Fenton and solar
photo-Fenton processes, a continuous on-line spectrophotometric
detection system was developed (Fig. S1). The solution temperature
was maintained at 25 °C by a re-circulating thermostat bath. The light
absorbance of the solution within the flow cell, which was connected
to the reactor, was measured continuously at a frequency of 10 Hz.
With fast circulation of solution, the chemical composition of solution
in the flow cell could be deemed essentially the same as that in the
reactor. A UV-3200 UV-visible spectrophotometer (Mapada, Shang-
hai, China) was used to detect the concentration of MG at 617 nm,
with the data collected by the UV�Vis Analyst software supplied by
the instrument manufacturer.

In solar photo-Fenton process, a CEL-S500E7 solar simulator
equipped with a 500 W short arc xenon lamp and an AM1.5 filter
(Ceaulight Technology, Beijing, China) was employed as the light
source. Both the emitted wavelength spectrum (between 360 and
1100 nm) and the total irradiance (96.8 mW�cm�2) of the solar simu-
lator are close to those of natural sunlight (Fig. S2a). MG degradation
in the presence of Fenton's reagent under the simulated sunlight irra-
diation was monitored. CBZ and TBZ degradation in solar photo-Fen-
ton process was also conducted, with their degradation tracked using
the conventional time-sampling method.

2.3. Analytical methods

The concentration of Fe2+ during the course of reaction was deter-
mined by the 1,10-phenanthroline colorimetric method [30]. AP was
measured on an LC-20A high performance liquid chromatograph
(HPLC) equipped with an SPD-M20A photo-diode array detector (Shi-
madzu, Kyoto, Japan) at the wavelength of 245 nm. The analyte was
separated on a WondaSil C18 column (4.6 £ 50 mm, 5mm) using iso-
cratic elution with water and methanol (60:40, v/v) at a flow rate of
0.4 mL�min�1. CBZ and TBZ were analyzed by HPLC at the wavelength
of 220 and 300 nm, respectively. The analytical column used was a
WondaSil C18 column (4.6 £ 250 mm, 5 mm), and CBZ and TBZ were
eluted by a mixture of water with 0.1% formic acid and methanol
(60:40, v/v) at a flow rate of 1.0 mL�min�1. The organic degradation
intermediates of MG, CBZ, and TBZ were identified on a LX50 ultra-
high performance liquid chromatograph coupled to a QSight 210 tri-
ple quad mass spectrometer (UHPLC-MS/MS, PerkinElmer, Waltham,
MA). The analytes were separated on a Brownlee SPP-C18 column
(2.1 £ 100 mm, 2.7 mm) at a flow rate of 0.4 mL�min�1. The gradient
elution program for the separation of degradation products is listed
in Table S1. The total organic carbon (TOC) level of the treated solu-
tion was measured on a TOC-V CPH analyzer (Shimadzu, Kyoto,
Japan).

2.4. Development of chemical kinetic model

Based on the major elementary reactions involved, a chemical
kinetic model was developed to describe the kinetics of MG degrada-
tion and Fe2+ consumption in Fenton and solar photo-Fenton pro-
cesses. The model was constructed with two key assumptions: (i) ¢OH
was the only reactive oxygen species contributing to the decomposi-
tion of organic species, while HO2

¢, O2
¢�, and H2O2 had negligible con-

tribution; and (ii) the organic radicals produced from the organic
molecules attacked by ¢OH played an insignificant role in the reaction
system (e.g., through reacting with iron species) due to the rather
low concentration of MG.

The model for Fenton process contains 14 chemical species
(including neutral molecules, ions, and radicals) and 18 elementary
reactions (Table 1). Most rate constants have been reported in the lit-
erature, while the unknown values were experimentally determined
or fitted with experimental data in this study. A total of 16 inorganic
chemical reactions in Fenton system were included, while the other
two were the reactions of MG and its hydroxylated degradation prod-
uct, malachite green carbinol base (MGCB) [31], with ¢OH. In solar
photo-Fenton process, two additional reactions were added, namely
H2O2 photolysis and Fe3+ photo-reduction (i.e., Fe2+ regeneration)
(Table 1). The model was implemented using COPASI (ver. 4.22) [32].
In the fitting of the model with experimental data, the least mean
square (LMS) was employed, which was minimized using the Evolu-
tionary Programming Method built in COPASI.

3. Results and discussion

3.1. MG degradation in Fenton process and key reaction rate constants

The spectrophotometer only measures the light absorption of the
reaction mixture at the pre-selected wavelength, and the signal must
depend linearly on the concentration of the analyte (and only the
analyte) in the solution to achieve on-line real time detection. MG
was stable in aqueous solution at pH 3.0 (Fig. S3a), while the other
species in the reaction system did not have significant light



Table 1
Summary of the elementary reactions in the chemical kinetic model for MG degradation in Fenton and solar photo-Fenton
processes, and their rate constants.

No. Reaction Reported k (M�1�s�1) References Model adopted k (M�1�s�1)

(1) Fe2+ + H2O2 ! Fe3+ + OH� + ¢OH 63�76

[9,14]

63
(2) Fe3+ + H2O2 ! Fe2+ + HO2

¢ + H+ 0.01�0.02 0.01
(3) Fe2+ + ¢OH! Fe3+ + OH� (3.0�4.3) £ 108 4.3 £ 108

(4) Fe2+ + HO2
¢ (+ H+)! Fe3+ + H2O2 1.2 £ 106 1.2 £ 106

(5) Fe3+ + HO2
¢ ! Fe2+ + H+ + O2 (0.1�3.1) £ 105 3.1 £ 105

(6) Fe2+ + O2
¢� (+ 2H+)! Fe3+ + H2O2 1.0 £ 107 1.0 £ 107

(7) 2¢OH! H2O2 (4.2�5.3) £ 109 5.3 £ 109

(8) 2HO2
¢ ! H2O2+ O2 8.3 £ 105 8.3 £ 105

(9) ¢OH + HO2
¢ ! H2O + O2 6.6 £ 109 6.6 £ 109

(10) ¢OH + O2
¢� ! OH� + O2 1.0 £ 1010 1.0 £ 1010

(11) HO2
¢ + O2

¢� (+ H+)! H2O2 + O2 9.7 £ 107 9.7 £ 107

(12) HO2
¢ ! H+ + O2

¢� (1.58�7.9) £ 105 s�1 1.58 £ 105 s�1

(13) H+ + O2
¢� ! HO2

¢ 1.0 £ 1010 1.0 £ 1010

(14) ¢OH + H2O2 ! HO2
¢ + H2O (1.2�4.5) £ 107 4.5 £ 107

(15) HO2
¢ + H2O2 ! ¢OH + H2O + O2 3.0 3.0

(16) O2
¢� + H2O2 ! ¢OH + OH� + O2 0.13 0.13

(17) MG + ¢OH!MGCB (8.76§0.63) £ 109 a 9.39 £ 109 b

(18) MGCB + ¢OH! Products 107�1010 [42] 1.0 £ 1010 b

(19) H2O2 + hn! 2¢OH 4.13 £ 10�5 s�1 [19] 1.36 £ 10�6 s�1

(20) Fe3+ + H2O + hn! Fe2++ ¢OH + H+ 3.33 £ 10�6 [14] 5.00 £ 10�7

(21) Organic species + ¢OH! Inorganic species 8.75 £ 108 b

Notes:
a Experimentally determined value in this study;
b Value obtained by fitting with the experimental data.

Fig. 1. Degradation of MG (6.85mM) in Fenton process (pHinitial=3.0, [Fe2+]0=144.0mM,
and [H2O2]0=0.98 mM) with and without the presence of TBA (20 mM), along with the
model prediction for the case with the presence of TBA.
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absorption at the maximum absorbance wavelength of MG (617 nm)
(Fig. S3b). Furthermore, a linear relationship existed between the
aqueous concentration of MG and light absorbance (Fig. S3c). As a
result, the light absorbance measured by the spectrophotometer could
be translated directly to MG concentration. Besides, the absorbance of
MG solution did not change obviously when mixed with Fe2+, Fe3+, or
H2O2 (Fig. S4). These results indicate that MG did not complex with
Fe2+ or Fe3+, and it could not be oxidized by H2O2 alone effectively. Fur-
thermore, the primary degradation product of MG in Fenton and solar
photo-Fenton processes, MGCB, had negligible light absorbance at
617 nm (Fig. S3b). Based on the above results, the changes in
absorbance at 617 nm of the reaction mixture in Fenton and solar
photo-Fenton processes corresponded directly to those of MG
concentration.

Although pollutant degradation in Fenton process is often
observed to follow pseudo first-order kinetics, this is only true under
certain conditions. Fig. S5 shows that MG degradation in Fenton pro-
cess exhibited pseudo first-order kinetics when the concentration of
Fenton's reagent was rather low. In contrast, MG degradation
occurred in two distinct stages at much higher concentrations of Fen-
ton's reagent. Understanding the fast kinetics in the first degradation
stage is important because the treatment time can be drastically
shortened (at the expense of greater Fenton's reagent consumption
though).

MG degradation in Fenton process in the presence of TBA, which
was added as a scavenger for ¢OH (kTBA,¢OH=6.0 £ 108 M�1�s�1) [33],
was carried out to validate a key assumption for the model: ¢OH is
the only species responsible for the degradation of organic species.
Fig. 1 shows that MG degradation was strongly inhibited by the pres-
ence of TBA (20 mM). The extent of the inhibition was close to that
predicted by the model developed (discussed later), which supports
that MG degradation in Fenton process results from the attack of ¢OH
alone.

To refine the values of reported reaction rate constants, Fe2+ con-
sumption in Fenton process in the absence of MG was measured at 0,
15, 60, 120, 180, 240, 300 s. The reaction rate constants were then
systematically adjusted to best fit the model predictions with the
experimentally observed Fe2+ concentrations under various condi-
tions (Fig. 2a). Consequently, the rate constant values that gave the
overall best performance were used in the model (Table 1).
The bimolecular rate constant of the reaction between ¢OH and
MG (kMG,¢OH) at pH 3.0 was experimentally determined using the
competition kinetic method [34]. AP, which has a well-established
reaction rate constant with ¢OH (kAP,¢OH=5.9 £ 109 M�1�s�1) [33], was
employed as the reference compound. H2O2 solution was irradiated
by the CEL-HXF300 solar simulator (1000 mW�cm�2) to produce ¢OH
(Fig. S2b). MG degradation in solar/H2O2 process resulted from direct
photolysis and indirect photolysis through reacting with ¢OH:

�d MG½ �
dt

¼ kapp;MG MG½ � ¼ kd;MG MG½ � þ ki;MG MG½ �

¼ kd;MG MG½ � þ kMG; ¢OH MG½ � ¢OH½ � ð1Þ

Similarly, the degradation kinetics of AP in solar/H2O2 process
could be expressed as:

�d AP½ �
dt

¼ kapp;AP AP½ � ¼ kd;AP AP½ � þ ki;AP AP½ �

¼ kd;AP AP½ � þ kAP; ¢OH AP½ � ¢OH½ � ð2Þ

where kapp,MG and kapp,AP are the apparent rate constants of pseudo
first-order degradation of MG and AP (s�1) in solar/H2O2 process, kd,



Fig. 2. Experimental determination of the key reaction rate constants in Fenton pro-
cess: (a) Evolution of Fe2+ concentration in Fenton process at pH 3.0 in the absence of
MG at different dosages of Fenton's reagent; and (b) Degradation of MG and AP in
direct photolysis and solar/H2O2 process (pHinitial=3.0, [H2O2]0=20 mM, [MG]0=
[AP]0=5mM) under simulated sunlight irradiation.

Fig. 3. MG degradation in Fenton process under different conditions, along with the
model fits: (a) Impact of Fe2+ concentration; (b) impact of H2O2 concentration; and (c)
impact of MG concentration. Unless noted otherwise, all experiments were conducted
under the following conditions: pHinitial=3.0, [MG]0=6.85 mM, [Fe2+]0=144.0 mM, and
[H2O2]0=0.98 mM.
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MG and kd,AP are the rate constants of direct photolysis of MG and AP
(s�1), ki,MG and ki,AP are the rate constants of indirect photolysis of
MG and AP (s�1), and kMG,¢OH and kAP,¢OH are the bimolecular rate con-
stants (M�1�s�1) of the reaction between ¢OH and MG or AP, respec-
tively. It could be inferred from Eqs (1) and (2) that:

kMG; ¢OH ¼ kAP; ¢OH � ki;MG

ki;AP
¼ kAP; ¢OH � kapp;MG � kd;MG

kapp;AP � kd;AP
ð3Þ

Based on the degradation kinetics of MG and AP in direct photoly-
sis and solar/H2O2 process (Fig. 2b), the value of kMG,¢OH was deter-
mined to be (8.76§0.63) £ 109 M�1�s�1. Due to the lack of
commercial MGCB, the rate constant of the reaction between ¢OH and
MGCB was obtained by fitting the chemical kinetic model with exper-
imental data.
3.2. Kinetic model of fast pollutant degradation in Fenton process

In this study, the initial concentrations of MG used were rather
low (several mM) compared to the initial dosages of Fenton's reagent.
The interactions between the organic intermediates and ¢OH or Fe3+

could have little impact on the degradation of MG or the consump-
tion of Fenton's reagent, and were thus neglected. Table S2 lists the
ordinary differential equations that correspond to the chemical reac-
tions considered in the kinetic model. MG degradation in Fenton pro-
cess under different initial conditions, along with the model fits, are
presented on Fig. 3. Fig. 3a shows that increasing the initial concen-
tration of Fe2+ significantly accelerated the degradation rate of MG,
which is not surprising as Fe2+ acts as a catalyst in Fenton process.
Fig. 3b indicates that increasing the initial concentration of H2O2 also
greatly increased the degradation rate of MG. H2O2 is the source of
¢OH in Fenton process, thus MG degradation would be faster with
more H2O2. The initial concentration of MG had little impact on its
degradation rate (Fig. 3c), and this can be attributed to the facts that
the concentrations of MG studied were much lower than those of
Fenton's reagent, thus the degradation rate of MG was almost solely
determined by the concentration of ¢OH in the solution.

Overall, the chemical kinetic model established could describe the
degradation kinetics of MG under all the experimental conditions
evaluated, with the coefficients of determination (r2) greater than
0.93 (Table 2). These results indicate that the model could track the
evolution of major reactive species in Fenton oxidation of MG, and
could well predict MG degradation under various conditions. For
comparison, the empirical BMG model was also employed to fit the
degradation kinetics of MG in Fenton process under different



Table 2
Summary of the coefficients of determination (r2) of the chemical kinetic model developed in this study and the BMGmodel for fitting of MG degradation and Fe2+ consumption in
Fenton and solar photo-Fenton processes.

Reaction Experimental conditions r2, chemical kinetic model r2, BMG model (along with 1/m
and 1/b)

MG degradation in the
first stage of Fenton
process

[MG]0=6.85mM,
[H2O2]0=0.98 mM,
Variable [Fe2+]0

[Fe2+]0=28.8mM r2=0.985 r2=0.997 (1/m=0.229, 1/b=0.945)
[Fe2+]0=72.0mM r2=0.967 r2=0.979 (1/m=0.788, 1/b=1.010)
[Fe2+]0=288.0mM r2=0.972 r2=0.868 (1/m=1.831, 1/b=1.006)

[MG]0=6.85mM,
[Fe2+]0=144.0 mM,
Variable [H2O2]0

[H2O2]0=0.196 mM r2=0.983 r2=0.989 (1/m=0.375, 1/b=1.027)
[H2O2]0=0.49 mM r2=0.974 r2=0.814 (1/m=0.245, 1/b=1.057)
[H2O2]0=1.96 mM r2=0.980 r2=0.938 (1/m=1.557, 1/b=1.006)

[Fe2+]0=144.0mM,
[H2O2]0=0.98 mM,
Variable [MG]0

[MG]0=2.94mM r2=0.951 r2=0.928 (1/m=2.915, 1/b=1.005)
[MG]0=6.40mM r2=0.973 r2=0.886 (1/m=2.118, 1/b=1.004)
[MG]0=12.88 mM r2=0.934 r2=0.949 (1/m=1.779, 1/b=1.001)

MG degradation in both
the first and second
stages of Fenton
process

[MG]0 = 6.85mM,
Variable [Fe2+]0 and [H2O2]0

[Fe2+]0=14.4mM, [H2O2]0=4.9 mM r2=0.979 r2=0.977 (1/m=1.600, 1/b=0.369)
[Fe2+]0=28.8mM, [H2O2]0=4.9 mM r2=0.993 r2=0.941 (1/m=0.635, 1/b=0.587)
[Fe2+]0=28.8mM, [H2O2]0=0.98 mM r2=0.964 r2=0.996 (1/m=0.158, 1/b=0.946)

MG degradation in both
the first and second
stages of solar photo-
Fenton process

[MG]0 = 6.85mM,
Variable [Fe2+]0 and [H2O2]0

[Fe2+]0=14.4mM, [H2O2]0= 4.9 mM r2=0.990 r2=0.893 (1/m=0.037, 1/b=0.465)
[Fe2+]0=28.8mM, [H2O2]0=4.9 mM r2=0.979 r2=0.925 (1/m=0.099, 1/b=0.711)
[Fe2+]0=28.8mM, [H2O2]0=0.98 mM r2=0.975 r2=0.988 (1/m=0.133, 1/b=0.971)

Consumption of Fe2+ in
Fenton process in the
absence of organic
pollutant

Variable [Fe2+]0 and [H2O2]0 [Fe2+]0=0.08 mM, [H2O2]0=0.98 mM r2=0.964 �
[Fe2+]0=0.16 mM, [H2O2]0=0.98 mM r2=0.977 �
[Fe2+]0=0.28 mM, [H2O2]0=0.98 mM r2=0.990 �

Fig. 4. Degradation of MG in Fenton and solar photo-Fenton processes, along with the
model fits: (a) Chemical kinetic model developed in this study; and (b) the BMGmodel.
Experimental conditions: pHinitial=3.0, [MG]0=6.85mM.
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conditions. The linearized form of the BMG model can be expressed
as [22,35]:

C
C0

¼ 1� t
mþ bt

ð4Þ

where C and C0 are the concentrations of MG at time t (s) and 0,
respectively, 1/m and 1/b are empirical constants that could repre-
sent the initial reaction rate and the maximum fraction of MG
degradable. Fig. S6 shows that the BMG model could describe the
degradation of MG under different conditions reasonably well.

3.3. Degradation of MG in solar photo-Fenton process and kinetic
modeling

The absorbance of MG solution did not change obviously under
simulated sunlight irradiation within the short periods of this study
(Fig. S4), thus the photodegradation of MG could be neglected. The
absorbance of MG solution decreased when mixed with Fe3+ or H2O2

under simulated sunlight, which is attributed to ¢OH production (Fig.
S7a). The apparent degradation rate of MG in solar/Fe3+ process
(3.16 £ 10�5 s�1 at [Fe3+]0=28.8 mM) was much lower than that in
solar/H2O2 process (1.14 £ 10�4 s�1 at [H2O2]0=4.9 mM) (Fig. S7b),
which suggests that H2O2 photolysis probably plays a more impor-
tant role than Fe3+ photo-reduction in MG degradation.

Fig. 4 show that MG degradation occurred in two distinct kinetic
stages under various conditions in Fenton and solar photo-Fenton
processes. The slow regeneration of Fe2+ was the rate-limiting step
that controlled the overall kinetics of MG degradation in the second
stage, as indicated by the changes in Fe2+ concentration over time in
the absence of MG (Fig. 2a). MG degradation in the second stage pro-
ceeded much slower than in the first one, thus rather long reaction
time was required to achieve full decomposition. While MG degrada-
tion was negligible in the second stage of Fenton process as most of
the Fe2+ added was already converted to Fe3+, simulated sunlight irra-
diation greatly accelerated the oxidation kinetics. The enhancement
effect of sunlight irradiation in Fenton process could be attributed to
H2O2 photolysis, as well as Fe3+ photo-reduction, both of which con-
tribute to ¢OH production (Table 1). The rate constants of H2O2 pho-
tolysis and Fe3+ photo-reduction in solar photo-Fenton process were
calculated from the experimentally measured MG degradation rates
in solar/H2O2 process and solar/Fe3+ process, and the steady-state
concentrations of ¢OH in the two processes (Supplementary data).
Due to the strong light absorption of MG, the light shielding effect of
MG was accounted for in the calculations of these rate constants
(Supplementary data) [36].



Fig. 5. Mineralization of MG in solar photo-Fenton process and its degradation pathway: (a) Solution TOC evolution during MG degradation, along with the fits of the chemical
kinetic model; and (b) proposed degradation pathway of MG based on the major organic intermediates identified. Experimental condition: pHinitial = 3.0, [MG]0 = 6.85 mM, [Fe2
+]0 = 28.8mM, and [H2O2]0 = 0.49 mM. A CEL-S500E7 solar simulator was used as the light source, and the irradiance was 96.8 mW�cm�2.
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As shown on Fig. 4a, the chemical kinetic model could also
describe the degradation kinetics of MG in solar photo-Fenton pro-
cess after incorporation of the reactions of H2O2 photolysis and Fe3+

photo-reduction. Thus, it could be used to predict pollutant degrada-
tion and optimize the treatment conditions of solar photo-Fenton
process as well. The BMG model was also applied to fit the two-stage
degradation kinetics of MG in Fenton and solar photo-Fenton pro-
cesses. As shown on Fig. 4b, the BMG model worked well at predict-
ing the two-stage degradation kinetics of MG in Fenton process, but
the performance was poorer for that in solar photo-Fenton process.



Fig. 6. The normalized sensitivity coefficients of the reaction rate constants in the
chemical kinetic model at 30 and 200 s: (a) Fenton process; and (b) solar photo-Fenton
process.

Y. Li and H. Cheng / Journal of the Taiwan Institute of Chemical Engineers 123 (2021) 175�184 181
Although the BMG model performed well in describing the degrada-
tion kinetics of MG in both Fenton and solar photo-Fenton processes
(Table 2), it does not account for any chemical reactions involved.
Such empirical models can be used as a good starting point for
designing treatment conditions in practical applications. However,
laboratory and pilot tests need to be conducted under a range of con-
ditions to establish the model, and the model parameters are proba-
bly site specific. In contrast, the chemical kinetic model developed in
this study accounts for all the key chemical reactions occurring in
Fenton and solar photo-Fenton processes. Thus, it can adequately
reflect the impact of various factors on pollutant degradation. The
degradation kinetics of different organic pollutants can be predicted
based on determination of the rate constant between ¢OH and the tar-
get pollutant, as demonstrated with the examples of CBZ and TBZ
later. Thus, the chemical kinetic model developed in this study can be
a powerful tool for predicting the kinetics of organic pollutant degra-
dation in Fenton and solar photo-Fenton processes, as well as the
optimum treatment conditions for pollutant degradation.

The mineralization of MG in solar photo-Fenton process was
tracked with TOC measurements, and its kinetics was modeled by
adding a simplified rate equation to the chemical kinetic model (#21
in Table 1). The TOC level of MG solution decreased continuously dur-
ing the course of solar photo-Fenton process (Fig. 5a), indicating that
it could be gradually mineralized in the treatment. MGmineralization
could be modeled by the chemical kinetic model reasonably well,
while the deviation probably resulted from the fact that the highly
simplified reaction added could not adequately represent the compli-
cated degradation steps involved in the gradual breakdown of MG
molecules to inorganic species. Fig. 5b depicts the proposed degrada-
tion pathway of MG in solar photo-Fenton process based on the
major organic intermediates identified (Fig. S8). Under the attack of
¢OH, MG underwent a series of reactions, including hydroxylation of
the central carbon, demethylation, and cleavage of the central carbon,
which are similar to those observed for its oxidation in AOPs [37�39].

3.4. Model sensitivity analysis and insights on solar photo-Fenton
process

Table 2 shows that the chemical kinetic model could well describe
the kinetics of MG degradation and Fe2+ consumption in Fenton and
solar photo-Fenton processes under various conditions, which dem-
onstrates that it adequately accounts for the key reactions involved
in MG degradation. Parametric sensitivity analysis was carried out to
determine the sensitivity of the model with respect to the reaction
parameters, and identify the key reactions in Fenton and solar photo-
Fenton processes. It was performed by varying the rate constant
value of a single reaction while keeping those of the others constant,
and the generic sensitivity was calculated using the finite difference
method.

Fig. 6 shows the results of sensitivity analysis for the model of MG
degradation in Fenton and solar photo-Fenton processes. The experi-
mental conditions evaluated were: pHinitial=3.0, [MG]0=6.85 mM, [Fe2
+]0=14.4 mM, and [H2O2]0=4.9 mM. Two reaction time scales were
chosen for the sensitivity analysis: 30 s, which represents MG degra-
dation in the first stage, and 200 s, which covers the degradation in
both stages. Positive values of the normalized sensitivity coefficients
indicate that increases in the rate constants of corresponding reac-
tions would lower the efficiency of MG degradation, and vice versa.
For Fenton oxidation of MG, the most important reaction is the attack
of ¢OH (MG+¢OH!MGCB, k17=9.39 £ 109 M�1�s�1), and MG degrada-
tion would increase significantly with increases in the rate constant.
The scavenging of ¢OH by H2O2 (¢OH+H2O2!HO2

¢+H2O, k14=4.5 £ 107

M�1�s�1) also has significant impact on MG degradation, while
increases in the rate constant would greatly reduce MG oxidation. As
expected, the reactions involved in Fe2+ regeneration from Fe3+ (Fe3
++H2O2!Fe2++HO2

¢+H+, k2=0.01 M�1�s�1; Fe3++HO2
¢!Fe2++H++O2,
k5=3.1 £ 105 M�1�s�1) become more important in the second stage of
MG degradation compared to the first one. This can be attributed to
the depletion of Fe2+ in the first stage and the presence of Fe3+ in large
excess in the latter one. The values of normalized sensitivity coeffi-
cients of the other reactions are much less or even negligible, which
are indicative of little contribution.

Similar to Fenton process, the two most important reactions in
solar photo-Fenton process are the attack of MG by ¢OH and the scav-
enging of ¢OH by H2O2. The reactions involved in Fe2+ regeneration
from Fe3+ are also more important in the time scale of 200 s com-
pared to 30 s (Fig. 6b). Besides, H2O2 photolysis (H2O2+hn!2¢OH,
k19=8.10 £ 10�7 s�1) plays a much more significant role in the overall
MG degradation in the time scale of 200 s, which indicates that H2O2

photolysis is a key source of ¢OH in the second stage of solar photo-
Fenton process. In contrast, the values of normalized sensitivity coef-
ficient for Fe3+ photo-reduction (Fe3++H2O+hn!Fe2++¢OH+H+,
k20=3.21 £ 10�7 M�1�s�1) are very low in both two time scales, sug-
gesting that Fe3+ photo-reduction contributes little to MG oxidation.
These results reveal that Fe3+ photo-reduction plays a minor role
compared to H2O2 photolysis in the enhancement of MG degradation
in solar photo-Fenton process. This can be attributed to the much
lower concentration of Fe3+ compared to H2O2, as well as the lower
photo-reactivity of ferric species compared to H2O2. For example, the
quantum yield of FeOH2+ under UV irradiation is (0.21§0.04)
mol�Einstein�1 [40], while that of H2O2 is 0.50 mol�Einstein�1 [41].
Together, with the help of the chemical kinetic model, the contribu-
tion from Fe3+ photo-reduction and H2O2 photolysis, both of which



Fig. 7. Degradation of CBZ and TBZ in solar photo-Fenton process under different conditions, along with the model fits: (a) Impact of Fe2+ concentration on CBZ degradation; (a)
impact of Fe2+ concentration on TBZ degradation; (c) impact of H2O2 concentration on CBZ degradation; and (d) impact of H2O2 concentration on TBZ degradation. Unless noted oth-
erwise, all experiments were conducted under the following conditions: pHinitial=3.0, [CBZ]0=[TBZ]0=6.85 mM, [Fe2+]0=28.8 mM, with [H2O2]0=0.12 mM in CBZ degradation and
[H2O2]0=0.03 mM in TBZ degradation.
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produce ¢OH, to pollutant degradation in solar photo-Fenton process
was quantitatively evaluated for the first time.

3.5. Validation of the chemical kinetic model with CBZ and TBZ
degradation

To further evaluate the performance of the chemical kinetic
model, degradation of CBZ and TBZ in solar photo-Fenton process
was studied. Fig. 7 depicts the impact of Fe2+ and H2O2 concentrations
on CBZ and TBZ degradation in solar photo-Fenton process. Under
suitable conditions, both compounds could be fully degraded within
30 min. The rate constants of the reactions between ¢OH and CBZ or
TBZ determined with the competition kinetic method were
3.34 £ 109 and 9.56 £ 109 M�1�s�1, respectively (Fig. S9), which are
in the same bulk range of the rate constants observed (107 to 1010

M�1�s�1) between ¢OH and organic compounds [42]. Similar to that
for MG, chemical kinetic models for CBZ and TBZ degradation in solar
photo-Fenton process could be established (Tables S3 and S4). Fig. 7
also shows that CBZ and TBZ degradation in solar photo-Fenton pro-
cess could be well predicted by the chemical kinetic models using the
experimentally determined rate constants.

Based on the major organic degradation intermediates identified
(Figs. S11 and S12), the probable degradation pathways of CBZ and
TBZ in solar photo-Fenton process can be delineated (Fig. S13). The
main degradation pathway of CBZ includes hydroxylation, carboxyla-
tion, and cleavage of the C-N bond of the amide group, while that of
TBZ involves hydroxylation of the benzene ring, the cleavage of C=C,
C=N, and C-N, and methylation. As shown on Fig. 8, partial minerali-
zation of CBZ and TBZ occurred in solar photo-Fenton process. Based
on fitted rate constants of 6.14 £ 108 and 5.81 £ 108 M�1�s�1 for the
reactions between ¢OH and the degradation products of CBZ or TBZ,
respectively, the mineralization kinetics of these compounds could
also be described by the chemical kinetic model.
4. Conclusions

This study investigated the fast kinetics of pollutant degradation
in Fenton and solar photo-Fenton processes using MG as a model
compound and continuous on-line spectrophotometric detection.
Such combination allows monitoring of the rapid changes in pollut-
ant concentration that could not be tracked with conventional time-
sampling techniques. With Fenton's reagent in large excess, MG deg-
radation occurred in a rapid first stage and a rather slow second
stage, while sunlight irradiation significantly enhanced MG degrada-
tion in the second stage. The chemical kinetic model established in
this study could well describe the kinetics of MG degradation in Fen-
ton and solar photo-Fenton processes under widely varying condi-
tions, and could be adapted to model its mineralization kinetics.
Results of sensitivity analysis revealed that sunlight irradiation
enhanced MG degradation in Fenton process primarily through the
additional ¢OH produced from H2O2 photolysis, while the regenera-
tion of Fe2+ through Fe3+ photo-reduction had little contribution. The
chemical kinetic model could also predict the degradation and miner-
alization kinetics of two benzimidazoles (CBZ and TBZ) in solar
photo-Fenton process. The improved understanding on the fast
kinetics of pollutant degradation and the chemical kinetic model
could help optimize the treatment conditions for MG and other



Fig. 8. Experimental data and model fits of solution TOC evolution during CBZ and TBZ
degradation in solar photo-Fenton process. Experimental condition: pHinitial=3.0,
[CBZ]0=[TBZ]0=6.85 mM, [Fe2+]0=28.8 mM, and [H2O2]0=0.49 mM. A CEL-S500E7 solar
simulator was used as the light source, and the total irradiance was 96.8 mW�cm�2.
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refractory organic compounds in Fenton and solar photo-Fenton pro-
cesses.
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