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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Although doping, nanostructuration, metallization, and binary/ternary oxide systems are widely used to improve

the degradation kinetics in photocatalytic processes, rapid electron - hole recombination remains one of its major

Keywords: limitations. On the other hand, homogeneous photo-Fenton-like processes suffer from the slow regeneration of
ZEO thin ?lms Fe®t/Fe?" catalysts and the formation of iron sludge at pH > 3. In this work, a new catalytic system is designed
Photocatalysis

based on the coupling of nanostructured ZnO thin films photocatalysts with Fe>*/Hy0, (Fenton-Like) for the
degradation of methylene blue (MB) molecules under UVA irradiation, at near-neutral pH (7.5). This coupled
process promotes the formation of additional reactive oxygen species and reduces the formation of sludge by
accelerating the regeneration of the iron catalysts in the medium. Furthermore, it exhibits a single kinetic regime

Photo Fenton-like
Degradation rate
Pseudo-first-order

of degradation with a rate constant of 0.0049 min

~1 exceeding the sum of both individual processes and allowing

therefore the removal of 94 % of MB after 480 min.

1. Introduction

The low efficiency and high cost of conventional treatment tech-
niques to tackle recalcitrant organic molecules in aqueous mediums
have motivated the scientific community to develop alternative and
innovative technologies [1]. In this scope advanced oxidation processes
(AOPs) have gained significant attention during the last decade [2-5].
Amongst these AOPs, heterogeneous photocatalysis and Fenton pro-
cesses have emerged as attractive and efficient methods [1,6-8]. For
instance, photocatalysis is based on the generation of highly reactive
oxygen species (ROS) such as hydroxyl radical (OH®) and superoxide
radical (O%) upon the exposure of a photocatalytic material to an irra-
diation source [9]. These ROS are well-known for their strong oxidation
capacity toward organic matter, leading to their transformation into less
hazardous molecules such as HoO and CO3 [10-13]. Amongst the pho-
tocatalysts, zinc oxide (ZnO) exhibits strong oxidation ability, low pro-
duction price, and low degree of toxicity to marine/human life [14-17].
Nonetheless, the material photoactivity is hampered by the rapid
recombination rate of the electron - hole pairs (&- h™) charge carrier [1,
14,18,19]. On the other hand, Fenton oxidation is considered an effec-
tive technique for the remediation of emerging contaminants in water
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and wastewater effluents due to the procedure’s simplicity, usage of
inexpensive reagents, and strong oxidation abilities [6,20-22]. Partic-
ularly, homogeneous photo-Fenton processes exhibit faster degradation
rates compared to conventional Fenton due to the high amount of
generated (OH®) via the reaction between Fe2t and H>0, [23]. How-
ever, the iron salt catalyst cannot be reused in additional cycles, due to
its precipitation at pH > 3 in the form of iron sludge [6]. Thus, het-
erogeneous photo-Fenton processes were developed by replacing the
FeZ* jons with solid catalysts, then limiting the iron ions from leaching
[24-26]. Despite the recent advances in Fenton processes [6,27], they
are still suffering from the narrow working pH range, the use of
chelating agents, and the formation of sludge, disfavoring then their
usage on an industrial scale.

To overcome the limitations of both processes (photocatalysis and
photo-Fenton), we designed in this work a new process that couples
wrinkled ZnO photocatalyst with Fe3*/H,0, under UVA irradiation.
This is designed for the degradation of methylene blue at near-neutral
pH. With both processes running concurrently, a win-win situation is
achieved, i.e. the photo-generated electrons by the photocatalyst are
trapped by the iron (III), inhibiting electron - hole recombination from
one side, and accelerating the Fe3*/Fe?t regeneration from the other
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side. This innovative system enhances the degradation kinetics of the
organic pollutants due to the presence of high concentrations of (OH®),
generated through the presence of “free iron ions” and the ZnO photo-
catalyst consequently (Rn 1 - 3) [27-29]:

Fe** + H,0, — Fe?* + HT + HO3$ (Fenton) (Rn.1)
Fe** + H,0, — Fe** + OH™ + *OH (Fenton) (Rn.2)

ZnO + hv — O3 + *OH (Photocatalysis) (Rn.3)

2. Experimental section
2.1. Reagents and materials

97% analytical grade zinc acetate dihydrate (Zn(CH3COO)5-2H50)
was obtained from ACROS organics, propan-2-ol (analytical reagent
grade) from Fisher Scientific, monoethanolamine (MEA) (98 % analyt-
ical grade) from Fisher Scientific, iron (III) nitrate nonahydrate (Fe
(NO3)3-9 Hz0) 99% for analysis from ACROS Organics, Hydrogen
peroxide (H203) solution 30% (w/w) from Riedel de Haén, methylene
blue (MB) laboratory reagent from Paskem. Borosilicate glass slides of
2.5 cm x 7 cm and a thickness of 1 mm were obtained from Paksem.

2.2. Characterization

The nanostructure of the films was evaluated by a field emission gun
scanning electron microscope (FEG-SEM) model Hitachi SU-70 FESEM.
Its crystal nature and the lattice fringe spacing were analyzed by a
transmission electron microscope (TEM) model TWIN 120 (TECNAI
SPIRIT) equipped with a JEOL 100CF apparatus and coupled with
selected area electron diffraction (SAED).

Both the thicknesses and the porosity of the films were measured by
using a UV-NIR (193-1690 nm) M-2000DI spectroscopic ellipsometer
from J. A. Woolllam. The measurements were conducted on the coated
glass slide after soaking its bottom side with silicon oil and depositing it
on the rigorous facet of a Silicon wafer. Ellipsometric y and A angle plots
were recorded at 70° with the CompleteEASE software.

The crystalline phase of the coating was characterized with a D8
Discover X-ray diffractometer (Bruker), using a Cu emitter anode (Kol
and Ko2 of wavelength 1.54056 and 1.5444 A respectively) and a 1D
LYNEXEYE XE-T detector. XRD measurements were performed on the
coated glass substrates in grazing mode with an incidence angle fixed at
2° and 0.05° steps.

The functional groups at the film’s surface were analyzed by Fourier-
transformed infrared (FTIR) in attenuated total reflection (ATR) mode
with an incidence angle of 45°, and a 4 cm™! resolution, using a Spec-
trum 400 model from PerkinElmer, equipped with an FR-DTGS detector
(fast recovery Deuterated Triglycine Sulfate detector).

2.3. Synthesis of the wrinkled & porous ZnO photocatalyst

Firstly, an alcoholic solution of 0.1 M of Zn?* was obtained by dis-
solving zinc acetate dihydrate (ZAD) in isopropanol (2-PrOH). Next,
monoethanolamine (MEA) was added dropwise with a molar ratio of
Zn%": MEA = 1. The sol was placed in a closed vessel and stirred for 1 h
at T = 70 °C; below the boiling points of 2-PrOH (82.4 °C) and MEA
(170 °Q).

After aging for 24 h at room temperature (RT), ZnO sol was used to
prepare multilayer films. Briefly, the glass slides were soaked in the sol
and then withdrawn at 9 mm s~! to an infrared chamber for pre-heat
treatment at 150 °C. The same procedure was repeated 7 consecutive
times to reach the desired thickness. Finally, the multilayers were then
post-heated for 1 h at 450 °C to promote the crystallization of the ZnO
network and remove the rest of the organic molecules [30,31]. The
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synthesis procedure of the wrinkled and porous ZnO thin films is
detailed in our previous study [1].

2.4. Photo-Fenton and photocatalysis processes
e Experimental Set-Up

Fenton and photocatalysis experiments were conducted in batch
Pyrex vessels of 50 mL, under UVA irradiation of A = 365 nm. The UVA
light source was placed at 5 cm from the reactors and an emitted illu-
minance of ~500 lux by a Testo 450 luxmeter of +3 % precision from
Testo, France. The vessels were filled with 45 ml of MB probe molecule
(10 ppm) dissolved in deionized water (DI). The photocatalytic degra-
dation of MB was carried out at room temperature (RT) for a maximum
time of 8 h. The kinetic data was estimated by analyzing the absorbance
curves, obtained by UV-vis spectroscopy. For the photo-Fenton-like
experiments, H»0y, and Fe3' were successively added in various
molar ratios from 1:1 to 40000:1 to the MB solution under near-neutral
pH (~7.5). For the photocatalysis experiments, ZnO thin films (11 cm?)
were immersed in the MB solution for 12 h in the dark to reach the
adsorption equilibrium, before initiating the photocatalytic degradation
process. As for the coupling experiments, the MB was added to the as-
prepared ZnO films followed by the drop-wise addition of hydrogen
peroxide and iron (II) reagent in a molar ratio of 130:1.

e Kinetic Model

The kinetics were estimated from the Langmuir-Hinshelwood kinetic
model (Eq. (1)) [32]:

7§7 Kr.K.C
dt  1+K.C

r= @
where r, C, K, K;, and t represent the reaction rate, molecule concen-
tration at time t, adsorption equilibrium constant, limiting rate constant
of reaction at maximum coverage, and contact time respectively.
At small (mM) initial concentrations, (K.Co<1), Eq. (2) is simplified
to the apparent rate order (Eq. (2)) [32]:
dc

~ =K C @

where Ky, is the apparent degradation rate. Simple integration of this
equation for C = Cp at t = 0 = 0 gives:

C,
In (E) =Kyt 3

Kqpp is then obtained from the slope of the linear curve in the plot of
Ln (C; /Co) vs. t, where (C;/Cp) is equal to (A;/Ag) according to the
Beer-Lambert law Eq. (4).

A=exLxC @

Ao, Ay, Co, Cy, € & L refer respectively to the molecule light absorbance at
to, molecule light absorbance at t, molecule concentration at tp, mole-
cule concentration at t, molar absorptivity, and length of the light path.
The percentage of removal is obtained from (Eq. (5)) by estimating the
concentration of MB during the experimental time.

Co— G

0

Efficiency = x 100 5)

3. Results and discussion
3.1. Characterization of the ZnO photocatalyst

The films’ microstructure was investigated using SEM-FEG and
HRTEM (Fig. 1a and b). The SEM-FEG micrographs reveal crack-free
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Fig. 1. (a) SEM-FEG micrographs of 7 layers’ ZnO thin films post-heated treatment at 450 °C, Inset: Cross-sectional view of “a”, (b) TEM image of the extracted
grains from the film. Upper inset: HRTEM of identified grain boundaries. Bottom inset: SAEDpatternr, (c¢) X-ray diffraction pattern of “a”, (d) ATR-FTIR spectrum

of “a”.

homogenous wrinkled and porous films. The ridges (protrusive areas)
occupy a width between ~ 100 and 220 nm and stretch over a regular
cleavage (hollow areas) between ~ 90 and 200 nm (valleys). The film’s
porosity was assessed by ellipsometry. A value of ~25% is achieved with
a mean square error (MSE) of ~7.

High-resolution TEM images and SAED pattern (Fig. 1b) show well-
defined grain boundaries and a polycrystalline structure, respectively. 7
distinctive concentric rings are identified with lattice spacing corre-
sponding to the ZnO wurtzite crystalline structure (indexed in the bot-
tom inset of Fig. 1b) [33-35]. Additionally, it can also be noticed the
well-defined interface between two adjacent grains, as shown in the
upper inset of Fig. 1b.

Grazing incidence X-ray diffraction was performed at an incidence
angle of 2° (Fig. 1c). The XRD pattern of the multilayer thin films shows
also 7 prominent peaks indexed with the (100), (002), (101), (102),
(110), (103), and (112) crystallographic planes, representing a typical
polycrystalline ZnO wurtzite structure. This agrees well with the SAED
results [33-35]. The peaks’ positions are indexed to the JCPDS No.
01-086-3978 with lattice constants: a = b = 3.248 A and ¢ = 5.202 A.

The chemical composition of the coating was further supported by
ATR-FTIR measurement (Fig. 1d). The vibrational behavior of the film’s
surface is characterized by 5 main functional groups located at 520, 750,
895, 1730, and 3677 cm™!. The pronounced peak at ~520 cm ™! arises
from the stretching vibration of Zn-O bonds [36]. The absorption bands

at ~750 cm ™! and ~895 cm™! are assigned to the stretching vibrations
of Zn-O bonds [36-39] and the tetrahedral coordination of Zn within
the hexagonal ZnO lattice [40], respectively. The broad absorption band
at 4000-3500 cm ! is attributed to the ZnO-H stretching, due to the
hydroxylation of the film’s surface by the atmospheric humidity [42].
The weak absorptions between ~1450 cm ™! and 2000 cm™! are asso-
ciated with C-H, C-H, C=C, and C=O stretching vibration bands
probably due to the film’s contamination by traces of organic molecules
[43,44].

The optical bandgap energy (Eg) of the material was also calculated
by using two different methods: i) plotting the first derivative of the
absorbance (A) with respect to photon energy (E = hv), as a function of
photon energy ((dA/dE) versus E), then founding Eg value at the first
maximum on the lower energy side, and ii) plotting (ahv)? against hv (a
is the absorption coefficient), then finding the Eg value at the intersec-
tion between the extrapolation of the linear region of the curve with the
abscissa (Fig. S1) [41]. Thus, a similar value of ~3.28 eV was obtained.

3.2. Optimization of H0z and Fe®* concentrations

In Fenton-like oxidation, reaction kinetics are intimately dependent
on the HyOyFe®" ratio and irradiation light source. Thus, finding
adequate proportions and quantities of reagents is crucial for reducing
operating costs, and avoiding unwanted reactions [27]. For instance, a
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surplus of HyO, may scavenge the *OH radicals generated via Rn. 2 [23].
In contrast, a low amount of HoO2 decreases the generation of *OH and
reduces the efficiency of the Fenton process. Furthermore, the applica-
tion of light energy accelerates the radicals’ generation and improves
the process efficiency (Fig. S2).

The effect of [H202] concentration on the degradation rate (Kgp,) of
MB at 1 ppm [Fe>*] is shown in Fig. 2a. For ratios between 1:1 and
700:1, the rate constant follows a single linear trend. However, for
higher ratios up to 40000:1, the MB degradation follows two distinct
regimes, with slower kinetics between Ty and 180 min, and faster ki-
netics between 180 and 420 min. At the first stage, *OH radicals are
scavenged by the excess of HpO, to produce HO3 radicals with lower
oxidation capability, hindering then the process kinetics [45,46]. As the
experiment advances, hydrogen peroxide is partially consumed, dis-
favoring the scavenging reactions and leading to an increase in the *OH
free radicals. After 420 min, the rate constants become stable because all
MB molecules are nearly degraded. The effect of H;O, concentration on
the degradation kinetics at 1 ppm [Fe>*] is summarized in Table S1.

Although the surplus of HyO, improves drastically the kinetics
degradation, its use at these concentrations is not recommended due to
the increase of cost and risks in the overall process (associated with
handling, transportation, and storage) [6].

The selection of the optimal [HZOZ]:[Fe3+] (R) can be made by
plotting d(Kg,)/dR vs R (between two consecutive values) as shown in
Fig. 2b. The first derivative increases by ~1.8 times when R goes from
1:1 to 100:1, then reaches a maximum (~2.8) at R = 700:1 and finally
decreases sharply to 0.04 for R = 40000:1. From this perspective, R =
700:1 yields the highest efficiency considering the given quantity of
H30,. Furthermore, this quantity of hydrogen peroxide is found to be
equal to the stoichiometric amount ([H2O2]:[MB] = 52:1) required for
the degradation of the 10 ppm MB [47].

In addition, the Fe3* amount should be optimized to increase the
degradation kinetics while keeping a low sludge production. To do so,
the [Fe3"] range is varied from 1 ppm to 15 ppm at a fixed initial con-
centration of HyO9 ([H202]:[MB] = 52:1) (Fig. 3a).

When the catalyst concentration goes from 1 to 3 ppm, the degra-
dation efficiency attains 22 % in 90 min of irradiation, corresponding to
an increase in the rate constant by ~2.7 times. In this range, a linear
degradation regime with no precipitate formation is observed (Fig. 3b).
Nevertheless, while an increase in the iron(III) concentration to 15 ppm
drastically improves the final removal of MB to 94 % in 90 min, the

7
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Fig. 3. (a) Degradation rates of 10 ppm MB under UVA (A = 365 nm) at T =
25 °C, with different loads of Fe3*, % = 52. Top view of photo Fenton-like
batch reactor with (b) 1 ppm, and (c) 5 ppm Fe>* after 1 h of irradiation.

degradation kinetics follow two different regimes. The first one is
attributed to the formation of additional hydroxyl radicals during the
Fe3t/Fe?t regeneration, leading to a rapid increase in rate constants in
the early stages of the process. However, the second one corresponds to
the accumulation of iron sludge in the medium, resulting in a decrease in
the degradation rate, and an appearance of an inflection point. For
instance, at [Fe3"] = 5 ppm, the inflection appears at 210 min, showing
the beginning of iron ions precipitation in the form of oxyhydroxide. The
formation of this component is classified as a secondary source of
pollution (Fig. 3c) [6]. This behavior is more pronounced at higher
temperatures, where an increase from 25 to 30 °C shifts the inflection
point from 210 to 60 min (Fig. S3) due to the higher frequency of col-
lisions of species in the medium. In addition, augmenting the [Fe3*]
from 5 to 15 ppm moves gradually the inflection point to 90 min, con-
firming the low regeneration of the Fe>* catalyst at high concentrations
[6].

The MB removal (%) after 90 min of irradiation (Table S2) is quite
comparable with other reported homogeneous Fenton systems, working

in acidic pH (3-4), and using chelating agents such as
b
3.0
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=
w©20}
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Fig. 2. (a) Degradation rates of 10 ppm methylene blue by different '222l ratios with UVA light of A = 365 nm, T = 25 °C. [Fe®*] was fixed at 1 ppm, (b) Fluctuation

e |

[H202]

of d(Kgpp)/dr vs r plots, representing the evolution of the kinetic constants Ky, (min~!) along the experimental progression of the o] ratio (R). (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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ethylenediaminetetraacetic acid disodium (EDTA), and S,S-
ethylenediamine-N,N-disuccinic acid trisodium salt (EDDS-Na) for
reducing sludge formation [28,46,48-50]. However, all these ap-
proaches increase the operational cost, Total Organic Carbon (TOC)
level in the water matrix, and can promote non-desirable reactions [51,
52].

3.3. Coupling of the photocatalytic and photo-Fenton-like processes

The enhancement of reactions kinetics and the reduction of sludge
formation can be realized by increasing the amount of ROS and the
lifetime of electron - hole pairs. Accordingly, coupling the ZnO semi-
conductor with the Fe(III) and Fe(II) catalysts appears as an attractive
approach. For instance, the photogenerated electrons in the ZnO con-
duction band reduce the Fe>* ions instead of being recombined, leading
to an increase in the oxidant radicals. To investigate the efficiency of the
coupled processes, a [Fe>*] concentration of 5 ppm was chosen at
[H202]:[MB] = 52:1. This ratio corresponds to the beginning of the
sludge formation.

Fig. 4 presents the kinetics degradation of MB for an irradiation time
of 480 min, using three systems: i) wrinkled and porous ZnO thin films,
ii) photo-Fenton-like, and iii) coupled ZnO with photo-Fenton-like. First,
the ZnO thin films demonstrate a relatively low photocatalytic activity
compared to the other systems. This is probably due to the low gener-
ation of ROS, promoted by the recombination of electron - hole pairs
[53,54].

On the other side, the photo-Fenton-like process exhibits a higher
degradation kinetic of 0.0038 min ! during the first 210 min of irradi-
ation, approximately twice that of the photocatalysis (0.002 min1).
However, as the experiment proceeds, the kinetic of individual photo-
Fenton-like starts declining to become close to that of the ZnO photo-
catalysts. This behavior is explained by the higher generation of radicals
in the first part and the beginning of sludge formation in the second one
(see section 2.2). On the contrary, the coupled processes exhibit a single
degradation rate over the experimental time, with a Kg, of 0.0049
min~! > Kgpp (photocatalysis) of 0.002 min~! + Kgpp (photo-Fenton-like)
between 0.0022 and 0.0038 min~'. This new system is able to enhance

3
® ZnO
® Photo Fenton-Like
A ZnO + Photo Fenton-Like
2
—
Q
S
~—
5
1 1k
0}
1 1 1

120 180 240 300 360 420 480
Time (minute)

0 60

Fig. 4. Comparative degradation rate of 10 ppm methylene blue using ZnO
photocatalyst, photo-Fenton-like, and the coupling of both under UVA light of A

= 365 nm, % =52, and 5 ppm [Fe3*] at T = 25 °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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the photocatalytic activity of ZnO and the performance of the photo-
Fenton-like, simultaneously. When the zinc oxide is irradiated by a
365 nm light source, electron — hole pairs are generated and promote the
oxidation/reduction of H,0 and O, molecules to produce O3 and *OH
radicals. This phenomenon can accelerate the regeneration of Fe>*/Fe?*
and reduces the electron — hole recombination (Fig. 5). The positioning
of the ZnO conduction band (—0.31 V vs Normal Hydrogen Electrode
(NHE)) enables the photogenerated electrons to reduce the Fe®' ions to
Fe?" (Eogequyrey = 077 V vs NHE) and consequently limiting the ¢” - h*
recombination [55-57]. The iron(IlI) reduction is considered the
rate-determining step because it is about 6000 times slower than iron(II)
oxidation (Rn. 2) [6]. Furthermore, the free *OH radicals produced by
the reduction of the dissolved oxygen and the oxidation of water mol-
ecules contribute beside the H,O, reagents to the regeneration of Fe>*
(Rn. 4) [6,58-62].

Fe?* + HO® — Fe*" + OH™ (Fenton) (Rn. 4)

Consequently, the generated ROS by the ZnO photocatalyst, and the
Fe3*/Fe?* regeneration cycle participate altogether in the MB degra-
dation (as seen in Fig. S4). Other radicals (e.g. HO3) generated via a
classic photocatalytic system are also involved in the oxidation process
and contribute to the mechanism in Fig. 5 (not shown for aesthetic
purposes).

As a result, coupling the ZnO photocatalysis with the photo-Fenton
like increases the rate constant of MB degradation to 0.0049 min !
which bypasses the sum of the obtained kinetics from the individual
processes (Fig. 4). Interestingly, some Fenton processes have reported
high degradation kinetics in acidic pH (3-4) conditions and at temper-
atures between ~30 and 35 °C, or by using chelating agents. This novel
design exhibits comparable performance to these approaches and other
methods including adsorption, heterogeneous Fenton, and non-coupled
ZnO photocatalysis (Table 1).

4. Conclusion

In this study, we propose a novel oxidation system to tackle organic
pollutants in water at near-neutral pH and room temperature. Although
the photocatalytic degradation of organic pollutants by using Fenton
processes have been widely studied by numerous works, several limi-
tations are still impeding their application: (i) the usage of H,O5 oxidant
in relatively high amount is considered to be non-economical in addi-
tions to increasing the storage and transportation risks and adding extra
costs; (ii) the accumulation of iron sludge, a component that is classified
as a secondary source of pollution and requires further treatment; and
(iii) the necessity of using extreme acidic conditions, (pH < 3). To tackle
these constraints, we propose a novel system coupling wrinkled ZnO
thin films of high surface area with an iron(Ill)/iron(II) homogeneous
Fenton-like process.

The supported ZnO photocatalyst exhibited a crack-free homogenous
wrinkled and porous films (25%), with regular ridges of ~100-220 nm
stretching over ~ 90-200 nm cleavage, and was characterized with an
optical bandgap energy of 3.28 eV. Therefore, the photocatalyst pro-
vides a relatively high surface area, to increase the contact between the
ZnO thin films and MB/iron. Furthermore, by coupling the optimized
Fenton system (low HyO5 concentration at neutral pH) with the ZnO
photocatalyst, the MB removal reached 94% in 480 min, without any
sludge formation. The iron catalyst plays the role of electron scavenger,
therefore reducing the electron — hole recombination in the ZnO semi-
conductor. This system shows a higher degradation rate of 0.0049 min !
than the two processes operating separately, due to the increase in free
*OH radicals and the rapid regeneration of Fe>*/Fe?". Interestingly, this
prevents the formation of ferrous sludge without using chelating agents,
and allows therefore the apparition of a single degradation regime of
MB. Moreover, compared to other works, this study presents several
advantages including: i) a reduction of the process cost and risks (low
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Fig. 5. Coupled system made of the ZnO photocatalyst and the photo-Fenton-like process.

Table 1

Working parameters and the kinetics of the as-synthesized ZnO photocatalyst, photo-Fenton-like, the coupled system, and other different methods such as adsorption,

heterogeneous Fenton, and non-coupled ZnO photocatalysis.

Method Working T (°C) Working pH [MB] [Fe**] [H0-.]: Light source Kapp (min™1) MB removal
(ppm) (ppm) [Fe>'] (%)
Molar ratio’
Fenton-like/Ferrocene [63] 30 4 10 N/A N/A N/A N/A 100 in 90 min
Heterogeneous Fenton/Fes TiO4 RT 6.8 100 N/A N/A N/A N/A 98in24h
[64]
Adsorption/MCGO [65] RT N/A 30 N/A N/A N/A N/A 96in 14 h
ZnO nanorods [66] 25 N/A 3 N/A N/A Visible ~0.012 N/A
Dense ZnO film [67] RT N/A ~5 N/A N/A UVA ~0.0028 N/A
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