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Abstract

In the current study, the Layered Double Hydroxide (LDH) containing combinations of iron, magnesium-iron and zinc-iron
as a modified Fenton-Like reaction to investigate its catalytic activity as a solar photocatalyst is investigated. In this regard,
magnetic Fe>*/Fe’*, Mg>*/Fe** and Zn**/Fe** catalysts were successfully fabricated via a simple co-precipitation technique
and then characterized through X-ray diffraction and a high-resolution Transmission Electron Microscope. The prepared
catalysts evaluated as heterogeneous solar Fenton-Like treatment facility. The results revealed that the application of LDH
catalysts incorporated with H,0O,, promoting Fenton-Like reaction for synthetic textile wastewater effluents loaded with
Remazol Brilliant Blue R dye mineralization. The catalytic activity of LDH system was systematically evaluated through
testing the reaction conditions including initial pH, LDH catalyst and H,0, doses, initial load of dye in wastewater and
finally the solar radiation time. Under the optimal conditions that are optimized through factorial design, the LDH-Fenton-
Like system could be reached to 74% removal within 15-min of solar irradiance time in acidic pH (about 3.0). For the all
studied systems, the reaction is exothermic, non-spontaneous in nature and works at low-energy barrier. The catalysts are
being reused after recovery for six reaction cycles with only 10% reduction in its activity. Hence, the recycling approach is
effective and highlighting the potential of recovering and reusing magnetized nanoparticles for economic large-scale water
treatment applications.

Keywords Magnetic photocatalyst - Textile wastewater - Environmental nanotechnology - Solar radiation - Catalyst
reusability

Introduction damage to the ecosystem, marine life and also to human

health through the release of such carcinogenic effluents to

Major water pollution is occurred from the textile dying
release to the environment since 15% of the used dyes are
vanished after processing and contaminate the biosphere.
To add up, their toxicity and persistence posses a threat
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the drinking water resources (Tony 2019; Zhao et al. 2009).
Reactive dyes are anionic dyes that are extensively used in
the textile dying processes since they include reactive groups
to bind onto the fibers to be dyed through the formation of
the covalent bonds (Sajab e al. 2019; Ashour et al. 2014).
Remazol Brilliant blue, is a type of reactive dyes that is used
extensively in cellulosic fibers’ dying facilities, such dye
is categorized as one of the most stable and resistant dyes
(Khan et al. 2015; Tony 2020a, b). Its fixation effective-
ness is about 80% because of the formation of vinyl sulfone
and of 2-hydroxyethyl-sulfone besides the hydrolysis reac-
tions (Taha 2010; Rezaee et al. 2008). However, due to the
presence of anthraquinone aromatic composition structure,
such dye displays a resistance to degradation and prevents
sunlight transmission into the streams (Unal et al. 2019).
Thus, the presence of such dyes in aqueous effluents causes
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series damage, and it is imperative to be treated before the
final disposal to the aquatic system (Ashour and Tony 2017).

During the last decades, several chemical (Thabet et al.
2021), biological (Feng & Le-Cheng, 2004) and/or physical
treatments (Mitsika et al. 2013) were introduced for tex-
tile effluents elimination for toxicity control. However, the
majority of those techniques were unsuccessful since they
transfer the pollutants phase rather than eliminating them,
thus the end products after treatments may be more toxic
or need further treatments (Guo et al. 2018; Tony 2021a).
The crucial goal of scientists is searching for harmless end
products technologies for eliminating the persistent and toxic
substances. Recently, superior oxidation techniques, namely,
advanced oxidation processes (AOPs) have been emerged as
a of powerful oxidizing tool through the formation of high
reactive intermediates like hydroxyl radicals ('OH) which
are signified as the second most oxidant following fluorine
that could be successfully transform the effluent to harmless
end products. AOPs are including numerous methodologies
such as Fenton (Van et al. 2020), TiO, (Tony and Mansour
2019), ozonation, photo catalysis (Tony 2020a) and other
treatment methods. The non-specific ‘OH radicals are attack-
ing a wide range of pollutants, i.e., phenolic compounds
(Feng & Le-Cheng, 2004), aromatic hydrocarbons (Guo
et al. 2018), dyestuff wastewater (Feng et al. 2013), pesti-
cides (Mitsika et al. 2013) and pharmaceuticals (Changotra
et al. 2019) and mineralizing them. Among AOPs, Fen-
ton reaction that depends on producing the high reactive
hydroxyl radicals with a high oxidation rate compared to
other AOPs (Sharma et al. 2015). Due to such advantages
Fenton system (Fe’***/H,0,) as one of the environmen-
tally benign catalysts has been frequently applied for treating
industrial effluents.

On the other hand, the most significant feature for practi-
cal application in industry is the possibility of green cata-
lysts for recovery to suggest a sustainable use (Ashour and
Tony 2020). Conventional catalyst segregation techniques
that are signified as monotonous methods including chro-
matography, filtration and centrifugation are inconvenient.
Since they could not be efficiently recovered after reaction.
Therefore, magnetically separable nanocatalysts is a superior
option to overcome such drawbacks as robust and sustain-
able alternatives. Their magnetic characteristic allows the
facility of simple and significant separation from the reaction
media, hence diminishing the inherent work up techniques.
Subsequently, those easy to reuse magnetic catalysts satisfy
the concept of green chemistry. Considerable attention has
been focused onto magnetite (Fe;O,) as an engineered mag-
netic nanomaterial and is categorized among the simplest
Ferro-spinel materials (Sharma et al. 2015). Modifications
could be applied for such substances as Ferro-spinel materi-
als commonly known as ferrites by substituting one of iron
molecules with a second metal for enhancing both magnetic
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properties and catalytic activity to be introduced as Lay-
ered Double Hydroxide (LDH) catalyst. Such modifications
allow to narrow band gap of ferrites to could utilize the vis-
ible region of the solar spectrum (Casbeer et al. 2012). This
modification improves the oxidizing power of Fenton type
reactions. However, it is essential to integrate the wastewater
treatment system for practical applications with a recovera-
ble and reusable nanoparticles. As a result of the inability to
separate nanoparticles from the treated wastewater streams,
hesitation has surrounded the large-scale application for
the commercial remediation. Thus, magnetic nanoparticles
are the answer. To alleviate such concerns, Layered Dou-
ble Hydroxide nanoparticles, which could be magnetically
separated, are the promising green treatment technology that
can facilitate the practical wastewater treatment technology
in an economic and green facility. Therefore, the applica-
tion of magnetic nanoparticles is a superior option for both
removing the nanoparticles from the treated effluent and for
reusing the nanoparticles in further treatments. Hence, the
nanoparticles concentrations and dissolved matter do not
exceed the environmental regulation limits, i.e., total iron
<300 ppb for potable water (Powell et al. 2020).

To the best of the authors’ knowledge, there is a lack in
the literature cited on modulating the solar photo-Fenton by
altering the cation within the ferrite to Mg or Zn as a mag-
netic bimetallic Layered Double Hydroxide (LDH) catalyst
for solar energy applications for treating Remazol Brilliant
Blue R effluents. Herein, the main goal of the present work
is introducing a simple cost efficient sustainable catalyst as
a source of solar photo-Fenton technique. In this context,
simple and facile synthesis of magnetite via an efficient co-
precipitation technique is conduced. Additionally, magnet-
ite nanoparticles could be engineered through introducing
Mg or Zn cations into its structure for improving its cata-
lytic activity for Remazol Brilliant Blue R dye oxidation.
The influence of the operating parameters i.e., catalyst and
H,0, reagents concentration, pH of the aqueous solution,
dye loading and wastewater temperature on the oxidation
reaction is assessed. The ability of the catalyst recyclability
is examined via successive application was also evaluated
to assure the good stability of the material.

Materials and methods

Experimental section

Synthesis of nanostructures photocatalysts
Fe(II)/Fe(II), Zn(II)/Fe(II) and Mg(II)/Fe(I) Samples with
chemical formula of MFe,O, (where M = Mg**, Zn** and

Fe’*) have been synthesized. MgFe,0, and ZnFe,O, were
prepared using the sol-gel method while the Fe;O, was
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prepared using the co-perception method. Analytical grade
Mg(NO3),.6H,0, Zn(NO3),.6H,0, Fe(NO5);.3H,0 and mono-
hydrate citric acid with a purity of 99.98% were used without
further purification. 1:1 molar ratio of salts to citric acid was
applied. All the chemicals were at high-grade and supplied
by Sigma-Aldrich (Chemical Cp. St. Loius, Mo, USA). The
metal nitrate and citric acid were dissolved in double-distilled
water (sol), using magnetic agitator, to form clear solution. The
boiling temperature of water was used to evaporate the excess
water and form gel. The gel dried and completely burnt to form
a crunchy powder. The powder was manually milled using an
agate grinder. The Fe;O, was prepared accordion the previous
work (Thabet et al. 2021).

Characterization of the prepared nanomaterials

The phase structure of the prepared samples was analyzed by
X-ray diffractometer (XRD), (X-lab Shimadzu X-6000), and
identified with Cu-K radiation. Additionally, the particle size
was detected using a High-Resolution Transmission Electron
Microscope (HR-TEM, Tecnai G20, FEI, Netherland).

Remazol Brilliant dye wastewater and oxidation
procedure

Remazol Brilliant Blue R (RBBR) is used as the synthetic
reactive textile dying wastewater source (high-grade dye,
supplied by DyStar Ltd., German) and used as received with
no extra purification. The desired concentrations are pre-
pared and used for treatments. The solution pH is adjusted,
if required, via NaOH and/or H,SO, addition using Adwa
digital pH meter (AD1030, Adwa instrument, Hungary). All
chemicals were supplied by Sigma-Aldrich and used with no
further purification.

Solar pyrometer (Model, CMP3) was used for the solar
intensity measurement during the experimental time. This
sensor is installed in AMSEES laboratory in Shebin El-Kom
city during the months of experimental work.

Initially, a 1000-mL aqueous dye contaminating water
was used to be treated through circulation in the photo-rec-
tor. The as-synthesized catalysts were added separately at
different sets of experiments as the source of Fenton-Like
reaction, and then H,0O, (30% w/v, supplied by Sigma-
Aldrich) was added to the aqueous solution to initiate the
oxidizing reaction. Subsequently, the solution was subjected
to a pilot scale photochemical reactor for treatment, and a
magnetic stirring was conducted through the experiments
to assure mixing.

Afterward, aliquot samples were periodically withdrawn
at various time intervals to examine the dye removal by
analysis after the catalyst is separated. A UV-vis spectro-
photometer, Unico UV-2100 model, USA, was used for color

removal analysis to investigate the residual dye concentra-
tion in the solution.

The solar photochemical reactor is based on the focus
line of reflective concentrating parabolic-trough collector
through the sunrays are concentrated. Collector is estab-
lished by bending a reflective sheet into parabolic shape
from reflective and highly polished aluminum. The reflector
collects the sun radiation parallel to the axis of the parabola
toward the focal line where the tubular reactor is installed.
The aqueous matrix flows through a tubular reactor mounted
on the focal line of the collector. A full illustration of the
photo reactor is reported before by the author (Tony 2021b).
The experimental procedures and the photochemical reactor
are schematically presented in Fig. 1.

Various process parameters are investigated including:
LDH and H,0, doses, effluent pH, initial dye loading, cir-
culating flow rate, temperature and solar illumination inten-
sity in order to fully understand the system performances.
Furthermore, the system variables are optimized, and
the optimum values are located to maximize the process
performances.

Nanoparticles recovery

To recover the nanoparticles following the treatment pro-
cess, the LDH nanoparticles in the treated effluent are sub-
jected to filtration. Thereafter, the LDH was washed with
distilled water and then oven dried to 105°C. Afterward, it
is returned for the dye oxidation system for successive use,
and the process is repeated for continual use till it lose its
activity.

Factorial design

The effect of process parameters in the LDH-Fenton-Like
reaction and the optimum conditions for the maximal RBBR
dye removal were investigated using a Box-Behnken design
of experiments based on Response Surface Methodologi-
cal analysis, RSM, with three factors run by the software
SAS version (SAS, 1990). The experimental parameters
studied here were selected on the basis of the most effective
variables on the LDH-Fenton-Like reaction according to the
experimental results preliminary obtained from checking the
process parameters on the oxidation efficiency. Hence, the
selected variables are: pH, LDH catalyst dose and H,0, con-
centration. Table 1 displays the coded and original values of
the process parameters used in the matrix designed, which
is exhibited in Table 2 for each model studies. Additionally,
in order to avoid experimental errors, the experiments were
accomplished in random order, and all of them were con-
ducted in duplicates. Furthermore, the second order poly-
nomial quadratic models for the three Fenton-Like systems
according to the Eq. (1) are investigated. Then, to explore
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Fig. 1 Graphical representation
of the operating system and
reaction
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Table 1 Independent variables and their coded and natural levels
used in factorial design

Parameters Codified levels
Minimum Medium Maximum
-1 0 1
Model y,
pH 2.5 3.0 35
H,0, concentration (mg/L) 300 400 500
Fe-Fe-dose (mg/L) 30 40 50
Model y,
pH 2.5 3.0 35
H,0, concentration (mg/L) 300 400 500
Zn-Fe-dose (mg/L) 70 80 90
Model y;
pH 2.5 3.0 35
H,0, concentration (mg/L) 50 100 150
Mg-Fe-dose (mg/L) 30 40 50

the significance of the attained models, the statistical analy-
sis using analysis of variance (ANOVA) were performed
via SAS software (SAS 1990). Also, Mathematica software
(V 5.2) is applied to locate the numerical values of the opti-
mized variable and responses.

y(%) = ﬁa + 2‘ﬂogi + Eﬂugl + EZﬂz/ i<j (1)
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Results and discussions

XRD analysis

For the X-ray diffraction analysis, Magnetic nanoparticles
were dried and analyzed using X-ray diffractometer. Fig. (2)
shows the XRD spectra of MgFe,0,, ZnFe,0, and FeFe,0,
nanoparticles. The peaks of all investigated samples showed
single spinel phase ferrites. It is observed that the (311)
miller plane appears at (26) = 35.52, 35.28 and 35.49 for
MgFe,0,, ZnFe,0, and FeFe,0,, respectively. This is due
to the variation of the ion radius of the magnetic ions. The
increase in the ionic radius caused the peaks to shift to low
26 (El-Sayed et al. 2017).

Particle size and morphology

The average particle size of the prepared nanoferrites has
been obtained using digital TEM Images. The histograms
of the magnetic nanoparticles are shown in Fig. (3). From
the TEM micrographs, the particles are nearly spherical in
shape. The digital image was analyzed using the IMAGEJ
1.48V program to determine the particles size distribu-
tion. The average particle size for MgFe,0,, ZnFe,O, and
FeFe,0,, are 15, 14 and 8 nm, respectively.
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Table 2 Factorial design and the response obtained for various LHD- Table 2 (continued)
Fenton-Like systems

Run Parameters Results (y, %)
Run Parameters Results (y, %) ‘o . o Original Simulated

£ £ £ Original Simulated

45 3.0 100 40 71 71
Model y,
1 2.5 300 40 49 49
2 2.5 500 40 51 52 —
3 35 300 40 50 49 s
4 35 500 40 50 50 _
5 3.0 300 30 50 51 s _ = 3
6 3.0 300 50 50 49 ¢ 8 & ~ -
7 3.0 500 30 51 52 © &) g e
8 3.0 500 50 52 51 =
9 2.5 400 30 51 50
10 35 400 30 49 48 ——Zn-Fe
11 25 400 50 49 50 =
12 35 400 50 50 51 8
13 3.0 400 40 51 51 -y
14 30 400 40 sl 51 2
15 3.0 400 40 51 51 £
Model y,
16 2.5 50 80 39 39 — Ma-Fe
17 2.5 150 80 37 35
18 35 50 80 34 36
19 35 150 80 42 40
20 3.0 50 70 45 41
21 3.0 50 70 52 46
22 3.0 150 70 43 42
23 3.0 150 70 49 46
24 2.5 100 70 46 43 20 30 40 50 60 70 80
25 35 100 70 42 37 2 theta (degree)
26 2.5 100 90 41 39
27 3.5 100 90 54 50 Fig.2 XRD pattern for MgFe,0,, ZnFe,0, and FeFe,O, nanoparti-
28 3.0 100 80 63 62 cles
29 3.0 100 80 62 62
30 3.0 100 80 62 62
Model y; Catalytic oxidation of different LDH-Fenton-Like
31 25 50 40 52 51 systems
32 2.5 150 40 58 56
33 35 30 40 36 37 Initially, to investigate the optimum oxidation reaction time
34 35 150 40 37 38 of the various applied systems simultaneously with investi-
35 30 30 30 56 57 gating the comparison of their different oxidizing abilities,
36 30 50 50 57 56 the dye removal (RBBR) from wastewater was tested and
37 3.0 150 30 58 59 compared. The oxidizing systems investigated are: Fenton-
38 3.0 150 30 60 59 Like systems, H,0, system and coagulating systems all
39 25 100 30 65 65 based on initiating the reaction through UV radiation sup-
40 3.5 100 30 67 65 plied from solar energy. Fenton-Like reaction is investigated
41 2.5 100 30 1 59 using Fe-Fe-LDH/H,0,/Solar, Zn-Fe-LDH/H,0,/Solar and
42 35 100 30 68 68 Mg-Fe-LDH/H,0,/Solar at the starting natural pH values
43 3.0 100 40 71 71 of wastewater using 40 and 400 mg/L of LDH catalyst and
44 3.0 100 40 72 71

H,0,, respectively. Additionally, the coagulating system

is based on using various LDH systems (Fe-Fe, Zn-Fe and

(]
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Fig.3 TEM images and particles size distributions of a MgFe,O,; b ZnFe,0, and ¢ FeFe,0, nanoparticles

Mg-Fe) augmented with solar radiation for dye oxidation,
and finally, the solo hydrogen peroxide initiated with solar
radiation is also attained for the object of comparison. For
the all applied systems, the 40 and 400 mg/L concentrations
for catalyst and H,0O,, respectively, were chosen to attain a
reasonable comparison. The results in Fig. 4 demonstrated
that for the all systems, the dye removal decreased with
increasing the reaction time. Initially, rapid oxidation rate
was observed within the initial 5 min of solar irradiance
time followed by steady oxidation rate within the follow-
ing 10 min. After 15-min of solar irradiation time, the dye

x @ Springer

removal attained were ranged from 20 to 28% removal for
the Fenton-Like-based systems arranged in the order of 28,
26 and 20 for LDH-Fe-Fe-, LDH-Zn-Fe- and LDH-Mg-Fe
Fenton-Like, respectively, when the pH of wastewater was
kept as its natural value with no adjustment and using the
same Fenton doses. However, such oxidation values are
only between 9 and 18% for the coagulating LDH systems
with no H,0, addition in the reaction medium. Further, solo
hydrogen peroxide addition only achieved 17% of the dye
removal. Noteworthy, the optimal oxidizing reaction time
for the dye removal using solar energy systems was recorded
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Fig.4 Effect of various solar-based oxidation system on the RBBR
dye removal

after 15 min regardless the applied system used, and thus,
this time is adjusted in the further experiments.

The dye oxidation detected through its oxidation-reduc-
tion is explained via the formation of the hydroxyl radicals
(-OH) that is categorized as the highly oxidation species
through the Fenton-Like oxidation reaction. Such -OH radi-
cals’ posses high oxidation strength for attacking the pollut-
ants in the treated wastewater for oxidizing and mineralizing
them (Saravanan et al. 2013; Tony and Lin, 2020a, b, c; Hao
et al. 2020).

Still, an oxidation is achieved using the solo systems of
H,0, or LDHs. This could be due to the -OH radicals pro-
duction that are the responsible in the oxidation (Saravanan
et al. 2013). Besides, coagulation is taking place in the solo

Fig.5 Effect of wastewater
loaded with RBBR dye concen-
tration of the solar oxidation
system

100 §
90 7
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% Removal

the LDH (Fe-Fe, Zn-Fe and Mg-Fe) systems. However,
Fenton-Like solar oxidizing systems is much more efficient
in dye removal from wastewater compared to the other stud-
ied reactions. This is probably demonstrated by the fact that
higher hydroxyl radicals are accumulated in the reaction
medium in the case of the LDH-Fenton-Like reagent rather
than the other solar oxidation systems. It depicted that the
oxidizing (-OH) radicals are very hard to be generated if only
with solo oxidation systems (LDH or H,0O,) at least though
our experimental conditions (Tayeb et al. 2019). Hence, the
yield of the hydroxyl radicals generated is insufficient for
textile Remazol Brilliant Blue R dye oxidation.

Effect of RBBR loading on the LDH-fenton-like
reaction

Fig. 5 shows the effect of the initial Remazol Brilliant Blue
R dye concentration in order to simulate the real world since
high loads are discharged from the textile industry. LDH
nanoparticles were investigated to conduct the Fenton-
Like reaction based on the solar photocatalytic oxidation
induced via 400 mg/L of H,O, reagent. At a certain con-
stant (40 mg/L) of the various LDH systems and pH 3.0
of the aqueous solution, it is clear from the data in Fig. 5
that the decrease of the initial RBBR dye load increases
the oxidation rate. The percentage removals of the Rema-
zol Brilliant Blue R dye were decreased from (83 to 40%),
(87-49%) and (90-52%) with increasing the initial dye load
from 10 to 100 mg-ggpr/L, for the systems LDH-Fe-Fe-,
LDH-Zn-Fe- and LDH-Mg-Fe-Fenton-Like, respectively.
For the all Fenton-Like systems, this decrease in the RBBR
dye removal rate with increase in the initial dye concentra-
tion could be attributed by the increase in the shadowing
effect of the high wastewater load with Remazol Brilliant
Blue R that hinders the solar radiation the source of the UV

Mg-Fe

LDH

20
Dye, ppm 100
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illumination from penetrating the aqueous media and gen-
erating the oxidizing OH radicals species. This observation
regarding the reduction in removal rate with the high loaded
wastewater is previously reported by Cetinkaya et al. (2018)
in oxidizing wastewater suing Fenton reaction.

Effects of experimental parameters on RBBR
oxidation

Effect of solar illumination

As previously stated in literature (Marcelino et al. 2015;
Cetinkaya et al. 2018), solar experiments are extensively
solar radiation intensity dependent reactions. Thus, from
such regard, experiments were done at various levels of
natural solar intensities at different daytime periods to
monitor the suitable radiance time for conducting experi-
ments. Meanwhile through the oxidation reaction, the
solar intensity is recorded at the location of the solar reac-
tor (AMSEES Laboratory, Menoufia University, Shebin
El-Kom city at the north of Egypt). The location is well
endowed with solar radiation especially at the summer sea-
son that suggesting a place is a good option for conducting
solar treatment system. This city is considered as one of
the most Egyptian abundant solar radiation cities accord-
ing to the previous reports (Tony and Mansour 2020). The
average sunshine over the city is over 10 h/day. During the
experimental days, the attained higher solar radiation value
was about 1034.5 W/m? that is attained around the solar

Fig. 6 Effect of various solar
time and radiation intensities

on the LDH-based Fenton-Like
systems (the inset is the solar
radiation intensity around the
day at Shebin El-Kowm city, the
place of experiments)

g
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noon. This value is reduced in the early morning or before
the sunset to the average value about 230.3 W/m? through
the time of the current study the average incident solar
radiation, Is,av is presented in the inset of Fig. 6.

Several sets of oxidation experiments at various daytime
were conducted for the various LDH-Fenton-Like reactions,
and the results in Fig. 6 illustrates even the solar radiation
is low that there is still oxidation reaction is taking place,
however the dye reduction is low as seen from the results.
However, it noteworthy to mention that at the acidic the pH
3.0 during the high solar radiation periods using 100 H,O,
and 80 mg/L of LDH, the maximal attained removal of 72%
was achieved for Mg-Fe type catalyst. Thus, as expected,
the intensity of solar radiation affects the rate of dye oxida-
tion for the all studied LDH system. The solar irradiation is
playing a vital role in initiating the catalyst and H,O, reac-
tion to generate the highly oxidizing reactive intermediates,
-OH species, that representing the main reaction responsible
of mineralizing the dye molecules. The aromatic rings in
the dye structure are hydroxylated and produce a hydroycy-
clohexadienyl resulted from attacking the aromatic ring via
hydroxyl radicals (He et al. 2015).

By far, from the experimental data, the application of
clean and renewable energy source in the photocatalysis is a
viable option for wastewater treatment. Hence, solar energy
utilization to drive an induction source for advanced oxida-
tion processes is a potential sustainable solution that substi-
tutes the artificial ultraviolet radiation from the sustainable
and economic point of view.
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Effect of flow rate

The circulation flow rate of the aqueous solution in the solar
reactor is attained since its role is significant due to the
extent of time that the solution is exposed into solar radia-
tion in the tubular reactor. A steady flow rate in the range
of 250-1200 mL/min was tested at constant other variables
(pH 3.0; 40 and 400 mg/L of catalyst and H,O, respectively,
for 20 ppm of the dye concentration). The results displayed
in Fig. 7 show that enhancement of the RBBR dye removal
is attained (40-72%) in the three studied systems, Fe-Fe,
Zn-Fe and Mg-Fe Fenton-Like with the circulation flow rate
increase from up to 750 mL/min. However, further increase
in the solution circulation rate leading to a reduction in the
dye removal. This is as expected since at the higher flow
of the aqueous solution in the tubular reactor, the length of
exposure of to the solar irradiance is decreased and subse-
quently, the -OH radicals yield is deduced. Thus, the oxida-
tion rate is afterward reduced. Similarly, the very slow flow
of the aqueous solution in the tubular reactor is also unfa-
vorable as well as the too fast flow rate. This is due to the at
very high flow rate, the solution exposure time to the solar

Fig. 7 Effect of rate of the aque-
ous solution circulation in the 80
solar reactor

Llaaaal]

% Removal
Y
o
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4
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0 == Zn-Fe
Fe-Fe LDH
50 166 P e-Fe
800

radiation that helps in producing the hydroxyl radicals is not
sufficient for oxidizing the dye molecules. However, the too
slow rate is helping in catalyst precipitation in the tubular
reactor instead of reacting with the hydrogen peroxide to
produce the oxidizing radicals. Thus, the overall reaction
yield is reduced. Previous reported literature showed a simi-
lar trend in treating wastewater polluted with Orange II dye
effluents via such technique (Robles et al. 2017).

Effect of pH and Fenton-like doses

Commonly, Fenton-Like oxidation reaction is a too sensitive
process for the starting pH of the aqueous matrix, besides
the reagent doses (H,0O, and catalyst). Hydroxyl radicals are
considered the workhorse of H,0,-based oxidation reac-
tions, and such radicals’ yield is affected with the optimal
system parameters (Shen et al. 2008; Zhang et al. 2017).
Fenton reaction has a preferred optimum pH region that
is sharply affects the hydroxyl radicals’ generation. From
this regard, the pH effect was examined in the range of: the
wastewater original pH (6.8), acidic pH (3.0 and 4.0) and
alkaline pH 8.0. Results in Fig. 8 A demonstrate that for the

Fe-Fe
Zn-Fe

550 LDH

750
Circulating flow rate, mL/min

1200

Mg-Fe

“Flon

40
LDH, mg /L 80

Fig.8 Effect of LDH-Fenton-Like systems’ parameters on the dye removal: A Effect of pH; B Effect of H,O, concentration and C Effect of

LDH loading
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all Fenton-Like systems, the preferred pH was 3.0, which
is corresponding to the maximal dye removals (keeping all
parameters constant: flow rate 250 mL/min, dye load 20
ppm, H,0, 400 and LDH catalyst 40 mg/L, respectively).

This investigation could be illustrated by at alkaline pH,
the catalyst complexes precipitate in the wastewater instead
of producing the radicals that are the responsible of the
reaction. Thus, the reaction involves the organometallic
complex. In contrast, the -OH radicals’ that produced in the
acidic pH values was high. Additionally, the presence of
inorganic carbon in the aqueous matrix further scavenging
the -OH radicals’ effect which is easily terminated at the
acidic pH value (Zhang et al. 2017).

On the other hand, H,O, amount plays a vital role in pro-
ducing (-OH) radicals’ species (Eq. 2), therefore, its effect
on the RBBR removal is investigated for the all LDH studied
system with keeping the other parameters constant (pH 3.0,
dye load 20 ppm, 750 mL/min of circulation flow rate and
40 mg/L of LDH catalyst). The results in Fig. 8 B reveal that
increasing the hydrogen peroxide for the all LDH-Fenton-
Like systems results in an increase in the dye removal. How-
ever, further H,O, increase, observed dye removal efficiency
is declined. Hence, the higher H,0, doses that are more
than the optimal value inhibits the dye oxidation rate. This
could be illustrated as the high H,0, concentration acts as
a hydroxyl radical scavenger instead of generating them as
presented in Egs. (3, 4). Besides, recombination reaction
occurs between OH* radicals and likewise OH* radical, and
H,0, is produced which is also OH® radicals’ scavenger (Eq.
(5)) (Schrank et al. 2007; He et al. 2015).

H,0, + solar energy — 2°0OH 2)
H,0,+0H" - OH + H,0 3)
OH+OH" — H,0 + 0, 4)
OH" + OH' - H,0, )

LDH-based Fenton-Like oxidation catalyst activate
H,0, for generating ‘OH free radicals in water and thereby
mineralize the contaminants. Therefore, the optimal cata-
lyst presences in the solution maximizing the "OH yield
in the reaction medium. To add up, it is crucial for keep-
ing minimal catalyst dose form the prospective of process
efficiency and economic cost for the treatment. Moreover,
the higher dosage of the catalyst could decline the reaction
efficiency. Fig. 8 C illustrates the effective dye oxidation
process by varying the concentration over the range 10-80
mg/L for all the LDH systems (Fe-Fe, Zn-Fe and Mg-Fe).
It is noted from the data of the experimental results that for
all the LDH systems, a same trend is attained via oxidation

* @ Springer

removal since increasing catalyst dose results in an increase
dye removal (Soares et al. 2007). However, in most cases
within the experimental range, further increase in the LDH
concentration declines the reaction yield. But the optimal
LDH concentration is differs according to the system used.
The maximum Remazol Brilliant Blue oxidation is corre-
sponding to 72 and 50% when 40 mg/L of Mg-Fe or Fe-Fe
LDH systems, respectively, is the source of the Fenton-Like
reaction. Such values of the dye oxidation are correspond-
ing to 60% when the catalyst dose is 80 mg/L for the Zn-Fe
LDH system.

LDH catalysts, Mg, Zn or Fe ions are critical for creat-
ing the photoactive hydroxo complexes, thereby absorb the
photons in the solar ultraviolet arrays to produce the highly
reactive species radicals (-OH). Further, solar illumination
irradiating the catalyst (M Fe,0,, ZnorMg), the result is gen-
erating on their surfaces an electron (e)/hole (h) pair (Eq. 6)
to further promoting a series of reactions (Eq. (7, 8) that
yielding -OH radicals (He et al. 2015).

Then, the generated iron ions in the reaction solution react
with H,O, to form more -OH radicals and metal ions again
in a series of successive reactions according to the classical
Fenton type reactions (Eqs. 9—14). Remazol Brilliant Blue
structure contains aromatic rings which are attacked via -OH
radicals to hydroxylate them and build up a hydroycyclohex-
adienyl radical (Eq. 15). Overall, the reaction should be con-
ducted in optimal doses for maximizing the yield of radicals
and hence strongly oxidizing the dye molecules (He et al.
2015). However, non-optimal concentrations could result in
system unbalance, and -OH radicals recombines together to
produce H,0, instead of oxidizing the dye molecules and
hinders the reaction yield (Eq. 16).

MFe,0, + solar energy — MFe,0,(ecy + hip) (6)
i, +H,0 — H + OH' )
hi, +H™ — OH' ®)
Fe’* + H,0,~ Fe’* + OH +OH’ ©)
Fe** + H,0,— Fe** + OH, + H* (10)
Fe**+OH,— Fe** + 0, + H* (11)
Fé*+OH,+H* — Fe’* + H,0, (12)
OH' + H,0, — OH;, + H,0 (13)
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OH’ + Fe*™ — Fe** + OH™ (14)
OH" + Dye molecules « Reaction intermediates (15)
— Further reactions

It is noteworthy to mention, final sludge removal and
disposal after the Fenton’s reactions could pose a problem.
Since, such final sludge separation and disposal are problem
for the environment and from the economic prospective. Of
note, after the Fenton reaction the recyclable catalyst that is
easily introduced as magnetisable separable option extend
the Fenton’s practical application life.

Factorial design and ANOVA testing

In order to optimize and analyze the effect of the reac-
tion parameters, pH and Fenton reagent doses, on the dye
removal, factorial experimental design has been carried
out. This investigation is essential in elucidating the opti-
mal conditions and minimizing the reagent doses to attain
a high system performance. A 15-runs are conducted for
the each proposed model, namely Model y, (LDH-Fe-Fe/
H,0,/Solar, Model y, (LDH-Zn-Fe/H,0,/Solar) and Model
v; (LDH-Mg-Fe/H,0,/Solar) according the experimental
design tabulated in Table 2. The data collected from these
experiments were processed and fitted to quadratic polyno-
mial model Eqgs. (17-19) using the SAS software and the
models’ multivariate statistical analysis (ANOVA), allowing
to determine the correlation between the studied variables
and the maximized response (dye removal).

71(%) = 51.0 — 0.125¢, + 0.625¢, — 1.02 — 0.5¢ ¢,

+0.75¢ 65 — 5.9 X 107€] + 0.25¢,¢5 — 0.25¢3
a7
12(%) = 62.33 + 1.125¢, +0.125¢, + 2.5¢5 — 12.917¢>

+2.5e,6, + 4256 85 — 11.417¢5 — 0.256,65 — 3.67¢;
(18)

73(%) = 71.33 + 2.0¢| + 1.5¢, — 0.5e5 — 14.54¢7

— 1.2.5¢ €, + 2.25¢ €5 — 11.04¢; + 0.25¢,¢5 — 2.54¢;

19)

According to the ANOVA results (Table 3), the quadratic
polynomial models are highly significant with a satisfied
correlation coefficient values, 2. Generally, from the sta-
tistics point of view, the coefficient of determination (+?) is
acceptable if it is more than 80% (SAS 1990). Besides the
fitness of the model, the model is also verified when a large
value of Fisher test that is much greater than unity and a
small p-value (< 0.05) is attained. For the three proposed
models, the coefficient of determination values are 94, 98

Table 3 ANOVA for the regression model and the respective models
terms*

Source DF SS MS F Pr>F
Model y,

Model 9 10.58333  1.175926 7.839506 0.017729
Error 5 0.75 0.15

Total 14 11.33333

12 94.00%

Adj-1*  82.00%

Model y,

Model 9 1191.183  132.3537 21.75677 0.001711
Error 5 30.41667  6.083333

Total 14 1221.6

. 98.00%

Adj- P 93.00%

Model y;

Model 9 587.1667  65.24074 12.46638  0.006286
Error 5 26.16667  5.233333

Total 14 613.3333

r? 96.00%

Adj-*  88.00%

DF Degree of freedom SS Sum of Squares, MS Mean Squares,
F-value) Fisher test, Pr Probability, # Coefficient of correlation, Adj-
72 adjusted 12

and 96% for y;, y, and y, respectively, that signify the fitness
of the model. The ANOVA results reveal a high correlation
between the response and the variables since a low prob-
ability (Pr > F) of 0.017, 0.0017 and 0.006 for y;, y, and y;
respectively. It is concluded that there is a good fit between
the proposed simulated models and experimental data, as
can be also observed in the results of the ANOVA test.

The type of interactions between the selected variables,
pH and Fenton doses are required to be identified. To do
so, the 3D surface and contour graphs described by the
three regression models have been plotted and displayed in
Fig. 9A-C. These graphs show the influence of each two
independent variables studied on the Remazol Brilliant Blue
R dye removal.

According to Fig. 9A 1, ii and iii, the Remazol Brilliant
oxidation efficiency evaluated through its concentration
removal is steadily improved with the increased Fenton-Like
reagent dosage of both reagents LDH catalyst and H,O,. The
chief attribution of this trend is the -OH radicals’ yield in the
aqueous matrix is elevated with the catalyst dosage increase.
However, after a certain reagent limit, the dye removal is
declined. This significant relation could be related to the
over catalyst dosing acts as a (-OH) radical scavenger rather
than a generator (He et al. 2015). Further, the extent of cur-
vature of a surface plot is signal for the degree of exagger-
ated on the response (y;, %) since the more circular contour
curvature identifies a weaker interaction effect. Additionally,

]
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Fig.9 3D Surface augmented with contour plots of the factorial design, A: A Fe-Fe-; B Zn-Fe- and C Mg-Fe-LDH-Fenton-Like systems

similar trends are attained for the other models y, and y; as
seen in the 3D surface and 2D contour plots in Fig. 9 B (i, ii
and iii) and C (i, ii and iii). To add up, as seen in the graphs
the system is highly sensitive to the pH change in compari-
son to the other variables as seen in graphs in Fig. 8 A (iii),
B (iii) and C (iii). It is notable to mention that degree of dye
removal is different according to the LDH system applied as
seen from the response value in each case.

Also, the numerical simulated optimization of the pos-
sible combinations LDH, H,0, and solar energy is further
attained through Mathematica software (version V 5.2),
and the optimum values (displayed in Table 4) are used to
conduct real experiments. The predicted values are then
confirmed through duplicates of experiments, and original
response values are compared with the simulated ones. High
correlation between the model predictions and the experi-
mental results for the three models is attained as seen in
Table 4 that further confirms the goodness-of-fitness of the
models for the results besides the ANOVA test.

"
" @ Springer

Comparing the oxidizing efficiency from the current
investigation using the modified Fenton-Like type reactions
with other recent literature based on heterogeneous Fenton
treatments are conducted and displayed in Table 5. It could
be concluded that the modified Fenton-Like system that pos-
ses high magnetic properties which facilitate the magnetic
separation of the nanoparticles after oxidation reaction and
before the final effluent disposal show reasonable removal
efficiency reached to 74%. Although some other Fenton-
Like-based heterogeneous treatments that reported previ-
ously in literature (Table 5) such as microwave enhanced
systems or ultraviolet radiation have exhibited high potential
for pollutants removal from wastewater as seen in Table 5,
they posses some drawbacks such as the need of electric
cost and in some cases high doses of chemical agents are
required. To add up, the magnetized nanoparticles is effi-
cient and economically acceptable since they are a recy-
clable catalyst that could be used for successive use before
the final disposal. However, such option is not present in
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Table 4 The preset goal with the constrains for all the independent
variables and their corresponding responses in simulated optimization
and original values

Model Ultimate goal Numerical Simulated Original
optimum response  response
values

Model y,

pH In range 2.9

H,0, (mg/L) Inrange 500.0

Fe-Fe (mg/L) Inrange 40.0

Response Maximized 72% 74%

Model y,

pH In range 3.1

H,0, (mg/L)  Inrange 401.3

Zn-Fe (mg/L) Inrange 84.1

Response Maximized 63% 64%

Model y;

pH In range 3.1

H,0, (mg/L)  Inrange 405.6

Mg-Fe (mg/L) Inrange 39.9

Response Maximized 52% 55%

non-magnetized catalyst, which makes the process costly
also the formation of toxic effluents. Moreover, the current
systems presented in this study also have the advantage of
using economic, renewable and environmentally friendly
solar energy source for initiating the Fenton-Like reaction.
Hence, these groups of disadvantages are not related to
the current magnetized system. Therefore, this suggested
method is much better, cheaper and environment benign
compared to the other heterogeneous Fenton-Like systems
listed in Table 5. Furthermore, from the economic prospec-
tive, such LDH catalyst could be easily recoverable and
could be introduced for a successive sustainable use such
advantages that verify the catalyst has potential application
in real environment and could overcome the low oxidation
efficiency compared to other materials in Table 5.

Temperature effect on kinetics and thermodynamics
of oxidation

To further understand the LDH solar oxidation process
that is taking place between various combinations of
Fe-Fe, Zn-Fe or Mg-Fe catalysts and H,0, as a Fenton-
Like reaction source, temperature effect is investigated to

Table 5 Summary of some recent studies on heterogeneous Fenton-Like processes

Catalyst/activation source ~ Experimental conditions

Summary/comment of References
the efficiency

MgFe,0, / H,O,/Solar Remazol Brilliant Blue R dye-WW; 15-min; pH 2.9; H202 Dye removal/74% Current work
500 mg/L; Fe np 40 mg/L
ZnFe,0,/ H,0,/Solar Remazol Brilliant Blue R dye; 15 min; H 3.1; H202 401 Dye removal/64% Current work
mg/L; Zn-Fe np 84 mg/L
Fe;0,/H,0,/Solar Remazol Brilliant Blue R dye; 15 min; pH 3.1; H202 405 Dye removal /55% Current work
mg/L; Mg-Fe np 40 mg/L
ZnO/UV Methylene Blue-WW; 20 min; pH 12; ZnO np 0.45 g/L Dye removal /96% Tayeb et al. 2019
Magnetite/ H,0,/UV Methylene Blue-WW; 3 h; pH 3; Fe304 np 80 mg/L; 1600 Dye removal /94% Thabet et al. 2020
mg/L H202
Magnetite/ H,O, Levafix CA-WW; 80-min; pH 2.5; Fe304 828 mg/L; H202 Dye removal /55% Thabet et al. 2021
48 mg/L
n-CuO/ H,0,/UV Methomyl pesticide, 15-min; pH 6.5; H202 75 mg/L; n-CuO  Pesticide removal/85% Tony et al. 2021
395 mg/L
Fe-S/H,0, Paracetamol-WW; 40-min; pH 3; H,0,/Fe 2:1 molar ratio COD removal/80.8 %  Van et al. 2020
Hematite/ H,O,/Solar Bismarck dye-WW; 20-min; pH 3; Fe np 40 mg/L; H202 400 Dye removal /60.0% Tony and Mansour, 2020
mg/L
Iron coated sand/H,0, Domestic-WW; 20-min; pH 3; Fe 40 mg/L; H202 400 mg/LL  COD removal/70.0% Tony and Lin 2021
NiFe,0,/H,0, Phenol-WW; 330-min; pH 3.0 Phenol removal/ 95.0% Zhang et al. 2017
Waste sludge rich iron/H,0, Polymer processing-WW; 20-min; pH 2.2; Fe 40 mg/L; H202 COD removal/98.0%  Tony and Lin 2020a, b, ¢
400 mg/L
Iron/ H,0, /MW Amoxicillin-WW; 5-min; pH 3.5; Fe 95 g/L.
H,0,2.35 mg/L COD removal/60% Homem et al. 2013
ZnO/CuO/UV Methyl orange-WW; 120-min; Catalyst 95:5 weight percent Dye removal/99% Shen et al. 2008
ZnO-Si/UV Methylene Blue-WW; 60-mincatalyst 69 mg/L Dye removal/90% Saravanan et al. 2013

WW wastewater, np nanoparticles scale, COD Chemical Oxygen Demand, MW Microwave, UV Ultraviolet

(]
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subsequently study the kinetics and thermodynamics of the
reaction. Thus, the temperature increased from room tem-
perature to 40, 50 and 60°C, and the oxidation reaction is
monitored in all cases of the Fenton-Like system. The results
displayed in Fig. 10 show that for the all studied Fenton-
Like-based systems (LDH-Fe-Fe, -Zn-Fe and -Mg-Fe), the
temperature increase results in higher oxidation yield and
thereby higher dye removal is attained at higher reaction
temperature. The removal reached to 87, 89 and 91% for
Layered Double Hydroxide Fe-Fe Fenton-Like, -Zn-Fe Fen-
ton-Like and -Mg-Fe Fenton-Like, respectively, at 60°C in
comparison to 50, 61 and 72% for the same systems at room
temperature. This phenomenon could be related to the high
reaction temperature accelerates the generation of the reac-
tion radicals. Hence, a superior generation of -OH radicals is
attained with temperature elevation. The effective oxidation
rate is achieved with the rise in temperature within the stud-
ied range. Previous reports cited in literature (Soares et al.
2007) explored that the reaction using the catalytic oxidation
is associated with an optimum temperature value, and it is a
limiting stage for the oxidation reaction.

Fully understanding of the Fenton-Like oxidation reaction
is important for practical applications and design aspects.
To do so, kinetic study is important; however, it is not sim-
ple since Fenton oxidation reactions are a complex reaction
including various species with a simultaneous oxidation and
coagulation existence (He et al. 2015). The experimental
results at different temperatures including room temperature,
40, 50 and 60 °C are applied for the zero-, first- and sec-
ond-kinetic models, and the overall system performances is
investigated via dye removal, and the corresponding kinetic
constants are estimated in each system. The data listed in
Table 6 reveals that the coefficients of regression (%) val-
ues that used to evaluate each model is the highest for the
first-order kinetic model. This means the first-order kinetic

Fig. 10 Effect of temperature

on the LDH-Fenton-Like solar 100
oxidation system 90 ]
80
70 1
60 1
50 1
40 1
30 7
20 3
10 1

% Removal

% @ Springer

model is well fitted the experimental data. Also, the lowest
value of half-life time (%, ) is corresponding to the 60°C
reaction temperature. Previous reports in accordance with
the current study in using Fenton reaction for wastewater
treatment contaminated with reactive black 5 dye (Argun
and Karatas 2011).

Since the kinetic modeling of the all Fenton-Like stud-
ied oxidation kinetics exhibited the first-order model, the
first-order rate constants are expressed as a function of
temperature by the Arrhenius equation. Consequently, the
temperature dependence of the kinetic parameters of LDH-
Fenton-Like system is calculated via Arrhenius equation
(Eq. (20)). Further, other thermodynamic variables including
Gibbs free energy of activation (AG®), enthalpy of activa-
tion (AH®) and entropy of activation (AS°) for the Fenton-
Like oxidation system were also investigated through Eqs.
(21-23) (Argun and Karatas, 2011; Ahmadi et al. 2016)
(where A is the Arrhenius constant, T is the wastewater
absolute temperature, Ea is the energy of activation of the
Fenton-Like systems, and R is the universal gas constant).
Furthermore, the energy of activation is attained from the
slope of plotting -Ea/R versus 1/T (Fig. 11).

The evaluated thermodynamic parameters for the all stud-
ied Fenton-Like systems are given in Table 7. According to
the data tabulated in Table (7), all the system shows positive
Gibbs free energy of activation values, which signify the
possibility of non-spontaneity oxidation reaction principal
to occur. Also, negative results of the enthalpy of activation
reaction indicate the LDH-Fenton-Like systems are occur-
ring in exothermic nature. To add up, the negative values of
entropy of activation attained are verifying the non-sponta-
neity nature of the systems. Thermodynamic results validate
the decrease in the degree of freedom of the dye molecules
in the wastewater effluent and maintained a high oxidation
yield. A low energy barrier is required for the all LDH-FL

Mg-Fe
Zn-Fe | DH

50
T,°C 60
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Table 6 Kinetic parameters of RBBR dye oxidation by different LDH-based Fenton-Like systems*

LDH catalyst Type T,K Zero-order model C;, = C, — k.t 1st order model C, = C, — €'

1 1
2nd order model (E) - (C_> — kit
k, min™! ty5 , Min I ks min’! 1.5 » Min 7 k, L.mg 'min™! ty5 » Min I
Fe-Fe 306 1.10 9.64 0.95 0.07 9.67 0.98 0.0049 2.63 0.98
313 1.24 8.57 0.89 0.09 8.11 0.95 0.0062 2.08 0.96
323 1.73 6.13 0.93 0.16 4.41 0.98 0.017 0.76 0.95
333 1.92 5.52 0.92 0.21 3.27 0.98 0.032 0.40 0.92
Zn-Fe 306 1.13 9.36 0.94 0.0968 7.16 0.98 0.0075 1.716 0.98
313 1.44 7.34 0.9 0.1111 6.24 0.96 0.0094 1.37 0.97
323 1.84 5.74 0.93 0.1856 3.73 0.98 0.0239 0.54 0.93
333 1.98 5.35 0.87 0.2332 2.97 0.97 0.0403 0.32 0.94
Mg-Fe 306 2.17 4.89 0.85 0.56 1.23 0.88 1.7041 0.0075 0.53
313 2.18 4.87 0.85 0.58 1.20 0.9 1.8963 0.0067 0.53
323 2.18 4.87 0.83 0.61 1.13 0.88 3.0156 0.0042 0.52
333 2.19 4.85 0.82 0.67 1.04 0.88 5.0084 0.0025 0.52

*C, and C, : initial and at time t RBBR concentration (mg LY); t: time (min); k
kinetic models

,» Kp» K Kinetic rate constants of zero-, first- and second-reaction

A s B 24 C s
2.6
2.2 ) 055
2.4
.
2.2 - 05
& 29 <~ 1.8 1 & oas
c c O c 0.
< 1.8 A 7 16 =
16 - 0.4 o
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1.4 -
035 1
12 1 1.2
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1000/T 1000/T 1000/T

Fig. 11 Arrhenius plot of the first-order reaction kinetic constants for: A Fe-Fe-/ H,0,/Solar; B Zn-Fe-/H,0,/Solar; C Mg-Fe-LDH/ H,0,/Solar
systems

Table 7 Thermodynamic LDH catalyst Type T,K Ln kf A G°, kJmol! AH®, kJmol! AS°®, Jmol’! Ea, kJmol’!

parameters of RBBR dye
oxidation by different LDH Fe-Fe 306 -264 8171 ~251 -275.23 36.14
based Fenton-Like systems 313 -246  83.186 _257 ~273.97
323 185  84.29 ~2.65 ~269.17
333 155  86.16 -2.73 ~266.93
Zn-Fe 306 -234 8095 -251 -272.76 29.51
313 -2.19 8250 ~2.57 -271.80
323 168  83.84 ~2.66 ~267.80
333 146  85.89 -2.74 ~266.16
Mg-Fe 306  -058 7648 ~2.54 -258.22 531
313 -055 7821 ~2.59 -258.18
323 -049  80.63 ~2.68 -257.92
333 —041  82.99 -2.76 -257.53

% @ Springer
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systems 5.31, 29.51 and 36.14 kJ/mol for Fe-Fe, Zn-Fe or
Mg-Fe Fenton-Like systems. Earlier results in the literature
suggested the oxidation of the Fenton system proceed at low
energy barrier (Ahmadi et al. 2016; Tony and Lin, 2020a).

ky = Aeid) (20)
AG® = —RTInk, 1)
AH®° = E, - RT (22)
AS° = (AH® - AGY)/T (23)

Stability and reuse assays

Reuse of the LDH catalysts used in the Fenton-Like reac-
tions was investigated using the catalysts (Fe-Fe, Zn-Fe and
Mg-Fe) for successive cycles for Remazol Brilliant Blue R
oxidation as shown in Fig. 12. After each step of Fenton-
Like use, the LDH was washed with distilled water and oven
dried (105 C), then it is returned for the dye oxidation sys-
tem. It is observed from the experimental results, the all
catalysts used showed a significant dye removal remained
almost invariant. After the 6th cycle, the Remazol Brilliant
Blue R removal percentage due to the oxidation reaction
is marginally decreased from 72 to 61% for Mg-Fe-LDH
catalyst after the sixth cycles of use and from 61 to 49%
for the ZnFe-LDH and form 50 to 42% for the Fe-LDH,
probably due to the decline in their activities. Hence, LDH
catalysts offer stable performance in Fenton-like oxidation
reactions that enabling prolonged application of these LDH

Fig. 12 Reusability assays of
the Fenton-Like based on the

LDHs %0 1
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% Removal
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ho 1st
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* @ Springer

catalyst materials in the treatment of wastewaters contain-
ing dyes. Additionally, it is noteworthy to mention that Mg-
Fe-LDH catalyst besides its high catalytic activity it posses
the high magnetic properties that enabling and facilitating
the magnetic separation and thus reduce its losses. Finally,
the recovered catalysts were reduced by 0.5-1% from their
initial values. Hence, this current study is designed to gen-
erate and apply LDH nanoparticles as a novel magnetized
heterogeneous catalyst as an easily removable, recoverable
and recyclable material for the sustainable opportunity in
oxidizing textile dye effluents. For real application world,
such magnetized catalyst posses the facility of simple col-
lection from aqueous stream after treatment facility via
magnetic separation that expand its range of application for
reusing in successive cycles. These viable options, easily
removable and could be recycled explore the advantages of
economic cost.

Conclusion

In this study, a sustainable alternative to Fenton-Like cata-
lyst is suggested through LDH catalysts augmented with
hydrogen peroxide for synthetic wastewater containing
textile dying. Coupling of solar radiation and photocataly-
sis improve the RBBR dye through the supportive effect
between the photocatalysis and ultraviolet radiation sourced
from the sun. Fe-Fe-, Zn-Fe- and Mg-Fe-LDH catalysts
showed a good treatability reached to 72% acquired after
15-min of the irradiation time in the solar collector. It was
found that, for the all systems, Fenton’s reaction is well
worked around the acidic pH 3.0. The results well fitted

] Mg-Fe
Zn-Fe

2nd 3rd Fe-Fe LDH

4th

5th 6th

Cycle number
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the first-order reaction kinetic model, and the process is
exothermic and non-spontaneous in nature working at low
level of energy barrier. Effective removal of nanoparticles
from treated water stream after treatment technology is cost
efficient treatment facility forms the commercial prospec-
tive for real world applications. Magnetic separation and
recycling of effluent magnetized LDH catalyst used in the
Fenton-Like systems revealed and showed high attempt
for dye removal for a long-term treatment. This presented
a significant advantage for the practical application in the
real industry world. Thus, it is concluded that the magnetic
layered double hydroxide nanomaterials is introducing a safe
use of the nanomaterials in the water treatment systems.
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