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Box-Behnken Model: 2D response surface plots of T (°C),
[H,0,] (mM) and type of catalyst
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Abstract

The effect of different parameters such as temperature, type of catalyst and hydrogen
peroxide (H202) concentration on the degradation of pollutants in water by Fenton-like
oxidation was studied by using the Box-Behnken design (BBD), an effective statistical
model to design the experiments. Concerning the heterogeneous catalysts, three
bimetallic catalysts with lanthanum (La) and iron (Fe) ion-exchanged into zeolites (NaY
and ZSM5) and a natural clay from Morocco were prepared and used for Fenton-like
oxidation of organic pollutants in water. Tartrazine (Tar, a food coloring compound
known as E102) and caffeine (Caf, a stimulant drug present in popular beverages such as
coffee and tea) were selected as pollutants due to their presence in several commercial
products for daily consumption. The BBD model indicated that the optimum catalytic
conditions for Fenton-like reaction with an initial pollutant concentration of 30 ppm at
pH 3.0 were T = 40°C and 90 mM of H202. The maximum conversion values achieved
with the best catalyst, LaFeZSM5, were 96.6 % for Tar after 180 min and 51.0 % for Caf
after 300 min of reaction. To increase the conversion of Caf, a modified zeolite electrode

was used for electro Fenton-like oxidation without H202, at room temperature.

Keywords: Box-Behnken design; La®>"/Fe*; Heterogeneous catalysts; Pollutants;

Fenton-like oxidation; Mineralization.

1. Introduction

Doping of inorganic materials with rare-earth ions can improve different properties,
making the resulting new materials very attractive for technological applications,
especially in the field of catalysis [1]. The rare-earth elements (REE) are a group of

seventeen elements (lanthanides group of the periodic table with scandium and yttrium in
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addition). Lanthanum (La) is abundant in natural storage and could be used as a more
cost-effective catalyst than the other sixteen REE. Lanthanide-doped nanoparticles have
attracted extensive attention for their unique properties and prospective applications in
optical materials, photocatalysis and photonic band gap materials [1,2]. Lanthanum oxide,
which can contribute with both base and acid properties to the binary catalyst system, is
customarily used as a catalyst, co-catalyst or catalyst promoter [3-5]. La*" is recognized
to enhance the photocatalytic activity of LaFeOs nanoparticles towards photodegradation
of dye compounds under visible light irradiation, due to the synergistic effect between the
semiconductor photocatalysis and the Fenton-like reaction [6]. Also, the presence of La*
ions in La-Na-Cu-O perovskite-like complex oxide catalysts prepared by the sol-gel auto-
combustion method enhances the removal of soot and simultaneously accelerates NOx
reactions [7]. Recently, La-doped carbon nitride single-atom catalysts with a La-N
charge-transfer bridge were prepared and evaluated in the photocatalytic reduction of CO2
to CO, which in turn can be converted into solar fuels. The resulting catalysts exhibited
high CO vyielding rate, with good selectivity and stability compared to most reported
carbon nitride-based photocatalysts [8].

Several studies with REE-containing zeolites were performed in recent years to assess the
selectivity and stability of the catalysts [9]. The presence of REE in the Y zeolite reduces
the framework dealumination under hydrothermal conditions, increasing the zeolite
activity and enhancing the hydrogen transfer rate. One example of such is the conversion
of hydrocarbon fractions of crude petroleum oils to more valuable products [10,11]. In
addition, the ternary CuCeFeOx catalysts supported on zeolite/PSF displayed a good
conversion in the oxidation of CO to COz, following a pseudo-first-order kinetic law [12].
In the advanced oxidation processes for wastewater treatment, photocatalysis,

ozonization, and Fenton oxidation using metal-supporst as heterogeneous catalysts have
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been applied successfully for the removal or degradation of recalcitrant pollutants [13-
17]. Fenton reaction is characterized by the presence of ferrous salt and hydrogen
peroxide to form radical hidroxyls (OH®) wich turn in the rapid degradation of pollutants
[15-17].

The use of heterogeneous Fenton-like catalysts has had great attention due to their low
cost, eco-compatibility, operational mild conditions (20-50°C, wide pH range and
atmospheric pressure), and high efficiency [15-19]. These heterogeneous catalysts offer
a great stability of the active centres, present limited leaching of metals from the catalyst,
are easy recoverable from the reaction medium, and can be regenerated by a suitable
activation procedure [15-17]. In addition, the utilization of clays or zeolites as catalysts
for Fenton-like reaction is very attractive, due to the selective sorption capacities , non-
toxic nature, availability, and low cost [15-17,19,20] of these porous materials.

La-Fe montmorillonite was prepared by a precipitation method to work as a
heterogeneous catalyst on the degradation of rhodamine B (RhB) and methylene blue
(MB) dyes, using Fenton-like oxidation in both batch and fixed-bed set-ups. The catalyst
exhibited high dyes conversions, with 96 % and 97 % degradation of the RhB and MB
initially present (100 mg/L), respectively [19]. In the case of zeolites, Cu(ll) or Mn(ll)
were ion-exchanged together with Fe(ll1l) ions in NaY zeolite and used as bimetallic
catalysts in Fenton-like oxidation for removing two dye compounds (procion yellow (PY)
and tartrazine (Tar)). CuFe-NaY and MnFe-NaY displayed the best mineralization rates
for PY and for Tar degradation [20].

The goal of this work is to select the best heterogeneous catalyst based in two zeolite
structures, MFI and FAU, and a natural clay from Morocco, with La and Fe for the
degradation of tartrazine (Tar) and caffeine (Caf) pollutants in water by Fenton-like

oxidation. For this study, the experimental reaction conditions were optimized using a


https://www.sciencedirect.com/topics/chemistry/rhodamine-b
https://www.sciencedirect.com/topics/chemistry/methylene-blue
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statistical model. The Response Surface Methodology (RSM) is a statistical approach to
analyze and reduce the number of experiments to give the optima of independent
parameters in the reaction [21,22]. Central composite, Doehlert and Box-Behnken design
(BBD) are three classes of response surface designs. Box-Behnken design is more
advantageous than the others since it makes the experiments economically feasible and
beneficial for optimization of different organic matter treatment processes [23].

Bearing this in mind, the work was performed in four phases: (i) preparation of the
heterogeneous catalysts by ion-exchanging La(ll1) and Fe(l11) into the solid supports; (ii)
optimization of the experimental conditions for Fenton-like oxidation using the BBD
model; (iii) evaluation of the stability and reusability of the best catalyst for both
pollutants, and (iv) performance of electro Fenton-like oxidation using the best catalyst
as a modified electrode to enhance the degradation of the Caf pollutant. The best catalyst
selected from BBD model was LaFeZSM5, which presents high degradation of Tar by a
typical Fenton-like oxidation. Finally, the degradation of Caf was enhanced using the

electro Fenton-like oxidation at room temperature without hydrogen peroxide (H20z2).

2. Experimental

2.1. Materials and chemicals

(NH4)ZSM5 (CBV3024E, Si/Al = 15.00), NaY (CBV100, Si/Al = 2.83) zeolites were
obtained from Zeolyst International in powdered form. A natural Moroccan clay was
achieved from the Middle Atlas region (Claym, where M stands for Morocco). It was
dried at 100°C overnight and then crushed up to 63 pm, prior to use. The compounds:
tartrazine (Tar, Cis6HoaNaNazO9S2 > 90%), caffeine (Caf, CsHioN4O2 > 99%), sodium
bisulphite (Na2S0s), hydrochloric acid (HCI, > 99.5%), sodium hydroxide (NaOH, >

99.0%) and absolute ethanol (C2HsOH, > 99.7%) were provided by Sigma Aldrich.
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Lanthanum (1) nitrate (La(NOs)3-6H20, 99.9%, Alfa Aesar), iron (Ill) nitrate
(Fe(NO3)3-9H20, Aldrich), hydrogen peroxide (H202, 30 wt%, Merck), phosphoric acid
(HsPOa, analytical reagent, > 85%), and oxalic acid (C2H204, > 99.5%) were used as
received. Deionized water was produced with an ultrapure water system (Milli-Q, EQ

7000).

2.2. Catalyst preparation

The catalysts were prepared by an ion-exchange method using the adapted procedure
described elsewhere [24,25]. Aqueous solutions (250 mL) containing different lanthanum
amounts (0.90x102 mmol for (NH4)ZSM5 and Claywm, and 2.70x102 mmol for NaY) were
mixed with 4 g of the pristine support at pH 4. The suspensions were stirred during 24 h
at room temperature. 1.5 g of the La-containing zeolite samples, LaNaY and LaZSM5,
were added to 250 mL of iron solution (4.48x10"2 mmol) and then submitted to the same
procedure as before to obtain the bimetallic LaFeNaY and LaFeZSM5 samples. In the
case of the Moroccan clay as the support, due to the initial presence of iron in its structure,
the bimetallic LaFeClaym sample was obtained by ion exchange only with lanthanum.
After each ion-exchange step, the suspensions were filtered-off, washed with deionized
water and dried in an oven at 60°C overnight. Finally, the solids were calcined in an oven
at 350°C during 4 h under a dry-air stream.

2.3. Characterization

The textural characterization of the catalysts was performed by N2 adsorption isotherms,
determined at -196°C with a Nova 4200e (Quantachrome Instruments) equipment. The
samples were degassed at 150°C during 3 h. The micropore volumes (Vmicro) and
mesopore surface areas (Smeso) Were calculated by the t-method. Surface areas were

calculated with the BET equation.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The morphology of the samples was characterized using a scanning electron microscope
(SEM, FORMAT JEOL/EOQ) coupled with energy-dispersive X-ray spectroscopy (EDX).
In order to avoid surface charging, samples were coated with gold in vacuum prior to
analysis, by using a Fisons Instruments SC502 sputter coater.

Elemental analysis was performed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) for the quantification of lanthanum in the liquid phase during
the ion-exchange method by ICP-OES spectrometer (Optima 8000, PerkinElmer). The
same analysis was performed to quantify the La, Fe, Si, Al and Na in the solid samples
with a 5110 ICP-OES spectrometer (Agilent Technologies). Solid samples (ca. 0.05 g)
were thermally treated at 500°C for 12 h to remove the adsorbed water and subsequently
placed in a platinum crucible. Then, the melting agent was added (Li2B4+O7:sample = 15:1
by weight), and the alkaline fusion was carried out in a muffle furnace at 1000°C for 40
min. After cooling of the melt, the resultant fusion bead was transferred into a beaker and
heated on a plate at 80°C after addition of 100 mL of 5 % HNOs3 (all the samples were
found to completely dissolve within 40 min). Finally, the solution was transferred into a
volumetric flask (250 mL) and diluted to the desired final volume with milliQ water.
Fourier Transform Infrared, FTIR, spectroscopy measurements of the samples were
carried out using a PerkinElmer Spectrum Two spectrometer, equipped with an ATR
accessory. A diamond prism was used as the waveguide. All spectra were recorded with
a resolution of 4 cm™ in the wavelength region 4000-400 cm™* by averaging 16 scans and
the analyses were carried out at room temperature.

Temperature programmed reduction (TPR) experiments were carried out in an AMI-200
(Altamira Instruments) apparatus. The sample (about 100 mg) was placed in a U-shaped

quartz tube located inside an electrical furnace and heated at 5°C mint up to 600°C under
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a flow of 5 % (v/v) H2 diluted with He (total flow rate of 30 cm® (STP) min). The Hz

consumption was followed by a thermal conductivity detector (TCD).

2.4. Experimental design

To optimize the experimental conditions for the degradation of the organic pollutants by
the Fenton-like reaction, a statistical approach was applied using the Box-Behnken
Design (BBD) model. This design expert software allowed the set of batch experiments
to be developed. Three factors of three levels - (i) catalysts (Xi: LaFeNaY, LaFeClaym
and LaFeZSMD5), (ii) temperature (X2: 30°C, 40°C and 50°C) and (iii) concentration of
hydrogen peroxide (Xs: 45, 90 and 135 mM) - were used to determine the model
coefficients in quadratic terms (Table 1). The predicted response, Ym, represents the

variables Tar (Y1) and Caf (Y2) calculated by equation 1:
Yim = Bo+ Xicy Bi Xi + DIt XK By XX, + D, Bu XP + ¢ (Eq. 1)
where S, is the intercept coefficient; B;, B;;, and f;; (withi=1, 2, 3;j=1, 2, 3) are the

linear coefficients, squared coefficients and interaction coefficients, respectively.

X; and X; are the coded independent variables and ¢ is the random error [21,23].

Table 1: Independent factors and levels used for Box-Behnken design for Tar and Caf

degradation.

Coded Coded level
Factor
factor -1 0 +1

X1 Type of catalyst  LaFeNaY (1) LaFeClaywm (2) LaFeZSMS5 (3)

X2 T (°C) 30 40 50

X [H202] (mM) 45 90 135
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2.5. Catalytic tests

Catalytic tests were carried out in a semi-batch reactor at atmospheric pressure under
stirring. Prior to experiments, the catalysts were pretreated at 100°C for 2 h in an oven.
The semi-batch reactor was loaded with 250 mL of a 30 ppm solution of Tar or Caf, at
pH = 3, using 200 mg of catalyst and 5 mL of H202 at a specific concentration and
temperature (Table 1). The reaction was then performed under stirring at 300 rpm, during
180 and 300 min for Tar and Caf, respectively, due to be the best reaction time for the
degradation. Sampling was carried out at fixed time intervals and the reaction was stopped
with the addition of an excess of NaHSOs, which instantaneously consumes the unreacted
H202. Catalytic tests were performed in duplicate, and the maximum deviation observed
in the removal of the organic pollutants was 2%.

The stability of the best catalyst for Tar and Caf degradation was studied using the
experimental catalytic conditions determined above. Four cycles were performed and
after each cycle the catalyst was filtered-off, washed with ethanol and dried in an oven at
70 °C overnight before reutilization. FTIR and SEM analyses were carried out in order to
verify the stability of the support structure, while the possible leaching of metals after the
cycle reactions was checked by EDX analyses. The amounts of La and Fe eventually
leached during the reaction were also measured by ICP-OES spectrometer (Optima 8000,
PerkinElmer).

After centrifugation, the solution was analyzed in order to quantify the degradation of the
organic pollutants with the help of UV-vis and TOC analyses. An UV-vis
spectrophotometer (UV-2501PC from Shimadzu) was used at the characteristic

wavelengths Amax= 427 nm and 272 nm for Tar and Caf, respectively [20,26,27].
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The total organic carbon (TOC) was determined using the NPOC method, with a
Shimadzu’s Total Organic Carbon Analyzer TOC-L, coupled with the ASI-L autosampler
of the same brand.

2.6. Electrochemistry

The best bimetallic catalyst was used as a modified electrode for the electro-Fenton-like
degradation of Caf at room temperature. The modified electrode was prepared by the
addition of 20 mg of the bimetallic catalyst to a mixture of ultra-pure water (Millipore
system, 18.2 MQ cm at 20°C) and Nafion® suspension (5 wt. % Sigma-Aldrich®). The
resulting catalytic ink was homogeneously deposited onto the wet proofed Toray carbon
paper with an area of 2 cm x 2 cm. Finally, the carbon Toray paper was glued to the
platinum electrode using conductive carbon cement (Quintech) and was dried at room
temperature for 24 h.

Electrochemical measurements were performed as described elsewhere [24,28,29]. The
electroactivity of the modified electrode was investigated by cyclic voltammetry (CV) in
the absence and in the presence of Caf in Na2SO4 (0.10 M). Electro Fenton-like oxidation
at a constant potential of 2.0 V vs. SCE, in the presence of Caf (100 ppm), was carried
out in a two-compartment cell separated with an ion exchange membrane (Nafion®-417,
membrane thickness 0.017 inches) that separates the anode and cathode compartments.
A high performance liquid chromatograph (HPLC), equipped with an isocratic pump
(Jasco PU-980 Intelligent HPLC Pump) and a double on-line detection including an UV-
vis detector (Jasco Intelligent), was used for quantifying Caf at 272 nm, i.e. at the
maximum of Caf absorption reported in the literature [21,30,31]. An ion exchange
column (Aminex HPX-87H by Biorad) and a mobile phase consisting of 1.8x10 M

sulfuric acid with a flow of 0.8 mL/min were used for the separation of reaction products.

10
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Electrolysis products from Caf degradation were identified using a HPLC-MS system
(Thermo LxQ) with a C-18 (150 x 4.6 mm) column. The low molecular weight organic

acids were identified by HPLC analysis using the same equipement described before.

3. Results and Discussion

3.1. Statistical analysis and optimal conditions for pollutants degradation

In order to elucidate the importance of the different parameters and to determine the
optimal experimental conditions for efficient oxidation by Fenton-like reaction, the Box-
Behnken design (BBD) model was used.

The experimental design for calculating the percentage of the pollutants conversion (Y,
Eq.1), as the response of the design experiments with three variables - type of the catalyst,
temperature and concentration of hydrogen peroxide - chosen for optimization the
degradation of pollutants by Fenton-like reaction (Table 1) were performed with three
central replicates. Table 2 provides the matrix for predicting the number of experimental
runs to obtain responses in terms of tartrazine (Tar) and caffeine (Caf) conversions, with
the number of the optimized factors k equal three variables and C, is the central value
using equation 2, where a total of 15 experiments were performed [26,27]. The results

corresponde to the combined effect of three factors in their specified range.

N=2xkx((k-1)+C, (Eq. 2)

11
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Table 2: Box-Behnken design for the three independent variables with the conversion

(%) of the compounds.

Experiments catalyst T(°C)  [H20:] (mM) Xrar (%) Xcat (%)
1 1 30 90 17.47 21.57
2 3 30 90 62.98 36.15
3 1 50 90 27.08 32.06
4 3 50 90 96.58 51.03
5 1 40 45 20.01 25.29
6 3 40 45 85.46 41.16
7 1 40 135 3351 30.22
8 3 40 135 96.82 45.12
9 2 30 45 31.21 30.93
10 2 50 45 40.66 43.04
11 2 30 135 45.75 29.15
12 2 50 135 65.60 42.27
13 2 40 90 53.83 34.97
14 2 40 90 54.40 35.34
15 2 40 90 53.37 35.50

The analysis of variance (ANOVA) findings was carried out to evaluate the validity of
the statistical model testing (Table S1). In ANOVA, the most parameters tested to assess
the model validation are the ratio values of model’s mean-square, the F-values signified
and the confidence interval P-values of model terms were computed at 95 %, which means
that P- value < 5% insured the model’s significance. Hence, the higher F-values (67.67
% for Tar and 27.05 % for Caf conversion), in addition to the low p-values (< 0.001) for
both the pollutants, confirm that the statistical validation was of high significance.
Moreover, the values of correlation coefficients (R?) were very high (Tar: R? = 0.9919
with Adj R?=0.9772 and Caf: R?=0.9799 and Adj R?=0.9436, Table S1), demonstrating

that the application of the developed model is well fitted to the experimental values and

12
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highly predictive [34]. Furthermore, the results illustrated in Figure 1a (Tar) and 1b (Caf)
revealed high correlation between the predicted and the experimental values of Tar and
Caf conversions, respectively, indicating that the model is suitable and has a good

performance for the response of both pollutants degradation.

100 60

80
50 |

60 |

40 |

Predicted values
Predicted values

30 |

20

I \ I I I
\ \ \ \ I \
0 20 40 60 80 100 20 30 40 50 60

Observed values Observed values

Figure 1. Predicted values versus actual model values for (a) Tar and (b) Caf.

Accordingly, the second order polynomial relation that allowed also the determination of
the regression between the three different factors and the response Tar (Y1) and Caf (Y2)
conversion was expressed by equations 3 and 4:
Y1=53.88 + 30.47X; + 9.06X, + 8.04Xs + 6X1X2 - 0.5361X1 X3 +
2.6X2X3 + 5.15X4% - 8X,? - 0.0728X5 (Eq. 3)

In the Tar degradation, the most important factor is the catalyst type, and the interaction
between catalyst type and H202 concentration is not important in this case.

Y,=35.27 + 8.04X; + 6.33X; + 0.7925X3 + 1.1X1 Xz - 0.2425X1 X3 +

0.2525X,Xs - 0.4838X,? + 0.4163X,° + 0.6612X3? (Eq. 4)
For Caf degradation, it seems that the H202 concentration is not important compared to

other factors.

13



1 Three dimensional (3D) response surface plots (RSP) for Tar and Caf degradation versus
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temperature in order to achieve the best compromise for a better degradation [20,35,36].
Figures 2B (Tar) and 2E (Caf) show the effect of the initial concentration of H202 on the
pollutants degradation and, when changing the concentration from 45 to 135 mM, the
differences observed had similar influence on the reaction rate. Among the three catalysts
used, LaFeNaY, LaFeClaym and LaFeZSM5, RSP indicate that the conversion rate
reaches the best results with the catalyst LaFeZSMD5, after 180 min and 300 min for Tar
and Caf, respectively (Figures 2A (Tar) and 2D (Caf)). Remarkably, the performance of
the catalysts for both pollutants decreases in the order: LaFeZSM5 > LaFeClaym >
LaFeNaY.

Table 3 shows the optimal conditions determined by using the Box-Behnken design for

obtaining the maximum pollutants’ degradation by Fenton-like oxidation.

Table 3. Predicted and experimental values of Tar and Caf conversion under optimal

conditions.
Optimum Experimental
Coded
Factor Value combination of the validation of the
factor
model (X, %) model (X, %)
X1 catalyst LaFeZSM5 Xtar Xcaf Xar Xcaf
X2 T (°C) 40
96.56 50.66 96.60 51.00
X3 [H202] (mM) 90

X = conversion in percentage

The most efficient catalyst was LaFeZSM5 with a predicted degradation of up to 96.6 %
of Tar and 51.0 % of Caf, after 180 min and 300 min, respectively, under the following

experimental conditions: initial concentration of pollutant, 30 ppm, pH 3, H20:

15
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concentration, 90 mM and T = 40°C. These results demonstrate that the response surface
methodology can be helpful as a tool to optimize the experimental conditions for the
degradation of pollutants mediated by Fenton-like process.

The introduction of the metal ions by ion-exchange method does not seem to affect the
morphology of the supports, as shown by scanning electron microscopy (SEM) images

(Figure 3).

X5.000 5 um X10.000 1pm | —

X10.000 1pm =—— X10.000 1 pm =—

Figure 3. SEM images of a) Claym (x5.000), b) LaFeClaym, c) ZSM5 zeolite and d)

LaFeZSMS5 with the same resolution (x10.000).

The heterogeneous catalysts present the same morphology of the pristine supports and

keep the same average particle size, indicating that the ion-exchange method is

appropriate. The presence of La and Fe species in the LaFe-bimetallic catalysts was also

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

investigated by energy-dispersive X-ray (EDX) analysis, which confirms the presence of
these metal species in the LaFe-bimetallic catalysts (Figure S1).

The amount of La still present in the solution after the ion-exchange process was
quantified by ICP-AES in order to evaluate the amount of metal loaded by the difference
between the initial and the final concentration. The results show that only 15 % and 30 %
of the initial concentration of La was ion-exchanged in ZSM5 and in Clayw, respectively,
while 99 % of La was ion-exchanged in NaY. The difference in La loading between the
two zeolite-based samples is mainly due to the higher Si/Al ratio of ZSM5 compared to
NaY, which results in a lower ion exchange capacity of the former zeolite. ICP-AES
analyses performed on the solid catalysts to determine their chemical composition (Table
S2 and S3) confirm the low La content for LaFeZSM5 (0.0011 wt%) with respect to
LaFeNaY (0.18 wt%), whereas equal Fe contents are detected (0.26 wt% for LaFeZSM5
and LaFeNaY). Noteworthy, a decrease in the Si/Al ratio can be observed for the ion-
exchanged NaY samples, which suggests that the acidic medium affects the FAU
structure. In the case of the clay-supported catalyst, a low amount of La is ion-exchanged
(0.003 wt%), while the amount of Fe seems to be not affected by the ion exchange
procedure, being equal to 5.87 and 5.94 wt% for LaFeClaym and Claywm, respectively.
The intermediary catalytic behavior of LaFeClaym determined by the BBD model could
be ascribed to the low amount of La and to the presence of iron most probably in the form
of iron oxide. It is common sense that the nature of acidic sites in clays is different from
those of metal oxides and zeolites [37]. In the binary acid-base CaO-La203 catalyst, the
different La species affect the catalytic properties, where the surface lattice oxygen in the
lanthanum oxide is attributed to the Lewis base sites and the metal ions La®*" are Lewis
acid sites [38]. Clay materials have higher amounts of Lewis than of Brensted acid sites,

so they have a lower acidity than zeolites, despite being higher than NaY. This fact could
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also be ascribed to the larger amount of iron present in the natural clay, 5.87 wt% for
LaFeClaywm, as well as to the presence of other metals, Ti (0.46 wt%) and Mg (0.71 wt%).
The lower activity of LaFeNaY could be assigned to the desalumination of the zeolite and
to the different acidic behavior of NaY zeolite. Both pristine zeolites present Brgnsted
and Lewis acid sites characteristic of these structures with a different sites strength
distribution: 97 % of weak sites, 2 % medium sites and only 1 % of strong sites were
assessed to NaY:; in the case of ZSM5, the distribution was 46.5 % of weak sites, 48.2 %
medium sites and 5.3 % of strong sites [39]. The higher number of strong and medium-
strength acidic sites of ZSM5 (53.5 %) enhances its performance compared to NaY (3 %)
and to the natural clay [40]. The improved efficiency of LaFeZSM5 could be attributed
to the fact that the presence of La species together with Fe species contributes to the acid
properties in the catalyst system. In addition, the presence of the iron(l11) extra framework
increases the catalytic activity of the ZSM5 [41] as show by Fourier transform infrared
(FTIR) spectroscopy analysis. The typical bands of the pristine supports (Figure 4)

dominate all the FTIR spectra of the prepared catalysts.
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Figure 4. FTIR spectra of a) Claym and LaFeClaym; b) NaY, LaNaY, FeNaY and

LaFeNaY and c) ZSM5, LaZSM5, FeZSM5 and LaFeZSMD5.

In the case of Clayw, the band at 3625 cm™ is assigned to the -OH stretching vibration of
the structural hydroxyl groups; the band at 1035 cm™ is due to the in-plane bending
vibration of Si-O-Si and the bands at 920, 885, 850 and 520 cm™ are attributed to the
stretching vibrations of (Al, Al, O)-OH, (Al, Fe, O)-OH and (Al, Mg, O)-OH, which are
due to the OH groups on the edge of the clay platelets, and to the bending vibrations of
Si-O-Al, respectively [42,43]. After the metal ion-exchanged, the bimetallic catalyst
displays the same absorption bands at identical position (Figure 4a), which confirm that
the amount of lanthanum does not affect the clay structure, in agreement of SEM analysis.
For the zeolite samples, the bands in the range 3700-3000 cm™ are ascribed to surface
hydroxyl groups, while the characteristic 5(H20) vibration mode of absorbed water
corresponds to the band at 1640 cm™. Furthermore, the bands ascribable to the lattice
vibrations associated with the structures are identified in the spectral region between 1300
and 450 cm™ [42,44]. The monometallic and bimetallic catalysts prepared with NaY

(Figure 4b) and ZSM5 (Figure 4c) exhibit similar absorption bands as of the pristine
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supports, suggesting that the metals ion-exchanged do not affect the zeolite structures.
However, the band at 1440 cm™ in both NaY and Claym supports disappeared after metal
ion-exchanged in the catalysts, which could be ascribed to the presence of metal species
in the catalysts structure (Figures 4a and 4b).

Noteworthy, the absence of a band at 710-700 cm™ in the FTIR spectrum of LaFeZSM5
(Figure 4c) is attributed to a migration of the Fe ions from the framework to extra-
framework positions [41]. The presence of La and Fe species ion-exchanged on ZSMD5,
together with the acidity behavior of the zeolite endorse the Fenton-like oxidation for
degradation of Tar and Caf pollutants.

From TPR analysis (data not shown), a profile similar to that of the pristine support was
detected for the bimetallic LaFeClaywm catalyst, with a broad reduction peak centered at
630 °C, indicating that the presence of La®*" does not affect the clay framework. However,
the bimetallic catalysts prepared with zeolites do not display any reduction peaks, due to
the lower amount of the metal species ion-exchanged and their good dispersion into the
zeolite structures. A similar behavior was observed for heterogeneous catalysts prepared
with palladium ion-exchanged in NaY zeolite [45].

N2 adsorption/desorption isotherms acquired at -196°C for the heterogeneous catalysts
are described in Figure S2, where those of the pristine supports are also reported for
comparison. According to the IUPAC classification, both Claym and the bimetallic
catalyst present a Type Ilb isotherm with a hysteresis loop, characteristic of clays with
mesoporous nature [46]. Type | isotherms typical for microporous solids are shown by
all the zeolite-based catalysts; however, the presence of some mesoporosity, especially in
the case of ZSM5 and the derived catalysts, is highlighted by the appearance of hysteresis

loops [47]. The resulting textural parameters are summarized in Table 4. It can be
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observed from the figures that, whatever the support, the addition of La and/or Fe does

not modify the shape of the original isotherms.

Table 4. Physicochemical properties of the parent supports and the samples.

SBeT Viotal Smeso Vmicro Vmeso
Samples
(m’fg)*  (em®fg)° (mflg)®  (em¥g)®  (cm®lg)°

Claym 23 0.039 23 0 0.039
LaFeClaym 22 0.043 22 0 0.043
NaY 792 0.378 19 0.340 0.038
FeNaY 623 0.344 87 0.222 0.122
LaNaY 536 0.256 88 0.106 0.150
LaFeNaY 586 0.272 83 0.208 0.064
ZSM5 401 0.260 185 0.091 0.169
FeZSM5 347 0.197 141 0.087 0.110
LaZSM5 355 0.203 174 0.076 0.127
LaFeZSM5 347 0.201 127 0.091 0.110

aSurface area calculated from the BET equation; °Total pore volume determined from the
amount adsorbed at P/P, = 0.95; “External surface area and micropore volume calculated by the

t-method; “Mesopore volume calculated by the difference Viota-Viicro. [48].

As expected, both the BET surface area (Sset) and pore volume (Viotar) Of clays are much
lower compared to those of zeolites, whose values are almost unaffected after the addition
of La. On the other hand, a decrease in such parameters can be observed for the ion-
exchanged catalysts in comparison with the pristine support, for both the NaY- and
ZSMb5-based samples. Noteworthy, in contrast with the ZSM5-based ones, the addition
of La and/or Fe leads to an increase in Vmeso, for the NaY -supported samples, particularly

evident for the monometallic ones.
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3.2. Pollutants degradation by Fenton-like oxidation with LaFeZSM5

The validation of the optimized experimental conditions was performed in order to verify
the values predicted by the mathematical model. For that, ZSM5, LaZSM5, FeZSM5 and
LaFeZSM5 were used as heterogeneous catalysts to check their performance in the
degradation of the pollutants under the optimized experimental parameters. The influence
of H20: as the oxidant in the presence of pollutants was also evaluated.

Figure 5 shows the catalytic results for the Fenton-like oxidation for Tar (Figure 5a) and
Caf (Figure 5b), using 0.8 g/L of catalysts, which are in significant agreement with the

theoretical values indicated by the model.
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Figure 5. Conversion of a) Tar and b) Caf versus reaction time over H202 (red curves),
ZSM5 (blue curves), LaFeZSM5 (green curves), LaZSM5 + H202 (orange curves),

FeZSM5 + H20:2 (violet curves) and LaFeZSM5 + H202 (black curves).

Control tests carried out in the presence of only hydrogen peroxide (H202 — red curves),
the pristine zeolite (ZSM5 — blue curves) or the LaFeZSM5 catalyst (green curves)
showed neglegible conversions of both Tar and Caf.

When H202 and the heterogeneous catalysts are simultaneously present, remarkably
improved performances are obtained, proving that the reaction follows a typical Fenton-
like process. For both Tar and Caf compounds the degradation by Fenton-like oxidation
in the presence of the heterogeneous catalysts follows the same trend (LaZSM5 <
FeZSM5 < LaFeZSMS5). Concerning the monometallic catalysts, higher conversions are
shown for FeZSM5 (violet curves) in comparison with LaZSM5 (orange curves), with
much more notable differences in the case of Tar. This is not surprising since iron is a
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crucial metal for Fenton reactions, as already reported in other works [15-
17,20,35,36,49,50]. Interestingly, for both pollutants, the catalyst LaZSM5 (orange
curves) shows comparable conversions with 34.7 % and 40.1 % for Tar and Caf,
respectively. By converse, remarkable differences in the degradation of the two pollutants
are observed in the presence of the bimetallic catalyst. Indeed, 96.6 % of Tar was
degraded after 180 min of reaction, with a mineralization efficiency of 45.5 %, whereas
only 58 % of Caf was converted after 300 min, with a comparable degree of
mineralization, 47.0 %. The highest conversion values are obtained with the LaFeZSM5
catalyst, indicating that the synergistic effect of the two metal ions together with the acid
properties of ZSM5 allow the optimal combination for achieving the best catalytic
performance, especially in the case of Tar.

The stability and reusability of the best catalyst in the Fenton-like degradation of Tar and
Caf were studied during four cycles and at the end of each cycle TOC was quantified
(Figure 6). Figure 6a depicts that the bimetallic catalyst is very stable in the case of Tar,
with conversions above 96 % and important mineralization efficiencies of 45.5 %
preserved during the four cycles. On the other hand, LaFeZSM5 loses its activity in the
degradation of Caf, whose conversion decreases significantly after each reaction cycle
(Figure 6b). However, the Xcar/ TOC ratio remains almost constant during the reusability
test, varying between 1.10 (1° cycle) and 1.25 (4° cycle), indicating that the catalyst
maintains its mineralization capacity despite the worsening of the degradation
performance.

FTIR and SEM/EDX analyses of the catalyst were performed after the fourth cycle of the
reusability tests in the degradation of both Tar and Caf. FTIR spectra of LaFeZSM5

before and after the last recycling tests are very similar to that of the pristine zeolite,
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demonstrating the stability of the catalyst during the Fenton-like degradation (Figure 6c)
and indicating that the structure of the catalyst is preserved during such reaction.

After Tar degradation, EDX analysis confirms the absence of leaching phenomena for
both La and Fe metal ions. In the EDX spectrum of LaFeZSM5 after Caf degradation
(Figure 6d), only iron is detected, probably La is leaching. The loss of the La ions could
explain the decrease in the Caf oxidation activity of LaFeZSMS5, while it does not seem

to affect the mineralization efficiency, as suggested by the constant value of the Xcat/ TOC

ratio.
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Figure 6. Conversion and TOC percentages during the consecutive degradation cycles
for Tar (a) and Caf (b) over LaFeZSM5; FTIR (c) and (d) EDX spectra at the end of the

last cycle of Caf.

At the end of the Tar degradation, no leaching of La or Fe was detected (within the
experimental error), revealing that the LaFeZSM5 are stable. However, after Caf
degration only Fe was detected in agreement with EDX analysis.

Electro Fenton-like oxidation was carried out in the degradation of caffeine without using
hydrogen peroxide at room temperature. The cyclic voltammetry (CV) recorded at a scan
rate of 100 mV.s™ in the absence of Caf (black lines) and in the presence of Caf (red lines)
is displayed in Figure 7a and b. In the absence of Caf, two redox processes were
identified: one recorded at -0.30 vs. SCE and another at 0.56 V vs. SCE. These values are
related to the different metal species, the first one probably attributed to the La(0)/La(lll)
couple while the second one is attributed to Fe(11)/Fe(l1l) couple [24,41,51].

The presence of La species in the La-mordonite electrode was also studied by X and
al. the authors mentioned that enhances the oxidation process and a reproducible anodic
and cathodic peak ascribed to Fe(CN)s>/Fe(CN)s* redox couple at the surface of the
electrode (0.17/0.30 V vs. SCE) was observed, proving that La species are available for
the redox processes [51].

The oxidation of Caf (100 ppm) starts at 0.8 V vs. SCE corresponding to potential values
higher to that onserved for Fe(l11)/Fe(ll) redox couple, suggesting that the presence of
both metal species, specially Fe(lll) species, on the electrode surface improves the
oxidation of the compound. The cyclic voltammetry (CV) at the end of the electrolysis

(during 90 min) of Caf over LaFeZSM5 modified electrode in Na2SQO4 (0.1 M) recorded
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with a scan rate is 100 mV.s*, suggests that the modified electrode keeps its redox

process, showing the stability of the electrode (Figure 7c).
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Figure 7. Cyclic voltammograms (A, B) of LaFeZSM5 modified electrode recorded at
100 mV/s in the absence of Caf (a) and in the presence of Caf (100 ppm, b); (C) at the
end of the electrolysis of Caf (100 ppm) at the LaFeZSM5 modified electrode in Na2SOa4

(0.1 M).

The electrolysis of Caf (100 ppm) on the LaFeZSM5 modified electrode at 2.0 V vs. SCE
at room temperature, shows that the degradation of the pristine compound after 90 min
achieves 62.4 % of conversion with 20.8 % of mineralization (Figure 8). Our results show
that the electro Fenton-like oxidation increases the degradation of Caf compared with the

Fenton-like reaction (51 %, 30 ppm).
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Figure 8. The evolution of the conversion of Caf in the LaFeZSM5 modified electrode.

Identification of the products during the electrolysis was carried out by HPLC-ESI/MS
analysis, since the initial concentration of Caf was 100 ppm, for better resolution. Such
analysis allowed several compounds deriving from the degradation product of Caf and to
suggest the formation of the intermediate products up to mineralization. The formation of
the intermediate compounds during Caf degradation confirms that the oxidation was
promoted by the electro-generation of the oxygenated radical species [42]. In both
Fenton-like processes, the oxidant agents are the OH*® radicals, which are responsible for
the formation of the compounds identified up to the mineralization. 8 intermediates were
identified in the products of the eletrolysis, in which the C1, C2, and C3 compounds are
aromatic, while the C4 to C7 compounds are aliphatic. The molecular weight and the
structural formula of the identified products are presented in Table S4, and their ESI/MS

spectra are displayed in Figure S4.
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Some of these compounds were described in the literature concerning the degradation
pathways pathways of caffeine over Co-MCMA41 [52]. The identified compounds and the
different pathways are due to the presence of OH® and SO4* radicals, which are
responsible for the attack to the N=C double bond of the purine structure of the Caf
molecule [14,52].

A catalytic degradation pathway of Caf at LaFeZSM5 modified electrode could be
proposed taking into account the compounds C1, C2, C3, C4, the low molecular weight

organic acids, and the mineralization (Figure 9).
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Figure 9. Proposed pathways for Fenton-like degradation of Caf molecule by LaFeZSM5.

Two pathways are proposed. Pathway 1 is comparable to one of the pathways described
in [52]. The compound C1 is similar to the hydroxylated form of the 1,3,7-trimethyluric
acid, which contains two additional oxygen atoms over the Caf molecule [52]. In pathway
2, a new compound is proposed, C2, coming from the loss of a methyl group in the Caf
molecule. Both pathways lead to C3, known as a biological metabolite of Caf [52], which

is produced from C1 and C2. C3 is obtained from pathway 1 by the loss of OH and
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protonation of N atoms, CO and methyl group. The same product is obtained from the
pathway 2 by the attack of the OH* radicals to the C=C bond. The generation of carbonyl
groups leads to the opening of the six-member ring C3 [52] with the formation of C4 that,
following the total opening of the ring, evolves towards the low molecular weight organic
acids (Table S4). These acids, identified as tartronic acid, oxamic acid, oxalic acid and
propionic acid by HPLC analysis, continue to suffer attacks from the radicals up to the

mineralization.

4. Conclusions

Three heterogeneous catalysts based in lanthanum(I11) and iron(l1l) ions ion-exchanged
on two zeolite structures and a natural clay from Morocco were evaluated in Fenton-like
processes in order to degrade two pollutants in water, tartrazine (Tar) and caffeine (Caf).
The effect of different experimental parameters on both pollutants degradation was
determined by Box-Behenken design and high catalytic efficiency was obtained with 96.6
% and 51.0 % degradation of Tar and Caf, respectively, in the presence of LaFeZSM5.
For the best catalyst, higher mineralization rates were obtained in Fenton-like oxidation
with 45.5 % for Tar and 47.0 % for Caf. The degradation of Caf was improved by electro
Fenton-like oxidation with 62.4 % of Caf conversion after 90 min over the modified
LaFeZSM5 electrode. The higher conversion obtained in this work by Fenton-like
processes for the degradation of pollutants in water highlighted the importance of the

validation of the optimized experimental conditions by mathematical models.
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Highlights
e LaFe-zeolite catalysts were prepared by ion-exchanged method.

e Tartrazine and Caffeine were oxidized by Fenton-like over the heterogeneous

catalysts

e Box-Behnken design was ideal to find the best degradation conditions.

e LaFeZSMS5 is the utmost catalyst for Fenton-like and electro-Fenton oxidation.
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