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ABSTRACT: The kaolinite-coating laterite (B catalysts) was used for the efficient degradation of methylene blue (MB) from aqueous
solution. Heterogeneous Fenton catalytic oxidation experiments of B catalyst were investigated by changing the effective factors such as
amount of laterite and amount of kaolinite. To that end, four (4) types of B catalysts were made: (i) BO catalyst (50% kaolinite + 50%
uncalcined laterite); B1 catalyst (50% kaolinite + 50% laterite calcined at 600°C), B2 catalyst (30% kaolinite + 70 % laterite calcined at 600°
C) and B3 catalyst (100 % kaolinite + Iron solution from laterite). The result showed that B2 catalyst exhibits the highest performance
with a MB degradation percentage (77%) after 100 min. For analyzing the performance of B2 catalyst, the effects of B2 catalyst amount,
pH, and hydrogen peroxide (H202) were also studied at 100 min. Kinetic studies were also carried out in this experiment. The results
indicated that more than 90% of decolorization was achieved with 60g of B2 catalyst at pH acidic (2 to 3). Moreover, higher MB
degradation (< 90%) was reported at the presence of H.02 and B2 catalyst in the reactor. However, only 14% of MB was adsorbed in the
presence of H202 and without B2 catalyst. On the other hand, it was observed that second- order kinetics (R2>0.90) was well fitted in the
MB degradation process. Considering the above, kaolinite-coating laterite (B2 catalyst) could be used as efficient, cheap, and eco-friendly
catalytic oxidation material for the degradation of MB in aqueous solution.
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1 INTRODUCTION

During the past two decades, new regulations concerning bio-recalcitrant pollutants have become necessary given the increased
risks to public health and the environment [1]. The bio-recalcitrant compounds that accumulate in water and bottom sediments affect
aquatic biota and the overall ecological equilibrium. Thus, several processes such as reverse osmosis precipitation/coagulation and
membrane filtration have appeared in order to limit pollution. These techniques are often effective but their high cost prevents their
implementation in developing countries. However, the biological processes are not applicable if the effluents to be treated contain non-
biodegradable substances or substances which are inhibitory or toxic for the microorganisms and plants used. In addition, conventional
physicochemical processes make it possible to compensate for these shortcomings either by completely replacing purification by
biological means or by complementary treatment [2]. The Advanced Oxidation Processes (AOPs) is presented as a clean alternative
technology among these physicochemical processes [1]. The research that began in the early 1970s and 1980s led to numerous AOPs as
ozonation, sonolysis, photocatalysis, Fenton and photo-Fenton processes [3]. AOPs is transformed them into less toxic and/or more easily
biodegradable compounds or modifying their characteristics (mobility, toxicity), before possible biological treatment [4]. Among AOPs,
Fenton process and its modifications proved effective in the degradation of wide range of bio-recalcitrant compounds present in high-
strength wastewater ([5], [6]). The Fenton process is a widely studied and used catalytic method based on the generation of hydroxyl
radicals (HOe) from hydrogen peroxide (H202) with iron ions acting as homogeneous catalyst at acidic pH and ambient conditions [7].
Various types of solids have been considered as heterogeneous Fenton catalysts (i.e. synthetic catalysts and natural catalysts) for the
degradation of organic pollutants [8]. Both economic and environmental standpoints and scientific understanding of the complex
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catalytic mechanisms underlying the heterogeneous Fenton process, the use of natural catalysts are gaining increasing attention of
several researchers ([6], [9]). In this order, clays and iron minerals, like laterite have been proposed as a promising alternative to synthetic
catalysts for the decontamination of sediments and wastewater effluents due to their low cost, abundance and eco-friendly nature ([6],
[10]). Indeed, laterite is an important natural source of iron widely available in tropical zones ([11] and has considerably low cost, is
nontoxic for the environment and exhibits a relatively high thermal and chemical stability [12]. Several researches reported that the
laterite was as a source of iron for Fenton processes used for degradation of recalcitrant pollutants in wastewaters and groundwater ([6],
[13], [14], [15]). However, several disadvantages arise in its practical application of the classical Fenton process, which are (i) the restricted
operational pH range centered around 3 and (ii) the generation of a high amount of iron sludge ([5], ([16]). Indeed, this iron sludge limits
the recycling process for further oxidation studies and it requires proper disposal technique or consolidation [17]. This can be overcome
by the application of bender like kaolinite for heterogeneous Fenton processes using laterite. In this case, the aim of this study was to
design the heterogeneous Fenton processes using laterite and kaolinite as bender elements consolidation (B catalysts) for Methylene
Blue (MB) degradation. The first objective was to determine the best B catalyst ratio (laterite + kaolinite) for the MB degradation.
Afterward, the effect of best B catalyst ratio amount, pH, and H.02 on MB degradation were also investigated. On the other hand, the
kinetic parameters of MB degradation were studied.

2 MATERIAL AND METHODS
2.1 CoLLECTION AND PREPARATION OF CATALYSTS MATERIALS

Laterites and kaolinite used in this work come from Sinematialy (North) and Bingerville (South) in Cote d'lvoire, respectively. In order
to formulate the laterite and kaolinite, these samples were crushed separately and then dried for 72 hours at room temperature. The
ground materials were sieved to collect powders with a granularity of less than 250 um, and which were used to prepare the different
catalyst beds. The sieved ground materials (laterite + kaolinite) mixed in distilled water to obtain spherical pellets (B catalysts) of 1 cm in
diameter, as shown in Fig. 1. Four (4) types of B catalysts were designed:

i) BO catalyst: 50% kaolinite + 50% uncalcined laterite;

ii) B1 catalyst: 50% kaolinite +50% laterite calcined at 600°C;
iii) B2 catalyst: 30% kaolinite + 70 % laterite calcined at 600° C;
iv) B3 catalyst: 100 % kaolinite + Iron solution from laterite.

The last type of spherical powder pellets (B3 catalyst) was obtained from 100 ml of the iron solution obtained with the laterite, which
was introduced into a container containing 300 g of kaolinite powder. Moreover, the spherical pellets (B3 catalyst) were calcined at 600°C
in order to great accessibility of the iron oxides.

Fig.1.  Bcatalyst (spherical pellet laterite + kaolinite)
2.2 CATALYTIC EXPERIMENTS
221 CHARACTERISTICS OF UV-VIs SPECTRUM OF MB IN AQUEOUS SOLUTION
In order to obtain the maximum absorbance, 150 mL of MB (8.70 mg/L) was subjected to a spectral scan from 380 to 710 nm. On

the other hand, the degradation of MB in contact with laterite (50 g) was observed over time. Solutions were taken at different time
intervals and analyzed with a UV-Vis spectrophotometer Hach DR 5000.
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2.2.2 MB DEGRADATION CAPACITY OF DIFFERENT B CATALYSTS

The different experiments were performed at room temperature. MB degradation were carried out in 150 mL Erlenmeyer flasks. 50
g of each type spherical pellet (BO catalyst, B1 catalyst, B2 catalyst, and B3 catalyst) was added with 100 mL MB solutions at concentration
of 15.80 mg/L during 100 min. The different tests were performed at pH 3, ratio [H20;] / [Fe?*] at 15. 8 mol/L amount of 50% hydrogen
peroxide (50% H20:) solution was added to initiate hydroxyls radical formation by Fenton reaction. The supernatants were taken each
25 min to monitor the variation of MB concentration. The supernatant absorbance was measured at 663 nm, using a UV— vis
spectrophotometer and then, their MB concentration was calculated with a calibration curve. The MB degradation efficiency was
calculated by using Equation 1:

[BM] o— [BM] ¢
[BM] o

R(%) = X 100 (1)

where [MB] oand [MB] +is the initial and at any time “t” concentration of MB in mg/L.

Afterward, the effect of different experimental parameters such as mass of B catalyst ratio, solution pH, and H202 concentration on
percentage removal of MB was also investigated. Each experiment was performed for 100 min and the samples were collected at an
interval of 25 min to monitor the variation of MB concentration.

2.23 EFFECT OF AMOUNT VARIATION ON IMB DEGRADATION

The effect of amount of B2 catalyst on the degradation of MB was tested by different amounts of B2 (20, 30, 50, 60, 70, 80 and 90 g),
and adding 1.5 mL 50% H.0; and 150 mL of MB solution (8.70 mg/L) at pH 3.0, during 100 min. The initial pH of MB solutions was adjusted
to 3 by using 0.1 M NaOH or 0.1M HCl solutions, and ratio [H202] / [Fe?*] = 15. The BM degradation percentage was calculated according
to equation 1.

224  EFFECT OF PH ON MB DEGRADATION

pH is an important parameter in a Fenton process: the stability of H.02 depends on pH. Concerning pH effect on M B degradation,
the reaction medium was composed of 150 mL MB solution (8.70 mg / L), 60 g of B2 catalyst, and ratio [H202] / [Fe?*] = 15. pH was varied
as 2.00, 3.00, 7.00 and 10.00, respectively, using 1 N NaOH and 1 N H2SO4 solutions. The MB degradation percentage was also calculated
according to equation 1.

2.25 EFFECT OF H202 ON BM DEGRADATION

In a Fenton process, hydroxyl radicals are produced with the help of H202 and catalyst containing iron. This experiment was carried
to evaluate the effect of H202 on removal of MB. In this case, three (3) tests were performed: MB solution + H20> solution (E1), MB
solution + H20> solution + B2 catalyst (E2), and MB solution + B2 catalyst (E3). Each experiment medium was contained 8.70 mg/L of MB
solution, pH at 2, and ratio [H202] / [Fe?*] = 15. The removal rate of MB was calculated by using Equation 1.

2.2.6  KINETIC STUDIES
Two (2) kinetic models were used to apprehend the performance of the B2 catalyst and the mechanisms of the MB degradation:
e Pseudo-first (1%) order kinetics (Equation 2)

v= — B _ e (2)

dt

We obtain by integration (with C = Co at t = 0) only for pseudo-first order kinetics:

l ¢_ kt
an_

Where Coand Cis the initial and at any time “t” concentration of MB (mg/L), and k is the rate constant (minl).
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e Pseudo-second (2") order kinetics (Equation 3)

d?c
V = - F = kappCz (3)

We obtain by integration (with C = Co at t = 0) that for pseudo-second order kinetics:

= kt

1
Co

=

Where Coand Cis the initial and at any time “t” concentration of MB (mg/L), and k is the rate constant (min).
3 RESULT AND DISCUSSIONS
3.1 Uv-Vis SPECTRUM OF MB IN AQUEOUS SOLUTION

Fig. 2 depicts the spectral evolution of the MB solution during Fenton oxidation using raw laterite. The dye spectrum is characterized
by one band in the visible region located at 600 and 700 nm, with a maximum located at 663 nm. [18] also reported that similar band in
the visible region was observed at 664 nm originating from an extended chromophore, comprising aromatic ring during Fenton-like
degradation of MB using paper mill sludge-derived magnetically separable heterogeneous. The absorbance peaks in in the visible region
is due to the chromophore-containing azo linkage [19]. On the other hand, this disappearance indicates the destruction of the
chromophoric groups responsible for the color conjugated system) and the UV absorption ([6], [20]). Besides, the degradation intensity
of the dye MB solution decreased with time in the presence raw laterite as catalyst. Moreover, the maximum MB degradation was
observed at 100 min reaction time (Fig. 2b). Then, 100 min reaction time was used for the following experiments of MB degradation
process in this study.
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Fig. 2. (a) UV-Vis absorption spectra of MB solution; (b) UV-Vis absorption spectra during MB Fenton degradation using raw laterite
3.2 DEGRADATION CAPACITY OF DIFFERENT B CATALYSTS

The performance of different B catalysts (spherical pellets laterite + kaolinite) on the MB degradation are presented in Fig. 3. After
100 min reaction time, the MB degradation rate was 77%, 76 %, 73%, and 51 % for B2 catalyst, BO catalyst, B1 catalyst and B3 catalyst,
respectively. The result showed that B2 catalyst (30% kaolinite + 70% laterite calcined at 600° C) exhibits the highest performance with a
MB degradation rate of 77% after 100 min of treatment at room temperature. It can be explained due the increase the amount of free
iron oxides available at the surface of the catalyst during the raw laterite calcination. Indeed, the calcination is an option to improve the
catalytic activity of every solid catalyst, as clays [21], and laterite [6]. In addition, this experiment showed that the best ratio spherical
powder pellets for MB degradation was B2 catalyst (30% kaolinite + 70 % laterite calcined at 600° C), which was considered in the
subsequent experiments to optimize other parameters.
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Fig. 3. MB degradation on different B catalysts. [MB solution (8.40 mg/L); [H.0,] / [Fe?*] =15; pH 3; T=25°C; reaction time= 100 min]
3.3 EFFECT OF B2 CATALYST AMOUNT VARIATION ON IMIB DEGRADATION

Fig. 4 depicts the effect of amount on MB degradation percentage. The result showed that MB removal efficiency increased B2
catalyst mass increase. With the increase in the amount of B2 catalyst from 20 to 90g, the removal efficiency of MB increased to 96.81%.
This is due to the increase of the catalytic active sites on the surface of the catalyst and the associated generated free hydroxyl radicals
[22] and availability of more iron-active sites for the decomposition of H202 [23]. This result showed that more than 96% of decolorization
was achieved with 60g of B2 catalyst, and a further increase of the of B2 catalyst mass slightly affects the MB degradation due to
agglutination of the adsorbent particles. It can be concluded that 60g of B2 catalyst has excellent potency for MB degradation among
other B2 catalysts. However, when the amount of B2 catalyst increased over 60g, the degradation efficiency did not change so much.
This phenomenon is attributed to the scavenging effect of HO® radicals during unwanted side reactions over the B2 catalyst surface,
resulting in a reduction of the availability of HO® and MB degradation efficiency ([6], [24]). This inhibition effect caused by excess catalyst
playing a role as a scavenger of OH radicals [18]. The optimized B2 catalyst amount was found to be 60g, which was considered for
subsequent experiments to optimize other parameters.
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Fig. 4. Effect of mass variation on MB degradation using B2 catalyst. [MB solution (8.40 mg / L); [H,0;] / [Fe?*] =15; T=25°C; reaction time= 100
min]

34 EFFECT OF PH ON MB DEGRADATION

Fig. 5 shows the effect of varying pH from 2 to 10 on the degradation of MB. The result indicates that the MB removal efficiencies
were higher than 90% with acidic pH (2.0 to 3.0), and reached at neutral pH (7.0). Interestingly, MB removal (95 %) at pH 2.0 was the
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most efficient heterogeneous Fenton process in this present study. The high degradation rate at acidic pH is related to producing high
amount of hydroxyl radicals in solution. This finding is in broad agreement with earlier works ([25], [26]), which indicating maximum
performance of MB removal at acidic pH. However, their studies showed that high MB removal efficiency was found at pH 3.0. In
contrast, the less efficiency for MB degradation was observed at alkaline solution (pH=10.0). In this condition, the oxide ion (O") formation
usually occurs instead of hydroxyl radicals [27], which reduces the removal efficiency. Furthermore, this removal rate inhibition occurred
due to the formation of negatively charged dye molecules and radicals ([25], [28]). On contrary, [24] reported that the maximum
degradation efficiency of MB is 100% in the pH region of 9—12 on laterite-coating manganese dioxide nanoparticle material. Based on
the obtained results while varying the pH values, pH 2 was considered as the most favourable pH for the removal of MB using B2 catalyst.
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Fig. 5. Effect of pH on BM degradation using B2 catalyst. [B2 catalyst = 60g; MB solution (8.40 mg / L); [H20,] / [Fe**] =15; T=25°C; reaction time=
100 min]

35 EFFECT OF H202 ON VB DEGRADATION

The effect of the without and/or presence H202 on MB degradation after 100 min is shown in Fig. 6. The result indicates that only
14.30% of MB was adsorbed after 100 min in the presence of H202 and without B2 catalyst (E1). The lower MB degradation confirm that
H20: itself cannot oxidize MB. This result is in good agreement with [6] for their experiment performed in the presence of H.02 and
without catalyst resulted in nearly no MB removal. This may be due to the fact that H.02 was stable at room temperature, and the
reaction rate was extremely slow without the presence of catalysts [18]. However, the MB efficiency degradation increased to reach 74.0
% with the addition B2 catalyst and without H20: (E3). This MB degradation increase is correlated with the increase of the adsorption
sites provided by B2 catalyst in this test (E3). Interestingly, the experiment (E2) performed in the presence of H,0; and B2 catalyst resulted
in higher MB degradation (91.40%). Higher MB degradation (91.40%) can be explained due of the boost HO® generated by H202 over the
B2 catalyst surface [6]. Indeed, hydroxyl radicals are produced with the help of H202 and catalyst containing iron in a Fenton process.
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Fig.6.  Effect of HO, on the heterogeneous Fenton process with B2 catalyst. [B2 catalyst = 60g; MB solution (8.40 mg/L); [H;0,] / [Fe?*] =15; pH 2,
T=25°C; reaction time= 100 min, E1 (MB + H;0,); E2 (MB + H,0; + B2 catalyst); E3 (MB + B2 catalyst)]

3.6 MATHEMATICAL MODELING OF MB DEGRADATION KINETICS

3.6.1 EFFECT OF B2 CATALYST AMOUNT

indicates the pseudo-first order and pseudo-second order kinetics parameters showing kinetics improvement with the increase of
B2 catalyst amount. Fig. 7 a b demonstrates that, the correlation coefficient R? values of < 0.9000 (e.g. R? = 0.8963 to 0.8457) for 1%t order
model, and for the 2" order model is > 0.9000 (e.g. R* = 0.9675 to 0.9947). It clearly indicates that the 2™ order degradation kinetics
model was best fitted than 1% order model. The rate constants are also significantly increased from 0.0014-0.0340 min*. The good
agreement of the data with the pseudo-second-order kinetics model suggested that chemisorptions could be the dominant mechanism
that rules the MB degradation by B2 catalyst. Contrary phenomenon has been observed in the MB degradation on laterite calcined by

[6], and which 1% order degradation kinetic was best than fitted than 2" order.

Table 1. Parameters of pseudo first order kinetic and pseudo-second kinetic model related to B2 catalyst mass for MB degradation

Pseudo-first order kinetic Pseudo-second order kinetic
B2 catahgt) amount ke (min") R? ke (min") R2 I\;I:r:i:f::::::/oo;
20 0.0064 0.8963 0.0014 0.9675 64.42
30 0.0092 0.8802 0.0025 0.9817 76.41
50 0.0187 0.9229 0.0127 0.9869 94.68
60 0.0231 0.7846 0.0227 0.9939 96.81
70 0.0246 0.8190 0.0293 0.9944 97.11
80 0.0254 0.8457 0.0340 0.9947 98.21
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Fig. 7. Plots of kinetics degradation of MB according to pseudo-first-order (a) and pseudo-second order (b) related to B2 catalyst amount

3.6.2 EFFECT OF PH ON IMB DEGRADATION
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summarizes the pseudo-first order and pseudo-second order kinetics parameters showing kinetics improvement with acidics pH (2-
3). The high value of the linear coefficient of determination (e.g. R* =0.9762 to 0.9923) as shown in Fig. 8ab and also summarized in This
result confirmed that the pseudo-second order kinetic model is best fitted than the pseudo-first order kinetic for evaluate the effect of
pH on MB degradation. On the other hand, the highest kinetic constant (K2 =0.0248 min', R%= 0.9762) of heterogeneous Fenton reaction
over the B2 catalyst was achieved at pH 2 with 95.14% MB degradation.

Table 2. Parameters of pseudo first order kinetic and pseudo-second kinetic model related to pH values for MB degradation using B2 catalyst

Pseudo-first order kinetic Pseudo-second order kinetic
pH ki(min) R? ka2 (min't) R? “::::::::::l;;‘
2.00 0.0370 0.7587 0.0248 0.9762 95.14
3.00 0.0292 0.8832 0.0135 0.9800 92.45
7.00 0.0127 0.9069 0.0113 0.9923 90.82
10.00 0.0203 0.7325 0.0058 0.9258 80.96
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Fig. 8.  Plots of kinetics degradation of MB according to pseudo-first-order (a) and pseudo-second order (b) related to pH values using
B2 catalyst

3.6.3 EFFECT OF H202 ON MB DEGRADATION

summarizes the pseudo-first order and pseudo-second order kinetics parameters showing an actual kinetics improvement with the
presence simultaneous of H202 and B2 catalyst in reactor. Similar to previous experiments, Fig. 9 a b shows that, the correlation
coefficient R? values of < 0.8500 (e.g. R%1=0.6351; R%,=0.8023; R%3= 0.8502) for 1* order model, and for the 2" order model is > 0.9000
(e.g. R%1=0.9623; R%» = 0.9771; R%3= 0.9559). It clearly indicates that the 2™ order degradation kinetics model was best fitted than 1°
order model. Moreover, the experiment performed in the presence of H.02 and B2 catalyst (E2) has highest rate constant (k2= 0.0130
min?) and highest MB degradation percentage (91.41%). It confirms that degradation of MB may be due to the hydroxyl radicals are
produced with the help of H202 and B2 catalyst containing iron in heterogeneous Fenton process.

Table 3. Parameters of pseudo first order kinetic and pseudo-second kinetic model related to H,O, for MB degradation

. Pseudo-first order kinetic Pseudo-second order kinetic MB degradation
Experiments - -
ki(min?) R? ka2 (min'?) R? percentage (%)
El 0.0019 0.6351 0.0002 0.9623 14.29
E2 0.0296 0.8023 0.0130 0.9771 91.41
E3 0.0156 0.8502 0.0034 0.9559 73.77

E1(MB +H0,); E2 (MB + H,0, + B2 catalyst); E3 (MB + B2 catalyst)
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Fig. 9. Plots of kinetics degradation of MB according to pseudo-first-order (a) and pseudo-second order (b) related to H.,O,
4 CONCLUSION

The heterogeneous Fenton catalytic oxidation experiments of kaolinite-coating laterite (B catalysts) were investigated by changing
the effective factors such as such as amount of laterite and amount of kaolinite for Methylene Blue (MB) degradation. The results showed
that B2 catalyst (30% kaolinite + 70 % laterite calcined at 600° C) exhibits the highest performance with a MB degradation rate (77%)
after 100 min at room temperature conditions. Afterward, the effects of B2 catalyst amount, solution pH, and hydrogen peroxide (H202)
were also studied at 100 min for analyzing the performance of B2 catalyst. The results demonstrate that more than 90% of decolorization
was achieved with 60g of B2 catalyst at pH acidic (2 to 3). Moreover, higher MB degradation (< 90%) was reported at the presence of
H202 and B2 catalyst in the reactor. On contrary, only 14% of MB was adsorbed in the presence of H202 and without B2 catalyst. On the
other hand, the MB degradation kinetics were performed for both pseudo-first order and second-order, it was observed that second-
order kinetic (R%0.90) was well fitted in the treatment process. Besides, mathematical models were also built for the correlation of the
kinetic constants with the pH value, H202, and B2 catalyst mass. Based on these catalytic performances, kaolinite-coating laterite (B2
catalyst) could be used as efficient, cheap, and eco-friendly catalytic oxidation material for the degradation of MB in aqueous solution.
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