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a b s t r a c t
This work deals with the study of the feasibility of landfill leachate treatment (Fez city, Morocco), 
using sequential processes combining Fenton and adsorption onto natural local bentonite clay. 
Thus, the operational conditions of the Fenton process were firstly optimized with 2,000 mg L–1 
of Fe2+ and 2,500 mg L–1 of H2O2 at pH = 3, which removed 73% of the chemical oxygen demand 
(COD) and 92% of the color from the raw leachate. Then, raw Moroccan bentonite was charac-
terized by nitrogen adsorption–desorption, scanning electron microscopy-energy dispersive X-ray 
analysis, X-ray diffraction, and Fourier transforms infrared spectroscopy. The results indicate that 
the bentonite is characterized by a heterogeneous surface with irregular particle sizes and the pres-
ence of the montmorillonite as the major component. The bentonite presented characteristics of 
mesoporous material with Brunauer–Emmet–Teller (BET) surface area and total volume of pores 
of 51.7 m² g–1 and 0.11 cm³ g–1, respectively. The natural bentonite clay was used as an adsorbent 
for the pretreated leachate (PL). The effect of adsorbent dosage, effluent pH, contact time, and tem-
perature on the adsorption efficiency was investigated. Pseudo-second-order and Freundlich were 
the most suitable models to fit the experimental kinetic and the isotherm data of the adsorption, 
respectively. Therefore, 73% of COD and 96.5% of color removal were observed in Fenton treat-
ment alone. The application of the Fenton process (2,500 mg L–1 of H2O2, 2,000 mg L–1 of Fe2+, pH 
3, and 1 h of contact time) coupled with adsorption (3 g L–1 of bentonite dosage, pH 5 and 5 h of 
contact time, and T = 35°C) has achieved a total COD and color removal of 84% and 98%, respec-
tively. This indicates that the combination process that involves Fenton followed by the adsorption 
process onto natural bentonite adsorbent would be an ideal option for leachate treatment.
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1. Introduction

In Morocco, only 10% of solid wastes are recycled, 
though, the large part is mainly managed by municipal land-
fills. However, leachate resulting from this management 
way presents major secondary pollution, because of its high 
and complex pollutants load. Therefore, the huge amounts 

of leachate present an extreme contamination risk for soil, 
groundwater, and surface water. Thus, the treatment of this 
leachate is highly required before discharging it into the 
environment.

Indeed, there has been a growing interest in devel-
oping various methods, single or combined, for leach-
ate contaminants elimination according to its age and 
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composition [1–5]. For instance, Azmi et al. [6] used sug-
arcane bagasse activated carbon as an adsorbent to reduce 
83.61% of COD from anaerobic stabilized landfill leachate. 
A study by Assou et al. [7] indicated that the coagulation–
flocculation process by FeCl3 and Al2(SO4)3 reached 67% 
and 60%, respectively, in terms of the COD yields. Anoxic 
aged refuse-based bioreactor (ARB) for biological leach-
ate pretreatment studied by Hassan et al. [8] allowed a 
COD removal of 72%. Li et al. [9] assessed the treatment 
of landfill leachate which achieved 85% COD removal 
using electrocoagulation. The chemical oxidation by S2O8

2–/
Fe2+/UV-A removed 70% of COD from stabilized landfill 
leachate. Cherni et al. [11] noted that the application of 
the photocatalytic process with TiO2/Ag nanocomposite 
to removes 70% of COD from Tunisian landfill leachate.

Moreover, many other studies reported a high per-
formance of the Fenton process for leachate treatment, as 
one of the advanced oxidation processes (AOPs). Hence, 
the treatment by Fenton process removed the majority 
of the COD from leachate of different countries land-
fills: 69% (Tehran, Iran) [12], 55.91% (Golestan, Iran) [13], 
85% (Ganzhou Refuse Landfill, Jiangxi Province of China) 
[14], 75% (Barcelona, Spain) [15], 80% (Slovenia) [16], 
70% (Florida, USA) [17], and 54%–98% (Istanbul, Turkey) 
[1]. Nevertheless, the significant values in terms of COD 
percentage removal obtained by the single Fenton pro-
cess do not necessarily mean that the reached COD value 
meets the strict standards for direct discharging of the 
liquids into the environment. Therefore, applying the 
adsorption process is generally suggested as a secondary 
treatment step to remove the residual contaminants.

In this sense, the use of natural adsorbents is becom-
ing increasingly relevant for contaminants removal from 
wastewater due to their high availability, sustainability, and 
eco-friendly efficiency [18–20]. Among these, bentonite clay 
is considered one of the most efficient adsorbents widely 
assessed by review bibliography in its raw or modified form 
used in wastewater treatment [21–24]. This clay provided 
excellent adsorption capacities for pollutants’ removal 
from real and synthetic liquid effluents [25–29]. According 
to Derakhshani et al. [26], the commercial nanoparticles 
of bentonite were successfully used to remove humic acid 
reaching the adsorption capacity of 21.58 mg g–1. The reten-
tion of bisphenol A from landfill leachate was studied by 
Li et al. [28] using raw commercial bentonite that achieved 
an adsorption capacity of 3.41 mg g–1, while the modifica-
tion of the same bentonite with cationic surfactant hexade-
cyl trimethyl ammonium bromide (HTAB) enhanced the 
retention capacity 10.45 mg g–1. Hajjaji et al. [30] reported 
that the adsorption capacities of MB and Zn ions by raw 
bentonite were about 2.2 and 1.1 mmol g–1 of natural ben-
tonite, while the acid-activation of the bentonite reduced 
the maximum uptake of MB and Zn ions by 30% and 95%. 
Huang et al. [31] synthesized organobentonite to enhance 
the removal of dyes, where the maximum adsorption capac-
ity was noticed at 173.5 and 157.4 mg g–1 for Rhodamine B 
and Acid red 1, respectively. Natural bentonite clay modified 
with calcium had a great efficiency for metal ions removal 
from wastewaters, which removed 73% of Cd(II) and 100% 
of Pb(II) as described by Meneguin et al. [32]. The synthe-
sis of Fe3O4/Bentonite nanocomposite was investigated by 

Khatamian et al. [23] and reached a great potential for the 
removal of nitrate (79%) BOD (84.88%) and COD (88.8%) 
from the industrial wastewater.

In the same context, the current work aims to inves-
tigate the potentiality of Moroccan raw bentonite as a 
natural adsorbent for the enhancement of COD removal 
from pretreated leachate (PL) (Fez landfill, Morocco) by 
the Fenton process, and which optimal parameters were 
already determined in our previous work [33]. Thus, the 
characterization of raw bentonite was conducted using 
X-ray diffraction (XRD), Fourier transform infrared (FTIR), 
scanning electron microscopy (SEM) coupled to energy-dis-
persive X-ray spectroscopy (SEM-EDX), and N2 adsorp-
tion–desorption. Afterwards, the main parameters affecting 
the adsorption process were optimized, mainly: adsorbent 
mass, initial pH leachate, time contact, and temperature, in 
terms of COD removal from the PL sample.

2. Experimental

2.1. Chemicals and materials

The chemicals used in the experiments of this study for 
leachate treatment were all recognized analytical reagents grade 
and supplied by Sigma-Aldrich Chimie S.a.r.l. (Lyon, France): 
ferrous sulfate (FeSO4·7H2O); hydrogen peroxide (H2O2, 30% 
(w/w)); sulfuric acid (H2SO4); sodium hydroxide (NaOH).

The natural bentonite clay used for the adsorption step 
was provided from the northeastern Rif region of Morocco.

2.2. Leachate sampling

Landfill leachate samples were collected from Fez 
city urban sanitary landfill, northwestern Morocco 
(34°00′16.6″N 4°55′44.5″W) (Fig. 1). The collected leachate 
sample was stored into 25 L opaque plastic bottles at 4°C 
in order to minimize leachate decomposition caused by 
microbial activity.

2.3. Leachate characterization

The physicochemical characteristics of landfill leachate 
and the treatment by the Fenton process were described 
in our previous study [33]. The main parameters were 
measured according to the standard methods for the exam-
ination of water and wastewater [34]. Turbidity was deter-
mined using a turbid-meter “HI 88713 – ISO HANNA”. 
Chlorides concentration was quantified by volumetric 
dosage using Mohr method. N-nitrate, N-nitrite, and sul-
fate were measured with the spectrophotometric method 
at 415, 435, and 650 nm, respectively. The measurement of 
COD was carried out using the spectrophotometric method 
based on the determination of potassium dichromate excess 
at 600 nm [35]. UV–visible absorption measurements were 
obtained using a UV2300 II spectrophotometer with 1 cm 
quartz cells. Inductively coupled plasma atomic emis-
sion spectroscopy analysis ICP-AES (Activa, Jobinyvon) 
was used to quantify the concentration of metals.

Due to the complex composition of landfill leachate, 
COD is considered as the major indicator of organic pollu-
tion in landfill leachate and is used to evaluate the efficiency 
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of the applied treatment processes. Nothing also that 
some measurements required leachate sample dilutions.

2.4. Adsorbent preparation and characterization

The natural bentonite was firstly crushed, washed sev-
eral times with distilled water, dried at 110°C for 24 h, and 
was finally ground into a powder (<20 μm) ready to use 
for the characterization and the adsorption tests.

The specific surface area and pore diameter of the adsor-
bent were measured with ASAP 2020 Micromeritics sorp-
tion analyzer (Norcross, GA, USA) based on N2 adsorption/ 
desorption at 77 K in a relative pressure range of P/P0 = 0.06–
0.3 and described by Brunauer–Emmett–Teller (BET) 
theory [36]. The total pore volume was determined from 
the adsorbed N2 volume at P/P0 = 0.9. Before the nitro-
gen sorption measurement, the bentonite sample was 
degassed at 120°C in a vacuum condition for 24 h.

Bentonite was characterized using a powder X-ray dif-
fractometer (X’pert-PRO) with CuKα radiation (30 mA, 

40 kV). The surface morphology and chemical compo-
sition of bentonite surface were investigated using SEM 
coupled with an energy dispersive X-ray analyzer (EDX) 
(Quanta 200).

The bentonite was also characterized by FTIR spec-
trophotometer (VERTEX 70) in a wavenumber range of 
400–4,000 cm–1 for analyzing the functional groups present 
on the adsorbent surface.

2.5. Fenton process

Firstly, the raw leachate sample was pretreated using 
the optimal conditions obtained during our previous study 
[33]: 2,500 mg L–1 of H2O2, 2,000 mg L–1 of Fe2+, pH = 3, and 
1 h of contact time, following the experimental protocol 
reported in the same work.

The pretreated sample was finally neutralized at 
pH = 7 using 1 M NaOH. A stock solution was prepared 
(COD = 1,400 mg L–1), denoted as PL, and preserved in 
an opaque flask at 4°C to be used for the adsorption tests.

Fez city

Morocco

Fez city

Controlled
landfill of 
Fez city

Storage leachates
basin

Fig. 1. Satellite image of the controlled landfill in Fez and photograph of the leachate storage basins at leachate.
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2.6. Adsorption process

In order to evaluate the adsorbent mass effect, a fixed 
volume of this sample was poured into a series of opaque 
flasks and increasing amounts of bentonite were added. 
The mixture was stirred at 200 rpm at room temperature. 
Then, the samples were centrifuged in order to analyze the 
residual concentration of the COD and UV-visible spectrum.

The same procedure was followed to study the pH 
effect using a fixed adsorbent dosage and adjusted leach-
ate pH values (2–12) using 1 M H2SO4 or 1 M NaOH solu-
tions. Afterwards the kinetic of adsorption was investi-
gated under the optimal conditions of mass bentonite and 
leachate pH. Finally, the temperature effect was studied 
at 3 levels (25°C, 30°C, and 35°C) in order to study the 
isotherm mechanism.

2.6.1. Evaluation of the bentonite performance

The COD removal in terms of percentage was obtained 
by the following equation:

COD Removal
COD COD

COD
% ,( ) = −

×i e t

i

100  (1)

The adsorbed amount of organic compounds of the 
leachate sample (mg g–1) at equilibrium (qe) and at a different 
time (qt) was calculated using the following formula:

q
V

me t
i e t

,
,=

−( )COD COD
 (2)

where CODi is the initial COD value of PL and CODe,t at equi-
librium and at a different moment of adsorption (mg L–1), 
V is the sample leachate volume (L), and m is the bentonite 
mass (g).

2.6.2. Kinetic study

In order to examine the kinetic experimental data and 
to interpret the adsorption behavior, pseudo-first-order 
and pseudo-second-order kinetic models were applied and 
analyzed based on the regression coefficient (R2).

The pseudo-first-order is given by the expression of 
Lagergren with the following equation [37]:

q q et e
k t= −( )−1 1  (3)

While the equation corresponding to the pseudo- 
second-order is expressed as follows:

q
k q t
k q tt
e

e

=
+
2

2

21
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where t is the contact time (min), qe and qt are the adsorbed 
amounts (mg g–1) of COD from PL leachate onto raw ben-
tonite at equilibrium and different times of adsorption, 
respectively. k1 (min–1) and k2 (g mg–1 min–1) are the adsorp-
tion rate constant related to pseudo-first and pseudo- 
second-order, respectively.

2.6.3. Isotherm study

The Langmuir and Freundlich models have been used 
for the experimental adsorption data modeling. In fact, 
these adsorption isotherms allow designing the leach-
ate adsorption system onto raw bentonite by investigat-
ing the adsorbent surface properties and describing the 
adsorbent– adsorbate affinity [29,38].

Langmuir isotherm model is expressed by the following 
equation [39]:

q
q K C
K Ce

m L e

L e

=
+1

 (5)

where qe (mg g–1) is the adsorbed amount at equilibrium, 
Ce is the equilibrium leachate COD (mg L–1), KL (L mg–1) is 
the Langmuir constant related to the energy of adsorption, 
and qmax (mg g–1) is the maximum adsorption capacity.

While Freundlich model is represented by the following 
expression [40]:

q K Ce F e
n= 1/  (6)

where KF is Freundlich constant related to the adsorp-
tion capacity and n is the heterogeneity factor related to 
adsorption intensity.

3. Results and discussion

3.1. Bentonite characterization

3.1.1. N2 gas adsorption–desorption analysis

The adsorption efficiency is highly related to the specific 
surface area and the porosity of the adsorbent. Thereafter, 
the N2 low-temperature adsorption–desorption isotherm 
was applied using the BET equation [41] to determine 
the specific surface area (SBET = 51.7 m² g–1), the average 
pore diameter (82.7 Å), and the total pore volume of the 
bentonite (0.11 cm³ g–1).

Moreover, Fig. 2 illustrates the N2 adsorption– desorption 
isotherm of bentonite adsorbent. The bentonite sample 
shows a type IV isotherm which presents a remarkable 
hysteresis loop of H4 at (P/P0 > 0.4) associated with cap-
illary condensation indicating that the raw bentonite is 
characterized by a mesoporous structure [42,43]. The meso-
pores are predominant in the bentonite as indicated by the 
pore size distribution.

3.1.2. XRD analysis

The XRD patterns provided by Fig. 3 indicates the 
presence of some characteristic peaks of montmorillon-
ite, as the major mineral of bentonite (2θ = 5.76°, 19.84°, 
31.37°, 34.96°, and 62.05°). Additionally, the diffractogram 
identifies the peaks attributed to calcite at 2θ = 27.73° and 
quartz at 2θ = 28.53 and 20.63° [24,30,44,45].

3.1.3. SEM-EDX analysis

SEM images (Fig. 4) show the morphology and the 
microstructure of the granular surface of the natural 
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bentonite. The image (Fig. 4a) reveals a rough surface with 
heterogeneous particles’ structure, while many pores 
with irregular sizes appear in the image (Fig. 4b).

Fig. 5 illustrates the elementary chemical composi-
tion of the raw bentonite obtained by EDX microanal-
ysis. The EDX spectrum indicates that the Moroccan 
bentonite consists mainly of the elements Si, O, and Al. 
The attached table presents the percent by weight of the 
bentonite constituents confirming that Si, O, and Al are 
the major elements, which are the same for the montmo-
rillonite phase previously determined with XRD. Similar 
results were obtained by Khatamian et al. [23]. In addi-
tion, some elements as C, Fe, Mg, Na, Ca, Cl, K, and 
Ti, are present with a low percentage.

3.1.4. FTIR analysis of the bentonite

The infrared spectra of raw bentonite (Fig. 6a) showed 
the presence of Al–O–Si deformation at 520, 692, and 
795 cm–1 and Si–O stretching at 440 and 611 cm–1. The 
bands corresponding to Al–Al–OH deformation is noticed 
at 912 cm–1 [25,42,46]. The band with the high intensity 
appears at 980 cm–1 and reveals Si–O stretching vibration 
[47]. The band 1,110 cm–1 is attributed to montmorillonite 
and 1,637 cm–1 corresponds to O–H bend for adsorbed H2O 
at bentonite interlayer. The stretching vibration of struc-
tural –OH groups is observed at 3,402 cm–1. Moreover, the 
peak observed at 3,623 cm–1 was attributed to a fundamen-
tal stretching vibration of different –OH groups present in  
Al–OH–Al.

In order to investigate the characteristic bands of 
bentonite after adsorption, Fig. 6b plots the FTIR spec-
tra of bentonite saturated with PL. Where the majority of 
bands are similar in both spectra. However, new bands 
with different intensities appeared at 1,444; 3,040; and 
2,848 cm–1 which could be assigned to a bending vibration 
of the methylene groups, C–H stretch, and stretching 
vibrations of –CH2, respectively [29,42]. This remark-
able modification of FTIR spectra bands after adsorption 
could explain the interaction between organic compounds 
containing in PL and bentonite surface active sites.

(a) 

 

(b) 

 
Fig. 4. SEM images of raw bentonite (a) (×1,250) and (b) (×25,000).
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3.2. Adsorption of pretreated leachate on raw bentonite

3.2.1. Effect of adsorbent dosage

The adsorbent dosage was initially optimized in terms 
of COD removal and adsorbed amount of organic com-
pounds of leachate (qe) as shown in Fig. 7. It is noticed 
that increasing the mass of raw bentonite from 0.015 to 
0.045 g enhanced the COD removal from 30% to 38%. 
Afterwards, above this mass, the COD removal varied 
slightly to reach 45% for 0.6 g. Indeed, with more adsor-
bent amount the surface contact becomes more important 
leading then to the high availability of active sites, which 
could explain the evolution of the corresponding results 
[48]. Hence, the optimal mass of the bentonite was fixed 
at 3 g L–1 of the PL with a COD removal of 38% and an 
adsorbed amount of 178 mg g–1. This dosage will be 
used for the next adsorption tests.

3.2.2. Effect of leachate initial pH

Fig. 8 presents the evolution of COD removal and 
adsorbed amount according to the initial pH values. Indeed, 

varying the pH values from 3 to 11 has slightly affected the 
COD removal, where its minimal value 35% was noticed at 
pH 3, 9, and 11. Though, its maximum 39% was reached 
at pH = 7 with the highest adsorbed amount of 185 mg g–1. 
A similar trend was noticed by Li et al. [28] for the removal 
of bisphenol A from landfill leachate using raw bentonite. 
However, the high adsorption capacity of bentonite var-
ies from acid to basic pH range, depending on the nature 
and the complex composition of the aqueous solution 
[26,31,49,50].

Thus, at acidic pH values, H+ ions could adhere to active 
sites of bentonite surface which reduces the accessibil-
ity of PL compounds to these sites [51]. While at basic pH, 
the electrostatic repulsion could become stronger than the 
binding affinity between the PL and bentonite active sites, 
because of the high amount of OH– that could make the 
charge of PL more negative [26,28,51].

3.2.3. Adsorption kinetic

Fig. 9 illustrates the kinetic of COD adsorption from PL 
onto bentonite. Hence, the corresponding curve indicates 
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that the COD amount increased simultaneously with increas-
ing contact time and the adsorption gradually slowed 
until it reached the equilibrium after 300 min.

In addition, the fitting of kinetic data to the pseudo-first 
and pseudo-second-order models was illustrated. The 
parameters’ values related to both models are summarized 
in Table 1.

The results indicate that the pseudo-second-order 
model is in high agreement with experimental results 
(R2 = 0.91) than pseudo-first-order (R2 = 0.82). This suggests 
that chemisorption could be the most dominant mecha-
nism which involves the valence forces through electrons 
sharing and ions exchange between the adsorptive sites of 
bentonite and PL compounds [52,53].

3.2.4. Adsorption isotherms

Fig. 10 illustrates the adsorbed amount of COD at 
equilibrium (qe) vs. the equilibrium COD (Ce) at three tem-
peratures of 25°C, 30°C, and 35°C and their fitting with 
non-linear models of Langmuir and Freundlich.

The obtained parameters of both models are summa-
rized in Table 2. Hence, the calculated R2 values for both 
models were significant (>0.9), while the regression coef-
ficient related to the Freundlich model was the highest 
for the three temperature levels, which therefore means 
that is the model the most fitted with the adsorption data 
of COD on the bentonite, and consequently suggests that 
the heterogeneous surface and the varied affinity consist-
ing of actives sites with different adsorption potentials 
[54,55]. Moreover, the maximum adsorption capaci-
ties obtained by the Langmuir model were 157, 182, and 
195 mg g–1 at 25°C, 30°C, and 35°C, respectively, indicat-
ing that the endothermic process is dominant [29,56]. 
This evolution could be due to the fact that increasing 
the temperature promotes the ions exchange process and 
the molecules diffusion across the external layer and the 
internal pores of the adsorbent which enhances the adsorp-
tion capacity of raw bentonite [32,57]. In addition, the 

bentonite as one of the montmorillonite clays is character-
ized by a lattice of positive thermal expansion coefficient 
which improves the adsorbate mobility onto the surface 
layer of the adsorbent by rising the temperature [57,58].

3.3. UV-visible spectra evolution of raw leachate, 
PL, and PL adsorbed onto bentonite

The UV-visible spectrum of leachate is an important 
indicator of sample composition in terms of organic mat-
ter. Indeed, the absorbance values are highly proportional 
to the amount and complexity of organic compounds [59]. 
Essentially, the range of 200–400 nm indicates the pres-
ence of polycyclic aromatic compounds, and macromole-
cules with carbonyl and conjugated double bonds, such as 
hydrocarbons, fulvic, and humic acids [60–62].
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In order to provide further information about the treat-
ment efficiency, Fig. 11 plots the UV-visible spectra before 
and after both processes treatment (Fenton and adsorp-
tion). Where, the spectrum of raw leachate is characterized 
with high absorbance values, therefore confirming its high 
pollutant load previously indicated by COD value [61]. 
Thereafter, a significant decrease in the UV-visible spec-
trum is noticed after the pretreatment (PL), indicating that 
the majority of organic pollutants have been degraded 
during the Fenton process [60,62]. Moreover, a further 
decrease is noticed for the absorbance values related to 
PL adsorbed onto bentonite, especially in the wavelength 
range 250–300 nm. Which explains the removal of organic 
compounds by the porous surface of raw bentonite, and 
confirms the trend of COD removal in the previous fig-
ures of adsorption tests [4,61,63]. In addition, this spec-
tra evolution correlates with the coloration difference of 
three leachate samples presented by the attached image, 

where a significant discoloration is noticed for PL and 
PL adsorbed onto bentonite, compared with dark raw  
leachate.

3.4. Treatment efficiency

Table 3 summarizes the main physical-chemical char-
acteristics of landfill leachate before and after treatment 
using the Fenton process alone or the combination of the 
Fenton and the adsorption process. The results show a 
significant decrease in the values of all parameters (tur-
bidity, color number, COD, BOD5, chlorides, N-nitrates, 
N-nitrites, phosphates, N-ammonium, Cr, Cu, and Mn) 
after Fenton treatment. Thereafter, using the natural ben-
tonite for the adsorption process enhanced the pollut-
ants’ removal where a further decrease was noticed in all 
leachate characteristics. Consequently, the combination of 
both processes was effectively applied for the treatment 
of landfill leachate and could be successfully suggested 
as a promising technology for hazardous effluents.

Table 2
Langmuir and Freundlich parameters of COD adsorption onto 
bentonite

Langmuir model Freundlich model

qmax KL R2 KF n R2

25°C 157 0.0014 0.9755 0.2128 1.0074 0.9964
30°C 182 0.0018 0.9863 0.7082 1.2089 0.9976
35°C 191 0.0026 0.9845 2.2659 1.5029 0.9982

Table 3
Main physical–chemical parameters for raw and treated leachate

Parameters Raw leachate Fenton Combined Fenton and adsorption Cumulative removal (%)

Turbidity, NTU 250 10 8 97
Color number 6.48 0.223 0.143 98
COD, mg L–1 5,198 1,400 832 84
BOD5, mg L–1 500 210 25 95
Chlorides, mg L–1 5,230 1,048 511 90
N-nitrates, mg L–1 6.43 0.172 0.73 88
N-nitrites, mg L–1 5.98 0.45 1.95 67
Phosphates, mg L–1 0.32 0.0023 0.001 99.7
N-ammonium, mg L–1 831 327 125 85
Cr, mg L–1 1.65 <0.01 <0.01 100
Cu, mg L–1 0.1 0.02 <0.01 100
Mn, mg L–1 0.04 <0.01 <0.01 100
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Fig. 11. UV-visible spectra corresponding to: (a) raw leachate, 
(b) PL, and (c) PL adsorbed onto bentonite.

Table 1
Kinetic parameters of pseudo-first and pseudo-second-order 
models of PL adsorption onto bentonite

Pseudo-first-order model Pseudo-second-order model

qexp qe k1 R2 qexp qe k2 R2

181 178 0.011 0.82 181 191 0.00014 0.91
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The efficiency of leachate treatment is strongly related to 
its composition that varies from one country to another and 
even between cities of the same country, depending on the 
composition of solid waste, landfilling, and climate.

To compare the results of the present study to other 
research works, Table 4 presents previous studies report-
ing the application of the adsorption process on raw leach-
ate or preceded by different treatment processes [4,6,64–71]. 
The removal values vary substantially from one study to 
another according to the adsorbent used, the target adsor-
bate, the applied pretreatment process, and the leachate 
quality. Indeed, leachate treatment is strongly related to its 
composition that varies from one country to another [72,73]. 
However, the obtained findings from the present study 
are considered encouraging and promising consistently 
in line with the eco-efficiency of the applied processes.

Overall, landfill leachate is a highly loaded and com-
plex effluent affected by diverse factors. Hence, it is often 
difficult to select the most appropriate process, which 
requires the combination of two or more treatment steps 
as the most indispensable solution to reduce the refractory 
organic compounds and reach the strict discharge stan-
dards [74,75].

4. Conclusion

This work investigated the application of raw benton-
ite as a low-cost and available natural adsorbent for the 

enhancement of pollutants removal from treated leachate 
with the Fenton process. Indeed, the raw bentonite was 
firstly characterized, afterwards, the adsorption tests of pre-
treated leachate in the batch system have been carried out. 
Where, the effect of adsorbent mass, initial PL pH, contact 
time, and the temperature was examined.

Hence, applying the adsorption process as a second treat-
ment enhanced the effectiveness of leachate treatment with 
the elimination of 84% for COD and 98% of color, using 3 g 
of bentonite L–1 at neutral pH and 35°C during 5 h of con-
tact time. The experimental data were well described with 
pseudo-second-order kinetic model and Freundlich isotherm 
model. Finally, this study provided an efficient processes 
combination for removing the majority of pollutants from the 
stabilized leachate of Fez city (Morocco), and which could 
be effectively used for other liquid effluents depollution.
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