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a b s t r a c t

This study aims to examine the potentialities of raw maghnite and acid-activated maghnite (raw-
Mag and Mag-H+) for Metribuzin herbicide removal from aqueous solutions. Raw-Mag and Mag-H+ 
were characterized using various analytical techniques such as NMR, BET, FTIR, FRX, ATD and 
SEM. The effect of various operating parameters such as contact time, Metribuzin concentration, 
pH, and adsorbent dose were investigated using raw-Mag and H-Mag in batch adsorption system. 
The results showed that the maximum adsorption capacity was 70.1 and 55.6 mg/g for raw-Mag and 
Mag-H+ respectively at pH 2.5, initial Metribuzin concentration of 20 mg/L, adsorbent raw-M and 
Mag-H+ dosage of 0.5 and 0.2 g/L . The adsorption of Metribuzin herbicide was important in acidic 
medium for both adsorbents. Furthermore, the adsorption uptake was found to be increased with 
increase initial concentration. The equilibrium adsorption data were well described by Freundlich 
and Langmuir isotherms. The kinetic studies showed that the experimental data was best describing 
by pseudo second order model. The Mag-H+ had above 30% adsorption uptake capacity after four 
regeneration cycles, this was higher than Raw-Mag. It was observed from the values of thermo-
dynamics parameters such us Gibbs free energy (∆G°), enthalpy (∆H°), and entropy (∆S°), that the 
nature of adsorption is spontaneous.
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1. Introduction 

Mechanization and modernization of working condi-
tions helped to increase the agricultural production. For 
many years, intensive agriculture has led to a large scale 
use of chemicals products, herbicides, fungicides and insec-
ticides in developed countries [1]. In order to improve the 
quality and productivity of crops, farmers utilize different 
pesticides to eliminate completely or partially plant para-

sites. Pesticides are a group of dangerous compounds that 
are capable of polluting water, as they are widely used in 
agriculture [2,3]. Pollution of groundwater and surface 
water represents a serious risk to human health due to the 
potential dangers of their contents in organic and inorganic 
compounds. The groundwater contaminated with pesticides 
not only affect the human health when it is directly used for 
drinking purpose but the food chain is also affected when 
used for irrigation purposes [4]. Pesticide concentrations 
in environmental samples are usually low, with tolerance 
limits around 0.1 μg/L in drinking waters [1]. Contamina-
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tion of soil and water by pesticides, particularly herbicides, 
has drawn the attention of a large number of researchers 
[5–9]. Metribuzin is a complex macromolecule with formula 
C4H14N7OS and synthetic name (4-amino-6-tert-butyl-4,5-
dihydro-3-methylthio-1,2,4-triazine-5 (4H)-one) is one of 
the most widely used herbicides in the field of agriculture, it 
belongs to the triazine family of herbicides [10]. It is slightly 
soluble in water and several organic solvents [11]. Several 
researchers have applied treatment procedures for elimi-
nation of Metribizin pesticides using various methods, like 
stripping volt ammetry [12], electrosorption [13], photocata-
lytic degradation [14] ultraviolet oxidation [15] and adsorp-
tion [2,16,17]. Among of these methods still the adsorption 
is considered as the best method due to its non-specificity 
and can be used for varieties of contaminants [18]. Recently 
many studies have been investigated for the development 
of low-cost adsorbents for Metribuzin removal including 
natural biosorbents such as coal fly [2] and clay [21]. 

Maghnite is a compound of montmorillonite clay min-
eral, –2:1 type aluminosilicate mix. It is highly appreci-
ated for its sorption [22]. Montmorillonite, known as the 
Maghnite of Maghnia, was used in this study as mineral 
clay, which was brought from the deposit of Hammam 
Boughrara, a small town located in the North Western part 
of Algeria.

The objective of this research work is to investigate the 
removal of Metribuzin (C8H14N4OS) from aqueous solutions 
using raw montmorillonite and acid-activated montmoril-
lonite (Raw-M and H-Mag). However, to date, no study has 
ever performed using Maghnite clay to remove Metribuzin 
pesticide from aqueous solution. Raw and acid-activated 
maghnite was chosen to eliminate the organic contam-
inant. In order to understand the adsorption mechanism, 
it is required to study the adsorption kinetics, mass effect, 
initial concentration, isotherms, influence of pH on adsorp-
tion, and equilibrium models. 

2. Materials and methods

2.1. Chemical and reagents 

The clay investigated in this work is Montmorillonite 
named Maghnite, it was obtained from Tlemcen (West 
Algeria). Metribuzin C8H14N4OS (purity: 70%) was pro-
vided from Medmac COMPANY. All the other reagents 
were purchased from Sigma-Aldrich (Chemicals). Bi-dis-
tilled water was used in the preparation of the pesticide 
solutions. The chemical structure of the (C8H14N4OS) is 
given in Fig. 1.

2.2. Preparation of clay adsorbent 

The sample of mineral clay (maghnite of Maghnia) was 
washed with distilled water to remove impurities. Next, 50 
g of clay was dispersed into one liter of distilled water. The 
solution obtained was maintained under magnetic stirring, 
at a speed of 250 rpm for 24 h at room temperature 298 K. 
After, the supernatant part was filtered and dried in the 
open air. Afterward, the resulting product was ground for 
30 min using a Prolabo ceramic balls grinder, and sieved. 
Then, it was dried at 423K for 2 h, and stored in glass vials, 
hermetically sealed, for later use.

Montmorillonite (Mag-H+) was prepared according to 
the procedure in previous studies [23]. Amount of montmo-
rillonite (10 g) obtained after sedimentation, was dispersed 
into 250 mL of HCl (0.1 M). Then, the mixture was put under 
magnetic stirring at room temperature, for 4 h. Montmoril-
lonite was filtered by centrifugation, at the speed of 3500 
rpm, and then washed with bi-distilled water until total 
removal of chlorides (Cl–). Montmorillonite was dried and 
ground. A quantity of 10 g of the montmorillonite obtained 
was dispersed into 500 mL of peroxide (H2O2) to 10 volumes, 
and was kept under magnetic stirring at 250 rpm for 24 h. 
The mixture obtained was heated at 70°C for 30 min, filtered 
by centrifugation at 3500 rpm and washed with bi-distilled 
water. Finally, the Montmorillonite was dried and stored in 
hermetically sealed glass vials for later use.

2.3. Characterization of the clay adsorbent

The samples were characterized by BET, XRF, XRD, 
NMR, SEM and DTA techniques. The specific surface areas 
of the material were measured by Brunauer-Emmett-Teller 
(BET) method [24,25], while the adsorption of gases (N2 at 
77 K and CO2 at 273 K) was used for assessing the narrower 
micropores (VDR (CO2)) (pore size less than 0.7 nm) and 
also by applying the Dubinin-Radushkevich equation to the 
ratio of pressures lower than 0.025 [25]. The measurements 
were carried out using a volumetric nitrogen adsorption 
device, of automated Quantachrome type. The samples 
were processed in the temperature range from 195 to 949°C, 
for 24 h. The adsorption and desorption processes were fol-
lowed by measuring the variation of the thermal conductiv-
ity of a gas stream composed of 99.99% nitrogen (adsorbate) 
and 70% helium at 99.99% (carrier gas). The specific surface 
area of a solid is given by :

S
V N
VBET

s

m
=

× ×σ
� (1)

where σ is the surface occupied by an adsorbate molecule, 
it is equal to 16.2 Å2 for nitrogen, at 77 K. N is Avogadro’s 
number (6.023 10+23 molecules), Vm the molar volume (22.4 
L), and Vs the volume of adsorbed vapor per gram of solid, 
at pressure P.

X-ray diffraction measurements were performed on a 
Bruker CCD-Apex apparatus, diffractometer with copper 
kα radiation (λ = 1.54Å), generator setting of 40 kV and 40 
mA, a scanning speed of 0.01° min–1 and a scanning region 
of 3–70°. The d001 spacing of maghnite particles was calcu-
lated according to Bragg’s law (d = λ/2sinθ).

X-ray fluorescence (XRF) was carried out using the PW 
1480 Philips device, with UNIQUANT II software, in order Fig. 1. Chemical structure of metribuzin.
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to determine the concentrations of elements in a semi-quan-
titative manner. NMR spectra of 27Al in the samples of 
Raw-Mg and Mag-H+ were recorded on a Brüker 500 ASX 
spectrometer at 59.6 and 130.3 MHz, respectively. The spin-
ning frequency used was 11.5 KHz. 

Scanning electron microscopy (SEM) was used for deter-
mination of the raw maghnite and acid-activated maghnite 
morphological structure before and after adsorption. The 
apparatus used is a scanning electron microscope, of HITA-
CHI SC-2500 model, which operates at a voltage of 200 kV.

Thermodynamic analysis in a range of temperature 
25–900°C by 10°C min–1 under the protection of nitrogen on 
a DTA instrument.

2.4. Batch adsorption experiment 

The adsorption spectrum of Metribuzin (Fig. 2) reveals 
the existence of an absorption band which corresponds to λ = 
293 nm. Sorption equilibrium experiments were carried out 
by adding a fixed amount of raw-Mag (M1) and Mag-H+ (M2) 
into a sealed glass flasks containing a definite volume (200 
mL) of different initial concentration (10–50 mg/L) without 
changing their pH. The temperature was maintained con-
stant. The initial concentration of Metribuzin solution was 
20 mg/L for all experiments, except for those carried out to 
examine the effect of initial concentration. The experiments 
were investigated at well-defined temperature, stirring speed 
(250 rpm) was applied (Heidolph motor stirrer) for t min-
utes until equilibrium (that this the moment when no more 
Metribuzin is removed by adsorbents) was achieved. The ini-
tial pH values (pHi) for solutions were adjusted in the range 
1–12 by adding minimum amounts of 0.1 N NaOH or 0.1 N 
HCl. Samples of solutions were analyzed for the remaining 
Metribuzin concentration with a UV-Vis spectrophotometer. 

The amount of Metribizin adsorbed per unit mass of 
raw maghnite and acid-activated maghnite was calculated, 
using the following equation:

q
C C

W
Vt

t( )0 −
� (2)

where C0 is and the initial concentration (mg·L–1), Ct is the 
concentration of organic pollutants at time t (mg/L), V is 

the volume of solution used (mL), and W is the weight of 
the adsorbent (g).

3. Results and discussion 

3.1. NMR

The NMR spectra of 27Al in both samples, i.e. raw magh-
nite and acid-activated maghnite (Fig. 3), reveal the exis-
tence of aluminum in both tetrahedral environments, with 
resonances centered on 60 and 68 ppm. Similar results have 
been obtained in other studies [26].

The NMR spectra of 29Si for raw maghnite and acid 
activated maghnite are shown in Fig. 4. The dominant reso-
nance at –93.5 ppm corresponds to Q3 (OAl) units, i.e. SiO4 

Fig. 2. Wave length of metribuzin, C0 = 50 mg/L.

Fig. 3. 27Al MAS NMR spectra of raw-maghnite and magh-
nite-H+.

Fig. 4. 29Si MAS NMR spectra of raw-maghnite and maghnite-H+.
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groups cross linked in the tetrahedral sheets with no alumi-
num in the neighboring tetrahedral [27] . The resonance at 
–110.01 ppm corresponds to three-dimensional (3D) silica 
with no aluminum, it is designated as Q4 (OA1).

3.2. Textural properties 

The specific surface area of powder is estimated from the 
amount of nitrogen adsorbed in relation to its pressure at the 
boiling temperature of liquid nitrogen, and at normal atmo-
spheric pressure. The results are presented in Table 1. It can 
be noted that the specific surface area achieves 140 m2·g–1 for 
raw maghnite and 161 m2·g–1 for acid-activated maghnite. 

The acid activation increases the number of actives sites 
of the adsorbent [28], which facilities the penetration of 
Metribuzin molecules and their accessibility in the porous 
structure of the clay. 

3.3. X- ray diffraction analysis 

The X-ray diffraction method is particularly suitable 
for studying the structure of maghnite. In the XRD spectra 
of clays, the more intense lines correspond to the reflec-
tions that are perpendicular to the planes of sheets; they 
are representative of the reticular distances d001. These 
distances allow, after subtraction of the thicknesses of the 
sheets, to deduce the inter-sheet distances. To validate the 
intercalation of H+ ions between the clay layers (mont-
morillonite), a XRD analysis of raw and acid-activated 
clay was performed. The results of this analysis are dis-
played in the diffractogram of Fig. 5. The X-ray diffraction 
analysis of acid-activated maghnite, as compared to raw 
maghnite (Table 2), shows that the interlayer distance d001 
(Ǻ) decreases. The X-ray diffraction spectra (Fig. 5) are in 
agreement with the literature [29]. The presence of a major 
amount of montmorillonite is shown by the appearance 
of a series of intense peaks and the presence of other crys-
talline phases such as Quartz, Feldsparth and calcite was 
detected (Table 3).

3.4. Fourier transform infrared spectroscopy analysis 

The two spectra were superimposed in order to be 
compared (Fig. 6). This figure reveals that the two FTIR 
spectra of acid-activated maghnite and raw maghnite are 
super imposable, which means that there is a juxtaposition 
of all the bands related to the vibrations of the OH groups, 
the bands of angular deformation due to absorbed water 
molecules, as well as the peak attributed to Si-O-Al elonga-
tions. The effects of acid activation on the FTIR spectrum of 
acid-activated maghnite (Fig. 6) are summarized as follows:

On acid treatment, the intensity of the absorption band 
at 3630 cm–1 (AlAlOH) coupled by AlMgOH stretching 
vibrations decreases. The bands at 3425 cm–1 and 3200 cm–1 
(water absorption between layers) become more diffuse 
with acid treatment.

The intensity of the Si-O stretching band and Si-O-Si 
stretching bands at 1116, 1043 and 998 cm–1 have not 
been affected by acid treatment. With acid treatment, the 
AlAlOH (920 cm–1), AlFe3+OH (883 cm–1) and AlMgOH 
(846 cm–1) deformation bands decrease. The intensity of 

the band at 796 cm–1 increases with acid treatment, and 
this reveals the alterations in the amount of amorphous 
silica; this result is in good agreement with the findings 
of other researchers [30]. The intensity of the band at 628 
cm–1 (either Al-OH or Si-O bending and/or Al-O stretch-
ing vibration) gradually decreases with acid treatment, 
which is also in line with the findings of Komadel [31]. 
The intensity of the band (Si-O-Al and Si-O-Mg coupled 
with an OH vibration and Si-O bending vibration) at 467 
cm–1 remains essentially unchanged.

The major phase (montmorillonite) represents about 
75% of raw material in weight, and the main impurities are 
quartz, feldspar, carbonates and cristobalite as well as some 
organic matter.

3.5. X-ray fluorescence

The chemical composition of both adsorbents (raw 
maghnite and acid maghnite) is defined using the results 
obtained from the XRF analysis; they are given in Table 4 
The results relative to X ray fluorescence analysis, indicate 

Fig. 5. X-ray diffraction of untreated clay (Raw-Mag)and acid 
treated clay (Mag-H+). 

Table 1
Textural characterization of Mag-H+, and raw-mag

Samples SB.E.T (m2·g–1)

Raw-M 140
Mag-H+ 161

Table 2
Values of interfoliar distances d001 of raw-M and maghnite-H+

Sample 2θ(°) d001 (Ǻ)

Raw-M 6.94 12.71
Mag-H+ 6.59 11.76
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that the sample contains a very small amount of Fe2O3 
(1.16%); it is saturated with silicon (SiO2) at more than 
69%, and is associated to cations Na+ and H+. The space 
between the sheets of sodium montmorillonite contains 
SiO2 and Al2O3 at 14.67%. Substituting and then decreasing 
the content in oxide (Fe2O3, CaO, MgO, TiO2, ZnO, MnO, 
and SO3) leads to the total disappearance of the elements 
(SrO, Y2O3, ZnO, Na2O). The ratio SiO2/Al2O3 was found 
to be equal to 4.75. These are silico-aluminous materials 
where SiO2 is predominant. The similar results are found 
by Zeggai et al. [32].

3.6. Differential thermal analysis

Differential thermal analysis (DTA) was used as a ther-
mal analysis, to identify and test the purity of the product 
obtained. Fig. 7 shows the DTA thermogram of the Raw-
Mag and Mg-H+ from 25 to 900°C. The raw-maghnite sam-
ple showed an endothermic peak at 100°C, due to the loss of 
adsorbed water. Also, it was seen two endothermic peaks, 
at 200°C and 635°C, the former could be due to the dehy-
dratation of hydrous impurities and the later due to the 
dehydroxylation of the clay layers [33]. However on acid 
treatment, it was showed four endothermic peaks, at 65.4, 
180, 425 and 650°C.

3.7. Scanning electron microscopy

Scanning electron microscope images of untreated clay 
(Raw-Mag) and acid treated clay (Mag-H+) are shown in 
Fig. 8. The micrographs confirm that the material is form-
ing micron size agglomerates for distance more than 20 
μm. Compared with modified montmorillonite, the raw 
montmorillonite’s particles were larger and its sheets were 
also thicker. Activated montmorillonite’s surface was rel-
atively tight [34], it was greatly changed. The pore spaces 
were become narrow. This indicates that the modification 
expanded the interlayer space and formed a disordered 
intercalated structure, which is in agreement with the 
results of XRD patterns [35]. 

4. Adsorption studies 

The adsorption process of metribuzin on raw and 
acid-activated clays has been discussed with respect to dif-
ferent factors.

4.1. Effect of mass

Fig. 9 shows the influence of varying the mass of the 
adsorbent (maghnite) on the adsorption of metribuzin. It is 
noted that the increase in the quantity of adsorbent, results 

Fig. 6. FTIR spectra of untreated clay (raw-mag) and acid treated 
clay (Mag-H+).

Table 3
XRD characteristic of raw-maghnite and maghnite-H+

M-X Dhkl (Ǻ) hkl Nature of sample

Raw-Maghnite 12.50
4.47
4.16
3.35
3,21
3.03
2.55
1.68
1.49

001
110
110
110
110
100
200
009
060

Montmorillonite
Montmorillonite
Quartz
Quartz
Feldspath
Calcite
Montmorillonite
Montmorillonite
Montmorillonite

Maghnite-H+ 15.02
4.47
4.16
3.35
3.21
3.03
2.55
1.68
1.49

001
110
110
110
110
110
200
009
060

Montmorillonite
Montmorillonite
Quartz
duartz
Feldspath
Calcite
Montmorillonite
Montmorillonite
Montmorillonite

Table 4
Composition (in weight percent) of raw-montmorillonite 
(raw-M) and acidic montmorillonite (Mag-H+)

Composition Raw-M Mag-H+

Na2O 0.50 0.21
MgO 1.07 0.80
Al2O3 14.67 14.03
SiO2 69.71 71.7
P2O5 0.013 0.012
SO3 0.91 0.34
K2O 0.79 0.77
CaO 0.30 0.28
TiO2 0.177 0.15
MnO 0.098 –
Fe2O3 1.16 0.71
PF 11 11
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in an improvement in the retention efficiency up to the max-
imum point.

The above mentioned results may be attributed to the 
increase in the usable area due to the large quantities of 
adsorbent. In fact, if the mass of the solid in the solution is 
large, the number of adsorption sites will also be import-
ant. Therefore, the probability of molecule-site encounter 
also increases, leading to better retention. It can be seen 
that good yields are obtained in the case of acid-activated 
maghnite for masses equal to 0.040 and 0.10 g of raw and 
acid maghnite, respectively, the maximum amount of 
metribuzin adsorbed can reach the value of 65 and 40 mg/g 
for Mag-H+ and raw-Mag respectively. 

4.2. Effect of stirring time

The influence of contact time on metribuzin removal by 
0.04 g and 0.1g of raw-Mag and Mag-H+ at pH 2.5 and 20°C 
with an initial metribuzin concentration 20mg/L are shown 
in Fig. 10. It was seen that the efficiency of Metribuzin 
removal increases with the stirring time. The maximum val-
ues of Metribuzin elimination was found about 55 and 70 
mg/g, for raw-Mag and acid treated maghnite respectively. 
Two steps can be distinguished in the adsorption kinetics: In 
the first, a fast adsorption within a few minutes to followed 
by a gradual process of around 2 h and 3 h for raw-Mag and 
Mag-H+ respectively until the equilibrium was established. 
This two-step adsorption process has been previously 
reported by Chen et al. [36], where the initial fast process 
of sorption is a surface phenomenon, then slow migration 
and diffusion of the compound. A comparison with other 
published data shows that the equilibrium time reported is 
much shorter than others. Kitous et al. [13] were found that 
the adsorption of metribuzin pesticide was completed in 13 
h. However, Chen et al. [36] demonstrated that phorate and 
terbufos adsorption were reached an equilibrium after 6 h 
at pH 5.7 and 8.7. 

4.3. Effect of initial concentration

Fig. 11 shows the sorption uptake vs, the initial 
metribuzin concentration at 20°C. It was observed that the 

Fig. 7. DTA curves of Raw-Mag and H-Mag-H+ up to 900°C, at 
heating rate of 10°C min–1.

Fig. 9. Effect of the mass montmorillonites (Mag-H+ and Raw-
Mag) on adsorption metribuzin. (Ci = 20 mg L−1, T = 20°C, stir-
ring speed = 250 rpm, and pH = 2.5).

(a)

(b)

Fig. 8. SEM images of Raw-Mag (a) and Mag-H+ (b).
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adsorption of metribuzin increased with increasing initial 
pesticide concentration, the amount of pesticide removed 
at equilibrium increased from 0.4 to 30 mg/g and 12.5 to 
60 mg/g for raw-Mag and Mag-H+ respectively, this is in 
good agreement with the increase in the surface area. The 
Acid-treated maghnite displays a higher adsorption curve 
than that of raw maghnite. The adsorption isotherms on 
both types of maghnite have an L-type profile. This isother-
mal profile suggests that adsorption is driven by the affin-
ity between Metribuzine molecules (C8H14N4OS) and the 
hydrophobic intercalary layer [37] due to the intercalation 
of acid-activated maghnite.

4.4. Effect of pH solution 

Fig. 12 shows the effect of initial pH on the adsorption 
of metribuzin by raw-Mag and Mag-H+. The pH of the solu-
tion plays an important role in the adsorption of pesticides 
onto the surface of the adsorbent [38]. The effect of pH on 
metribuzin adsorption was examined at pH values from 1 
to 12 and was evaluated. It can be seen that the adsorption 
onto acid-activated maghnite and raw maghnite increased 
slowly with increasing pH to reach a maximum values, at 
pH 2.1 and 3.8 for Mag-H+ and raw-Mag respectively. 

The structure of maghnite consists of negatively charged 
hydroxide sheets [22]. At higher pHi values, the surface of 
maghnite becomes negatively charged and electrostatic 

repulsion between the adsorbent surface and anions of 
metribuzin become significantly, therefore, the adsorption 
efficiency of metribuzin decreases. 

5. Adsorption isotherm studies

The adsorption isotherm is the curve that relates, at a 
fixed temperature, the quantity of product adsorbed on the 
initial mass of the adsorbent, to the concentration in the 
remaining fluid phase. It is used to determine the maxi-
mum adsorption capacity of adsorbates on the adsorbents, 
in mg/g or mmol/g. To exploit the data on the adsorption 
isotherm of metribuzin by raw maghnite and acid-activated 
maghnite, at various temperatures, the following Langmuir 
[Eq. (3)] and Freundlich [Eq. (4)] equations were used in 
their linear form [39].

The Langmuir adsorption model is based on the 
assumption that maximum adsorption corresponds to a 
saturated monolayer of solute molecules on the adsorbent 
surface [40].

C
q K q q C

e

e L m m e
= +

1 1
� (3)

where KL is the thermodynamic equilibrium constant of 
Langmuir (L·mg–1), qm the maximum adsorption capacity 
per unit mass of the adsorbent (mg.g–1), qe the adsorption 
capacity per unit mass of the adsorbent (mg·g–1) at equilib-
rium, and Ce the concentration of adsorbate at equilibrium 
(mg·L–1).

The Freundlich model is based on an empirical relation-
ship between the adsorption and adsorbate concentration it 
is employed to describe heterogeneous systems and revers-
ible adsorption and is not restricted to monolayer formation 
[41].

ln ln lnq K
n

Ce f e= +
1 �  (4)

where qe is the amount adsorbed (mg·g–1), Ce the equilib-
rium concentration of the adsorbate (mg·g–1), Kf is a con-
stant indicative of the relative sorption capacity of the 

sorbent mg L gn n
− − −







1
1 1

1  and n are the constants that char-

Fig. 10. Effect of contact time on the adsorption metribuzin to 
Raw-Mag and Mag-H+. (Ci = 20 mg L−1, T = 20°C, stirring speed = 
250 rpm, and pH = 2.5).

Fig. 11. The isotherms of Metribuzin adsorption from aqueous 
solutions on the Raw-Mag and Mag-H+ (T = 20°C, Stirring speed 
= 250 rpm, and pH = 2.5).

Fig. 12. Effect of pH on metribuzin adsorption on the Mag-H+ 
and Raw-Mag. (T = 20°C, M1 = 0.1 g, M2 = 0.04 g, Ci = 20 mg L−1, 
and stirring speed = 250 rpm).
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acterize the Freundlich system, and which correspond 
to the adsorption capacity and adsorption force, respec-
tively.

The equilibrium parameters obtained with the Freun-
dlich and Langmuir representations are reported in Table 5. 
The values of the correlation coefficient are higher for the 
Langmuir isotherm than for the Freundlich isotherm, and 
this means that the Langmuir isotherm equation better rep-
resents the adsorption process of Metribuzin by raw magh-
nite and acid-activated maghnite. This is probably due to 
the uniform distribution of active sites on the surface of 
maghnite. The maximum adsorption capacity (qm) of Lang-
muir increases from 57.12 to 72.18 mg·g–1 for raw maghnite 
and acid-activated maghnite, when the temperature rises 
from 20 to 50 °C.

The thermodynamic constant of adsorption equilib-
rium (KL) decreases from 0.89 to 0.45 L·g–1 as the tempera-
ture increases within the interval under consideration. 
The dimensionless factor (RL) is calculated by the following 
equation:

R
K CL

L
=

+
1

1 0
� (5)

where C0 (mg/L) is the initial concentration of the adsor-
bate, and KL (L·g–1) is the Langmuir constant. 

The RL parameter shows whether the adsorption system 
is favorable if (0 < RL < 1), unfavorable (RL > 1), irreversible 
(RL = 0) or linear (RL = 1)[42].

This coefficient indicates that the adsorption process 
becomes effective when it takes values between 0 and 1 (0 < 
RL < 1). The values of RL from 0.043 to 0.068, for the various 
temperatures considered, indicate that metribuzin is actu-
ally adsorbed by raw maghnite and acid-activated magh-
nite and the Langmuir isotherm is favorable. These results 
are consistent with those obtained in previous works by 
[43,44]. 

The efficiency of raw maghnite and acid-activated 
maghnite is even higher than the coefficient of inten-
sity 1-n < 1, indicating that the adsorption is favorable 
and where 1/n above one is an indicative of cooperative 
adsorption [45].

6. Adsorption kinetics

The kinetic data for metribuzin herbicide adsorbed onto 
raw maghnite and acid-treated maghnite were computed 
by pseudo first order [46] [Eq. (6)] and pseudo-second order 
[47] [Eq. (7)]. These models are catalog as beneath:

ln( ) lnq q q k te t e− = − 1 � (6)

where qe and qt are the quantities of metribuzin (mg·g–1) 
adsorbed at equilibrium and at time t (min) respectively, 
and k1 is the rate constant (min–1). 

1 1

2
2q k q

t
qt e e

= + � (7)

From the graphic representation of the variation of ln (qe – 
qt) as a function of t, it is possible to determine k1 and qe.

Table 6 summarizes the values ​​of the kinetic param-
eters of the first-order Lagergren equation, namely the 
correlation coefficient (R2), rate constant (k1), adsorp-
tion calculated at equilibrium qe (cal) and experimental 
adsorption at equilibrium qe (exp). These results show 
that the correlation coefficient (R2) assumes the highest 
value (0.9462) at the temperature of 20°C. The values ​​of qe 
(exp) increase with the temperature while those of qe (cal) 
decrease. The negative evolution of qe (cal) as a function 
of temperature proves that the first-order equation is not 
adequate to have a good kinetics of Metribuzin adsorp-
tion by maghnite. 

The values ​​of k2 and qe were calculated from the ori-
gin and slope of the graphical representation of the vari-
ation of t/qt as a function of t. Table 6 presents the values 
of k2, R

2, qe (cal) and qe (exp) as a function of temperature. 
These results show that the correlation coefficient (R2) has 
values ​​greater than 0.98 and that the values ​​of qe (cal) are 
comparable to those of qe (exp), for any temperature in the 
considered range. This confirms that the sorption kinetics 
of Metribuzin by raw and acid-activated maghnite follows 
a second order reversible sorption rate law. In the second 
order equation of adsorption kinetics, it is assumed that the 
phase limiting adsorption is chemisorption, which involves 
forces and electron exchanges between the adsorbent and 
the adsorbate [48].

Also, it can be noted that the second-order model corre-
sponds better to the experimental data for all the Metribuzin 
concentrations used (between 20 and 50 mg·L–1). The sec-
ond-order model is based on the assumption that the rate 
limiting step can be chemical adsorption, involving valence 
forces by sharing or exchanging electrons between the adsor-
bent and the adsorbate [49]. 

7. Thermodynamic evaluation of the adsorption process

The adsorption capacity of metribuzin by raw maghnite 
and acid-activated maghnite was studied in the tempera-
ture range from 293 to 323K. The free energy of adsorption 
(∆G°) and the entropy(∆S°), and enthalpy changes (∆H°) in 
the adsorption process are related by the Van’t Hoff equa-
tions [50]:

ΔG RT K° = − ln 0 � (8)

Δ Δ ΔG H T S° = ° − ° � (9)

K
q
CL

e

e
� (10)

Table 5
Freundlich and Langmuir coefficients obtained from the 
adsorption isotherms of metribuzin on the Raw-M and the 
Mag-H+ at 298 K and pH 2.5

Sample Langmuir constant Freundlich constant 

qm (mg/g) KL (l/g) R2 n Kf R2

Mag-H+ 72.18 0.89 0.99 2.18 3.02 0.95
Raw-Mag 57.12 0.45 0.97 1.97 2.34 0.96
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where T is the temperature (K), R is the gas constant (8.314 
J·mol–1·K–1), ∆H° is the standard enthalpy (kJ·mol–1), the 
standard entropy (kJ·mol–1·K–1), and K0 the sorption distri-
bution coefficient (L·g–1).

The sorption distribution coefficient K0 can be expressed 
in terms of enthalpy, entropy and temperature, as shown in 
Eq. (11) below:

ln K
S
R

H
RT0 =

°
−

°Δ Δ
� (11)

The thermodynamic parameters of the adsorption iso-
therm are listed in Table 7. They have been used to explain 
the mechanism of the adsorption process of Metribuzin 
herbicide by raw and acid-activated maghnite. The values 
demonstrate non spontaneous and favorable sorption pro-
cess. The positive values of heat of reaction ΔH˚ indicated 
that the sorption is endothermic [51]. On the other hand, 
the negative values of the change in free energy depict the 
spontaneous nature of the process. Finally, negative of ∆S° 
are very large and correspond to a decrease in the degree of 
freedom of the sorbed species

8. Desorption and regeneration 

The results of regeneration study are presented in 
Fig.  15. Desorption experiments were performed using 
distilled water. The Mag-H+ showed higher resilience than 
Raw-Mag after four regeneration cycles, it had above 30% 
adsorption uptake capacity after four regeneration cycles. 
The desorption efficiency may have been enhanced by 
repulsion activities between the metribuzin molecules and 
protonation of the Acid treated clay surface. The decrease 
in the adsorption uptake of metribuzin on Mag-H+ with 
increasing regeneration cycles was attributed to the increase 
in the adsorbate molecules that were strongly attached to 
the surface of the adsorbent via chemical adsorption. 
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Fig. 13. Linearization curves of the distribution constant (ln K0) 
as a function of temperature (1/T) for Mag-H+.
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Fig. 14. Linearization curves of the distribution constant (ln K0) 
as a function of temperature (1/T) for Raw-Mag. 

Table 6
Comparison of the first- and second-order adsorption rate constants, for calculated (q↓(e(cal))) and experimental (q↓(e(exp))) values 
at metribuzin of concentration 30 mg L−1 and pH 2.5

Adsorbent
qe(exp)  

(mg/g)

First-orderkinetic model Second-orderkinetic model

qe(cal) 

(mg/g)
k1 

(min–1)
R2 qe(cal) 

mg/g)
k2 

(min–1)
R2

H-Mag 70.1 82.4 0.017 0.94 74.9 0.007 0.98
Raw-Mag 55.6 62.9 0.014 0.93 64.5 0.0067 0.97

Table 7
Thermodynamic constants for the adsorption of Metrribuzin on raw-M, H-M montmorillonites at various temperatures

Thermodynamic 
parameters

∆H° 
(kJ/mol)

∆S° 
(J/mol)

∆G° 293 
(kJ/mol)

∆G° 303 
(kJ/mol)

∆G° 313 
(kJ/mol)

∆G° 323 
(kJ/mol)

Ci (ppm) H-M raw-M H-M raw-M H-M raw-M H-M raw-M H-M raw-M H-M raw-M

20 2.16 0.53 33.67 28.58 –9.86 –8.37 –10.20 –8.66 –10.54 –8.94 –10.87 –9.23
30 6.09 0.65 25.80 28.10 –7.55 –8.23 –7.81 –8.51 –8.07 –8.79 –8.33 –9.08
40 18.00 1.79 29.74 35.14 –8.70 –10.29 –8.99 –10.64 –9.29 –11.00 –9.59 –11.35
50 2.01 0.34 32.76 25.76 –9.60 –7.55 –9.93 –7.80 –10.25 –8.06 –10.58 –8.32
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9. Conclusions

This study was carried out to investigate the use of 
system batch adsorption for the removal metribuzin from 
aqueous solution using raw maghnite and acid-activated 
maghnite. The sorption of metribuzin was dependent on 
the adsorbent dosage, stirring time, initial metribuzin con-
centration and pH solution. The both adsorbent used, raw-
Mag and Mag-H+ have a surface area of 140 m2/g and 161 
m2/g respectively. The adsorption experiments showed that 
metribuzin adsorption is more favorable at acidic medium. 
The maximum adsorption capacity was 70.1 and 55.6 mg/g 
for raw-Mag and Mag-H+ respectively, it was found at 20 
mg/L initial concentration, and pH 2.5. The results showed 
that the pseudo-second order reaction kinetics model pro-
vided the best description of the adsorption. The experi-
mental data for the adsorption process were well fitted by 
the Langmuir and Freundlich adsorption isotherm. Ther-
modynamic parameters were also evaluated for the system 
and revealed that the adsorption was endothermic in nature 
and spontaneous. Overall, the use of such as kind of materi-
als is a double-win for both water treatment and soils. 
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