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Abstract 
Phytosanitary products are frequently used by agriculture worldwide and in 
Cameroon in particular; this with a view to protecting crops and improving 
agricultural yields (Riba and Silvy, 1989; Bonny, 1996; Mattews et al., 2003). 
There are many studies on the retention of pesticides by soils, but in Came-
roon, very few studies have focused on the interaction between andosols, fer-
ralsols and the pesticides paraquat and carbendazim, which are widely used 
by farmers in Foumbot and Ebolowa. The objective of this work is to provide 
elements of understanding on the mobility of paraquat along the profile of 
andosolic soils of Foumbot and ferralitic soils of Ebolowa during which the 
soil samples were collected. The soil samples were characterized by the ana-
lytical method in accordance with the international standards at the Research 
Unit of Soil Analysis and Environmental Chemistry of the University of 
Dschang, as recommended by Pauwels et al. (1992). The different analyses of 
the soil samples were carried out according to the classical procedures of the 
Faculty of Agronomy and Agricultural Sciences, Soil, Plant and Water Labor-
atory. Statistical analysis was performed. Pearson correlation tests were per-
formed to correlate soil physicochemical properties with soil adsorption pa-
rameters; thus, it has been observed that there is a strong correlation between 
the CEC and the rate of organic matter. The experimental device used for this 
study is a block device. This study was carried out in batch mode and by vary-
ing the contact time, the pH of the solution, the mass of the soil, the concen-
tration of the solution. The physicochemical characterizations of the soils were 
studied. The mineralogical analysis was carried out by X-ray and infrared dif-
fraction. The analysis of the samples was carried out by UV-Vis absorption 
spectrometry. The study of the adsorption kinetics showed that the adsorption 
of paraquat by the soils of Foumbot NK1, NK3 and Ebolowa MIN1 is better 
described by the pseudo-second order kinetic model since the qe values ob-
tained from this model are close to the experimental values. The study of the 
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adsorption kinetics showed that the adsorption process is very fast during the 
first thirty minutes and medium to very slow afterwards. The half-reaction 
times indicate that the kinetics of pollutant accumulation is faster on the sur-
face of fallow soil NK1 (t1/2 = 11.30 min.), followed by cultivated soil NK3 
(t1/2 = 19.94 min.) and finally the bare ground of Ebolowa MIN1 (t1/2 = 
264.05 min.). Three adsorption models have been studied and the isotherms 
are best described by the Freundlich and Dubinin-Radushkevitch model. The 
adsorption of paraquat by the andosolic soils of Foumbot and the ferralitic 
soils of Ebolowa is best described by the Freundlich model. Bare forest soil 
MIN1 with a depth of 25 to 50 cm better describes adsorption with a correla-
tion coefficient R2 = 0.951 µmol/g compared to cultivated soil NK3 with a 
surface layer of 0 to 25 cm and finally fallows soil NK1 with a depth of 25 to 
50 cm. The strong biological activity of the 25 to 50 cm deep layer of MIN1, 
the C/N ratio of 11.00 testifies to a good mineralization of this soil. The clay 
content of 45% would promote the retention of paraquat and reduce the 
presence of this pesticide at depth. 
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1. Introduction 

Considerable quantities of pesticides have been used worldwide by intensive 
agriculture for more than half a century. It is estimated that 2.5 million tons of 
pesticides are applied to the world’s crops every year [1] [2]. Since the 1950s, the 
intensive use of plant protection products has led to a significant increase in 
crop yields. Plant protection products are frequently used in Cameroonian agri-
culture to protect crops and improve yields [3] [4] [5] [6]. Pesticides are released 
into the environment during spraying and are present everywhere. Pesticide re-
sidues have been found in food. According to the latest figures for 2008, pub-
lished in 2010, more than 70% of fruits and vegetables produced by intensive 
agriculture contain pesticide residues, with 4% exceeding the Maximum Residue 
Levels (MRLs); more than 60% of wheat samples and about 99% of milk samples 
contain pesticides. They are also present in the bodies of almost all adults and 
children brought there by water, air and food consumed. Organisms thus har-
bour hundreds of toxic molecules, including many pesticides [7] [8]. Most re-
searchers estimate the pesticides that come into contact with or are ingested by 
undesirable target organisms to be less than 0.3%, which means that 99.7% of the 
substances spilled do not reach their target [1] [9]. Some of these toxic plant 
protection products are washed into surface watercourses by runoff, while the 
rest infiltrate and pollute groundwater [6] [10] [11] [12] [13].  

Paraquat is a non-selective contact herbicide, highly soluble in water. The 
slow adsorption of paraquat on these soils increases its efficacy, increases its 
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bioavailability, so it can be available to plants [14] [15], hence the need to study 
the behaviour of this pesticide in soils.  

The objective of this research work is to provide elements of understanding on 
the mobility of paraquat along the profile of andosolic soils of Foumbot and fer-
rallitic soils of Ebolowa for a healthy and sustainable agriculture. The chemical 
structure of paraquat is presented in Figure 1.  

2. Research Methodology  

The present research work was carried out in the field for the collection of soil 
samples and in the laboratory for the various analyses and adsorption studies. 

2.1. Materials  

The material to be used for this research is as follows:  

2.1.1. Soils  
• Presentation of the study area and collection of site data  

The present study was carried out on two sites: the highlands of West Came-
roon, precisely in the town of Foumbot, Nkouonke village in Noun, where an-
dosols were sampled (the NK1 under fallow soil, the NK2 bare soil and the NK3 
cultivated soil); then in South Cameroon where Ferralsols were sampled (the 
cultivated soil MIN2, the soil under fallow MIN3 and the bare soil MIN1). The 
choice of these soils is justified by the high level of agricultural activity in these 
areas.  

2.1.2. Pesticides  
The pesticide paraquat, which is a herbicide, was used. The choice of this pesti-
cide is justified by its massive use in peasant and industrial crops in Foumbot 
and Ebolowa.  

2.2. Methods  
2.2.1. Soil Analysis Methods  
The soil samples were characterised by the analytical method in accordance with 
the international standards in force at the Research Unit for Soil Analysis and 
Environmental Chemistry of the University of Dschang, as recommended by 
Pauwels et al. The different analyses of the soil samples were carried out accord-
ing to the classical procedures of the soil, plant and water laboratory of the Fa-
culty of Agronomy and Agricultural Sciences (FASA). The present research 
work was carried out in the field for the collection of soil samples and in the la-
boratory for the different analyses and adsorption studies.  
 

 
Figure 1. Chemical structure of paraquat. 
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2.2.2. Soil Sampling Methods  
Seven study sites representing typical characteristics of the study area and based 
on landscape, cropping system, organic matter composition, clay and iron con-
tent were selected. The physical and chemical properties of each site are given. 
After the preliminary adsorption studies, soils with low retention capacity were 
eliminated and only four soil samples were selected for the sorption experi-
ments. All these soil samples were collected from the surface horizon (0 - 25 
cm), crumbled, spread in a thin layer, air-dried in a ventilated area, free from 
contamination on plastic trays for about seven days. The samples were stirred 
daily to promote drying and then moderately crushed in a porcelain mortar with 
a porcelain pestle, without breaking up the sands and stones. The whole was 
sieved with a 2 mm mesh sieve and the sieve (fine soil) was kept in sealed and 
labelled plastic bags.  

2.2.3. Description of the Profile  
The soil profiles of the different soil samples from Foumbot (NK1, NK2 and 
NK3) and Ebolowa (MIN1, MIN2 and MIN3) were produced according to the 
description of soil profiles proposed by the FAO (FAO, 1990). For the classifica-
tion of soils, the determination of the colours of the horizons of the different 
profiles is done by a “Munsell” colour chart. The soil profile of Foumbot FBT 
located in the Foumbot Caisserie district is not included in the statistical analys-
es. This site was studied for simple observation.  

2.2.4. Collection and Preparation of Samples of the Internal Soil  
Horizons  

The sampling and preparation of the soil samples was determined according to 
the methods recommended by Pauwels et al. The selected locations were well 
cleaned. Soil profiles of about 150 cm × 150 cm surface area and 150 cm depth 
were dug at the Nkouonke and Foumbot Caisserie sites in West Cameroon and 
at Minkolmingon (MIN1), Tyele (MIN2) and Mekoto (MIN3), in Central and 
South Cameroon. Two types of sampling were carried out:  

- Sampling of the different horizons along the soil profile at different points, 
which consisted of collecting only those horizons that could be used to classify 
the soil. Soil horizons were identified by colour differences using a “Munsell” 
colour chart, texture, root penetration and presence of gravel. Disturbed 2 kg 
samples from the central part of each horizon were taken with a clean knife, 
starting from the lower horizons (bottom up). They were then placed in a 
well-labelled plastic package and transported to the laboratory.  

- Collection of different depth samples along the soil profile. The aim was to 
study the vertical storage and mobility of substances in the soil. Disturbed sam-
ples of 2 kg depth (0 - 25 cm, 25 - 50 cm) from each profile were taken with a 
clean knife, starting from the lower horizons (bottom up), then put in a well la-
belled plastic package and transported to the laboratory.  

2.2.5. Collection and Preparation of Soil Surface Samples  
The depth of the soil to which the plant draws water and nutrients (topsoil) de-
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pends on the depth of rooting, which in turn is determined by the plant species 
and edaphic constraints. Routine analysis is carried out on surface samples (0 - 
25 cm). These were collected and prepared for physicochemical analysis and ad-
sorption studies. A 2 kg mass of surface sample was hand augered three times 
from the Nkouonke and Foumbot Caisserie sites in West Cameroon and the 
Minkolmingon, Tyele and Mekoto sites in Central and South Cameroon for 
physicochemical analyses and adsorption studies. Twenty-five soil samples were 
taken according to an experimental protocol proposed by FAO. After the pre-
liminary studies, which consisted of the first adsorption experiments, twen-
ty-one soil samples that showed a very low adsorption rate were eliminated; only 
four that showed an average adsorption rate were retained for further research. 
The soil samples selected were mainly the surface layers with a depth of 0 to 25 
cm.  

3. Results and Discussion  
3.1. Description of the Different Horizons of the Soil Profile  

- Soil under Nkouonke 1 (NK1) fallow 
Between (0 and 20 cm), it is an A horizon (hz A). According to the Munsell 

colour chart, the soil surface is Black (10YR2/1) when wet; clay-loam texture; 
lumpy structure with small clods of soil, easily crushed by finger pressure; friable 
when wet, not very plastic, not very sticky, presence of very fine pores, presence 
of many fine roots; presence of few channels and low biological activity; distinct 
and regular boundary. Between (20 and 33 cm), the AB horizon is Dark brown 
(10YR3/3) in a wet state; clayey-silt texture; medium to fine subangular polyhe-
dral structure, well developed, very friable in a wet state, not very plastic, not 
very sticky, presence of very fine pores; medium presence of fine roots; presence 
of few channels and low biological activity; diffuse and regular limit. Between 
(33 and 54 cm), Bt horizon, Dark yellowish brown (10YR3/4) in a wet state; 
clayey texture; medium subangular polyhedral structure, moderately developed; 
friable in a wet state, not very plastic, not very sticky, presence of very fine pores. 
Presence of few fine roots, presence of few channels and low biological activity; 
distinct and wavy boundary.  

- Nkouonke 3 (NK3) cultivated soil  
Between (0 and 20 cm) is the Ap horizon. According to the Munsell colour 

chart, the soil surface is Dark reddish brown (5YR3/2) when dry and Dark 
(5YR2.5/1) when wet; the texture is clay-loam, granular structure, friable when 
dry, plastic and sticky when wet; not stony, presence of many fine pores; pres-
ence of many fine roots; presence of channels and common termite activity; dis-
tinct and regular boundary Between (20 and 40 cm), the BA horizon is reddish 
brown (5YR4/3) when dry and very dark gray (5YR3/1) when wet. Between (40 
and 110 cm), the Bt horizon is yellowish red (5YR4/6) when dry and reddish 
brown (5YR4/4) when wet. The texture is clayey; medium subangular polyhedral 
structure, moderately developed; friable when dry, very sticky and very plastic 
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when wet; not stony; presence of several very fine pores; absence of roots; pres-
ence of few channels and low biological activity.  

-Bare ground in Minkolmingon (MIN1)  
Between (0 and 8 cm), it is an A horizon (hz A). According to the Munsell 

colour chart, the soil surface is “Brown” (7.5YR 4/3) when wet, clayey-loamy, 
lumpy, sticky, plastic, many very fine to fine pores, not stony, not rocky, many 
fine to medium roots, intense biological activity, gradual and regular boundary. 
Between (8 - 34 cm), the AB horizon is “Strong brown” (7.5YR 4/6) in a wet 
state, clayey, medium sub-angular, sticky, plastic, many very fine to fine pores, 
not stony, not rocky, many medium roots, intense biological activity, presence of 
termite galleries, diffuse and regular boundary. Between (34 and 62 cm), horizon 
BOX1 is “Strong brown” (7.5YR 4/6) in a wet state, clayey, medium sub-angular, 
friable (dry), very sticky, very plastic (wet), many very fine to fine pores, pres-
ence of quartz grains, many fine to medium roots, intense biological activity, 
presence of termite galleries, diffuse and regular limit.  

3.2. Description of Study Sites and Classification of Soil Profiles  

Description of study sites and classification of soil profiles are presented in Ta-
ble 1.  

3.3. Physical and Physicochemical Characteristics of the Soils  
Studied  

Table 2 presents the physical and physicochemical characteristics of the surface 
layers of the soils studied  

Soil pH is the indicator of soil acidity. Table 2 shows that after soil analysis, 
the results showed that the three ferrallitic soils in Ebolowa were acidic with H2O 
pH values between 4.2 and 5.2. The Minkolmingon soil (MIN1) was very acidic 
while the Tyélé (MIN2) and Mekoto (MIN3) soils were moderately acidic. The 
three soils at Foumbot were weakly acidic with H2O pH values ranging from 5.42 
to 5.63.  

Average values of organic matter (OM) were obtained in Ebolowa (3.33% and 
3.95%); these values were confirmed by [16], while very high values were ob-
tained in the soils of Foumbot, MO (3.14% and 8.61%).  

The Cation Exchange Capacity (CEC) was low for the three Ebolowa soils, 
ranging from 7.04 to 9.92 cmol (+)/kg, and high for the four Foumbot soils: 
26.02 to 36.48 cmol (+)/kg.  

The Sum of Exchangeable Bases (SBE) was very low for Ebolowa soils: be-
tween 1.24 and 1.90 cmol (+)/kg and moderate for Foumbot soils: SBE between 
5.36 and 8.34 cmol (+)/kg. In Foumbot, magnesium has a high value, between 
3.40 and 5.68 cmol (+)/kg; this could probably be due to the cultivation history. 
The magnesium value is low for the Ebolowa soils, ranging from 0.40 to 0.56. 
Potassium, calcium and sodium values are low for all soils.  

The Base Saturation Rate (BSR) was very low for the Ebolowa soils: between 
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13.42% and 22.30% and low for the Foumbot soils: BSR between 19.87 and 28.44 
cmol (+)/kg. 

3.4. Mineralogical Characteristics of Soils  

The X-ray diffractogram of the NK1 fallow soil sample is observed at the surface 
horizon (0 - 25 cm) (Figure 2) as well as the IR spectra of the NK1 fallow and 
NK3 cultivated soils (Figure 3(a) and Figure 3(b)).  
 

Table 1. Description of study sites and classification of representative soil profiles. 

Site characteristics NK1 NK3 FBT MIN1 

Geographical  
coordinates 

Lat: 05˚38'73''N, 

Length: 10˚38'899''E 

Lat: 5˚37'902''N, 

Length: 10˚39'145''E 

Lat: 5˚29'918''N, 

Length: 10˚37'354''E 

Lat: 03˚17'9''N, 

Length: 11˚33'2''E 

Land use/vegetation 

Soil under fallow. It is a 
wooded savannah at 10 m 
from a gallery forest  
colonized by Hypparegna 
sp. vegetation, which are 
low grasses 

Soil previously  
cultivated by maize 
 (Zea mays). 

Soil previously cultivated by 
maize (Zea mays) and beans 
(Phaseolus vulgaris); soil 
currently populated by  
herbaceous vegetation  
Bidem spilosa Mimosa 

Bare ground in the 
equatorial forest 

Soil mining 

- plough type 

- type of machine 

- fertilizer application 

Under fallow Machine Ploughing Uncultivated soil 

Geomorphology 

Flat basin. Topography  
of the neighbouring area  
is rugged and varies in 
altitude from 50 to 400 m 

It is a bowl. It is a bowl. 

Area with a concave 
slope of about 3% to 
4%. The surrounding 
vegetation is an  
equatorial forest zone 
with a herbaceous layer 
composed of  
Chromolaena odorata 
and cyperaceae 

Relief Altitude of 1145 m. Altitude of 1 148m Altitude of 1082 m Altitude of 662 m 

Erosion/altitude No evidence of erosion No evidence of erosion No evidence of erosion No evidence of erosion 

Parent materials Basalt Basalt 
Volcanic ash in pyroclastic 
deposits 

Granite 

Soil moisture Aquic Udic Udic Udic 

Soil temperature Isothermal Isothermal Isothermal Isohyperthermal 

Soil classification:  
IUSS working group 
WRB 

Melani-Umbric Andosols 
(Dystric) 

Melani-Umbric  
Andosols (Dystric) 

/ 
Acri-Hyperdystric 
Ferralsol (Xanthic) 

Soil classification:  
Soil survey staff 

Typic Melanudands, 
medial over loamy skeletal, 
isothermic 

Typic Melanudands, 
medial over loamy  
skeletal, isothermic 

/ 
Kaolinitic clayey  
isohyperthermic 
Acrudox 
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Table 2. Physical and physicochemical characteristics of the surface layers of the soils studied. 

N˚ 
PROPERTIES 

ANDOSOLS FERRALSOLS 
NK1 NK2 NK3 FBT MIN1 MIN2 MIN3 

Texture (%) 
1 Clay 30 31 35 30 45 35 38 
2 Silt 15 25 25 25 13 12 12 
3 Sand 45 45 40 45 43 53 50 
4 Textural class Sandy clay loam Clayey Silt Clayey Silt Clayey Silt Clay Clayey Silt Sandy clay 
5 Moisture content 3.46 1.76 1.55 1.03 0.68 0.59 0.57 
6 Bulk density (g/cm3) 0.59 0.79 0.99 0.53 1.07 1.27 1.06 

 
Soil reaction 

7 pH KCl 4.21 4.22 4.02 5.05 4.00 4.70 4.80 
8 pH H2O 5.46 5.42 5.52 5.63 4.20 5.00 5.20 
9 ΔpH (pH KCl - pH H20) −1.25 −1.20 −1.50 −0.58 −0.20 −0.30 −0.40 
10 EC (µS/cm) 86.30 106.50 108.50 62.60 104.30 116.20 78.10 

 
Organic materials 

11 Total nitrogen (g/kg) 0.24 0.11 0.14 0.33 0.20 0.20 0.17 
12 Organic Carbon (%) 5.01 1.82 2.94 3.80 2.19 2.27 1.93 
13 Organic matter (%) 8.61 3.14 5.07 6.55 3.78 3.95 3.33 
14 C/N ratio 20.88 16.54 21.00 11.50 11.00 11.00 11.00 

 
Exchangeable cations (cmol (+)/kg) 

15 Calcium 1.88 1.92 2.32 1.60 1.04 1.28 0.72 
16 Magnesium 5.12 4.32 5.68 3.40 0.40 0.56 0.48 
17 Potassium 0.23 0.13 0.32 0.33 0.09 0.05 0.03 
18 Sodium 0.02 0.02 0.02 0.03 0.04 0.01 0.01 
19 Sum of Exchangeable Bases 7.25 6.39 8.34 5.36 1.57 1.90 1.24 
20 Exchangeable acidity (H+ + Al3+) 2.52 2.30 3.58 0.05 2.10 0.70 0.55 

 
Cation exchange capacity (cmol (+)/kg) 

21 CEC 36.48 26.02 29.32 26.72 7.04 9.92 9.44 

22 
Base Saturation Rate 
V (%) = S/CEC × 100 

19.87 24.56 28.44 20.05 22.30 19.15 13.14 

23 CECE 9.77 8.69 11.92 5.41 3.67 2.60 1.79 
 

 
Figure 2. X-ray diffractogram of soil under NK1 fallow (0 - 
25 cm). K: kaolinite, Gi: Gibbsite, G: goethite, Q: quartz, M: 
Magnetite, Si Tr: Trioctahedral silicates, Si Di: Dioctahedral 
silicates.  
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(a) 

 
(b) 

Figure 3. Infrared spectra of (a) NK1 (0 - 25 cm) and (b) NK3 (0 - 25 cm).  

3.4.1. X-Ray Diffraction of NK1 (0 - 25 cm)  
The analysis of this diffractogram shows that the dominant peaks are those of 
α-quartz SiO2 silica (2θ = 20.8˚; 26.7˚; 50.3˚ and 60.1˚). According to the literature, 
these distances are in agreement with those found by [2] [17]. The well-resolved 
peak at 12.4˚ is attributed to aluminosilicate plates containing no metallic ele-
ments, which corresponds to the kaolinite Si2Al2O5(OH)4 (d = 7.13 Å). Accord-
ing to the work of [18], some peaks corresponding to kaolinite can be observed 
at 2θ = 24.9˚ and 38.7˚ for the (002) reflection planes. Other peaks, less intense, 
indicate the presence of goethite (2θ = 21.2). The broad diffraction peak at 33.3˚ 
may be from 2 phases, goethite α-FeOOH (reflection (130)) or hematite α-Fe2O3 
(reflection (104)) [19]. Goethite, which is the free iron, is present outside the clay 
systems.  
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3.4.2. Analysis of Soil Samples by IR Spectroscopy  
IR analysis of soil samples  
Figure 3(a) and Figure 3(b) show the IR spectra of the NK1 fallow and NK3 

cultivated soils. Overall, it appears that the IR spectra of these different soils 
show the same pattern: these spectra have a very similar band distribution in the 
mid-infrared region for the different types of materials. This is proof that all 
materials have mostly identical functional groups. According to [20], these ob-
servations could explain why this technique is not sensitive enough to clearly il-
lustrate the different types of defects in all these materials. Using the results of 
the literature on IR spectroscopic characterization of soils, vibrational bands 
have been assigned:  

Some characteristic peaks can be highlighted, the presence of a broad band in 
the region of 3690 - 3619 cm−1 is assigned to the stretching vibration of the internal 
O-H hydroxyl groups of kaolinite [21]. There are absorption bands observed 
around 1630 and 1400 cm−1 in Figure 3(a) and Figure 3(b) which are attributed to 
the molecular O-H deformation vibration of water and the C-H elongation vibra-
tion of organic matter respectively [22]. Absorption bands around 1000 and 910 
cm−1 observed in the above mentioned figures are assigned to the Si-O elongation 
vibration and the Al–AlOH elongation vibration bands of kaolinite respectively. 
The doublet observed in the spectra of the same samples in the 745 - 790 cm−1 re-
gion can be attributed to the intertetrahedral Si-O-Si bond of quartz [21].  

3.4.3. Influence of Contact Time for Paraquat Adsorption with Different  
Soil Samples  

The study of the contact time makes it possible to determine the time required to 
reach the adsorption equilibrium between the adsorbent and the adsorbate. To 
determine this, the material and the pollutant are brought into contact for vari-
ous periods of time. This time indicates the end of the adsorption process. The 
adsorption equilibrium reached between the soil and the pesticide will make it 
possible to determine the different points constituting the isotherm used. The 
results collected during this study are given in Figure 4.  

 

 
Figure 4. Influence of contact time for paraquat ad-
sorption on NK1, NK3 and Min1 soils. Experimental 
conditions: 30 mg of each soil sample in 20 mL of a 
paraquat solution of concentration 2 × 10−4 mol/L. 
Stirring speed: 120 rpm at room temperature.  
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Analysis of these curves shows that they generally show the same pattern. The 
rapid adsorption of paraquat was observed during the first fifteen and twenty 
minutes respectively for the cultivated soil NK3 and the fallow soil NK1 until 
about forty minutes, which is the equilibrium time for these different soils to 
reach the plateau. The slope shows that there is a high affinity between the dif-
ferent soils and paraquat at the beginning and a saturation of adsorption sites 
afterwards. The NK3 cultivated soil adsorbs more and stabilizes quickly. We can 
say that there are two types of adsorption, one with a very steep slope and stabi-
lizes; then the others that adsorb less and continue to adsorb. The first part cha-
racterized by a high adsorption rate is due to the fact that the number of adsorp-
tion sites initially available on the soil is high, allowing paraquat to reach them 
easily. The second part shows that as the contact time increases, the number of 
free sites on the soils decreases and the non-adsorbed molecules are assembled 
on the surface of the material; this limits the adsorption capacity (Figure 4).  

3.4.4. Kinetic Study of Paraquat Adsorption on NK1, NK3 and Min1 Soils  
The determination of the time required to reach adsorption equilibrium requires 
the kinetic study of adsorption. This study also makes it possible to determine, in 
a comparative manner, the quantities of pesticides adsorbed as a function of time 
for a given initial concentration. Finally, the kinetic study of adsorption provides 
information on adsorption mechanisms by providing them with information. In 
order to study the different kinetic parameters of the adsorption of pesticides, the 
kinetic models of pseudo-first order, pseudo-second order and Elovich were ap-
plied to the experimental data obtained during the study of the influence of con-
tact time on adsorption. The linear regressions relating to each of these models 
were plotted and the constants obtained are presented in Table 3. 

1) Pseudo-first-order, pseudo-second-order and Elovich kinetic models  
The adsorption kinetics of paraquat by the three soils are presented in Figures 

5(a)-(c) and the summary of the different constants obtained on the kinetic 
models of paraquat adsorption on the soils is presented in Table 3. The various 
adsorption kinetics were obtained for an introduced paraquat concentration of 
10−4 mol·L−1. 

 
Table 3. Summary of the different constants obtained relating to the kinetic models of paraquat adsorption on NK1, NK3 and 
Min1 soils. 

Soils 
Pseudo-first order Pseudo-second-order Elovich 

K1 R2 qexp qe K2 t1/2 h R2 α β R2 

NK1 (0 - 25 cm) 0.072 0.999 30.990 31.870 0.111 11.30 112.740 0.999 712.300 0.310 0.898 

Equations Y = −0.07203X + 2.41065 Y = 0.03137X + 0.08827 Y= 3.19714X + 17.28481 

NK3 (0 - 25 cm) 0.073 0.941 34.600 34.620 0.043 19.94 52.060 0.999 2.02E+8 0.660 0.769 

Equations Y= −0.07289X + 1.91464 Y= 0.02888X + 0.0192 Y= 1.505556X + 28.17669 

Min1 (0 - 25 cm) 0.091 0.922 27.580 28.720 0.006 264.05 5.430 0.994 40.320 0.240 0.862 

Equations Y= −0.09133X + 2.8896 Y= 0.03481X + 0.18377 Y= 4.12608X + 9.4058 

k1 (min−1), qe (µmol/g), qexp (µmol/g), k2 (g µmol/ min), h (µmol/g/min), t1/2 (min), α (µmol/g/min), β (g/µmol).  
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(a) 

 
(b) 

 
(c) 

Figure 5. (a) Pseudo-first order kinetic study of paraquat adsorption on 
soils NK1, NK3 and Min1; (b) Pseudo-second-order kinetic study of pa-
raquat adsorption on soils NK1, NK3 and Min1; (c) Kinetic study by Elo-
vich of paraquat adsorption on soils NK1, NK3 and Min1. 
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Table 3 shows that the adsorption of paraquat by the soils of Foumbot NK1, 
NK3 and Ebolowa MIN1 is better described by the pseudo-second order kinetic 
model since the qe values obtained from this model are close to the experimental 
values. Observation of this table shows that the correlation coefficients for this 
model are close to unity. This proves that this model is the most suitable for in-
terpreting these experimental data. This observation is regular for heavy metals 
or for organic compounds [23] [24]. These good correlations also indicate that 
chemisorption is the limiting step of the process [24] [25]. 

The half-reaction time is the time after which half of the substance initially 
introduced is degraded. This time gives an indication of the persistence of the 
parent molecule in water, air or soil; but, it does not provide information on the 
metabolites. The half-reaction times indicate that the kinetics of pollutant ac-
cumulation is faster on the surface of fallow soil NK1 (t1/2 = 11.30 min.), fol-
lowed by cultivated soil NK3 (t1/2 = 19.94 min.) and finally the bare ground of 
Ebolowa MIN1 (t1/2 = 264.05 min.). This observation shows that the soil under 
NK1 fallow seems more active or more available for paraquat fixation. There would 
be a correlation between the densities of the materials and these half-reaction times 
because the observation made is that they increase with the density of the mate-
rials used; which means that the diffusion of paraquat towards the fixation sites 
is favored in porous materials [24]. 

The cultivated soil NK3 adsorbs at equilibrium a quantity of paraquat of 34.620 
µmol/g followed by the soil under fallow NK1 with 31.870 µmol/g and finally the 
bare forest soil of Ebolowa MIN1 with 28.720 µmol/g. The soils, cultivated NK3, 
under fallow NK1 and bare MIN1 have respective organic matter rates of 5.07%, 
8.61% and 3.78%. The quantities of paraquat retained with these different soils 
are not all the greater when the organic matter content of the soil is high. The 
differences in organic matter content are not clearly reflected in the quantities re-
tained. Organic matter does not seem to be the only factor involved in the reten-
tion of paraquat with these different soils. This classification of soils according to 
the importance of the quantities of paraquat retained does not make it possible to 
find the same classification with the rate of organic matter in the soil. 

3.4.5. Adsorption Isotherms  
The purpose of adsorption isotherms is to study the evolution of adsorption at 
equilibrium as a function of pesticide concentration. The isotherm curves represent 
the amount of pesticide adsorbed (qe) as a function of the residual concentration 
of pesticide at equilibrium (Ce). In order to determine the maximum amount of 
pesticide that could be adsorbed onto the soil, the adsorption isotherm was per-
formed by varying the initial pesticide concentration while keeping the other 
parameters constant. The adsorption isotherms of paraquat concentration 2 × 
10−4 mol·L−1 on NK1, NK3 and Min1 soils are obtained for introduced paraquat 
concentrations between 10−4 and 10−3 mol·L−1 corresponding to 3.5 to 7.0 µmol·L−1. 
The contact time between soil and paraquat corresponds to the equilibrium time 
determined at.  
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1) Modelling of paraquat adsorption isotherms  
In this research, the Langmuir, Freundlich and Dubinin-Radushkevitch (D-R) 

formalisms are shown in Figures 6(a)-(c). These formalisms, which are widely 
used for the modelling of adsorption isotherms, have been used for the description 
of paraquat adsorption. The different parameters of Figure 6 obtained by lineari-
zation of the equations of the three models are reported in the Table 4. These 
are the Langmuir (KL, qmax), Freundlich (KF, 1/n) and Dubinin-Radushkevitch (K 
and E) parameters.  

 

 
(a) 

 
(b) 

 

(c) 

Figure 6. (a) Langmuir, (b) Freundlich, (c) Dubinin-R. Iso-
therms for paraquat adsorption on NK1, NK3 and Min1. 
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Table 4. Summary of isotherm constants for paraquat adsorption on NK1, NK3 and Min1 soils. 

Soils 
Langmuir Freundlich Dubinin-Radushkevich 

qmax KL R2 1/n KF R2 K E R2 

NK1 (0 - 25 cm) 290.697 0.001 0.499 0.733 1.383 0.942 0.007 8.422 0.921 

Equations Y = 0.00344X + 2.99133 Y = 0.73248X + 0.14084 Y = −0.00705X + 7.19588 

NK3 (0 - 25 cm) 234.192 0.002 0.701 0.667 4.429 0.950 0.006 8.846 0.929 

Equations Y = 0.00427X + 2.24260 Y = 0.66707X + 0.64637 Y = −0.00639X + 7.06094 

MIN1 (0 - 25 cm) 235.294 0.001 0.596 0.723 1.216 0.951 0.007 8.464 0.935 

Equations Y = 0.00425X + 3.29329 Y = 0.72251X + 0.08494 Y = −0.00698X + 7.04765 

qmax (µmol/g), KL (L/µmol), KF en (L/g), E (kJ/mol), Langmuir model: 
max max

1e e

e L

C C
q K q q

= +
∗

, Freundlich model:  

1ln ln lne F eq K C
n

 = +  
 

, Dubinin - Radushkevich model: 2ln lne mq X K ε′= − . 

 
 Langmuir, Freundlich and Dubinin-Radushkevitch (D-R) model  

The comparative study of the regression coefficients (R2) according to Table 4 
shows that paraquat adsorption isotherms for most soils are best described by 
the Freundlich model, followed by the Dubinin-Radushkevich model and finally 
the Langmuir model (R2 Freundlich > R2 Dubinin > R2 Langmuir).  

Two parameters are generated after linearization of the adsorption isotherms 
from the Langmuir approach: KL and qmax representing respectively the Lang-
muir adsorption coefficient and the maximum adsorption quantity of the pesti-
cide on the soil. These parameters were obtained by all soils with the line Ce/qe = 
f(Ce) having a positive intercept.  

The maximum adsorption capacities (qmax) determined from the Langmuir 
formalism made it possible to classify the soils according to their performance: 
290.697 µmol/g for the NK1 fallow soil, then 235.294 µmol/g for the bare soil of 
Ebolowa MIN1 and finally 234.192 µmol/g for the NK3 cultivated soil. Accord-
ing to this model, adsorption takes place on homogeneous sites and the process 
is favourable with the formation of a paraquat monolayer on the surface of the 
soils at equilibrium.  

After linearization of the adsorption isotherms by the Freundlich model, two 
empirical parameters are generated KF and 1/n representing respectively the 
Freundlich adsorption coefficient and the affinity that exists between the pollu-
tant molecules and the adsorption sites of the materials. The lower the value of 
1/n, the greater the heterogeneity of the sites [26]. The variability of the 1/n val-
ues obtained (0.6 ≤ 1/n ≤ 1) describing the adsorption isotherms of paraquat 
may reflect different distributions of adsorption sites and thus different 
processes involved when studying the retention of this pesticide in soil [27]. Ac-
cording to [2], since 1/n is different from 1, the isotherms are considered as 
non-linear in the concentration range studied (concentrations introduced at 10−4 
to 10−3 mol·L−1 corresponding to 3.5 to 7.0 µmol·L−1). [2], after a study on the 
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adsorption of terbumeton by soil, shows that this non-linearity has already been 
observed for this herbicide in a concentration range comparable to that used in 
this study (0.66 ≤ 1/n ≤ 0.73). According to the same author, two different types 
of organic matter with different structures and affinities for the pesticide may be 
responsible for this non-linearity at the soil level. It should be noted that, in 
soils, certain constituents other than organic matter (mineral constituents) par-
ticipate in the retention of paraquat. Finally, since the soils studied have very 
different values of 1/n (Table 4) and the dimension of KF depends on this value, 
comparing the values of KF characterizing paraquat adsorption on different soil 
samples is not always a requirement.  

4. Conclusions  

The present research work has provided insights into the mobility of paraquat 
along the andosolic soil profile of Foumbot and the ferrallitic soil profile of Ebo-
lowa for a healthy and sustainable agriculture. 

For this purpose, the soils under NK1 fallow, NK3 cultivated and MIN1 bare 
were characterized by several physicochemical and spectroscopic techniques in 
order to obtain information concerning their composition, morphology and 
structure. These techniques enabled the identification of their main constituents. 
X-ray diffractometry analysis of these soils shows that the dominant peaks are 
those of α-quartz silica SiO2, kaolinite Si2Al2O5(OH)4, goethite α-FeOOH or he-
matite α-Fe2O3. Infrared analysis of these soils highlights the presence of the in-
ternal O-H hydroxyl groups of kaolinite, the molecular O-H groups of water, the 
C-H group of organic matter, the Si-O and Al-AlOH group of kaolinite; the 
Si-O-Si intertetrahedral bond of quartz.  

Soil characteristics such as porosity, pH, CEC, clay content, etc., but above all 
the organic matter content, are decisive in the mobility of pesticides. The physi-
cochemical characterisation shows that on the whole, these soils are acidic (pH 
between 4.2 and 5.3). The three soils studied in Ebolowa, bare soil MIN1, culti-
vated soil MIN2 and fallow soil MIN3, had an average organic matter with val-
ues between 3.33% and 3.95% while the four soils in Foumbot, fallow soil NK1, 
cultivated soil NK3, bare soil NK1 and cultivated soil FBT, had a very high or-
ganic matter between 3.14% and 8.61%. The majority of the soils had a C/N ratio 
of around 11 indicating well decomposed organic matter of average quality.  

According to the equilibrium adsorption capacities (qe) obtained, the culti-
vated soil NK3 (qe = 34.620 µmol/g) shows the best paraquat removal perfor-
mance followed by the fallow soil NK1 (qe = 31.870 µmol/g) and finally the bare 
soil MIN1 (qe = 28.720 µmol/g). These observations show that the cultivated soil 
seems to be more active or more available for paraquat fixation, followed by the 
fallow soil. 

The study of the adsorption kinetics showed that the adsorption of paraquat 
by the soils of Foumbot NK1, NK3 and Ebolowa MIN1 is better described by the 
pseudo-second order kinetic model since the qe values obtained from after this 
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model are close to the experimental values. The half-reaction times indicate that 
the kinetics of pollutant accumulation is faster on the surface of fallow soil NK1 
(t1/2 = 11.30 min.), followed by cultivated soil NK3 (t1/2 = 19.94 min.) and fi-
nally the bare ground of Ebolowa MIN1 (t1/2 = 264.05 min.). This observation 
shows that the soil under NK1 fallow seems more active or more available for 
paraquat fixation. The cultivated soil NK3 adsorbs at equilibrium a quantity of 
paraquat of 34.620 µmol/g followed by the soil under fallow NK1 with 31.870 
µmol/g and finally the bare forest soil of Ebolowa MIN1 with 28.720 µmol/g. The 
soils, cultivated NK3, under fallow NK1 and bare MIN1 have respective organic 
matter rates of 5.07%, 8.61% and 3.78%. The quantities of paraquat retained with 
these different soils are not all the greater when the organic matter content of the 
soil is high. The differences in organic matter content are not clearly reflected in 
the quantities retained. Organic matter does not seem to be the only factor in-
volved in the retention of paraquat with these different soils. This classification 
of soils according to the importance of the quantities of paraquat retained does 
not make it possible to find the same classification with the rate of organic mat-
ter in the soil. 

Thus, the NK3 cultivated soil seems to be more favourable for the removal of 
organic pollutants. Any land use technique that influences the conservation of 
organic matter, CEC and clay particles on the surface can be recommended for 
the sustainable management of these soils. Some cultivation practices such as 
stirring the soil to restore its structural characteristics are recommended.  

For soil remediation, organic agriculture is a production system that main-
tains and improves the health of soils and ecosystems.  
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