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Abstract
The equilibrium sorption of a local Ayous (Triplochiton scleroxylon) wood sawdust was examined as substitute adsorbent 
for removal of paraquat from water. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (DRK) isotherms were used 
to compare the equilibrium sorption data obtained. The separation factor revealed a constructive sorption experiment since 
the maximum monolayer coverage (Q0) from Langmuir isotherm model was found out to be 41.66 µmol/g. In addition, the 
correlation value of Langmuir isotherm model was the maximum among the four adsorption isotherms. From Freundlich 
isotherm model, the sorption intensity (n) that denotes favorable sorption and the correlation value are 2.402 and 0.929, 
respectively. Temkin isotherm model was used to calculate the heat of sorption process which corresponds to 18.39 J/mol, 
and the mean free energy was estimated from DRK isotherm model to be 0.091 kJ/mol which vividly proved that the adsorp-
tion experiment was obeyed to a physical process. The results indicate that this local wood sawdust could be employed as 
an economical material for reducing paraquat from industrial wastewater.

Keywords  Isotherms · Paraquat · Adsorption · Free energy

Introduction

In most developed and developing countries, current agri-
cultural and industrial production is based on the use of 
inputs to overcome the factors limiting the production such 
as insects, fungi, weeds (Carter 2000). The use of pesticides, 
which designate substances intended to fight against plant 
and animal pests, harmful to crops and humans (Worthing 
1979), thus makes it possible to optimize yields and ensure 
significant production and to be viable. The storage, trans-
portation and systematic use of these products are, however, 
accompanied by significant pollution which is at the root 
of the destruction of the ecosystem equilibrium. Pesticides 
are ecologically important due to their high toxicity for liv-
ing organisms including human beings (Volesky 2001). The 
toxicological profile of this contaminant is a potential risk 
for the environment and public health (Bhattacharya et al. 
2006; Mishra and Patel 2009). In particular, paraquat or 

methylviologene (1,1′-dimethyl-4,4′-bipyridylium) whose 
formula (Fig. 1) and the physical properties (Table 1) are 
cationic herbicides that are part of the family of bipyridin-
ium, and whose most common counterpart is diquat (Tsung-
Li et al. 2001). 

In commercial formulations, paraquat is in the form of 
dichloride salt (C12H14N2Cl2) or (C12H14N2 (CH3SO4)2). 
These salts are otherwise very soluble in water and almost 
not in most organic solvents except for methanol. Envi-
ronmental standards limit the paraquat concentration to 
1–3 μg/L for surface water and 0.1 μg/L for drinking water 
(Akhtar et al. 2007). It presents indeed a great acute toxic-
ity; it is at the origin of the proliferation of free radicals 
which destroy the cell walls. The depollution of the water 
of rejection or destined for consumption, and load in para-
quat which destroys in human beings many organs and in 
particular the lungs reveal themselves to be a real wager. 
It increases the probability to develop Parkinson’s illness 
(Costello et al. 2009; Sartori and Vidrio 2018). Therefore, 
it is necessary to design feasible processes to minimize 
the pollution caused by paraquat discharges and to reduce 
the risks associated with its presence in the environment. 
Several methods used for the treatment of polluted water 
in various organic compounds such as photocatalysis using 
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compounds sensitive to UV radiation, the Fenton process 
which is part of advanced oxidation processes, phytoreme-
diation, reverse osmosis and adsorption which uses various 
porous matrices to fix and concentrate within them the 
polluting molecules in solution have been used to decon-
taminate the water resources of the various pesticides (Lin 
et al. 2015). Of all these methods, adsorption probably 
presents the best compromise in terms of processing per-
formance and simple implementation. Due to their high 
porosity and large surface area (> 1000 m2/g), activated 
carbons are the most used adsorbents. The search for new 
adsorbents [clays (Tsai et al. 2003) and zeolites (Erderma 
et al. 2004)] has allowed us to see that activated carbons 
could be substituted by other adsorbents, admittedly a lit-
tle less effective, but much less expensive. It is with this 
in mind that biosorption uses biomass-based materials as 
adsorbents. In order to evaluate the feasibility and suitabil-
ity of natural, viable, renewable and low-cost materials, 
which will be used as adsorbent to the threat of pesticides, 
the main objective of this research is to assess the equilib-
rium sorption data using the notable adsorption isotherms 
such as Langmuir, Freundlich, Temkin and Dubinin–Radu-
shkevich. Biosorbents, consisting of dead animal and plant 
biomass (plant, algae, fungi, arthropods, bacteria, yeasts, 
etc.) with adsorbent properties, are macroporous materials 
of very large size, giving them specific surface areas rarely 
exceeding 50 m2/g (Do 1998). This limitation is largely 
compensated by the variety and activity of the functional 
groups present on their surface (alcohol function, carbox-
ylic function, etc.), which are particularly active for the 
fixation of a large variety of chemical compounds.

In this work, we will use the sawdust of a local species 
(Ayous) as biosorbents. The choice of these materials is 
related to their availability and performance of their coun-
terparts listed in the literature for the biosorption of dyes 
(Fiset et al. 2000) and heavy metals (Shuklaa et al. 2005).

Experimental methods

Collection and preparation of adsorbent 
and adsorbate

All chemicals used were of analytical grade and were used 
as received without any further purification. The biosorb-
ent selected for this study is derived from a tropical spe-
cies found in West and Central Africa. The sawdust used in 
this work was harvested in a sciuria of the place (carefully 
avoiding any contamination by sawdust from other species). 
After drying in the open until constant weight, all the raw 
materials were crushed and separated into four particle sizes 
(100–160, 200–300, 300–400 and 400–500 μm) using sieves 
of different meshes. The retained size fractions were then 
thoroughly washed with distilled water and then with metha-
nol (9) and finally rinsed with distilled water, to dissolve the 
extractables and thus release the pores clogged with them. 
After 2 days of drying in the open air, the materials are again 
dried for 2 h in an oven at 105 °C and carefully packaged.

Assay of residual paraquat

The residual paraquat concentration in the filtrates after 
biosorption was measured by spectrophotometric assay 
using the strong blue staining of the cation radical (stable in 
alkaline medium) obtained by paraquat reduction. In prac-
tice, a solution of 1.5 x 10−2 M ascorbic acid to reduce the 
paraquat and 1 M sodium hydroxide to stabilize the blue 
cation radical formed are introduced into a volume of solu-
tion containing paraquat. The absorbance of this solution 
is measured after 1 min at a wavelength of 600 nm. Before 
each set of manipulations, a calibration line is constructed 
from the stock solution.

Biosorption experiment

The biosorption of paraquat was carried out by introduc-
ing a mass of adsorbent (known particle size) equivalent to 
6 g/L in a paraquat solution of known concentration. The 
whole is agitated during a precise duration. After stirring, 
the supernatants are removed and filtered (filter paper mesh 
size: phi 0.45 μm), and residual concentrations of paraquat 
were determined by the analytical method described above.

For the study of the influence of the concentration, masses 
of 0.15 g of biosorbent are added to paraquat solutions of 
25 mL volume and concentrations between 5 × 10−5 M 
and 10−3 M. The mixtures are stirred for 60 min at room 
temperature on a shaking table, then filtered and analyzed 
using Atomic Absorption Spectrophotometer (2380 UNI-
CAM AAS). In order to interpret the results obtained, the 

Fig. 1   Chemical structure of paraquat

Table 1   Physical properties of paraquat

CAS No. 1910-42-5
Molecular formula C12H14Cl2N2

Molar mass 257.16 g/mol
Density 1.25 g/cm3

Fusion point 175–180 °C
Boiling point > 300 °C
Solubility in water 620 g/L
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adsorption capacity qe (μm/g) or the percentage of adsorp-
tion T% is determined from the equations below. The amount 
of adsorbed (μm/g) is calculated using the formulae reported 
by Vanderborght and Van Grieken (1977):

where C0 and Ce are, respectively, the initial concentrations 
and the final concentrations of paraquat, V (in mL) the vol-
ume of the paraquat solution or the volume of the adsorbate 
and m (in g) the mass of biosorbent used. qe is the amount of 
solute adsorbed from the solution. The data were fitted into 
the following isotherms: Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich (Igwe and Abia 2006). The removal 
efficiency is determined by computing the percentage sorp-
tion using the formula in Eq. (2)

Results and discussion

Sorption isotherms of paraquat

The equilibrium sorption of the paraquat was carried out by 
contacting 0.15 g of the biosorbent with 25 mL of volume 
and concentrations between 5 × 10−5 M and 10−3 M. The 
mixtures are stirred for 60 min at room temperature on a stir-
ring table. The mixture was filtered and analyzed for residual 
concentration after biosorption by spectrophotometer using 
the strong blue staining of the radical cation obtained by 
reduction of paraquat. The absorbance of the solution is 
measured after 1 min at a wavelength of 600 nm. Langmuir, 
Freundlich, Temkin and Dubinin–Radushkevich isotherms 
were used to fit the data. The physicochemical parameters 
of the Ayous such as the bulk density of the biosorbent are 
between 0.32 and 0.50 (g/cm3), and the particle size Ф is 
between 100 and 160 μm.

Langmuir adsorption isotherm

Monolayer adsorption occurs at particular homogenous 
sites on adsorbent. In such case, the Langmuir is usually 
used. Between the solid and liquid phases (Vermeulan et al. 
1966), an equilibrium distribution of adsorbent exists. Lang-
muir isotherm helps to characterize it. Since a monolayer 
adsorbate is developed on the outer surface of the adsor-
bent, Langmuir describes it quantitatively. The formation 
of the monolayer adsorbate indicates the end of adsorption 
process. Moreover, Langmuir assumes equal energies of 
adsorption onto the surface where there is no transmigration 

(1)qe =

(

C0 − Ce

)

m
⋅ V

(2)T =

(

C0 − Ce

)

C0

⋅ 100.

of adsorbate in the plane of the surface or in the inner sur-
face of the adsorbent. In the case that surface of adsorbent 
includes a finite number of identical sites, the Langmuir iso-
therm is suitable for monolayer adsorption onto it. Based 
upon these assumptions, Langmuir represented the following 
equation:

Langmuir adsorption parameters were found out by trans-
forming the above Langmuir equation into linear form.

where Ce is the equilibrium concentration of adsorbate 
(mg/L), qe is the amount of pesticides adsorbed per gram 
of the adsorbent at equilibrium (mg/g), Q0 is the maximum 
monolayer coverage capacity (mg/g) and KL is the Lang-
muir isotherm constant (L/mg). The values of qmax and KL 
were calculated from the slope and intercept of the Langmuir 
plot of 1/Ce versus 1/qe (Langmuir 1918). The essential fea-
tures of the Langmuir isotherm can be expressed in terms of 
equilibrium parameter RL, which is a dimensionless constant 
referred to as separation factor or equilibrium parameter 
(Webber and Chakravarti 1974).

where C0 is the initial concentration; KL, the constant related 
to the energy of adsorption (Langmuir constant).

RL value denotes the adsorption nature to be either 
unfavorable if RL > 1, linear if RL = 1, favorable if 0 < RL 
or irreversible if RL = 0. This occurs if KL is very large, 
which means that adsorption is too strong. The calculated 
RL values as different initial concentrations are shown in 
Table 2. It was noticed that the value of RL in the range 0–1 
indicates that Langmuir isotherm is favorable. This is the 
standard case when adsorption occurs normally, which is 
not so strong, but noticeably occurs, and we can observe the 
shape of the adsorption isotherm. Also, lower RL values at 
higher initial absorbate concentrations proved that adsorp-
tion was more favorable at higher concentration. The degree 
of favorability is generally associated with the irreversibility 
of the system, giving a qualitative assessment of the absor-
bent–absorbate interactions. In the case of the completely 
ideal irreversible case, the degrees tended toward zero rather 
than unity which correspond to a completely reversible case.

From this research work, the maximum monolayer cover-
age capacity (Q0) from Langmuir isotherm model was deter-
mined to be 41.66 µmol/g, KL (Langmuir isotherm constant) 
is 0.0124 L/µmol, RL (the separation factor) indicates that 
the equilibrium sorption was favorable and the R2 value is 

(3)qe =
Q0KLCe

1 + KLCe

(4)
1

qe
=

1

Q0

+
1

Q0KLCe

(5)RL =
1

(

1 + KLC0

)
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0.99 (Fig. 2), proving that the sorption data were fitted well 
to Langmuir isotherm model (Table 2).

Freundlich adsorption isotherm

The Freundlich isotherm model assumes that the removal 
of absorbent occurs on a heterogeneous adsorbent surface 
and can be applied to multilayer adsorption. This is usu-
ally applied to explain the adsorption characteristics for the 
heterogeneous surface (Chaleshtori et al. 2017). Adsorbed 
molecules react with each other. These data regularly fit the 
empirical equation suggested by Freundlich:

where Kf is the Freundlich isotherm constant (mg/g), n is 
the adsorption intensity, Ce is the equilibrium concentra-
tion of adsorbate (mg/L), Qe is the quantity of pesticides 
adsorbed per gram of the adsorbent at equilibrium (mg/g). 
The adsorption capacity depends on the value of the constant 
Kf in the adsorption process, while the strength of adsorp-
tion is a function of 1/n (Voudrias et al. 2002). 1/n is a het-
erogeneity parameter; the smaller the 1/n, the greater the 
expected heterogeneity. The concentration is not associated 

(6)Qe = KfC
1

n

e

with the subset between the two phases when 1/n = 1. This 
expression reduces to a linear adsorption isotherm. Normal 
adsorption occurs when the value of 1/n is below one. Coop-
erative adsorption arises in the case 1/n being above one 
(Mohan and Karthikeyan 1997). If n lies between one and 
ten, this specifies a favorable sorption process (Goldberg 
2005). An asymptotic maximum of the function is observed 
as the pressure increases. Higher pressures are involved to 
saturate the surface. The amount of adsorbed ascends more 
slowly and the constants Kf and n vary to reflect the empiri-
cal observation as the temperature increases. However, the 
sorbent–sorbate system is characterized by two parameters 
Kf and n, respectively. Those parameters must be found out 
by data fitting. Generally, the parameters of kinetic and iso-
therm models are usually found through linear regression. 
Specifically, the linearly transformed equations and the lin-
ear least-squares method have been usually used to correlate 
the sorption data. Linearizing Eq. 7, we have:

From the data in Table 3, that value of 1/n = 0.4162 where 
n = 2.402, indicating that the sorption of paraquat onto 
Ayous sawdust is positive and the R2 value is 0.9294 (Fig. 3).   

(7)log Qe = log Kf +
1∕n logCe

Table 2   Parameters for plotting Langmuir, Freundlich, Temkin and Dubinin–Radushkevich adsorption isotherms of paraquat onto Ayous saw-
dust

S/no. C0 (µmol /L) Ce (µmol /L) 1/Ce (µmol /L) Log Ce Ln Ce Qe (µmol/g) 1/Qe Log Qe Ln Qe Ce/Qe (g/L) ε2 RL

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
2 49.91 13.91 0.0719 1.14 2.63 6 0.167 0.778 1.792 2.319 29,572.62 0.617
3 99.83 27.83 0.0359 1.44 3.33 12 0.083 1.079 2.485 2.319 7651.91 0.446
4 198.92 76.52 0.0131 1.88 4.34 20.4 0.049 1.310 3.016 3.751 1034.76 0.288
5 297.53 139.13 0.0072 2.14 4.94 26.4 0.038 1.422 3.273 5.270 314.84 0.213
6 395.41 222.61 0.0045 2.35 5.41 28.8 0.035 1.459 3.360 7.729 123.32 0.169
7 500.00 320.00 0.0031 2.51 5.77 30 0.033 1.477 3.401 10.667 59.76 0.138
8 605.08 403.48 0.0025 2.61 6.00 33.6 0.030 1.526 3.515 12.008 37.61 0.117
9 695.76 486.96 0.0021 2.69 6.19 34.8 0.029 1.542 3.550 13.993 25.83 0.103
10 800.83 570.43 0.0018 2.76 6.35 38.4 0.026 1.584 3.648 14.855 18.83 0.091
11 901.58 674.78 0.0015 2.83 6.51 37.8 0.026 1.577 3.632 17.851 13.46 0.082
12 995.37 772.17 0.0013 2.89 6.65 37.2 0.027 1.571 3.616 20.757 10.28 0.074

Table 3   Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm constants for the adsorption of paraquat onto Ayous sawdust

Absorbent Langmuir isotherm Freundlich isotherm

Q0 (µmol/g) KL (L/µmol) RL R2 1/n n Kf (µmol/g) R2

Ayous 41.66 0.0124 0.074 < RL < 1 0.99 0.4162 n = 2.402 3.56 0.9294

Temkin isotherm Dubinin–Radushkevich isotherm

AT (L/µmol) bT BT R2 qs (µmol/g) Kad (mol2/J2) E (kJ/mol) R2

0.455 134.65 18.399 0.989 30.52 6 × 10−5 0.091 0.8381
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The Temkin isotherm

This isotherm contains a factor that explicitly takes into the 
account of adsorbent–adsorbate interactions. It assumes a lin-
ear variation of the adsorption heat with the degree of over-
lap. This equation formulated in the case of the adsorption of 
gases on solids and transported to the liquid phase, and is one 
of the only ones giving access to the variation of the adsorp-
tion energy which characterizes the way in which the pollutant 
molecules are retained on the surface of the adsorbent (Ofar-
maja 2008). This isotherm is rationally applied for an interme-
diate range of concentrations. Since the heat of adsorption is 
function of the temperature of all molecules in the layer, the 
model assumes that it would not decrease logarithmically but 
linearly with coverage (Tempkin and Pyzhev 1940; Aharoni 
and Ungarish 1977). As implied in the equation, its derivation 
is characterized by a uniform distribution of binding energies. 
The constants were determined from the slope and intercept 
by plotting the quantity sorbed qe against ln Ce. The model is 
given by the following Eq. 8:

(8)qe =
RT

bT
ln
(

ATCe

)

where

AT is Temkin isotherm equilibrium binding constant (L/g); 
bT, Temkin isotherm constant; R, universal gas constant 
(8.314 J/mol/K); T, temperature at 298 K; B, constant related 
to the heat of sorption (J/mol).

From the Temkin plot shown in Fig. 4, the following val-
ues were estimated: AT = 0.455 L/µmol, B = 18.399 J/mol, 
which is an indication of the heat of sorption indicating a 
physical adsorption process and the R2 = 0.989. 

Dubinin–Radushkevich isotherm model

The apparent energy of absorbent adsorption onto Ayous is 
found out by using Dubinin–Radushkevich isotherm. Gauss-
ian energy distribution onto a heterogeneous surface (Gunay 
et al. 2007) is usually used to express the adsorption mecha-
nism by applying the model. It has often successfully fitted 
into the intermediate range of concentrations data properly 
and high solute activities.

where qe is the amount of adsorbate in the adsorbent at 
equilibrium (mg/g); qs is the theoretical isotherm saturation 
capacity (mg/g); Kad is the Dubinin–Radushkevich isotherm 
constant (mol2/J2); and ε = Dubinin–Radushkevich isotherm 
constant. As the mean free energy expresses the energy for 
taking out a molecule from its location in the sorption space 
to the infinity, the model was usually useful to distinguish 
the physical and chemical adsorption of pesticides ions with 

(9)qe = BT ln
(

AT

)

+ BT ln
(

Ce

)

BT =
RT

bT

(10)qe =
(

qs
)

exp
(

−Kad�
2
)

(11)ln qe = ln
(

qs
)

− (Kad�
2)
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Fig. 2   Langmuir adsorption isotherm
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its mean free energy, E per molecule of adsorbate can be 
computed by the relationship (Dubinin 1960):

The parameter ε can be calculated as:

where R, T and Ce characterize the gas constant (8.314 J/
mol/K), absolute temperature (K) and adsorbate equilibrium 
concentration (mg/L), respectively. Among the models pre-
sented above, the Dubinin–Radushkevich (DRK) isotherm 
model is temperature dependent. When logarithm of amount 
of adsorbed (ln qe) versus ε2 the square of potential energy 
is plotted as a function adsorption data at different tempera-
tures, it revealed the characteristic curve (Foo and Hameed 
2010). Suitable data will lie on that curve. Equation 10 is lin-
earized to Eq. 11 which is applied in the plot of DRK graph 
in Fig. 5. The constants such as qs and Kad were revealed 
from the appropriate plot using Eq. 11. From the linear plot 
of DRK model, qs was determined to be 30.52 µmol/g, the 
mean free energy, E = 0.091 kJ/mol, demonstrating a phy-
sisorption process and the R2 = 0.8381 higher than that of 
Temkin. 

Conclusion

Four adsorption isotherm models were examined in this 
research work; investigation of the equilibrium sorption was 
carried out at 25 °C and pH between 6.3 and 6.5. The sorp-
tion data were fitted into Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich isotherms. The analysis revealed a 

(12)E =
1

√

2Kad

(13)� = RT ln

(

1 +
1

Ce

)

good correlation between experimental data and Langmuir’s 
isotherm, suggesting a monolayer adsorption on an ener-
getically homogenous surface. Thus, Langmuir adsorption 
model was found to have the highest regression value and 
therefore the best fit. It could be concluded that Ayous saw-
dust is a promise and effective biosorbent for reducing para-
quat from aqueous solution and for industrial waste water 
remediation. The results obtained with Temkin’s model 
confirmed that physical interactions have a prominent role 
to play in biosorption mechanism of paraquat. The results 
of this work demonstrated that Ayous sawdust is an effective 
adsorbent for removal of paraquat from an aqueous solution.
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