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Abstract. The agricultural crops prove to be low-cost and abundant biosorbents that are able to adsorb
dyes from contaminant water. In the present study, different techniques were used to characterize
the powdered Pergularia tomentosa fruit. After that, the biomaterial was exploited to investigate the
adsorption of methylene blue in batch mode. The effects of initial pH, contact time, dye concentration,
biosorbent dose, and temperature on the biosorption capacity have been performed. The fit of the
adsorption isotherms was performed by means of several classical models and advanced models
derived from statistical physics. The two-energy monolayer model proves to be the more suitable.
It appears that two functional groups of the biosorbent are involved in the dye biosorption. The
adsorption energy ranges from 14 to 18 kJ-mol~! which indicates a physiosorption mechanism.
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The maximum adsorption capacity is 152 mg-g~ 1. Pergularia tomentosa fruit proves to be attractive
for the efficient removal of cationic dyes from polluted water.

Keywords. Biosorption, Pergularia tomentosa fruit, Dye removal, Statistical physics models, Adsorp-
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1. Introduction

Recently, the control of water quality and the protec-
tion of the environment prove to be important funda-
mental and industrial issues because of the develop-
ment of industrial activities. Additionally, industrial-
ization and urbanization lead to the accumulation of
many pollutants which should be treated efficiently.
Many biological, chemical, and physical techniques
are available [1]. By taking advantage of adequate ad-
sorbents, the adsorption mechanism can be used to
resolve this issue and eliminate the contaminants.
Pesticides, herbicides, drugs, heavy metals, and dyes
are among the essential contaminants which are dis-
charged from numerous industries such as pharma-
ceutics, cosmetics, plastics industry, textiles, food in-
dustry, etc. [2-13].

The contaminants’ removal from polluted water
may be achieved using several low or no-cost ad-
sorbents which are attractive because of their abun-
dance and availability. Many agricultural crops were
studied as biosorbents in the literature They were
extracted from leaves, steam, and fruits, of a large
number of plants [14-17]. These crops contain, with
different amounts, cellulose and other non cellu-
lose compounds such as hemicellulose, lignin, and
pectin. Therefore, they are expected to be rich in hy-
droxyl groups. As aresult, the interaction of these bio-
materials with several organic contaminants is en-
hanced which infers them a significant advantage
and increases their attractiveness. The previous stud-
ies on cationic dyes removal by lignocellulosic mate-
rials have revealed the potential of many biomateri-
als. The present study will continue in this line and
investigate a new biomaterial.

Pergularia tomentosa L. ranks among the family
of Asclepiadacea. It is widespread in the desert re-
gions of several African and Asian countries such
as Tunisia and Saudi Arabia. A limited number of
papers investigated the medicinal applications of
this plant [18]. They are exclusively restricted to
this kind of application. Sakji et al. and Sebeia et
al. investigated the physicochemical characteristics

and the adsorption capacity of the seed fibers of
Pergularia tomentosa L. [19,20]. The adsorption en-
ergy was not accurately evaluated since empirical
models were used. To overcome these shortcom-
ings, we can take advantage of exploiting advanced
models based on statistical physics. It should be
mentioned that the research of many others [21-24]
used only classical adsorption models and were un-
able to compute accurately the adsorption. In the
present work, adsorption models derived from sta-
tistical physics will be employed. The superiority of
advanced models is revealed since these models are
naturally able to assign physical meanings to the pa-
rameters inherent to the different models. Further-
more, they lead to a more accurate value of the ad-
sorption energy. Some intrinsic parameters, in par-
ticular, the adsorption energy, will be assessed. The
main novelty of this work is to investigate a new low-
cost and abundant biomaterial and to compare its
capacity for cationic dye removal with other available
biosorbents. The second novelty is related to the use
of classical and advanced models to fit the adsorp-
tion isotherms and to evaluate some parameters re-
lated to the adsorption mechanism involved in the
cationic dye removal.

Methylene blue is a cationic dye. It is a toxic
and mutagenic product. In fact, wastewater contain-
ing methylene blue can cause tachycardia, cyanosis,
eye damage, skin irritation, dyspnea, and paroxysms
[25]. It can cause also vomiting, diarrhea, and nau-
sea. It stops the penetration of sunlight into water,
reduces the photosynthetic function in plants, and
harms both marine vegetation and aquatic ecosys-
tems. Many studies demonstrated the exploration of
efficient adsorbents of methylene blue [26,27].

The first objective of this work consists of charac-
terizing the new biosorbent and evaluating its abil-
ity to adsorb methylene blue (MB). Three charac-
terization methods, explicitly FT-IR, SEM, and TGA
were used. In the matter of adsorption kinetics,
many models have been checked. Concerning the
adsorption isotherms, several classical models are
investigated. Then, three advanced models derived
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from statistical physics are used to fit the adsorption
isotherms.

2. Experimental
2.1. Reagents

All the chemical reagents used in this work were of
analytical grade. No additional purification is oper-
ated. The cationic dye methylene blue was provided
from Sigma-Aldrich. The molecular weight of this dye
319.85 g-mol . To prepare methylene blue solutions,
distilled water was employed.

2.2. Preparation of Pergularia tomentosa fruit

The collection of the biomaterial, i.e. Pergularia to-
mentosa fruit was operated in the littoral region of
Monastir city (Tunisia) and the desert region of Zulfi
city (Saudi Arabia) (Figure 1). Primary, the fruits were
meticulously washed by tap water to remove the at-
tached impurities on its surface, like sand particles
and debris. A complementary wash of the fruits was
then achieved using distilled water. After that, the
fruits were firstly sun dried, and secondly dried in an
oven for 24 h at 70 °C. Afterwards, they were grinded
to fine powders. To remove the impurities that result
from grinding, the obtained powders were washed,
once more, using distilled water. Lastly, the sieved
grains were dried in oven for 24 h at 70 °C, stored in
air tied bottles and used for further experimental es-
says.

2.3. Characterization techniques

To characterize the biomaterial, three techniques
have been used, namely, Fourier Transform Infrared
spectroscopy (FT-IR), Scanning Electron Microscopy
(SEM), and Thermogravimetric Analysis (TGA). The
identification of the chemical group characteristics
of the biomaterial was performed by means of a FT-
IR spectrum. A Perkin Elmer model was used for this
pupose. The spectral span extends over the interval
from 4000 cm™! to 400 cm™'. The spectral resolu-
tion of the instrument is 2 cm™~!. The measurements
are performed using the attenuated total reflection
mode. The surface morphology of the biomaterial is
investigated using a SEM Hitachi S-2360N apparatus.

The powdered fruit was coated with Au by a vacuum
sputter-coater with 30 kV accelerating voltage. Sev-
eral magnifications have been tested. TGA measure-
ments were performed in airflow at a heating rate of
10 °C/min in a Pt crucible with NETZSCH STA 449F3
apparatus. To obtain the point of zero charge pHp,c
of the biomaterial, the salt addition technique was
used. Indeed, 0.1 g of powdered fruit was immersed
in 107! M KNO; solutions (50 mL) at different pH
values ranging from 2 to 11. To adjust the initial pH,
HCI or NaOH was added. The solutions were shaken
under magnetic stirring during 48 h. The final pH
value (pHy) was plotted versus the initial pH value
(pH;). The point of zero charge pHp,. is defined by
(pH = pH;). More details are available in [28].

2.4. Batch biosorption experiments

In order to investigate the biosorption isotherms,
batch adsorption experiments were performed in a
set of 500 mL beakers containing 25 mL of methy-
lene blue with different initial dye concentrations
and 0.025 g of powdered fruits. To reach the equi-
librium, the above mixture was stirred at a speed of
100 rpm and a temperature of 19 °C. A UV-Vis spec-
trophotometer calibrated at a maximum wavelength
of 665 nm was used to measure the concentrations of
MB in the solution before and after biosorption. The
following equation is used to compute the biosorp-
tion capacity at equilibrium g, (mg-g™!):
Co—Ce

qe = B Vv, €y
where C, (mg-L™!) is the equilibrium concentration
of MB, Cy is its initial concentration, V is the vol-
ume of the solution (L), and m is the mass of the ab-
sorbent used (g). To obtain the adsorption isotherms,
the temperature was varied from 19 °C to 55 °C. The
batch kinetic measurements for the MB adsorption
onto Pergularia tomentosa fruit are monitored in an
identical way as that followed to perform the ex-
periments at equilibrium. The measurements are re-
peated for different periods of time ranging from 0
to 120 min. The effect of salt concentration (NaCl)
on the biosorption of methylene blue onto Pergu-
laria tomentosa fruit was studied in the range of 0—
10 g-L”!. MB adsorption assays were carried out in
triplicate. This allows estimating the errors in the
measurements. For this reason, some results will be
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Figure 1. Picture indicating the plant, its fruits, and the fine powders.

plotted using bar errors. This concerns especially the
parameters extracted from the isotherms.

In this paper, we will start by the characterization
of the biomaterial as above mentioned. After that,
the effect of contact time, pH, initial concentration,
temperature will be investigated. The kinetic data
will be fitted using several models. The adsorption
isotherms will be fitted using classical models as well
as models derived from theoretical considerations
based on statistical physics. An important issue will
be discussed is related to the comparison between
classical and advanced models.

3. Theoretical models for the equilibrium
isotherms

Two groups of models representing the adsorption
isotherms are exploited in the present study. The first
group integrates classical models which are fully em-
pirical or semi-empirical. These models are very fa-
mous and have been extensively employed in the
literature [8,21]. However, the physical meaning of
the parameters involved are not always obvious.
The second group contains more advanced models
which are obtained from statistical physics theory.

The assumptions considered to deduce the differ-
ent expressions and the reasoning schemes are more
explicit. Furthermore, a clear physical meaning is as-
signed to each parameter.

3.1. Classical models

In this first category, many models are elaborated to
fit different types of experimental results and they
involve many assumptions. In general, they contain
two or three parameters to adjust the equilibrium
isotherms [29-32]. The following isotherm models
are used in present study: Langmuir, Freundlich,
Hill, and Dubinin—-Radushkevich models. It should be
mentioned that there are many other models. How-
ever, they have some resemblance with one of the
above models. For this reason, only the performance
of the aforementioned five classical models will be
evaluated.

3.1.1. Langmuir isotherm model

The Langmuir model is the most common one. It
is deduced using many assumptions. Indeed, the ad-
sorption process is assumed to be monolayer. A ho-
mogeneous surface and a constant energy are also
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assumed. Furthermore, the interaction between ad-
sorbate molecules on adjacent sites are neglected.
The adsorbed pollutant amount at equilibrium g,
(mg-g™!) versus its concentration in water at equilib-
rium C, (mg-L™!) is given by:
_ GmaxKrCe

7T 1+K 1Co
where gy is the maximum adsorption capacity and
K7 (L-mg™!) is the Langmuir constant.

2

3.1.2. Freundlich isotherm model

This model has been elaborated from empirical
considerations in the aim to account for the multi-
layer adsorption. The adsorbed pollutant amount at
equilibrium g, is formulated by:

ge= Kf(C;)”" where C,; = Ce/ Cret. 3)

Two empirical parameters, viz. the constant Ky and
the exponent 1/7 are involved in this model. A refer-
ence constant Cyer = 1 mg/L is introduced to satisfy
the requirements of dimension analysis and conse-
quently express the unit of the parameter K¢ in more
eloquent manner. Obviously, the reduced concentra-
tion C; = C./Cyr is dimensionless. The unit of the
constant Ky is the inverse of that of g, i.e. mgl.g.
The exponent n has no unit.

Depending on the surface heterogeneity, the value
of n may be greater than one. Freundlich model as-
sumes that the adsorption energy decays exponen-
tially moving away from the surface. When the ex-
ponent n increases, the adsorption isotherm reaches
rapidly the saturation and the adsorbed pollutant
amount becomes smaller.

3.1.3. Hill isotherm model

In this model, the adsorption process is consid-
ered as a cooperative mechanism. The adsorbed pol-
lutant amount at equilibrium g, is expressed by:

_ CImax,H(C:)nH

© Kp+(CHm
Three adjustable parameters are contained in this
model. The fits one is Gmay 7 (Mg-g~!). It represents
the maximum adsorption capacity. The second pa-
rameter is ny. It represents the Hill cooperativity co-
efficient of the binding reaction. The last parameter is
the Hill constant Kp. The use of dimensionless equi-
librium concentration C; allows to obtain easily and
accurately the units of the paramters Kp and gmax, i-

(@]

3.1.4. Dubinin—-Radushkevich isotherm model

The adsorbed pollutant amount at equilibrium g,
is given by [33]:

Ge = gsexp(—kaqe?) and &=RTIn(1+Cs/C,). (5)

This model involves two adjustable parameters, viz.
the saturation capacity ¢; (mg-g~!) and the constant
kaq (mol?-kJ~2). The the solubility of the adsorbate C
is also involved in the model. The mean free energy
of adsorption E,q (kj-mol_l) is related to the constant
kaq according to [34]: Eaq = 1/1/2kag-

The temperature is explicitly involved in this
model. Dubinin-Radushkevich model produces ac-
ceptable fitting in the intermediary range of concen-
trations. Nevertheless, at small and large concentra-
tions, this does not match adequately the isotherm
curve [35]. For that reason, unrealistic maximal ad-
sorption capacities have been reported by several
studies [8,21].

It is important to mention that erroneous expres-
sions have been used by many authors to calcu-
late the energy. Some well-known relations contain
a problem of unit. They lead to a non-reliable esti-
mation of the adsorption energy and other thermo-
dynamic quantities. To avoid this problem, the units
of all the quantities and mathematical expressions
should be cautiously scrutinized.

3.2. Advanced models derived from statistical
physics

As above mentioned, a large number of classical
models have been elaborated to fit a wide variety
of experimental data. The usefulness and potential
of these models have been recognized. Nevertheless,
they present some shortcomings. Actually, the elab-
oration of the classical model is, in general, empir-
ical and is not bot based on theoretical considera-
tions. Moreover, the physical significance of the pa-
rameters inherent to each model is not obvious. To
overcome these shortcomings, an alternative method
has emerged throughout recent decades. The num-
ber of models developed in this framework has con-
tinued to grow [36-41]. In parallel, the fields of ap-
plication of these new models become widener and
widener progressively. Among all the models recently
developed, we will confront our data with only three
models.
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3.2.1. Monolayer model characterized by one energy

The monolayer model characterized by one en-
ergy presumes that only one layer participates to the
adsorption mechanism over the adsorbent surface.
Furthermore, all the receptor sites are linked to the
adsorbate with the same energy. Nevertheless, each
receptor site S is able can be linked to a fluctuating
number n. The adsorption reaction reads: nA+ S =
A, S where A, S denotes the produced complex. In
fact, the steric or stoichiometric number »n should
be regarded as an average number. It is not neces-
sarily an integer number and it may be greater or
lesser than one. If n > 1, n corresponds to the aver-
age number of molecules attached to a particular re-
ceptor site. On the contrary, when n < 1, its inverse
n' = 1/n denotes the expected number of receptor
sites occupied by one molecule [42,43].

When only the translation degrees of freedom are
taken into account, the average number of occu-
pied sites N, or equivalently the adsorbed pollu-
tant amount at equilibrium g, as a function of the
concentration C, is given in Table 1 [44]. It is clear
that three adjustable parameters are involved in this
model. In particular, the half-saturation concentra-
tion is one of the parameters constituting the model.
This quantity depends on the temperature 7. More
precisely, it is related to the temperature T and the
adsorption energy E, according to the relation [37]:

Cij2 = Cse™ Ea/RT) (6)

where C; is the solubility of the adsorbate.

The physical significance attributed to each pa-
rameter is obvious. The mathematical relation of the
one-energy monolayer model is identical to the clas-
sical Hill model. To grasp further the physical signifi-
cance of the different parameters which are intrinsic
to the model, a parametric study may be performed.
This study may also help to evaluate the effect of the
error on each parameter.

3.2.2. Monolayer model characterized by two energies

This model also accepts that only one layer is in-
volved in the adsorption mechanism. However, this
layer encloses two varieties of receptor sites. Each
variety has its own energy. Therefore, two differ-
ent energies E,;; and E,p are engaged in the model.
This model is in some ways a generalization of the
one-energy monolayer model The expression of this
model is given in Table 1 [45]. The energies E;;

and E, can be computed from the half-saturation
concentrations C; and C, as previously specified. It
should be mentioned that the subscripts 1 and 2 may
be permuted without changing the model. Therefore,
no constraint is imposed on the energies E,; and E;;.

3.2.3. Double-layer model characterized by two ener-
gies

The double-layer model characterized by two en-
ergies admits that two consecutive layers are in-
volved in the adsorption process. Each layer is char-
acterized by its own energy. We denote by E,; and the
E,» the energy of the first and the second adsorbed
layer respectively. It is straightforward to derive the
model presented in Table 1 [38]. The energy E, re-
lated to the first layer should be greater than the en-
ergy Eg» that characterizes the second layer. There-
fore, the half-saturation concentration C; should be
smaller than the half-saturation concentration C,.
On the contrary of the above model, the subscripts
1 and 2 cannot be mutually permuted.

3.3. Adsorption kinetic models

To fit the kinetic data, a large number of kinetic mod-
els have been developed during the last decades. The
majority of the models are empirical. They are de-
scribed by an ordinary differential equation such as
in the linear driving force model. They may also be
formulated using a mathematical relationship such
as the pseudo first order (PFO) model, pseudo sec-
ond order (PSO), Elovich model, intra-particle diffu-
sion model and Bangham model [46].

3.3.1. PFO adsorption kinetic model

At any the instant ¢, the pollutant adsorbed quan-
tity is expressed by: g; = g.(1 —e~¥1%). This model in-
volves the rate constant k; and the equilibrium ad-
sorbed quantity g.. The meaning of these two param-
eters is obvious. In particular, the rate constant is re-
lated to the slope of the curve at small contact times
whereas the quantity g, is reached at saturation.

3.3.2. PSO adsorption kinetic model

At any instant ¢, the pollutant adsorbed quan-
tity is expressed by: q; = (kog2t)/(1+ keqet). This
model involves two adjustable parameters, namely
the rate constant k, and the equilibrium adsorbed

quantity ge.
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Table 1. Advanced models for the adsorption isotherms

Model Equation Parameters
nN,
Monolayer model qe = ﬁ Ny, is the density of receptor sites of adsorbent.
with one energy T (Cir2/Ce) n is the number of adsorbed molecules per site.
Cj/2 is the concentration at half saturation.
n N, ny N,
Monolayer model Ge = 1 tml 2 Tm2 N,;1 and Ny,,» are the densities of the two kinds
. . 1+ (C1/Ce)™ 1+ (Co/Ce)™ .
with two energies receptor sites.
n; and ny are the numbers of adsorbed
molecules per site.
C; and C; are respectively related to the first and
second kind of receptor sites.
Co n Co 2n
&) +2(&)
Double-layer model ge=nNp, C; and C; are related to the first and second layer

with two energies

respectively.

3.3.3. Elovich adsorption kinetic model

At any instant t, the pollutant adsorbed quan-
tity is expressed by: ¢; = (1/6)In (1 + afr). It is clear
that the constant « is called the adsorption rate
(mg-g~!min~!). The unit of the constant §is g-mg~'.

3.3.4. Intra-particle diffusion kinetic model

At any instant ¢, the pollutant adsorbed quantity
is expressed by: g; = kqv//£3'* + C. This model also
involves two adjustable constants, namely the intra
particle diffusion rate constant k; and the constant
C which is associated to the boundary layer effect.

3.3.5. Bangham adsorption kinetic model

At any instant t, the pollutant adsorbed quan-
tity is expressed by: q; = qgell — exp(—kpt" /£l 1)].
The Bangham model involves three adjustable pa-
rameters, namely the equilibrium adsorbed quantity
g, the rate constant kj; but also the exponent n.
The Bangham model is more universal than the PFO
model since it contains the adjustable exponent n. It
is expected that this model is susceptible to fit more
accurately the experimental data.

The reference time is f) = 1 min. It is a judicious
artefact that permits that all the rate constants ki,
k4 and kj have the same unit. Moreover, the conver-
sion from one system of units to another becomes
straightforward using this reference time.

All the above models were expressed using the
nonlinear formula. For each model, one or more lin-
ear form are available. However, the nonlinear form
leads to more accurate results and proves to be more
powerful.

3.4. Error analysis

To evaluate the parameters involved of a model, the
root means square error (RMSE) function is mini-
mized. This function is defined according to:

1

2

) Q]

1 N
RMSE = N Z (Ge,fit,i — Qe,meas,i)z
i=1

where N is the total number of data for a particular
CUIVe, (e meas,i 1S the ith measured value, and g, g ;
is the ith theoretical value deduced using a partic-
ular model. It is clear that this theoretical value de-
pends on the adjustable parameters to be identified.
It is worth mentioning that the utilization of abso-
lute errors is more convenient than relative errors
since the concentration for the adsorption isotherms
and the time for the kinetics data vary in a large
interval.

Iterative algorithms are used to identify the pa-
rameters that minimize the above function. Mat-
lab programs and built-in Microsoft Excel or Origin
functions are used. The standard deviation related
to each adjustable parameter is also calculated. This
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quantity allows judging on the quality of the identi-
fication process and the model veracity to adjust the
experimental data. Indeed, the standard deviation on
all the identified parameters should vary in a small
range to accept the model.

The first criterion used to coarsely qualify the per-
formance of the fit process is the correlation coef-
ficient R between the experimental and theoretical
curves. This quantity is defined by:

Zi‘\il (Gefit,i — E) (ge,meas,i — Gmeas)

R=

)

Nl

[Zi\il (e fit,i — ﬁ)z Zﬁ\il (ge,meas,i — Qmeas)z] @®

where gg; and Gmeas are the mean value of the the-
oretical results that obtained using the model and
the mean value of the experimental data respectively.
When the experimental and theoretical curves are
very similar, the correlation coefficient R is close to
one. However, this coefficient is not sufficient on its
own. One or two further criteria prove to be necessary
to accurately evaluate the conformity of the fitting
process and the model. As above mentioned, the first
additional criterion is the root mean square error.
The model and the identification of the parameters
are all the more adequate as this quantity is smaller.
The second auxiliary criterion is standard deviation
on the identified parameters.

4. Results and discussion
4.1. Characterization of the biomaterial

FT-IR spectroscopy was used to determine the main
functional groups of the powdered biomaterial. Fig-
ure 2 exhibits the FT-IR spectrum. The most impor-
tant absorption peaks are indexed. A broad absorp-
tion peak is recorded at 3292 cm™!. It is attributed to
the hydroxyl groups. Two absorption peaks are regis-
tered at 2918 cm™! and 2848 cm™!. They are respec-
tively the sign of the existence of C-H and CH; groups
[47]. The absorption peak observed at 1726 cm~Lis
accredited to C=0 group in hemicellulose composi-
tion [48]. The absorption peak shown at 1596 cm™!
is assigned to C=C aromatic groups present in the
lignin composition [49]. The absorption peak ob-
served at 1418 cm™! is related to the angular defor-
mation of CH groups in cellulose [50]. The absorp-
tion peak seen at 1235 cm™! could be defined as
the angular deformation of CH groups in hemicellu-
lose [49]. The peak at 1012 cm~! is related to C-O-C

Transmittance (%)

3292------

[1‘1
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Figure 2. FT-IR spectrum of the biosorbent
and identification of the main adsorption
peaks.

ring stretching vibration of cellulose. These absorp-
tion peaks prove that Pergularia tomentosa fruit is
rich of oxygeneous groups on its surface [51]. These
massive oxygeneous groups are the origin of the in-
teraction between MB dye and the cellulosic Pergu-
laria tomentosa fruit through hydrogen bonding in-
teraction.

Figure 3 exhibits the SEM features of Pergularia to-
mentosa fruit observed at different higher magnifica-
tions (x50 and x500). The images of the powdered
fruits show rough and heterogeneous surface. The
particles have irregular shapes and present also some
cavities. The surface structures are likely to enhance
the number of receptor sites offered to the biosorp-
tion of methylene blue. The decomposition pattern
and thermal stability of Pergularia tomentosa are
shown in Figure 4. After decomposition, it was ob-
served that the maximum weight loss of the bioma-
terial was around 73%. The first thermal decompo-
sition was seen at 98 °C and it was accompanied by
mass loss of 10%, which could be in general assigned
to the moisture evaporation found in the hydrophilic
biomaterial [52,53]. The second thermal decomposi-
tion registered at 233 °C indicated the decomposition
of all organic compounds of the biomaterial includ-
ing cellulose and non-cellulose compositions [54].
This behavior is in agreement with FT-IR results. The
thermal decomposition at 393 °C could be assigned
to the depolymerisation and decomposition of glyco-
syl units of the cellulosic biomaterial [55].
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Figure 3. SEM images of Pergularia tomentosa
fruit.
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Figure 4. TGA curve of Pergularia tomentosa
fruit.
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Figure 5. Parametric study on the biosorption
of the cationic dye: (a) plot of final pH as a
function of the initial pH, (b) (3 combined
curves): effects of pH, biosorbent dosage and
NaCl dosage. The initial dye concentration is
Co = 10 mg-L™}, the temperature T = 19 °C and
contact time ¢ = 30 min.

4.2. Effect of the experimental parameters on the
adsorption of methylene blue

The main experimental parameters that affect the
biosorption process are the final pH of the solu-
tion, the initial concentration of MB, the amount
of fruit added, the temperature, and contact time.
As explained above, to determine pHp,. value of
biosorbent, the final pH and the initial pH are mea-
sured. Figure 5a depicts the curve of the final pH
(pHp) versus the initial pH (pH;). The experimental
may be fitted a second order polynomial function.
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The intersection of this curve with the first bisector
correspond to the value pHy = pH; = 6.1£0.2. In
other words, the point of zero charge corresponds
to pHp, = 6.1+0.2. We deduce that the biomaterial
was positively charged below the value of pHp,c and
it becomes negatively charged above this value. Fig-
ure 5b exhibits the evolution of the equilibrium ad-
sorbed quantity g, versus the initial pH value (blue
curve and bottom horizontal axis). It appears clearly
that when this pH increases from 3 to 6, the adsorbed
quantity ¢, increases significantly. Then it reaches a
maximum value. When the pH continue to increase,
the adsorbed quantity g, decreases slowly. This trend
corroborates the results related to the effect of initial
pH (Figure 5a). The results obtained from FT-IR and
TGA characterization indicated that Pergularia fruit
has many oxygeneous groups allowing different be-
haviors at different pH values. Indeed, at acidic pH
conditions, Pergularia surface was positively charged
due to the protonation which opposed the positively
charged methylene blue ions. At alkaline pH condi-
tions, Pergularia surface was negatively charged due
to deprotonation of oxygeneous groups favoring an
electrostatic interaction with methylene blue. Com-
parable behaviors were obtained in some previous
works [56,57].

The effect of Pergularia fruit dosage on the
biosorption capacity of methylene blue is also plot-
ted in Figure 5b (green curve and top secondary
horizontal axis). It was observed that the biosorption
amount decreased shapely with the increase of the
biosorbent dosage. This adsorbed amount decreased
from 1.37 t0 0.15mg-g~! for an increase in the biosor-
bent dose from 1 g-L ™! to 12 g-L™! (Cp = 10 mg-L 7},
pH = 6, T = 19 °C). The high capacity observed
within a dosage of 1 g-L™! was attributed to the high
biosorbent surface area and the large availability of
sorption sites at this condition. However, the low
biosorption capacities observed at high biosorbent
dosage was due to the unsaturation of biosorbent
sites, during the biosorption process. Quite similar
results were reported in the literature [58,59]. The
measurement of the adsorbed quantity g; at the
time ¢ reveals that the time required to reach the
biosorption equilibrium was observed at only a pe-
riod of 30 min. Results indicated also that more than
95% of target biosorption occurred during the first
10 min (Figure 6). This indicated the efficiency of the
use of Pergularia tomentosa fruit as biosorbent of
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Figure 6. Time evolution of the adsorbed pol-
lutant amount for three initial concentrations.
Comparison between experimental results and
the theoretical fits using three models.

cationic dyes from water with a very fast biosorption
rate. Indeed, the vacant active sites accessible at the
surface of Pergularia fruit during the initial period
of time were the origin of the rapid biosorption of
MB molecules. At approximately 30 min, the sur-
face of the biosorbent became partly occupied and
consequently no further increase in the biosorption
capacity could be occur [60]. The results related to
the kinetic data will be discussed in more detail in
hereafter.

The measurement of the adsorbed quantity g,
at equilibrium shows that the process for reach-
ing biosorption equilibrium was rapid for methylene
blue concentration <500 mg-L~!' and it became al-
most stable at higher dye concentrations. The max-
imum capacity of the adsorbed dye was achieved at
lower dye concentration due to the availability of ad-
sorption sites in Pergularia tomentosa fruit surface
[61,62]. At equilibrium, the maximum biosorption
capacity was equal to 152 mg/g (pH = 6, ¢ = 60 min,
T =19 °C). This capacity removal of the pollutant is
compared to other published biosorbents Table 2. It
suggested again the efficiency of Pergularia tomen-
tosa to be used as inexpensive and effective biosor-
bent of cationic dyes from water. The decrease of the
biosorption capacity with the increase in tempera-
ture was ascribed to the escaping of the adsorbed MB
ions at higher energy or temperature. It decreased
from 152 mg-g~! to 132 mg-g~! when the tempera-
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ture moved from 19 °C to 55 °C. The results related to
the isotherms will be analyzed with further detail in
Section 3.4.

The effect of salt concentration on the biosorp-
tion of methylene blue onto Pergularia tomentosa
fruit is also plotted Figure 5b (red curve and bottom
horizontal axis). Data showed that the biosorption
of methylene blue declined significantly with the in-
crease in NaCl concentration from 0 to 10 g-L™!. This
was assigned to the decrease of interaction between
methylene blue ions and the oxygeneous groups of
Pergularia fruit surface. Indeed, Na* ions entered in
competition with the nitrogen atom of methylene
blue to interact with the hydroxyl groups of the bio-
material leading to lowest biosorption levels.

4.3. Kinetic data modeling

To understand the affinity between methylene blue
and biomaterial during time, kinetic measurements
were performed. The results may deliver evidences
on the biosorption process. They also helps to de-
cide on its kind (i.e. chemical or physical). They can
also give evidence on the mass transport. Figure 6
exhibits the kinetics curves for the following initial
concentrations Cy = 10 mg‘L‘l, Cop =20 mg‘L‘l, and
Co = 50 mg-L™!. The five models above mentioned
are used to fit the experimental data. The nonlin-
ear expression is directly used to deduce the parame-
ters inherent to each model. The convergence of the
parameter identification and optimization is ensured
by an iterative algorithm. Table 3 summarizes the ki-
netic parameters. It appears clearly that the obtained
values of the correlation coefficient R are very close
to one for four models, explicitly PFO model, PSO
model, Bangham model, and Elovich model. How-
ever, the values of R are exceptionally small con-
cerning the intra diffusion model. In the matter this
model, even if the boundary layer constant C is taken
into consideration, the correlation coefficient R does
not come close to its nominal value one. We can con-
clude that, in the investigated samples, the kinetics
is controlled by adsorption and pore diffusion and
not by the intra-particle diffusion. It is also clear the
behaviors of the different kinetic models are signifi-
cantly dissimilar for short durations (approximately
lesser than 15 min). The initial slope of the curves
changes notably from one model to another. Grad-
ually, when time increases, the various models lead
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Figure 7. Equilibrium adsorption isotherms:
experimental results and theoretical fits using
advanced models.

to the same results and collapse. A more attentive
inspection of the errors related to different models
proves that Bangham and PFO models adjust more
accurately the experimental data. We deduce that, in
the present samples, the adsorption can be consid-
ered as a pore diffusion and physiosorption process.
The values of the adsorption energy that will be ob-
tained in the Section 4.6 will corroborate this result.
The curves obtained from the theoretical PFO and
PSO models are also represented in Figure 6 for the
three studied initial concentrations. The equilibrium
time may be evaluated by 7 = 3/k;. In other words,
depending on the initial concentration and using the
values of the constant ki, the equilibrium is approxi-
mately achieved in 6-8 min.

4.4. Isotherms modeling using classical models

As above mentioned, the adsorption isotherms will
be fitted using classical models and advanced mod-
els based on statistical physics. In the matter of
the first category, five models are exploited. Three
of these models involve two adjustable parameters.
These three models are Langmuir, Freundlich, and
Dubinin-Radushkevich models. The Hill model in-
cludes three adjustable parameters. For this reason,
it is expected that the last model is likely to fit more
precisely the experimental data. Table 4 presents the
parameters inherent to each model as well the cor-
relation coefficient and the RMSE value. It appears
clearly that all models fit accurately the experimen-
tal. Indeed, for all the models, the correlation coef-
ficient R is approximately equal to one with an er-
ror smaller than 3%. Furthermore, the absolute error
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Table 2. Comparison of the capacity of removal of methylene blue using many low-cost and abundant

biosorbents

Biosorbent Maximum removal capacity (mg-g~') Reference

Pergularia tomentosa fruit 122 Present work
Mountain soursop seeds 89 [45]
Typha angustifolia (L.) dead leaves 107 [51]
Cocos nucifera 112 [27]
Rice (Oryza sativa L.) 158 [26]
Brazilian berries seeds 171 [63]
Nerium oleander fruit 259 (28]

Table 3. Values of the parameters involved in the kinetic models and error criteria

Kinetic models

Parameters involved in the

Dye initial concentration C (rng-L’l)

model and error criteria 10 20 50

ge (mg-g™1) 1.390 3.915 8.224

Pseudo first order k; (min™1) 0.354 0.448 0.499
R 0.9997 0.999 1.0000

RMSE (mg-g™}) 0.007 0.024 0.013

qde (mg-g™h 1.426 3.983 8.326

Pseudo second order kp (min~1) 0.707 0.412 0.273
R 0.9962 0.9994 0.9992

RMSE (mg-g™}) 0.027 0.029 0.075

a (mg/g-min) 1.32x 107 3.33x10'9 7.30x10'6
Elovich B (mg-g~!) 16.70 8.93 5.41

R 0.9883 0.9966 0.9971

RMSE (mg-g™!) 0.047 0.071 0.139

Intra-particle diffusion ka (mg.gil ‘min”") 0.183 0.519 1.090

R 0.451 0.420 0.397

de (mg-g™!) 1.389 3.927 8.228

kp (min™1) 0.286 0.809 0.592

Bangham n 1.129 0.636 0.894
R 0.9998 0.9999 1.0000

RMSE (mg-g™}) 0.007 0.013 0.011

ranges from 2 to 9 mg-g~! depending on the model.
This error is relatively small compared to the maxi-
mum value of ¢,. This confirms that all the investi-
gated classical models prove to be satisfactory. In ad-
dition, it appears that Hill isotherm model is prob-
ably more suitable for smoothing experimental data
curves. Figure 7 exhibits the adsorption isotherms.

As above mentioned, Dubinin-Radushkevich model
gives the opportunity the evaluate the mean free en-
ergy of adsorption E,q. The values of this quantity
are presented in Table 4 for several temperatures. It
is clear that this energy does not vary significantly
in the range of the investigated temperatures. It re-
mains approximately in the range from 6 to 7 J-mol .
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Table 4. Values of the parameters involved in the classical models of the adsorption isotherms and some

error criteria

Classical models

Parameters involved in the

Temperature (°C)

model and error criteria 19 40 50
Gmax (mg-g™!) 375 382 456
Langmuir isotherm model K (L'mg™1) 7.71x107%* 6.61x10"* 4.61x107*
R 0.988 0.987 0.985
RMSE (mg-g™!) 6.9 6.8 6.8
n 1.32 1.27 1.18
-1
Freunlich isotherm model Ky (mg-g™) 0.905 0.686 0.426
R 0.978 0.977 0.978
RMSE (mg-g™) 9.2 8.7 8.1
Gmax-z (mg-L™1) 184 168 157
Kp 6.58x10* 1.35x10° 3.64x10°
Hill isotherm model ni 1.85 1.97 2.12
R 0.998 0.998 0.999
RMSE (mg-g™}!) 3.1 2.7 1.5
qs (mg-g~1) 487 608 646
21,72 -2 -2 -2
Dubinin-Radushkevich kaq (mol°-kJ~4) 1.46 x 10 1.11x 10 1.0x10
isotherm model R 0.986 0.984 0.984
RMSE (mg-g™!) 1.9 1.9 2.0
Eaq (K-mol™!) 5.9+0.2 6.7+0.2 7.1+0.2

We can deduce that the nature of the adsorption pro-
cess taking place in the present biomaterial is phys-
iosorption [45,64-66]. However, the above estimation
of the adsorption energy is very rough. In the next
section, we will obtain a more adequate value ob-
tained from statistical models.

At first sight, the values of gmax obtained from
the Langmuir model seem to be overestimated since
the plateau region seems to appear. A more atten-
tive screening of the curves reveals that the plateau is
not reached. Different techniques are used to obtain
the values of the two adjustable parameters involved
in the Langmuir model, namely the saturation value
gmax and the constant K;. Among these techniques,
we adopt the following linearized form of the Lang-
muir model:

Ce _ 1 N C.

de  qmaxKp
As above mentioned, the Langmuir model involves
only two adjustable parameters. The value of the

)

Jmax

constant Ky has an important effect on the slope of
the curve at small concentrations whereas the value
of gmax corresponds to the saturation value when
the plateau is reached. One of the limitations of the
model comes from that this model does not con-
tain another parameter that allows the adjustment of
the transition region for intermediate concentrations
and the tuning of the curve inflection. For the con-
centrations in the range 600-1000 mg-L~!, the satu-
ration regime is not actually reached. For these rea-
sons, the values of gmax are larger than the values of
ge in the region 600-1000 mg-L~!. Langmuir’s model
is therefore not appropriate to adjust the present ex-
perimental data.

4.5. Isotherms modeling using models based on
statistical physics

The second category for adjusting adsorption
isotherms contains the advanced statistical mod-
els. As above mentioned, only three models will be
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run. Table 5 encloses the values of the adjustable
parameter intrinsic to each model as well as the cor-
relation coefficient R and the RMSE. The values of
the coeflicient R is approximately equal to one with
an error lesser than 0.2%. The values of the RMSE
are also relatively small compared to the maximum
value of ¢q.. The two-energy single-layer model is
adopted since it is likely to lead to the best match
of the data. Figure 7 displays also the curves related
to the three statistical models. It is obvious that the
monolayer model with one energy is identical to the
Hill model. Indeed, the both models are represented
by similar equations.

The saturation value is respectively equal to
Gesat = NNm, g1+ g2 = N1 Nm1 + 2Nz, and 2nNp,
for models 1, 2, and 3. These saturation values are
reported on Table 5. Both models 1 and 3 are un-
successful in assessing the actual saturation value.
Only model 2 is capable of correctly evaluating this
value. Models 1 and 3 fails to track the curves at large
concentrations and therefore they diverge progres-
sively from the real trend and yield a biased satu-
ration value. This proves that the statistical models
are more powerful than the empirical ones since the
best classical model has been faulted using statistical
models. Another argument that works against model
3 and consequently model 1 and Hill model is the
fact of obtaining the constant C» less than C;. This
leads to assume that the adsorption energy of the
second layer E; is greater than the ones character-
izing the first layer E,;. This result is meaningless.
For all the above-indicated reasons, models 1 and 3
are rejected. The adoption of the model 2 is corrobo-
rated by SEM image (Figure 3) which reveal that the
surface is rough, heterogeneous, and contains some
cavities.

Figure 8 shows the variation of the evolution of the
densities N,;; and N,,;» as well as the saturation val-
ues g1 = n1 Ny,1, and g2 = n2 Ny as a function of the
temperature. All the aove quantitiesaturation values
of the two kinds of receptors, namely g; = n; Ny,
and g2 = ny N2 decrease when the temperature in-
creases. It is obvious that these quantities are pro-
portional to the number of adsorbed dye molecules
per site and the concentration of receptor sites. When
the temperature increases, the thermal collisions be-
tween dye molecules are intensified whereas the in-
teraction between the adsorbate and adsorbent de-
cays. This is a sign of the presence of a weak bind-
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Figure 8. Evolution of the densities N,,; and
Np.2, and the saturation values g, = n; Ny;1 and
g» = na Np2 as a function of the temperature.

ing energy such as hydrogen bonding and/or Van der
Waals interactions [45].

The errors related to the different parameters are
provoked by two sources. The first source of error is
of course the unavoidable experimental uncertainty.
The second source comes from the parameter iden-
tification process. Indeed, each parameter may vary
in a more or less wide interval while the function to
be minimized, i.e. the root means square error, does
not change significantly. Therefore, an average value
and a standard deviation are obtained for each pa-
rameter. Obviously, the model is only considered as
acceptable if the standard deviation linked to each
parameter is relatively small compared to the mean
value of this same parameter. Otherwise, the model
is considered unsatisfactory and does not unequivo-
cally fit the experimental data. This criterion is cru-
cial to evaluate the reliability of the parameters de-
duced from the fit. In the present work, it has been
systematically checked. The dependence of the con-
centrations of receptor sites Ny;; and Np;2 on the
temperature is depicted on Figure 8. The concentra-
tions are almost independent of temperature.

It should be noted that since g, = n2 Ny,;2 and ny
ranges in the interval from 1.11 to 1.44, the values of
g» and Ny, are close to each other. However, since
n; takes larger values ant it ranges in the interval
from 2.76 to 2.82, the values of q; and Ny, are signif-
icantly different from each other. This behavior ap-
pears clearly in Figure 8.
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Table 5. Values of the parameters involved in the advanced models of the adsorption isotherms and some
error criteria
Models Parameters involved in the Temperature (°C)
model and error criteria 19 40 50
Ge-sat = NN, (mg-g™h) 184 168 157
Cuyz (mgL™h) 396 401 422
Model 1: monolayer model with one energy n 1.86 1.97 212
R 0.998 0.998 0.999
RMSE (mg-g™}) 3.1 2.7 2.0
q1=n1 Ny (mg-g™h) 133 130 126
C; (mgL™h 409 426 430
n 2.82 2.78 2.76
Model 2: monolayer model with two energies g2 = N2 N2 (mg/g) 30.2 26.0 20.7
Co (mgL™) 85.4 100 122
np 1.44 1.23 1.11
R 0.9994 0.9993 0.9998
RMSE (mg-g™!) 1.4 1.5 0.7
nN,, (mg-g™h) 91.7 84.0 78.7
C; (mg-L™h 487 489 531
Model 3: double-layer model with two energies Cp (mgL™h) 396 402 424
n 1.31 1.39 1.47
R 0.9982 0.9985 0.9993
RMSE (mg-g™!) 6.3 4.6 3.6
Model 1 Gesat = NNy, (mg-g™h) 184 168 157
Model 2 g1+ q> (mg-g™h) 164 156 147
Model 3 2nN,, (mg-g~1) 183 168 157

The steric numbers n; and n, are two other im-
portant parameters that describe the adopted model.
The values of the stoichiometric numbers n; and n,
versus the temperature are reported in Table 5. These
quantities are none other than the numbers of dye
molecules captured for each one of the two types
of available receptor sites. It appears that both n;
and ny, are greater than one. Therefore, the biosor-
bent could be attached to 1 or 2 or perhaps 3 dye
molecules per site. The stoichiometric number n,
ranges in the interval from 1 to 2 (the limits of the in-
terval should be integer numbers). Therefore, the re-
ceptor sites of the second kind are susceptible to be
linked to 1 or 2 dye molecules. We designate x,; and
X2 be the corresponding percentages of occupation:
X21+X22 = 1. The number n, is regarded as an average

value of 1 and 2 which are weighted by the percent-
ages x»1 and xz2. We deduce ny = xp1 x 1+ x22 x 2. The
two above equations permit the computation of the
above percentages. By solving the linear set with two
variables and two equations, we obtain percentages
X1 and X concerning the second kind of receptor
sites. More precisely, we obtain that, at the tempera-
ture 19 °C, 56% of the occupied sites are linked to only
one dye molecule while 44% of the occupied sites are
linked to two dye molecules. These percentages vary
the temperature. Their respective values are 77% and
23% at 40 °C and 89% and 11% at 50 °C.

According to Table 5, the stoichiometric number
np ranges in the interval from 2 to 3 (the limits of
the interval should be integer numbers). We deduce
that the receptor sites of the first kind can be linker
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to 1 or 2 or 3 dye molecules. We designate by xi;,
X12, and x;3 the corresponding percentages of occu-
pation. These percentages satisfy the equation x;; +
x12 + x13 = 1. Since the number n, is regarded as an
average value of 1, 2, and 3 which are respectively
weighted by the percentages x;;, x12, and x;3, we
deduce that n; = x11 X 1 + x12 x 2+ x13 x 3. The two
above equations are not sufficient to obtain the val-
ues of x11, x12, and x;3. The range of each quantity
can be computed. For example, when the tempera-
ture is 40 °C, x;; varies from 0 to 11%. We deduce that
x12 and x;3 vary from 22% to 0% and from 78% to
89% respectively. These values depend on the tem-
perature. It appears that the value of x;3 is larger
than x1; and x;2. We can conclude that the predom-
inant part of first-type receptor sites adsorbs three
MB molecules. Hanafy et al. used a multilayer model
to investigate the removal of remazol black B dye us-
ing natural and carbonized pine-fruit shells. The ob-
tained steric number n ranges from 0.83 to 1.83 for
the natural product, and from 1.10 to 2.88 for the car-
bonized product [65]. The increase of the value of
number of the adsorbed dye molecule by adsorbent
binding site was imputed to the generation of adsor-
bent porosity. The number n depend on many factors
and principally the temperature. When, the number
n increases, the adsorption capacity increases also.
Pang et al. investigated the adsorption of indigotine
blue dye onto a CoFe,04/chitosan magnetic com-
posite. Depending on the temperature, the number
of dye molecules per adsorbent site varies from 3.66
to 3.83. Pang et al. speculated that each receptor site
was anchored to an average number of dye molecules
varying in the range from 3 to 4. They consequently
deduced the proportion related to each case [5]. Sel-
laoui et al. studied the adsorption of MB on Brazil-
ian berries seeds. They showed that the monolayer
model with two energies is the most adequate one
to fit the experimental data. Two functional groups
are therefore involved in the pollutant removal. The
steric numbers obtained may be smaller or greater
than one. They ranges from 0.35 to 2.44 [63]. It should
be mentioned that the value of steric number n also
informs us on the nature of the anchorage orienta-
tion. In fact, three cases may be generally encoun-
tered. The first situation correspond to the case n >
1. The inclination of dye molecules captured the
biosorbent is called horizontal inclination. Indeed,
each receptor site is linked may one or more dye

5 20 T
(@]
I -4
2 1 *,——"'——é-
|
510 1
T —@—Eal
:: — B —-Ea2
0 } } } } } } } } } |
10 20 30 40 50 60

Temperature (°C)

Figure 9. Evolution of the adsorption energies
Eg and E,4 as a function of the temperature.

molecules [3]. In the second case, the steric number
ranges between 0.5 and 1: 0.5 < n < 1. In this configu-
ration, a mixed inclination occurs. Parallel and hori-
zontal are simultaneously present. The steric number
n may be decomposed as: n = xx0.5+(1-x) x1 where
x is the percentage of molecules having a parallel ori-
entation while (1 — x) is the percentage of molecules
having a non-parallel orientation [64]. In the third
configuration, we have 0 < n < 1. The biosorbent
captures a fraction of a dye molecule. This case is
called parallel orientation or multi-molecular mech-
anism. A dye molecule is shared by several recep-
tor sites. To obtain the number of sites involved, one
can use the decomposition of the anchorage number
1/n [45,64].

The half-saturation concentrations C; and C, are
the last two parameters involved in model 2. These
values give the concentration for which half avail-
able sites, of each type, are occupied. The greater
this quantity, the more the isotherm will be di-
lated and the saturation will be reached for greater
values of the concentration. Table 5 indicates that
the half-saturation concentration C; is almost in-
dependent of temperature however C, varies mod-
erately versus the temperature above the investi-
gated range. It appears that C; is almost four times
greater than C,. We deduce that the adsorption en-
ergy E;) is about 1.4 times smaller than the activation
energy E,».

The adsorption energies E,;; and E,, associated
to the two types of receptor sites are calculated from
values of half-saturation concentrations C; and C,.
Figure 9 shows the curves of these energies versus the
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Scheme 1. Probable adsorption mechanisms for the binding between the dye and biosorbent surface.

temperature. A continuous increase of these energies
is observed versus the temperature. The obtained
results have the same order of magnitude as that re-
ported in previous papers [42,43,63]. The obtained
values of the adsorption energy corroborate the sev-
eral above mentioned comments about the physio
sorption nature of the adsorption mechanism occur-
ring in the current samples. The value of the adsorp-
tion energy obtained by the advanced model is con-
sidered to be more truthful compared to that ob-
tained by the classical models. Indeed, the mono-
layer model having two kinds of receptors proves to
be the most suitable to represent the experimental
results. This model takes into account the hetero-
geneities on the biosorbent surface. The above dis-
cussion reveals clearly that not only the experimen-
tal results are important, but also the data processing
process.

4.6. MB adsorption mechanisms exploration

The probable adsorption mechanisms concerning
the interaction between the cationic dye and the in-
vestigated biomaterial is depicted in Scheme 1.

5. Conclusion

The first part of this work focused on the charac-
terization of a low-cost biomaterial, namely the Per-
gularia tomentosa fruit. The second part is dedi-
cated to investigating the capacity of this biomate-
rial for the adsorption of methylene blue. The ki-
netic curves prove to be accurately adjusted by ei-
ther pseudo first order and Bangham models. The
biosorption isotherms have been adjusted by classi-
cal and statistical models. Concerning the classical
models, Hill model proves to be the most suitable to
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adjust the experimental data. In addition, the mean
free energy E,q for the adsorption of the cationic
dye onto the biomaterial is about 7 kJ/mol according
the Dubinin-Radushkevich model. Concerning the
advanced statistical physics models, it appears that
the most appropriate model is the monolayer model
which involves two types of receptors sites. Each re-
ceptor has its own adsorption energy, namely E,;
and E,. In other words, two functional groups are
involved in the dye removal process. Furthermore,
each receptor site can be linked to a variable number
of dye molecules. The superiority of this model over
the classical models has been demonstrated. The ad-
sorption energy E,;; ranges in the interval from 10 to
15 kJ/mol while the adsorption energy E,, varies in
the interval from 14 to 18 kJ/mol for the investigated
temperature. This implies that the nature of the ad-
sorption process taking place in the present bioma-
terial is physiosorption. These values are of course
more accurate than that estimated from Dubinin-
Radushkevich model. The half-concentrations have
also been computed. Concerning the stoichiometric
numbers inherent to the adopted model, it appears
that the investigated biosorbent can be attached to a
variable number of dye molecules per site. This num-
ber varies from one to three depending on the tem-
perature and the involved functional group. The er-
ror on the above parameters due either to experimen-
tal uncertainty or the identification process has been
evaluated. In summary, the investigated biomaterial
proves to be attractive for the efficient elimination of
cationic dyes from contaminated water.
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