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a b s t r a c t
This study consists of testing the sorption capacity of Methylene blue (MB) and Congo red (CR) 
on a plant substrate prepared from millet seed envelope (MSE). The solid recovered after each 
experiment (MSE/MB and MSE/CR) is used as a new adsorbent for second sorption. Fourier trans-
form infrared spectroscopy, scanning electron microscopy coupled with energy dispersive X-ray 
spectrometer, iodine number, and the point of zero charge determination are used for the charac-
terization of the MSE. The effect of several operating conditions such as contact time, adsorbent 
dose, pH, initial concentration, and temperature on sorption is investigated. Characterization of the 
MSE powder showed the presence of several cavities, capillaries, and oxygenated groups distrib-
uted over a heterogeneous surface. Energy-dispersive X-ray analysis revealed that aluminum is the 
most dominant element. The pHPZC value of the sorbent surface is around 6.00. Sorption tests of MB 
and CR on MSE, MSE/MB, and MSE/CR showed that sorption kinetics is quite fast with an equilib-
rium contact time of 60 min for the three adsorbents. Sorption kinetics of MB and CR on MSE and 
MSE recovered is well-described by the pseudo-second-order model. The Langmuir and Freundlich 
models were found to describe well the sorption of the dyes studied. The determined Langmuir 
sorption capacities are 111.11 and 94.34 mg/g of MB onto MSE and MSE/CR, respectively, 158.73, 
and 169.49 mg/g of CR onto MSE and MSE/MB, respectively. The study of the effect of temperature 
showed that the uptake of MB and CR on MSE is an exothermic process.
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1. Introduction

Environmental pollution has become a socioeconomic 
problem to be taken into account in a sustainable economy. 
Water scarcity is a major challenge for many water-stressed 
countries in the future. However, population growth, 

industrial development, and agricultural activity negatively 
impact the sources of drinking water, fauna, and flora, by 
discharging pollutant-laden waste, which is the cause of 
several aquatic problems (viruses, heavy metals, and micro-
pollutants, etc.) [1,2]. Synthetic dyes in aqueous effluents are 
often difficult to treat and biodegrade due to their stable and 
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complex molecular structure [3]. Methylene blue and Congo 
red are among the most common dyes present in water dis-
charged from industrial and microbiological and histological 
activities [4]. According to Juang et al. [5], Methylene blue 
is responsible for breathing difficulties and its ingestion 
through the mouth produces a burning sensation; causes 
nausea, vomiting, sweating, and profuse cold sweats. Albert 
et al. [6], have shown that Methylene blue causes toxic-
ity in premature neonates. Gillman [7] reported that this 
dye causes severe toxicity to the central nervous system. 
Congo red as an Azo dye is considered carcinogenic [8,9]. 
The Danish Environmental Protection Agency (DEPA, 2000) 
guidelines for cancer risks assessment established a limited 
concentration of 3.1 µg/L of azo dye in drinking water [10]. 
In order to reduce the concentration of these chemicals in 
water, a wide variety of physical, chemical, and biological 
techniques have been developed and tested in the treatment 
of dye-laden effluents [11–36]. However, these procedures 
are expensive and lead to the generation of large amounts of 
sludge or the formation of derivatives. Among the liquid dis-
charge treatment processes, adsorption remains a relatively 
used, and easy to implement technique. The application of 
the adsorption technique for the treatment of dyes is very 
old and remains the most widespread technique, given 
the advantages it has over other techniques. Activated car-
bon is the most used adsorbent because of its high adsorp-
tion capacity of organic materials [37–48]. However, this 
adsorbent is expensive and difficult to regenerate [38,49,50].

For this reason, several researchers have suggested using 
low-cost adsorbents for the retention of dyes. For instance, 
Khan et al. [51], used chir pine sawdust to remove Congo 
red in batch and column modes. Afroze et al. [52], used raw 
eucalyptus bark to remove Methylene blue from aqueous 
solution. Karthik et al. [53], proposed banana fiber, coconut 
fiber, and sawdust as low-cost adsorbents for Methylene 
blue removal. The study carried out by Seghier et al. [54] 
showed that Barbary fig skin can be considered an effective 
and low-cost biosorbent for the elimination of Congo red. 
Dutta and Nath [55], synthesized a novel low-cost SiO2/C 
nanocomposite from corn cobs for Methylene blue removal.

The present article studies the biosorption of Methylene 
blue and Congo red on millet seed envelope (MSE) and 
recovered solid particles after each sorption.

2. Materials and methods

2.1. Raw material and biosorbent preparation

This study consists of preparing a biosorbent from MSE 
collected from breeders and bird traders in the region of 
Relizane, Algeria.

The raw material was washed on a column several times 
with distilled water. The suspension obtained was stirred 
using a magnetic stirrer for 72 h at a speed of 500 rpm. 
This operation made it possible to remove all kinds of dust or 
adhering impurities until clear washing water was obtained. 
The content was solar dried for 3 d at 38°C. The dried solid 
was ground into small homogeneous particles. The MSE 
particles used for adsorption were mechanically separated 
and the powder with an average diameter of less than 
1 mm was kept in a desiccator for subsequent sorption tests. 

The solids used for the sorption of Methylene blue (MSE/
MB) and Congo red (MSE/CR) were recovered, dried, and 
reused for the removal of Congo red and Methylene blue, 
respectively.

2.2. Characterization of biomaterial

The knowledge of the physicochemical and structural 
properties of any material is necessary to contribute to the 
understanding of many phenomena such as adsorption.

Surface analysis and elementary composition deter-
mination of MSE, MSE/MB, and MSE/CR were carried out 
using a HIROX SH 400 M MEB-EDSBRUKER (Germany) 
scanning electron microscopy (SEM) coupled with energy 
dispersive X-ray spectrometer. Iodine number is a determin-
ing factor to evaluate the surface area of adsorbents [38,56]. 
Practically, adsorbents having a good iodine sorption 
capacity from its aqueous solution have a relatively high 
specific surface area, suitable for the sorption of organic 
compounds. The surface area of the MSE was assessed by 
calculating its iodine value (mg/g) using 100 mL of the stan-
dardized iodine solution (0.1 N). The volume was mixed 
with 1 g of MSE. After equilibrium, the iodine remaining 
in the supernatants was titrated with a sodium thiosul-
fate solution (0.1 N). The iodine number is the amount of 
iodine adsorbed per gram of adsorbent at a residual iodine 
concentration of 0.02 N [38].

The Fourier transform-infrared (FTIR) spectrum was 
obtained using a spectrum two FTIR Perkin Elmer (Germany) 
spectrometer with Universal Attenuated Total Reflectance 
sampling accessory. The point of zero charge (pHPZC) is 
the pH at which the surface of the solid has a zero charge. 
pHPZC of the MSE surface was measured according to the 
method described by Ferro Garcia [57] where the pH of a 
NaCl solution (0.01 M) is adjusted between 2 and 12 by add-
ing either hydrochloric acid or sodium hydroxide solution 
(0.1 N). 0.15 g of the biomaterial was added to each 50 mL 
vial of NaCl at different pH values. The contents were stirred 
for 48 h in a thermostatically controlled cell maintained 
at 25°C. The final pH was measured. The point of inter-
section between the straight line pHf = pHi and the curve 
obtained corresponds to the pHPZC of the material studied.

2.3. Kinetic sorption study

The experiments were carried out in a very limited field 
of operating conditions. Their aim is to determine the opti-
mum of the contact time, the support mass, and the pH 
values so that the equilibrium is almost reached.

2.3.1. Effect of contact time on dyes sorption by 
MSE and MSE recovered

Twenty-five milliliters of 50 mg/L colored solutions at 
an initial pH of 6.4 for MB and 7.14 for CR were introduced 
into series of flasks to which a mass of 0.2 g of MSE and 
recovered MSE was added. The whole system was stirred 
at ambient temperature in a thermostatic shaker for time 
intervals ranging from 0 to 210 min, then the suspensions 
were centrifuged and the solutions analyzed using a spec-
trophotometer (SPECORD 200 PLUS – ANALYTIK, JENA, 
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Germany) at maximum wavelengths of 664 and 495 nm 
for MB and CR, respectively.

2.3.2. MSE mass effect on MB and CR sorption

Under the same operating conditions (initial concen-
tration of the aqueous solutions, ambient temperature, and 
initial pH), 25 mL volumes of the MB and CR solutions 
were contacted with masses ranging from 0.05 to 0.4 g of 
sorbent and stirred for a contact time determined from the 
kinetic study. The suspensions were then centrifuged and 
analyzed at the corresponding wavelength.

2.3.3. pH effect on MB and CR sorption by MSE

The pH of the solution is a key factor to evaluate the 
effectiveness of the removal of mostly organic substances 
on adsorbent materials.

The effect of pH was studied in the range of 2.55–10.31 
for MB and 6.55–10.04 for CR on 0.2 g of MSE in 25 mL of 
50 mg/L colored solution.

The suspensions were stirred at a constant speed. 
The equilibrium solute concentrations were analyzed after 
the particles were separated by centrifugation.

2.4. Adsorption isotherms study

Adsorption isotherms play an important role in the 
determination of the maximum adsorption capacities and in 
the design of new adsorbents.

The adsorption isotherms for MSE or recovered MSE 
were studied by using 200 mg of the powdered material 
in 25 mL of a colored solution at various concentrations. 
The suspensions were stirred for optimum times of each 
dye at ambient temperature and then centrifuged and 
analyzed spectrophotometrically (SPECORD 200 PLUS – 
ANALYTIK, JENA, Germany).

The same experiments were carried out for tempera-
ture values of 25°C, 35°C, and 45°C for MB concentration 
of 50 mg/L as reported by Aziz et al. [56].

The sorbed amount of Methylene blue and Congo red 
by the sorbents prepared is expressed by the following 
formula [55]:

q C C V
mt t= −( )×0  (1)

where qt is the sorption capacity (mg/g); C0 and Ce (mg/L) 
the initial and final adsorbate concentration respectively; 
V the volume of the aqueous solution (L); m the mass of 
the sorbent prepared (g).

3. Results and discussion

3.1. Characterization

3.1.1. SEM-EDX interpretation

SEM images at different magnifications show the 
gen eral structure of the surface of MSE particles with 
diameters less than 1 mm. The picture shown in Fig. 1c 
(50 µm enlargement) shows a heterogeneous surface. 

Micrographs in Figs. 1a and b reveal the presence of sev-
eral cavities on the external surface and cylindrical capil-
laries on the internal surface. These observations indicate 
that the particles of the MSE have an adsorbent surface 
capable of fixing small organic chemicals such as dyes.

The elemental composition of MSE represented in 
Table 1 and Fig. 2 shows that aluminum is the most dom-
inant element with a mass percentage exceeding 47%, of 
which 88.80% is in the combined form Al2O3. A significant 
percentage of oxygen (>45%) reveals the availability of 
oxygenated sites. We also note the presence of 2.92% by 
mass of silica, of which 6.25% is in SiO2 form. No harmful 
element to the environment in the MSE was detected.

3.1.2. Iodine adsorption capacity

The iodine adsorption capacity of the MSE was found 
to be 166.92 mg/g. This value indicates that the MSE sur-
face has a good surface area appropriate for uptake of 
Methylene blue and Congo red for a biosorbent [38].

3.1.3. Point of zero charge pHPZC

The point of intersection between the straight line 
pHf = pHi and the curve obtained is of the order of 6.00 
(Fig. 3), the surface is negatively charged for pH higher 
than pHPZC while it is positively charged for pH < 6.00 [54].

3.1.4. IR spectra analysis

The Fourier transform-infrared (FTIR) spectrum of 
MSE (Fig. 4) shows the presence of many functions in 
the surface. Possible spectrum interpretation can be as  
follows:

At 3,317.14 cm–1, a broadband is assigned to the 
stretching vibration of the O–H hydroxyl groups of phe-
nols, alcohols, or a carboxylic acid [58,59]. According to 
Tsamo et al. [60], this vibration can be attributed to the 
N–H bond of amines. Around 2,917.50 cm–1, a band that 
generally characterizes the elongation vibrations of the 
aliphatic C–H bond [54] is observed. The peak recorded 
at 1,602.33 cm–1 accounts for the presence of the aromatic 
C=C bond (elongation vibration), ketone, aldehyde, or car-
boxylic acid [61]. The frequency 1,437.07 cm–1 is ascribed to 
the presence of C–H bonds of saturated aliphatic hydro-
carbons (alkanes) [61]. The peak recorded at 1,362.92 cm–1 
is attributed to the elongation vibration of the C–O esters, 
ether, phenol, or carboxylic bonds [62,63] while at 1,017.28, 
the peak is due to the elongation of the C–N bonds of 
the aliphatic amines [64,65].

3.2. Kinetic sorption study

3.2.1. Time effect

The plot of the adsorbed quantity of Methylene blue 
and Congo red as a function of contact time (Fig. 5) shows 
that the sorption process is fast. In fact, MB and CR are 
entirely sorbed by MSE and recovered MSE in the first 
30 min of contact time. Thus, after 60 min, equilibrium is 
reached and the sorption rate is relatively constant with 
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elimination capacities of the order of 6.21 and 6.24 mg/g 
of MB on MSE and MSE/CR, 5.75 and 4.59 mg/g of CR on 
MSE and MSE/MB, respectively. This rather short time is a 
good indicator of the availability of sites or adsorbent zones 
on the surface of the adsorbents used.

3.2.2. MSE mass effect on MB and CR sorption

The percent removal of MB and CR as a function of 
the MSE dose (Fig. 6) shows that the percent of removal 
(quantity adsorbed) of the dyes studied increases with 
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Fig. 1. SEM photographs of the millet seed envelope [(a–c) before sorption (MSE), (d and e) after MB sorption (MSE/MB), 
and (f and g) after CR sorption (MSE/CR)].

Table 1
Elemental composition of the MSE powder

Element Norm. C Atom. C Compound norm. Comp. C

(wt.%) (at.%) (wt.%)

Oxygen 45.13 59.91
Aluminum 47.00 36.99 Al2O3 88.80
Silicium 2.92 2.21 SiO2 6.25
Palladium 0.42 0.08
Silver 0.48 0.10

Norm. = Norm.C: the normalised concentration.
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increasing dose of biosorbent until equilibrium. This is 
attributed to the increase in the solid/liquid contact sur-
face and the availability of active sites, which promotes the 
sorption of pollutants on the adsorbent surface [66]. It is 
noteworthy that the adsorption equilibrium exceeds 98% 
and 88% for MB and CR with 0.2 g of adsorbent, respec-
tively. From an economic and efficiency point of view, an 
amount of 0.2 g of MSE is largely sufficient for good removal 
MB or CR.

3.2.3. pH effect on sorption of MB and CR on MSE

Fig. 7 shows that the best retention rate (99.46%) of 
Methylene blue on MSE is recorded at a pH value of 6.4. 
This can be explained on the basis of the zero charge point 
for the surface biosorbent used. At pH below pHZPC, a 
competition of protons with MB for the occupation of the 
active sites results in a reduction in the amount adsorbed. 
At pH above this point, the charge on the surface biosor-
bent becomes negative, which causes greater electrostatic 

attraction of the basic dye, leading to higher sorption of 
Methylene blue. When the pH becomes more and more 
basic, there is a competition between the OH– ions in the 
solution and the negative charge of the biosorbent, thus 
reducing biosorption.

A maximum of 89.49% retention of Congo red was 
obtained at the neutral pH value. This is explained by the 
attachment of the CR dye ions to the basic sites (posi-
tive charge) of the biosorbent. At a pH below seven, there 
is a competition between H3O+ and the active sites; on the 
other hand, at a pH above seven, there is a competition 
between OH– and CR ions.

3.2.4. Kinetic mathematical modeling

The order of the reaction is a determining factor in 
understanding the mechanism of the transfer of sorption of 
solutes from their aqueous solution to the biosorbent.

The kinetic model of the pseudo-first-order is often 
formulated by the Lagergren equation [67], which can be 
expressed as follows:

log log
.

q q q
k

te e−( ) = − ×1

2 03
 (2)

where k1 (1/min): pseudo-first-order rate constant; t (min): 
contact time; qe (mg/g): amount adsorbed at equilibrium 
at saturation of monolayer; qt (mg/g): adsorbed quantity 
(mg/g) per unit mass of the adsorbent at time t.

The pseudo-second-order can be expressed according 
to the following equation by Ho and McKay [68]:

t
q k q q

t
t e e

= + ×
1 1

2
2  (3)

where k2 is the second-order rate constant (g/mg min).
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Fig. 2. EDX spectrum of the millet seed envelope surface.

Fig. 3. Representation of the pHZPC of the surface of MSE.



A. Seghier et al. / Desalination and Water Treatment 212 (2021) 347–358352

Fig. 4. FTIR spectrum of the millet seed envelope surface.

Fig. 5. Time effect on biosorption of MB and CR by MSE and MSE recovered.

Fig. 6. Effect of MSE dose on biosorption of MB and CR.



353A. Seghier et al. / Desalination and Water Treatment 212 (2021) 347–358

In order to verify the order of any adsorption kinetics, 
it is sufficient to graphically display the representative pat-
terns of Eqs. (2) and (3). For the sake of clarity, the kinetic 
results of all the substances studied are grouped in tabular 
form in Table 2.

The values of qe1 calculated with the pseudo-first-order 
equation are significantly different from those obtained 
experimentally, indicating that the data does not obey 
first-order kinetics. On the contrary, qe2 values calculated 
according to the pseudo-second-order equation are quite 
close to the experimental results. This reveals a limiting 
step of the adsorption process, and that the adsorption 
mechanism is characterized by the mass transfer to the 
surface of the adsorbent. This conclusion is confirmed 
by the linearity of the curves of pseudo-second-order 
equation shown in Fig. 9, with high coefficients of deter-
mination R2 (Table 2). However, the coefficients of determi-
nation of the first-order model (Fig. 8) are very low. These 
observations suggest that chemisorption is the dominant 
mechanism of the sorption of Methylene blue and Congo 
red on the materials used [55] by reactions which take 
place between the functional groups of the surface of the 
biosorbent and the ions of the basic or acid dye carrying 
a positive (MB) or negative (CR) charge in aqueous solu-
tion, and that the adsorption of MB an CR does not exhibit 
a controlled diffusion process since it does not follow 
the pseudo-first-order equation given by Lagergren [69].

3.3. Isotherms sorption study

Increasing the concentration increases the adsorbed 
amount of solutes from their aqueous solutions until satu-
ration. There are many theoretical models that have been 
developed to describe adsorption isotherms. However, in 
this study, we will be particularly interested in the Langmuir 
and Freundlich models, as they are the simplest and the most 
widespread.

The Freundlich model is characterized by the following 
equation [70,71]:

log log logq
n

C ke e F= × +
1  (4)

where qe is the equilibrium adsorbed amount per gram of 
material (mg/g). Ce represents the equilibrium concentration 
of the solute in mg/L. kF and n are the Freundlich constants 
related to the capacity and intensity of sorption. In addition, 
the values of n are related to the favorability of the sorption 
process [72,73].

The mathematical model of Langmuir is expressed by 
the following equation [70,74]:

C
q

C
Q Q b

e

e

e= +
×max max

1  (5)

Fig. 7. Effect of the medium pH on the biosorption of MB and CR by MSE.

Table 2
Values of the kinetic parameters for the adsorption of MB and CR dyes on different supports

Solute MB CR

Sorbent MSE MSE/CR MSE MSE/MB

Pseudo-first-order
R2 0.8877 0.9056 0.9094 0.9286
k1 (1/min) 0.012 0.021 0.011 0.042
Calculated qe1 (mg/g) 0.121 0.129 0.460 0.313
Experimental qe (mg/g) 6.212 6.240 5.752 4.596

Pseudo-second-order
Calculated qe2 (mg/g) 6.223 6.254 5.774 4.778
k2 (g/mg min) 0.299 0.433 0.080 0.031
R2 1 1 0.9998 0.9989
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where qe is the equilibrium adsorbed amount per gram of 
support (mg/g). Qmax represents the maximum capacity of 
the sorption of the solute in mg/g. b (L/mg) is the Langmuir 
constant corresponding to the adsorption energy.

Moreover, the equilibrium parameter (separation fac-
tor) RL is one of the most important factors discussed in 
this study, it is calculated by the following relation [54]:

R
bCL = +
1

1 0

 (6)

where C0 (mg/L) is the highest concentration of solute.
The isotherm is unfavorable (RL > 1), linear (RL = 1), 

favorable (0 < RL < 1), or irreversible (RL = 0).
The exploitation of the formulas in the linear form of 

Freundlich (Fig. 11) and Langmuir (Fig. 10) allowed us to 
deter mine the principal parameters characterizing each model.

Table 3 presents high determination factors for the 
two models. We can see that the sorption of MB and CR 
obeys not only the Langmuir model but also the Freundlich 
model. We also note that the parameters characterizing 
each adsorption model vary from one medium to another. 
The values of n between 1 and 10 (Table 3) indicate that 
the sorption of the two dyes on the various prepared 
supports is favorable [54].

The calculation of the Langmuir constants (Table 3) 
shows significant monolayer sorption capacities of 111.11 
and 94.34 mg of MB/1 g of MSE and MSE/CR, respectively 
and of 158.73 and 169.49 mg of CR/1 g of MSE and MSE/
MB, respectively. The capacities obtained by this study 
compare favorably with several materials used in the same  
field (Table 4).

The values of the Freundlich sorption capacity are 
3.81 and 4.45 (mg1−1/n L1/n/g) of MB onto MSE and MSE/CR, 
respectively, 3.84 and 3.45 (mg1−1/n L1/n/g) of CR onto MSE 
and MSE/MB, respectively. Unlike the Langmuir model, the 
Freundlich isotherm does not deliver data on the maximum 
monolayer sorption capacity [75]. However, it gives an idea 
about the heterogeneous interaction between the ions of 
the dyes and the adsorbent surface of the biomasses used. 
Referring to the FTIR analysis surface, functional groups 

such as carbonyl, carboxyl, phenol, and amine groups 
may play an important role in this type of interaction [75].

Significant MB and CR sorption capacity values on 
various adsorbents prepared by this study indicate that 
MSE, MSE/MB, and MSE/CR can be good low-cost sorbents. 
RL values less than 1 indicate that the sorption isotherm is 
favorable [76]. The good capacity of MB and the ameliora-
tion of CR sorption on MSE recovered can be explained by 
the new more porous structure of the surface of adsorbent 
materials after MB and CR transfer (Figs. 1d and g).

3.4. Temperature effect on the MB and CR removal on MSE

The results (Fig. 12) indicate that the adsorption capac-
ity of the two substances studied improves with a decrease 
in temperature. 99.46% and 88.58% removal for MB and CR 
respectively on MSE are observed at 25°C.

Fig. 8. Kinetic modeling; pseudo-first-order equation of MB and CR biosorption.

Table 3
Langmuir and Freundlich constants of the sorption of MB and 
CR by various supports

Pollutants Adsorbent Langmuir Freundlich

MB MSE Qmax = 111.11 (mg/g) n = 1.553
b = 0.015 (L/mg) KF = 3.81
RL = 0.0008 R2 = 0.9973
R2 = 0.9951

MSE/CR Qmax = 94.34 (mg/g) n = 1.230
b = 0.033 (L/mg) KF = 4.45
RL = 0.00015 R2 = 0.9929
R2 = 0.9989

CR MSE Qmax = 158.73 (mg/g) n = 1.223
b = 0.017 (L/mg) KF = 3.84
RL = 0.00179 R2 = 0.9995
R2 = 0.9943

MSE/MB Qmax = 169.49 (mg/g) n = 1.328
b = 0.011 (L/mg) KF = 3.45
RL = 0.00123 R2 = 0.9930
R2 = 0.9840
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Fig. 9. Kinetic modeling; pseudo-second-order equation of MB and CR biosorption.

Fig. 10. Isotherm modeling; Langmuir equation of MB and CR biosorption on MSE and MSE recovered.

Fig. 11. Isotherm modeling; Freundlich equation of MB and CR biosorption on MSE and MSE recovered.

These findings mean that the dye adsorption process on 
MSE is exothermic. This may be due to the decrease in the 
sorption interaction forces between the soluble species and 
the active sites on the sorbent surface. This phenomenon, in 
accordance with Arrhenius’ law, suggests that the surface 
reaction is exothermic and that an increase in temperature 
impairs the sorption process [83].

4. Conclusion

This study aimed at the feasibility of the recovery of a 
biosorbent for an additional sorption application.

The protocol used for the preparation of the biosorbent 
and the recovered one shows that it is a low-cost simple 
procedure that can be applied advantageously.
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Characterization of the MSE shows that the sorbent 
surface has several properties such as the presence of cav-
ities on the external surface, cylindrical capillaries on the 
internal surface, and oxygenated functional groups.

The sorption kinetics of the solutes on the prepared 
or recovered MSE shows that the solid/liquid equilibrium 
contact time is small and that kinetics obeys the pseudo- 
second-order model. The Freundlich and Langmuir param-
eters revealed high determination coefficients with high 
monolayer sorption capacities and solid-solute affinity. 
The present work shows that the MSE may be a good cost- 
effective sorbent and that the recovered spent solid may 
be an efficient new sorbent. Further studies are needed 
to apply the protocol used in this on an industrial scale.
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