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1. INTRODUCTION

In recent decades, the development of human industrial activities 
has generated a wide variety of chemical products which, without 
treatment and carelessness, are discharged into the water cycle. These 
substances contained in wastewater are difficult to biodegrade and 
their accumulation in waterways causes problems to environment and 
public health [1]. It is therefore necessary to identify these harmful 
substances and find effective treatment methods.

Most of the time, discharges of contaminated effluents come from 
chemical, petrochemical, agro-food, textile, paper mill, tanneries 
industries, and particularly beverage industries, which are much more 
toxic, because contain huge amounts of organic matter [2,3]. One of the 
major pollutants from these industrial discharges remains dyes. Once 
dissolved in water, dyes are sometimes difficult to process because they 
are often of synthetic origin and have a complex molecular structure 
which makes them more stable and difficult to biodegrade [4,5]. Most 
dyes are toxic, carcinogenic, cause allergies, and irritate the skin [6-8]. 
Thus, they constitute risk factors for human and aquatic health, and 
nuisance for environment.

Many techniques were proven in the removal of dyes from wastewater, 
including traditional physicochemical methods, biological methods 
and advanced oxidation treatments [9,10], ozonation [11,12], 
photocatalysis [13,14], and absorption [15-17]. However, adsorption 
remains, with respect to other methods, the most effective and 

inexpensive technique. Adsorption is a fundamental process in the 
physicochemical treatment of effluents which are suitable economically 
to the reuse of wastewater.

For more than 20 years, the development of hybrid materials has 
aroused great interest, both in the academic and industrial worlds. 
Combining the properties of certain organic compounds and those 
of mineral compounds in a single material has therefore become an 
achievable objective. Among the different possible strategies for 
developing hybrid materials, the one that consists of associating 
calibrated nano-objects (nanoparticles) with a polymer component 
has many advantages. Recently, several afford were paid to improve 
adsorbents efficiency and stability for wastewater treatment by the 
combination of polymers and modified carbon particles [18-20]. The 
adsorbents resulting from these works showed improved adsorption 
properties when applied to remove different pollutants.
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ABSTRACT
One of the major problems of sub-Saharan Africa is the non-treatment of industrial effluents which are directly discharged 
into the environment. It is therefore crucial to develop inexpensive adsorbents to overcome these problems by treating water 
by adsorption. This study focuses on the development of low-cost hybrid composite based on cassava starch for the removal 
of methylene blue from aqueous medium. Thus, carbon particles from popcorn were deposited on the surface of cassava 
starch which had previously undergone destructuring by acid hydrolysis. The prepared adsorbent was characterized by X-ray 
diffraction and scanning electron spectroscopy. The effectiveness of the hybrid composite was verified by varying parameters 
such as contact time, adsorbent dose, pH, temperature, and initial pollutant concentration. Analysis of isotherm model that can 
describe the adsorption phenomenon indicated that the experimental data fit Langmuir model better with correlation coefficients 
approaching unity and separation factor values (RL) indicating a favorable process. The maximum monolayer adsorption 
capacity was 6.44 mg/g. Adsorption kinetic results were better explained by pseudo–second-order model. The spontaneous and 
exothermic character of the adsorption process was revealed by thermodynamic study. Hybrid composite reuse was evaluated 
and excellent results were obtained. Therefore, hybrid composite based on cassava starch and carbons derived from popcorn is 
a cheap adsorbent for the removal of methylene blue from aqueous solutions.
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In view of all the above, the main objective of this project is to synthesize 
a hybrid adsorbent to remove a dye contained in an aqueous solution. 
To achieve this objective, a nanocomposite based on cassava starch 
and carbon nanoparticles derived from popcorn will be synthesized. 
The efficiency of the nanocomposite obtained will be highlighted 
by adsorption of methylene blue through all the parameters that can 
influence an adsorption process to determine the optimal adsorption 
conditions. The interest in the design of such a nanocomposite lies in 
the use of low-cost and biorenewable materials.

2. MATERIALS AND METHODS

2.1. Materials
Corn grains as well as the starch used as biomass during this work were 
purchased on the local market. Potassium hydroxide (KOH), sodium 
hydroxide (NaOH), hydrochloric acid (HCl), citric acid (C6H8O7), and 
methylene blue (C16H18ClN3S) were the chemicals used in this study. 
Figure 1 presents the molecular structure of methylene blue (MB) and 
Table 1 its physicochemical properties. All chemicals were used as 
received without any purification. Water used to prepare the solutions 
is distilled water.

2.2. Carbon Particles Derived from Popcorns Preparation
Popcorns were obtained using cooking pots. In practice, 200 g of 
corn kernels were enclosed in a pot and heated for 7 min. Then, on 
that date, water inside the hot grains was vaporized and the starch 
liquefied, forming popcorns. After that, the popcorns were crushed 
using a blender and made into powder through porcelain mortar. 
The white powder obtained was carbonized at 400°C for 1 h under 
an inert atmosphere with a heating rate of 5°C/min to obtain a black 
powder. Then, 10 g of the obtained black powder and 200 ml of 1M 
KOH solution were shaken during 5 h followed by the filtration of the 
resulting mixture and dried in oven. The resulting black solid was later 
crushed and transferred to a furnace for activation at 800°C for 1 h 
under a nitrogen atmosphere. Finally, the prepared activated carbon 
(AC) was washed with HCl (1M) to remove inorganic impurities, then 
with distilled water until the water in the filtrate became neutral and 
dried in oven at 110°C for 48 h.

2.3. Carbon@starch (C@St) Composite Preparation
The preparation of C@St composite was carried out according to the 
work described by Allou et al. [21] with minor modifications. Starch 
grains underwent structural and functional modification by arranged 
acid hydrolysis to improve their performance. Thus, 100 ml of 

0.25 mol/L hydrochloric acid and 20 g of cassava starch were introduced 
into 250 ml conical flask. The whole was subjected to magnetic stirring 
for 30 min and at 100°C. The modified starch obtained was filtered, 
dried in oven for 48 h, and named St in the context of this study.

Regarding the preparation of C@St composite, a reactor containing 
10 g of modified cassava starch, 1 g of AC from popcorn, and 
500 ml of distilled water was shaken at room temperature for 24 h. 
Then, citric acid (powder) was added to the polymer solution so that 
its final concentration was approximately 1 g/L. The solution was 
homogenized by vigorous stirring for 2 h. The homogeneous solution 
obtained was transferred to a glass container and dried in oven during 
24 h to evaporate water. The curing step was finally done by heating 
the polymer composite at 80°C during 24 h.

2.4. Material Characterization Methods
To ensure the success of the adsorbents preparation, certain 
characterizations are necessary. Therefore, samples of the materials 
were subjected to analyze such as X-ray diffraction (XRD) and 
scanning electron microscopy (SEM).

The crystalline structure of the different synthesized materials 
was determined using a Rigaku Ultima IV model Advance type 
diffractometer using monochromatic copper Kα radiation (CuKα 
radiation) (λ = 1.54 Å) at voltage of 40 kV and current of 40 mA. The 
measurements were carried out on non-oriented samples in powder 
form with particle size less than or equal to 100 μm in the range of the 
Bragg angle ranging from 3° to 70° with a pitch of 0.02 and counting 
time 10.1 seconds per step.

Carl Zeiss type scanning electron microscope (Sigma VP) was used to 
observe the particles morphology of the synthesized materials. Before 
observation, a small quantity of the material powder was deposited, 
using a spatula, on a double-sided carbon sticker and the excess 
particles were removed from atomized air.

2.5. Batch Adsorption Experiments
Adsorption properties, in discontinuous mode, of C@St composite 
were evaluated using 50 ml of methylene blue (MB) as pollutant in 
250 ml Erlenmeyer flasks. As is customary in adsorption study, the 
influence of equilibrium time, adsorbent dose, initial solution pH, 
initial dye solution concentration, and temperature, in different slices, 
were evaluated. The desired pH was obtained by adding few drops of 
0.1N HCl or NaOH. The residual MB concentration was calculated 
by measuring the absorbance using UV-visible spectrophotometer at a 
wavelength of 662 nm.

The percentage of BM adsorbed as well as the adsorption capacity 
qe (mg/g) at equilibrium were calculated according to equations 
(1) and (2) [22] in which Ci (mg/L) and Ce (mg/L) are the initial 
and equilibrium concentrations of MB, respectively, V (L) and W 
(g) are the volume of the solution and the mass of the adsorbent, 
respectively.
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i
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−
×100  (1)
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Ve
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−
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To be reused, after adsorption on 0.2 g of the adsorbent in 50 ml of 
5 mg/L MB solution, the adsorbent is removed and washed with 0.1N 
HCl and distilled water under constant stirring 3 times, respectively, 
then dried at 80°C for 24 h. The recycled adsorbent is again added to 
another MB solution to start a new adsorption.

Table 1: Methylene blue physicochemical properties.

Parameter Value
Molecular formula C16H18ClN3S
Molecular weight (g.mol–1) 319.85
Dye family Basic
Water solubility at 20°C (g.L–1) 20
Maximum wavelength (nm) 665

Figure 1: Methylene blue molecular structure.
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2.6. Adsorption Kinetic and Isotherm Models
Adsorption kinetics is one of the parameters indicating the purification 
performance of an adsorbent. Adsorption kinetics of the material can 
be modeled. To this end, the literature reports a number of models such 
as pseudo–first-order model, pseudo–second-order model, intraparticle 
diffusion model and Elovich model. As for the adsorption isotherm 
models, those commonly used are Langmuir, Freundlich, and Temkin 
models. Table 2 presents the linear equations, the plotted curves, as 
well as the calculated parameters for both kinetic and isotherm models. 
However, one of the most important Langmuir parameters, namely, 
separation factor (RL), indicating the favorability of the adsorption 
process, can be calculated using equation (3).

R k CL L= +1 1 0/ ( )  (3)

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characterization
The crystalline character of activated carbon derived from popcorn, 
modified starch, and C@St composite was determined by XRD 
analysis and patterns obtained are shown in Figure 2. AC pattern 
shows broad peak centered at around 26°, relative to (002) plane of AC 
particles, suggesting the amorphous character of the prepared carbon. 
The pattern of St and C@St samples reveal peaks at 15.23° and 23.08° 

and a doublet at 17.48° and 18.03° particularly for St. These peaks are 
typical of cereal-derived starches [30,31]. However, the incorporation 
of AC into the starch decreases the intensity of the peaks indicating a 
decrease of the crystallinity of starch.

Figure 3 shows a microscopic image of AC as well as that of C@St 
composite. A rough surface with pores in places is observed for the 
AC. As for the micrograph of the composite, a predominant spherical 
granulometry is observed [31] with black spots on the surface of the 
spheres. These black dots could be due to the presence of carbon particles.

3.2. Methylene Blue Adsorption Conditions Study
3.2.1. Adsorbent dose effect
The quantity of adsorbent used constitutes one of the most determining 
parameters in the process of mass transfer during adsorption. Indeed, 
this quantity guarantees the presence of a sufficient number of active 
sites to interact with the molecules or ions in solution. Figure 4 
illustrates the relationship between adsorbent dose used and MB 
percentage eliminated for a concentrated solution at 25 mg/L. It 
appears from this figure that the greater the mass of the adsorbent, 
the greater the quantity of MB eliminated. This observation would be 
explained by the abundance of the number of free adsorption sites by 
increasing the mass. However, from a mass of 0.15 g, the percentage 
of MB adsorbed remains almost unchanged due to the depletion of MB 
cations in the solution. Hence, using a mass beyond, this limit would 
amount to making an unnecessary expenditure in mass. Therefore, for 
the rest of the work, the optimal mass of 0.15 g for 50 ml, that is, 3 g/L 
was used.

3.2.2. Effects of contact time and initial solution concentration
The study of initial dye concentration and contact time effects of MB 
adsorption on C@St was carried out and the results are shown in 
Figure 5. The curves obtained show striking similarities, being divided 
into two distinct parts. The first part, almost vertical, reflects a rapid 
fixation of large quantities of dye, while the second part, horizontal, 
represents a plateau of equilibrium. The immediate availability of free 
adsorption sites on the adsorbent surface from the first contact would 
explain the extremely rapid MB adsorption process during the 1st min. 
However, as the number of free sites decreases, the adsorption gradually 
slows down to equilibrium, indicating the occupation of almost all 
free adsorption sites. Furthermore, it should be noted that the lower 
the initial concentration of the solution (7 and 20 mg/L), the faster 
equilibrium is reached (around 10 and 30 min). This observation could 
be attributed to the wide availability of free adsorption sites for a small 

Figure 2: X-ray diffraction patterns of popcorn-derived activated 
carbon, modified starch (St), and composite carbon@starch.

Table 2: Kinetic and isotherm adsorption models used to analyze MB adsorption*.

Model Equation Plot Parameter References
Pseudo–first-order In (qe – qt) = In qe – k1t In (qe – qt) versus t k1, qe, cal [23]
Pseudo–second-order t q k q t qt e e/ / /= +1 2

2 t/q1 versus t k2, qe, cal [24]

Intraparticle diffusion qt=kidt1/2+C q1.versus t1/2 Kid, C [25]
Elovich qt=In (αβ)/β + In t/β qt versus Int α, β [26]
Langmuir 1/qe=1/qm+1/(qmCekL) 1/qe versus 1/Ce qm, kL, RL [27]
Freundlich versus In Ce kF, n [28]
Temkin qe=B In A+B In Ce qe.versus In Ce A., B. [29]
*qe and qt=Adsorption ca.at equilibrium and at time t, respectively; k1 and k2=Rate constant of pseudo–first-order and pseudo–second-order, 
respectively; α=Initial adsorption rate, β=Exten.su.face coverage, kid=Intraparticle diffusion rate, C=Constant indicating bounda lakness;  
Ce (mg/L)=adsorbate equilibrium concentration; kL. (L/mg)=Langmuir constant; (mg/g)=Maximum monolayer adsorption capacity; n and kF 
(mg/g)=Freundlich constants related to adsorption and intensity of adsorption driving force or surface heterogeneity, respectively; A=Temkin 
constants (L/g); B=Constant related to the heat of adsorption and it idefined by the expression B=RT/b, b=Temkin constant (J/mol), T=Absolute 
temperature (K), R=Gas constant (8.314 J/mol.K)
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amount of pollutants [32]. Whereas, for a relatively high concentration 
(50 mg/L), a long equilibrium time of 90 min is necessary. In addition, 
it is also noticed that as the initial concentration of pollutant increases 
the adsorption capacity also increases.

3.2.3. Effect of initial solution pH
The transformation of the surface charge of an adsorbent as well as the 
degree of ionization of dye molecules are most controlled by the pH 

of the aqueous solution. The impact of the pH of the reaction medium 
on MB sorption on C C@St was studied and the results presented in 
Figure 6. The latter indicates that increase in MB percentage eliminated 
increases with solution pH. Since MB is cationic in aqueous medium, 
its weak adsorption in acid medium would be explained by the 
probable competition for binding on the free sites between MB cations 
and H3O+. ions in the medium [33]. Moreover, in basic medium, there 
is a negative charge on C@St surface, leading to an improvement in 
the electrostatic interactions between active sites and MB ions, hence a 
large quantity of MB eliminated.

3.2.4. Adsorption isotherm modeling
The adsorption isotherm is a curve which represents the relation 
between adsorbate concentration at equilibrium and quantity of 
adsorbent necessary to reach this state of equilibrium, at a given 
temperature. The experimental data obtained were subjected to 
Langmuir, Freundlich, and Temkin models for a deep understanding 
of the mechanism of MB adsorption on C@St. According to the results 
presented in Figure 7 and Table 3, Langmuir model, with correlation 
coefficients of the order of 0.94–0.98 at different temperatures, is 
best suited to describe the adsorption phenomenon of MB on C@St. 
Moreover, the calculated RL.values (0 < RL < 1) indicate a favorable 
process. This, therefore, suggests that the binding of MB occurs in 
monolayer on energetically homogeneous adsorption sites and without 
interaction between the adsorbed dye cations [34]. This model also 
assumes that saturation of the adsorbent surface is reached when all 
active sites are occupied by adsorbate molecules, limiting adsorbent 
maximum adsorption capacity.

Figure 4: Effect of adsorbent dose on MB removal by C@St.

Figure 5: Effect of contact time of MB adsorption on C@St at 
MB different concentrations.

Figure 6: Effect of initial solution pH during the adsorption of 
MB on C@St.

Figure 3: Scanning electron microscopy image of AC (a) and C@St (b).
ba
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The adsorption efficiency o.he prepared C@St compared to certain 
values obtained in literature was established in Table 4 by comparing 
the adsorption capacities. The high adsorption capacity raises the 
potential of C@St to remove MB ions from an aqueous solution.

3.2.5. Temperature effect and calculation of thermodynamic 
parameters
Study of the temperature effect on the MB adsorption showed that 
the adsorption capacity increased slightly when the temperature of 
the reaction medium increased (Table 2). This would be explained 
by the fact that the physical interaction between MB and C@St is 
weakened due to the decrease in hydrogen bonding and Van der Waals 
interactions [38].

Thermodynamic study gives information on the energy variations as 
well as the spontaneity or not of the adsorption process. Free energy 
change (∆Go), enthalpy change (∆Ho), and entropy change (∆So) are 
calculated using Gibbs–Helmholtz and Van’t Hoff relations [22]:

∆ ∆ ∆G H T So o o= − . (4) ∆G RT ln ko
C= −   . (5)

Table 3: Langmuir, Freundlich, and Temkin isotherms parameters of MB adsorption on C@St.

Adsorption isotherm model Parameter Temperature (oC)
28 35 45 55

Langmuir qmax, cal. (mg/g) 5.60 6.24 6,14 6,44
kL. (L/mg) 0.168 0.104 0.138 0.075
RL 0.125–0.590 0.188–0.700 0.149–0.637 0.243–0.764
R2 0.949 0.988 0.949 0.979

Freundlich kF (mg1−1/n/n g−1) 949 0.753 0,877 0,584
n 1.910 1.732 1.970 1,590
R2 913 0.950 0.806 0.946

Temkin A 1.236 1,.017 1.428 0.730
1.463 1.428 1.223 1.502

R2 0.824 0.935 0.778 0.867

Table 4: Comparison of L. ngmuir MB adsorption capacities 
of different adsorbents.

Adsorbent Adsorption 
capacity (mg/g)

References

AC derived from corn cobs 0.84 [35]
AC derived from fir wood 1.21 [36]

2.51 [34]
Fe3O4/AC/cyclodextrin/
sodium alginate

2.079 [33]

Polyacrylonitrile beads 
grafted with alginate

3.51 [37]

Carbon@starch 6.44 This study
AC: Activated carbon

Figure 7: Representation of the adsorption patterns of (a) Langmuir, (b) Freundlich, and (c) Temkin during the adsorption of MB 
on C@St.

c

ba
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In these equations, R is the ide gas constant, kC (dimensionless) is the 
equilibrium constant between two phases and The absolute temperature.

The isotherm model best decreasing the adsorption phenomenon being 
that of Langmuir, then kC corresponds to Langmu eqlibrium constant 
kL. (L.mg–1) at each temperature multiplied by the density of water 
(106 mg.L–1). The graphical representation of In kC as a function of 1/T 
used to deterne the thermodynamic parameters is given in Figure 8. 
These parameters are recorded in Table 5. The negative values of ∆Go 
and ∆Ho indicate that the adsorption of MB on C@St controlled by 
a spontaneous and exothermic process. This behavior seems to be 
explained by the ionic nature of the MB–C@St interaction. The negative 
value of ∆So indicates that the disorder decreases (randomness) at the 
solid-solution interface during dye adsorption on the adsorbent [39].

3.2.6. Adsorption kinetic modeling
Pseudo–first-order, pseudo–second-order, intraparticle diffusion, and 
Temkin models were used to describe MB adsorption kinetic on C@St 
surfaces. The application of the experimental adsorption data to these 
models is shown in Figure 9 and the various calculated parameters are 
recorded in Table 6. Based on the correlation coefficients, the pseudo–
second-order model is the one that best describes the process of MB 
adsorption on C@St. This observation would suggest that the overall rate 
of MB adsorption is controlled by a chemical process through electron 
sharing or by covalent forces through electrons exchange between 
adsorbent and adsorbate [40]. Moreover, qe,cal values calculated for 
MB different initial concentrations are much closer to those measured 
experimentally, thus confirming the adaptation of this model. Furthermore, 
the amount of dye adsorbed at equilibrium increases with the initial dye 
concentration, suggesting an increase in driving force for mass transfer 
and an increase in the adsorbent surface area covered by dye molecules.

3.2.7. C@St reuse study
Reusability of adsorbent prodes several benefits in the use of adsorption 
as wastewater treatment method. The most important benefit in the 
reuse of adsorbent remains the economic value. The results of C@St 
reusability tests are shown in Figure 10. From the first adsorption test, 
MB percentage removal decreases slightly from 85.2 % to 66.3% at the 

Table 5: Thermodynamic parameters of MB adsorption on 
C@St.

T (oC) ∆Go (J mol−1) Ho (kJ mol−1) So (kJ mol−1 K−1)
28 −30.11
35 −30.23 −23.79 0.021
45 −30.64
55 −30.61

Figure 8: Representation of In kC as a function of 1/T for 
estimating thermodynamic parameters.

Figure 9: (a) Pseudo–first-order, (b) pseudo–second-order, (c) intraparticle diffusion, and (d) Elovich kinetic models representation 
during MB adsorption on C@St.

a

c

b

d
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fifth adsorption test. It can be assume that even after the fifth cycle of 
use, the adsorption percentage is much appreciable.

4. CONCLUSION

The present study aimed to prepare a hybrid composite based on 
cassava starch and carbon particles from popcorn and then test its 
adsorption properties using methylene blue as pollutant. XRD indicated 
the amorphous character of the composite while the black spots on 
the starch spheres surface showed the presence of carbon particles 
according to the SEM analysis. Several adsorption tests were carried 
out taking into account certain operational parameters to evaluate the 
performance of this material.

It appears from these different adsorption tests that a contact time of 
90 min, an optimal mass of 3 g/L, and a basic medium are necessary 
to obtain a better percentage of methylene blue elimination. Langmuir 
isotherm model was found to be the best model to describe MB 
adsorption on C@St with a maximum capacity of 6.44 mg/g while the 
pseudo–second-order kinetic model better explained the kinetic data 
reflecting a process of chemical adsorption. The adsorption process was 
rapid at the outer surface of the adsorbent and subsequently followed 
by a gradual diffusion inside the pores. Thermodynamics showed that 
the adsorption of MB on C@St was spontaneous and exothermic with 
a decrease in disorder at the adsorbent–adsorbate interface. In addition, 
the adsorbent can be reused up to five cycles after regeneration of the 
latter with a solution of sulfuric acid after each adsorption cycle.

In view of the results obtained, the hybrid composite of cassava starch 
and popcorn-derived carbon appears as a cheap potential candidate 
for the removal of methylene blue from aqueous solutions. However, 
further studies should be carried out to optimize the proportions 
of each material in the composite. In addition, adsorption tests on 
real solutions containing other types of organic cations should be 
carried out.
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