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Abstract

H;PO, activated corncob carbon was used for removal of methyl orange. Characterization
of the prepared carbon showed that it has many pores with a specific surface area equal to
714 m* g'. During this study, the concentration of methyl orange was monitored using a
UV-visible spectrophotometer. The kinetic study of the adsorption of methyl orange on
activated carbon was performed and the adsorption rate was found to be consistent with
pseudo-second order kinetics with 240 min as the equilibrium time. The equilibrium
adsorption revealed that the experimental data better fit the Langmuir isotherm model for
methyl orange removal. It is noted that for optimal removal of 10 mg L™ methyl orange
in a 25 mL volume, 0.3 g of activated carbon and a pH equal to 2.04 are required. The
maximum monolayer adsorption capacity for methyl orange removal was found to be
107.527 mg g"'. Analysis of thermodynamic parameters showed that the adsorption
process of methyl orange on activated carbon is physisorption, spontaneous and
endothermic.

1. Introduction

Water has always been the engine of life on earth. However, it can sometimes
become a real instrument of death when it is polluted and when it carries and spreads
micro-organisms and chemical substances from the textile, cosmetics, plastic, paper,
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pharmaceutical industries, etc. [1,2]. Chemicals such as dyes in wastewater are often
difficult to biodegrade and the lack of or inadequate treatment systems leads to their
accumulation in the water cycle [3]. These dye compounds can be carcinogenic and
mutagenic and can cause serious human health problems [4]. Thus, the presence of
organic pollutants or dyes in aqueous effluents is a major environmental concern. The
fight against this environmental pollution requires the use of all necessary means to
reduce the pollution to a minimum or to mitigate its effects. These pollutions of all kinds,
waters and soils require the increased reinforcement of the techniques of fight [5].

The application of the regulations fixing the limit contents of undesirable substances
in liquid effluents has led to the development of various techniques such as advanced
oxidation processes, solvent extraction, adsorption, membrane filtration etc. [6-10].

Adsorption using activated carbon remains one of the most widely used techniques.
Adsorption processes have been widely used in water and wastewater related industries
[11-14]. Adsorption on activated carbons is usually used in dye removal due to its greater
ability to remove chemical components [4]. This is due to the large surface area of
activated carbon, its porous and chemically suitable characteristics [12]. However,
commercial activated carbon is expensive due to the high cost of the starting raw
material. For this reason, various types of research have been conducted on the
preparation of activated carbon from low-cost available raw materials, including
agricultural by-products such as sawdust, banana peels, corn cob waste [13,15].

Corn cob waste or corn cobs are by-products obtained after the consumption of corn
kernels. Corn cobs do not swell clearly in water and do not decompose when contact with
water is delayed. Therefore, they constitute an environmental problem. The main
objective of this work is to produce activated carbons based on corn cobs capable of
adsorbing methyl orange (MO). To achieve this, we set the specific objectives of
preparing and characterizing activated carbons based on corn cobs and determining the
optimal conditions for adsorption.

2. Material and Method

2.1. Preparation of the corncob activated carbon

For the preparation of the activated carbon, corn cobs were used as precursor. The
corn cobs were collected in the city of Korhogo (City located in the north of Cdte
d’Ivoire). The corn cobs were crushed into small pieces, washed with tap water to remove
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dust and with distilled water and then dried at 105°C in an oven for 24 hours. The dried
material is carbonized in an oven at 400° C for 2 hours. The resulting product is cooled to
room temperature, crushed with a grinder, sieved (size < 125 um) to homogenize the
particle size. The crushed product is then impregnated with the chemical agent (H;PO, 2
M) for 24 hours. The impregnated samples are oven dried at 105°C until complete
evaporation of the impregnation liquid and then washed with distilled water under
agitation until the pH of the rinse water is between 6 and 7. Finally, the samples are dried
in an oven at 105°C for 24 hours.

2.2. Adsorbat studied

Methyl orange (C.I Acid Orange 52) otherwise known as Helianthine or orange III is
a mainly acidic anionic dye. It is a color indicator used mainly for printing textile dyeing,
but also in chemistry. Table 1 summarizes the properties of methyl orange (MO). A stock
solution of MO (50 mg L") was prepared by dissolving an appropriate amount of
dehydrated MO (analytical grade, Sigma-Aldrich®). Experimental solutions of desired
initial concentrations were obtained by diluting the MO stock solution with distilled

water.
Table 1. Characteristics of MO.
Name Methyl orange (C.I. 13025) PA-ACS
Family Acid dye
Formula C 14H 14N4NaO3S
o)
£o
\ y
Structure )\| N bH
Molar mass 327.336
}"max 465 nm
Solubility 5.2 ¢ L' in water at 20°C; 1.0 g L™ in ethanol at 20°C

2.3. Characterization of activated carbon

Surface functions were determined and quantified using the Boehm titration method
by action of activated carbon on NaHCO3;, CaCO3;, NaOH and HCI [16].

The procedure used for the determination of the iodine value is an adaptation of the
CEFIC 1989 method and the AWWA B 600-90 standard [17].
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The specific surface area was determined by adsorption of acetic acid in aqueous
medium on the active surface of activated carbon [14,18].

The ash content of the activated carbon was determined by reference to the American
Standards Technology Method (ASTM), ASTM D 2866-94 [19]. A mass of activated
carbon was heated to 650°C in the furnace until there was no detectable loss of mass.
Calcination was carried out for 7 h.

The morphology of the activated carbon was determined by scanning electron
microscope (SEM, ZEISS, SUPRA 40VP).

2.4. Adsorption tests in aqueous solution

The kinetic study was performed by placing 0.1 g of activated carbon with 25 mL of
MO (10 mg/L) in an Erlenmeyer flask. The mixture was stirred with a magnetic stirrer at
25°C for times ranging from 0 min to 300 min. Regarding the study of parameters such as
initial MO concentration, pH, activated carbon mass and temperature, one parameter is
varied while fixing the other parameters. The mixture is stirred with a magnetic stirrer
for 4 h.

The concentration of MO was monitored using a UV-visible spectrophotometer
(HACH DR 6000). The adsorption rate (% adsorption) of MO on the activated carbon, is
obtained according to the following formula:

Adsorption rate, % = (C"(:;Ct) x 100 (1)

0

With: C,: initial concentration of MO (mg L™); C: residual concentration of MO at
equilibrium (mg L™).

2.5. Theories

2.5.1. Modeling of adsorption kinetic

Pseudo-first-order and pseudo-second-order were used to investigate the MO
adsorption kinetics on activated carbons. The linear form of the pseudo-first-order is
given by the following equation [20-22]:

Ln(qe — q¢) = Ln(q.) — k4t ()

where g, and q; (mg/g) are the amounts of the MO adsorbed at equilibrium and at time ¢
(min), respectively, and k4 (min) the rate constant for the pseudo-first-order rate.
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The kinetics of the pseudo-second-order model was described by using the following
equation [22,23]:
1 11, 1

T+ 3)

ac kg%t dqe

where k, (g/mg/min) is the rate constant for the pseudo-second-order rate equation.

The linear form of the intraparticle diffusion models is given by the following
equation [23] :

qr = k;t/? 4)

where q, and g, are respectively the amount of MO adsorbed per mass of activated
carbon at equilibrium time and at a time t in mg g k; / min™, k, / g mg” min™, and k; / g
112

mg"' min™” the adsorption rate constant.

2.5.2. Adsorption isotherm models

Langmuir and Freundlich adsorption models were used to describe the experimental
data of adsorption isotherms. The model developed by Langmuir is represented by the
linear equation [22-24]:

1 1 1 1
- x= 5
de dm amb Ce ()

where C, is the equilibrium concentration (mg/L), g, is the amount of adsorbate adsorbed
per unit mass of the adsorbent at equilibrium (mg/g), b is the Langmiur adsorption

constant (L/mg), and g, is the maximum amount per unit mass of adsorbent (mg/g).
The general form of the Freundlich equation is given by Eq. (6) [22, 23]:
qe = Ky €, (©)

where g, is the quantity of solute adsorbed at equilibrium (mg/g), C, is the concentration

at equilibrium (mg/L), and Ky and n are the empirical constants.
The linear form is given by Eq. (7) [22, 23]:

1
Ing, = InKy + ;ln Ce. @)
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3. Results and Discussion

3.1. Characterization of activated carbon by scanning electron microscopy

The activated carbon was characterized by scanning electron microscopy before and
after the adsorption of MO on its surface. The resulting images are shown in Figure 1a
and 1b. Before adsorption of MO, the activated carbon shows a large number of open and
irregular pores on its surface. The presence of these pores is due to the activation of the
carbon. The image obtained after adsorption of MO shows a reduction in the size of the
micropores. This is due to the attachment of the MO molecules inside the micropores. In
addition, there are pits on the carbon surface. The methyl orange molecules after filling
the pores are bound to the carbon surface giving an almost smooth surface. There was
thus a strong interaction between MO and activated carbon.

Figure 1. SEM image of activated carbon (a) and after adsorption of MO (b).
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3.2. Characterization of activated carbon by specific surface

Acetic acid as a model pollutant is used by some researchers to determine the specific
surface of activated carbon in aqueous media [25]. This choice is justified by the specific
surface of this molecule which is close to that of the diazote used for the determination of
the specific surface by the BET method. In this work the specific surface was determined
by acetic acid adsorption. The Langmuir isotherms obtained by plotting gz * = f(C; 1)
are those shown in Figure 2.
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Figure 2. Application of the Langmuir model to the adsorption of acetic acid mass = 0.1
g, T =27°C.

The different parameters obtained by adsorption of acetic acid on the different
carbons as well as the specific surfaces of the carbons are grouped in Table 2. The value

of the specific surface obtained is 714 m* g™

Table 2. Parameter values of the Langmuir adsorption isotherm and
the specific surface of the carbon.
R? qm / mol g Specific Area (m” g")
0.972 5.34.10° 714

3.3. Ash content and iodine number

The iodine number is a measure of the micropore content of an activated carbon. The
value obtained with the prepared activated carbon is 702 mg g™ (Table 3). This table also
shows that the ash content of the carbon is 4 %. This value shows that the carbon has a

low fraction of mineral compounds and a high carbon fraction. These low values of ash

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 205-224



212 A. Abollé, K.Y. Urbain, K. Ollo, K.Y. Tchonrontcha and K.A. Rodrigue

content are due on the one hand to the fact that the precursors of these carbons are
vegetable matter and therefore less rich in mineral matter and, on the other hand, to the
washing of the carbons after preparation which eliminated any ash that might be
available. This reflects a good preparation of the carbon [23].

Table 3. Ash content and iodine number.

Ash content iodine number
4 % 702 mg g

3.4. Surface functions

The surface functions of activated carbon were determined. The results obtained are
presented in Table 4. This table shows that activated carbon has a surface of functional
groups with acidic (72.31%) and basic (27.69%) character. The presence of acidic and
basic sites on the carbon suggests that it can adsorb both anionic and cationic adsorbates
with a high proportion for cations [26]. The high acidity of carbon may be due primarily
to chemical activation that increases the carboxyl function [27]. The basic sites are
mainly of the Lewis type associated with m-electron rich regions located at the basal
planes. The low value of the basic function on the surface of the carbon is due to the
oxidation process.

Table 4. Normalities (meqg L) of acid and base functions of activated carbons.

Acid functions Total acid Total basic
Carboxylic Lactone Phenolic functions functions
1.46 1.88 2.04 5.38 2.06
19.62 % 25.27 % 27.42 % 72.31 % 27.69 %

3.5. Adsorption Kinetics of MO

The study of the influence of stirring time on the adsorption rate of MO was
performed. The result obtained is presented in Figure 3a. It clearly appears that the
adsorption of MO is fast up to 90 min. This step corresponds to the adsorption of MO on
the most accessible sites, probably located on the external surfaces of the activated
carbon particles [28,29]. After 90 min, the adsorption slowly increases and eventually
reaches equilibrium after 240 min. This reflects a saturation of the carbon pores. A time
of 240 min (4 hours) was therefore used as the equilibrium time for further work in our
study. The rapid adsorption phenomenon observed at the beginning of contact means that
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there is a large number of sites available for dye adsorption. But this can also be related
to the physicochemical characteristics of the material and especially to the nature of the
sites on the surface and the porosity of the material. The constant phase is due to the fact
that the adsorption sites are more and more occupied, thus becoming less and less
available, there follows a diffusion towards the less accessible sites slowing down the
adsorption rate before reaching the equilibrium state. Adsorption rates of 88.14 and
96.44% were obtained after 90 and 240 min of adsorption respectively.

In an effort to determine which kinetic model best describes the adsorption of methyl
orange onto activated carbon, the pseudo-first order reaction, pseudo-second order
reaction, and intraparticle diffusion models were applied, using equations 2, 3, and 4,
respectively.

The plotted curves are In(q, - q.) versus time, tq; * versus time, and q; versus 77,
respectively. The results obtained are shown in Figure 3b, 3c and 3d. The rate constants
and linear correlation coefficients are reported in Table 5.
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Figure 3. Removal efficiencies of MO on activated carbon (a); Application of pseudo-
first order (b); pseudo-second order (c) and intraparticle diffusion (d) kinetic model to
MO adsorption, activated carbon mass = 0.1 g; [MO]=10mg L.
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The results in Table 5 indicate that the coefficients of determination are 0.961; 0.999
and 0.923 for the pseudo-first order model and the pseudo-second order model and the
intraparticle diffusion model respectively. This shows that the kinetic model which best
describes the adsorption of MO on activated carbon is the pseudo-second order model. A
kinetic model of pseudo-second order was also obtained with the adsorption of methyl
orange on biosorbents [30, 31]. The adsorption would be a bimolecular process consisting
of a collision between a MO molecule and an adsorption site.

Table 5. Parameters of the methyl orange adsorption kinetics models.

Pseudo-first order Pseudo-second order Intraparticle diffusion
R? ky/ min™ R? k, / g mg" min” R? k; /g mg" min™"?
0.961 0.029 0.999 0.028 0.923 0.119

3.6. Influence of the initial concentration of MO and modeling of adsorption
isotherms

The adsorption isotherm provides indications on the nature of the adsorbate-
adsorbent interactions as well as on the characteristics of the adsorbate. It was performed
at 25°C for 240 min corresponding to the equilibrium time. Figure 4 shows the adsorption
isotherm of MO on activated carbon.

This isotherm is similar to the IUPAC type 1. This type of isotherm is observed in the
case of strong interactions between adsorbent and adsorbate and that of physical
adsorption in microporous solids. Activated carbon being microporous, this type of
isotherm is commonly obtained by researchers [32]. A progressive saturation of the pores
of the carbon is noted.

In order to model the adsorption phenomenon, Freundlich and Langmuir models
were used. If the graphical representation of In g, as a function of In C, gives a straight
line, we can conclude that the Freundlich equation is applicable. This allows us to
calculate the constants k and n [33].

The Langmuir model is used to calculate the maximum adsorption capacity of
adsorbent materials [11].

Applied to our experimental results the Freundlich and Langmuir models give Figure
4b and 4c. The parameters obtained are recorded in Table 6.
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Table 6. Parameters of the Langmuir and Freundlich equations.

Freundlich Langmuir
R? In K¢ n R? qm/mg g b
0.973 0.101 1.318 0.996 107.527 0.270

Both models are applicable, but the Langmuir model describes better this adsorption
because its correlation coefficient is closer to 1. This shows that the sites are equivalent
(uniform surface), we have the formation of a monolayer and there is no interaction

between the adsorbed molecules.

The maximum adsorption capacity of this carbon towards methyl orange is 107.527

mg g'l.
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Figure 4. Adsorption isotherms of MO on activated carbon (a), Langmuir model (b) and
Freundlich model (c) applied to MO adsorption; carbon mass = 0.1g.
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The maximum monolayer adsorption capacity (Qm.x) Vvalues obtained for the

adsorption of MO onto corn cobs activated carbon in our study were compared with those
obtained by using other adsorbents (Table 7). The amount of OM adsorbed on our coal is

higher than the results of the work recorded in Table.

Table 7. Adsorption capacities of MO on various adsorbents.

Maximum adsorbent capacity,

Adsorbent - (mg.g'l) References

Mango seed kernels 5.71 [34]

AgNPs-coated AC 27.48 [35]

Modified halloysite nanotubes 94.34 [36]

Swietenia mahagoni bark
. 6.071 [37]
activated carbon

Corncobactivated carbon 107.527 This study

3.7. Influence of activated carbon mass on the adsorption of MO

The influence of carbon mass was investigated with the objective of determining the

mass of carbon corresponding to an optimal adsorption rate of MO. Figure 5 shows the

results obtained.

100 -

20 A

Absorption rate, %

0.1 0.2 0.3
milg

0.4 0.5

Figure S. Influence of adsorbent mass on the adsorption of MO.

http://www.earthlinepublishers.com



Adsorption of Methyl Orange on Corncob Activated Carbon: ... 217

In this figure, a rapid change in the adsorption rate can be seen when the dose of
activated carbon is varied from 0.025 g to 0.15 g L. The adsorption rate for this dose
variation increases from 13.94% to 91.73%. Above 0.15 g there is a slow increase in the
adsorption rate of methyl orange which tends to a steady state at 98.42% from 0.3 g. The
mass of the activated carbon therefore has an influence on the adsorption capacity of
methyl orange. After a rapid growth, it shows a plateau reflecting saturation and thus the
maximum adsorption amount.

3.8. Influence of pH on adsorption

The study of the influence of pH on adsorption was performed by varying the pH
from 2.04 to 11.61 for a dose of 0.2 g of activated carbon in contact in 25 mL of methyl
orange of concentration 10 mg L. The pH values were adjusted by 0.1 M HCI and
NaOH solutions. The results expressed in terms of adsorption rate versus pH are shown
in Figure 6. The adsorption rate reaches the maximum values in very acidic environment.
The removal rate values of 99.75%; 99.17%:; 95.30%; 95.24% and 52.09% were obtained
at pH = 2.04; 4.18; 6.5; 9.25 and 11.61 respectively. This shows that a decrease in the
abatement rate is observed as the pH value increases. It is also noted that the removal
efficiency is at its maximum for pH = 2.04.

100 -
X 80 -
Py
S 60 -
=
£
*_5- 40 -
e
= 20 -
-

0
2.04 4.18 6.5 9.25 11.61

pH
Figure 6. Influence of the initial pH on the adsorption of MO.

The pH of the solution of MO, an anionic dye, has an influence on the adsorption
capacity. The work of some authors [14,38], on the removal of dyes in aqueous solution
on activated carbon obtained from biomass has led to similar results. The latter indicate

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 205-224



218 A. Abollé, K.Y. Urbain, K. Ollo, K.Y. Tchonrontcha and K.A. Rodrigue

that activated carbon presents positive charges on its surface. Indeed, an increase in pH
leads to a greater hydrophilic character of organic compounds. At acidic pH, the number
of positively charged sites increases, favouring the adsorption of anions by the
phenomenon of electrostatic attraction.

The decrease in the adsorption rate of MO with the increase of the pH value in
alkaline medium could be explained by an excess of OH ions in the medium which leads
to a competition with the anionic dye on the adsorption sites of the activated carbon.
Indeed, the high concentration and the high mobility of OH ions favor their adsorption
compared to the anionic dye.

3.9. Thermodynamic adsorption properties

The thermodynamic parameters of the adsorption reaction of methyl orange on CAZ,
namely the standard free enthalpy (AG®), standard enthalpy (AH®) and standard entropy
(AS®) were determined from equations (8), (9) and (10) [38]:

AGe = AHe - TAS® ®)
It is related to the constant of the mass action law (K’) by a relation of the form :
AG=-RTInK’ )

In the case of the adsorption reaction the equilibrium constant (K’) can be assimilated
to the distribution coefficient K, of the solute between the solid phase (adsorbent) and the
liquid phase (solution).

We can therefore write:

AG°=-RT In Ky (10)
with Kgis = Cs/CL

Cs = concentration of MO in the solid phase; Cy = concentration of MO in the liquid
phase. Or taking into account the following relation:

Ln K4= AS°/R - AH°/RT (11)

Figure 7 shows the curve of Ln (K,;) versus T~ for the adsorption of MO on carbon.
The values of enthalpy and standard entropy deduced from the slope and intercept,

respectively, represent [n K, as a function of f(T 1) are grouped in Table 8.
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Table 8. Thermodynamic parameters.

AH°/J mol’ 16170.04
AS°/ T mol" K 64.22
AG®°/ T mol 298.15K 314.15K 323.95 K 329.55K
2977.15 -4004.67 -4634.03 -4993.661

Analysis of these thermodynamic parameters showed that the adsorption process of
the adsorbate (MO) on the adsorbent (carbon) proceeds as a spontaneous reaction,
regardless of the temperature (AG® < 0) [6]. The change in free enthalpy (AG°®) changes
inversely with the solution temperature. Thus, increasing temperature further favors the
adsorption process of MO on activated carbon. The positive sign of the standard enthalpy
AH®, confirms that the adsorption process is endothermic. The calculated value of AH® is
less than 40 kJ mol ™. This result shows that it is a physisorption [6]. The positive sign of
the entropy (AS°) indicates disordering of the MO molecules at the solid-solution

interface during the adsorption process [6].

2 -

0 L] L] L] 1
0.003 0.0031 0.0032 0.0033 0.0034
T/K!

Figure 7. Curve of Ln(K,) versus T~ for the adsorption of MO on activated carbon.

4. Conclusion

Characterization of the prepared charcoal showed that it has many micropores. The
specific surface area obtained is equal to 714 m® g"' showing that the zinc chloride
activated carbon has a large specific surface area. Kinetic study of the adsorption of
methyl orange on zinc chloride activated carbon was carried out and the adsorption rate

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 205-224
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was found to be in accordance with pseudo-second order kinetics with 240 min as
equilibrium time. Equilibrium adsorption revealed that the experimental data fit the
Langmuir isotherm model better. The maximum monolayer adsorption capacity for MO
removal was found to be 107.527 mg g'. The study of the influence of the pH of the
initial solution showed that the rate of methyl orange adsorption removal is observed at
pH = 2.04. The analysis of thermodynamic parameters showed that the adsorption
process of MO on carbon is physisorption, spontaneous and endothermic.
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