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ABSTRACT

Corn (Zea mays) cob, an agricultural biomass residue, was carbonized by chemical activation with
H,SO, and examined for its suitability as a low-cost adsorbent for methylene blue (MB) adsorp-
tion from aqueous solution. Carbonized corn cob (CCC) was characterized by a CHNS-O analysis,
Fourier transform infrared spectroscopy, scanning electron microscopy, X-ray diffraction (XRD),
Brunauer-Emmett-Teller, and point-of-zero charge (pH,,) analysis. Batch mode adsorption studies
were conducted by varying operational parameters such as adsorbent dosage (0.02-0.20 g), solution
pH (3-10), initial MB concentrations (50-300 mg/L), and contact time (0-360 min). The equilibrium
data were well correlated by the Freundlich isotherm compared with Langmuir and Temkin models.
The maximum adsorption capacity (g, ) of CCC for MB adsorption at equilibrium was 216.6 mg/g
at 303 K. The kinetic uptake profiles were well-described by the nonlinear pseudo-first-order model.
The thermodynamic adsorption parameters such as standard enthalpy (AH°), standard entropy
(AS°), and standard free energy (AG®°) showed that the adsorption of MB onto CCC surface is endo-
thermic in nature and spontaneous under the experimental conditions. The above-mentioned results
indicate that the CCC can be feasibly employed for the removal of MB from aqueous solution.
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1. Introduction

Wastewater from textile, rubber, paper, plastics, leather,
and food industries contains dyes used to color their final
products. The discharge of dye-contained wastewaters
into ecosystem is a dramatic source of aesthetic pollution,
eutrophication, and perturbation in aquatic life as most
dyes are highly visible, stable, and unaffected by chemical,
photochemical as well as biological degradation [1-3]. By
definition, basic dyes are cationic species originating from
positively charged nitrogen or sulfur atoms. In fact, basic
dyes are named because of their affinity to basic textile
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materials with net negative charge [4]. Methylene blue (MB)
is a basic dye with favorable water solubility and the most
commonly used for dyeing of textiles and leather, printing
calico, printing cotton, and biological staining methods [5].
Tinctorial value of MB is very high, even at concentration
less than 1 mg/L, a noticeable coloration is detected and can
be classified as toxic colorants [6]. MB has various harmful
effects on human beings, such as eye irritation, gastrointesti-
nal irritation, and nausea upon ingestion, including vomiting
and diarrhea [7], so it is of utmost importance to be removed
from wastewaters.

Various conventional technologies have been tested for
the removal of dyes from industrial effluents and wastewaters,
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including bioremediation [8], electrochemical degradation
[9], cation exchange membranes [10], Fenton chemical oxida-
tion [11], and photocatalysis [12,13]. Most of these methods,
however, pose techno-economical limitations for field-scale
applications [14]. In contrast, adsorption has been proved
to be a well-established and most widely used technique
among other water purification processes. Adsorption-based
treatment with appropriate adsorbent materials shows high
performance and selectivity, flexibility and simplicity of
design, convenience of operation without producing harmful
by-products as well as being economically cost effective [15].

Activated carbons (ACs) are materials containing large
surface area, well-developed porosity, and various func-
tional groups. Therefore, AC has been widely utilized in
versatile applications such as gas separation, solvents recov-
ery, gas storage, super capacitors electrodes, catalyst sup-
port, adsorbent for organic and inorganic pollutants from
drinking water, and so on [16]. However, the high cost of
AC production limits its application in various technologies.
Recognizing this economic obstacle, many investigators have
made extensive efforts to identify low-cost alternatives to
AC made from a range of carbonaceous precursors, such as
lignocellulosic materials [17], biopolymer [18], coal [19], char
[20], and fruit peels [21]. The textural properties and adsorp-
tion capacities of carbonaceous materials mainly depend on
the nature of the starting material, activation method, type of
activator, and preparation conditions [22].

Chemical surface modification methods are widely
used to prepare hydrophilic carbonaceous materials.
Hydrophilicity of the carbonaceous materials is associated
essentially with the presence of oxygen containing groups
on the surface such as carboxylic, phenolic, and lactonic
groups. Sulfuric acid is a reagent that is frequently used to
enhance oxygen content on the surface [23]. Research has
demonstrated that the amount of oxygen containing surface
functional groups, specific surface area, and pore structure
highly depend on the concentration of activation agents.
While oxygen content of carbonaceous materials usually
increases with the increase of reagent concentration, the sur-
face area and pore volume values decrease adversely [24].
Nowadays, interests are growing in the utilizing of agricul-
tural waste and food residues as low-cost and steady sources
for developing rich carbonaceous materials with multifunc-
tional functional groups that can be potentially for removal
of water pollutants.

Corn (Zea mays) is also known as the maize plant. The
corn cobs (CCs) are the by-products generated during pro-
cessing corn, which is one of the most widely planted crops
in the world. It was estimated that the total yield of corn
arrived 6.1 x 108 t in 2001. Only in China, the yield of corn
has reached 1.2 x 10® t. Since the ratio between corn grain
and CCs may reach 100:18, a large quantity of CCs were gen-
erated [25]. Modification of corn cob (CC) with sulfuric acid
can produce a carbonized form of corn cob (CCC). Therefore,
in this work, CC as an agricultural biomass residue mate-
rial was carbonized via liquid phase oxidation with sulfuric
acid to develop a low-cost and effective adsorbent for the
removal of cationic dye from aqueous solution. MB was
chosen as a typical cationic dye to figure out the adsorptive
properties of the CCC. Sulfuric acid (H,SO,) is frequently
used as a low-cost chemical agent for the preparation of

carbonaceous adsorbents from ligno-cellulosic materials
such as coconut leaves [17], mango peel [21], Euphorbia rigida
[26], bagasse [27], almond husk [28], Parthenium hysterophorus
[29], sunflower oil cake [30], pine-fruit shell [31], Delonix
regia pods [32], wild carrot [33], Ficus carica [34], potato peel,
and neem bark [35].

2. Materials and methods
2.1. Adsorbate (MB)

The cationic dye, MB was used as an adsorbate in this
work. MB was purchased from R&M Chemicals, Malaysia
with chemical formula C H, CINS-xH,0O and molecular
weight 319.86 g/mol. Ultra-pure water was used to prepare
all solutions.

2.2. Carbonization and characterization of CCC

CC was collected from local farmers in Penang, Malaysia.
CC was first washed with water and subsequently dried at
105°C for 24 h to remove the moisture contents. The dried
CC was ground and sieved to the size of 250-500 pm before
mixing with concentrated H,SO, (95%-98%). The mix-
ing ratio was fixed at 1 g of dried CC powder with 1 mL
of concentrated H,SO, according to the method reported
by Garg et al. [36]. The CCC was washed with hot distilled
water until the filtrate water was clear and reached a neutral
pH value. The elemental analysis was carried out using a
CHNS-O analyzer (Flash 2000, Organic Elemental Analyzer,
Thermo Scientific, Netherlands). The detection limits for the
analyses were 0.3% for C, H, and 1.0% for S. X-ray diffrac-
tion (XRD) analysis was performed in reflection mode (Cu
Ka radiation) on a PANalytical, X'Pert Pro X-ray diffractom-
eter. Scans were recorded with a scanning rate of 0.59°/s. The
diffraction angle (20) was varied from 10° to 90°. Textural
characterization of CCC was carried out by N, adsorption
using Micromeritics ASAP 2060, USA. Fourier transform
infrared (FTIR) spectral analysis of CCC was performed on
a PerkinElmer, Spectrum One in the 4,000-500 cm™ wave-
number range. The surface physical morphology was exam-
ined by using scanning electron microscopy (SEM-EDX,
Hitachi, TM3030Plus, Tabletop Microscope). The pH at the
point-of-zero charge (pH ) was estimated using a pH meter
(Metrohm, Model 827 pH Lab, Switzerland), as described
elsewhere [37]. pH was adjusted to a series of initial values
between 2 and 12 by adding either HCl or NaOH and then
CCC (0.15 g) to the solution. These were then shaken for 24 h
in an isothermal water bath shaker, a revolving water bath to
reach equilibrium, after which each resulting pH was mea-
sured and the initial pH (pH,) versus the difference between
the initial and final pH values (ApH) was plotted. The pzc
was taken as the point where ApH = 0.

2.3. Batch adsorption experiments

The batch adsorption experiments of MB adsorption onto
CCC surface were performed in a set of 250 mL Erlenmeyer
flasks containing 100 mL of MB solution. The flasks were
capped and agitated in an isothermal water bath shaker
(Memmert, water bath, model WNB7-45, Germany) at fixed
shaking speed of 110 stroke/min and 303 K until equilibrium
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was achieved. Batch adsorption experiments were carried
out by varying several experimental variables such as adsor-
bent dosage (0.02-0.2 g), pH (3-10), initial dye concentration
(50-300 mg/L), and contact time (0-360 min) to determine the
best uptake conditions for adsorption. The pH of MB solu-
tion was adjusted by adding either 0.10 mol/L HCI or NaOH.
After mixing of the CCC-MB system, the supernatant was
collected with a 0.20 um nylon syringe filter and the concen-
trations of MB were monitored at a different time interval
using a HACH DR 2800 Direct Reading Spectrophotometer
at 661 nm, the maximum wavelength (A__) of absorption
for MB. As for the thermodynamic studies, the same proce-
dures were repeated and applied at 313, 323, and 333 K with
the other parameters kept constant. The blank test was car-
ried out in order to account for color leached by the adsor-
bent and adsorbed by the glass containers, blank runs with
only the adsorbent in 100 mL of double distilled water and
100 mL of dye solution without any adsorbent were con-
ducted simultaneously at similar conditions. The adsorption
capacity at equilibrium, g, (mg/g) and the percent of color
removal, CR (%) of MB were calculated using Egs. (1) and (2).
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where C and C,(mg/L) are the initial and equilibrium concen-
trations of MB, respectively, V (L) is the volume of the solu-
tion, and W (g) is the mass of dry adsorbent used. All kinetics
and isotherm models were tested by performing the fitting
of the experimental data to the nonlinear equations using
a scientific data analysis and graphing software package,
SigmaPlot 11. The best fitted model was also evaluated by
nonlinear coefficient of determination (R?) by the following
equation:
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3. Results and discussion
3.1. Characterization of CCC
3.1.1. Physical properties

The results of physical characterization of CCC are
recorded in Table 1. The ultimate analysis indicates that CCC
has a relatively high carbon and oxygen content with low
surface area. The low surface area of CCC can be attributed
to the high concentration of activation agent H,SO,, which
is basically responsible for increasing the oxygen content on
CCC surface and decreasing adversely the surface area and
pore volume [24].

3.1.2. XRD analysis of CCC

The XRD pattern of the CCC is shown in Fig. 1. XRD
pattern is indexed based on a standard diffraction reference

Table 1
Physicochemical characteristics of the carbonized corn cob (CCC)

Typical properties Values
Total pore volume (cm?/g) 0.005
Mean pore diameter (nm) 11.534
BET surface area (m?/g) 1.653
Ultimate analysis (wt. %)
C 49.87
H 3.68
N 0.90
S Not detected
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Fig. 1. XRD pattern of carbonized corn cob (CCC).

pattern (JCPDS no. 89-8487). Appearance of a broad diffrac-
tion background and the absence of a sharp peak reveal a
predominantly amorphous structure [38]. Overall, there
were two XRD peaks at 20 =24° (002) and 20 =42° (101) in the
spectrum. These signatures relate to crystalline carbon with
expanded lattice parameters (carbon with impurities). Apart
from the amorphous and crystalline carbon phases, diffrac-
tion peaks originating from unidentified impurity phases
were also observed in the diffraction patterns at 20 = 26°
(probably traces of quartz) and 20 = 35°.

3.1.3. FTIR spectral analysis

The pattern of MB adsorption onto CCC is related to the
availability of active functional groups and bonds of the CCC
surface. For the elucidation of these active sites, FTIR spectral
analysis was performed. Several infrared (IR) bands appear-
ing in the FTIR spectrum of CCC before adsorption (Fig. 2(a))
were assigned to various functional groups, in accordance
with their respective wavenumber (cm™) position as reported
in literature. The weak band observed around 3,500 cm™ is
assigned to the overlapping of the stretching vibration of
N-H and O-H functional groups [39]. The band at about
1,700 cm™ relates to C=O stretching of ketones, aldehydes,
lactones, or carboxyl groups, and the band at 1,600-1,580 cm™
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Fig. 2. FTIR spectra of carbonized corn cob (CCC): (a) before and
after (b) methylene blue (MB) adsorption.

is assigned to C=C vibrations in aromatic rings [7]. The IR
bands between 1,300 and 1,000 cm™ are observed for oxi-
dized carbon materials and are assigned to C-O and/or
C-O-C stretching in acids, alcohols, phenols, ethers, and/
or esters groups [17,39,40]. Thus, the FTIR spectrum of CCC
before adsorption indicates that the external surface of CCC
is rich-SO,H group in addition to various functional groups,
containing oxygen of carboxylic and carbonyl species. These
active groups on CCC surface are responsible for enhanc-
ing the adsorption of cationic species such as MB due to the
electrostatic interaction. After MB adsorption, new IR bands
appear and many functional groups have undergone red or
blue shifting (Fig. 2(b)). New bands assigned to anhydride
at ~1,400 cm™ and nitro at ~1,300 cm™ are attributed to MB
molecules loaded onto CCC surface.

3.1.4. Surface morphology of CCC

The changes in the surface morphology of CCC before
and after MB adsorption are shown in Figs. 3(a) and 3(b),
respectively. The SEM image reveals that the surface of
CCC before adsorption (Fig. 3(a)) is highly heterogeneous.
Pores with different size and shape are also clearly visible.
The resulting pore structure is suitable for the adsorption
of MB within the pore structure of CCC. This assumption is
confirmed by Fig. 3(b) where the CCC surface is altered to be
denser and less open pores are seen on the surface of CCC
after MB adsorption.

3.1.5. Point-of-zero charge

The pH_, of the CCC (Fig. 4) was 4.0, which indicates
the acid character of the CCC surface, in agreement with
the presence of acid groups from the FTIR results (Fig. 2(a)).
Generally, adsorption of anions is favored at solution pH
below the pH  value as the surface of CCC is positively
charged due to protonation, whereas at solution pH above
the pH  _ value, the surface of CCC becomes negatively
chargecf and thus, adsorption of cations is preferred. In
this respect, Jawad et al. reported that the pH_  values
of the coconut leaf and mango peel treated with H ,50,
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Fig. 3. Typical scanning electron micrograph (SEM) of carbon-
ized corn cob (CCC) particle: (a) before and after (b) methylene
blue (MB) adsorption.
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Fig.4.pH of carbonized corn cob (CCC) suspensions.
were 3.20 [17] and 4.60 [21], respectively. Furthermore,
Karagoz et al. [30] reported that the pH value of AC
derived from sunflower oil cake treated with H,SO, lies
between pH 2.5 and 5.5.
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3.2. MB adsorption
3.2.1. Effect of the adsorbent dosage

The effect of adsorbent dosage on the removal of the
MB from aqueous solution was determined using variable
quantities of CCC adsorbent ranging from 0.02 to 0.20 g at
fixed volumes (100 mL) and initial dye solution where C  was
100 mg/L. For these experiments, other operation parameters
were held constant at 303 K, shaking speed of 110 stroke/min,
contact time of 60 min, and an unadjusted pH at 5.60 for the
initial MB solution. The results are shown in Fig. 5. The high-
est level of MB removal was achieved using 0.12 g CCC and
further addition has not significantly affected the MB removal
percentage. The observed increase in the dye removal (%)
with adsorbent dosage was attributed to an increase in the
available adsorbent surface area, as the number of adsorp-
tion sites increase correspondingly. However, no significant
changes in MB removal efficiency were observed beyond
0.12 g/100 mL CCC dose. Therefore, 0.12 g of CCC was
selected for subsequent work.

3.2.2. Effect of pH

The pH of the solution influences the speciation of the
dyes, along with the surface charge of the adsorbent. Fig. 6
shows the effect of variable pH from 3 to 10 on the adsorp-
tion capacity with MB. The removal of MB increased slowly
as the pH of the solution increased from 3 up to 5, where no
remarkable change was observed by increasing the pH to
an alkaline environment. MB uptake (g,) onto CCC was not
affected by pH within the range from 3 to 10 due to buffering
effect of the adsorbent [41]. Similar observations have been
reported for the adsorption of MB by H,SO, treated coco-
nut leaves [17] and mango peel [21]. Therefore, the pH value
of unadjusted MB solution (pH 5.6) was used throughout
this study.

100
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Fig. 5. Effect of carbonized corn cob (CCC) dosage on MB removal

(%) at [MB] =100 mg/L, V=100 mL, pH =5.6, T =303 K, shaking
speed = 110 stroke/min, and contact time = 60 min.
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3.2.3. Effect of initial dye concentration and contact time

The experimental results for the adsorption properties of
MB onto CCC at various initial concentrations are shown in
Fig. 7. The amount of MB adsorbed by the CCC adsorbent
at equilibrium increased rapidly from 39.1 to 250.7 mg/g as
the initial dye concentration increased from 50 to 300 mg/L.
Indeed, the resistance to mass transfer between the solid
and aqueous phase is more easily overcome due to the
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Fig. 6. Effect of pH on the adsorption capacity of MB by
CCC at [MB], = 100 mg/L, V = 100 mL, T = 303 K, shaking

speed = 110 stroke/min, contact time = 24 h, and CCC
dosage=0.12 g.
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Fig. 7. Effect of initial concentration and contact time on the
adsorption of MB by carbonized corn cob (CCC) at V=100 mL,
T =303 K, pH = 5.6, shaking speed = 110 stroke/min, and CCC
dosage=0.12 g.
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driving forces. The effect can be attributed to the greater
rate of collision rate between MB and CCC surface at higher
initial dye concentration. Hence, additional amounts of MB
were transferred to the CCC surface. Additional time was
needed to reach equilibrium for higher dye concentration
because there was a tendency for MB to penetrate deeper
within the interior surface of the CCC and be adsorbed at
active pore sites. This indicates that the initial dye concentra-
tion plays a significant role in the adsorption capacity of MB
onto CCC sorbent.

3.2.4. Effect of temperature on MB adsorption

Temperature is anticipated to have an influence on the
dye adsorption properties of CCC adsorbent with MB. The
effect of temperature on the dye adsorption properties at
313, 323, and 333 K with fixed initial MB concentration of
50 mg/L was investigated, as shown in Fig. 8. The adsorp-
tion capacity of the CCC increased when the temperature
increased from 313 to 333 K. The uptake of MB onto CCC
was rapid initially and then slowed down gradually until it
attained equilibrium beyond which there was no significant
increase in the MB uptake. The observed result indicates
that the adsorption process of MB onto CCC was favored
at higher temperature, in agreement with an endothermic
adsorption process. This can be partly attributed to strong
attractive forces between MB and CCC at higher tempera-
tures [42], along with the contributions due to desolvation
of the CCC surface. It can also be said that reaction of dye
molecules and surface functional groups is enhanced by
increased temperature of reaction [43].

3.3. Adsorption isotherm

Adsorption isotherm is used to describe adsorbent—
adsorbate interaction and the equilibrium distribution of
adsorbate molecules at the solid-liquid phases [37]. The
adsorption equilibrium was determined by plotting the
experimental amount of MB adsorbed g, (mg/g), against the

100

Adsorption Capacity, ¢, (mg/g)

0 50 100 150 200 250

Time (min)

Fig. 8. Effect of temperature on the adsorption of MB by
carbonized corn cob (CCC) at [MB], = 100 mg/L, V = 200 mL,
pH = 5.6, shaking speed = 110 stroke/min, and CCC
dosage=0.12 g.

dye concentration, C, (mg/L), under equilibrium conditions
as shown in Fig. 9. The adsorption equilibrium was further
evaluated using three isotherm models, namely Langmuir,
Freundlich, and Temkin. The Langmuir isotherm model
[44] describes the monolayer adsorption process on uniform
adsorption sites and can be expressed by the following
equation:

— qmax KLICU

4
1+KC, @

qL’
where ¢, is the equilibrium adsorbed amount in mg/g, C, is
the equilibrium concentration in mg/L, q__ is the Langmuir
maximum adsorption capacity, and K is the Langmuir
constant that is linked to adsorption energy. The essential
features of Langmuir adsorption isotherm parameter can be
used to predict the affinity between the sorbate and sorbent
using a dimensionless constant called separation factor or
equilibrium parameter (R)) [45], which is expressed by the
following equation:

R = ®)
+K,C,

An adsorption system is considered favorable when
0<R, <1, unfavorable when R, >1, linear when R, =1, or irre-
versible when R, = 0. In this work, the values of R, obtained
were between 0 and 1 and indicate that the adsorption pro-
cess is favorable for the CCC-MB system. The calculated R,
values at different initial MB concentrations are shown in
Table 2. Alternatively, the Freundlich equation is an empir-
ical equation proposed by Freundlich [46] to describe the
sorption behavior of solute concentration on heterogeneous
surface, expressed by the following equation:

9. =K,C" (6)

where K. is the Freundlich coefficient that explains the
adsorption capacity and 1/n is the Freundlich exponential
coefficient that describes the intensity of the adsorption.
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Fig. 9. Sorption data of methylene blue (MB) on carbonized corn
cob (CCC), with best-fit Langmuir, Freundlich, and Temkin
models.
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Table 2

Dimensionless constant separation factor, R, for adsorption of
methylene blue (MB) onto carbonized corn cob (CCC) at various
initial MB concentrations

Parameter Concentrations, C, (mg/L)
R, =10 50 100 150 200 250 300
9.99 5.00 3.33 2.50 2.00 1.67

Temkin isotherm [47] deals with adsorbent-adsorbate

interactions and their effect on linear decrease of heat
of adsorption with coverage, expressed in the following
equation:
q, = BIn(AC,) @)
where B = RT/b and corresponds to enthalpy of adsorption,
b is Temkin constant related to heat of sorption (J/mol), and A
is binding constant at equilibrium which corresponds to the
maximum binding energy (L/g).

The nonlinear plots of the Langmuir, Freundlich, and
Temkin models are presented in Fig. 9, and their correspond-
ing isotherm values are shown in Table 3. Based on calculated

Table 3

Parameters of the Langmuir, Freundlich, and Temkin nonlinear
isotherm models for MB adsorption on CCC surface at 303 K, fit
in their original, nonlinear forms

Isotherm Parameter Value
Langmuir q, (mg/g) 216.2
K, (L/mg) 101.3
R? 0.8613
Freundlich K, ((mg/g) (L/mg)"") 237.7
n 4.5
R? 0.9448
Temkin K, (L/mg) 22x10°
B, 29.9
R? 0.9328
Table 4

A. H. Jawad et al. / Desalination and Water Treatment 118 (2018) 342-351

data, Freundlich model fits the data better than Temkin and
Langmuir models. This result is confirmed by the high R?
value for the Freundlich model (0.9448) compared with the
Temkin (0.9328) and Langmuir (0.8613) models. Freundlich
isotherm indicates multilayer heterogeneous adsorbent sur-
face with different adsorption sites [48].

A value of 1/n>1 suggests weak adsorption bond between
MB molecules onto CCC particles; on the other hand, a value
of 1/n < 1 suggests strong adsorption bond as a result of
strong intermolecular attraction within the adsorbent layers
[49]. The value of n range from 2 and 10 indicates good
adsorption when the value of 4-5 indicates good adsorption
capacity and less than 1 indicating undesirable adsorption
capacity [50]. The maximum monolayer adsorption capacity
of MB onto surface of CCC at equilibrium was determined by
Langmuir model to be 216.2 mg/g at 303 K. The monolayer
adsorption capacity (g, ) for CCC with MB was compared
with other types of H,SO,-treated lignocellulosic materials
as recorded in Table 4. The foregoing indicates that CCC
represents a promising renewable and low-cost biochar for
removing cationic dyes such as MB.

3.4. Adsorption kinetics

The rate and mechanism of the adsorption process was
evaluated using the nonlinear pseudo-first-order (PFO)
model and pseudo-second-order (PSO) model. The PFO
model was proposed initially by Lagergren [51] and is
expressed by Eq. (8) as follows:

q,=4, (1 - exp’K") (8)
g, (mg/g) and g, (mg/g) are the amounts of MB adsorbed by
CCC at equilibrium and time ¢, respectively, while k, (min™)
is the PFO rate constant. The nonlinear form of the PSO
model [52] is described by Eq. (9) as follows:

_ gkt

= 9
1+qk,t ©)

t

The kinetic data were fit to the nonlinear form of kinetic
models; hence, the best fitted model was also evaluated

Adsorption capacities for methylene blue (MB) onto different biomass materials treated with H,SO, acid

Biomass treated with H,SO, Adsorbent dosage (g) pH Temperature (K) q,...(Mmg/g) References
Corn cob 0.12 g/100 mL 5.6 303 216.2 This study
Pine-fruit shell 0.3 g/100 mL 8.5 298 529 [31]
Mango peels 0.14 g/100 mL 5-6 303 277.80 [21]
Coconut leaves 0.15 g/100 mL 6 303-323 126.90-149.30 [17]
Euphorbia rigida 0.2 g/100 mL 6 293-313 114 [26]
Bagasse 0.4 g/100 mL 9 300-333 49.8-56.5 [27]
Ficus carica 0.5 g/100 mL 8 298-323 47.62 [34]
Parthenium hysterophorus 0.4 g/100 mL 7 298 39.7 [29]
Delonix regia pods 0.2 g/100 mL 7 298 23.30 [32]
Wild carrot 0.05 g/100 mL 6 298 21.00 [33]
Sunflower oil cake 0.2 g/100 mL 6 288-318 16.43 [30]
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by nonlinear coefficient of determination (R?). The plots
of two nonlinear kinetic models are depicted in Fig. 10.
Additionally, the kinetic parameters of these two models
at different concentrations with their corresponding R? are
given in Table 5. From Table 5, the PFO model has a relatively
high R? values compared with the R? values obtained from
PSO model. This suggests that the amount of adsorbed MB
increases with increasing adsorption time and approaching
a constant adsorbed amount after saturation [50]. Moreover,
the g, . values fitted well with the g, values. Thus, the
PFO model is more suitable to describe a physical adsorp-
tion process of MB onto CCC surface.

3.5. Adsorption thermodynamics

The thermodynamic adsorption parameters of MB onto
CCC were computed from the experimental data obtained at
313, 323, and 333 K. Gibb's free energy (AG®), enthalpy (AH®),

300 -
® Co=50 mg/L
250 - O Co=100 mg/L
v Co= 150 mg/L
A Co=200 mg/L
200 - m  Co= 250 mg/L
O Co=300 mg/L
— PFO
& 150 4 —— PSO
23
E
S 100
50 A
0 <
T T T

0 100 200 300
Time (min.)

Fig. 10. Nonlinear kinetic profiles of PFO and PSO for the
adsorption of MB onto carbonized corn cob (CCC).

Table 5

Parameters of the nonlinear PFO and PSO kinetic models for
MB adsorption on carbonized corn cob (CCC) at different initial
methylene blue (MB) concentrations

Parameters C, (mg/L)

50 100 150 200 250 300
Dyoxp (mg/g) 39.1 77.8 99.3 1669 2115 250.7
PFO
D, meas (mg/g) 39.0 78.1 99.4 165.09 226.05 245.4
k, (min™) 0.2631 0.0510 0.0455 0.0302 0.0114 0.0141
R? 0.9984 0.9951 0.9917 0.9763 0.9496 0.9692
PSO
e (Mg/g) 398 871 1122 1916 2906 3115
k2 x 10 14.7 7.2 4.8 1.8 38.5 45.5
(g/mg min)
R? 0.9370 0.9787 0.9778 0.9864 0.9581 0.9779

and entropy (AS°) were calculated using the following
equations [53]:

q.
k =1 10
=C (10)
AG® = AH° —TAS® (11)
hnkd—AS _AH (12)
R RT

where k, is the distribution coefficient, g, is the concentra-
tion of MB adsorbed on CCC at equilibrium (mg/L), C, is the
equilibrium concentration of MB in the liquid phase (mg/L),
R is the universal gas constant (8.314 J/mol K), and T is the
absolute temperature (K). The values of AH® and AS°® were
calculated from the slope and intercept of van't Hoff plots
of In k, versus 1/T respectively (Fig. 11). The thermodynamic
parameters are listed in Table 6. In general, the value for AG®,
energy for physisorption ranges from -20 to 0 kJ/mol, the
physisorption together with chemisorption falls at the range
of —20 to —80 kJ/mol and chemisorption is more negative in
magnitude with a range of —80 to —400 kJ/mol [54]. The neg-
ative values of AG® indicate spontaneous and favorable MB
adsorption onto the surface of CCC [55]. The positive value
of the enthalpy change (AH® = 25.5 kJ/mol) indicates that the
adsorption process is endothermic in nature. The positive

7.4
7.3

7.2

7.1

In k,;

7

6.9

6.8
y=-3068.6x+16.791

6.7 R*=0.9322

6.6
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

1T (K1)

Fig. 11. Plot of In k, versus 1/T for calculation of thermodynamic
parameters for the adsorption of MB onto CCC.

Table 6
Thermodynamic parameters values for the adsorption of
methylene blue (MB) onto carbonized corn cob (CCC)

Temperature (K) Thermodynamics
P AG® AH® AS°
a4 (kJ/mol)  (kJ/mol)  (J/mol K)
313 821.5 -67.80
323 982.2 -69.20 25.5 139.6

333 1,542.8 -70.50
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entropy change (AS°) value of 139.6 J/mol K corresponds to
increase in the degree of freedom of the adsorbed species due
to adsorbate disorder and/or loss of water upon binding of
MB to the CCC surface.

4. Conclusion

This research work clearly shows that carbonization of
corn cob (CC) by H,SO, activation provides a low-cost adsor-
bent for the removal of MB dye from aqueous solutions.
The adsorption experiments indicated that the PFO model
provided the best description of the kinetic uptake proper-
ties, while adsorption results at equilibrium are described
by the Freundlich model. The maximum adsorption capac-
ity (q,,,,) calculated from nonlinear Langmuir isotherm was
216.2 mg/g. The thermodynamic parameters indicate that
the adsorption process is endothermic in nature and driven
by entropy to yield a spontaneous adsorption process.
The results indicated that carbonized corn cob (CCC) is an
efficient adsorbent for MB adsorption.
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