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ABSTRACT

This study presents the preparation of oil palm empty fruit bunch (OPEFB) activated char from gas-
ification plant residues via phosphoric acid chemical treatment for adsorption of methylene blue
(MB) in aqueous solution. The Fourier-transform infrared (FTIR), scanning electron microscopy
(SEM) and Brunauer-Emmett-Teller (BET) analysis were conducted to identify the characteristic
of OPEFB. Adsorption experiments were carried out to determine the effects of initial dye concen-
tration 100-300 mg/L, contact time, pH 2-10 and temperature 30°C-60°C. The optimum conditions
were achieved at adsorbent dosage, pH, initial dye concentration and temperature of 0.2 g/200 mL,
6, 100 mg/L and 60°C, respectively with 91.44% of MB removal. From isotherm study, the Freundlich
isotherm model fitted the adsorption data very well owing to its higher value of correlation factor
(R*=0.9352), compared to Langmuir model (R*= 0.8682). The Langmuir maximum monolayer capac-
ity, g, was estimated at 167.2 mg/g. The results from the kinetic study showed that the MB adsorp-
tion followed a pseudo-second-order kinetic model (R* = 0.9216-0.9581). The adsorption of the MB
dye onto OPEFB activated char was an endothermic and spontaneous process with AH°, AG® and
AS° values of 58.379 kJ/mol, —0.70505 kJ/mol and 194.955 J/mol'K, respectively. The obtained results
suggest that the OPEFB char could be a promising candidate as an adsorbent for MB removal.

Keywords: Gasification char; Oil palm empty fruit bunch; Adsorption; Methylene blue; Chemical

activation; Activated carbon

1. Introduction

The release of substantial amount of pollutants into the
environment due to the rapid growth in industrial and agri-
cultural activities is one of the key challenges worldwide.
Dyes are type of pollutant that must be sequestered from
wastewater before being released into the aquatic environ-
ment due to the toxicity and negative effects on aquatic life.
The most widely used dye in the textile industry is methy-
lene blue (MB), which is applied in dyeing cotton, coloring
paper, leather, silk and wools [1]. The presence of MB in
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water stream can damage the balance of the environmental
ecosystem characterized by the contamination and death of
aquatic organisms [2]. Besides, their degradation products
may be mutagenic and carcinogenic and may cause aller-
gic dermatitis, dysfunction of kidney, skin irritation, brain,
liver, reproductive and central nervous system problems [3].
Therefore, it is vital to strictly manage the discharge of this
pollutant into the water stream due to its harmful hazard
and negative environmental impacts [4].

Many researchers are currently using various methods
to treat dye wastewater. Physical, chemical and biological
treatment methods commonly used include: flocculation,
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membrane filtration, advanced oxidation ozonation, adsorp-
tion and biodegradation [5]. The most efficient method used
for quick removal of dyes from the aqueous solution is the
adsorption. Adsorption is widely employed owing to its ben-
efits such as low cost, high efficiency, reusability, simplicity,
flexibility, easy operation, and insensitivity to hazardous
chemicals compared to other treatment techniques [6-8].
Adsorption is a physical-chemical treatment of wastewater
where the dissolved molecule is attached to an adsorbent
surface by means of physical and chemical properties [9].
Meanwhile, the biological treatment method is commonly
operated via numerous microorganisms to decolorize dye
molecules under aerobic or anaerobic environment and is
feasible to lower the concentration of contaminants. In addi-
tion, it was reported that this method is insufficient in decol-
orization owing to the complicated structures and difficult
biodegradation of dyestuff as well as less predictability and
requires considerable time and space [10]. The adsorbents
like activated carbon (AC) are foremost promising mate-
rial for adsorption of MB owing to its high adsorption effi-
ciency, supported on its large surface area, micro-porosity
structure and high surface reactivity. However, the appli-
ance of AC in water purification is usually limited by the
high cost of this material, which is an obstacle especially for
industries in developing countries [11].

Gasification char is the finer component of the gasifier
solid residuals that comprised of unreacted carbon with
several amounts of siliceous ash and it possesses good char-
acteristic as an adsorbent due to its well-developed pore
properties [12]. Gasification is a thermochemical process,
produces syngas or producer gas for power or combined
heat and power applications in the presence of gasifying
agents like steam, air and carbon dioxide also yields a char
by-product [13]. Mohan et al. [14] reported that the gasifica-
tion char accounts for only about 10% of the products as the
quantity becomes appreciable at an industrial-scale where
feedstock is in tonnes. Feedstock for gasification has been
sourced from biomass [15-17], coal [18-20] and municipal
solid wastes [21-23]. The agricultural solid waste, indus-
trial solid waste, agricultural by-products and biomass are
utilised as low-cost adsorbents in wastewater treatment
[5]. Sharma et al. [24] reported that various agricultural
by-products like olive stones, peach stones, pistachio nut
shells, date pits, sea sand, eggshells, banana peel, pump-
kin and rice husk were within the production of low-cost
adsorbents. However, there are limited number of studies
on the utilization of char residues from biomass gasification
plant. The literature regarding its application in adsorp-
tion is somewhat limited to heavy metals and tar removal.
Only few researchers reported that the dye adsorptions
utilizing gasification char residues (GCR) as adsorbent or
precursor for AC. For instance, Maneerung et al. [25] inves-
tigated the removal of Rhodamine-B (RhB) using AC from
gasification of mesquite wood chips in downdraft fixed-
bed gasifier. They reported that the prepared AC exhibited
high RhB adsorption capability. This was owing to its high
specific surface area (776.5 m?/g) and the abundance of car-
boxyl and hydroxyl groups. They also discovered that the
experimental data well fitted Langmuir model with the
maximum monolayer adsorption capability of 189.8 mg/g.
They concluded that the utilization of GCR as a precursor

of AC lowers the AC production cost; offers a cost effective
and environmental-friendly measures in recycling char;
and lessening the environmental problems related to its
disposal.

Malaysia is one of the world’s amongst oil palm pro-
ducers, producing 47% of the world’s supply of palm oil
[26]. Approximately, 127 million tons of oil palm wastes are
generated from the oil palm industry annually in Malaysia
which consists of 64.19, 26.08, 15.99, 14.87, and 6.49 million
tons of palm frond (PF), empty fruit bunch (EFB), mesocarp
fiber (MF), palm trunk (PT), and palm kernel shell (PKS)
[27]. Owing to the abundance of oil palm empty fruit bunch
(OPEFB) as well as its high carbon content (42-50 wt.%),
it has a potential to be a pre-cursor for AC production in
wastewater treatment application. Thus, this study aimed to
investigate the OPEFB char performance in MB removal by
adsorption. Besides, its functional groups, surface morphol-
ogy and specific surface area will be analyzed and the iso-
therm, kinetic and thermodynamic studies will be performed
to determine the governing mechanism for MB adsorption.

2. Materials and methods
2.1. Materials

The required materials in the study were char from
OPEFB which was collected from a local commercial gas-
ification plant, MB (HmbG Chemicals, Malaysia), phos-
phoric acid (H,PO,) (Bendosen, Malaysia), 0.1 M sodium
hydroxide (NaOH) (HmbG Chemicals, Malaysia) and 0.1 M
hydrochloric acid (HCI) (QReC, Malaysia).

2.2. Sample preparation

OPEFB chars were collected from a commercial gasifi-
cation plant in Selangor, Malaysia. The sample was washed
to remove dirt particles from its surface and dried in an
oven at 105°C for 24 h to ensure that the moisture content
was reduced. The dried sample was sieved to discrete sizes
(500 pm). Then, the sample of OPEFB char was soaked in
phosphoric acid solution with an impregnation (char:H,PO,)
ratio of 1:1 (wt./vol.). The impregnated char was kept at room
temperature for 1 h and mixed vigorously for 30 min. Finally,
the sample was then rinsed with deionized water until the
sample reaches pH 6-7 and dried at 110°C for 24 h [28].

2.3. Characterization of OPEFB

Fourier-transform infrared (FTIR) spectrometer (Perkin
Elmer, USA) analysis was performed to investigate the
functional groups existed in untreated OPEFB and treated
OPEFB char. The scanning electron microscope (SEM) and
Brunauer—-Emmett-Teller (BET) analysis were conducted
to reveal the surface morphology and pore properties of
OPEEFB before and after the chemical activation process [29].

2.4. Adsorption experiment

2.4.1. Effect of initial concentration and contact time on MB
adsorption

Adsorption experiment was tested in a set of 250 mL
Erlenmeyer flasks containing 0.20 g adsorbent and 200 mL
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dye solutions with the different initial concentrations of
100, 150, 200, 250 and 300 mg/L [30]. The flasks were agi-
tated in the shaker at 150 rpm and at temperature, 30°C for
4 h of contact time until equilibrium was reached [31]. The
mixture was filtered, and the concentration of the filtrate
was measured by UV-Vis spectrophotometer. MB uptake
at equilibrium, g, (mg/g), was calculated using Eq. (1).
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where C, is liquid-phase concentrations of dye at initial
(mg/L), C, is equilibrium dye concentration (mg/L), V is vol-
ume of the solution (L) and W is mass of adsorbent used (g).
The removal percentage of MB was estimated using Eq. (2).
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where C is initial concentration of MB (mg/L), C, is t-time
concentration of MB (mg/L) and R is removal percentage (%)
of MB.

2.4.2. Effect of solution pH on MB adsorption capacity

Effect of pH on MB removal was measured by different
pH solution starting from 2 to 10 with initial MB concentra-
tion of 100 mg/L, OPEFB char dosage of 0.20 g/200 mL and
adsorption temperature at 30°C for 24 h [32]. The effect of
solution pH was tested in the range of 2-10 and measured
using pH meter. 0.1 M NaOH and 0.1 M HCl were used to
adjust the solution pH.

2.4.3. Effect of temperature on MB adsorption capacity

The effect of temperature on the adsorption capacity
of OPEFB char was examined at 30°C, 45°C and 60°C with
initial MB concentration of 100 mg/L, OPEFB char dosage
of 0.20 g/200 mL for 24 h.

2.5. Thermodynamic study
The thermodynamics parameters of MB adsorption

were studied by applying the Van't Hoff Eq. (3) as follows:

_AS° AH®
R RT
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where k_is the equilibrium constant, AG® (k]J/mol) is the
Gibb’s energy change, AH® (kJ/mol) is the enthalpy change,
AS° (kJ/mol'K) is the entropy change and R is the univer-
sal gas constant. The R value is 8.314 J/mol-K. The standard
free energy change was calculated by Egs. (4) and (5):

4)
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2.6. Isotherm and kinetic adsorption using non-linear models

The experimental results were fitted to isotherm and
kinetic adsorption models using non-linear models by
employing MATLAB curve fitting tool. The equilibrium
adsorption data was fitted to Langmuir and Freundlich
isotherm models while the kinetic data was fitted to pseu-
do-first-order and pseudo-second-order kinetic models.
Both non-linear models were compared based on the best
fitted correlation factor, R2.

2.6.1. Langmuir isotherm model

The Langmuir isotherm model is given by Eq. (6):

K,C
qc — qmax L—e (6)
1+K,C,

where g is maximum adsorption capacity (mg/g), K, is
Langmuir constant (L/mg), C, is adsorbate (dye) concen-
tration at equilibrium (mg/L) and g, is quantity of MB dye
adsorbed per gram adsorbent (mg/g).

2.6.2. Freundlich isotherm model

The non-linear model of Freundlich is given in Eq. (7):
q,=K.C" @)

where K, is adsorbent adsorption capacity (mg/g-(L/mg)"")
and 7 is adsorbent adsorption intensity.

2.6.3. Pseudo-first-order model

The non-linear form of pseudo-first-order model is given
in Eq. (8) [28]:

g,=q.(1-¢") ®)

2.6.4. Pseudo-second-order model

The pseudo-second-order model is given in Eq. (9):

k,q’t
q[ = th (9)
1+k,qt

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

3. Results and discussion
3.1. Sample functional groups

The FTIR spectra for the untreated OPEFB char
and the treated OPEFB char are shown in Fig. 1. The
untreated OPEFB char demonstrated an absorption band
at 3,049.2 em™, which was attributed to O-H stretching
mode of hydroxyl functional group. The adsorbed mois-
ture content in the untreated OPEFB char led the O-H
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group [33]. The bands at 1,427.7 and 1,371 cm™ appeared
on untreated OPEFB char and treated OPEFB char refers
to the O-H bending mode of hydroxyl groups. An absorp-
tion band at 3,638 and 3,038.6 cm™ was detected in treated
OPEFB char and this band was also assigned to O-H
hydroxyl group. Its intensity were greatly increased due
to the vaporization of moisture content through activation
process and adsorption of water from atmosphere onto the
surface of AC. The absorption band located at 1,582 cm™
was detected for untreated OPEFB char, which shows the
presence of C=C vibration in aromatic rings. An absorp-
tion band at 1,566.2 cm™ was detected in treated OPEFB
char and this band also was assigned to C=C vibration in
aromatic rings. The characteristic peaks at 1,723.6 cm™
corresponds to the stretching of C=O bonds. The absence
of absorption band at 1,723.6 cm™ for treated OPEFB char
sample showed that carbonyl group was greatly reduced
after acid pre-treatment and activation [34].

The spectra of all the samples displayed the bands con-
taining O-H, C=C and C=O groups at varied absorption
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wavenumbers that give rise to efficient reduction of pol-
lutants in targeted wastewaters. The changes discovered
in the FTIR spectra confirmed that these functional groups
were identified on the surface of the OPEFB char before
and after acid pre-treatment. This result showed that the
hydroxyl (-OH) groups enriched the surface of the OPEFB
char prepared from chemical activation, which can signifi-
cantly enhance the adsorption performance as reported by
Maneerung et al. [25].

3.2. Sample morphology

The SEM was used to identify the surface morpholog-
ical characteristics of the samples for further comparison
of porosity. The SEM images of the untreated OPEFB char
and the treated OPEFB char are shown in Fig. 2a and b,
which clearly show the differences. In Fig. 2a, the untreated
OPEFB char had very little pores available on the surface
and had a thick wall structure compared to the acid treated
OPEFB char as shown in Fig. 2b. Besides, the small cell

3500 3000 2500
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Fig. 1. FTIR spectrum for untreated OPEFB char and treated OPEFB char.

TM3000_0983 N D67 x300
(2)

300 um

TM3000_0984 N D77 x300 300um

(b)

Fig. 2. SEM images of (a) untreated OPEFB char (x300) and (b) treated OPEFB char (x300).
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cavity with non-developed porosity and patches of crack
are observed in Fig. 2a, as well as the cell wall breakdown
[35]. After the activation process, a well-developed porous
structure with quite uniform pore was formed as indicated
in Fig. 2b. This indicates that the porosity was expanded due
to activation agent and process [36-38]. In pre-treatment, the
removal of an excessive activating agent and by-products
resulting from the activation process during the washing
step leads to a material with a well-developed surface and
a porous structure. The results showed that the activation
of OPEFB char with phosphoric acid (H,PO,) and heat treat-
ment successfully produced pores, which is expected to be
beneficial to the adsorption of pollutants. Like other chem-
ical activators, H,PO, plays an important role as a dehy-
drating agent, which can penetrate deeply into the carbon
structure, leading to the formation of pores on the surface of
the AC precursor [39]. These results also indicate that there
was a development of pore structure of the treated OPEFB
char during the activation process, which may involve
three stages: opening the unreachable pores, creating the
new pores, and enlarging the existing pores.

3.3. Specific surface area analysis

Table 1 shows surface area, total pore volume (TPV)
and average pore diameter (APD) of untreated OPEFB
and treated OPEFB chars. The untreated OPEFB char
possessed a relatively low BET surface area and a TPV of
258.87 m?/g and 0.1558 cm’/g, respectively. After the chem-
ical impregnation step, the surface area and TPV increased
as a result of pore widening and development which
can be seen in Fig. 2.

3.4. Adsorption performance
3.4.1. Effect of initial MB dye concentration and contact time

Fig. 3 shows the percentage removal of MB dye vs. the
time (h) at different initial MB dye concentrations at 30°C
with adsorbent dosage of 0.2 g as its constant factor. The
initial dye concentration has a pronounced effect on its
removal from aqueous solutions. In the present study, the
percentage removal of MB increased from 65.65% to 99.77%
with decreasing initial concentration of MB from 300 to
100 mg/L. Lower concentration results in a higher percent-
age of dye removal since there is less MB to be adsorbed at
lower concentration compared to higher concentration. At an
initial dye concentration of 100 ppm and a contact time of
24 h, the highest percentage removal was almost constant,
which was in the range of 99.72%-99.77%. It was found from
the study that as the dye concentration and contact time
increases, the percentage removal of MB also increases [40].
This is due to the fact that in the process of dye adsorption,

Table 1
Pore properties of untreated OPEFB and treated OPEFB

Syer (m¥g) TPV (cm’/g)  APD (nm)
Untreated OPEFB  258.87 0.1558 3.5612
Treated OPEFB 345.43 0.2065 3.4813
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before the MB molecules diffuse into the porous structure
of the adsorbent, the molecules have to cross the boundary
layer film onto the adsorbent surface [41]. Thus, the higher
concentration of MB solutions takes relatively longer to
adsorb due to the higher number of molecules [42-44].

3.4.2. Effect of pH

Fig. 4 illustrates the effect of pH on percentage removal
of MB on treated OPEFB char by varying the pH of the
solution from 2 to 10, with initial MB concentration of
100 mg/L, adsorbent dosage of 0.2 g at 30°C and 24 h of con-
tact time. The same condition was reported by Almoneef et
al. [45] as the best adsorption condition for this parameter.
The pH of MB solution is one of the most important fac-
tors in the adsorption of cationic dye because of its impact
on both the surface binding sites of the adsorbent and the
ionization process of the dye molecules [46]. It is shown
in Fig. 4 that the percentage removal of MB onto treated
OPEFB char increased with the increase of pH from 2 to
6 (increased from 11.53% to 82.55%). The reason for this
is mainly related to the abundance of OH" ions at higher
pH, which facilitated the electrostatic attractions between
the positively charged dye cations and negatively charged
adsorption site, thereby increasing the dye uptake. At
pH>pH (pH 5.5), the surface charge of OPEFB is mainly
negative, which tends to attract the positively charged MB
dye since the number of the positively charged groups at

ISHE 11 JH
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Fig. 3. Effect of initial concentration on percentage removal of
MB dye onto treated OPEFB char.

% Removal

Fig. 4. Effect of pH on percentage removal of MB onto treated
OPEFB char.
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the OPEFB char surface decreased, while the number of
negatively charged groups increased. Hence, the adsorption
of MB onto the surface of the OPEFB char increased as the
pH increased from 4 to 6. The optimum pH was attained
at pH 6. However, a further increase in pH to 10 slightly
reduced the percentage removal due to the demethylation
of MB in alkaline solution [47]. As the pH of the solution
increased, the amount of dye adsorbed decreased consid-
erably. Yu and Luo [48] stated that the pH value of MB
solution may affect the surface charge of adsorbent and the
functional groups of adsorbates. The same behaviour was
observed by many authors including Intarachandra et al.
[29], Sajab et al. [49] and Soleimani et al. [50].

3.4.3. Effect of temperature

The effect of temperature on percentage removal of MB
onto treated OPEFB char was studied at three different tem-
perature values of 30°C, 45°C and 60°C with the initial MB
concentration of 100 mg/L and adsorbent dosage of 0.2 g
at pH 6 as the results are presented in Fig. 5. The exper-
imental results showed that the removal of MB increased
from 56.95% to 91.44% with increasing temperature from
30°C to 60°C. The higher the temperature, the higher the
adsorption ability of MB onto treated OPEFB char [5]. This
indicated that the adsorption of MB was a spontaneous
endothermic process. The thermal motion, solubility and
chemical potential of dye molecules increased as tempera-
ture increased. Furthermore, the pore structure of treated
OPEFB char was closely related to temperature. The pore
structure and number of active adsorption sites of treated
OPEFB char increased with the increase of temperature due
to thermal expansion. These reasons led to the increase of
percentage removal of MB on treated OPEFB char with the
increase of temperature as similar findings were reported
by Mouni et al. [51] who studied the effect of tempera-
ture on MB adsorption at temperature between 25°C-50°C
temperature range using kaolin.

3.5. Adsorption thermodynamic

Thermodynamic parameters, including Gibb’s free
energy change (AG°), enthalpy change (AH®) and entropy
change (AS°®), serve to evaluate the effect of temperature on

90
80 A
70 1
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40 1
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20 A

% Removal

0 10 20 30 40 50 60 70
Temperature (°C)

Fig. 5. Effect of temperature on percentage removal of MB
onto treated OPEFB char.

the adsorption of MB onto treated OPEFB char. The values of
AH® and AS° were then calculated from the slope and inter-
cept of the linear regression of In(k) vs. 1/T for MB initial
concentration of 100 mg/L at pH 6 as presented in Fig. 6.

Table 2 shows the calculated values for AH®, AS°, and
AG°. The positive value of AH® at various temperatures
shows that the adsorption process was endothermic. The
adsorption process for endothermic processes might be
due to a reduction in the viscosity of the solution, which
enhanced the rate of diffusion of the adsorbate molecules
over the exterior boundary layer and in the interior pores
of the adsorbent particles [6,52]. The positive value of AS°
showed the affinity of the treated OPEFB char for MB and the
increasing randomness at the solid-solution interface during
the adsorption process. The AG® values for MB adsorption
onto treated OPEFB char were found to be —0.70505 (30°C) kJ/
mol, -3.5925 (45°C) kJ/mol and -6.5562 (60°C) kJ/mol. The
negative value of AG® indicated the feasibility of the process
and the spontaneous nature of the adsorption with a high
preference of MB on treated OPEFB char. These result clearly
showed that the adsorption process was more favourable
at high temperature (60°C) due to the endothermic nature
of the adsorption system. Similar trend was reported by
Wang et al. [53] and Araujo et al. [54].

3.6. Equilibrium studies
3.6.1. Adsorption isotherms

Fig. 7 illustrates the plots of the Langmuir and Freundlich
isotherm models, while Table 3 shows the values of each
model parameter. These experimental data fitting isotherms
were used in this study to determine the interaction between
the amount of dye adsorbed and its equilibrium concen-
tration in solution [55]. The sorption behaviour of MB onto
OPEFB char was analysed using non-linear regression and

25 1

y =-7021.8x +23.449

0 T T T T T T T g
0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

T

Fig. 6. Graph of thermodynamic study.

Table 2
Thermodynamic parameters for adsorption of MB on treated
OPEFB char

AHP AS° —AG® (J/mol)
(kJ/mol) (J/molK) 303K 318K 333K
58.379 194.955 070505 35925  6.5562
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the results are summarized in Table 3. The fitness of the
model is evaluated based on the value of the correlation
coefficient, R%. Table 3 shows the values of maximum adsorp-
tion amount (Q,_ ), correlation coefficient (R*) and other
parameters calculated from the data fitted by the isotherms
at temperature 30°C.

From Table 3, the Langmuir isotherm model gen-
erates a correlation factor, R> of 0.8682 which shows it
does not fit well into the model. It has been observed
that the maximum adsorption capacity (Q,_ ) was found
to be 167.2 mg/g. It can be seen that Freundlich isotherm
model fitted well with the experimental data better than
Langmuir isotherm model with highest R? (0.9352), sug-
gesting the non-ideal, reversible and multilayer adsorption
over the heterogeneous surface. The Freundlich model’s
1/n value is 0.1232, or n value is 8.114, which is greater
than one, indicating that MB adsorption on this treated
OPEFB char is favorable. Therefore, it can be concluded
that MB adsorption onto treated OPEFB char involves a
multilayer adsorption and a heterogeneous surfaces with
non-uniform distribution of adsorption heat [56].

3.7. Kinetic studies

In this study, the mechanism of the adsorption of MB onto
treated OPEFB char was investigated using pseudo-first-
order and pseudo-second-order kinetics. Table 4 presents
the kinetic constants obtained by fitting the kinetic data
using non-linear regression analysis and their correspond-
ing non-linear curves are shown in Figs. 8 and 9. The data
on Q, vs. time in Fig. 8 were plotted to obtain the values of
k,. The correlation factors (R?) are from the range of 0.8877
to 0.9740 for different concentrations of MB (100, 150, 200,
250 and 300 ppm). These values are not agreeable to the
experimental results and therefore do not follow the first
order kinetics of pseudo-first-order model.

k, is the rate constant of the pseudo-second-order kinet-
ics model, whose values can be obtained by plotting Q, vs.
time in Fig. 9. The values for correlation coefficients R? for
pseudo-second-order kinetics model are in the range of
0.9216-0.9581 which shows that the kinetic chosen is at
good agreement with the experimental data. The values of
calculated, Q,_, in Table 4 are comparable with the exper-
imental data, Qf(exp for pseudo-second-order kinetic model
compared to the pseudo-first-order kinetic model. The pre-

200 - dicted equilibrium adsorption capacity fit the actual equi-
- g librium adsorption capacity very well. This agrees with the
# 8 R? values obtained and proves that the adsorption of MB
150 onto the treated OPEFB char could be best fitted described
by the pseudo-second-order kinetic model which is based
)
=0 100
g {
> Table 3
< 50 Isotherm parameters and correlation coefficients for MB ad-
—o—Langm sorption onto treated OPEFB char at 30°C
uir
(U T T T T T " Langmuir Freundlich
0 20 40 60 80 100 120
Ce (mg/L) Qunax K, R? K, " ke
(mg/g)  (L/mg) (mg/g-(L/mg)"™)
Fig. 7. Model fit of adsorption isotherm of MB adsorption onto
treated OPEFB char at 30°C. 167.2 6.145 0.8682 102.4 8.114  0.9352
Table 4
Kinetic parameters and correlation coefficients for MB adsorption onto treated OPEFB char at 30°C
Pseudo-first-order
Concentration mg/L Qmp) (mg/g) ka) (mg/g) k, (h) R?
100 99.419 96.14 0.3004 0.8877
150 127.017 124.3 0.3028 0.9375
200 149.644 151.1 0.2628 0.9612
250 186.239 198.6 0.1913 0.9839
300 203.290 223.5 0.1580 0.9740
Pseudo-second-order
Concentration mg/L Qe(exp) (mg/g) Qmm (mg/g) k, (h) R?
100 99.419 107.9 0.004002 0.9216
150 127.017 142.6 0.002775 0.9560
200 149.644 178.0 0.001747 0.9624
250 186.239 251.8 0.0007236 0.9686
300 203.290 294.7 0.0004675 0.9581
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Fig. 8. Pseudo-first-order kinetics for adsorption of MB adsorp-
tion onto treated OPEFB char.
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Fig. 9. Pseudo-second-order kinetics for adsorption of MB
adsorption onto treated OPEFB char.

on the equilibrium chemical adsorption, that predicts the
behaviour over the whole range of studies, strongly support-
ing the validity and agrees with chemisorption being rate-
controlling [57].

3.8. Comparison with other adsorbents

The values of the MB adsorption capacities from dif-
ferent source of low-cost adsorbents are summarized in
Table 5. From the comparison, OPEFB char can be consid-
ered as a valuable and competitive adsorbent for the removal
of MB from aqueous solution owing to its high adsorption
capacity value.

4, Conclusion

This study showed that the treated OPEFB char pos-
sessed excellent characteristic for MB adsorption. The
OPEFB char was utilized as a feedstock for preparation of
AC through H,PO, chemical activation. The FTIR analysis
demonstrated the existance of O-H, C=C and C=O groups.
The images from SEM showed that the porous structure of
OPEFB char improved significantly after H,PO, treatment
which was supported by the increment of BET surface area
from 258.87 to 345.43 m?/g. The effect of contact time, pH

Table 5
Comparison of MB adsorption capacities from various
adsorbents
Adsorbent Adsorption References
capacity (mg/g)
Eucalyptus leaves 52.2 [58]
Spent tea residue 93.5 [59]
Coriandrum sativum 94.9 [60]
Pterospermum acerifolium shells  250.0 [61]
Sterculia foetida 181.8 [62]
Agave salmiana leaves 188.7 [63]
Garcinia mangostana 163.6 [52]
Corn stalk 149.0 [64]
OPEFB char 167.2 This study

and temperature on the MB adsorption were studied. The
highest MB adsorption was found at pH, 6; temperature,
60°C and contact time 24 h with 91.44% of MB removal.
The kinetic and isotherm data fitted well with pseudo-
second-order kinetic and Freundlich isotherm models.
The negative value of AG® and positive values of AH® indi-
cated that the adsorption process was an endothermic and
spontaneous process. These results proved that the treated
OPEFB char could be employed as adsorbent as an alterna-
tive to the commercial AC for the removal of cationic dyes
from industrial wastewater.
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