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ABSTRACT

This paper shows the using of commercial coconut shell activated carbon
(CCS-AC) as an alternative adsorbent for the removal of methylene blue
(MB) from aqueous solution. The physicochemical properties of the CCS-
AC were undertaken using Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM) and pH Point of Zero Charge
(pHpzc) method. Batch adsorption experiments were conducted to study the
influence of adsorbent dosage (0.02 - 0.50 g), pH (3 — 10), MB
concentration (25 — 400 mgL™) and contact time (0 — 36 hours) on the
adsorption of the MB. The kinetic adsorption was well described by the
Pseudo Second Order model and the Langmuir model described the
adsorption behavior at equilibrium. The maximum adsorption capacity
(gmax) of CCS-AC obtained was 149.25 mg/g at 303 K.

Keywords: commercial activated carbon, coconut shell, methylene blue,
adsorption
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INTRODUCTION

In recent decades, society has become highly alarmed with protection
of the environment. Water pollution has been under constant debate since it
is considered as the most concern environmental problem among others [1].
Effluents from various industrial branches are settled into the water bodies
mainly are from dyes manufacturing such as; textile, leather, rubber,
plastics, cosmetics and pharmaceutical [2].

Basic dyes are cationic due to the positive charge delocalized
throughout the chromophoric system. It is named because of it affinity to
basic textile materials with negatively charged functional groups [3].
Methylene blue (MB) is an example of basic dye which has been shown to
have harmful effects on living organisms on short periods of exposure [4].
Although it is not regarded as acutely toxic, it presence can cause aesthetic
and ecological problems [5]. MB blocked the transmission of sunlight into
water bodies hence affecting photosynthesis of aquatic flora and oxygenation
of water reservoirs. As in health viewpoint, MB has carcinogenic properties
that can lead to several diseases such as allergic dermatitis and skin irritation
[6]. Meanwhile, the ingestion of MB through mouth creates a burning
sensation and may cause nausea, vomiting, diarrhea and gastritis [7].

Several water treatments have been developed to remove dyes from
wastewater, such as; membrane separation [8], bioremediation [9],
electrochemical degradation [10], cation exchange membranes [11], Fenton
chemical oxidation [12] and photocatalysis [13, 14]. Nevertheless, some of
the above treatments pose drawbacks of being expensive, production of toxic
sludge and involve complex procedure [15]. Adsorption of dyes using
activated carbon (AC) is one of the frequently applied methods for water
purification and water reuse [16]. This technique has gained much attention
due to the advantages such as; convenience of operation and selectivity, high
performance, superior design flexibility and no formation of harmful by-
products [17].
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Activated carbon (AC) is a carbonaceous materials [18], with high
porosity [19-23], high physicochemical stability [24], high adsorptive
capacity [25], high mechanical strength [26, 27], high degree of surface
reactivity [28, 29], with immense surface areas [30, 31] which can be
differentiated from elemental carbon by the oxidation of the carbon atoms
that found at the outer and inner surfaces [32]. AC is among the best option
in wastewater treatment due to its ability to adsorb various types of pollutants
from the media such as dyes, heavy metal, pesticides and gases [33]. There
are a few factor may affect adsorption capacity such as; source of raw
materials, preparation and treatment conditions, surface chemistry, surface
charge, pores structure, surface areas and accessibility of the pollutants to the
inner surface of the adsorbent [34].

Coconut is a versatile plant species. It has been widely used as a
source of food, fuel wood, drink, edible oil, fibre, animal feed and
construction materials. Although coconut industry supports the economic
growth of Malaysia, it generates large amounts of wastes. Every year, huge
quantities of coconut waste are produced and left in the plantation floor which
aggravates fungi and pest infestation. The disposal of the coconut wastes
remains a serious problem since it can negatively affect the environment.
Thus, these materials can be converted into a value-added adsorbent and a
potential precursor for the preparation of AC.

MATERIALS AND METHODS

The commercial coconut shell activated carbon (CCS-AC) was
purchased from Tan Meng Keong Sdn. Bhd, Selekoh, Perak, Malaysia. It
was washed several times with distilled water to remove dirt followed by
drying at 110°C for 24 hours. The dried CCS-AC was ground and sieved to
the size between 250-500 um. Finally, the CCS-AC powder was stored in an
airtight container for further use. Methylene blue (MB) with molecular
formula of CisHisCIN3S.xH,O and molecular weight of 319.86 gmol™
supplied by R&M Chemical was used as an adsorbate model for adsorption
studies. A 1000 mgL™ stock solution of MB was prepared by dissolving 1.0
g of MB powder in distilled water. The stock solution was used to prepare a
series of MB concentrations ranging from 25 to 400 mgL™. Solution of
different pH was prepared using HCI or NaOH (HmbG). All chemicals were
used without further purification.
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The characterizations of CCS-AC were determined by FTIR (Perkin
Elmer, Spectrum One) in the 4000 cm™-500 cm™ wavenumber range. The
surface physical morphology was examined by using Scanning Electron
Microscopy (SEM; SEM-EDX, FESEM CARL ZEISS, SUPKA 40 VP). The
pH at the point of zero charge (pHp.) was estimated using a pH meter
(Metrohm, Model 827 pH Lab, Switzerland), as described by Lopez-Ramon
et al. [35]. The adsorption experiments of MB onto CCS-AC were
performed in a set of 250 mL conical flasks containing 100 mL of MB
solution. The flasks were capped and agitated in water bath shaker
(Memmert, water bath, model WNB7-45, Germany) at fixed shaking speed
of 110 strokemin® and 303 K until equilibrium was achieved. Batch
adsorption experiments were carried out by varying several experimental
variables such as adsorbent dosage (0.02 to 0.50 g), pH (3 to 10), MB
concentration (25 to 400 mgL™) and contact time (0 to 36 hours) to
determine the best uptake conditions for adsorption. The pH of MB solution
was adjusted by adding either 0.10 molL™ HCI or NaOH. After mixing of
the CCSAC-MB system, the supernatant was collected using a 0.20 pm
Nylon syringe filter and the concentrations of MB were monitored at a
different time interval using a HACH DR 2800 Direct Reading
Spectrophotometer at the maximum wavelength (imax) Of absorption at 661
nm. As for the thermodynamic studies, the same procedures were repeated
and applied at 313 and 323 K with the other parameters keep constant. The
blank test was carried out in order to account for colour leached by the
adsorbent and adsorbed by the glass containers. Blank runs with only the
adsorbent in 100 mL of doubly distilled water and 100 mL of dye solution
without any adsorbent were conducted simultaneously at similar conditions.
The adsorption capacity at equilibrium, ge (mgg™) and the percent of colour
removal, CR (%) of MB were calculated using Egs. (1) and (2).

(Co—Ce) V @

Qe = W

CR%:MAOO

o )

where C, and C. (mgL™) are the initial and equilibrium concentrations of
MB, respectively, V (L) is the volume of the solution and W (g) is the mass
of dry adsorbent used.
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RESULTS AND DISCUSSION
Physical Properties of CCS-AC
The results of physical properties of CCS-AC are presented in Table 1.

Table 1: Physicochemical Characterization of CCS-AC

Physical Properties Values
Bulk Density (gmL™) 0.47
Ash Content (wt %) 3.26
Moisture Content (wt %) 0.18
lodine Number (mgg™?) 516.70

The strength of adsorbent is related to the amount of fibre content in it
[36]. Bulk density analysis was conducted to determine the mechanical
strength of CCS-AC. In this work, the CCS-AC had a low density, meaning
that, there was only a small amount of MB that the CCS-AC can hold per unit
volume. Meanwhile, ash is an additive, contains mineral constituents, which
become highly concentrated during activation process. The threshold limit of
ash content in adsorbent should not exceed 15.0% [37]. Ash content of CCS-
AC was low (3.26%), indicates that CCS-AC has less extractives with little
or no wax and resin [38]. lodine number analysis is the simplest parameter to
define the quality of AC. An excellent AC is expected to have iodine value
from 900 mgg™ and above. The iodine number of CCS-AC was reported to
be moderately high with 516.70 mgg™.

FTIR Analysis of CCS-AC

The patterns of adsorption were associated with the availability of the
active functional groups and bonds on the adsorbent surface. FTIR
spectroscopy elucidates the structural and compositional information on the
active functional groups that are present in the adsorbent. FTIR spectrum of
CCS-AC before adsorption (Fig. 1a) showed various functional groups, in
agreement with their respective wavenumber (cm™) position.
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Figure 1: FTIR spectra of CCS-AC (a) before MB adsorption and
(b) after MB adsorption

The broad band at ~3500 cm™ was assigned to the overlapping of the
stretching vibrations of the hydroxyl (O—H) and amine (N—H) groups [39]
while band around ~3000 cm™ was due to carboxylic acid O—H stretching
[40]. The absorptions peaks ~1000 cm™ were observed for oxidized carbon
materials and were assigned to C-O and/or C-O-C stretching in acids,
alcohols, phenols, ethers and/or esters groups [41]. Thus, the FTIR spectrum
of CCS-AC before adsorption indicates that the external surface of CCS-AC
is rich with various functional groups, containing oxygen of carboxylic and
carbonyl species. These active groups on CCS-AC surface are responsible for
enhancing the adsorption of MB due to the electrostatic interaction. After MB
adsorption (Fig. 1b), the band shifted and became more pronounced in which
suggest the interaction of MB molecules with the functional groups of
CCAS-AC.

Surface Morphology of CCS-AC
SEM analysis was carried out to visualise the morphology of CCS-
AC before adsorption and its changes after adsorption of MB had taken

place.
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Figure 2: SEM micrograph of CCS-AC (a) before MB adsorption
(b) after MB adsorption

The SEM images of CCS-AC before and after MB adsorption are
shown in Fig. 2a and 3b, respectively. As seen in Fig. 2a, the external
surface of CCS-AC displays a rough texture distributed over the surface.
After MB adsorption, the CCS-AC surface was transformed to be more
compact and smoother due to the filling of MB molecules on the CCS-AC
surface.
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Point of Zero Charge (pHpzc) of CCS-AC

The point of zero charge (pHpzc) analysis was studied to estimate the
pH at which the net charge of the surface of adsorbent is zero. Fig. 3 shows
the pHy.c plot performed at pH ranged from 3 to 10 and pHp.c of CCS-AC
was obtained at 6.5.
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Figure 3: pHpzc of CCS-AC suspensions

In general, MB adsorption is favoured at pH > pHpyc, due to the
presence of functional groups such as OH—, COO—groups while anionic dye
adsorption is favoured at pH < pHp.c where the surface becomes positively
charged [42].

Batch Adsorption Experiments
Effect of adsorbent dosage

The study of adsorbent dosage is important to determine the capacity
of an adsorbent for a given initial concentration of dye in solution. The
influence of adsorbent dosage on the removal of MB from aqueous solution
was studied using variable amounts of CCS-AC ranging from 0.02 to 0.50 g.
The result for adsorptive removal of MB with respect to adsorbent dosage is
presented in Fig. 4.
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Figure 4: Effect of CCS-AC dosage on MB removal (%) at [MB]o = 100 mgL%, V =
100 mL, pH = non-adjusted (5.8 £ 0.2), T = 303 K, shaking speed =110
stroke/min and contact time = 2 hours

It is obvious that the percentage removal of MB increases rapidly
with increase of CCS-AC dosage due to the greater availability of the
exchangeable sites or surface areas [43-45]. The highest level of MB
removal was achieved at CCS-AC dose of 0.25 ¢g/100 mL with 95.36% and
thereafter, further increase of dosage did not exert any significant changes.
This situation can be explained by an aggregate formation during adsorption,
which takes place at high adsorbent concentrations causing a decrease in the
effective adsorption areas [46]. Therefore, in the further experiments, the
CCS-AC dosage was fixed at 0.25 g in 100 mL of MB aqueous solution.

Effect of pH

The pH of solution was expected to influence the adsorption capacity
of dyes as it has the ability to modify dyes chemistry and also the surface
charge of the adsorbent. Fig. 5 shows that MB uptake by CCS-AC was not
affected by pH within the range from 3 to 10. Similar observations have
been described for the adsorption of MB by Parthenium hysterophorus [47],
Prosopis cineraria sawdust [48], Posidonia oceanica (L.) fibers [49], Punica
granatum peels [50] and coconut leaves [7, 51, 52, 53].
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Generally, at acidic pH, the surface of adsorbent is positively charged,
making (H+) ions compete effectively with cations from dyes, causing a
decrease in the amount of dyes adsorbed. Meanwhile, at alkaline pH, the
surface of adsorbent adopts negative surface charge, hence, improved the
uptake of positively charged dyes species via attractive electrostatic
attraction, in accordance with an increase in the rate of adsorption.
Therefore, in this work, the pH of MB solution was fixed at non-adjusted pH
(5.8 £ 0.2) in further adsorption studies herein.
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37.2 A
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36.2 T T T T T T T T T T 1
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Figure 5: Effect of pH on the adsorption capacity of MB by CCS-AC at [MB]o =
100 mgLt, V =100 mL, T = 303 K, shaking speed = 110 stroke/min, contact time
=2 hours and CCS-AC dosage =0.25¢g

Effect of initial dye concentrations and contact time

The effect of concentrations and contact time is crucial for
determining the time required for the adsorbent to achieve equilibrium. Fig.
6 displayed the graph between the amounts of MB adsorbed (q:) versus t
(min) at different MB concentrations. The time variation plot pointed that
the adsorption of MB was fast at the initial stages. However, once
equilibrium was nearly approached, the adsorption gradually slowed down.
This situation may be due to the availability of unfilled active sites during
the beginning stage of adsorption, and after certain period of time, vacant
sites get occupied by MB molecules, creating a repulsive force between MB
and CCS-AC surface in bulk phase. The amount of MB adsorbed by the
CCS-AC at equilibrium improved from 5.69 mgg™ to 148.66 mgg™ as the
initial MB concentration increased from 25 to 400 mgL™.
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Figure 6: Effect of initial concentration and contact time on the adsorption
capacity of MB by CCS-AC at V = 100 mL, T = 303 K, pH = non-adjusted (5.8 =
0.2), shaking speed = 110 stroke/min and CCS-AC dosage =0.25 g

In batch adsorption experiments, the removal rate of the dyes from
aqueous solutions is controlled by the transport of dyes molecules from the
surrounding sites to the interior sites of the adsorbent. A high MB
concentration not only provides a large driving force to overcome all mass
transfer resistances between the aqueous and solid phases, but also
determines a higher probability of collision between MB ions and CCS-AC
surface. At higher MB concentrations, longer time was required for
adsorption to complete since there is a probability for MB molecules to
penetrate deeper within the interior surface of the CCS-AC and be adsorbed
at active pore sites.

Adsorption Isotherm

Adsorption isotherm is useful to predict the interaction between the amount
of adsorbate adsorbed by adsorbent and the adsorbate concentration
remaining in the solution once the system achieved an equilibrium state [54].
Three isotherm models; Langmuir [55], Freundlich [56] and Temkin [57]
were tested in this work. Parameters obtained from the different models
provide information on the sorption mechanisms, surface properties and
affinities of the adsorbent.
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Langmuir model is based on the assumption that adsorption occurs at
surface with specific homogenous sites, equivalent sorption energies and no
interactions between adsorbed species [35]. It explains monolayer
adsorption, which lies on the fact that no further adsorption takes place once
the active sites are covered with adsorbate molecules. The monolayer
isotherm model is presented by the following mathematical relation (3):

1 1
= +—~C,
qe qrnaka qrnax (3)

C.

where C. is the equilibrium concentration (mgL™) and e is the amount
adsorbed species per specified amount of adsorbents (mgg™), k. is the
Langmuir equilibrium constant and gmax is the amount of adsorbate required
to form an adsorbed monolayer. Hence, a plot of C./ge versus C. should be a
straight line with a slope (1/qmax) and an intercept as (1/qmax.ki). Freundlich
model is based on the assumption that multilayer adsorption process takes
place on heterogeneous adsorption sites. Linear equation of Freundlich
model is presented as Eqg. (4):

1
Ing, =Ink;, +HInCe )

where Ce is the equilibrium concentration of the adsorbate (mgL™), ge is the
amount of adsorbate adsorbed per unit mass of adsorbents (mgg™). The plot
of In ge versus In Ce yields a straight line with slope of 1/n. k is calculated
from the intercept value. ke and n are Freundlich constants which related to
maximum adsorption capacity ((mg/g) (L/mg)1/n) and adsorption intensity
respectively. The slope of 1/n ranging between 0 and 1 is a measure of
adsorption intensity or surface heterogeneity, becoming more heterogeneous
as its value gets closer to zero. Temkin model assumes that the heat of
adsorption of all the molecules in the layer decreases linearly with coverage
due to adsorbent/adsorbate interactions, and adsorption is characterized by a
uniform distribution of binding energies, up to some maximum binding
energy. Temkin isotherm can be expressed in its linear form and presented
as Eq. (5) below:

g, =BInk; +BInC, )
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where B = (RT/b), a plot of ge versus In Ce yielded a linear line enables to
determine the isotherm constants kr and B. ky is the Temkin equilibrium
binding constant (Lmg™) that corresponds to the maximum binding energy
and constant B is related to heat of adsorption. Linear plots of Langmuir,
Feundlich and Temkin models are shown in Figs. 7 (a,b,c), respectively and
the isotherm related parameters are shown in Table 2.
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Figure. 7: Isotherm models for the adsorption of MB onto CCS-AC
(a) Langmuir (b) Freundlich (c¢) Temkin

Table 2: Isotherm parameters for removal of MB by CCS-AC at 303 K

Isotherm Parameters Values
Omax (Mgg™) 149.25
Langmuir ke (Lmgh) 0.427
R2 0.999
Kr [(mg/g) (L/mg)*m 35.53
Freundlich 1/n 0.42
R2 0.78
B 121.31
Temkin kr (Lmg?) 17.50
R2 0.906
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Based on the calculated data, Langmuir model was best fitted with the
highest correlation coefficients, R*> compared with the Freundlich and
Temkin models. This proved that the homogeneous and monolayer coverage
of MB has occurred on the CCS-AC surface. The CCS-AC surface is made
up of small adsorption patches, which are energetically equivalent to each
other in terms of adsorption phenomenon. The maximum monolayer
adsorption capacity (qmax) for CCS-AC with MB was compared with different
coconut-based AC as tabulated in Table 3.

Table 3: Comparison of maximum adsorption capacities of MB using different
type of coconut-based AC

i : Dosage, Temp. Omax
Materials Activator g/100mL pH (K) (mg/g) Ref.
Commercial This
coconut shell ) 025 5820.2 303 149.25 Study
Non- 303 434.78
Coconut husk KOH 0.10 adiusted 313 416.67 [58]
! 323 384.62
Coconut 303 357.14
leaves H3PO4 0.06 5.8 +0.2 313 370.37 [7]
323 370.37
Coconut 303 147.1
leaves KOH 0.10 5.8 +0.2 313 151.5 [52]
323 151.5
Coconut 303 126.9
leaves H2S04 0.15 5.8 +0.2 313 137.0 [51]
323 137.0
ICoconut FeCls 0.10 5.8 0.2 303 66.00 [53]
eaves

Adsorption Kinetic

Adsorption kinetic was studied in order to understand the rate controlling
mechanism of adsorption such as mass transfer and chemical reactions
processes. Two types of Kinetic models; Pseudo First Order (PFO) and
Pseudo Second Order (PSO) model were used to test the fit of the
experimental data of MB uptake by CCS-AC. PFO was proposed by
Lagergren [59] and considers the rate of occupation of sorption sites to be
proportional to the number of unoccupied sites. Its linearized form is given

by Eqg. (6):
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In(g, —q,) =Inq, —ki;t ©6)

where k; (1/min) is the rate constant of PFO model, ge (mgg™) is the amount
of equilibrium uptake and o: (mgg™) is the amount of solute adsorbed at any
t (min). ge and ki values at different initial MB concentrations were
calculated from the plots of In(ge-q:) against t (Fig. 8a). The linear form of
the PSO model is given by Eq. (7) [60].

t 1 t

d ka2 g, )

where h=k.0e’ can be regarded as the initial adsorption rate and k®
(mg/(min.g)) is the PSO rate constant. The values of k? and ge were
calculated from the intercept and slope of t/q: versus t, respectively. The PSO
rate constant k, and geca Were calculated from the intercept and slope of t/q:
against t, as shown in Fig. 8b.

0 Co =400 mg/L
¢ Co =300 mg/L
A Co =200 mg/L
®mCo =100 mg/L
¢ Co =50 mg/L
e Co =25 mg/L

In (-0

\00 600 900 1200
-1.0 -

-3.0 - . .
Time, min
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Figure 8: Kinetic profiles for the adsorption of MB onto CCS-AC

(@) Pseudo First Order and (b) Pseudo Second Order

As referred in Table 4, the observed R? values were nearly unity (R%>
0.99) for the PSO kinetic model, where the values of Qeca are in good
agreement with Qeexp. This suggests that the adsorption systems studied
possess chemisorption in which the attraction forces between MB molecules
and the CCS-AC surface are due to chemical bonding. Chemisorption occurs
only as a monolayer and substances chemisorbed on solid surface are hardly
removed because of stronger forces at stake [37].

Table 4: Comparison of the PFO and PSO model for the adsorption of MB by
CCS-AC at 303 K

Concentration, Co (Mmg/L)
25 50 100 200 300 400

Parameter

e, exp (MY/Q) 5.69 20.03 36.91 80.57 117.03 148.66

PFO

e, cal (Mg/g) 7.27 9.74 36.09 80.46 68.59 126.72

kix 102 1.28 1.04 1.18 0.75 0.60 0.28
R? 0.925 | 0954 | 0984 | 0.887 | 0.947 0.858
PSO

Qe.cal (NQ/g) | 7.65 1534 | 49.26 | 99.71 | 125.00 | 138.89
k2 1073 0.90 6.76 0.26 0.10 0.29 0.10
R? 0.971 | 1.000 | 0.994 | 0.986 | 0.978 0.989
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Adsorption Thermodynamics

Thermodynamic parameters provide information about energetic
changes associated with adsorption. The thermodynamic parameters of MB
removal by CCS-AC were determined by carrying out the adsorption
experiments at 303, 313 and 323 K. Thermodynamic constants; standard
Gibbs free energy change (4G°), standard enthalpy change (4H°) and
standard entropy change (45°) were calculated using the following equation
[61]:

_a
=g ®)
AG°=AHC ~TAS? ©)
AS° AH°
== _ 10
Inky === (10)

where kg is the distribution coefficient, ge is the concentration of MB
adsorbed on CCS-AC at equilibrium (mg/L), Ce is the equilibrium
concentration of MB in the liquid phase (mgL™), R is the universal gas
constant (8.314J/mol.K) and T is the absolute temperature (K). The values of
AH® and 4S8° were calculated from the slope and intercept respectively from
plot of In kq against 1/T (Fig. 9).

10.0 ~
8.0 -

6.0 -

In ky

4.0 -

2.0 4

0.0 T T T T T )
0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034

UT (K

Figure 9: Plot of In ka vs. 1/T for calculation of thermodynamic
parameters for the adsorption of MB onto CCS-AC
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Table 5: Thermodynamic parameters values for the adsorption of MB onto CCS-

AC
Thermodynamic Parameters
Temp.
(K) Ke AG° AH° AS°
(kJ/mol) (kJ/mol) (J/mol K)
303 151.81 -660.35
313 141.63 -671.26 135.17 483.03
323 4374.29 -682.17

The thermodynamic parameters are listed in Table 5. The negative
values for 4G° point out the spontaneity of the adsorption process does not
required energy from any external sources. A positive value of 4H° suggests
that the adsorption of MB onto CCS-AC surface is an endothermic in nature
and follows a physisorption mechanism. A positive value 4S° implies an
increased disorder at the solid/liquid interface during the adsorption process
causing the MB molecules to escape from CCS-AC surface to the liquid
phase [62]. Therefore, it can be stated that the amount of MB molecules
adsorbed will increase by elevating the adsorption temperature.

CONCLUSION

The research shows that CCS-AC provides a low-cost adsorbent for the
removal of MB from aqueous solutions. The adsorption experiments
indicated that the Pseudo Second Order model provided the best description
of the kinetic uptake properties, while adsorption result at equilibrium were
described by the Langmuir model with the maximum adsorption capacity
(qmax) Of 149.25 mgg™.
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