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ABSTRACT

In this paper, fallen coconut (Cocos nucifera) leaves were used as precursors to prepare acti-
vated carbon by thermal carbonization using KOH-activation method. The physical proper-
ties of the prepared coconut leaves-activated carbon (KAC) were calculated through the
bulk density, ash content, moisture content, and iodine number. The surface characteriza-
tion of KAC was undertaken using Scanning Electron Microscopy, Fourier Transform Infra-
red, and point of zero charge (pHpzc) method. Batch mode experiments were performed to
assess the influence of the adsorbent dose (0.02-0.25 g), initial pH (3-11), initial dye concen-
tration (30—400 mg/L), contact time (5-300 min), and temperature (303-323 K) on the
adsorption of the methylene blue (MB). The kinetic uptake profiles are well described by
the pseudo-second-order model, while the Langmuir model describes the adsorption behav-
ior at equilibrium. The adsorption capacity (4m,) of KAC increased with temperature where
gm varied as follows; 147.1 (303 K), 151.5 (313 K), and 151.5 mg/g (323 K). Thermodynamic
parameters such as standard enthalpy (AH®), standard entropy (AS®), and standard free
energy (AG®) showed that the adsorption of MB onto KAC was spontaneous and endother-
mic in nature under examined conditions. The results showed the potential use of activated
carbon developed from waste coconut leaves for the removal of cationic dye (MB).

Keywords: Activated carbon; Adsorption; Coconut leaves; Methylene blue; Thermal;
Potassium hydroxide

1. Introduction

Dye effluents released from dyeing industries, for
example textile, paint, pharmaceutical, and cosmetic,
have become huge environmental problems. Most of
these dyes are highly visible, stable, and resistant to

*Corresponding author.

chemical, photochemical as well as biological degrada-
tion. Cationic Dyes, which are water-soluble and pre-
sent as colored cations in solution, and thus frequently
referred to as cationic dyes, are applied to paper, poly-
acrylonitrile, modified nylons, and modified polyesters
[1]. Methylene blue (MB) is a cationic dye, which is
water soluble and mainly used in industrial activities
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such as dyeing of textiles and leather, printing calico,
printing cotton, and biological staining methods [2].
The presences of dyes are dangerous since it is non-
biodegradable, toxic, accumulates in living organism,
and hazardous at high concentration [3]. It has car-
cinogenic effects and causes various diseases such as
allergic dermatitis, skin irritation, dysfunction of kid-
ney, liver, brain, reproductive, and central nervous
system [4].

Many treatment methods for the removal of dyes
from industrial effluents include adsorption [5,6],
bioremediation [7], photocatalysis [8-10], Fenton
chemical oxidation [11], electrochemical degradation
[12], cation exchange membranes [13], and floccula-
tion—coagulation [14]. Since past several decades, the
application of adsorption process has become the
focus of intense research and utilization of various
conventional [15-17], and non-conventional adsorbents
[18-21] are gaining stern consideration. Activated car-
bon is porous materials that have high surface area
and high adsorption capacity and various surface
functional groups [22]. It has the ability to remove
many pollutants such as dyes, heavy metals, and pes-
ticides. Due to its excellent adsorptive properties, acti-
vated carbon is used to purify, detoxify, deodorize,
filter, and discolor the concentration of liquid and gas
materials. Carbonaceous solid precursor can be used
for activated carbon production [23].

Coconut (Cocos nucifera) is a palm tree that belongs
to the Arecaceae family. The palm tree grows well
under warm and humid conditions and is commonly
found in tropical and sub-tropical regions. The dis-
posal of the coconut wastes remain a serious problem
since it can negatively affect the environment. Several
coconut by-products, such as coconut husks [24],
shells [25], and dregs residue [26] have been explored
as potential precursors for the production of activated
carbons. Coconut leaf biomass has limited use and
economic value. The waste disposal can be addressed
by valorization of these low-cost by-products by con-
version into AC. The development of coconut leaf-
based AC would address the issues of waste disposal
and offer an inexpensive precursor alternative for
production.

In our previous work [5], unmodified coconut
leaves were successfully used as a potential adsorbent
for removal of MB with reasonable adsorption capac-
ity of 112.35 mg/g. The utility of coconut leaves as a
precursor led to the current study to produce acti-
vated carbon. In particular, the goal of this research
was to prepare AC from coconut leaves (KAC) by
thermal carbonization using KOH-activation method.
Previously, the use of KOH as activating agent has
been found to be effective in production of activated
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carbon with narrow pore size distribution and
well-developed porosity [27,28], in addition to the
eco-friendly property of KOH [29]. The structural
characterization of KAC was performed using scan-
ning electron microscopy (SEM), elemental analysis,
and Fourier transform infrared (FTIR), whereas
physicochemical parameters were evaluated such as
bulk density, ash content, moisture content, iodine
number, and point of zero charge (pHpzc). The
adsorption properties of KAC at equilibrium and
kinetic conditions was studied using Methylene blue
(MB) as the model adsorbate at variable adsorbent
dosage, initial pH, initial dye concentration, contact
time, and temperature for this unique biomaterial.

2. Materials and methods
2.1. Materials

The coconut leaves used for the preparation of
activated carbon were collected from Universiti
Teknologi MARA (UiTM), Arau Campus, Perlis,
Malaysia. The coconut leaves were cut, washed with
deionized water to eliminate any contaminants, dried
at 100°C for 24 h, grinded and sieved to a particle size
of less than 150 pm. Potassium hydroxide (KOH)
obtained from HmbG Chemicals was used as the
chemical reagent for activation of the coconut leaves.
Methylene Blue (MB) dye (chemical formula:
C16H18C1N3S3H20, molecular WEIght 3739 g/mol,
purity 82%, solubility in water: 40 g/L) purchased
from R & M Chemicals was used as the adsorbate.
Other chemicals such as hydrochloric acid (HCD),
sodium hydroxide (NaOH), iodine, sodium thiosul-
fate, potassium bromide, and sodium chloride were
analytical grade quality.

2.2. Preparation of activated carbon

The coconut leaves were washed thoroughly using
tap water to remove any impurities prior to drying in
an oven (Memmert, model UFB-400) at 80°C for 48 h.
The dried sample was then cut into smaller pieces
before grinding into a powdered form (150-212 pm).
The coconut activated carbon (KAC) was prepared by
mixing KOH with a biomass/KOH impregnation ratio
of 1:1 (wt.%) (predetermined as an optimum mixing
ratio) with occasional stringing, and then kept in an
oven for 24 h at 110°C. The sample was then placed in
a stainless steel vertical tubular reactor before car-
bonizing process in the furnace. The carbonization
process was conducted under high purified nitrogen
gas (99.99%) with 700°C under the pressure of 1 atm
for 1h. The activated products were then cooled to
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room temperature and washed with 3M of HCI
solution and subsequently with hot distilled water
until the filtrate turn neutral pH (~pH 7). The KAC
was then dried in an oven at 110°C for 24 h. After
that, the KAC was ground and the powder was sieved
to obtain a particle size range of 150-212 pm. Finally,
the KAC was stored in tightly closed bottles for subse-
quent use. The physicochemical properties of KAC
was calculated through the bulk density, ash content,
moisture content, iodine test, and point of zero charge
(pHpzc). Bulk density, ash content, moisture content,
and iodine number were determined according to pro-
cedure described by Ahmed and Dhedan [23], pHpzc
is described elsewhere [30].

2.3. Characterization of activated carbon

The scanning electron microscope (SEM) micro-
graphs of the samples were obtained using Quanta
(Model Leica Cambridge S360). Fourier-transform
infrared (FT-IR) spectrometer (Model Perkin Elmer)
was used to verify the presence of surface functional
groups before and after adsorption. The proximate
analysis of the KAC was performed using a muffle
furnace, and the elemental analysis was carried out
by using a CHN analyzer (Perkin-Elmer, Series II,
2400).

2.4. Batch adsorption experiments

A predetermined amount of selected adsorbents
(02g of KAC) was added to 250 mL Erlenmeyer
flasks containing 200 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 120 strokes/min
and 30°C until equilibrium was achieved. Batch
adsorption experiments were carried out on common
variables of interest such as initial pH (3-11), initial
dye concentration (30400 mg/L), and contact time
(5-300 min) to determine the optimum conditions for
MB adsorption. The pH of MB solution was adjusted
by adding either 0.10 M HCl or 0.10 M NaOH to the
desired pH value by monitoring with a pH meter
(Metrohm, Model 827 pH Lab, Switzerland). After the
stirring, the supernatant was collected with a 0.20 um
Nylon syringe filter and the concentrations of MB
were monitored at a different time interval using an
HACH DR 2800 Direct Reading Spectrophotometer at
a wavelength of 661 nm. For the thermodynamic stud-
ies, similar procedures were applied at 313 and 323 K,
with the other factors keeping constant.
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3. Results and discussion
3.1. Physicochemical properties of KAC

The measured physicochemical properties of KAC
indicated that KAC has relatively low bulk density
(0.16 g/mL), ash content (3.56%), and moisture content
(9.37%). This observation indicates that KAC has high
carbon content (62.53% form proximate analysis and
73.73% from ultimate analysis), and low volatile mat-
ter (24.54%). KAC also gives a good iodine number of
538 mg/g.

3.2. Characterization of KAC

The SEM micrographs of KAC samples before and
after MB adsorption are shown in Fig. 1(a) and (b),
respectively. The image shows that the surface of
KAC before adsorption is highly heterogeneous. Pores
with different size and shape are also clearly visible.
The pores are produced due to the evaporation of the

Fig. 1. Typical SEM micrograph of KAC particle (3.0 KX
magnifications): (a) before MB adsorption and (b) after MB
adsorption.
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activating agent from the activated carbon during the
activation process [31]. Therefore, large number of MB
molecules could easily diffuse and are trapped into
the pore structure of KAC. This assumption was sup-
ported by Fig. 1(b) where the surface of KAC after MB
adsorption became denser and less open pores are
seen on the surface of KAC due to loading of MB
molecules on the KAC surface.

For the interpretation of functional groups, FT-IR
spectral analysis was performed. FI-IR analysis of
KAC before MB adsorption in Fig. 2(a) shows bands
at 1,550, 1,064, 1,007, and 623 cm™ ! which are charac-
teristic of stretching vibrations for carboxylate, alkane,
secondary cyclic alcohol, and alkene groups, respec-
tively. After MB adsorption as in Fig. 2(b), new peak
appeared and many functional groups are either fre-
quency shifted or attenuated. New band appear at
2,884 attributed to the aliphatic C-H stretching such in
an aromatic methoxyl group, methyl, and methylene
groups of side chains. The peaks at 1,550, 1,007, 814,
and 614 shifted to lower bands of 1,546.31, 1,007.50,
814, and 611 cm}, respectively, while the peak at
879 cm ™" shifted to higher bands of 879 cm™". The pos-
sible functional groups of KAC that contribute to
interactions with MB cations are the O-H and -COOH
groups.

The charge of KAC surface was identified by point
of zero charge (pHpzc) analysis. The pHpyzc of the
KAC was 4.2 (Fig. 3). Below the pHpzc value, surface
of KAC is positively charged, favoring the adsorption
of anions, and above the pHpyzc value the KAC has a
negative surface charge, promoting the adsorption of
cations.
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Fig. 2. FT-IR spectra of KAC (a) before MB adsorption and
(b) after MB adsorption.
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Fig. 3. pHpzc of KAC suspensions.

3.3. Batch adsorption studies
3.3.1. Effect of pH

The pH of the solution influences not only the
solution dye chemistry, but also the surface charge of
the adsorbent. Fig. 4 illustrates the effect of pH on the
adsorption capacity which ranges from pH 3-11. The
MB uptake (g.) onto KAC was not affected by pH
within the range due to buffering effect of the adsor-
bent [32]. Similar observations have been reported for
the adsorption of methylene blue by Parthenium hys-
terophorus [33] and sawdust [34]. Therefore, the pH
value of unadjusted MB solution (pH 5.6) was used
for this study.

30
27

24

21

q,(mgg)
I

Initial pH

Fig. 4. Effect of pH on the adsorption capacity of MB by
KAC. ([MB], =100 mg/L, V =100 mL, T =303 K, shaking
speed = 120 strokes/min and contact time = 60 min and
KAC mass = 0.10 g).
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3.3.2. Effect of initial dye concentration and contact
time

The effect of adsorption capacity with contact time
was investigated with the initial MB concentration that
ranged from 30 to 400 mg/L, as shown in Fig. 5. The
amount of MB adsorbed on the KAC at equilibrium
increased rapidly from 27.6 to 147.5mg/g with the
increase of initial dye concentration from 30 to
400 mg/L. This is attributed to an increase of the colli-
sion rate between MB cations and KAC surface at
higher initial dye concentration. Hence, more MB
cations were transferred to the KAC surface. More time
was needed to reach equilibrium at higher dye concen-
tration as there was a tendency for the adsorbate to
penetrate deeper within the interior surface of the
KAC and occupancy of more active adsorption sites.

3.3.3. Effect of temperature on dye adsorption

Temperature is one of the parameters influenced
the adsorption of MB onto KAC. The temperature
effect on the adsorption capacity of KAC was tested at
303, 313, and 323 K with the initial concentrations of
30-400 mg/L. Based on the graph plotted in Fig. 6, it

=6=C0=400 mg/L
== Co0=350 mg/L

=#=C0=300 mg/L
160

=@—Co=250 mg/L =a=Co=100 mg/L
=¥=C0=200 mg/L. =fl=Co=50 mg/L
=>=Co0=150 mg/L. =#=Co=30 mg/L

140

120

100

80

q,(mg g1

60

40

20 §

0 50 100 150 200 250 300
Time (min)

Fig. 5. Effect of initial dye concentration and contact time
on the adsorption capacity of MB by KAC. (V =200 mL,
pH 6, T=303K, shaking speed =120 strokes/min, and
KAC mass = 0.20 g).
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is obvious that the adsorption capacity increase with
increasing temperature at all MB concentration stud-
ied. The adsorption capacity of the KAC increased
from 147.1 to 151.5 mg/g as the temperature increased
from 303 to 323 K. The observed results in Fig. 6 indi-
cate that the adsorption process of MB onto KAC was
favored at higher temperature, in agreement with an
endothermic adsorption process.

3.4. Adsorption kinetics

The rate and mechanism of the adsorption process
was evaluated using two different kinetic models,
namely pseudo-first-order (PFO) model and pseudo-
second-order (PSO) model. The PFO model was pro-
posed initially by Lagergren and Svenska [35] and its
linearized form is generally expressed by Eq. (1) as
follows:

In(ge — q¢) = In ge — kyt ey

where g. (mg/g) and g; (mg/g) are the amount of MB
adsorbed by KAC at equilibrium and time ¢, respec-
tively; while k; (1/min) is the PFO model rate con-
stant. The values of k; and ... can be determined
from the slope and intercept of In(g. — g4 vs. t, respec-
tively (Fig. 7(a)). The linear form of the PSO model
[36] is given by Eq (2):

180
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30 50 100 150 200 250 300 350
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Fig. 6. Effect of temperature on the equilibrium adsorption
capacity of KAC at different initial MB concentrations.
(V=200 mL, pH 6, shaking speed =120 strokes/min and
KAC mass = 0.20 g).
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Fig. 7. Kinetic profiles for the adsorption of MB onto KAC
at variable temperature: (a) pseudo-first-order and (b)
pseudo-second-order.
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where k, (g/mg min) is the PSO rate constant. The
values of k; and geca Were calculated from the inter-
cept and slope of t/q; vs. t, respectively. The plotted
graph is shown in Fig. 7(b).

The Kkinetic parameters of the two models are
shown in Table 1 along with its linear regression coef-
ficients, R% It can be observed that the R? values are
greater (R*>0.99) for the PSO kinetic model.
Moreover, its geca values are in agreement with the
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values of ge,exp Therefore, PSO kinetic model shows a
better fit compared to the PFO kinetic model for the
adsorption of MB onto KAC surface. The best analysis
of kinetic data by the PSO model suggested that the
rate-controlling step is chemisorption involving
valence forces through the exchange or sharing of
electrons between the adsorbate molecules and the
surface functional groups of adsorbent [23]. The PSO
kinetic model was also implied on adsorption of MB
onto activated carbon prepared from palm date seed
[37] and apricot stones [38].

3.5. Adsorption isotherms

Adsorption isotherms provide a useful description
of the interaction between adsorbates and adsorbents,
where the equilibrium distribution of adsorbate mole-
cules occurs between the liquid and solid phases [39].
From the equilibrium data, the linear Langmuir and
Freundlich isotherm models were evaluated. Lang-
muir isotherm [40] describes the monolayer adsorption
process for uniform adsorption sites which can be
expressed in Eq. (3):

Ce 1 1
= + —C 3)
e dm KL Jm

where C, is the equilibrium concentration (mg/L) and
ge is the amount adsorbed species per specified
amount of adsorbent (mg/g), Ky is the Langmuir equi-
librium constant, and gy, is the amount of adsorbate
required to form an adsorbed monolayer. Hence, a
plot of C./ge vs. Ce should be a straight line with a
slope (1/4m) and an intercept as (1/gm Ki) as shown
in Fig. 8(a).

Table 1

Comparison of the pseudo-first-order (PFO) and pseudo-
second-order (PSO) models for the adsorption of MB on
KAC at variable temperature

Temperature (K)

303 313 323
Jeexp 125.11 122.37 132.88
PFO
Gecal 48.50 53.90 76.62
k; (min™Y) 0.0167 0.0218 0.0194
R? 0.921 0.857 0.936
PSO
Je,cal 120.48 128.21 136.99
ko, x 1072 0.65 1.19 0.8
R? 0.992 0.998 0.999
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Fig. 8. Langmuir isotherm for the adsorption of MB onto
KAC at variable temperature: (a) Langmuir and (b)
Freundlich.

Freundlich isotherm [41] describes the multilayer
adsorption process on heterogeneous adsorption sites,
which can be expressed in Eq. (4):

Ing.=InKg + %m Ce 4)

where C. is the equilibrium concentration of the
adsorbate (mg/L), g. is the amount of adsorbate
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adsorbed per unit mass of adsorbent (mg/g), K¢ and n
are Freundlich constants where n indicates the relative
favorability of the adsorption process. The affinity
constant, Kg (mg/g (1/mg)'’", relate to the adsorption
capacity of the adsorbent which can also be defined as
the adsorption or distribution coefficient, and repre-
sents the quantity of dye adsorbed onto activated car-
bon for a unit equilibrium concentration. The plot of
In ge vs. In C, yields a straight line with slope of 1/,
whereas; Kr was calculated from the intercept value as
illustrate in Fig. 8(b).

The parameters of the these models were calculated
and summarized in Table 2 where it is observed that the
Langmuir isotherm model provides a better description
of the adsorption process according to the R* values at
all studied temperatures. The results suggest that the
adsorption takes place on homogeneous sites that are
identical and energetically [42]. KAC shows relatively
high adsorption capacities for MB. The calculated gmax
was found to be 147.1, 151.1, and 151.1 mg/g at tempera-
ture of 303, 313, and 323 K, respectively. In addition,
the gmax of KAC is favorably high in comparison to
other activated carbon reported in the literature (cf.
Table 3). Therefore, KAC has proven here to be an effec-
tive adsorbent and should be a possible precursor for
the production of activated carbon.

3.6. Adsorption thermodynamics

The adsorption thermodynamic parameters of MB
onto KAC were computed from the experimental data
conducted at 303, 313, and 323 K. The changes in Gibbs
free energy (AG®), enthalpy (AH®), and entropy (AS®)
were calculated using the following Egs. (5)—(7) [22]:

qe
Kg =12
d C. 5)
AG° = —RT'In Ky (6)
AS°  AH°
InKe =2 ~%&t @

where K4 is the distribution coefficient, g, is the con-
centration of MB adsorbed on KAC at equilibrium
(mg/L), C. is the equilibrium concentration of MB in
the liquid phase (mg/L), R is the universal gas con-
stant (8.314 J]/mol K), and T is the absolute tempera-
ture (K). The values of AH® and AS° were calculated
from the slope and intercept of van’t Hoff plots of
In Ky vs. 1/T, respectively.

The thermodynamic parameters are listed in
Table 4. The value for AG®, energy for physisorption
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Table 2
Isotherm parameters for removal of MB by KAC at variable temperatures

L ir isoth
Temperature (K) angmuir isotherm

Im (mg/g) Kp (L/mg) R?
303 147.1 0.1099 0.989
313 151.5 0.1325 0.987
323 151.5 0.1667 0.992

Freundlich isotherm

K ((ng/g) (L/mg)""") 1/n R?
303 68.2 0.134 0.954
313 73.8 0.128 0.874
323 82.8 0.127 0.887
Table 3
Comparison of adsorption capacities for MB adsorption onto different activated carbons prepared by various activation
agents
Activated carbon Activating agent Adsorbent dosage (g) pH Temperature (K) gmax (mg/g) Refs.
Coconut leaves KOH 0.10/100 mL 6 303-323 147.1-151.1  This Study
Pistachio nut shell KOH 0.10/100 mL 10 298 296.57 [43]
Coconut leaves H,SO, 0.15/100 mL 6 303-323 129.9-149.3 [6]
Safflower biochar ZnCl, 0.40/100 mL 6.5 303 128.2 [44]
Euphorbia rigida H,S50, 0.20/100 mL 6 303 109.98 [45]
Waste apricot ZnCl, 0.20/100 mL 6 303 102.04 [46]
Cola nut Shells ZnCl, 0.1/100 mL 6 303 87.12 [47]
Crescentia cujete fruit shell H,SO, 0.2/100 mL 6 303 66.66 [48]
Rosa canina sp. seeds ZnCl, 0.2/100 mL 6.5 293 47.20 [49]
Sunflower oil cake H,S0, 0.2/100 mL 6 298 10.12 [50]

Table 4

Thermodynamic parameters values for the adsorption of MB onto KAC

Thermodynamics parameters
Temperature (K) y P

kq AG® (k] /mol) AH® (k] /mol) AS° (J/mol K) E. (kJ/mol)
303 28.61 —8.95 139.73 490.72 8.43
313 313.03 -13.86
323 875.67 -18.77

ranges from —20 to 0kJ/mol, the physisorption
together with chemisorption falls at the range of —20
to —80 kJ/mol and chemisorption is in the range of
—80 to —400 kJ/mol [51]. The values of AG®° of MB
adsorption at the temperature of 303, 313, and 323 K
were determined as —8.95, —13.86, and —18.76 kJ/mol,
respectively. The negative values of AG® indicate spon-
taneous and favorable methylene blue adsorption onto
the surface of KAC.

The enthalpy for physisorption is generally below
0 kJ/mol, while for the chemisorption is in the range
of =80 to —420 kJ/mol [52]. The calculated AH® value
was +139.73 kJ/mol, indicating that the adsorption
process is endothermic in nature and follows a
physisorption mechanism. The positive value of AS®
(490.72 KJ/mol K) shows that the affinity of KAC to
MB and its randomness at the solid/solution interface
increases during the adsorption process [53].
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3.7. Activation energy of adsorption

The Arrhenius relationship was used to evaluate
the activation energy of adsorption representing the
minimum energy that reactants must possess for the
reaction to proceed:

E,
In kz—lnA—ﬁ 8)

where k, is the rate constant obtained from the PSO
model, E, the Arrhenius activation energy of adsorp-
tion, A the Arrhenius pre-exponential factor, R the gas
constant, and is equal to 8.314]/mol K, and T is
temperature (K).

The value of E, range from 5 to 40 kJ/mol indi-
cates a physisorption mechanism. Meanwhile, higher
range from 40 to 800 kJ/mol suggests that chemisorp-
tion mechanism takes place [54]. According to the
experimental E, (8.43 kJ/mol) obtained, the adsorption
of MB on the surface of KAC followed the physisorp-
tion mechanism. This physisorption mechanism of
methylene blue onto the KAC surface is in agreement
with thermodynamic results in Table 4.

4. Conclusion

The results indicated that KAC is an efficient adsor-
bent for MB adsorption. The optimum adsorption con-
dition can be achieved at 0.2 g of KAC dosage and pH
6.0. The adsorption experiments indicated that the PSO
model provided the best kinetic model for the system.
On the other hand, the adsorption equilibrium data
were better simulated by the Langmuir model with
maximum adsorption capacity of 147.1, 151.5, and
151.5 mg/g were obtained at 303, 313, and 323K,
respectively. The thermodynamic parameters indicate
that the adsorption process is endothermic and driven
by entropy to yield a spontaneous adsorption process.
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