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Palm shell derived activated carbon was utilized as a potential adsorbent to remove rhodamine B (RB) from
aqueous solution. Activated carbon was prepared from palm shell through a physiochemical activation process
to yield a sample with a Brunauer-Emmett-Teller (BET) surface area of 476.8 m2 ·g-1. The ability of the
prepared activated carbon for dye adsorption was examined in a series of batch experiments. The effect of
various process parameters such as initial dye concentration [(41.8 to 208.8) µmol ·L-1], solution pH (3 to
11), and temperature [(30 to 50) °C] on the adsorption capacity of the adsorbent was investigated. Various
adsorption isotherms (Langmuir, Freundlich, and Temkin) were used to interpret the experimental data.
The obtained sorption data were reasonably described by the Langmuir model. The Temkin isotherm confirmed
the presence of a repulsive lateral interaction in the adsorbent surface. Pseudofirst- and second-order kinetic
models were used to predict the kinetics of the adsorption process. The obtained results revealed that the
adsorption of RB on activated carbon followed a pseudosecond-order kinetic model. A maximum dye removal
efficiency of 95 % was achieved at an initial dye concentration of 62.6 µmol ·L-1, pH of 3, and temperature
of 50 °C.

Introduction

Dyes and pigments are widely used in various industries to
color the final product. They are applied in chemical laboratories
for analytical purposes and also in many biomedical and
biological laboratories as biological stain.1 Rhodamine B (RB)
is one of the most important dyes within the category of
dyestuffs, which has been extensively used as a colorant in the
textile and food industries and also as a biological stain in
biomedical laboratories.2,3 Currently, the use of this compound
in foods and cosmetics is banned4 as it contains four N-ethyl
groups at either side of a xanthene ring which makes it toxic
and carcinogenic. The treatment of effluents containing such
compounds is of utmost importance due to the environmental
impact created by such wastewaters.

Several approaches have been found in the literature dealing
with the removal of RB from industrial and biological effluents.
Photocatalytic degradation,5-12 ultrasonic decomposition,3,13

sonochemical degradation,14,15 microbiological decomposi-
tion,16-19 ion flotation,1 liquid-liquid extraction through mem-
brane technology,2,20 and adsorption on various inorganic or
organic matrices are some of the applied techniques in this area.
A survey of the literature revealed that most research conducted
in this field refers to photocatalytic degradation, and little
attention has been paid to the adsorption technique. Although
adsorption may appear to be a costly method, the use of low
cost materials as adsorbent makes the adsorption process cost-
effective.21

Activated carbons have shown great potential for dye removal
due to properties such as large surface area, microporous
structure, and high adsorption capacity.22 The high cost of
activated carbon promotes the search for cheap materials mainly
derived from biological origin. It has been proved that ligno-
cellulosic biomasses are attractive resources for the preparation
of carbonaceous materials implemented in adsorption pro-
cesses.21 The eco-friendly nature of lignocellulosic biomasses,
their availability, and low cost are the main advantages of these
resources, which makes them a suitable precursor for activated
carbon preparation.22 Various lignocellulosic biomasses such
as Jute stick,23 coconut coir pith,24 Bagasse pith,25 sawdust, and
sugar cane22 have been used naturally or in the form of activated
carbon to remove RB from the aqueous phase through the
adsorption process.

Palm shell is a waste material originating in significant
amounts from the palm oil industry. Malaysia is the largest
producer and exporter of palm oil in the world. Annually, 4.6
million tons of palm shell is generated as the byproduct of the
palm industry in Malaysia.26,27 Although part of the generated
palm shell is utilized as fuel to generate process steam in palm
processing mills, large quantities still have no specific use.26,28

They are burnt in the open air or dumped which generates black
smoke and serious environmental problems.

The large amount of palm shell generated in Malaysia can
be utilized as a potential carbonaceous source for the preparation
of activated carbon for adsorption applications. The present
study aims to investigate the removal of RB from aqueous
solution using palm shell derived activated carbon. The fabri-
cated activated carbon was characterized in terms of mi-
croporosity and surface area, and then it was used to remove
RB from aqueous solution. The effect of various operational
parameters (dye concentration, solution pH, and temperature)
on dye removal efficiency was examined. Also, several adsorp-
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tion isotherms and kinetic models were used to interpret the
experimental data.

Materials and Method

Adsorbent Raw Material. Palm shells were obtained from a
local palm oil mill in Nibong Tebal, Malaysia. They were dried,
crushed, and sieved to a particle size of (1 to 2) mm. The
grounded palm shells were washed and oven-dried at 110 °C
for 48 h.

Preparation of ActiWated Carbon. Palm shell like all ligno-
cellulosic biomass comprises of three main natural polymers
of cellulose (29 %), hemicellulose (17 %), and lignin (54 %).27

Lignin is an aromatic polymer in the cell wall of woody biomass
that cements the cellulosic fibers in plants.21 The high lignin
content of palm shell makes it hard, and a conventional physical
or chemical activation process may not easily convert it to
activated carbon. Therefore, in this study physiochemical
activation was used as an effective technique, to prepare
activated carbon from palm shell.

Figure 1 shows the schematic representation of the experi-
mental setup. It consisted of a 310 stainless steel reactor (4 cm
diameter and 40 cm length) equipped with a vertical tubular
furnace. The batch experiments were conducted by loading
100 g of raw palm shell in the reactor. The carbonization process
was performed under a N2 flow of 500 mL ·min-1. The
temperature of the reactor was increased at a rate of 15 °C ·min-1

until it reached the carbonization temperature of 900 °C and
was kept at this temperature for 1 h.26,28 Selection of the
carbonization temperature was based on the degradation profile
of lignocellulosic biomass. Although the decomposition of
hemicellulose followed by cellulose takes place in a narrow
temperature range of (200 to 400) °C, the lignin decomposition
process continues to 900 °C.21 After carbonization, the samples
were cooled down to room temperature under the N2 flow. The
carbonized samples were impregnated in NaOH (2 M) solution

for 12 h. The NaOH solution was used as a chemical agent
which causes the swelling of the carbonized shells. It also creates
some porosity inside the chars and inhibits particle narrowing
during the next heat treatment process.21 The chemically
activated shells were rinsed with distilled water until a neutral
pH in the filtrate was achieved. Then, the samples were oven-
dried at 110 °C for 3 h. In the next step, physical activation
was carried out using CO2 to develop the microporosity of the
char and make it suitable for the adsorption process. This process
was conducted while the chemically activated chars were
reloaded in the reactor under a N2 flow of 500 mL ·min-1 until
the temperature reached 900 °C. Then, the N2 flow was stopped,
and a CO2 flow of 500 mL ·min-1 was introduced into the
column for 3 h. After that, the activated carbons were cooled
to room temperature under N2 flow. The so prepared activated
carbons were kept in a desiccator for dye removal applications.

Characterization of the ActiWated Carbon. The activated
carbon samples were characterized in terms of surface area and
micropore volume by N2 adsorption at 77 K in a Quantachrome
Autosorb automated gas sorption system. The Brunauer-
Emmett-Teller (BET) equation was used to measure the surface
area. The micropore surface area was determined using the
Dubinin-Radushkevich (DR) equation. To calculate the mi-
cropore volume and pore size distribution (PSD), density
functional theory (DFT) was applied.26,29 A Fourier transform
infrared (FTIR) spectrum was recorded over the frequency range
of (4000 to 400) cm-1 using a PerkinElmer FTIR 2000
spectrometer. Thermogravimetric analysis (TGA) was carried
out using a TG analyzer model STDQ 600 at a heating rate of
10 °C ·min-1 under a nitrogen flow of 10 mL ·min-1.

Adsorption Experiments. Batch sorption experiments were
carried out using RB as adsorbate and palm shell derived
activated carbon as adsorbent. RB was used as a coloring agent
to prepare a stock dye solution of 2087.7 µmol ·L-1 (1 g ·L-1).
This solution was consequently diluted to prepare the required
concentration of (41.8 to 208.8) µmol ·L-1 [(20 to 100) mg ·L-1].
Dye removal experiments were conducted in a series of 250
mL Erlenmeyer flasks. A 100 mL aliquot of the dye solution
was transferred to the flasks which contained 1 g of the activated
carbon. The flasks were covered with parafilm and placed in a
thermostatic shaker bath (Memmert, Germany) which was set
at 100 rpm. Samples were taken at defined time intervals to
determine the equilibrium concentration. The activated carbon
was separated from the samples, and the supernatants were
subjected to analysis. The absorbance of the samples was
analyzed using a spectrophotometer (Thermospectronic, USA).
A calibration curve was developed for a range of dye solutions
with defined concentrations. Maximum absorbance was found
to be at wavelength of 553 nm for RB. The residual dye
concentration of the samples was determined using the calibra-
tion curve. The effect of various operational parameters of initial
dye concentration, temperature, and pH on dye removal ef-
ficiency was examined. Dilute solutions of HCl (0.1 M) and
NaOH (0.1 M) were used to adjust the pH to the desired values.
In each set of experiments, the dye concentration of the samples
was determined, and the dye removal efficiencies were calculated.

Results and Discussion

Characterization of the ActiWated Carbon. The textural
characterization of the activated carbon was performed by N2

adsorption, and the analysis result for the adsorption/desorption
isotherms is depicted in Figure 2. The isotherm shows a type
IV isotherm with a clear hysteresis loop, which is a typical
characteristic of mesoporous materials. The hysteresis loop is
observed wherever capillary evaporation in the mesopores occurs

Figure 1. Schematic representation of the experimental setup for the
preparation of activated carbon.
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at a lower relative pressure than capillary condensation. The
PSD which generally represents the structural homogeneity of
activated carbon is shown in Figure 3. The PSD of the fabricated
activated carbon confirms the presence of micropores (< 2 nm)
and mesopores (< 50 nm)30 in the activated carbon structure.
The other textural properties of the prepared activated carbon
are tabulated in Table 1.

ThermograWimetric Analysis (TGA). Figure 4 shows the
thermogravimetric (TG) curves obtained for palm shell-based
activated carbon under N2. The typical TG curves of activated
carbon consist of two stages corresponding to dehydration and
active pyrolysis. The weight loss of activated carbon in the range
of (50 to 100) °C can be confidently attributed to the release of
adsorbed water, but the main weight loss started around 500
°C and continued to 900 °C. The weight loss in this range was
probably due to the decomposition of stable surface oxygen
groups such as carboxyl, ethers, and hydroxyls present in the
structure of the activated carbon.31

FTIR Studies. Adsorption capacity is one of the important
parameters in evaluating the performance of activated carbon.
Adsorption capacity depends on the porosity of the activated

carbon as well as the reactivity of its surface functional groups.
Generally, carbonaceous materials contain surface complexes
of heteroatoms such as oxygen, nitrogen, and hydrogen. The
adsorptive properties of the adsorbent are significantly modified
in the presence of such surface complexes. These heteroatoms
create some degree of polarity on the carbon surface and thus
improve the interaction of the carbon with polar materials.
Oxygen surface groups which are mainly developed during the
activation process are the most important surface groups that
influence the surface properties and adsorptive behavior of the
activated carbon.32

To obtain knowledge of the surface functional groups of the
fabricated activated carbon, FTIR analysis was applied. Figure
5 shows the FTIR spectra of the pure activated carbon, RB,
and the intercalate RB-activated carbon. The spectrum of pure
activated carbon indicated the presence of an -OH stretching
band at (3300 to 3500) cm-1 that from the literature is one of
the most observed peaks in activated carbons.33 The wide peak

Figure 2. N2 adsorption/desorption isotherms of the prepared activated
carbon (N2 900 °C/1 h, NaOH/12 h, CO2 800 °C/3 h); [, adsorption and
0, desorption.

Figure 3. Pore size distribution of the prepared activated carbon (N2 900
°C/1 h, NaOH/12 h, CO2 800 °C/3 h).

Table 1. Textural Characteristics of the Palm Shell-Based Activated
Carbon

parameter obtained value

BET surface area, SBET/m2 · g-1 476.8
micropore surface area, SDR/m2 · g-1-1 569.8
total pore volume, Vt/cm3 · g-1-1 0.460
micropore volume, Vmic/cm3 · g-1 0.313
mesopore volume, Vmes/cm3 · g-1 0.147

Figure 4. TGA of the fabricated activated carbon.

Figure 5. FTIR spectra of (a) pure activated carbon, (b) the intercalate of
RB-activated carbon, and (c) RB.
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at (1540 to 1650) cm-1 shows the asymmetric stretch of the
carboxylate (-COO-) group,34 and the broad peak at 1046 cm-1

represents the C-O-C functional group.33 The small peaks
located at (400 to 700) cm-1 could be the C-H out-of-plane
bending in benzene derivatives that is quite common for
activated carbon.33 All of these surface functional groups of
the activated carbon can interact with the dye molecules. Thus,
the adsorption of RB on the activated carbon may be attributed
to (i) chemical interaction between surface functional groups
and dye molecules, (ii) electrostatic interaction between the RB
molecules and electron-rich sites on the activated carbon surface,
and (iii) weak physical forces, mainly hydrogen bonding and
van der Waals interactions between the dye molecules and
activated carbon.35 Therefore, the adsorption of RB on the
activated carbon may follow a complicated pattern which
involves both physical and chemical adsorption. A similar
complicated behavior of dye molecules on the adsorbent surface
was also reported by Das et al.35 who investigated the adsorption
of RB on Rhizopus oryzae biomass. Figure 6 shows a schematic
representation of some RB-activated carbon interactions that
may be involved in the adsorption process. The adsorption of
RB on the activated carbon surface may originate from the
interaction between the carboxyl group of activated carbon and
the electronegative groups in RB, hydrogen bonding between
the hydroxyl group of activated carbon and the oxygen of the
xanthene ring, hydrogen bonding between the hydroxyl group
of the activated carbon and the aromatic ring in the RB
molecule, and electrostatic interaction between surface functional
groups and dye molecules.

Adsorption Isotherms. Adsorption isotherms are commonly
used to evaluate the performance of adsorbents in adsorption
processes. They describe the interaction between adsorbate and
adsorbent and also represent the surface properties of the
adsorbent.36 In this study, various adsorption isotherms (Lang-
muir, Freundlich, and Temkin) were used to interpret the
obtained experimental data.

The Langmuir isotherm which represents monolayer coverage
of the adsorbate on the adsorbent surface is expressed as
follows:37

where Ce is the equilibrium concentration of RB in the aqueous
phase (mol ·L-1), KL is the Langmuir adsorption constant
(L ·mol-1), qmax is the maximum adsorption capacity of the
adsorbent (mol ·g-1), and qe is the amount of RB adsorbed per
mass of adsorbent at equilibrium (mol · g-1). The Freundlich
isotherm indicates surface heterogeneity of the adsorbent as well
as multilayer coverage on the surface. The linearized form of
this isotherm is given as:38

where n shows the adsorption intensity in the Freundlich
equation and KF is the Freundlich adsorption capacity
[(mol ·g-1) · (L ·g-1)1/n]. To study the heat of adsorption and
adsorbate-adsorbent interaction on the adsorbent surface, the
Temkin isotherm is applied. Equation 3 shows the linearized
form of this isotherm:25

where B1 is the Temkin adsorption constant and KT is the
equilibrium binding constant (L ·mol-1).

Table 2 tabulates the obtained isotherm constants and
coefficients which were calculated from the slope and intercept
of the linearized models. Among the implemented adsorption
isotherms, the best fit was obtained with the Langmuir isotherm
with a regression coefficient, R2 of 0.9751. The experimental

Figure 6. Schematic representation of RB adsorption on the activated carbon surface: green b, oxygen; red b, nitrogen; gray b, carbon; purple b, hydrogen.
(a) Interaction between the carboxyl group of activated carbon and the electronegative groups in RB, (b) hydrogen bonding between the hydroxyl group of
activated carbon and the oxygen of the xanthene ring, (c) hydrogen bonding between the hydroxyl group of the activated carbon and the aromatic ring in
the RB molecule, and (d) electrostatic interaction between surface functional groups and dye molecules.

Ce

qe
) 1

KLqmax
+

Ce

qmax
(1)

log qe ) log KF + 1
n

log Ce (2)

qe ) B1 ln KT + B1 ln Ce (3)
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data were fairly well fitted by the Temkin isotherm (R2 )
0.9116) but did not show good agreement with the Freundlich
model (R2 ) 0.8659).

Figure 7 shows the linearized Temkin adsorption isotherm
applied to the experimental data. It is a plot of qe versus ln Ce

where coefficients B1 and KT are easily obtained from the slope
and intercept of the linearized isotherm. On the basis of the
Temkin adsorption isotherm, the heat of adsorption linearly
decreases as the thickness of the dye layer on the adsorbent
gradually increases, which results from reduced adsorbate-
adsorbent interaction. This model also assumes uniform distri-
bution of binding sites on the surface of the adsorbent.39 The
linear plot of this isotherm shows a negative slope which implies
the existence of a repulsive lateral interaction in the adsorption
layer.40,41 At first the dye molecules occupy the active sites on
the carbon surface. As the dye coverage of the surface increases,
the repulsive lateral interaction between the neighboring dye
molecules reduces the adsorption capacity. In fact, the bond
weakening which arises from the repulsive lateral interaction
of the RBads-RBads reduces the RB-activated carbon surface
bond energy and causes the desorption of dye molecules from
the adsorption layer.

The linearized form of the Langmuir equation is depicted in
Figure 8 which is a plot of Ce/qe versus Ce. This plot has led to
a straight line with the slope of 1/qmax and intercept of 1/KL ·qmax.
To assess the Langmuir isotherm, a dimensionless equilibrium
parameter RL is used. This parameter (RL) is expressed by the
following equation:42

where KL is the Langmuir constant and Co is the initial dye
concentration. The value of RL > 1 represents an unfavorable,
RL ) 1 linear, 0 < RL < 1 favorable, and RL ) 0 irreversible
adsorption process. In this study, RL values of 0.3179, 0.2374,

0.1892, 0.1348, 0.1045, and 0.0853 were obtained for initial dye
concentrations of (41.8, 62.6, 83.5, 125.3, 167.1, and 208.8)
µmol ·L-1, respectively, which indicates favorable adsorption for
all dye concentrations. The obtained experimental data were fairly
well-described by the Langmuir isotherm which represents mono-
layer adsorption of the dye molecules on the adsorbent.25,36,43

Monolayer adsorption was also confirmed by the deviation of
the experimental data from the Freundlich isotherm (see Figure
9), which shows multilayer coverage of the adsorbent. The
Langmuir isotherm also represents a homogeneous surface of
the fabricated activated carbon in terms of functional groups
and bonding energy.36 A uniform distribution of binding sites
on the fabricated adsorbent surface was also confirmed by the
Temkin isotherm.

Kinetic Studies. Kinetic models have been proposed to
determine the mechanism of the adsorption process which
provides useful data to improve the efficiency of the adsorption
and feasibility of process scale-up.43 Physical and chemical
properties of the adsorbents as well as mass transfer processes
are some influential parameters to determine the adsorption
mechanism. In the present investigation, the mechanism of the
adsorption process was studied by fitting pseudofirst- and
second-order reactions to the experimental data. The Lagergren
pseudofirst-order model is given by the following equation:44

where qe and qt are the sorption capacities at equilibrium and
time t, respectively (mol ·g-1), and k1 represents the rate constant
of the pseudofirst-order kinetic model (min-1). The data obtained
for sorption of RB on activated carbon based on the pseudofirst-
order kinetic model showed that the adsorption kinetics were
not in a good agreement with the pseudofirst-order model. The

Figure 8. Langmuir isotherm for RB adsorption on activated carbon (C0 )
(41.8 to 208.8) µmol ·L-1; T ) 30 °C; pH ) 4.5).

Figure 9. Freundlich isotherm for RB adsorption on activated carbon (C0

) (41.8 to 208.8) µmol ·L-1; T ) 30 °C; pH ) 4.5).

Table 2. Constants and Coefficients of Various Applied Isotherms

adsorption isotherm parameter obtained value

Langmuir qmax/mol · g-1 2.92 · 10-6

KL/L ·mol-1 -5.13 ·104

R2 0.9751
Freundlich KF/ [(mol · g-1) · (L · g-1)1/n] 1.64 · 10-7

n 3.82
R2 0.8659

Temkin B1 -5 · 10-7

KT/L ·mol-1 403.43
R2 0.9116

Figure 7. Temkin isotherm for RB adsorption on activated carbon (C0 )
(41.8 to 208.8) µmol ·L-1; T ) 30 °C; pH ) 4.5).

RL ) 1
(1 + KLC0)

(4)

ln(qe - qt) ) ln(qe) - k1t (5)
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inapplicability of the Lagergren model to describe the kinetics
of RB adsorption was also reported by Lata et al.38 who
investigated the adsorption of this dye on chemically activated
Parthenium biomass.

The linearized form of the pseudosecond-order kinetic model
is represented as follows:44

where qe and qt are the sorption capacities at equilibrium and
time t, respectively (mol ·g-1), and k2 is the equilibrium rate
constant of the pseudosecond-order adsorption (g ·mol-1 ·h-1).
Table 3 summarizes the parameters and coefficients of the
pseudosecond-order kinetic model applied to the experimental
data. Results show that the values of R2 were close to unity for
most cases, and the calculated values of qe were in agreement
with the experimental data. As the pH of the solution increased
from 3 to 11, the sorption coefficient decreased from (8.35 to
4.26) · 105 g ·mol-1 · h-1, and the adsorption capacity also
decreased from (6.35 to 2.94) µmol ·g-1, which confirmed the
validity of the obtained experimental results. Increasing the
temperature from (30 to 50) °C improved the adsorption
capacity, and sorption coefficients as such trends were expected
from previous experiments. The variations of theoretical qe with
concentration were also in the same trend as the experimental
ones. The values of the sorption coefficient also decreased from
(7.44 to 1.48) ·105 g ·mol-1 ·h-1, as the initial RB concentration
was increased from (41.8 to 208.8) µmol ·L-1. Such agreement
between the obtained experimental data and calculated param-
eters implies that the adsorption of RB on activated carbon
follows a pseudosecond-order kinetic model.

Thermodynamic Studies. The thermodynamic parameters of
∆G, ∆H, and ∆S for the adsorption of RB on activated carbon
were calculated based on the following equations:

where R is the gas constant, T is the absolute temperature, and
KC is the equilibrium constant which is obtained from the
following equation:

where CA and CS are the equilibrium concentration of dye on
the adsorbent and in the solution. The standard enthalpy and
entropy of the adsorption process can be calculated from the
van’t Hoff equation:25

The values of ∆H and ∆S are easily obtained from the linear
plot of ln KC versus 1/T. The linearized form of the van’t Hoff
equation is depicted in Figure 10. A positive value of enthalpy
change (∆H ) 6200 J ·mol-1) indicates the endothermic nature
of the adsorption process. In endothermic processes where the
reaction is not favored energetically, a favorable change in
entropy may provide the necessary driving force. Thus, the
positive value of entropy change (∆S ) 17.2 J ·mol-1 ·K-1)
shows the affinity of the fabricated adsorbent toward RB
molecules. The ∆G values of (-1161, -963, and -821)
J ·mol-1 were obtained for temperatures of (30, 40, and 50) °C,
respectively. The negative value of ∆G implies that the
adsorption process leads to a decrease in Gibbs energy and
confirms the spontaneous nature of the adsorption process.45

Although a positive value was obtained for the enthalpy and
entropy changes in the adsorption process, their small values
indicate the existence of an electrostatic repulsive force.31 In
this case, there exists a repulsive force between the charged
carbon surfaces and the RB ions which have the same charge
as the carbon surface. Such electrostatic repulsion causes the
weakening of the adsorption forces and increases the degree of
freedom of the RB molecules on the carbon surface. To
overcome such repulsive forces, the system must take some
energy from the environment to adsorb the RB ions on the

Figure 10. van’t Hoff equation for RB adsorption.

Table 3. Kinetic Parameters and Coefficients of the Pseudosecond-Order Reaction

parameter values

pseudosecond-order equation

qe(exp.)/mol ·g-1 qe(cal.)/mol ·g-1 k2/g ·mol-1 ·h-1 R2

concentration/µmol ·L-1 41.8 2.78358 ·10-6 2.86322 ·10-6 7.44042 ·105 0.9912
62.6 2.44171 ·10-6 2.65835 ·10-6 5.43759 ·105 0.9831
83.5 2.43563 ·10-6 2.55262 ·10-6 5.10353 ·105 0.9868

125.3 1.92067 ·10-6 2.41467 ·10-6 3.04621 ·105 0.9741
167.1 1.60056 ·10-6 2.26452 ·10-6 2.00607 ·105 0.9354
208.8 1.36395 ·10-6 1.61956 ·10-6 1.48126 ·105 0.9895

pH 3 5.9700 ·10-6 6.3496 ·10-6 8.3553 ·105 0.9999
5 2.90884 ·10-6 3.1183 ·10-6 6.4445 ·105 0.9974
7 2.78358 ·10-6 3.1118 ·10-6 4.2911 ·105 0.9968

11 2.76966 ·10-6 2.9432 ·10-6 4.2681 ·105 0.9999
temperature/°C 30 2.42171 ·10-6 2.55835 ·10-6 5.13759 ·105 0.9831

40 2.56089 ·10-6 2.7231 ·10-6 6.6898 ·105 0.9956
50 2.65832 ·10-6 2.7791 ·10-6 8.5687 ·105 0.9986

t
qt

) 1

k2qe
2
+ t

qe
(6)

∆G ) -RT ln KC (7)

KC )
CA

CS
(8)

ln KC ) -∆H
RT

+ ∆S
R

(9)
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activated carbon surface. Although such adsorption processes
are endothermic in nature, the electrostatic repulsion, which acts
against the adsorption force, leads to an endothermic process
with small values of enthalpy and entropy changes.

Effect of Initial Dye Concentration. Batch adsorption of RB
from aqueous solution was carried out, while the initial dye
concentration was varied in the range of (41.8 to 208.8)
µmol ·L-1. The variation of dye concentration with respect to
time is depicted in Figure 11. The obtained results revealed that,
after a contact time of 6 h, the amount of dye adsorbed on the
activated carbon did not change significantly. Therefore, this
time was considered as the equilibrium time in the rest of the
adsorption experiments. The equilibrium concentrations of (13.6,
39.2, 59.1, 105.1, 151.1, and 195.1) µmol ·L-1 were achieved
at 6 h for initial dye concentrations of (41.8, 62.6, 83.5, 125.3,
167.1, and 208.8) µmol ·L-1, respectively. It was found that the
dye removal efficiency of the fabricated adsorbent was not
considerable at a solution temperature of 30 °C and pH of 4.5.
This may originate from (i) the repulsive lateral interaction of
the RBads-RBads molecules in the adsorption layer whose
existence was confirmed by the negative slope of the Temkin
isotherm, (ii) an electrostatic repulsive force between the carbon
surface and the RB ions due to the charge similarity which was
discussed above, and (iii) the microporus structure of the
fabricated activated carbon. It is important to note that mi-
cropores are often the major contribution to the adsorption
capacity but the adsorbate molecule should be small enough to
penetrate into the micropores. For example, the molecular
diameter of methylene blue is around 0.8 nm, but the minimum
diameter of micropores that allow methylene blue to enter is
estimated to be around 1.3 nm.31 Thus, the average pore
diameter of the adsorbent should be approximately 2 to 3 times
that of the adsorbate for easy diffusion into the pores. The
molecular size of RB is around 1.8 nm,25 and the micropore
diameter is less than 2 nm. Therefore, most micropores were
unavailable to the RB molecules, and RB is likely adsorbed in
mesopores. Because of the large proportion of micropores (69
%) in comparison to mesopores (31 %) in the fabricated
activated carbon, a considerable adsorption capacity was not
achievable in the experiments.

Effect of Temperature. Figure 12 shows the effect of solution
temperature on adsorption capacity at various temperatures of
(30, 40, and 50) °C at a constant RB concentration of 62.6
µmol ·L-1. As illustrated in this figure, the amount of RB
adsorbed per mass of activated carbon increased as the tem-
perature was raised from (30 to 50) °C. The endothermic nature
of the adsorption process justifies the temperature dependence

of such a process. As explained earlier, an electrostatic repulsive
force is in contrast with the adsorption force on the activated
carbon surface. The system requires some energy from the
environment to overcome such repulsive forces and adsorb the
RB molecules on the carbon surface. At high temperatures, more
energy is provided for the system which is likely to facilitate
the attachment of RB on the carbon surface. As a result, the
adsorption capacity of the adsorbent improves at high temper-
ature. A similar trend was observed by Gad and El-Sayed25 who
investigated the adsorption of RB on bagasse pith derived
activated carbon in the range of (20 to 70) °C. Guo et al.46 also
studied the effect of temperature on RB adsorption on a rice
husk-based activated carbon. In their experiments, the solution
temperature was increased from (30 to 80) °C, and it was
observed that the adsorption capacity was significantly im-
proved. They concluded that the average pore size of the carbon
(2 nm) was close to the molecular size of RB (1.8 nm). Thus,
adsorption of the RB molecule at the pore entrance would have
caused a hindrance for the subsequent entrance of dye molecules.
As the temperature increased, the intraparticle diffusion rate of
the dye into the porous structure of carbon which is an
endothermic process was improved. As a result, the adsorption
capacity increased along with solution temperature.

Effect of Dye Solution pH. To investigate the effect of
solution pH on dye removal efficiency, the pH of the solution
was varied from 3 to 11, while the dye concentration was kept
constant at 62.6 µmol ·L-1. The obtained results are presented
in Figure 13. The achieved results showed that, as the pH was
increased from 3 to 11, the dye removal efficiency drastically
decreased from (95 to 40) % after a contact time of 6 h. It is
well-known that adsorption characteristics of the adsorbents are
significantly influenced by the pH of the solution.43 In fact, the
amount of dye adsorbed on the surface of the adsorbent is

Figure 11. Variation of RB concentration with respect to time at pH ) 4.5
and T ) 30 °C. [, C0 ) 41.8 µmol ·L-1; 9, C0 ) 62.6 µmol ·L-1; 2, C0

) 83.5 µmol ·L-1; ×, C0 ) 125.3 µmol ·L-1; /, C0 ) 167.1 µmol ·L-1; b,
C0 ) 208.8 µmol ·L-1.

Figure 12. Effect of temperature on adsorption capacity at C0 ) 62.6
µmol ·L-1 and pH ) 4.5. [, T ) 30 °C; 0, T ) 40 °C; 2, T ) 50 °C.

Figure 13. Effect of pH on RB removal efficiency at C0 ) 62.6 µmol ·L-1

and T ) 50 °C. [, pH ) 3; 0, pH ) 5; 4, pH ) 7; b, pH ) 11.
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influenced by the surface charge and consequently solution pH.
RB exists in two forms (cationic and zwitterionic) in polar
solvents as depicted in Figure 14. The transformation of the
cationic to zwitterionic form occurs at pH values of greater than
3.7 (pKa of RB) by deprotonation of the carboxyl group of the
cationic (RB+) form.16 Electrostatic interactions between the
xanthene and the carboxyl group of RB monomers causes
the aggregation of RB to form dimers and hinders the adsorption
of dye molecules into the pores.25,43 As a result, the amount of
dye adsorbed on the activated carbon decreased with an increase
in pH of the solution. Guo et al.46 studied the effect of pH on
RB adsorption using rice husk-based carbon and reported a pH
of 3.45 as the optimum pH at which maximum dye removal
was achieved.

Conclusion

Palm shell was utilized as a potential lignocellolusic waste
material to prepare activated carbon by physiochemical activa-
tion. The palm shell-based activated carbon was successfully
used in batch experiments to remove RB from aqueous solution.
The obtained results confirmed the dye removal ability of the
prepared activated carbon, as a maximum removal efficiency
of 95 % was achieved under appropriate conditions. The
equilibrium data were analyzed using various adsorption
isotherms. The achieved experimental data were fairly well-
represented by the Langmuir and Temkin adsorption isotherms.
Also, the best fit was obtained with a pseudosecond-order kinetic
model while investigating the adsorption kinetics.
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