
Research Article
Equilibrium, Kinetics, and Thermodynamics of Remazol
Brilliant Blue R Dye Adsorption onto Activated Carbon
Prepared from Pinang Frond

Mohd Azhar Ahmad, Safarudin Gazali Herawan, and Ahmad Anas Yusof

Faculty of Mechanical Engineering, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

Correspondence should be addressed to Mohd Azhar Ahmad; azharahmad.utem@gmail.com

Received 17 February 2014; Accepted 11 March 2014; Published 23 March 2014

Academic Editors: Y. He and J. Hu

Copyright © 2014 Mohd Azhar Ahmad et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The adsorption of remazol brilliant blue R (RBBR) dye on pinang frond based activated carbon (PF-AC) was investigated in a batch
process.The effects of initial dye concentration, contact time, solution temperature, and solution pHwere evaluated.The adsorption
equilibrium and kinetic were found to follow Freundlich isotherm models and pseudo-second-order kinetic model, respectively.
Themechanismof the adsorption processwas found from the intraparticle diffusionmodel. Result fromadsorption thermodynamic
show that interaction for RBBR dye was found to be feasible, nonspontaneous, and endothermic. The results indicated that the PF-
AC is very effective for the RBBR adsorption from aqueous solution.

1. Introduction

Around 10,000 different dyes are produced annually from
various industrial process which weigh approximately 0.7
million tons [1]. Dyes have a synthetic origin and complex
aromatic molecular structures. It is estimated that 10–15% of
the dyes are lost in the effluent during dyeing process [2]. In
the textile industry, effluents from the dyeing and finishing
processes are known to contain colour, a large amount of
suspended organic solids and possibly heavy metals such as
Cr, Ni, and Cu [3]. Dyes are inert and difficult to biodegrade
and decolorize when discharged into waste streams. Hence,
the presence of dyes into streams and rivers constitutes a
source of water pollution that cannot be neglected [4].

In textile industry, there are several varieties of dyes used
such as reactive dyes, direct dyes, disperse dyes, acid dyes,
basic dyes, and vat dyes. Almost 45% of textile produced
worldwide belongs to the reactive dyes [5]. Remazol brilliant
blue R (RBBR), remazol black (RB), and remazol brilliant
violet 5R (RBV) are the example of reactive dyes. They have
the favorable characteristics of bright color, simple applica-
tion techniques, low energy consumption dyeing process, and

high solubility in water. The discharge of these wastewaters
reactive dyes into receiving streams are highly carcinogenic
and possess toxic to organism [6]. Many studies have been
conducted on the toxicity of dyes and their impact on the
ecosystem [7, 8]. Therefore, removal of such dyes from
wastewater is very important to the environment.

Several of successful treatment systems have been
designed such as flocculation, coagulation, precipitation,
adsorption,membrane filtration, electrochemical techniques,
ozonization, sedimentation, reverse osmosis, fungal degra-
dation, and photodegradation [9] but the adsorption onto
activated carbon has been found to offer the best potential
techniques for removal of dyes from aqueous solution in
terms ofmethodology, its capability for efficiently adsorbing a
broad range of different types of adsorbates, simplicity design
of adsorber, and easy recovery/reuse of adsorbent [10].

In the last few years, activated carbon was widely used in
removal dyes from textile effluent which had relatively a very
high adsorption capacity and is widely used as an adsorbent
in many industrial processes [11, 12]. The high production
costs of those commercial activated carbons have limited
their application [13]. However, due to the relatively high
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cost of activated carbon, other sources of activated carbons
precursor were investigated especially from agricultural by-
products which are abundance and available.

For example, pinang or Areca catechu in its scientific
name is a tropical tree which belongs to the palm family.
It mainly grows in East Africa, Arabian Peninsula and
Asia. However, pinang frond which is part of this plant
is considered as waste and usually disposed as solid waste
[14]. The use of pinang frond (PF) as feedstock for activated
carbon production would turn the pinang frond into value
added commodities and this raw material is renewable and
potentially less expensive to manufacture.

The purpose of this work was to prepare activated carbon
from pinang frond and to find out the possibility of using
this activated carbon as low-cost adsorbent for the removal
of RBBR dye from aqueous solution.The equilibrium, kinetic
and thermodynamics data of the adsorption were then
studied to understand the adsorption.

2. Materials and Methods

2.1. Material. Remazol brilliant blue R, RBBR, supplied by
Sigma-Aldrich (M) Sdn Bhd, Malaysia, was used as an adsor-
bate. RBBR has a chemical formula of C

22
H
16
N
2
Na
2
O
11
S
3

with molecular weight of 626.54 g/mol. The chemical struc-
ture of the dye is shown in Figure 1.

Deionized water supplied by USF ELGA water treatment
system was used to prepare all the reagents and solutions.
Technical nitrogen, N

2
(purity 99.99%) and carbon dioxide,

and CO
2
gaseous were supplied by Air Product (M) Sdn

Bhd. The pinang frond was obtained from Kota Kuala Muda,
Sungai Petani, Kedah Malaysia.

2.2. Preparation and Characterization of Activated Carbon.
Pinang frond was cut into small pieces and dried to remove
the moisture content.The dried pinang frond was loaded in a
stainless steel vertical tubular reactor placed in a tube furnace.
The ramp temperature was 20∘C/min to the final temperature
of 800∘C under N

2
flow of 150mL/min. Once the final tem-

perature was reached, the nitrogen gas flow was switched to
carbon dioxide and activation was continued for 3 hours.The
activated product (PF-AC) was then cooled down to room
temperature under nitrogen flow. The sample produced was
stored in air-tight container for further characterization and
adsorption studies.The detail of preparationwas described in
the [14].

The textual characteristic PF-AC was carried out from
the adsorption isotherms of nitrogen at 77K by using
Micromeritics (Model ASAP 2020, USA). The surface area
was determined using the Brunauer-Emmet-Teller (BET)
equation which is the most usual standard procedure used
when characterizing an activated carbon. It was found that
the BET surface area, average pore diameter, and pore volume
of the PF-AC were 958.23m2/g, 2.32 nm, and 0.5469 cm3/g,
respectively [14].

2.3. Preparation of Stock and Dye Solutions. 1.0 g of dye pow-
der was dissolved in 1000mL of deionized water, respectively,
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Figure 1: Chemical structure of RBBR.

to prepare the concentration of 1 g/L dye solution. Solution
of different initial concentrations (50, 100, 200, 300, 400, and
500mg/L) were prepared by dilution process of initial stock
solution into 200mL of deionized water.

2.4. Analysis of the Samples. Double-beam UV-visible spec-
trophotometer (Model Shimadzu UV-1800, Japan) was used
to measure the concentration of the adsorbates. The maxi-
mumwavelength of the RBBRwas 590 nm. Calibration curve
for RBBR dye concentration was reproducible and measured
to assure the homogeneity and linear over the concentration
range used in this work.

2.5. Batch Equilibrium Studies. Batch equilibrium studies
were used to determine the adsorption of RBBR on the PF-
AC. The measure of adsorption at equilibrium 𝑞

𝑒
(mg/g) was

calculated by

𝑞
𝑒
=
(𝐶
0
− 𝐶
𝑒
) 𝑉

𝑊
, (1)

where 𝐶
0
and 𝐶

𝑒
(mg/L) are the liquid-phase concentrations

of RBBR dye at initial and at equilibrium, respectively. 𝑉
is the volume of the solution and 𝑊 is the mass of PF-AC
used. The effect of the RBBR initial concentration, solution
temperature, and solution pH on the adsorption uptakes
was investigated. 0.2 g of the PF-AC was added into 200mL
adsorbate solution in Erlenmeyer flasks. The flasks were
placed in an isothermal water bath shaker with rotation speed
of 120 rpm.

2.5.1. Effect of RBBR Initial Concentration and Contact Time.
The dye solutions at various initial concentrations of 50, 100,
200, 300, 400, and 500mg/L were placed in an isothermal
water bath shaker. The temperature and rotation speed of
water bath shaker were set at 30∘C and 120 rpm, respectively,
for 24 hours. The solution pH was kept original without any
pH adjustment.

2.5.2. Effect of Solution Temperature. The effect of solution
temperature on the adsorption process was studied by vary-
ing adsorption temperature at 30, 45, and 60∘C by adjusting
the temperature controller on the water bath shaker. The
dye solution was kept at concentration of 100mg/L. The
solution pH and other parameters were kept constant with
no adjustment.
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2.5.3. Effect of Solution pH. The initial pH solution of adsor-
bate was varying from 3 to 11 by using 0.1M HCl and/or
0.1M NaOH. The dye concentration and temperature were
kept at 100mg/L and 30∘C, respectively.The percentage of dye
removal was calculated by

Removal (%) =
(𝐶
0
− 𝐶
𝑒
)

𝐶
0

× 100, (2)

where𝐶
0
and𝐶

𝑒
in mg/L are the liquid-phase concentrations

of the adsorbate at initial and at equilibrium concentrations,
respectively.

2.6. Batch Kinetic Studies. The batch kinetic studies followed
the same procedure as batch equilibrium tests but the reading
of aqueous concentration samples were taken at preset time
interval. The RBBR concentration was similarly measured.
The RBBR uptake at any time 𝑞

𝑡
(mg/g) was calculated by

𝑞
𝑡
=
(𝐶
0
− 𝐶
𝑡
) 𝑉

𝑊
, (3)

where𝐶
𝑡
(mg/l) is the liquid-phase concentration of RBBR at

any arbitrary time, 𝑡 (h).

3. Results and Discussion

3.1. Effect of Contact Time and Initial Concentration of
Adsorbate. Figure 2 shows that the adsorption uptakes of
RBBR increase with increase in RBBR concentration. This
phenomenon was due to increase in the driving force of
the concentration gradient as an increase in the initial dye
concentration [15]. The RBBR adsorption at equilibrium
increased from 43.8 to 204.0mg/g as the initial dye con-
centration increased from 50 to 500mg/L. At the first stage
of 2 hours, the adsorption of RBBR was fast due to the
availability of a large number of surface sites. However the
adsorption gradually became slower until it reaches the
equilibrium where no more dye can be adsorbed from the
solution. At this point, the remaining surface of sites was
difficult to be filled and the repulsion between the solute
molecules of the solid and bulk phases occurred [16]. Similar
phenomenon with Bello et al. [17] and Din et al. [18] which
stated that the adsorption reached equilibrium within 24
hours in their experiments by using agriculture waste based
activated carbon.

3.2. Effect of Solution Temperature on RBBR Adsorption.
Figure 3 shows the effect of solution temperature on the
RBBR dye uptake considered at 100mg/L initial concen-
tration. The removal on RBBR was slightly increased with
increase of the solution temperature from 30 to 60∘C which
indicates that the adsorption process was in endothermic
nature. Increasing the temperature has increased the dif-
fusion of dye molecule to across the external and internal
boundary layer of sample due to decrease in solution viscosity
[19]. In addition, at higher temperature more dye molecules
have sufficient energy to undergo an interaction with active
sites of adsorbent and enhance the dye mobility to penetrate
inside the adsorbent’s pores [20].
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Figure 2: RBBR adsorption uptake versus adsorption time at
various initial concentrations at 30∘C on PF-AC.
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Figure 3: Effect of solution temperature on RBBR dye uptake at
100mg/L.

3.3. Effect of Initial pH. The effect of initial pH on the RBBR
removal was studied at initial pH values of 3–11. Figure 4
shows the percentage removal of the RBBR was high at pH
3–5 but decreased at 7–11 pH. The highest percentage of dye
removal was 80.3% at pH 3. At lower pH, the attributed
electrostatic interactions between the positively charged of
PF-AC and the negatively charged of RBBR dye anions prefer
to give the high RBBR percentage removal [21]. Similar
observation was obtained by other researchers [22, 23] where
the highest percentage removal of RBBR dye onto activated
carbon was obtained at lower pH.

3.4. Adsorption Isotherm. The adsorption isotherm used to
show the adsorption molecules distribute between the solid
phase and liquid phase at adsorption equilibrium state. The
Langmuir and Freundlich isotherms are the most frequently
employed models. The linear regression is used to determine
the best-fitting isotherm and the pertinency of isotherm
equations is compared by evaluating the correlation coeffi-
cients, 𝑅2.
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Table 1: Langmuir, Freundlich and Temkin isotherm model parameters and correlation coefficients for adsorption of RBBR on PF-AC at
30∘C.

Activated carbon
Isotherm

Langmuir Freundlich
𝑄
0
(mg/g) 𝐾

𝐿
(L/mg) 𝑅

2
𝐾
𝐹
(mg/g(L/mg)1/𝑛) 𝑛 𝑅

2

PF-AC 232.59 0.211 0.986 3.72 2.417 0.996

Table 2: Pseudo-first-order and pseudo-second-order kinetic model parameters for the adsorption of RBBR dye on PF-AC.

𝐶
0
(mg/L) 𝑞

𝑒 exp. (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
𝑞
𝑒1
(mg/g) 𝑘

1
(1/h) 𝑅

2
𝑞
𝑒2
(mg/g) 𝑘

2
(g/mg h) 𝑅

2

50 43.8 22.098 1.2164 0.914 45.05 0.149 0.999
100 75.2 66.646 1.1835 0.996 86.21 0.022 0.999
200 126.8 98.810 0.7176 0.963 133.33 0.014 0.999
300 161.1 141.119 0.4799 0.981 158.73 0.007 0.977
400 194.0 167.436 0.5276 0.975 200.00 0.006 0.989
500 204.0 167.319 0.4034 0.938 175.44 0.009 0.993
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Figure 4: Effect of initial pH on RBBR removal by PF-AC.

Langmuir’s isotherm model is based on the theory that
adsorption energy is constant and uptake occurs on homo-
geneous surface by monolayer sorption. When the surface
is covered by a monolayer of adsorbate, the adsorption goes
on localized sites with no interaction between adsorbate
molecules and that maximum adsorption occurs [24]. The
linear form of Langmuir isotherm equation is given as

𝐶
𝑒

𝑞
𝑒

=
1

𝑄
0
𝐾
𝐿

+
1

𝑄
0

𝐶
𝑒
, (4)

where 𝐶
𝑒
(mg/l) is the RBBR equilibrium concentration and

𝑞
𝑒
(mg/g) is the amount of RBBR adsorbed per unit mass of

adsorbent. 𝑄
0
(mg/g) is the Langmuir constants related to

adsorption capacity and 𝐾
𝐿
(l/mg) is rate of adsorption. The

values of 𝑄
0
and 𝐾

𝐿
were calculated from the intercept and

slope of linear plat and are presented in Table 1.
Freundlich model [25] is an empirical expression that

is the earliest known relationship describing the sorption
equation. This isotherm that takes into account a heteroge-
neous surface and multilayer adsorption to the binding sites
located on the surface of the sorbent. The Freundlich model
is expressed in the following equation:

log 𝑞
𝑒
= log 𝐾

𝑓
+
1

𝑛
log𝐶
𝑒
, (5)

where 𝐾
𝑓

and 𝑛 are indicative isotherm parameters of
adsorption capacity and adsorption intensity, respectively.
Generally, 𝑛 > 1 illustrates that adsorbate is favorably
adsorbed on the adsorbent. The higher the number of 𝑛, the
more favorable the adsorption and stronger the adsorption
intensity [16].

From Table 1 Freundlich model gave higher 𝑅2 values
(0.996) than Langmuir model (0.986), which indicate that
PF-AC adsorption of RBBR was made up of heterogeneous
surface and multilayer adsorption [26]. This result is similar
to other works on reactive dye adsorption by activated carbon
prepared from coir pith [27], babassu coconutmesocarp [28],
and “waste” wood-shaving bottom ash [29].

3.5. Adsorption Kinetics. Kinetics adsorption data of RBBR
dye on PF-AC was analyzed using two kinetic models:
pseudo-first-order and pseudo-second-order. The pseudo-
first-order kinetic model is shown by the following equation
[30]:

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
1
𝑡, (6)

where 𝑞
𝑒
and 𝑞
𝑡
(mg/g) are the amount of adsorbate adsorbed

at equilibrium and at any time, 𝑡 (h), respectively, and 𝑘
1

(1/h) is the adsorption rate constant. Figure 5 shows that the
linear plot of ln (𝑞

𝑒
− 𝑞
𝑡
) versus 𝑡 gives a gradient of 𝑘

1

and intercept at ln 𝑞
𝑒
. Table 2 shows the values of 𝑘

1
and

𝑅
2 obtained from the plots at 30∘C, where the 𝑅2 value of

pseudo-first-ordermodel did not fitwell with thewhole range
of contact time. In addition, the experimental 𝑞

𝑒
values did

not match with the calculated values obtained from the linear
plots. Therefore, the adsorption of RBBR on the PF-AC was
not following pseudo-first-ordermodel.Thekinetic datawere
further treated with the pseudo-second order kinetic model.

The pseudo-second-order model predicts the perfor-
mance over the total range adsorption and is expressed as [31]

𝑡

𝑞
𝑡

=
1

𝑘
2
𝑞2
𝑒

+
1

𝑞
𝑒

𝑡, (7)
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Figure 5: Plots of pseudo-first-order for RBBR adsorption on PF-
AC.

0.00

0.05

0.10

0.15

0.20

0 0.5 1 1.5 2 2.5 3

50 mg/L 100 mg/L
200 mg/L 300 mg/L
400 mg/L 500 mg/L

t/
q
t

(h
g/

m
g)

t (h)

Figure 6: Plots of pseudo-second-order for RBBR adsorption on
PF-AC.

where 𝑘
2
(g/mg h) is the rate constant of second-order

adsorption. Figure 6 shows that the linear plot of 𝑡/𝑞
𝑡
versus

𝑡 gave 1/𝑘
2
𝑞
2

𝑒
as the intercept and 1/𝑞

𝑒
as the gradient.

FromTable 2, the𝑅2 for the pseudo-second-order adsorption
shows the highest value mostly 0.99 which indicates that this
kinetic model has a good relation and is consistent between
the experimental and the calculated 𝑞

𝑒
values. It also shows

that pseudo-second-order model adsorption is predominant.
The adsorption can be seen as the rate-limiting step that
controls the biosorption process.

3.6. Adsorption Mechanism. The kinetic results were further
analyzed by using the intraparticle diffusion model by using
the following equation:

𝑞
𝑡
= 𝑘
𝑝𝑖
𝑡
1/2
+ 𝐶
𝑖
, (8)

where 𝑘
𝑝𝑖
(mg/g h1/2) is the rate parameter of stage 𝑖 which is

obtained from the gradient of the 𝑞
𝑡
versus 𝑡1/2 straight line.

𝐶
𝑖
is the boundary layer effect whichmeans that the larger the

intercept, the greater the contribution of the surface sorption
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Figure 7: Intraparticle diffusionmodel for RBBR adsorption on PF-
AC.

in the rate-controlling step [21]. The intraparticle diffusion
should occur if the 𝑞

𝑡
versus 𝑡1/2 is linear.

Figure 7 shows three stages of RBBR adsorption onto
PF-AC. First sharp region indicates the strong electrostatic
attraction between dye molecules and external surface adsor-
bent. Second stage shows a gradual adsorption stage. It is
assigned the diffusion of dye molecule through the pores of
adsorbent [32]. The third region indicates the final equilib-
rium stage and the intraparticle diffusion slowdown due to
the extremely low adsorbate concentration in the solution
[33]. For RBBR with low initial concentrations (0–100mg/L),
this third region did slightly change as most of the dye
molecules were already adsorbed as early in 1.5 hour of
adsorption time. Referring to Figure 7, the plots were not
linear over the whole time range. In other words, intraparticle
diffusion involves the rate limiting step and boundary control
in process [34]. The values of 𝑘

𝑝𝑖
, 𝐶
𝑖
, and 𝑅2 of three regions

were obtained from the plots reported in Table 3. It showed
that 𝑘

𝑝𝑖
values for the three regions increase as the RBBR

initial concentrations increase.

3.7. Adsorption Thermodynamics. Thermodynamic param-
eters provide information of inherent energetic changes
associated with adsorption. The thermodynamic adsorption
parameters to be characterized are standard enthalpy (Δ𝐻0),
standard free energy (Δ𝐺0), and standard entropy (Δ𝑆0). The
values of Δ𝐻0, Δ𝑆0 and Δ𝐺0 are calculated by using (9) and
(10):

ln𝐾
𝐿
=
Δ𝑆
0

𝑅
−
Δ𝐻
0

𝑅𝑇

Δ𝐺
0
= −𝑅𝑇 ln 𝐾

𝐿
,

(9)

where 𝑅 (8.314 J/mol K) is the universal gas constant, 𝑇 (K)
is the absolute solution temperature, and 𝐾

𝐿
(L/mg) is the

Langmuir isotherm constant. For the Δ𝐻0 and Δ𝑆0 can be
evaluated from the gradient and intercept of ln𝐾

𝐿
versus 1/𝑇,
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Table 3: Intraparticle diffusion model constants for the adsorption of RBBR on PF-AC.

𝐶
0
(mg/L) Intraparticle diffusion model

𝑘
𝑝1

(mg/g h1/2) 𝑘
𝑝2

(mg/g h1/2) 𝑘
𝑝3

(mg/g h1/2) 𝐶
1

𝐶
2

𝐶
3

(𝑅
1
)
2
(𝑅
2
)
2
(𝑅
3
)
2

50 55.6 7.14 — 0 29.62 43.8 1 0.690 —
100 55.0 23.29 0.21 0 27.89 74.18 1 0.780 0.995
200 86.0 36.24 4.37 0 42.34 105.05 1 0.798 0.994
300 81.0 52.12 9.24 0 24.44 116.28 1 0.929 0.999
400 92.8 63.59 9.67 0 33.81 147.08 1 0.896 0.999
500 107.0 61.80 11.23 0 36.44 150.08 1 0.958 0.995

Table 4: Thermodynamic parameters for the adsorption of RBBR
on PF-AC.

Δ𝐻
0 (kJ/mol) Δ𝑆0 (J/mol K) 𝐸

𝑎
(kJ/mol) Δ𝐺

0 (kJ/mol)
303K 318K 333K

6.78 −9.61 8.51 9.72 9.81 10.04

respectively. To obtain the activation energy of adsorption,
Arrhenius equation was applied using

ln 𝑘
2
= ln𝐴 −

𝐸
𝑎

𝑅𝑇
, (10)

where 𝑘
2
(g/mg h) is the rate constant evaluate from the

pseudo-second-order kinetic model, 𝐸
𝑎

(kJ/mol) is the
Arrhenius activation energy of adsorption and 𝐴 is the
Arrhenius factor. When ln 𝑘

2
was plotted against 1/𝑇, a

straight line with gradient of −𝐸
𝑎
/𝑅 was obtained.

Table 4 reported the values of Δ𝐻0, Δ𝑆0, Δ𝐺0, and 𝐸
𝑎

for adsorption of RBBR dye on PF-AC. The positive Δ𝐻0
value shows that the adsorption of RBBR dye onto PRACwas
endothermic in nature, which supported the results obtained
earlier where the RBBR dye uptakes increase with increase
in solution temperature. The negative value of Δ𝑆0 describes
decreasing degree of freedom and randomness during the
adsorption process at the solid-liquid interface with some
structural changes in the adsorbate and adsorbent. This
phenomenon had also been observed in the adsorption of
azo-dye Orange II by titania aerogel [35] and direct dyes
by carbon nanotubes [36]. For the standard free energy,
Δ𝐺
0 values were positive which describe the condition of

nonspontaneous nature of the adsorption processes at the
range of temperature studied. The 𝐸

𝑎
value was positive and

lower than 40 kJ/mol, indicating that the feasibility of the
adsorption process and adsorption process was physically
controlled, respectively [37].

4. Conclusion

The adsorption of RBBR onto PF-AC was found to increase
with increase in initial dye concentration, contact time, and
solution temperature. The adsorption of RBBR on PF-AC
was favored at acidic medium. The Freundlich model and
the pseudo-second-order kinetic model were fits well to the
adsorption equilibrium and kinetic data, respectively. Ther-
modynamic adsorption studies indicated that the adsorption

process was endothermic, and nonspontaneous reaction in
nature and rate limiting step in RBBR was physically con-
trolled.
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