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Adsorption of Methylene Blue onto activated carbon produced from steam
activated bituminous coal: A study of equilibrium adsorption isotherm
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bstract

Equilibrium adsorption isotherm for the removal of basic dye (Methylene Blue) from aqueous solution using bituminous coal-based activated
arbon has been investigated. Liquid phase adsorption experiments were conducted and the maximum adsorptive capacity was determined. The
ffect of experimental parameters, namely, pH and adsorbent particle size were studied. Equilibrium data were mathematically modelled using the
angmuir, Freundlich and Redlich–Peterson adsorption models to describe the equilibrium isotherms at different solution pH values and particle
izes, and isotherm constants were determined. The results indicate the potential use of the adsorbent for the removal of Methylene Blue (MB)
rom aqueous solution. Maximum adsorption capacity of 580 mg/g at equilibrium was achieved. It was found that pH plays a major role in the

dsorption process. The optimum pH for the removal of MB from aqueous solution under the experimental conditions used in this work was 11.
he Redlich–Peterson isotherm was found to best fit the experimental data over the whole concentration range as indicating from the high values
f the correlation coefficients (r2 > 0.99).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Textile industry use dyes and pigments to colour their prod-
ct. There are more than 100,000 commercially available dyes
ith over 7 × 105 tonnes of dyestuff are produced annually.
any types of dye are used in textile industries such as direct,

eactive, acid and basic dyes. Most of these dyes represent acute
roblems to the ecological system as they considered toxic and
ave carcinogenic properties, which make the water inhibitory
o aquatic life [1,2]. Due to their chemical structure, dyes pos-
ess a high potential to resist fading on exposure to light and
ater. The main sources of wastewater generated by the textile

ndustry originate from the washing and bleaching of natural
bers and from the dyeing and finishing steps. Given the great
ariety of fibers, dyes and process aids, these processes generate
astewater of great chemical complexity and diversity, which
re not adequately treated in conventional wastewater treatment
lant [3].

∗ Corresponding author. Tel.: +962 795358840; fax: +44 2890974627.
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Numerous studies have been conducted to assess the harm
mpacts of colorants on the ecosystem. It was found that col-
rants may cause problems in water in several ways: (i) dyes can
ave acute and/or chronic effects on exposed organisms with this
epending on the dye concentration and on the exposure time;
ii) dyes are inherently highly visible, minor release of effluent
ay cause abnormal coloration of surface waters which captures

he attention of both the public and the authorities; (iii) the abil-
ty of dyes to absorb/reflect sunlight entering the water, this has
rastic effects on the growth of bacteria and upsets their biologi-
al activity [4,5]; (iv) dyes have many different and complicated
olecular structures and therefore, are difficult to treat and inter-

ere with municipal waste treatment operations [6,7]; (v) dyes
n wastewater undergo chemical and biological changes, con-
ume dissolved oxygen from the stream and destroy aquatic life
8]; (vi) dyes have a tendency to sequester metal ions producing
icrotoxicity to fish and other organisms [9].
Regarding the aforementioned problems, government legis-

ation concerning the quality of textile industrial wastewater

ffluents is becoming increasingly strict, especially in devel-
ped countries. This forces textile industries to treat their waste
ffluent to an increasingly high standard. For example, environ-
ental policy in UK, since September 1997, has stated that no

mailto:e_anadele@yahoo.com
dx.doi.org/10.1016/j.cej.2006.08.015
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2.2.1. Production of activated carbon
The production process pass through different stages which

include preparation of the raw material and this included drying,

Table 1
The physical and chemical characteristics of PAC2 determined in this study

Total surface area (BET) (m2 g−1) 857.1
Micropore surface area (m2 g−1) 801.8
Total pore volume (cm3 g−1) 4.5 × 10−1

Micropore volume (cm3 g−1) 3.9 × 10−1

Carbon content (%) 81.8
Hydrogen content (%) 0.35
Nitrogen content (%) 0.38
Oxygen content (%) 16.8
Moisture content (%) 5.7
Ash content (%) 3.7
Volatile content (%) 2.2
Fixed carbon 88.4
04 E.N. El Qada et al. / Chemical En

ynthetic chemical should be released into the marine environ-
ent [2]. This challenge has prompted intensive research in

ew and advanced treatment technologies, some of which are
urrently making their way to full-scale installation [3]. This
s paralleled with increased demand currently being placed on
ater supply and waste disposal, and thus have necessitated
roader concepts in the application of wastewater treatment.

Basic dyes were known from the past as synthetic dyes. His-
orically, basic dyes are important because the first synthetic dye,

auvein (CI 50245), which was discovered in 1856 by William
erkin, belongs to this class of dye [10].

By definition, basic dyes are cationic dyes with cationic prop-
rties originating from positively charged nitrogen or sulfur
toms. The charge is generally delocalized throughout the chro-
ophoric system, although it is probably more localized on the

itrogen atoms. In fact, basic dyes are so named because of
heir affinity to basic textile materials with net negative charge
11]. Most basic dyes are beautiful, shiny, crystalline compounds
nd their most outstanding property is brilliance. Their tinctorial
alue is very high; less than 1 ppm of the dye produces an obvi-
us coloration [12,13]. According to Anliker et al. [14], basic
yes have been classified as toxic colorants.

The most important basic dye is Methylene Blue, discovered
y Caro in 1878. Methylene Blue is a dark green powder or
rystalline solid. It is widely used as a stain and has a number
f biological uses. It dissociates in aqueous solution like elec-
rolytes into Methylene Blue cation and the chloride ion. The
oloured cation is adsorbed by several adsorbents preferentially
o a very great extent [15]. For that reason, Methylene Blue
as selected to be the adsorbate in this research. It has various
armful effects on the human beings, so it is of utmost impor-
ance to be removed from wastewater. In addition, it is used as
convenient indicator in the evaluation of active carbons [16].

Recently adsorption technology is rapidly gaining promi-
ence as a technique for removing organic and inorganic microp-
llutants from aqueous effluents [17]. Adsorption processes
ay be classified as physical or chemical depending on the

ature of forces involved. When adsorption occurs without any
hemical reaction, it is generally termed as physical adsorp-
ion “physisorption”. It is brought about as a result of Van der

aals forces [18,19]. These forces are electrostatic in origin,
nd are termed dispersion forces. Dispersion forces exist in all
ype of matter and are always present regardless of the nature
f other interactions and often account for the major part of the
dsorbate–adsorbent potential [20]. Many parameters can affect
he quality of physical adsorption; these include properties of
he adsorbed material (molecular size, boiling point, molecular

ass and polarity) and properties of the surface of the adsorbent
polarity, pore size and spacing) [19]. If the adsorbate under-
oes chemical interaction with the adsorbent, the phenomenon
s referred to as chemical adsorption or “chemisorption”. It
nvolves a sharing of electrons between the adsorbate molecules
nd the surface of the adsorbent. It is restricted to just one layer

f molecules on the surface, although it may be followed by
dditional layers of physically adsorbed molecules [21]. Under
avourable conditions, both processes can occur simultaneously
r alternatively.
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Adsorption technology has been used extensively in indus-
rial processes for many purposes of separation and purification.
he removal of coloured and colourless organic pollutants from

ndustrial wastewater is considered as an important application
f adsorption process using suitable adsorbents [22]. Highly
unctional porous materials with high surface areas are generally
sed for such applications as they show excellent efficiency [23].

This work investigates the adsorption of Methylene Blue onto
ctivated carbon produced from bituminous coal using equilib-
ium isotherms. A further aim is to describe equilibrium data
sing equilibrium isotherm models.

. Experimental

.1. Materials

Adsorption technique for the treatment of dye containing
queous solution using low cost activated carbon has been inves-
igated. The activated carbon (PAC2) was produced by the steam
ctivation of New Zealand bituminous coal on an industrial
cale. The adsorbent was washed and sieved into the desired par-
icle size before coming in contact with dye aqueous solution.
he ultimate and proximate analysis of the adsorbent was deter-
ined using the Perkin-Elmer 2400 Series 2 CHNC Elemental
nalyzer and the Mettler Toledo TGA/SDTA 851e, respectively.
able 1 shows the physical and chemical characteristics of the
dsorbent (PAC2) used in this work.

Methylene Blue C.I. 52015 (MB), supplied by ACROS
rganics, USA, was used as an adsorbate in this work. It has
olecular volume of 241.9 (cm3 mol−1) and molecular diam-

ter of 0.8 (nm). The chemical structure of Methylene Blue is
hown in Fig. 1. Deionised water (18.2 ��) was used as a solvent
n this work to prepare stock dye solutions.

.2. Method
urface acidity (meq g−1) 0.46
urface basicity (meq g−1) 0.56
Hsolution (10 mass%) 8.2
Hzpc 6.3
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Fig. 1. Chemical structure of Methylene Blue.

rushing and sieving into the desired size. New Zealand bitumi-
ous coal was used as a precursor material for the production of
ctivated carbon using steam activation at temperature 1000 ◦C
or 6 h in a rotary kiln. It can produce up to 50 kg of activated
arbon per hour. The kiln is approximately 10 m in length, has an
nternal diameter of 87 cm and is capable of reaching tempera-
ures up to 1000 ◦C. It has 4 burners, a fan system and an exhaust
ipe into the plant scrubber. Fig. 2 shows simplified schematic
iagram of the kiln. The following paragraph gives some details
n the different parts of the kiln and how the coal being used is
onverted into activated carbon by steam activation.

The weigh belt feeder WBF feeds coal at a controlled rate into
he kiln. Fan F1 feeds air to burners B1-B4, which indirectly heat
he rotating kiln tube from the outside. The exhaust gases from
he end of the tube, which will contain combustible volatiles
rom the coal and/or product hydrogen and carbon monoxide
rom reaction of steam with the coal, pass via a recycle loop
poorly drawn) back into the burner cavity of B1 where they
ill be burned. The exhaust gases from burners B1-B4 pass into

he exhaust pipe going down the side of the kiln, and out into
he exhaust fan.

A thermocouple is attached to the end of the steam pipe so
hat a temperature inside the tube can be obtained, together with
emperatures T1–T4 in the heating cavities outside the tube, Trec
easured in the recycle loop, and Tex in the exhaust before the

xhaust fan, which then pumps the exhaust gases into the scrub-
er. The temperatures can then be read from data acquisition
oftware on the adjacent portable P.C. Not shown in the diagram
s that, the outlet end of the kiln is fitted with wheels, the large

xhaust pipe down the side with bellows, and expansion joints
ave had to be put in before the fan to cope with the expansion
f the system when heated to 1000 ◦C. The Kiln tube is expands
y over 20 cm when heated to 1000 ◦C.

s
a
B
f

Fig. 2. Simplified schemati
ring Journal 124 (2006) 103–110 105

The kiln is presently elevated by between 8 and 9 cm at the
nlet end, giving an elevation of approximately 0.5◦. The kiln
an turn at speeds varying from 2 rpm down to around 0.15 rpm
iving residence times from just under 2 h up to 12 h. Steam is
ed into the system from the boiler via a central pipe, fitted with
valve and a Spirax Sarco DIVA steam flow meter system to
easure the flow rate in kg/h.
The outlet end is fitted with a flexible joint to be able to

acilitate the expansion of the system, and then attached to a
ater-cooled vibrating exit feeder, which empties the product

nto a bucket, which this is then bagged. Presently, there is no
xygen meter fitted to the system, there are sample points and
ressure measurement points fitted before the exhaust fan, but
hese are very hot, typically around 600–700 ◦C, making gas

easurement by Drager tube difficult/impossible.

.2.2. Equilibrium sorption test
The isotherm studies have been undertaken to assess the effi-

iency of the adsorbent to remove Methylene Blue dye from
queous solution. Batch adsorption experiments were carried
ut by shaking constant mass (0.05 g) of a pre-determined size of
dsorbent with constant volume (50 ml) of Methylene Blue solu-
ions of increasing initial dye concentration (100–1000 ppm) to

aintain constant mass to volume ratio. The pH of the solu-
ions was adjusted to the required value by adding either 1.0N
Cl or 1.0N NaOH. Buffer solution of potassium phosphate

1 mM) was added to the dye solution to enable better control
f the pH because the dye has acid–base characteristics. Each
ar was sealed using parafilm and kept in a state of agitation
100 rpm) using Gerhardl Laboshaker for the pre-determined
eriod to reach equilibrium (3 weeks). Upon equilibrium, the
amples were filtered and analysed using Perkin-Elmer UV/vis
pectrometer (Lambda 12 model, Germany). The first part of
he filtrate was discharged to avoid the effects of dye adsorp-
ion on the filter paper. All the measurements were made at a
avelength corresponding to the maximum absorbance of 663.
ilution were undertaken when absorbance exceed 1.0. The

mount of dye adsorbed onto the activated carbon was mea-
ured by subtracting the remaining concentrations of the dye

olution from the initial concentration. The effects of pH and
dsorbent particle size on the adsorption process were studied.
lank samples were prepared to account for any colour leached

rom adsorbent.

c diagram of the kiln.
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Values of separation factor RL

Value of RL Type of isotherm

RL > 1 Unfavourable
RL = 1 Linear
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. Mathematical modelling

The study of the adsorption equilibrium isotherm is helpful in
etermining the maximum adsorption capacity of adsorbate for
he given adsorbent [24]. Adsorption equilibrium is a dynamic
oncept achieved when the rate at which molecules adsorb on
o a surface is equal to the rate at which they desorb [21]. At
quilibrium, no change can be observed in the concentration
f the solute on the solid surface or in the bulk solution. The
osition of equilibrium is characteristic of the entire system;
he solute, adsorbent, solvent, temperature, pH and so on [20].
n empirical expression of equilibrium adsorption is frequently
sed. The distribution coefficient between the solid phase and
queous phase, Kd is defined as the ratio of the concentration of
he adsorbate bound to solids to the total dissolved concentration
t equilibrium.

d = [S − M]

[MT]
(1)

here S represents the solid surface, M represents the adsorbate,
MT] is the total dissolved aqueous concentration (mg/dm3),
S − M] the adsorbed concentration (mg/g) and Kd is the distri-
ution coefficient (dm3/g). Kd is an equilibrium constant that is
oo empirical for some purposes, but it can be quite useful for
omparisons of adsorption in complex adsorption systems [25].

Generally, the capacity of an adsorbent for a particular adsor-
ate involves the interaction of three properties: the concentra-
ion, Ce, of the adsorbate in the fluid phase, the concentration,
e, of the adsorbate in the solid phase and the temperature, T, of
he system. If T is kept constant, Ce and qe can be graphed to rep-
esent the equilibrium. Such a plot gives an adsorption isotherm
21]. An adsorption isotherm shows the equilibrium relation-
hip at constant temperature, of concentration in the fluid and
he adsorbed quantity. The equilibrium adsorption isotherm is
undamentally important in the design of adsorption systems.
uch adsorption isotherms may be used for scaling-up batch

ype processes with moderate success [26,27]. The shape of the
quilibrium adsorption isotherm provides information about the
omogeneity and heterogeneity of the adsorbent surface [28].

Three adsorption isotherm models were used in this work,
angmuir, Freundlich and Redlich–Peterson Isotherms. They
iffer in the basic assumptions, shape of the isotherm and nature
f the adsorbent surface [28].

.1. Langmuir isotherm model

This model can be described by the following form:

e = QKLCe

1 + (aLCe)
(2)

here qe is the solid phase equilibrium concentration (mg/g),
e the liquid phase equilibrium concentration (mg/dm3), Q an
nergy term and in most cases equal to unity and KL (dm3/g)

nd aL (dm3/mg) are the Langmuir constants.

The model assumes that adsorption occurs on a homogenous
dsorbent surface of identical sites that are equally available
nd energetically equivalent with each site carry equal numbers

r

q

L = 0 Irreversible
< RL < 1 Favourable

f molecules and no interaction between adsorbate molecules
28–30].

Eq. (3) below represents the linearized form of Langmuir
quation.

Ce

qe
= 1

KL
+ aL

KL
Ce (3)

hus, a linear plot of Ce/qe versus Ce confirms the validity of
he Langmuir model. For Langmuir type adsorption process,
he influence of the isotherm shape on whether adsorption is
favourable” or “unfavourable” can be classified by a term “RL”
dimensionless constant separation factor [31].

L = 1

1 + KLCo
(4)

here RL is a dimensionless constant separation factor, Co the
nitial concentration of dye solution (mg/dm3) and KL is the
angmuir constant (dm3/g). The parameter RL indicates the
hape of the isotherm accordingly. Table 2 depicts the values
f RL.

.2. Freundlich isotherm model

The Freundlich isotherm assumes that the adsorption occurs
n heterogeneous surface at sites with different energy of adsorp-
ion and with non-identical adsorption sites that are not always
vailable [32,33]. Mathematically it is characterised by the het-
rogeneity factor ‘1/n’ [28].

e = KFC1/n
e (5)

here KF is the Freundlich constant (mg/g)/(dm3/mg)n and n is
he heterogeneity factor. The KF value is related to the adsorption
apacity; while 1/n value is related to the adsorption intensity.
reundlich model can be represented by the linear form as fol-

ows:

nqe − lnKF = 1

n
lnCe (6)

plot of ln qe versus ln Ce, gives a straight line with KF and 1/n
etermined from the intercept and the slope, respectively.

.3. Redlich–Peterson isotherm model

The formula of Redlich–Peterson isotherm model can be rep-

esented by Eq. (7):

e = KrCe

(1 + arC
β
e )

(7)
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here Kr is the modified Langmuir constant (dm3/g), ar
dm3/mg) and β are the constants. For simplicity, Kr = KL. This
odel can describe the adsorption process over a wide range of

oncentrations. It has a linear dependence on concentration in
he numerator and an exponential function in the denominator
26].

ar and β can be estimated from the slope and the intercept of
he linearised form of Redlich–Peterson equation, respectively.

og

(
KrCe

qe
− 1

)
= β logCe + logar (8)

. Results and discussions

Equilibrium relationships between adsorbent and adsorbate
an be described by adsorption isotherms, usually the ratio
etween the quantity adsorbed and that remaining in the solu-
ion at a fixed temperature at equilibrium. The distribution of
ye between the adsorbent and dye solution, when the system is
n a state of equilibrium, is important in establishing the capac-
ty of the adsorbent for the dye [30]. The capacity of activated
arbon for a given pollutant is usually determined by carrying
ut an adsorption isotherm. In order to characterise the adsorp-
ion power of adsorbent, the application of adsorption technique
or the treatment of basic dye (MB) solutions using low cost
aterial has been investigated. The effect of the solution pH

nd adsorbent particle size on the removal of Methylene Blue
rom aqueous solution has been studied.

.1. Effect of solution pH

The pH of solution from which adsorption occurs may influ-
nce the extent of adsorption. pH affects adsorption in that it
overns the degree of ionization of the acidic and basic com-
ounds [34]. In general, initial pH value may enhance or depress
he uptake. This is attributed to the change of the charge of the
dsorbent surface with the change in pH value. The effect of
H can be described on the basis of the influence of pH on the

ero point of charge (pHZPC), which is the point at which the
et charge of the adsorbent is zero.

Fig. 3 shows the relationships between the amount of MB
dsorbed per unit mass of activated carbon (PAC2) and their final

ig. 3. Effect of the solution pH on the adsorption of Methylene Blue onto
AC2. Mass of adsorbent, 0.05 g; volume of dye solution, 50 ml; concentration,
00–800 mg/dm3; particle size, <106 �m; temperature, 20 ◦C.
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oncentrations in the aqueous solution at different pH values. It
an be seen from the figure that as the solution pH increases,
he adsorption capacity increases with a significant enhance-

ent in the adsorption process occurring as the pH increased
rom 9 to 11 (alkaline range). The maximum adsorption capac-
ty defined as the amount at the isotherm plateau, was increased
rom 312 (mg/g) at pH 4 to 580 (mg/g) at pH 11. This can
e attributed to the electrostatic attraction between the posi-
ively charged dye and the negatively charged surface of PAC2
pH > pHZPC). Increasing solution pH increases the number of
ydroxyl groups thus, increases the number of negatively charge
ites and enlarges the attraction between dye and adsorbent sur-
ace [35]. According to Al-Degs et al. [36], pHZPC can be used
s index of the ability of the surface to become either posi-
ively or negatively charged. This ability is controlled by the pH
f the surrounding solution. When pH of solution <pHZPC, the
ctivated carbon adsorbent will react as a positive surface and
s a negative surface when pH of solution >pHZPC. Thus, as
H was increased, the surface functional groups on the carbon
ere deprotonated, which results in a decrease in surface charge
ensity. This implies that adsorption of cationic dye could be
nhanced at higher pH [37].

The experimental determination of pHZPC of PAC2 revealed
hat this activated carbon has pHZPC 6.3. The equilibrium values
f pH of solution were in the range of 8.2–9.0 in the case of initial
alue of pH solution = 11. This mean that the pH of the solution
pHZPC. Thus, in this case the activated carbon adsorbent acts as
negative surface and attracts the positively charged dye (MB).
astri [15] reported that alkalinity enhanced the adsorption of
lectropositive substances, such as Methylene Blue. The author
lso referred to the existence of a characteristic region of pH
or each carbon in which maximum variations of adsorption are
oticeable and suggested that the change in adsorption in this
egion is due to a sharp variation in the sign and magnitude of
he charge carried by the adsorbent. Generally, the net positive
harge decreases with increasing pH value lead in the decrease
n the repulsion between the adsorbent surface and dye and thus,
mproving the adsorption capacity. It is also obvious from the
gure that as loading increases, the driving forces for adsorption
ecrease, leading to an ultimate saturation value beyond which
urther adsorption is not feasible.

.2. Effect of adsorbent particle size

Adsorption is a surface phenomenon; as such, the extent of
dsorption is proportional to specific surface area, i.e., to that
ortion of the total surface area that is available for adsorption
38]. The effect of particle size was determined by conducting
he adsorption process with activated carbons of different par-
icle size, namely, <106, 106–180, 180–250 and 250–500 �m.
ig. 4 illustrates a plot of solid phase concentration versus liquid
hase concentration for Methylene Blue adsorption onto PAC2
t different particle sizes. The results show the role played by the

dsorbent particle size on the adsorptive properties of activated
arbons. As the particle size decreases, the adsorption capacity
f PAC2 increased. For example, the adsorption capacity from
solution with a concentration of 600 (mg/dm3) was increased
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ig. 4. Effect of adsorbent particle size on the adsorption of Methylene Blue onto
AC2. Mass of adsorbent, 0.05 g; volume of dye solution, 50 ml; concentration,
00–800 mg/dm3; pH, 7; temperature, 20 ◦C; size in �m.

rom 253 to 325 (mg/g) as the particle size decreases from 106
o 180 �m to size <106 �m.

An increase in capacity with decreasing particle size mainly
uggests that the dye molecules do not completely penetrate the
article or partly that the dye molecules preferentially adsorb
ear the outer surface of the particle [39]. The effect of adsor-
ent particle size on the adsorption process can be explained
s follow, as the particle size decreases, more surface area are
vailable for the adsorption process. Matthews [40] ascribed the
ncreases in adsorption capacity with decreasing the particle size
o that adsorption is limited to the external surface area of the
dsorbent as the smaller particles have a larger external surface
rea for adsorption process. A similar trend was observed by
oots et al. [41] when peat was used to remove acid dyes from
queous solution. The authors attributed this trend to the inclu-
ion of the surface area associated with pores inside the particles,
hus limiting the adsorption to the external surface area and a
arrow layer just below the surface.

.3. Adsorption equilibrium modelling
The capacity of activated carbon for various dyestuffs can
e determined by measuring equilibrium isotherms. Basically,
dsorption isotherm is important to describe how adsorbates

R
d
o
c

able 3
angmuir, Freundlich and Redlich–Peterson isotherm constants for PAC2 and MB dy

H Langmuir Freundlich

kL (dm3/g) aL (dm3/mg) Q (mg/g) r2 kF (mg/g)/(dm3/g

4 27.77 0.0916 298 0.9924 182.55
7 51.81 0.1502 345 0.9986 185.18
9 47.61 0.1238 385 0.9970 209.15
1 172.4 0.2930 588 0.9930 265.95

ize (�m) Langmuir Freundlich

kL (dm3/g) aL (dm3/mg) Q (mg/g) r2 kF (mg/g)/(d

106 51.810 0.1502 345 0.9986 185.18
106–180 63.290 0.2405 263 0.9987 177.13
180–250 107.52 0.4300 250 0.9993 177.54
250–500 48.780 0.2097 233 0.9971 162.36
ring Journal 124 (2006) 103–110

nteract with adsorbents. Thus, the correlation of the equilib-
ium data by either theoretical or empirical equations is essential
o practical operation [41]. Adsorption isotherms were anal-
sed according to Langmuir, Freundlich and Redlich–Peterson
odels. The constants in Langmuir and Freundlich are very

seful parameters for predicting adsorption capacities and also
or incorporating into mass transfer relationship to predict the
esign of contacting experiments [31].

Adsorption isotherms were analysed according to the linear
orm of Langmuir, Freundlich and Redlich–Peterson isotherms
sing Eqs. (3), (6) and (8), respectively, and the parameters, kL,
L of the Langmuir, the values of the ratios kL/aL which repre-
ents the maximum adsorption capacity (monolayer saturation
apacity), Q (mg/g), of the adsorbent for a particular dyestuff,
reundlich constants, KF, n and Redlich–Peterson constants, β,
r were determined for Methylene Blue dye. Table 3 displays
he results of the calculated isotherm constants at different pH
alues and different adsorbent particle sizes.

It is obvious that the monolayer capacity of Methylene Blue
nto PAC2 was significantly the highest at pH 11. This is con-
istent with the earlier findings. The results in Table 3 also
llustrates that the monolayer saturation capacity decreases with
ncreasing particle size. This effect is probably due to the inabil-
ty of the large molecules to penetrate all the internal pore
tructure of activated carbon particles.

In general, Langmuir equation is intended for a homoge-
ous surface. A good fit of this equation reflects monolayer
dsorption; on the other hand, a good representation of the Fre-
ndlich equation, which is suitable for a highly heterogeneous
urface, probably indicates multilayer adsorption [11]. Accord-
ng to Redlich and Peterson [42], Freundlich adsorption isotherm
s well known to give an excellent representation of many data
or moderate partial pressures and concentrations. It is not a
easonable relation for dilute solutions.

Although the correlation coefficients for Freundlich
sotherm are significantly less than that of Langmuir and

edlich–Peterson isotherms, Freundlich isotherm was able to
escribe the experimental data especially at concentration range
f 300–700 (mg/dm3). However, since the correlation coeffi-
ient, r2, yields the best fit isotherm constants based on the

e systems at different pH values and different adsorbent particle sizes

Redlich–Peterson RL

)n n r2 β ar (dm3/mg) r2

13.04 0.9396 0.9923 0.0984 0.9961 0.043
9.740 0.8611 0.9446 0.2087 0.9989 0.023

10.33 0.9762 1.0150 0.1185 0.9950 0.025
6.430 0.9281 0.9003 0.4808 0.9990 0.007

Redlich–Peterson RL

m3/g)n n r2 β ar (dm3/mg) r2

9.74 0.8611 0.9446 0.2087 0.9989 0.023
14.85 0.9003 0.9528 0.2962 0.9975 0.013
17.76 0.8627 1.0204 0.3886 0.9996 0.011
17.30 0.7456 1.0368 0.1716 0.9976 0.024
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ig. 5. Model fit of adsorption isotherm of Methylene Blue adsorption onto
AC2.

inearised isotherm plots, it may not provide the best isotherm
onstants to correlate the original isotherm equation with the
xperimental data [43]. Langmuir model fit the adsorption data
uite well at high dye concentration and Redlich–Peterson
sotherm shows the best fit of the experimental data over the
hole concentration range and this is clear from the correla-

ion coefficient in Table 3. According to the values of RL, all
he systems show favourable adsorption of Methylene Blue, i.e.,
< RL < 1. The low values of RL indicate high and favourable
dsorption of Methylene Blue onto PAC2.

The values of the heterogeneity factor (1/n) in Table 3 indi-
ate that the activated carbon has a heterogeneous structure. The
esults show that the value of n is greater than unity indicating
hat the dye is favourably adsorbed by the activated carbon. This
s in great agreement with the findings regarding to RL values.
he magnitude of Freundlich constant indicates easy uptake of
ethylene Blue from aqueous solution. In order to assess the

ifferent isotherms and their ability to correlate the experimental
esults, the theoretical plots for each isotherm have been shown
ith the experimental data for the adsorption of Methylene Blue
nto PAC2. Fig. 5 shows the fit of the isotherm models to the

xperimental data for the adsorption of Methylene Blue onto
AC2 at pH 9 and Fig. 6 shows the fit of the isotherm models to
he experimental data for Methylene Blue and PAC2 at particle
ize 180–250 �m.

ig. 6. Model fit of adsorption isotherm of Methylene Blue adsorption onto
AC2 at particle size, 180–250 �m.

[

[

[
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. Conclusions

Liquid phase adsorption processes were employed and
dsorption isotherms were constructed to investigate adsorption
apacity and ability of the adsorbent to remove Methylene Blue
ye from aqueous solution. Effects of the experimental con-
itions on the performance of the adsorbent in the equilibrium
tudy were investigated. Experimental data were mathematically
odelled using different useful mathematical models.
pH plays a major role in the adsorption process. The opti-

um pH for the removal of MB from aqueous solution under
he experimental conditions used in this work was 11. This
xhibits the role of pH in imparting adsorbent surface charge.
s the particle size decreases, the adsorption capacity of PAC2

ncreased. The increase in capacity with decreasing particle size
ainly suggests that the dye molecules do not completely pen-

trate the particle or partly that the dye molecules preferentially
dsorb near the outer surface of the particle. Therefore, it can
e concluded that smaller activated carbon particles are recom-
ended for such adsorption processes. Of the three isotherm
odels applied, Langmuir, Freundlich and Redlich–Peterson,

he Redlich–Peterson isotherm was found to best fit the exper-
mental data over the whole concentration range as indicating
rom the high values of the correlation coefficients (r2 > 0.99).
he closeness of the correlation coefficient to unity would indi-
ate a perfect fit. All the adsorption systems studied show
avourable adsorption of the basic dyes as indicated from the
ow value of RL (0 < RL < 1).
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