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Abstract

The adsorption behavior of C.I. Reactive Blue 2, C.I. Reactive Red 4, and C.I. Reactive Yellow 2 from aqueous solution onto activated carbon
was investigated under various experimental conditions. The adsorption capacity of activated carbon for reactive dyes was found to be relatively
high. At pH 7.0 and 298 K, the maximum adsorption capacity for C.I. Reactive Blue 2, C.I. Reactive Yellow 2 and C.I. Reactive Red 4 dyes was
found to be 0.27, 0.24, and 0.11 mmol/g, respectively. The shape of the adsorption isotherms indicated an L2-type isotherm according to the Giles
and Smith classification. The experimental adsorption data showed good correlation with the Langmuir and Ferundlich isotherm models. Further
analysis indicated that the formation of a complete monolayer was not achieved, with the fraction of surface coverage found to be 0.45, 0.42, and
0.22 for C.I. Reactive Blue 2, C.I. Reactive Yellow 2 and C.I. Reactive Red 4 dyes, respectively. Experimental data indicated that the adsorption
capacity of activated carbon for the dyes was higher in acidic rather than in basic solutions, and further indicated that the removal of dye increased
with increase in the ionic strength of solution, this was attributed to aggregation of reactive dyes in solution. Thermodynamic studies indicated that
the adsorption of reactive dyes onto activated carbon was an endothermic process. The adsorption enthalpy (AH 4s) for C.I. Reactive Blue 2 and
C.I. Reactive Yellow 2 dyes were calculated at 42.2 and 36.2 kJ/mol, respectively. The negative values of free energy (AG,4,) determined for these
systems indicated that adsorption of reactive dyes was spontaneous at the temperatures under investigation (298—328 K).
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction wool, cotton, nylon, silk, and modified acrylics [3]. Discharg-

ing dyes into the hydrosphere can cause environmental damage

There are more than 1,00,000 types of dyes commercially
available, with over 7 x 10° tonnes of dyestuff produced annu-
ally, which can be classified according to their structure as an-
ionic and cationic [1]. In aqueous solution, anionic dyes carry
a net negative charge due to the presence of sulphonate (SO3’)
groups, while cationic dyes carry a net positive charge due to
the presence of protonated amine or sulfur containing groups
[2]. Due to their strong interaction with many surfaces of syn-
thetic and natural fabrics, reactive dyes are used for dyeing
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as the dyes give water undesirable color [4] and reduce sunlight
penetration, with some dyes also being toxic/carcinogenic [5].
A considerable amount of research on wastewater treatment
has focused on the elimination of reactive dyes, essentially for
three reasons: firstly, reactive dyes represent 20—30% of the to-
tal dye market [6]; secondly, large fractions of reactive dyes
(10—50%) are wasted during the dyeing process (up to 0.6—
0.8 g dye/dm® can be detected in dyestuff effluent) [7]; thirdly,
conventional wastewater treatment methods, which rely on
adsorption and aerobic biodegradation, were found to be inef-
ficient for complete elimination of many reactive dyes [1].
Many treatment methods have been adopted to remove dyes
from wastewater, which can be divided into physical, chemical,
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and biological methods [8]. Although chemical and biological
methods are effective for removing dyes, they require special-
ized equipment and are usually quite energy intensive; in addi-
tion, large amounts of by-products are often generated [1].
Generally, physical methods which include adsorption, ion
exchange, and membrane filtration are effective for removing
reactive dyes without producing unwanted by-products [8].
Adsorption of cationic and anionic dyes on activated carbon
and by a number of natural adsorbents has been investigated
by a number of researchers [9—11].

In this study, the removal of three problematic reactive dyes
from water has been investigated using a highly porous, high
surface area activated carbon. The physical and chemical char-
acteristics of the activated carbon, including: total pore volume,
mesopore volume, micropore volume, surface area, average
pore diameter, point of zero charge (pHp,.), and surface func-
tional groups were determined using standard analytical proce-
dures. The acidity constant (K,) of each of the reactive dyes
was determined using potentiometric titration. Adsorption iso-
therms for the reactive dyes were undertaken at 25.0 °C to
study the effects of solution pH, ionic strength, and tempera-
ture. Based on the modeling of the experimental data a mecha-
nism of interaction between anionic reactive dyes and activated
carbon is proposed.

2. Experimental
2.1. Adsorbent and adsorbates

Activated carbon was purchased from the Calgon Company
(Pittsburgh, Pennsylvania, USA). The bulk density and the po-
rosity of the adsorbent were 0.64 g/cm® and 0.4, respectively (ob-
tained from the manufacturer), with the elemental analysis of the
adsorbent quoted at: C = 86.5%,0 = 6.5%,and H = 1.2% (w/w).
Three reactive dyes which have a wide industrial application
were selected, namely; C.I. Reactive Blue 2; C.I. Reactive
Red 4; and C.I. Reactive Yellow 2 (Aldrich Chemicals). The
chemical structures of the dyes are illustrated in Fig. 1.

2.2. Chemical and physical characteristics of
activated carbon

K, values of reactive dyes were determined according to
a standard procedure [12]. The Boehm method which is widely
used for determination of acidic and basic surface groups of ac-
tivated carbons was also used to characterize the activated car-
bon [13]. Furthermore, the pHp,. was determined using the pH
drift method [10].

The textural characteristics of activated carbon including
surface area, pore volume, pore size distribution were deter-
mined using standard N,-adsorption techniques (Nova 4200e,
Surface Area and Pore Size Analyzer) [14].

2.3. Reactive dye adsorption isotherms

Equilibrium adsorption isotherms for reactive dyes were
undertaken at 25 &+ 1 °C. A mass of 0.250 =+ 0.001 g of activated
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Fig. 1. Chemical structures of reactive dyes.

carbon (particle diameter 300—500 pm) was added to 250 cm’
bottles containing 100.0 cm? of reactive dye of varying concen-
tration: 1.0 x 10°—1.2 x 10> mol/dm’. The bottles were
sealed and placed in a thermostated shaker (GFL 1083, Ger-
many) for one week until equilibrium was achieved. The ad-
sorption behavior of the reactive dyes on the activated carbon
was studied at four temperatures (298, 308, 318, and 328 K).
The adsorption equilibrium isotherm experiments were
repeated in duplicate and the average values are reported.

2.4. Effect of solution pH and ionic strength on
reactive dye adsorption

The effect of solution pH and ionic strength on dye adsorp-
tion was investigated according to the following procedure. A
mass of 0.250 g of dried activated carbon (300—500 pm parti-
cle diameter) was added to a number of 250 cm® glass bottles
containing 100.0 cm® of 6.0 x 10~* mol/dm® dye solution.
The pH of the dye solutions was adjusted over the range pH
2—pH 10 using 0.5 M HNOj; or 0.5 M NaOH solutions (prior
to the addition of the adsorbent). The bottles were sealed and
placed in the shaker at 25 & 1 °C for seven days. The effect of
ionic strength on the adsorption of the dyes was investigated
according to the following procedure. A mass of 0.250 g of ac-
tivated carbon (300—500 um particle diameter) was added to
1000 cm? solutions of 6.0 x 10~* mol/dm? of dye with varying
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concentrations of NaCl (0.05—0.5 mol/dm3). After seven days,
the solution phase dye concentration was determined, as de-
scribed in Section 2.3.

3. Results and discussion
3.1. Dye characterization

Table 1 summarizes the characteristics of the reactive dyes.
The acidity constants (K,) for these particular dyes have not
been previously reported. The values of pK, of the reactive
dyes were determined using a standard potentiometric titration
method [12]. Due to their acid—base properties, dyes can be
titrated using suitable acid or base solution. The pK, values of
reactive dyes were calculated by plotting the equilibrium pH
against buffer intensity of dyes (M pH ") [12]. Fig. 2 illustrates
the variations in buffer intensity of C.I. Reactive Blue 2 against
pH. pK, values were obtained from the maximum buffer inten-
sity when the concentration of ionized and neutral dye species
was equal [12]. As shown in Fig. 2, the pK, value of C.I. Reactive
Blue 2 was 5.5. Similar curves (not presented) were obtained for
the C.I. Reactive Yellow 2 and C.I. Reactive Red 4 dyes. It was
found that the reported pK, values of reactive dyes were similar
to those reported for other anionic dyes [15]. Table 1 summa-
rizes the number of polar and ionizable functional groups that
were present in dye molecules and contain much the same den-
sity of polar functional groups (15—18 groups/molecule) and
ionizable groups (3—4 groups/molecule).

3.2. Adsorbent characterization

3.2.1. Chemical characteristics

The surface functional groups and pH,,,. are important char-
acteristics for any activated carbon as they indicate: the acidity/
basicity of the adsorbent, type of activated carbon (either H- or
L-type), and the net surface charge of the carbon in solution.
Table 2 summarizes the result of the Boehm titration method,
the data indicate that the activated carbon has both basic and
acidic properties. The acid functional groups are carboxylic,
lactonic, and phenolic [16]. The basic functional groups in-
clude oxygen-containing species such as ketonic, pyronic,
chromenic, and m-electron system of carbon basal planes
[16,17]. The activated carbon has more basic properties and
has a relatively low density of surface functional groups
(0.54 group/nm?). A value of 14.9 group/nm” has been reported
for an activated carbon [16]. The density of surface functional

Table 1
Characteristics of reactive dyes
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Fig. 2. Buffer intensity curve for C.I. Reactive Blue 2.

groups depends on the activated carbon preparation conditions
and on the nature of the precursor [18]. Many chemical treat-
ment procedures have been employed to increase the density
of surface functional groups of activated carbon, highlighting
the importance of functional group interaction with polar sol-
utes from solution [19]. The combined influence of all the func-
tional groups of activated carbon determines pH,,., i.e., the pH
at which the net surface charge on carbon was zero. At
pH < pHy,,., the carbon surface has a net positive charge, while
at pH > pHy,,. the surface has a net negative charge [20]. Fig. 3
shows the “pH drift” data, from which the pH,,. of the
adsorbent can be determined (pH 9.0). The pH,,. is the
point were the curve pHgna VS pHinia intersects the line

PHinitiat = PHfinar [10].

3.2.2. Physical characteristics

The textural characteristics of activated carbon obtained
from N,-adsorption analysis are summarized in Table 3, indicat-
ing that the adsorbent has a large specific surface area (820 m*/g)
typical for commercial activated carbons [24]. Comparing the
magnitude of the total surface area with the surface area of mi-
cropores indicates the high microporosity of the adsorbent. The
area of the micropores contributes to 86% of the total surface
area. The high microporosity of the adsorbent was evident
when comparing the micropore volume with the total pore
volume. The micropore volume contributes to about 82% of
the total pore volume. The percentage microporosity can be
further increased using a number of chemical procedures; the
percentage microporosity can increase to 99% for an activated
carbon after treatment by NaOH solution [25]. Normally, pores
of adsorbents can be divided into micropores (pore diame-
ter < 2 nm), mesopores (pore diameter range 2—50 nm), and

C.I generic name Amax (nm) Solubility at pK. C (Wt%) Number of Number of polar functional groups
25 °C (g/dm*)* ionizable groups located on dyes that can interact with
activated carbon
—-S-0 —C-0 —Cl —NH —NH,
Reactive Blue 2 604.0 60.0 5.5 45.0 3 9 2 1 3 1
Reactive Red 4 517.0 120.0 4.4 38.6 4 12 2 1 3 -
Reactive Yellow 2 404.0 70.0 53 345 3 9 1 3 2 -

% Manufacturer data.
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Table 2
Acidity/basicity and pH,,, of activated carbon®
Total basic Total acidic Carboxylic Lactonic Phenolic Total functional Density of groups PHpze
groups (mmol/g) groups (mmol/g) groups (mmol/g) groups (mmol/g) groups (mmol/g) groups (mmol/g) on the surface”
(group/nm?)
0.43 0.30 0.06 0.08 0.16 0.73 0.54 9.0

# All the reported results are average of three trials.
® Specific surface area = 820 m?/g.

macropores (pore diameter > 50 nm) [24]. As shown in Table 3,
the average pore diameter for this activated carbon was 1.8 nm as
obtained from Barrett—Joyner—Hanlenda (BJH) method [21],
which also indicates that the adsorbent was highly microporous.

3.3. Equilibrium isotherms for reactive dye
adsorption on activated carbon

Adsorption isotherm data of the reactive dyes are illustrated
in Fig. 4. The shape of the isotherms indicates L2-behavior ac-
cording to Giles and Smith classification [26]. In L2-type iso-
therms, adsorption of solute on the adsorbent proceeds until
a monolayer is established, with the formation of more than
one layer not being possible [26]. The shape of isotherm pre-
sented in Fig. 4 is indicative of high affinity between the sor-
bent surface and the reactive dye molecules. The adsorbent
effectively removes the three dyes at low initial concentra-
tions; at higher concentrations the isotherms reach a maximum
capacity as indicated by the plateau of the data. Most reported
adsorption isotherms of reactive dyes were of L2-type iso-
therm [4,5,10,27]. L2-type isotherms are usually associated
with ionic solute adsorption (e.g., metal cations and ionic
dyes) with weak competition with the solvent molecules
[26]. Accordingly, the anionic reactive dye molecules favor-
ably adsorb on the carbon surface with low competition
from water molecules, with this adsorption process continuing
until the surface concentration reaches a maximum value. In
addition, the formation multi-layers of adsorbate was not pos-
sible due to the electrostatic repulsion between adsorbed mol-
ecules and those in solution [26].

3.3.1. Langmuir and Freundlich equilibrium
isotherm models

The correlation of the experimental adsorption data with
a number of adsorption models was undertaken to gain an

12+
11 1
10 4
9,

pHpzc =9.0

PHfinal

NWHOOoO N
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Fig. 3. Determination of pH,,,. of activated carbon by the pH drift method [10].

understanding of the adsorption behavior and the heterogene-
ity of the adsorbent surface. The Langmuir equation can be
represented as follows [28]:

_ QmaxKLCe 1
T Ti K. )
where: C, (mmol/dm?) is the equilibrium concentration of dye
in solution; g. (mmol/g) is the surface concentration of dye at
equilibrium; Q,.x (mmol/g) is the amount of dye adsorbed at
complete monolayer coverage; K; (dm*/mmol) is a constant
that relates to the heat of adsorption [24].

The Freundlich model can take the following form [28]:

qe = KFCQ (2)

where: Kg [mmol/g (mmol/dm3 )~"] represents the adsorption
capacity when dye equilibrium concentration (C.) equals 1;
n represents the degree of dependence of adsorption on equi-
librium concentration. The model parameters (as obtained
from linear-regression analysis) and correlation coefficients
() are presented in Table 4.

3.3.1.1. Langmuir model. The correlation of the dye adsorp-
tion data with the Langmuir isotherm model was high, with
2 values of 0.9912, 0.9712 and 0.9735 for C.I. Reactive Blue
2, C.I. Reactive Yellow 2 and C.I. Reactive Red 4 dyes, respec-
tively. As shown in Table 4, the maximum adsorption values for
the dyes were 0.27 and 0.24 and 0.11 mmol/g for C.I. Reactive
Blue 2, C.I. Reactive Yellow 2, and C.I. Reactive Red 4, respec-
tively. K represents the equilibrium adsorption constant, there-
fore higher values of K were indicative of a favorable
adsorption process. By comparing the values of Kj, it can be

Table 3

Textural characteristics of activated carbon

SpET' Sextermal’  Smic Total Micropore  Mesopore ~ Average

(m2/g) (m2/g) (m2/g) pore volume® volume' pore
volume®  (cm*/g) (cm’/g) diameter®
(em’/g) (nm)

820 110 710 0.56 0.46 0.10 1.8

* Specific surface area (multipoint BET method [21]).

® External surface area (t-plot method [21]).

¢ Micropore surface area (¢-plot method [21]).

4 Calculated from the amount of N, adsorbed at P/Po = 0.95 [22].

¢ Obtained from Dubinin—Radushkevich method [14].

T Calculated from the amount of N, adsorbed between relative pressure
P/Py: 0.40—0.95 assuming that the molar volume of liquid nitrogen is
35 cm’/mol [23].

€ Obtained from Barrett—Joyner—Hanlenda (BJH) method [21].
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Fig. 4. Adsorption isotherms of reactive dyes. Mass of carbon: 0.25 g; volume of
solution: 100.0 cm®; pH: 7; dye concentration range: 1.0 x 107#—1.2 x 10> mol/
dm?; temperature: 25.0 °C. Points: experimental data; lines: Langmuir model.

concluded that adsorption of C.I. Reactive Blue 2 and C.I. Re-
active Yellow 3 dyes (K, = 6.6 and 5.4) was more favorable
than that of C.I. Reactive Red 4 (K1, =3.2). The fraction of
the carbon surface that is occupied by dye molecules (¢) can
be calculated from the amount of dye adsorbed and the surface
area occupied by one dye molecule (¢) using the following
equation [22,29]:

~ OmaxNo x 10720

SBET

0 (3)

where: 0 represents the fraction of the surface that is occupied
by dye molecules at saturation; Q,.x (mol/g) is the amount of
dye adsorbed at saturation, as obtained from the Langmuir
model; o (A*molecule) is the surface area occupied by one
molecule; N is the Avogadro’s number (6.022 X 1023); SBET
is the specific surface area of the adsorbent (820 m?/g).
McClellan and Harnsberger have proposed an empirical rela-
tionship that may be used for the estimation of ¢ of organic
molecules adsorbed on activated carbon [30]:

. MW 2/3
U(Az /molecule) =1.091 x 10'° (p—N> (4)

where: MW is the molar mass of the adsorbed molecule (g/mol);
p is the adsorbate density (g/cm?). The corresponding values
of ¢ and @ for reactive dyes are given in Table 5. The values
of 8 were 0.45, 0.42, and 0.22 for C.I. Reactive Blue 2, C.I.

Table 4

Reactive Yellow 2 and C.I. Reactive Red 4 dyes, respectively.
The values of ¢ indicate that the formation of a complete mo-
lecular layer (§ = 1) was not achieved for the three dyes and
a large fraction of the adsorbent surface remains unoccupied,
particularly in the case of C.I. Reactive Red 4. The incomplete
formation of a monolayer may be attributed to large molecular
diameter of the dye molecules which cannot fully access the
sorbent micropores that account for about 87% of the total sur-
face area of the adsorbent (see Table 3).

3.3.1.2. Freundlich model. The model parameters and r?
values are presented in Table 4, which indicate that this model
showed lower correlation with the experimental adsorption
data compared to the Langmuir model. The extent of adsorp-
tion for C.I. Reactive Blue 2 was approximately three times
that of C.I. Reactive Red 4, as inferred from the values of
Kg, 0.30 and 0.10, respectively. The high adsorption capacity
of C.I. Reactive Blue 2 compared to C.I. Reactive Red 4 can
also be illustrated from the values of Q,.x using the Langmuir
model. The n values for all adsorption systems studied were
less than unity, which reflects the favorable adsorption of the
reactive dyes over the entire concentration range used in this
study (1.0 x 107*—1.2 x 1072 mol/dm®) [31]. Furthermore,
the surface of activated carbon is known to be highly hetero-
geneous and the energies of active sites are highly variable,
which would also tend to make the values of n less than unity
[22,32].

3.4. Effect of solution pH and ionic strength on
dye adsorption and identification of the
adsorption mechanism

The effect of solution pH on dye removal from solution was
studied under identical conditions for the three dyes chosen for
this study. The data are presented in Fig. 5, which indicate that
the adsorption behavior of each of the reactive dyes was sim-
ilar, from pH 2 to pH 10, (e.g., the removal of C.I. Reactive
Blue 2 decreased from 70% to 56%, when the pH was in-
creased from 2 to 4, with the percentage removal then remain-
ing almost constant up to pH 8). A large decrease in adsorption
capacity for this dye was observed under basic conditions (i.e.,
a decrease to 40% removal at pH 10). Similar adsorption be-
havior with variation in solution pH has been reported in the
literature [2,33]. If electrostatic interaction was the only mech-
anism for the dye adsorption, then the removal capacity should

Model parameters obtained from fitting the experimental equilibrium data with isotherm models

C.I. Reactive Blue 2
Langmuir isotherm
Freundlich isotherm

C.I. Reactive Yellow 2
Langmuir isotherm
Freundlich isotherm

C.I. Reactive Red 4
Langmuir isotherm
Freundlich isotherm

C. (mmol/dm?): 0.1—-0.8
C. (mmol/dm?): 0.1—0.8

C. (mmol/dm?): 0.1—0.8
C. (mmol/dm®): 0.1—-0.8

C. (mmol/dm?): 0.2—0.9
C. (mmol/dm?): 0.2—0.9

K. =6.6 0m=027 2 =0.9912
Kg=0.30 n=0.38 * =0.9635
K =54 Om=0.24 ”=09712
Kr=023 n=0.25 ?=0.9622
K. =32 Om=0.11 ”=0.9735
Ke=0.10 n=0.37 ?=0.9591
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Table 5
Values of ¢ and 6 for adsorbed reactive dyes
Dye Density MW O max 4 0

(g/cm3) (g/mol) (mmol/g) (A¥molecule)

(at 25 °C)

C.1. Reactive Blue 2 0423 7735 0.27 228.8 0.45
C.I. Reactive Yellow 2 0.445 8725 0.24 239.7 0.42
C.I. Reactive Red 4 0415 9945 0.11 273.9 0.22

be at a maximum within the range pH 6—8. In this pH range
the surface of activated carbon is positively charged
(pHp,c =9.0) and dyes are negatively charged (pK, of dyes
4.4—5.5). The protonated groups of activated carbon are
mainly carboxylic group (—CO—OH3), phenolic (—OHJ)
and chromenic groups (jJ) [16,17,20]. The deprotonated

groups of the dye were probably the sulphonate groups
(—SO03). Atsolution pH < 4, the removal capacity was expected
to decrease, as the adsorbent was positively charged and dye
molecules were either neutral or partially positively charged.
At this acidic pH, the sulphonate groups of the dyes were almost
protonated (—SO3H, i.e., neutral). Furthermore, the protonation
of nitrogen atoms especially those not involved in aromatic sys-
tems is also probable. The large reduction in dye adsorption at
highly basic conditions can be attributed to electrostatic repul-
sion between the negatively charged activated carbon and the
deprotonated dye molecules. The constant adsorption capacity
of activated carbon for dyes over the pH range 4—8 was an indi-
cation that the electrostatic mechanism was not the only mech-
anism for dye adsorption in this system. Activated carbon can
also interact with dye molecules via hydrogen bonding and hy-
drophobic—hydrophobic mechanisms [23,34].

As shown in Fig. 6, adsorption of reactive dyes on activated
carbon increased upon addition of small quantities of salt, how-
ever, this increase plateaued at a salt concentration of 0.1 mol/
dm?. The effect of ionic strength on dye adsorption was studied
at pH 7.0, where dyes and activated carbon were oppositely
charged (pHp,. = 9.0 of activated carbon and pK, 4.4—5.5 of
dyes). Theoretically, when the electrostatic forces between
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Fig. 5. Effect of solution pH on extent of dye adsorption. Experimental condi-
tions: initial dye concentration 0.6 mmol/dm3; carbon mass 0.25 g; volume of
solution 100 cm3; temperature 25.0 °C.
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Fig. 6. Effect of solution ionic strength on the extent of dye adsorption. Exper-
imental conditions: initial dye concentration 0.6 mmol/dm’; mass of carbon
0.250 g; volume of solution 100 cm?; temperature 25.0 °C; pH 7.0.

the adsorbent surface and adsorbate ions were attractive, as
in this system, an increase in ionic strength will decrease the
adsorption capacity. Conversely, when the electrostatic attrac-
tion is repulsive, an increase in ionic strength will increase ad-
sorption [23,35,36]. The experimental data from this study did
not follow this convention, as the adsorption of negatively
charged dye molecules on positively charged activated carbon
increased with NaCl addition. The significant increase in dye
removal after NaCl addition can be attributed to an increase
in dimerization of reactive dyes in solution. The effect of salt
and temperature on the dimerization of reactive dyes has
been extensively investigated by Alberghina and co-workers
[35]. A number of intermolecular forces have been suggested
to explain this aggregation, these forces include: van der Waals
forces; ion—dipole forces; and dipole—dipole forces, which oc-
cur between dye molecules in the solution. It has been reported
that these forces increased upon the addition of salt to the dye
solution [35]. Accordingly, the higher adsorption capacity of
reactive dyes under these conditions can be attributed to the ag-
gregation of dye molecules induced by the action of salt ions,
i.e., salt ions force dye molecules to aggregate, increasing the
extent of sorption on the carbon surface. In a similar study, Ger-
man-Heins and Flury have reported an increase in Brilliant
Blue (a reactive dye) adsorption after adding salt to the solution
[36]. It is important to note that the absorption characteristics
and A, of dyes were insensitive to changes in pH and ionic
strength of solution.

3.5. Effect of temperature on dye adsorption and
thermodynamics

The adsorption of C.I. Reactive Blue 2 and C.I. Reactive
Yellow 2 on activated carbon was studied at temperatures
of 298, 308, 318 and 328 K, with these adsorption iso-
therms being shown in Figs. 7 and 8. The free energy of
adsorption (AG,qs) was calculated from the following equa-
tion [37]:

AG = —RTInKy, (5)



22 Y.S. Al-Degs et al. | Dyes and Pigments 77 (2008) 16—23

0.6

q
O ¢
N

Surface concentration,
o (mmol g")

o o o o

- w ~ O,

0.0 0.2 0.4 0.6 0.8 1.0

Equilibrium concentration in solution,
C. (mmol dm3)

0328K #318K A308K 4 208K|

Fig. 7. Adsorption isotherms of C.I. Reactive Blue 2 on activated carbon at dif-
ferent temperatures. Carbon mass 0.25 g; volume of solution 100.0 cm? ;pHT;
dye concentration range 1.0 x 107°—2.0 x 10~ mol/dm®. Points: experimen-
tal data, lines: Langmuir model.

where: Kj ; is the Langmuir constant at 7y; R is the gas con-
stant (8.314 J/mol K). The apparent enthalpy of adsorption,
(AH,4s), and entropy of adsorption, (AS,qs), were calculated
from adsorption data at different temperatures using the Van’t
Hoff equation [33]:

AS AH
In(Kp) = R RT (6)

where: K1 is the Langmuir constant and T is the solution tem-
perature (K). The magnitude of AH,4s and AS,4s Was calcu-
lated from the slope and y-intercept from the plot of In K
vs 1/T, with these thermodynamic parameters being given in
Table 6.

As shown in Figs. 7 and 8, the adsorption capacity of both
dyes increased at higher temperatures, which indicates that ad-
sorption of dyes in this system was an endothermic process.
For both dyes, the surface coverage increased at higher
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Fig. 8. Adsorption isotherms of C.I. Reactive Yellow 2 on activated carbon at
different temperatures. Carbon mass 0.25 g; volume of solution 100.0 cm®; pH
7; dye concentration range 1.0 x 107°—1.2 x 10> mol/dm>. Points: experi-
mental data, lines: Langmuir model.

temperatures (see Table 6), this may be attributed to increased
penetration of reactive dyes inside micropores at higher tem-
peratures or the creation of new active sites. The formation
of more than one molecular layer on the surface of activated
carbon appears to be achieved in the case of C.I. Reactive
Blue 2 dye adsorption at 328 K where the value of 6 was
1.30. AH,q4s values as calculated from Eq. (6) were +37.2
and +34.1 kJ/mol for C.I. Reactive Blue 2 and C.I. Reactive
Yellow 2, respectively. Physical adsorption and chemisorption
can be classified, to a certain extent, by the magnitude of the
enthalpy change. It is accepted that bonding strengths of
<84 kJ/mol are typically those of physical adsorption type
bonds. Chemisorption bond strengths can range from 84 to
420 kJ/mol [38]. Based on this, the adsorption of reactive
dyes on activated carbon appears to be a physical adsorption
process. However, the enthalpy ranges quoted above were
derived from gaseous adsorption studies and may not strictly
apply for adsorption from solution. Some researchers have
suggested that sorption from aqueous solution onto activated
carbon is by a different adsorption mechanism, which may
not be described as either physical adsorption or chemisorp-
tion [18]. The enthalpy of adsorption of organic molecules
from aqueous solution on activated carbon is usually within
the range 8—65 kJ/mol [18].

Moreover it was expected that adsorption processes (either
from gas or liquid phase) are exothermic due to the heat re-
leased after bond formation between solute and adsorbent
[18,24,38]. The endothermic adsorption of reactive dyes on ac-
tivated carbon appears to be uncommon behavior, however,
several authors have reported endothermic adsorption of reac-
tive dyes on different types of adsorbents [2,27,33,39]. The ad-
sorption of reactive dyes was spontaneous at the temperatures
under investigation as indicated from the negative values of
free energy (AG,qs)-

4. Conclusions

Activated carbon with a large surface area (820 mzlg) and
a modest surface charge density (0.54 group/nm?) was shown
to be effective in removing anionic reactive dyes from solu-
tion. At pH 7.0 and 298 K, the maximum adsorption values
as described using the Langmuir equilibrium isotherm model
were 0.27, 0.24, and 0.11 mmol/g for C.I. Reactive Blue 2,
C.I. Reactive Yellow 2 and C.I. Reactive Red 4 dyes, respec-
tively. The formation of a complete monolayer was not
achieved and the fraction of surface coverage was calculated
as 0.45, 0.42, and 0.22 for C.I. Reactive Blue 2, C.I. Reac-
tive Yellow 2 and C.I. Reactive Red 4 dyes, respectively.
The adsorption capacity of the dyes on activated carbon in-
creased in acidic solutions, but decreased in basic solutions.
The adsorption capacity of the dyes increased when increas-
ing the ionic strength of solution, this was attributed to dye
aggregation in solution. Adsorption of reactive dyes was
found to be spontaneous at the temperatures under investiga-
tion (298—328 K) as indicated from the negative values of
free energy (AG,qs).
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Table 6

Thermodynamic parameters for reactive dye adsorption on activated carbon under different temperatures

C.I. Reactive Blue 2

C.I. Reactive Yellow 2

T (K) Ky Omax AG s AH 45 ASaas Omax Ky AG s AH 45 ASaas
(mmol/g) (kJ/mol) (kJ/mol)* (J/mol K) (mmol/g) (kJ/mol) (kJ/mol)® (J/mol K)

298 6.6 0.27 —4.7 37.2 140.5 0.24 5.5 —4.2 34.1 128.9

308 12.2 0.39 —6.4 0.31 8.7 =55

318 18.3 0.52 —-7.7 0.37 13.8 —6.9

328 26.4 0.77 —-8.9 0.41 19.0 -8.0

 Results of plotting In Ky vs 1/T (Eq. (6)): slope = —4475, intercept = 16.9, r* = 0.9922.
® Results of plotting In Ky vs 1/T (Eq. (6)): slope = —4100, intercept = 15.5, ” =0.9967.
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