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Abstract The adsorption of methylene blue (MB) on
activated carbons prepared from date stones with different
degree of activation has been investigated. Equilibrium
adsorption data of MB was carried out at 298 K. Four
isotherm models (Freundlich, Langmuir, Redlich—Peterson
and Sips) were tested for modeling the adsorption iso-
therms by nonlinear method. The three-parameter equations
(Redlich—Peterson and Sips) showed more applicability than
the two-parameter equations (Freundlich and Langmuir),
which can be explained by the fact that these have three
adjustable parameters. The best fit was achieved with the
Redlich—Peterson equation according to the high value of
correlation coefficient. All the samples were capable of
retaining the MB, with the best result being reached by the
sample with higher burn-off. Date stones activated carbon
showed high adsorption capacity of 460 mg/g, calculated
from the Sips isotherm model.
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Introduction

Considering both the volume and chemical composition of
the discharged effluent, the textile, dyeing, pulp and paper,
and printing industries are the major polluters among the
industrial sectors (Easton 1995). Pulp and textile industries
consume considerable amounts of water in their manufac-
turing processes and hence produce large amounts of
wastewater. Effluents from the industries are also charac-
terized by their low biochemical oxygen demand (BOD)
and high color content. Textile industry is particularly
known for its high water consumption, as well as for the
usage of variety and large quantity of chemicals throughout
different process stages (Bansal and Goyal 2005; Robinson
et al. 2001).

Adsorption has been extensively studied as a cost-
effective method for removing a wide variety of hazardous
materials, such as dyes and heavy metals, from aqueous
solutions. The most widely used adsorbent for separating
the pollutants is activated carbon. Most adsorption research
focused on the isotherm, kinetic, and thermodynamic pro-
cesses. For the adsorption process, an analysis of the iso-
therm data is important because the isotherms describe
equilibrium relationships between adsorbent and adsorbate,
usually the ratio between the quantity adsorbed and that
remaining in the solution at a fixed temperature at equi-
librium. The distribution of dye between the adsorbent and
dye solution, when the system is in a state of equilibrium, is
important in establishing the capacity of the adsorbent for
the dye (Mall et al. 2006). The capacity of activated carbon
for a given pollutant is usually determined by carrying out
an adsorption isotherm.

This work investigates the adsorption of methylene blue
(MB) onto activated carbons produced from date pits using
equilibrium isotherms. A further aim is to describe

Dislase cllod dao .
KACST a,0xétlg roglel @ Springer



112

Appl Water Sci (2011) 1:111-117

equilibrium data using equilibrium isotherm models. The
isotherm constants for the Langmuir, the Freundlich, the
Redlich—Peterson, and Sips isotherms have been calculated
using nonlinear regression with the help of Origin (Version
8) software program.

Experimental
Adsorbent

Any cheap material with a high carbon content low in ash
can be used as a new material for production of activated
carbon. Date pits have a low ash content 1.7%.

Four activated carbons were tested for the adsorption of
MB in solution. The materials were prepared in our labo-
ratory by physical activation of date stones with CO,
(150 ml min~") at 800°C using different activation times
to cover burn-off range 16-64%. The prepared activated
carbons were named as letter C followed by the burn-off.
The details of the activation process have been described
elsewhere (Belhachemi et al. 2009). After activation the
ash content increases and does not exceed 6% for all
activated carbons. The samples were washed with a dilu-
tion HCI solution in order to remove the ash components.
Subsequently, the samples were repeatedly washed with
distilled water until neutral pH. The samples were then
dried at 120°C, and finally kept in hermetic bottles for
further experiments.

The textural characterization of activated carbons was
carried out by nitrogen and dioxide carbon adsorption at
—196 and 0°C respectively, using a static manometric
apparatus. The apparent surface area was obtained using the
BET method. The micropore volume (V,) was deduced from
the N, adsorption data using the Dubinin—Raduskevitch
(DR) equation, while the mesopore volume (V,es) Was
obtained as the difference between the total pore volume
(V1) adsorbed at p/p, = 0.95 and the micropore volume
(V,). The pore volume corresponding to the narrow micro-
porosity (V,) was obtained after application of the DR
equation to the CO, adsorption data.

Temperature-programmed desorption experiments and
infra-red spectroscopy methods (FTIR) were carried out to
evaluate the amount and nature of the oxygen surface
groups present in each sample. The TPD profiles were
obtained using a vertical quartz reactor inside an electric
furnace, connected to a quadrupole mass spectrometer
(Balzer MSC200). About 100 mg of sample were intro-
duced into it and heat treated at 10°C min~' from room
temperature up to 1,050°C under a flow of helium, and the
evolved gasses were analyzed. The amounts of CO and
CO; evolved during the heat treatment were calculated by
integration of the desorption profiles. Both CaC,04-H,O
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and known mixtures of both gasses were used as references
for the calibration of the spectrometer. The FTIR spectra
have been recorded in the range 4,000-500 cm™'. The
FTIR spectra of the samples were obtained using KBr
wafers containing 0.5 g carbon.

Adsorption isotherm

Adsorption was determined by batch method, which is
simple and easy to perform. In batch method, a fixed
amount of the adsorbent (0.01 g) was added to 10 ml of
dye solution of varying concentrations taken in well-closed
flasks. Then, all the flasks were shaken for 24 h. It was
previously checked that this period of time was enough to
reach equilibrium adsorption. After shaking, the suspen-
sions were centrifuged at 2,000 rpm for 2 min. The solu-
tions were carefully decanted to be analyzed using a UV/
VIS spectrophotometer (Unicam helios J), at 665 nm,
which was the maximum wave length for MB.

The amount of MB adsorbed was calculated based on
the following equation:

o = O m

m

where ¢g. is the amount of dye adsorbed in activated
carbon, C, and C. the initial and equilibrium concen-
trations of MB solutions, m the amount of adsorbent and
V is the volume of solution. The solution pH was used
without adjustment for all experiments. Over the range of
concentrations used, the pH of the MB solutions was
constant at 6.2.

Adsorption equilibrium data which express the rela-
tionship between mass of adsorbate adsorbed per unit
weight of adsorbent and liquid-phase equilibrium concen-
tration of adsorbate are represented by adsorption iso-
therms and provide important design data of adsorption
system. The equilibrium data for the removal of MB in the
present investigation were analyzed using the two-param-
eter model, Langmuir, Freundlich and three-parameter
model, Redlich—Peterson and Sips equations (Freundlich
1906; Langmuir 1916; Redlich and Peterson 1959; Um-
pleby et al. 2001)

Langmuir isotherm

The Langmuir adsorption isotherm is based on monolayer,
uniform, and finite adsorption site assumptions, therefore a
saturation value is reached beyond which no further
adsorption takes place. It also assumes that there is no
interaction between the molecules adsorbed on neighboring
sites. The Langmuir equation which is valid for monolayer
adsorption onto a surface with a finite number of identical
sites is given by:
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where C, is the concentration of the dye solution at equi-
librium (mg/L), g, is the amount of dye adsorbed per unit
mass of adsorbent (mg/g), and K7 is the constant related to
the free energy of adsorption (L/mg). Oy is the maximum
adsorption capacity.

The essential characteristic of the Langmuir isotherm
can be expressed in terms of a dimensionless constant
called equilibrium parameter (Hall et al. 1966):

1

RR=—
T+ KLG)

(3)
where K is the Langmuir constant and C is the highest
initial dye concentration (mg/L). The value of Ry indicates
the type of isotherm to be either favorable (0 < Ry < 1),
linear (R, = 1), unfavorable (R > 1), or irreversible
(R = 0).

Freundlich isotherm

Freundlich isotherm is an empirical equation for multilayer,
heterogeneous adsorption sites. The Freundlich equation is
commonly given by:

e = KFCé/”F (4)

where g, is the amount of solute adsorbed per unit weight
of adsorbent (mg/g), C. is the equilibrium concentration of
solute in the bulk solution (mg/L), Kg is a Freundlich
constant indicative of the relative adsorption capacity of
the adsorbent (mg/g), and 1/ng is the heterogeneity factor.

Redlich—Peterson isotherm

Redlich—Peterson equation included three adjustable
parameters into an empirical isotherm. This equation is
widely used as a compromise between Langmuir and
Freundlich systems. The equation for this model is:
e 5
+ arCe

where Kgp and f§ are the R—P constants. When the value of
p is equal to 1, the above equation is reduced to the
Langmuir isotherm, while it reduced to a Freundlich iso-
therm, in case the value of the parameter aRCg is much
bigger than 1. The ratio of Kgrp/agrp indicates the adsorption
capacity.

Sips isotherm

The nonlinear Sips (Freundlich-Langmuir) isotherm

equation can be represented as:

_ OsKsCe®

= 6
1+ KsCe® ( )

€
where Ky is equilibrium constant. If the value of ng is equal
to 1 then this equation will become a Langmuir equation.
Alternatively, as either C. or Kg approaches 0, this iso-
therm reduces to the Freundlich isotherm.

Results and discusion
Characterization of activated carbons

Table 1 reports the textural characteristics obtained from
the N, and CO, adsorption isotherms at 77 K and 273 K,
respectively. The activation with CO, produces both the
opening of new micropores together with the broadening
and deepening of the existing ones. The broadening of the
microporosity is clearly reflected by comparing the dif-
ference between V(y(N,) and Vr, the development of mes-
opore volume and also considering the variation of the
relative ratio Vo(N,)/Vt (percentage of microporosity) with
burn-off. In fact, the activated C64 simple exhibits the
highest BET surface area (Sggt: 1,669 m2/g), as well the
highest micropore (0.67 cm*/g) and total (0.91 cm?/g) pore
volume.

The amount and nature of the oxygen surface groups on
the different activated carbons has been analyzed by tem-
perature-programmed desorption experiments. In this
sense, Fig. 1a, b shows the CO, and CO desorption profiles
for the different activated carbons in the 25-1050°C tem-
perature range. Additionally, Table 2 reports the total
amount of oxygen surface groups evolved both as CO, and
CO. Although the TPD profile for CO, is quite complex in
all cases, the contribution of the more acidic groups is quite
small as compared to the amount of CO evolved (see
Table 2).

According to Fig. la, an increase in burn-off has mainly
no effect in the total amount of oxygen surface groups
evolved as CO, (carboxylic acid, lactone, etc.), i.e. the least
stable groups. However, the amount of CO, i.e. the most
stable groups evolved increase with degree of activation
(see Fig. 1b). This effect is clearly reflected in the CO/CO,
ratio, which increases continuously with the burn-off. CO
desorption at high temperature (>900°C), are attributed to
the decomposition of carbonyl, quinones and pyrone type
groups which have basic nature (Figueiredo et al. 1999;
Orfo et al. 2006).

The FTIR spectra of date pits activated carbons with
various burn-off are shown in Fig. 2. The spectrum dis-
played the following bands: O—H stretching of the hydroxyl
of the alcohols groups: 3,500 cmfl; N-H stretching: 1,480
and 1,560 crn*l; C-O stretching of ethers: 1,100 cm ™!
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Table 1 Specific surface area and pore volume calculated from the N, and CO, adsorption isotherms at 77 K and 273 K, respectively, for
activated carbons

Activated Carbon ~ Sger m>g™") Vo) (em® g7") Vi (em® g')  Vp(em®g™) VooV Ve(COy) (em® g )
Cl6 685 0.27 0.03 0.30 0.90 0.27
C28 831 0.33 0.05 0.38 0.86 0.32
C37 1,069 0.44 0.08 0.52 0.84 0.36
Co4 1,669 0.67 0.24 0.91 0.73 0.41
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ci6 . . .
0.0000 and Sips isotherms, using origin software. The develop-
Y Y Y Y Y Y ment of computer technology facilitated the application of
0 200 400 600 800 1000 1200 the nonlinear optimization method as an alternative to

Temperature (°C)
Fig. 1 CO, and CO temperature-programmed desorption profiles for

activated carbons C16, C37 and C64 (CO, profiles inset with large
scale)

Table 2 Amount of CO and CO, evolved during TPD experiment

Carbons CO, CO CO/CO,
Cle 0.41 0.89 2.1
C28 0.45 1.13 2.5
C37 0.43 1.17 2.7
Co64 0.42 1.61 4.0

(Shafeeyan et al. 2010). The disappearance of bands and
the decrease of others suggest that the aromaticity of the
material increases during the activation and the least stable
groups disappears; this result is consistent with TPD
experiments.
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determine the isotherm parameter values. This method does
not transform data sets; hence, no distortions are created in
the original error distribution. Comparisons of linear and
nonlinear regressions often concluded that the best
parameter estimates were returned by nonlinear optimiza-
tions (Allen et al. 2003; Boulinguiez et al. 2008; Ho 2004).
The results for the four activated carbons are presented in
Fig. 3a and Fig. 3b shows the fit of the isotherm models to
the experimental data for the adsorption of MB onto acti-
vated carbon C28. The isotherms (Fig. 3a) are of the same
type. They are characterized by a large increase in the
amount adsorbed at low concentrations, decreasing around
an equilibrium concentration, and followed by a tendency
for the formation of a plateau when the concentration is
higher. Comparing isotherms (C16, C28, C37 and C64), it
is clear that the activation process produces strong changes
in the amount of MB adsorbed. Interestingly, the amount of
MB adsorbed increases with the degree of activation. In
fact, the activation treatment with CO, gives rise to the



Appl Water Sci (2011) 1:111-117

115

a 600
@ 500
<)
E
- 400 4
@
2
1]
£ 300 4
®
£
o 200
IS
<
100 H
0 4
T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550
C.(mg/L)
b 160
140 -
;: 120 ]
£ 7]
g 100
e 4
S 80
8 1 m  Experimental data for C28
€ 60 Sips isotherm
3 10 —— R-P isotherm
£ ) A - — - Langmuir isotherm
< 1 ] —-—--Freundlich isotherm
20 1
4 1
04— ‘
0

‘ ‘ ‘ ‘ ‘
50 100 150 200 250 300 350
C. (mg/L)

Fig. 3 a Adsorption isotherms of MB on date pits activated carbons
at 25 * C (Initial dye concentration 30—1,000 mg L™, contact time 24
h, adsorbent dosage 10 g L™', pH = 6.2). b Model fit of adsorption
isotherm of MB adsorption onto C28 activated carbon (Initial dye
concentration 30-600 mg L', contact time 24 h, adsorbent dosage
10gL™", pH 6.2)

development of porosity through the opening of new mi-
cropores together with the deepening and enlargement of
the existing ones (see Table 1).

The mechanism of uptake of MB on activated carbons can
be grouped into nonelectrostatic and electrostatic interac-
tions. Activated carbons depend on the pH of the solution
and the pHpyc (pH of point of zero charge of activated car-
bon). Thus, the carbons surface is positively charged at
pH < pHp,. favoring the adsorption of anionic species and
negatively charged at pH > pHp,., which will favor the
adsorption of cationic species (Rodriguez-Reinoso 1998).

According to the TPD results the activated carbons have
basic character. Additionally, the pHp, value of all samples
exceeds 7.5 and is superior of the pH value of MB solution
(6.2). Indeed the activated carbons are positively charged
and MB is a basic dye, dissolved in water it is positively
charged. Then, the dispersive interactions between the de-
localized n-electrons on the surface of activated carbons and
the free electrons of the dye molecule present in aromatic
rings play a dominant role in the adsorption mechanism.

Langmuir and Freundlich equations

The results obtained by the application of the two-parameter
model, Langmuir and Freundlich equations are presented in
Table 3. From this table, the correlation coefficients for
Freundlich isotherm are significantly high than that of
Langmuir isotherm for samples C16, C28 and C64. A good
fit of this equation reflects heterogeneous surface. However,
adsorption of MB on activated carbon C37 agrees with
Langmuir model. The analysis by considering the two
parameters Q; and Kg which are measures of adsorption
capacity, it can be seen that there is a significant increase in
the Langmuir monolayer capacity with increasing degree of
activation, which is consistent with the increase of the pore
volume and surface area of those samples (as can be seen in
Table 1).

To further explore the effect of the porous structure in the
adsorption of MB, Fig. 4 represents the amount of MB
adsorbed (mg/g) as a function of (a) the total micropore
volume and (b) the mesopore volume, obtained from the N,
adsorption isotherms (77 K). There is in, both cases, an
increase in the amount adsorbed with the pore volume. The
adsorption capacity for MB is an increasing function of
the extent of activation, this shows that the microporosity,
the surface area and mesoporosity, are the factors defining
the adsorption capacity for MB in this study. Similar results
have been reported for adsorption of MB on activated car-
bons (Altenor et al. 2009; Gaspard et al. 2007). According to
the values of Ry, all the systems show favorable adsorption
of MB, i.e., 0 < Ry < 1. The low values of R; indicate high
and favorable adsorption of MB onto activated carbons.

In relation to the Freundlich equation, it can be seen
from Eq. (4) that the constant K should be equal to the
amount adsorbed for C, equal to 1 mg/L (as these are the

Table 3 Freundlich and

. Activated Carbon
Langmuir isotherms constants

Freundlich model

Langmuir model

for the adsorption of MB onto Kg mg/g (mg/L)"  1/n R? Qo (mg/g)  Kp (L/mg) Ry R
activated carbons
Cl6 21.2 0.182  0.937 62.2 0.050 0.053  0.750
C28 52.0 0.182  0.973 137.3 0.176 0.016  0.840
C37 51.6 0.224 0964 1529 0.608 0.006  0.987
Co4 142.6 0.199 0971 444.0 0.900 0.004  0.941
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Fig. 4 Amount adsorbed of methylene blue as a function of a
micropore volume (Vo, obtained from the N, adsorption at 77 K) and
b volume of mesopores (Viyes)

units we have used for C.) and the results in Table 3 and
Fig. 3 indicate that as predicted there is in fact good
agreement between the Kg values and the experimental
isotherms. On the other hand, it is noteworthy that each Kg
is significantly lower than the corresponding value of Q; . It
should therefore be evident that K is not a measure of the
total adsorption capacity but that it should be considered, a
comparative measure of the adsorption under specified
conditions.

The results show that the value of 1/n is less than unity
indicating that the dye is favorably adsorbed by the acti-
vated carbons. This is in great agreement with the findings

regarding to Ry values (Belala et al. 2011; Dhar Dwivedi
et al. 2011).

Redlich—Peterson and Sips equations

The three-parameter model, R-P and Sips equations have
also been applied to evaluate the fit by isotherm for the
adsorption of Mb by Fig. 3a, b. The calculated isotherm
parameters and their corresponding coefficient of deter-
mination, R%, values are shown in Table 4. The higher R?
values for the three-parameter isotherms suggest the
applicability of these models to represent the equilibrium
sorption of MB by activated carbon of date pits. There is
good agreement between corresponding values of Qg and
Qp for C37 and C64 samples, while the corresponding
values of Q; for C16 and C28 are lower, probably because
these samples do not obey Langmuir isotherm. It is
believed that adsorption capacity obtained from the Sips
equation could be more realistic than that from the Lang-
muir equation.

By analogy between Redlich—Peterson and Langmuir
equations, we might have expected that the ratio Krp/ag,
would be related to the adsorption monolayer capacity.
From Table 4, the results show that the Krp/ar has a
similar variation to Qp. Thus, for each parameter, the
values show an increase with increasing pore volume and
surface area of activated carbons.

It was reported that, f8, is considered a measure of the
adsorption affinity (Juang et al. 1996; Haghseresth and
Lu 1998). There is a reasonable agreement between the
corresponding values of f§ and 1/ng. It is clear that f§ value
approaches unity when the isotherm data best fit Langmuir
equation. Thus, Langmuir is a special case of Redlich—
Peterson when the constant f§ equals unity. However, the
parameter ng appears to be more useful for characterizing
the adsorption affinity.

Conclusions

The isotherm data can well be fitted with four adsorption
isotherm models by nonlinear regression. The applicability

Table 4 Redlich-Peterson and Sips isotherms constants for the adsorption of MB onto activated carbons

Activated Carbon R-P model Sips model

Kk ar B R Os Ks ns R’
Cl16 8.0E6 3.7E5 0.817 0.938 85.1 0.414 0.228 0.968
C28 1,508.5 27.1 0.831 0.975 147.0 0.606 0.446 0.950
C37 1,28.3 1.1 0.927 0.991 154.9 0.592 0.892 0.987
Co64 1,912.1 8.0 0.891 0.981 460.2 0.935 0.550 0.967
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of Freundlich, Langmuir, Redlich—Peterson and Sips
equations can produce consistent results, even though the
parameter values are not exactly the same. The three-
parameter equations (Redlich—Peterson and Sips) provide
better fitting than the two-parameter equations (Freundlich
and Langmuir), which is due to the fact that these equations
contains three parameters. The adsorption capacity as
estimated by the parameters Q,, O, Krp/ar and Kg, is
strongly influenced by micropore and mesopore volumes of
activated carbons. According to the results obtained, acti-
vated carbon issued from date stones could be employed as
effective adsorbents and could be considered as an alter-
native to adsorbents for the removal of color.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution and reproduction in any medium, provided the original
author(s) and source are credited.
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