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Abstract: Adsorption of Methylene Blue on clinoptilolite and on Amberlite XAD-4
was investigated in a temperature range of 20—50°C, in a batch adsorber. Results of
this work showed that clinoptilolite was a better sorbent than Amberlite XAD-4 for
the removal of Methylene Blue. Among the four adsorption rate models tested in the
analysis of the adsorption rate data, a simple single parameter diffusion model
(Model C) was shown as the best model to be used in practical applications. The
diffusivity found from this model was not dependent on the adsorbate concentration.
Although the pseudo-first order adsorption rate model also gave good agreement with
the experimental data obtained at the initial periods of the adsorption experiments,
the concentration dependence of the rate constant of this model was found as the
major disadvantage of this model. Results indicated that dissociative chemisorption
and blocking of some of the pores during adsorption caused high tortuosity factors
and a decrease in the adsorption rate. Adsorption capacity of these adsorbents
were also found to be increased significantly by a decrease of the pH of the
solution from 10 to 3.

Keywords: Clinoptilolite, Amberlite XAD-4, Methylene Blue, adsorption, effective
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INTRODUCTION

Removal of dyes and pigments from the waste water streams discharged from
textile and paint industries is an important environmental issue. Due to the bio-
logical and chemical stabilty of most of the dyes, adsorption is considered as
an attractive alternate (1—6) for the removal of dyes and the other chemicals
from the waste water streams. Adsorption of organic molecules from aqueous
solutions on various adsorbents have been investigated by number of research-
ers. McKay et al. (1, 2) investigated the adsorption of acidic, basic, disperse,
and direct dyes from aqueous solutions on activated carbon. In another study
(3), adsorption of a basic dye (Astrozone Blue-Basic Blue 69) and an acidic
dye (Teflon Blue) on Fuller’s earth and on fired clay were investigated.
Adsorption capacities of number of natural adsorbents, such as wood, rice
husk, coal, teakwood bark, cotton waste, sawdust, bagasse pith (waste
product from sugar industry) and different types of clays such as bentonite,
kaolinite etc. for the removal of different dyes were investigated by a
number of researchers (4—13). Khare et al. (14) investigated the removal of
Victoria Blue from aqueous solutions by fly ash. Gupta et al. (15) used fly
ash and coal combinations as mixed adsorbents for the removal of omega
chrome dye. Significance of surface modification of silicas on the adsorption
of dyes was investigated by Khokhlova et al. (12). It was also shown in the
literature that (16), chrome sludge, which is the waste product of electroplat-
ing industries, may also be used for color removal from the waste water
streams. Adsorption of Basic Yellow 28 on clinoptilolite (a natural zeolite)
and on an acidic resin (Amberlite) was investigated in our recent study
(17). In that work, both adsorption rate data of Basic Yellow 28 and the
adsorption capacities of these sorbents were reported. Adsorption capacities
of some biosorbents for colour removal were also investigated in the literature.
In the study of Wang and Yu (18), adsorption of different dyes on biosorbents,
such as living mycelium of white rot fungus, was investigated and the
maximum adsorption capacities were reported. In the recent publication of
Rubin et al. (19), experimental results were reported for the adsorption of
Methylene Blue on Sargassum muticum, which is an invasive macroalga
and it was claimed that this low cost biosorbent could be successfully used
in waste water treatment.

Detailed information about the adsorption rate as well as the adsorption
capacity of an adsorbate are needed for the design of adsorption equipment.
Adsorption rate data obtained from the experimental concentration decay
curves of an adsorbate in a liquid phase batch adsorber may be analyzed by
using number of different adsorption rate models. The conventional pseudo-
first order (15) and the pseudo-second order (18) adsorption rate models do
not consider the effects of pore diffusion resistances on the adsorption rates.
However, diffusional effects may be quite important in a number of
adsorption processes. In the case of significant diffusional effects, the
observed rate constants evaluated from the first and the second order
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adsorption rate models are expected to be significantly dependent on the pore
diffusion rate. Another approach for the description of the adsorption rate of an
adsorbate on a porous adsorbent is the use of diffusion models proposed for
such systems (20).

In the present study, adsorption rate and equilibrium of Methylene Blue is
investigated in a batch adsorber, using clinoptilolite (a natural zeolite) and
Amberlite XAD-4 as the adsorbents. Significance of pore diffusion resistance
on the adsorption rate is also investigated. Adsorption rate data are analyzed
by using different models and the results are compared. Also, the adsorption
equilibrium data obtained for these systems are analyzed using Langmuir
and Freundlich adsorption isotherms.

ADSORPTION RATE MODELS

For a pseudo-first order reversible adsorption process, the species conserva-
tion equation of an adsorbate in the liquid phase of a batch adsorber can be
expressed in terms of the rate of adsorption R, ((mg adsorbed)/
s-(g adsorbent)) as,

(5) % =R =W -0 -k0=-%
Here, ¢,, and w, are the maximum possible adsorbed concentration (mg/g
adsorbent) corresponding to the complete coverage of all the available sites
of adsorbent by the adsorbate molecules and the amount of adsorbent per
unit liquid volume (g/1) in the adsorber, respectively. Integration of
equation (1) with (C, = gw, + C) gives a relation between adsorbed concen-
tration ¢ and time.

11’1|:<q€ B CI)( Coqm/qe >:| = —kT((ngm/qe) — qews)t (2)

qe (CoGm/qe) — qws

For small values of g, (¢ < (Coqm/gews)), which correspond to the early
times of an adsorption run carried out in the batch adsorber, equation (2)
can be simplified as,

In(ge — q) =Ing, — kit (Model A) 3)

This is the well —-known Lagergren equation used in the predictions of adsorp-
tion rate in batch adsorbers (15). In equation (3), the observed rate constant
ki = k;((Co4,,/gc) — gews) depends upon the initial adsorbate concentration
in the liquid, as well as the mass of the adsorbent charged to the adsorber
per unit liquid volume (w;) and the adsorbed concentration of the adsorbate
at equilibrium (g.). Also, this model does not consider diffusional effects on
the observed rate. In the case of significant pore diffusion effects, observed
adsorption rate constant is also expected to be dependent on the effective
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pore diffusivity and the particle size of the adsorbent. This model (Model A)
may be used for the evaluation of observed adsorption rate constant in dilute
systems or at the early times of the batch adsorber adsorption experiments.

A pseudo-second order adsorption rate model was also used in some
studies. According to this second order model, the relation between the
adsorbed concentration g and time was proposed as (18),

1 1
= — +kyt (Model B) (4)
(Qe - CI) qe

The limitations of this model are similar to the limitations of Model A. The
observed second order rate constant k, is also expected to be dependent on
the pore diffusion parameters, initial adsorbate concentration and the
amount of adsorbent charged to the adsorber.

Pore diffusion resistance may be the rate controlling step in many of the
adsorption processes. In such a case, the species conservation equation for the
adsorbate in the liquid phase of the batch adsorber may be written by equating
the depletion rate of the adsorbate to its rate of transport into the porous
adsorbent particles (20). The rate of transport of the adsorbate into the
porous adsorbent particles is expressed as the product of diffusion flux at
the external surface of the particles (at R = R,) with the external surface
area of the paricles. For this case, species conservation equation for the
adsorbate in the liquid phase of the batch adsorber may be expressed as,

dc ws\ [ 3 9Cy
T‘(a) (E)DA [WL& ©)

The evaluation of the adsorption rate from this model requires information
about the concentration profile within the porous adsorbent. The pseudo-
homogeneous species conservation equation in the pores of a spherical
adsorbent having an average particle radius of R,, may be written as,

Dy d [ ,3C4\ 9Cy
-4 R2 =42
R? 3R

)= o (Model C) (6)

Using the symmetry boundary condition at R = 0 and by taking C4 = C at
R = R,, the model equations may be solved.

The moment technique was frequently used in the literature in the evalu-
ation of adsorption, diffusion, and reaction rate parameters within porous
solids and in fixed bed adsorbers (21-24). In the early work of Furusawa
and Suzuki (23), application of the moment technique to batch adsorbers
was proposed. This technique was further extended in our recent work (20)
for the evaluation of diffusion resistances and the surface diffusion parameters
in porous solids placed in a batch adsorber. For a batch adsorber, the zeroth
moment (j.q) corresponds to the area under the decay curve of the dimensionless
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adsorbate concentration, and it is defined as:

m:JwW—CJ

0 (Co - Ce)dt (7)

In the moment technique, the species conservation equation (Equation (6))
describing the dynamic system under investigation was solved in Laplace
domain and the moment expressions were then derived (20, 23) using,

. d" ((C—-C,)
=(=D"lim— | ——=); =0,1,2,3 etc. 8
" ();%MQQ_QQ " e, (®)
Here, s and (C — C,) correspond to the Laplace variable and Laplacian of
(C—C,), respectively. Following this procedure, the zeroth moment
expression for the concentration decay curve was then derived for this
model as,

R, (Model C) 9)

W =—"""""F "+
15D, 1+
Pp

Experimental pw, values may be evaluated by the numerical integration of
equation (7) using the concentration decay data of the adsorbate, obtained
in a batch adsorber. These experimental zeroth moment values may then be
used for the evaluation of effective diffusion coefficient D, from equation
(9). The only unknown of this single parameter model (Model C) is the
effective diffusion coefficient. In this model, adsorption of the adsorbate is
not considered as a separate term. The effective diffusivity of this model
also includes such adsorption effects.

In another model proposed in the recent publication of Dogu et al. (20),
adsorption and the pore diffusion terms were separately included into the
species conservation equation. For this model (Model D), equation (6)
should be replaced by equation (10).

D1 (s

9Cy
—24_— = K)— 10
R2 R 8R> (&4 +2,K) =, (10)
For this model, the zeroth moment expression is given by Dogu et al. (20),

Rg(sA + p,K)

W, = (Model D) (11)

Wy
ISDA (1 ~|— ;(SA ~|— p,,K))
Pp

In the derivation of this model, a linear adsorption relation was assumed
between g and Cy4. It was shown by Dogu et al. (20) that the observed adsorp-
tion equilibrium constant K which appear in equation (11) may be estimated
from the slope of the adsorption isotherm at C,. For Freundlich and
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Langmuir type adsorption isotherms, K may be estimated from the slopes of
the isotherms (20) using the following expressions.

Freundlich Isotherm: ¢ = K;C,; K = anC'f1 (12)
KiC, mkK,
Langmuir Isotherm: 4 _ AT = inz (13)
qm 1+ K,C, (1 +KAC8)

In the present study, all four of these models were used for the estimation
of adsorption rate parameters of Methylene Blue on clinoptilolite and
Amberlite XAD-4 and the results were compared.

EXPERIMENTAL WORK

In this study, natural clinoptitolite from the Bigadic region of Turkey and
Amberlite XAD-4 were used as the adsorbents for the removal of
Methylene Blue from solutions. Methylene Blue is a monovalent cationic
dye. Some physical properties of Methylene Blue are reported in Table 1
(25). Clinoptitolite is a natural zeolite and Amberlite XAD-4 is a porous
polymeric resin. Their pore size distributions, apparent and solid densities
and the surface areas were determined using mercury porosimeter (Micro-
metrics 9310), helium pycnometer and single point nitrogen adsorption
surface area analyzer (Quantachrome) equipment. Some physical properties
of these adsorbents are given in Table 2. The surface area values reported
in that table correspond to the macro and the meso-pores. The clinoptitolite
samples were first sieved, particles having an average diameter of 0.015 cm
were dried at 100°C under vacuum for 24 hours and stored under vacuum
before using in the adsorption experiments.

Adsorption rate experiments were carried out in a 3000 ml batch adsorber.
In most experiments, 2750 ml of dye solution, with an initial concentration of
13 mg/1, was charged to the adsorber, which was mixed at a rate of 120 rpm
using a magnetic stirrer. Adsorption rate experiments were started by
charging predetermined amounts of adsorbent into the adsorber. Experiments
were carried out at different temperatures in a range between 20-50°C. In
another set of experiments, the effect of pH was investigated at constant temp-
erature. At predetermined time intervals, 3 ml samples were taken out of the

Table 1. Some physical properties of Methylene Blue (25)

Chemical formula C6HsCIN3S - xH,0 (x = 2-3)
Bulk density 400-600kg/m’
Solubility in water 50g/1 (at 20°C)

Odour and form Odourless and dark blue
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Table 2. Physical properties of the adsorbents

Adsorbent Clinoptilolite Amberlite XAD-4
Particle radius (cm) 0.0075 0.021
Total porosity 0.53 0.52
Apparent density (g/cm3 ) 0.76 0.56
Surface area (m?/g) 37 750

adsorber and immediately analyzed spectrophotometrically (Pharmacia LKB-
Novaspec II) at a wavelength of 665 nm.

The adsorption equilibrium isotherms were determined at different
temperatures using a bottle-point procedure. Different amounts of adsorbents
were put into each of six to ten bottles. The bottles were then filled with
Methylene Blue solution and were left to shake in a constant temperature
bath. Upon equilibriation, samples taken from each bottle were again
analyzed spectrophotometrically.

RESULTS AND DISCUSSIONS

Comparison of the Adsorption Rates with Clinoptilolite
and Amberlite XAD-4

Typical adsorption rate data obtained at 20°C for the adsorption of Methylene
Blue using different amounts of clinoptilolite and Amberlite XAD-4 adsorbents
are reported in Figs. 1 and 2, respectively. Comparison of the data presented in
these two figures showed that adsorption rate values obtained with clinoptilolite
were higher than the corresponding values obtained with Amberlite XAD-4. As
it is shown in Fig. 1, concentration of Methylene Blue reached the equilibrium
value within about 1000 min, especially for amounts of clinoptitolite higher
than 1.14g/1 charged to the adsorber. Much longer times were needed to
reach equilibrium with Amberlite XAD-4 (Fig. 2). The data reported in these
figures were then used for the prediction of the rate constants of the pseudo-
first order and the second order adsorption rate models. In these analysis, data
obtained at early times of the adsorption process were used. Typical
Lagergren plots (Model A) corresponding to the pseudo-first order adsorption
rate model (Equation (3)) obtained with clinoptilolite and Amberlite XAD-4
are given in Figs. 3 and 4, respectively. Similarly, some typical plots correspond-
ing to the pseudo-second order model (Model B) are shown in Figs. 5 and 6, for
clinoptilolite and Amberlite XAD-4, respectively. Data fit to the linear relation
obtained in Model A (Equation (3)) was more satisfactory (r2 values of linear
regression were in the range of 0.93-0.99) than the corresponding fit to the
second order model (Model B, Equation (4)). For the second case, 7 values
were around 0.87-0.97. From these results it was concluded that, among the
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Figure 1. Batch adsorber data for Methylene Blue adsorption on clinoptilolite

(T= 20°C).

first order and the second order models, Model A (first order model) is a better

representation of adsorption rate.

Observed pseudo-first order adsorption rate constant values of Methylene
Blue on clinoptilolite and Amberlite XAD-4 were evaluated from the slopes
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Figure 2. Batch adsorber data for Methylene Blue adsorption on Amberlite XAD-4

(T= 20°C).
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Figure 4. Typical Lagergren plots for adsorption of Methylene Blue on Amberlite

XAD-4 at 20°C.
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Figure 5. Typical second order plots for adsorption of Methylene Blue on clinopti-
lolite at 20°C.

constants (k;) obtained with clinoptilolite were greater than the corresponding
values obtained with Amberlite XAD-4. For both sorbents, k; values were
found to increase with an increase in the amount of adsorbent charged to the
adsorber. As it is discussed above in the model development section, the
observed pseudo-first order and the pseudo-second order rate constants are
expected to be dependent upon the amount of adsorbent as well as the initial
and the equilibrium concentrations of the adsorbate. The concentration depen-
dence of the rate constants of the pseudo-first order and the second order adsorp-
tion rate models limits the general application of these models in the prediction of
the adsorption rates of Methylene Blue on clinoptilolite and Amberlite XAD-4.

Using the data obtained at very long times of contact, equilibrium values of
the fluid phase concentration and the corresponding values of the adsorbed con-
centration of the dye were also determined. These data were used to construct
the adsorption isotherms. The data obtained for the adsorption of Methylene
Blue on clinoptilolite and Amberlite XAD-4 at 20°C are fitted to the
Langmuir and the Freundlich adsorption isotherms and the results are summar-
ized in Table 4. Langmuir isotherm gave a better fit to the adsorption equili-
brium data. As seen in this table, the maximum possible adsorption capacity
of clinoptitolite, corresponding to the monolayer coverage of all the sites by
the adsorbate (g, value of the Langmuir adsorption isotherm), is much higher
than the corresponding value obtained with Amberlite XAD-4, indicating a
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Figure 6. Typical second order plots for adsorption of Methylene Blue on Amberlite
XAD-4 at 20°C.

higher adsorption capacity of this sorbent. As it was discussed above, adsorption
rate values obtained with this adsorbent were also higher than the corresponding
values obtained with Amberlite XAD-4. Both adsorption equilibrium and the
adsorption rate results showed that clinoptilolite was a better adsorbent for

Table 3. Adsorption rate constants of Methylene Blue on clinoptilolite
and on Amberlite XAD-4 for the pseudo-first order (Model A-Equation
(3)) and the second order (Model B-Equation (4)) models. (T = 20°C;

C,= 13mg/1)
Amount of adsorbent (g/1) ky (min™ 1) ko (g/mg - min)
Clinoptilolite
0.28 0.0012 0.00018
0.39 0.0015 0.00010
1.78 0.0028 0.00053
2.25 0.0024 0.00047
Amberlite XAD-4
0.25 0.00039 0.00012
0.75 0.00079 0.00012
1.25 0.0015 0.00017
1.75 0.0017 0.00028

2.25 0.0017 0.00047
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Table 4. Adsorption equilibrium isotherms of Methylene Blue on
clinoptilolite and on Amberlite XAD-4 (T= 20°C)

Clinoptilolite Amberlite XAD-4

Langmuir Model

Ks= 0.16 1/mg Kis= 451/mg

qm = 43.2mg/g sorbent gm = 8.1 mg/g sorbent

(= 0.98) (= 0.99)
Freundlich Model

n=0.59 n=0.14
(" =0.92) (”* = 0.96)

the removal of Methylene Blue. Similar results were obtained in our recent work
(17) for the adsorption of Basic Yellow 28. The surface area of clinoptilolite
evaluated by nitrogen adsorption is lower than the corresponding surface area
of Amberlite XAD-4 (Table 2). However, clinoptilolite (a natural zeolite) is
expected to have micropores beyond the limits of nitrogen adsorption
analysis. Such micropore area is expected to contribute significantly to the
adsorption rate and also to the adsorption capacity. Differences in hydrophylic
properties and the surface acidities of the adsorbents also cause differences in
adsorption rate and equilibrium parameters.

Adsorption rates of Methylene Blue on both adsorbents were also evaluated
using the diffusion models (Models C and D) proposed in this work. In order to
use these models, experimental zeroth moment values were evaluated by the
numerical integration of equation (7) using the concentration decay data
obtained with clinoptilolite and Amberlite XAD-4. These experimental zeroth
moment values were then used for the evaluation of the effective diffusion coeffi-
cient of Methylene Blue in Model C (using equation (9)) and in Model D (using
equation (11)). In the case of Model D, the observed adsorption equilibrium
parameter K should be known in order to estimate the value of D, from
equation (11). K values are evaluated from equations (12) and (13) using the
results reported in Table 4, for the Freundlich and the Langmuir adsorption
isotherm models and the results are summarized in Tables 5 and 6, for
Amberlite XAD-4 and clinoptilolite, respectively. The values of the effective
diffusion coefficients are then evaluated for Amberlite XAD-4 and for clinopti-
lolite using equations (9) and (11) (Models C and D) and the results are also
reported in Tables 5 and 6. As seen in Table 5, effective diffusion coefficients
evaluated from Model C are almost independent of amount of adsorbate
charged to the adsorber and independent of adsorbate concentration C,. This
is the major advantage of Model C over the other models. The average values
of D, evaluated from this model are 5.1 x 107'° ¢cm?/s and 1.2 x 107'°
cm? /s, for Amberlite XAD-4 and for clinoptilolite, respectively. The diffusivity
values estimated from this model are based on the pseudohomogeneous particle
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Table 5. Effective diffusion coefficients of Methylene Blue in Amberlite XAD-4
from Models C and D (T = 20°C)

Model D
Freundlich
Langmuir model model
Model C (equation (12)) (equation (11))
w. Mo C, DA K DA K D A

@b ©® (mg/l)  (cm’/s) (/) (m’/s) (/g) (cm’/s)
0.50 61800 10.0 48107 171072 05107% 012 301078

0.75 58400 6.7 50107 381072 1.1107% 0.17 431078
125 52800 3.8 54107 11.1107% 3.1107% 027 631078
1.50 54900 1.9 53107 3991072 75107 051 871078

assumption. More realistically, effective pore diffusion coefficient may be
estimated from D} = D, e4. The values of D} are then become 2.7 x 10~ 1°
cm?/s and 0.64 x 10~'° cm?/s for diffusion of Methylene Blue in Amberlite
XAD-4 and in clinoptilolite, respectively.

In the case of Model D, effective diffusion coefficients were found to
be highly concentration dependent (Tables 5 and 6) for both Langmuir and
Freundlich adsorption isotherms. This concentration dependence is more
significant for Amberlite XAD-4. The values of the effective diffusivities
estimated from this model are about two orders of magnitude higher
than the corresponding values estimated from Model C. The concentration
dependence of the effective pore diffusion coefficient values evaluated
from Model D indicated a strong interaction of the diffusing molecules

Table 6. Effective diffusion coefficients of Methylene Blue in clinoptilolite from
Models C and D (T=20°C).

Model D
Freundlich
Langmuir model model
Model C (equation (12)) (equation (11))

Wg Mo Ce DA K DA K DA
e © (mg/1)  (cm’/s) (/) (m’/s) (/g) (cm’/s)
0.28 33000 6.9 1.11071% 1.6 95107% 19 111077
039 22600 43 1.6 1071 2.4 156107 23 151077
0.69 29200 14 131071 4.6 106107 38 101077

1.14 33400 0.2 1.11071% 6.5 65107% 83 071077
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with the pore surfaces. As reported in Table 5, the value of D, signifi-
cantly decreased with an increase in C,, in Amberlite XAD-4. In Model
D, adsorption and effective pore diffusion coefficients were considered
as seperate terms. It is a two parameter and a more realistic but a more
complex model than Model C. However, the concentration dependence
of the effective diffusion coefficients evaluated from Model D limits its
application. These results showed that Model C is a better representation
for this system for applications in a large range of Methylene Blue con-
centrations. Another advantage of Model C is that it is a simpler model
containing a single parameter.

Tortuosity factors of the adsorbents were then estimated from equation
(14), using the diffusivity values obtained from Model D.

DA = DM(SA/T) (14)

The molecular diffusion coefficient of Methylene Blue (D,,) in the solution
was estimated from the Wilke and Chang model (26) as 3.6 x 10°° sz/ S
at 20°C. The tortuosity factor evaluated for Amberlite XAD-4 by this
procedure was found to be very high and it increased significantly with
an increase in adsorbate concentration C, (Table 7). This is an indication
of a strong interaction of diffusing molecules with the pore surfaces.
Methylene Blue is expected to adsorb strongly on the pore surfaces
following a dissociative adsorption process. As a result, some pores are
expected to be closed or blocked by the adsorbed molecules, which
causes high tortuosity factors and also an increase in 7 with an increase
in C,. The tortuosity factor evaluated for clinoptilolite was also quite
high (Table 7), but it did not show an increasing trend with an increase
in adsorbate concentration. This result indicated that the interaction of
the adsorbate molecules with the pore surfaces of clinoptilolite is also
quite high, but further closure of pores by the dissociation of Methylene
Blue molecules at higher concencentrations is probably less significant
than Amberlite XAD-4.

Table 7. Tortuosity factors (7) evaluated at 7= 20°C

Amberlite XAD-4 Clinoptilolite

C, T T Ce T T
(mg/1) (Langmuir) (Freundlich) (mg/1) (Langmuir) (Freundlich)

10.0 370 62 6.9 20 17
6.7 170 44 43 12 13
3.8 60 29 1.4 18 19

1.9 25 21 0.2 29 27
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Temperature and pH Effects

To investigate the effect of temperature on the adsorption rate and equilibrium
of Methylene Blue, a set of experiments were carried out in a temperature
range between 20°C and 50°C. Typical results obtained using 0.25g/1
Amberlite XAD-4 and 0.39 g/1 clinoptilolite charged to the adsorber are
shown in Figs. 7 and 8, respecively. As shown in Figure 7, adsorption
capacity showed a significant increase with an increase in temperature for
Amberlite XAD-4. These results proved that, adsorption of Methylene Blue
on Amberlite XAD-4 is not a simple physical adsorption process. Chemisorp-
tion and probably dissociative adsorption of Methylene Blue may explain this
behavior. As shown in Fig. 8, a similar trend was observed in adsorption of
Methylene Blue on clinoptilolite. However, the effect of temperature on the
adsorption capacity is less for clinoptilolite than Amberlite XAD-4.
Adsorption equilibrium parameters of Langmuir adsorption isotherm
evaluated from the adsorption equilibrium data obtained at different tempera-
tures on Amberlite XAD-4 are given in Table 8. Increase in g, value with an
increase in temperature is an indication of increased availability of adsorption
sites of Amberlite XAD-4 due to the higher penetration of Methylene Blue
into the pores, at higher temperatures. A similar result was reported in our
earlier study for the adsorption of ethanol on Amberlyst 15 (20). The

0= e e e . ®
o =%
=
——
=1 4]
E |1 ¥ K hAg A
- 6 -
Q .
M AL hd
4k
Amberlite XAD-4 ‘Methylene Blue
T 20°C
s o T 30::c
A T:40°C
v T:50°C
0 1 1 1 1
0 1009 2000 3000 4000 5000
t (min}

Figure 7. Temperature effects on Methylene Blue/Amberlite XAD-4 adsorption
system (ws = 0.25g/1).
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Figure 8. Temperature effects on Methylene Blue/clinoptilolite adsorption system
(ws = 0.39g/1).

effective diffusion coefficients of Methylene Blue evaluated at three different
temperatures (20°C, 30°C, and 40°C) for both Models C and D are summar-
ized in Table 9. Results reported in this table indicated that effective
particle pseudohomogeneous diffusion coeffecient evaluated from Model C
showed a decreasing trend with an increase in temperature. For instance,
with a wy value of 1.0g/l, the effective diffusivity values evaluated from
Model C decreased from 5.1 x 10™'* cm?/s to 3.4 x 107'° cm?/s with an
increase in temperature from 20 °C to 40 °C. The diffusivity of this model
reflects the combined effect of diffusion and adsorption within the
adsorbent. Higher dissociative adsorption of Methylene Blue might be a
reason for this decrease of effective diffusivity with an increase in

Table 8. Adsorption equilibrium parameters of Methylene
Blue on Amberlite XAD-4, at different temperatures.
(Langmuir isotherm)

T (°C) 20 30 40
K (1/mg) 4.5 3.3 4.8
G (Mg/2) 8.1 14.2 18.8

K g (1/2) 36.5 46.9 90.2
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Table 9. Effective diffusion coefficients of Methylene Blue in Amberlite XAD-4 at
different temperatures, for Models C and D

Model D with Langmuir

isotherm
Model C

Wy Ce DA DA
(g/D Mo (8) (mg/1) (cm®/s) K (1/g) (em?/s)
T: 20°C

1.00 58400 5.6 511071 531072 151078
T: 30°C

0.5 75100 9.7 391071 431072 1.010°8

0.75 62700 6.4 4710710 9.51072 231078

1.00 66900 5.1 441071 14.8 1072 321078

1.25 59200 3.4 491071 3141072 631078

1.50 63000 1.5 4710710 132.0 1072 1161078
T: 40°C

1.00 86300 1.7 3.4 1071 107.5 1072 991078

temperature. However, in Model D diffusion and the adsorption were con-
sidered as separate terms. For Model D, the effective diffusivity values
increased with an increase in temperature (Table 9). For a system with a
large molecular size of adsorbate (like Methylene Blue), interaction of
diffusing molecules with the pore walls is inevitable. In such systems,
surface diffusion may also become important. As shown in Table 9, the
effective diffusivity values evaluated at 30°C were also found to be highly
concentration dependent for Model D, while the diffusion coefficients
obtained for Model C were almost constant. These results are in agreement
with the results obtained at 20°C (Table 5) and supports our conclusion that
Model C is a better representation of the system for practical applications.

Apparent first order rate constant values of Methylene Blue on Amberlite
XAD-4 and on clinoptilolite are evaluated at different temperatures from the
slopes of the lines given in Figs. 9 and 10 and the results are reported in
Table 10. As it was discussed before, for this model the adsorption rate
constant values were highly dependent on the adsorbate concentration and
the amount of adsorbent charged to the adsorber. This is the major limitation
of the pseudo-first order adsorption rate model. In the case of pseudo-second
order adsorption rate model (Model B), the agreement of the experimental
data with the predictions of equation (4) were rather poor at all temperatures
and no further attempt was made for the analysis of the data to evaluate the
second order adsorption rate constants.

In some experiments, pH of the solution was measured as a function
of time. Results showed that pH remained almost constant between 6.5
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Figure 9. Typical Lagergren plots for adsorption of Methylene Blue on Amberlite

XAD-4 at various temperatures (w, = 0.25 g/1).

and 7 throughout an adsorption run. In order to investigate the effect of
pH on the adsorption rate, a set of experiments were carried out at
different pH values with both clinoptilolite and Amberlite XAD-4, at
20°C. Results reported in Fig. 11 showed that, the pH of the solution

Chnoptilolites Methylene Blue

25F  m Tisc .
30k ® 1:45°C ™~ .
A is5iC ™~ N
A5 A
_4!0 [ [ [ 1 1 [ [
u] 300 1000 1500 2000 2500 3000

t (min)

Figure 10. Typical Lagergren plots for adsorption of Methylene Blue on clinoptilo-

lite at various temperatures (w, = 0.39 g/1).
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Table 10. Adsorption rate constants of Methylene Blue from Model A
(pseudo-first order adsorption rate) at different temperatures

°C

k; (min~ ") Amberlite
XAD-4 (w, = 0.25 g/1)

k; (min~") Clinoptilolite
(ws =0.39g/1)

20
30
35
40
45
50
55

0.00039

0.001

0.001

0.001

1

3

1

0.0015

0.0013

0.0014

0.0016

1875

had a significant effect on the adsorption rate and equilibrium, for
Amberlite XAD-4. Adsorption capacity increased from 6mg/g to about
18 mg/g by decreasing the pH from 10 to 3. The effect of pH was
found to be less significant for clinoptilolite in the pH range between 8
and 3 (Fig. 12). However, at a pH value of 10 a significant decrease
was observed in the adsorption capacity of Methylene Blue on clinoptilo-
lite. The adsorption capacity values were found to be about 16 mg/g and

C (mg/)

Figure 11.

0.50g/1; T = 20°C).

\\\\\\
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pH effect for Methylene Blue adsorption on Amberlite XAD-4 (w, =



09: 40 25 January 2011

Downl oaded At:

1876 J. Yener et al.

16
14
2 o
10 |-
=
% 8
E
"
Vo<l .
Clinoptilolite / Methylene Blue C &
B pH 10 Tl
4 o pus e
® pHs . it
* pH:2
2
0 1 | | 1 1 1
0 1000 2000 3000 4000 3000 6000
t (min)

Figure 12. pH effect for Methylene Blue adsorption on clinoptilolite(w, = 0.50 g/1;
T =20°C).

24mg/g (for wy= 0.50g/1 at 20°C) for this adsorbent, at pH values of 8
and 3, respectively.

CONCLUSIONS

Adsorption rate and the equilibrium studies carried out with Methylene
Blue showed that clinoptilolite was a better sorbent than Amberlite
XAD-4 at 20°C and at a pH of 7. Among the two adsorption rate
models which do not consider pore diffusion effects, pseudo-first order
rate model (Model A) gave better agreement with the experimental data
than the pseudo-second order model. However, the major limitation of
this model is the dependence of the observed adsorption rate constant
to the amount of adsorbent and to the concentration of the adsorbate.
Among the other two models (Models C and D) which consider pore
diffusion resistance, Model C is a single parameter model and the
effective diffusivity evaluated from this model was found to be not
dependent on the adsorbate concenration. This is the major advantage of
this model over all three of the other models. It is concluded that
Model C is the best model for the estimation of the rate of adsorption
of this dye on both adsorbents studied. Although Model D (in which
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adsorption and pore diffusion terms were both considered separately) is a
more realistic model, diffusion coefficient of this model was found to be
highly dependent on the concentration of the adsorbate. This is to a
great extent due to the strong interaction of the adsorbate with the pore
walls of the adsorbent during penetration into the particle. Results also
showed that adsorbate molecules were strongly adsorbed on the pore
surfaces, probably following a dissociative chemisorption step and this
caused plugging of some of the pores. High values of the tortuosity
factors evaluated for both adsorbents and the increase of the tortuosity
with an increase in adsorbate concentration, supported this conclusion. It
was also shown that, for Amberlite XAD-4 adsorption capacity was
increased with an increase in temperature, probably due to the increased
availibility of the active sites because of the higher penetration of the
adsorbate molecules into the pores, at higher temperatures. The pH of
the solution was almost constant during an adsorption run for both adsor-
bents. However, a significant increase in adsorption capacity was observed
with a decrease in pH from 10 to 3, especially for Amberlite XAD-4.
Another important conclusion of this work is that effective diffusion coef-
ficient of an adsorbate in a porous adsorbent can be easily evaluated by
the moment analysis of the concentration decay curves obtained in a
batch adsorber.

NOMENCLATURE

C liquid phase concentration of adsorbate in the batch adsor-
ber (mg/1)

Ca concentration of adsorbate in the pores of the adsorbent
(mg/1)

c, initial liquid-phase concentration of adsorbate (mg/1)

C. equilibrium liquid-phase concentration (mg/1)

Dy effective diffusion coefficient (cm2 /s)

D} effective pore diffusion coefficient, defined as Df = D, €4
(cm?/s)

K apparent adsorption equilibrium constant defined in
equations (12) and (13) (1/g)

K, adsorption equilibrium constant in Langmuir isotherm (1/mg)

ki rate constant of pseudo-first order adsorption (s D)

ki adsorption rate constant (Equation (1)) (1/mg-s)

k_§ desorption rate constant (Equation (1)) (sfl)

ko rate constant of pseudo-second-order adsorption. (g/mg - s)

n Freundlich exponent

qe adsorbed concentration of adsorbate at equilibrium (mg/g)

qm maximum adsorbed concentration per unit mass of adsor-

bent (mg/g)
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R radial coordinate in the spherical adsorbent particles
R, average particle radius (cm)

T temperature (°C)

W amount of adsorbent (g/1)

Mo zeroth moment defined by equation (7) (s)

Py apparent density of the adsorbent (g/ cm’)

€4 porosity of the adsorbent
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