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The adsorption kinetics of methylene blue (MB) on the hazelnut shell with respect to the initial dye
concentration, pH, ionic strength, particle size and temperature were investigated. The rate and the
transport/kinetic processes of MB adsorption were described by applying the first-order Lagergren, the
pseudo-second-order, mass transfer coefficient and the intraparticle diffusion models. Kinetic studies
showed that the kinetic data were well described by the pseudo-second-order kinetic model. Significant
increases in initial adsorption rate were observed with the increase in temperature followed by pH and ini-
tial MB concentration. The intraparticle diffusion was found to be the rate-limiting step in the adsorption
process. Adsorption activation energy was calculated to be 45.6 k] mol~'. The values of activation param-
eters such as free energy (AG"), enthalpy (AH") and entropy (AS") were also determined as 83.4k] mol~",
42.9KkImol-! and —133.5] mol~' K-, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The effluents of wastewater in some industries such as dyestuff,
textiles, leather, paper, plastics, etc., contain various kinds of syn-
thetic dyestuffs [1]. The effluents of these industries are highly
colored and the discharge of these wastes into receiving waters
causes severe damages to the environment [2]. The introduction
of waste products into the environment is an important problem
that has been highlighted by various environmentalist groups [3].
The dyestuffs have a complex chemical structure and are stable
to light, heat and oxidation agents [4]. The source of such pollu-
tion lies in the rapid increase in the use of synthetic dyes. More
than 10,000 chemically different dyes are being manufactured. The
world dyestuff and dye intermediates production are estimated to
be around 7 x 108 kg per annum [5,6]. Discharging of these dyes
into water resources even in a small amount can affect the aquatic
life and food web. Dyes can also cause allergic dermatitis and skin
irritation. Some of them have been reported to be carcinogenic and
mutagenic for aquatic organisms [3].

Although some existing technologies, such as chemical coag-
ulation/flocculation, ozonation, cloud point extraction, oxidation
processes, nanofiltration, chemical precipitation, ion-exchange,
reverse osmosis and ultra filtration [3,7-9] may be efficient for the
removal of the dyestuffs, these techniques are rather expensive.
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Application of biological processes to treat coloured wastewater is
yet to be fully established. Among treatment technologies, adsorp-
tion is rapidly gaining prominence as a method of treating aqueous
effluent. Activated carbon is the most effective and widely used
adsorbent [10]. However, its high cost has prevented its applica-
tion, at least in developing countries, so it is necessary to search for
an alternative low-cost adsorbent which can be used as a substitute
for activated carbon. A number of low cost adsorbents are reported
in the literature. These include bagasse pith [11,12], maize cobs [10],
sunflower [13], fly ash [14], peat [15], saw dust [16], marine algae
[17], fungal biomass [18], wasted activated sludge [19], digested
sludge [20], red mud [21], coir pith [22], Neem leaf [23], waste
organic peel [24], tree fern [25]. However, sorption potential of most
of these low cost sorbents is generally low.

Biosorption can be defined as sequestering of organic and inor-
ganic species including metals, dyes and odor causing substances
using live or dead biomass or their derivatives. Since the 1980s,
biosorption has been continuously studied for the removal of heavy
metals and other pollutants from wastewater, so it could be a
promising alternative to replace or supplement present dye bear-
ing wastewater treatment processes. Biosorption, if compared with
other available technologies above, gives comparable performance
at a very low cost. Apart from cost effectiveness and competitive
performance, other advantages are possible regeneration at low
cost, availability of known process equipment, sludge free oper-
ation and recovery of the sorbate [3]. The biosorption capacity
of a biosorbent depends on several factors. It includes type of
biosorbent (species, age), type of sorbate, and presence of other
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Nomenclature

@ dye concentration in solution at any time t (mol L~1)

Co initial dye concentration in aqueous solution
(molL-1)

E, activation energy (k] mol~1)

AG free energy of activation (k] mol~-1)

hp Planck’s constant (J s)

AH enhalpy of activation (k] mol-1)

kg Boltzmann’s constant (J K1)

ki intraparticle diffusion rate constant
(molmin=1/2 g-1)

ko Arrhenius factor (gmol~! min—1)

kq adsorption rate constant for pseudo-first-order
kinetic equation (min—1!)

ko adsorption rate constant for pseudo-second-order
kinetic equation (g mol~! min—1)

m mass of adsorbent (g)

PS particle size (um)

Qe equilibrium dye concentration on adsorbent
(molg1)

qr the amount of dye adsorbed per unit mass of the
adsorbent at time, t (molg=1)

R? linear regression coefficient

Rg gas constant (JK-1 mol-1)

AS’ entropy of activation (Jmol~1K-1)

Ss the surface area of adsorbent (m2g~1)

SS stirring speed (rpm)

t time (min)

ti2 the half-adsorption time of dye (min)

T temperature (K)

Greek letter
BL mass transfer coefficient (ms—!)

competing ions and method of biomass preparation, along with
several physico-chemical factors (temperature, pH, ionic concen-
tration).

Hazelnut shells exist in large amounts in Turkey and Italy, as
food industry waste. Its major use today is as combustible material
owing the considerable calorific value. This material was consid-
ered in some works as source for activated carbon mostly utilized
in removal of heavy metals. Hazelnut shells have the some polar
functions such as alcoholic, carbonylic, carboxylic and phenolic
groups, which are potentially involved in bonding with sorbed pol-
lutants [26-28]. Ferrero [28] investigated the adsorption of some
dyes such as methylene blue and acid blue 25 on hazelnut shell.
But this paper does not include the effect of some parameters such
as stirring speed, pH, temperature, ionic strength; the adsorption
mechanism and also the activation parameters. The present work
aims to study a convenient and economic method for methylene
blue (MB) removal from water by adsorption on a low cost and an
abundantly available adsorbent, to gain an understanding of the
adsorption kinetics, to describe the rate and mechanism of adsorp-
tion, to determine the factors controlling the rate of adsorption and
to calculate the activation energy of system. The effects of initial
MB concentration, solution pH, ionic strength, particle size and
temperature on MB adsorption rate have been evaluated. In this
study, MB was selected as sorption of this dye has been reported
by other researchers using different sorbents [22,29-35]. So, the
sorption parameters obtained using the present biosorbent will be
compared with the ones presented in the literature.
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Fig. 1. The structure of MB.

2. Material and methods
2.1. Materials

Hazelnut shells were supplied from the Black Sea Region of
Turkey. They were firstly dried, crushed in a ball mill and sieved to
obtain a particle size between 0-75, 75-150 and 150-200 p.m. MB
was Merck product. The molecular structure of MB is reported in
Fig. 1. Dye concentration determination was performed on a Perkin
Elmer Lamda 25 UV-vis spectrophotometer at 663 nm. MB was cho-
sen as the target compound because it has a net positive charge
which would be favorably adsorbed by electrostatic force onto a
negatively charged adsorbent surface. The aromatic moiety of MB
contains nitrogen and sulfur atoms. In the aromatic unit, dimethy-
lamino groups attach to it. The aromatic moiety is planar and the
molecule is positively charged. The dimensions of MB molecule
are16.9 A for the length, 7.4 A for the breadth, and 3.8 A as thickness
[36]. The specific surface area of the hazelnut shell was measured
as 2.85m? g~! by Quantachrome Nova 2200e BET N2 instrument.

2.2. Adsorption kinetics

The experiments of adsorption kinetics were carried out to
establish the effect of time on the adsorption process using a
mechanice stirrer, and to identify the adsorption rate. Fig. 2 shows
the schematic diagram of the batch adsorber. All of the dye solution
was prepared with ultrapure water. In the adsorption experiments,
1 g of the hazelnut shell powders was mixed with 2 L solution at
the desired MB concentrations, pHs, ionic strengths and tempera-
tures. Agitation was made for 40 min, which is more than sufficient
to reach equilibrium at a constant agitation speed of 200 rpm.
The initial tested concentrations of MB solution were 1.0 x 1074,
2.0 x 1074 and 3.0 x 10~4 mol L. The effect of pH on the amount
of color removal was analyzed in the pH range from 3 to 9. The
pH was adjusted using 0.1N NaOH and 0.1N HCI solutions and
measured by an Orion 920A pH-meter with a combined pH elec-
trode. The pH-meter was standardized with NBS buffers before
every measurement. The effect of ionic strength was investigated
at 0.001-0.100mol L-1 NaCl salt concentrations. The experiments
were carried out at 30, 40, 50 and 60 °C in a constant temperature
bath. 2 mL samples were drawn at suitable time intervals. The sam-
ples were then centrifuged for 15 min at 5000 rpm and the left out
concentration in the supernatant solution were analyzed using a
UV-vis spectrophotometer by monitoring the absorbance changes
at a wavelength of maximum absorbance (663 nm). Preliminary
experiments had shown that the effect of the separation time on
the adsorbed amount of dye was negligible. Each experimental run
continued until no significant change in the dye concentration was
measured. Calibration curves were plotted between absorbance
and concentration of the dye solution. The amount of MB adsorbed
at time t (molg~') onto the hazelnut shell (q¢, in molg~1) was
calculated by a mass balance relationship,

2 =(Co -G M
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Fig. 2. Schema of the batch adsorber.

where Cj is the initial MB concentration in solution (mol L-1); C; is
the residual MB concentration in solution at time t (molL~1); Vis
the solution volume (L); m is the hazelnut shell mass (g) [37-39].

3. Results and discussion
3.1. Adsorption rate

To design effective and user-friendly adsorption model it was
considered necessary to carry out adsorption with a kinetic view-
point, and effects of contact time, stirring speed, initial MB
concentration, initial solution pH, ionic strength, particle size and
temperature on the uptake rate of the dye were monitored very
carefully.

3.1.1. Effect of contact and equilibrium times

In order to determine the adsorption equilibrium time, the
adsorption of the cationic MB dye onto hazelnut shell was studied
as a function of contact time. The contact time between adsorbate
and the adsorbent is of significant importance in the wastewa-
ter treatment by adsorption. The necessary contact time to reach
the equilibrium depends on the initial dye concentration and the
adsorption capacity increases with the initial dye concentration in
all cases. A rapid uptake of adsorbates and establishment of equi-
librium in short period stress the efficiency of that adsorbent for
its use in wastewater treatment. Therefore, the contact time exper-
iment for MB dye has been carried out with a constant initial dye
concentration of 1 x 10~4molL-!, particle size of 0-75 pm, solu-
tion pH (4.1-4.5), temperature 303K and a constant stirrer speed
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Fig. 3. The effect of contact time to the adsorption rate of MB on hazelnut shell (T:
30°C, pH: 4.1-4.5, SS: 200 rpm, PS: 0-75 pm, Co: 1 x 10~ mol L~1).

of 200 rpm. The amount of MB adsorbed on hazelnut shell is shown
as a function of time in Fig. 3. Fig. 3 shows that the required con-
tact time to reach the equilibrium of MB is 40 min. The contact
time curve shows that the dye removal rate was rapid in the first
5 min due to surface adsorption. The curve of contact time is single,
smooth and continuous leading to saturation due to intraparticle
diffusion process. These curves indicate the possible monolayer
coverage of dye on the surface of hazelnut shell [40,41]. Jain et al.
[42] reported that a contact time of only about 25 min was required
to attain the equilibrium adsorption of dyes to carbonaceous adsor-
bents. Again, we previously reported 30 min equilibrium contact
time for removal of methyl violet, methylene blue and victoria blue
by perlite at 30 °C [37-39].

3.1.2. Effect of stirring speed

The variation in the adsorption of MB as a function of stirring
speed was studied using 1 x 10~4 mol L1 initial dye concentration,
30°Cand solution pH. The effect of three stirring speeds was inves-
tigated: 200, 300 and 400 rpm. It appeared that stirring speed has
no important influence on the adsorption of MB (figure not shown).
Therefore, the stirring speed was taken as 200 rpm in further exper-
iments.

3.1.3. Effect of initial MB concentration

The initial concentration provides an important driving force to
overcome all mass transfer resistances of all molecules between
the aqueous and solid phases [25,43]. The initial concentrations
of MB solutions were changed and time intervals were assessed
until no adsorption of adsorbate on hazelnut shell takes place. Fig. 4
shows the effects of contact time on the amount of MB adsorbed by
hazelnut shell under different initial MB concentrations. As shown,
the adsorption increases with increasing initial MB concentration.
The removal of dye by adsorption on hazelnut shell was found to
be rapid at the initial period of contact time and then to slow down
with increasing in contact time. This was caused by attractive forces
between the dye molecule and the adsorbent such as van der Waals
forces and electrostatic attractions; fast diffusion onto the external
surface was followed by fast pore diffusion into the intraparticle
matrix, which contains the chromophere groups such as alcoholic,
carbonylic and phenolic occurring of the adsorption, to attain rapid
equilibrium. The increase in loading capacity of the adsorbent with
relation to dye ions is probably due to a high driving force for mass
transfer. In fact, the more concentrated the solution, the better the
adsorption [44]. In other words, an increase in the surface loading
led to a decrease in the adsorption rate. Generally, when adsorption
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Fig.4. The effect ofinitial dye concentration to the adsorption rate of MB on hazelnut
shell (T: 30°C, pH: 4.1-4.5, SS: 200 rpm, PS: 0-75 pm).

involves a surface reaction process, the initial adsorption is rapid.
Then, a slower adsorption would follow as the available adsorption
sites gradually decrease [36].

3.14. Effect of initial solution pH

The pH is one of the most important factors controlling the
adsorption of dye onto suspended particles. The pH of the solution
affects the surface charge of the adsorbents as well as the degree of
ionization of different pollutants. The hydrogen ion and hydroxyl
ions are adsorbed quite strongly and therefore the adsorption of
other ions is affected by the pH of the solution. Change of pH affects
the adsorptive process through dissociation of functional groups on
the adsorbent surface active sites. This subsequently leads to a shift
in reaction kinetics and equilibrium characteristics of adsorption
process. As the pH increases, it is usually expected that the cationic
dye adsorption also increases due to increasing of the negative sur-
face charge of adsorbents [38]. The effect of initial pH of the dye
solution on the amount of dye adsorbed was studied by varying
pHs under constant process parameters (Fig. 5). The removal of MB
by hazelnut shell increased with pH change of dye solution from 3
to 9 at 30°C. With increasing pH values the adsorption rate of MB
on hazelnut shell tends to increase, which can be explained by the
electrostatic interaction of cationic MB species with the negatively
charged hazelnut shell surface. The electrostatic attraction force of
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Fig. 5. The effect of pH to the adsorption rate of MB on hazelnut shell.
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Fig. 6. The effect of ionic strength to the adsorption rate of MB on hazelnut shell.

the dye compound with the hazelnut shell surface is likely to be
raised when the pH increases.

3.1.5. Effect of ionic strength

Extensive investigations carried out on adsorption of dyes
revealed that the extent of dye uptake was strongly influenced by
the concentration and nature of the electrolyte ionic species added
to the dyebath [45]. The effect of inorganic salt (NaCl) on adsorp-
tion rate of MB on hazelnut shell is presented in Fig. 6. As seen in
Fig. 6, the presence of inorganic salt has influenced the adsorption
rate of MB. The dye adsorption lightly increases with the increasing
NaCl concentration. This result is different from those reported by
Janos et al. [46]. They tested the effect of inorganic salts (NaCl and
CaCl, ) on some acid and basic dye adsorption and found that the dye
adsorption was not affected. But in their investigation, the highest
concentration of salts is only 2 mM, which is quite different from
the present investigation. Our results show that higher concentra-
tion of salts promotes the adsorption of MB on hazelnut shell. The
presence of NaCl in the solution may have two opposite effects.
On the one hand, since the salt screens the electrostatic interac-
tion of opposite changes of the surface and the dye molecule, the
adsorbed amount should decrease with increase of NaCl concen-
tration. On the other hand, the salt causes an increase in the degree
of dissociation of the dye molecules by facilitating the protonation.
The latter effect seems to be dominant on the adsorption capacity of
the surface. For the adsorption of BBF by soils and malachite green
by husk-based activated carbon, the adsorption was also found to
increase with increasing ionic strength [47,48].

3.1.6. Effect of particle size

Adsorption rate of MB dye for three different particle sizes of
hazelnut shell (0-75, 75-150 and 150-200 p.m) was studied keep-
ing the other parameters as constant. The results of variation of
these particle sizes on dye adsorption rate are shown in Fig. 7. It
can be observed that as the particle size decreases, the adsorp-
tion rate of the dye increases. This is due to larger surface area
that is associated with smaller particles. For larger particles, the
diffusion resistance to mass transport is higher and most of the
internal surface of the particle may not be utilized for adsorption
and consequently, the amount of dye adsorbed is small.

3.1.7. Effect of temperature

The effect of temperature on the adsorption rate of MB on
hazelnut shell was investigated at 30, 40, 50 and 60 °C. The temper-
ature has two major effects on the adsorption process. Increasing
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Fig. 7. The effect of particle size to the adsorption rate of MB on hazelnut shell.

the temperature is known to increase the rate of diffusion of the
adsorbate molecules across the external boundary layer and in the
internal pores of the adsorbent particle, owing to the decrease in
the viscosity of the solution for highly concentrated suspensions.
In addition, changing the temperature will change the equilibrium
capacity of the adsorbent for a particular adsorbate [49]. Fig. 8
presents the contact time versus adsorbed amount, and indicates
that with the increase in temperature the amount of adsorbed dye
increases, indicating the process to be endothermic. This kind of
temperature dependence of the adsorbed amount of MB may reflect
the increase in the case with which the dye penetrates into the
hazelnut shell because of its larger diffusion coefficient. In fact, a
possible mechanism of interaction is the reaction between the chro-
mophore groups such as alcoholic, carbonylic and phenolic of the
hazelnut shell and the cationic group in the dye molecule; such a
reaction could be favored at higher temperatures. Hydrogen bond
can occur between —OH groups of hazelnut shell and nitrogen atom
of dye; electrostatic attractive forces between cationic dye ions and
the surface of hazelnut shell as depending on pH.

3.2. Adsorption kinetics
Adsorption is a physiochemical process that involves the mass

transfer of a solute (adsorbate) from the fluid phase to the adsor-
bent surface. A study of kinetics of adsorption is desirable as it
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Fig. 8. The effect of temperature to the adsorption rate of MB on hazelnut shell.

provides information about the mechanism of adsorption, which
is important for efficiency of the process. The applicability of the
pseudo-first-order and pseudo-second-order model was tested for
the adsorption of MB onto hazelnut shell particles. The best-fit
model was selected based on the linear regression correlation coef-
ficient, R?, values.

3.2.1. The first-order kinetic model
The Lagergren rate equation is one of the most widely used
adsorption rate equations for the adsorption of solute from a liquid
solution. The pseudo-first-order kinetic model of Lagergren may be
represented by [50]:
dqe
ar = k1(qe — qr) (2)
Integrating this equation for the boundary conditions t=0tot=t
and q=0 to q=q;, gives:

In(ge — g¢) = In qe — kqt (3)

where ge and q; are the amounts of MB adsorbed (molg~1) at equi-
librium and at time t (min), respectively, and kq is the rate constant
of pseudo-first-order adsorption (min—1). The validity of the model
can be checked by linearized plot of In(ge — g;) versus t. The rate
constant of pseudo-first-order adsorption is determined from the
slope of the plot. The values of k1 and g, at different concentrations,
initial solution pHs, ionic strength, particle sizes and temperatures
are presented in Table 1.

3.2.2. The second-order kinetic model
The second-order kinetic model is expressed as

d
% = ka(ge — q:)’ (4)
Rearranging the variables in Eq. (4) gives
dqg;
— At ydt (5)
(@e —qc)?

Taking into account, the boundary conditions t=0 to t=t and
q=0to q=q, the integrated linear form of Eq. (5) can be rearranged
to obtain Eq. (6):

t 1 t

—=—+ — 6
qt kzqg Je (6)

The initial adsorption rate, h (mol g~! min~1) is expressed as
h =kaq2 (7)

where the initial adsorption rate (h), the equilibrium adsorption
capacity (qe), and the second-order constants k (gmol~! min—!)
can be determined experimentally from the slope and intercept of
plot t/q; versus t[51]. The k, and h values under different conditions
were calculated and listed in Table 1.

As discussed above, the validity of the model of Lagergren and
the pseudo-second-order kinetic model can be checked by each lin-
earized plot. If the second-order kinetics is applicable, then the plot
of t/q; versus t should show a linear relationship. The linear plots of
t/q: versus t show good agreement between experimental (Ge(exp))
and calculated (qe(caly) values (Table 1). The correlation coefficients
for the second-order kinetics model (R?) are greater than 0.999,
indicating the applicability of this kinetic equation and the second-
order nature of the adsorption process of MB onto hazelnut shell.
Similar phenomena have been observed for MB adsorption on coir
pith carbon [52], cedar sawdust and crushed brick [53], perlite [38],
sepiolite [54] and wheat shells [44].



Table 1

Kinetic data calculated for adsorption of MB on hazelnut shell

Kinetic models

Parameters

Pseudo-second-order model

Pseudo-first-order model

R2

[Co] (molL-1) x 10% pH SS (rpm) [I] (mol L) PS (pum)

QY]

tyj2 (min)

1.58
0.91
0.55
0.27
3.07

R2?

ko (gmol~! min~') x 103

Ge(exp) (mol g‘l ) x 10°

15.2

Ge(cal) (mOI g‘l ) x 10°

15.8

0.9999
0.9997
0.9997
0.9998
0.9999
0.9998
0.9999
0.9999
0.9999
0.9997
0.9998
0.9998
0.9999
0.9998
0.9991

4.00
6.86
10.91
21.08

0.9637
0.8738
0.9935
0.8959
0.9833
0.9814
0.9947
0.9594
0.9342
0.9733
0.9638
0.9397
0.9369
0.9188
0.9655

0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
0-75
75-150
150-200

200

4.1-4.5
4.1-4.5
4.1-4.5
4.1-4.5

30
40
50
60
30
30
30
30
30
30
30
30
30
30
30

15.7

16.1

200

16.3

16.6

200

17.3

17.4

200
200
200
200
200
200

2.87
5.38
11.58
17.76

10.5

1.3

1.12
0.48
0.29
1.16
0.87
1.44
1.31
1.19
1.90
2.38

16.1

16.6

17.8

18.0

19.1

193
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4.66
5.57
4.16
4.29
4.44
3.74
3.47

18.3

18.5

4.1-4.5
4.1-4.5
4.1-4.5
4.1-4.5
4.1-4.5
4.1-4.5
4.1-4.5

20.0

20.6

200

16.1

16.7

0.001

200
200
200
200

200

17.2

17.7

0.010

18.4

18.9

0.100

13.4

14.1

11.2

12.1

The half-adsorption time, ty 5, is defined as the time required for
the adsorption to take up half as much hazelnut shell as its equilib-
rium value. This time is often used as a measure of the adsorption
rate.

(8)

f2 = kage

The values of t1, determined for the tested parameters are given
in Table 1. A further verification of the endothermic nature of the
process was done by calculating the half-life of process at each
temperature, which was found to decrease with increasing tem-
peratures.

3.3. Adsorption mechanism

The prediction of the rate-limiting step is an important fac-
tor to be considered in sorption process. For solid-liquid sorption
process, the solute transfer process was usually characterized by
either external mass transfer (boundary layer diffusion) or intra-
particle diffusion or both. The mechanism for the removal of MB by
adsorption may be assumed to involve the following steps [55]:

1. Migration of dye from the bulk of the solution to the surface of
adsorbent.

2. Diffusion of dye through the boundary layer to the surface of
adsorbent.

3. Adsorption of dye at an active site on the surface of adsorbent.

4, Intraparticle diffusion of dye into the interior pore structure of
adsorbent.

The boundary layer resistance will be affected by the rate of
adsorption and increase in contact time, which will reduce the
resistance and increase the mobility of dye during adsorption [44].
The uptake of MB at the active sites of hazelnut shell can mainly be
governed by either liquid phase mass transfer rate or intraparticle
mass transfer rate.

3.3.1. Mass transfer coefficient
Mass transfer coefficient, 8 (ms~1) of MB at the hazelnut shell-
solution interface, was determined by using Eq. (9) [56]:

Ct 1 mK 14+ mK
m(aj_1+mx)_m(1+mK>_( mK )ﬂﬁg )

where K is the Langmuir constant (Lg~1); m is the mass of adsor-
bent (g); and S is the surface area of adsorbent (m2 g=!). A linear
graphical relation between In[(C¢/Cy) — 1/(1 + mK)] versus t was not
obtained. This result indicates that the model mentioned above
for the system is not validity. The values of regression coefficient
calculated from equation mentioned above are given in Table 2.

3.3.2. Intraparticle diffusion

The adsorbate species are most probably transported from
the bulk of the solution into the solid phase through an intra-
particle diffusion process, which is often the rate-limiting step in
many adsorption processes. The possibility of intraparticle diffu-
sion was explored by using the intraparticle diffusion model [44].
An empirically found functional relationship, common to adsorp-
tion processes defines that the uptake varies almost proportionally
with ¢y, the Weber-Morris plot, rather than with the contact time
t[57].

qr = kvt +C (10)

where k; is the intraparticle diffusion rate constant
(molg—1min—12). According to Eq. (10), a plot of q; versus
ty2 should be a straight line with a slope k; and intercept C when
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Table 2
Adsorption mechanism of MB on hazelnut shell

Parameters Adsorption mechanisms
T(°C) [Co] (molL-1) x 104 pH SS (rpm) [I] (mol L) PS (um) Mass transfer ~ Intraparticle diffusion

R? kip x 10° R? ki» x 106 R?

(molmin-12g-1) (molmin-12g-1)

30 1 41-45 200 0 0-75 0.7047 435 09655  6.18 0.9224
40 1 4.1-45 200 0 0-75 0.6634 2.82 0.9883 443 0.7588
50 1 4.1-45 200 0 0-75 0.6634 2.32 09755  3.18 0.6866
60 1 41-45 200 0 0-75 0.5018 2.52 09924  1.65 0.816
30 1 3 200 0 0-75 0.7374 2.82 09952 631 0.9387
30 1 5 200 0 0-75 0.6650 4.06 09787  4.90 0.8963
30 1 7 200 0 0-75 0.6823 3.56 0.9866 3.29 0.6936
30 1 9 200 0 0-75 0.9537 2.92 09609  2.22 0.8442
30 2 4.1-45 200 0 0-75 0.5435 4.93 09577  6.72 0.8677
30 3 4.1-45 200 0 0-75 0.4932 4.46 09804  7.15 0.7397
30 1 41-45 200 0.001 0-75 0.8023 438 09621  7.59 0.9598
30 1 4.1-45 200 0.010 0-75 0.8628 473 09663  7.61 0.9525
30 1 4.1-45 200 0.100 0-75 0.9817 5.57 09732 739 0.9064
30 1 41-45 200 0 75-150  0.6477 3.99 0.9655  5.42 0.9877
30 1 4.1-45 200 0 150-200  0.6929 2.72 09371  5.01 0.8686
adsorption mechanism follows the intraparticle diffusion process. B4
For intraparticle diffusion model, Ho [58] pointed out that it is 2:
essential for the q¢ versus t, plots to go though the origin if the A
intraparticle diffusion is the sole rate-limiting step. The intraparti- 209
cle diffusion plots are given in Figs. 9-13 for the effect of initial MB -
concentration, initial solution pH, ionic strength, particle size and oo
temperatures on adsorption rate, respectively. The linearity of the = B ka
plots demonstrated that intraparticle diffusion played a significant ‘.-E'
role in the uptake of MB by hazelnut shell powder. In the present % -
study, any plot did not passed through the origin. This indicates 5
that although intraparticle diffusion was involved in the adsorption C. . 1x10° mol L™
process, it was not the sole rate-controlling step. This also confirms 5 [1 : Omol L'
that adsorption of MB on the adsorbent was a multi-step process, Temperature 30°C
involving adsorption on the external surface and diffusion into the f,: [2)”_5.)5;1"[2}
interior [56]. From Figs. 9-13, at all conditions, the sorption process 0 : . . : : :
tends to be followed by two phases. It was found that an initial 0 1 2 3 4 5 6 7

linear portion ended with a smooth curve followed by a second
linear portion. The two phases in the intraparticle diffusion plot
suggest that the sorption process proceeds by surface sorption and
the intraparticle diffusion. The initial curved portion of the plot
indicates boundary layer effect while the second linear portion is
due to intraparticle or pore diffusion. The slope of second linear
portion of the plot has been defined as the intraparticle diffusion
parameter k;, [59]. Table 2 shows the corresponding model fitting

25 ]
C, (mol L")
A 3x10*
A 2107 K
3 1.2
204 o 1x10
25 Ky
[=]
g
B
v,
(=]
5 10+
= Temperature 30°C
& pH : 4145
5- m : Omol L'
i SS : 200 rpm
PS t0-75um
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2,12
t””(mmu)

Fig. 9. Intraparticle diffusion plots for different initial MB concentrations.

2. n
ty' (mm” )

Fig. 10. Intraparticle diffusion plots for different initial solution pHs.

parameters, indicating the adsorption mechanism follows the
intraparticle diffusion process. The intraparticle diffusion rate, k;;,
was in the range of 1.65 x 1076 to 7.61 x 10~ molmin~=1/2g-1, It
was found that the values of k;, increased with increasing initial
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Fig. 11. Intraparticle diffusion plots for different ionic strengths.
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Fig. 13. Intraparticle diffusion plots for different temperatures.

MB concentration. The driving force of diffusion is very important
for adsorption processes. Generally, the driving force changes with
the adsorbate concentration in the bulk solution. The increase of
adsorbate concentration results in an increase of the driving force,
which will increase the diffusion rate of MB [36]. On the other hand,
the intercept of the plot reflects the boundary layer effect. Larger
the intercept, greater is the contribution of the surface sorption in
the rate-limiting step. The calculated intraparticle diffusion coef-

confirms the presence of both surface adsorption and intraparticle
diffusion [59].

Table 3 shows the adsorption orders and mechanisms of MB on
various adsorbents from aqueous solutions. As seen in Table 3, sim-
ilar results were found for coir pith carbon, cedar sawdust, crushed
brick, perlite, sepiolite and wheat shells.

3.4. Activation parameters

The activation energy of dye adsorption onto the adsorbent can
be calculated by Arrhenius relationship [60,61]

Ink, =Inkg — REiaT (11)
g

where k; is the pseudo-second-order constant (gmol~! min—1),
ko is the rate constant of adsorption (gmol-! min~1), E, is acti-
vation energy of adsorption (Jmol-!), Rg is the gas constant
(8.314]Jmol~1K-1), T is the solution temperature (K). Plotting of
In k, against the reciprocal temperature gives a reasonably straight
line, the gradient of which is —Ea/Rg. From Eq. (11), the activa-
tion energy, Ea, is 45.6 k] mol~!. The magnitude of activation energy
gives an idea about the type of adsorption which is mainly physical
or chemical. Low activation energies (5-50 k] mol~!) are charac-
teristics for physical adsorption, while higher activation energies
(60-800 k] mol~1) suggest chemical adsorption [62]. This is because
the temperature dependence of the pore diffusivity is relatively
weak. Here, the diffusion process refers to the movement of the
solute to an external surface of adsorbent and not diffusivity of
material along micropore wall surfaces in a particle [60]. The result
obtained for the adsorption of MB onto hazelnut shell indicates that
the adsorption process is a physisorption (Fig. 14). Therefore, the
affinity of MB for hazelnut shell may be ascribed to Van der Waals
forces and electrostatic attractions between the dye and the surface
of the particles. This low value of E; generally indicates diffusion
controlled process and higher values represent chemical reaction
process. We can therefore conclude that the E; value calculated
from data suggest a diffusion-controlled process, which is a phys-
ical step in the adsorption process. This value is consistent with
the values in the literature where the activation energy was found
to be 43.0 k] mol~! for the adsorption of reactive red 189 on cross-
linked chitosan beads [1], 5.6-49.1 kfmol~! for the adsorption of
polychlorinated biphenyls on fly ash [63] and 33.96 k] mol~! for
the adsorption of maxilon blue GRL on sepiolite [43].

To calculate the activation parameters such as enthalpy (AH"),
entropy (AS") and free energy (AG'), the Eyring equation was
applied [64],

ficient ki, value at different initial dye concentrations was shown In (kj) —1In (’LB) + AS* _AH (12)
in Table 2. Since the double nature of intraparticle diffusion plot T hp Rg ReT

Table 3

Adsorption order and mechanism of MB dye on various adsorbents

Adsorbents Adsorption order Adsorption mechanism References
Modified diatomite Pseudo-second-order Intraparticle diffusion [60]
Chitosan Lagergren-first-order Intraparticle diffusion [31]
Bio-sludge ash Modified Freundlich equation Intraparticle diffusion [36]

Coir pith carbon Pseudo-second-order Intraparticle diffusion [52]

Neem leaf powder Pseudo-first-order Surface adsorption and pore diffusion [56]

Cedar sawdust Pseudo-second-order Film- and particle diffusion [53]
Crushed brick Pseudo-second-order Film- and particle diffusion [53]
Wheat shells Pseudo-second-order - [44]
Activated carbon Pseudo-first-order Intraparticle diffusion [29]
Perlite Pseudo-second-order Intraparticle diffusion [38]
Sepiolite Pseudo-second-order Intraparticle diffusion [54]

Hazelnut shell Pseudo-second-order

Intraparticle diffusion In this study
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Fig. 14. Arrhenius plot for the adsorption of MB on hazelnut shell.

where kg is the Boltzmann constant (1.3807 x 1023 JK-1), hp is the
Planck constant (6.6261 x 10-34] s), k; is the pseudo-second-order
constant (ky). Fig. 15 has shown the plot of In(k,/T) against 1/T.
Gibbs energy of activation may be written in terms of entropy and
enthalpy of activation:

AG* = AH* — TAS* (13)

The result obtained for the change of activation Gibbs energy
is +83.4kJmol~! at 30°C. The positive AG" value suggests that
adsorption reactions require energy to convert reactants into
products. The AG" value determines the rate of the reaction,
rate increases as AG  decreases, and hence the energy require-
ment is fulfilled, the reaction proceeds. The positive value of
AH" (42.9kmol~!) confirms the endothermic process, mean-
ing the reaction consume energy. The negative value of AS'
(—133.5J K- mol~!) indicates that the adsorption leads to order
through the formation of activated complex suggesting that methy-
lene blue adsorption on hazelnut shell surface is an associated
mechanism. Also the negative value of AS” normally reflects that no
significant change occurs in the internal structure of the adsorbent
during the adsorption process [65].
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Fig. 15. Plot of In(k;/T) versus 1/T for adsorption of MB on hazelnut shell.

4. Conclusions

Adsorption of cationic MB dye on hazelnut shell can be con-
sidered as a simple, fast and economic method for its removal
from water and wastewater. A very good agreement with experi-
mental data obtained indicates that a pseudo-second-order kinetic
model is favorable for the MB adsorption on hazelnut shell. The
correlation coefficients were between 0.9991 and 0.9999. In addi-
tion, it was clear that the MB adsorption onto hazelnut shell was
intraparticle diffusion controlled. Significant increasing in initial
adsorption rate observed with the increase in temperature, fol-
lowed by pH and initial MB concentration. Results show that
dye adsorption onto hazelnut shell particles is a fast process. It
reaches equilibrium in 40 min. The changing solution tempera-
ture of dye adsorption has increased the rate of diffusion of dye
molecules across the external boundary layer and in the internal
pores of the hazelnut shell particle. The activation parameters of
the adsorption process helped in predication of how the adsorp-
tion of dye molecules might vary with temperature changes. The
activation energy, E,, was 45.6k]mol~!. The activation enthalpy,
entropy and free energy changes for adsorption are estimated to be
42.9KkImol~', —133.5]mol-1 K- and 83.4k]mol~!, respectively.
The positive value of AH" (42.9 k] mol~1) confirms the endothermic
process, meaning the reaction consume energy. The negative value
of AS" (—=133.5]J K~ mol~!) indicates that the adsorption leads to
order through the formation of activated complex suggesting that
methylene blue adsorption on hazelnut shell surface is an associ-
ated mechanism. The optimum conditions for adsorption process
were determined as high concentration, ionic strength and pH; and
low particle size and temperature.
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