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Abstract

The adsorption characteristics of methylene blue (MB) onto needles of Pinus sylvestris L., an uncon-
ventional bio-adsorbent, were investigated. Maximum removal of MB was found to occur at initial pH 5.
Adsorption capacity increased from 84.46 to 99.73 mg/g with an increase in temperature from 20 to 45°C at
200 mg/L of initial MB concentration. Adsorption isotherms were modeled with the Langmuir, Freundlich,
Tempkin and Harkis-Jura adsorption isotherms. The data fit well with the Langmuir isotherm. The maximum
monolayer adsorption capacity of Pinus sylvestris L. needles was found to be 101 mg/g at 45°C. The adsorp-
tion kinetics of pseudo first-order, pseudo second-order, and Bangham were used for the kinetic studies. The
pseudo second-order kinetic model provided the best fit to the experimental data compared with other kinetic
adsorption models. Thermodynamic parameters such as AG°, AH®, and AS°® were calculated. The adsorption
of MB increased with increasing temperature and thermodynamic parameters, suggesting that the adsorption
is spontaneous and endothermic in nature. FTIR spectrum result revealed the presence of adsorbing groups
such as carboxyl, hydroxyl, and aromatic-CN stretching in the needles of Pinus sylvestris L. The experimen-
tal data obtained in the present study indicate that needles of Pinus sylvestris L. are suitable candidates for use
as adsorbents in the removal of MB.

Keywords: methylene blue, needles of Pinus sylvestris L., adsorption, kinetic, thermodynamic,
isotherm, Bangham equation

Introduction

A very small amount of dye in water is highly visible.
Discharging even a small amount of dye into water can
affect aquatic life and food webs due to the carcinogenic
and mutagenic effects of synthetic dyes. Therefore, the
removal of dyes from waste effluents is always widely
focused [1]. Various treatment methods have been devel-
oped for decontamination purposes including coagulation,
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chemical oxidation, membrane separation, electrochemical
process, and adsorption techniques [2]. As synthetic dyes in
wastewater cannot be efficiently decolorized by traditional
methods, the adsorption of synthetic dyes on inexpensive
and efficient solid supports was considered as a simple and
economical method for their removal from water and waste-
water. Methylene Blue (MB) is the most commonly used
substance for dying cotton, wood, and silk. It can cause eye
burns that may be responsible for permanent injury to the
eyes of humans and animals. On inhalation, it can give rise
to short periods of rapid or difficult breathing while inges-
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Table 1. Physicochemical properties of the MB dye.

Color Index Name Basic Blue 9
Molecular Formula C,¢H3CIN;S
Molecular weight (g/mol) 319.9
Anay (M) 664

. B
| :
Molecular structure [7] “"'(/NU"U- ~CH,
=
N

tion through the mouth produces a burning sensation and
may cause hausea, vomiting, profuse sweating, mental con-
fusion, and methemoglobinemia [3, 4]. Therefore, the treat-
ment of effluent containing such dye is of interest due to its
harmful impacts on receiving waters [3].

Used in this study, Pinus sylvestris L. is an evergreen
coniferous tree that is readily identified by its combination
of fairly short, blue-green leaves and orange-red bark. The
shoots are light brown, with a spirally arranged scale-like
pattern. On mature trees the leaves ('needles') are a glau-
cous blue-green, often darker green to dark yellow-green in
winter [5]. Evergreen needles are 1.5 to 3 inches long, with
two stout, twisted needles per fascicle, blue-green with dis-
tinct stomatal bands [6].

This study aimed to gain an understanding of the
adsorption kinetics, to describe the mechanism of adsorp-
tion, to determine the factors controlling the rate of adsorp-
tion, and to calculate the thermodynamic parameters of the
system. The effects of solution pH, concentration, adsor-
bent dosage, and temperature on MB adsorption rate have
been investigated.

Materials and Methods
Materials

Needles of Pinus sylvestris L. needles were collected in
March 2011 from the garden of Engineering Faculty at
Ataturk University. Fresh needles of Pinus sylvestris L.
were dried at 80°C for 48 h and cut into small pieces.
Adsorption experiments were carried out 250+500 pum at
adsorbent particle size.

Methylene Blue (MB)

In this study Methylene Blue (E. Merck, Darmstadt), a
commercial azo dye, was used. Physicochemical properties
of methylene blue were shown in Table 1.

Batch Adsorption Experiments
Adsorption experiments were carried out in 250 mL

erlenmeyer flasks containing a determined amount MB on
a rotary shaker at 150 rpm at 20°C. The samples were taken

at definite time intervals (at 1,3, 5, 10, 15, 20, 30, and 45
min) and were filtered immediately to remove biomass with
filter paper (Whatman 42). The final filtrate concentrations
of MB in the solution were measured at maximum wave-
lengths of MB (664 nm) using a double-beam UV/vis spec-
trophotometer (Shimadzu UV-160A). The amount of MB
adsorbed was calculated by defining the difference between
the initial MB concentration and the concentration of the
solution during the sampling.

Results and Discussion

Influence of Initial Solution pH on MB Adsorption
by Needles of Pinus sylvestris L.

The aqueous solution pH is expected to influence the
adsorptive uptake of dyes due to its impact on both the sur-
face-binding sites of the adsorbent and the ionization
process of the dye molecule [8]. The effect of pH on the
adsorption of MB at equilibrium (¢g,) and efficiency
removal by needles of Pinus sylvestris L. are shown in Fig.
1.

At low pH values, g, values also are low. This is due to
the cationic dye reaction with OH". Acidic conditions pro-
duce more H" ions in the system. The surface of the adsor-
bent gathers positive charges by absorbing H' ions, which
prevent the adsorption of dye ions onto adsorbent surface
due to electrostatic repulsion and the competition between
H" ions and MB for the adsorption sites [9, 10]. In contrast,
when the pH values increased, adsorbent surfaces were
more negatively charged with subsequent attraction of dye
ions with positive charge and the adsoption process was
favored until a maximum was reached around pH 5.
Decrease in adsorption at higher pH may be due to the for-
mation of soluble hydroxyl complexes.

As seen in Fig. 1, the percent removal of MB onto nee-
dles of Pinus sylvestris L. was found to be 55.96, 74.40,
97.70, 97.50 and 87.40% for solutions of pH 3, 4, 5, 7, and
8, respectively. Also, the maximum adsorption capacity of
used adsorbent was determined as 39.08 mg/g at pH 5.
Thus, all the adsorption experiments were conducted at this
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Fig. 1. Effect of pH on the adsorption of MB onto needles of
Pinus sylvestris L. (T =20°C, C, =100 mg/L, adsorbent dosage

=0.375 g/200 mL, contact time = 45 min).
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optimum pH value. By experiments, the pH of original MB
solution was 5.0 and it was not adjusted in other experi-
ments.

Influence of Initial Dye Concentration on MB
Adsorption by Needles of Pinus sylvestris L.

The plot of removal yield versus the contact time at var-
ious initial MB concentrations was shown in Fig. 2. It was
evident from the figure that adsorption equilibrium was
established at 45 min.

In this study the adsorption process can be advanced in
two phases. The first stage was the rapid initial adsorption
within 5 min. A later phase was slow adsorption process
within the range of 5-45 min. In the third phase, the adsorp-
tion capacity did not vary significantly after 180 min., when
the adsorption would be in a state of dynamic equilibrium
between the dye desorption and adsorption. The reason is
that during the adsorption of dye, initially the dye mole-
cules rapidly reach the boundary layer by mass transfer,
then they slowly diffuse from boundary layer film onto the
adsorbent surface because many of the available external
sites have been occupied and, finally, they diffuse into the
porous structure of the adsorbent [9-11].

Fig. 3 shows the adsorption yields and adsorption
capacities versus at various initial MB concentrations at
room temperature. The amount of MB adsorbed (mgMB/g)
increased with increase initial MB concentration. The
amount of MB removed at equilibrium increased from
26.51 to 99.73 mg/g with the increase in dye concentration
from 50 to 200 mg/L. It is clear that the removal of dye
depends on the concentration of the dye. When the initial
concentrations increased, the mass transfer driving force
became larger and the interaction between MB and adsor-
bent was enhanced, thus resulting in higher adsorption
capacity.

As seen in Fig. 3, when the initial MB concentration
was increased from 50 to 200 mg/L, the removal decreased
from 99.40 to 79.18%. This was due to the saturation of the
sorption sites on the adsorbent as the concentration of the
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Fig. 2. Effect of initial MB concentration on the adsorption of
MB onto needles of Pinus sylvestris L. (T = 20°C, pH=5.0,
adsorbent dosage = 0.375 g/200 mL).
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Fig. 3. Effect of initial dye concentration on the adsorption of
MB onto needles of Pinus sylvestris L. (T = 20°C, pH=5.0,
adsorbent dosage= 0.375 g/200 mL, contact time = 45 min).
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Fig. 4. Effect of adsorbent dosage on the adsorption of MB onto
needles of Pinus sylvestris L. (T=20°C, pH=5.0, initial dye con-
centration=200 mg/L, contact time=45 min).

dye increased. However, higher dye adsorption yields were
observed at lower dye concentrations.

Influence of Adsorbent Dosage on MB Adsorption
by Needles of Pinus sylvestris L.

The influence of adsorbent dosage on the efficiency of
MB removal was shown in Fig. 4. Adsorbent dosage varied
from 0.625 to 5.625 g/L. The results are presented in Fig. 4,
which indicates that the adsorption yield of MB increases
with increasing adsorbent doses for 200 mg/L initial MB
concentration. When the adsorbent concentration was
increased from 0.625 to 5.625 g/L, the removal increased
from 75 to 98%. This may be due to the fact that the high-
er the doses of the adsorbent, the more sorbent surface and
pore volume will be available for adsorption [12].

At the same time, the amount of dye adsorbed per unit
mass of adsorbent decreased with increasing adsorbent
mass due to the reduction in effective surface area. The
equilibrium adsorption capacity decreased from 136 to 30
mg/g with the increasing adsorbent dosage from 0.625 to
5.625 g/L. The decrease in adsorption density and the
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Table 2. Thermodynamic parameters for the adsorption of MB onto needles of Pinus sylvestris L.

AG® (kJ/Kmol)
MB conc. (mg/L) AH° (kJ/mol) AS® (J/mol K)
293K 308 K 318K
100 -9.82 -11.54 -12.09 17.23 0.09
125 -6.90 -8.48 -11.17 41.86 0.16
150 -6.73 -7.25 -8.16 9.56 0.06
200 -3.25 -6.06 -7.05 41.91 0.15

amount of mass adsorbed per unit were due to the splitting
effect of flux (concentration gradient) between adsorbates
with increasing adsorbent concentration causing a decrease
in the amount of dye adsorbed onto unit weight of biomass
[13].

Influence of Temperature on MB Adsorption
by Needles of Pinus sylvestris L.

The effect of temperature on the adsorption of MB on
needles of Pinus sylvestris L. was investigated at 20, 35,
and 45°C. The results are shown in Fig. 5. The experimen-
tal results demonstrate that the magnitude of adsorption is
proportional to the solution temperature (Table 2). The tem-
perature has two major effects on the adsorption process.
Increasing 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 solu-
tion for highly concentrated suspensions. In addition,
changing the temperature will change the equilibrium
capacity of the adsorbent for a particular adsorbate [14].

As seen in Fig. 5, the adsorption of MB on needles of
Pinus sylvestris L. is increased from 52.41 mg/g (98.26%
removal) to 52.79 mg/g (98.98% removal) when tempera-
ture was increased from 20 to 45°C at an initial concentra-
tion of 100 mg/L.
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Fig. 5. Effect of temperature on the adsorption of MB onto nee-

dles of Pinus sylvestris L. (adsorbent dosage=0.375 g/200 mL,

pH=5.0, contact time = 45 min).

To determine whether the process will occur sponta-
neously, a set of thermodynamic parameters for the MB
adsorption system by needles of Pinus sylvestris L. was cal-
culated, including changes in the standard free energy
(AG®), enthalpy (AH®), and entropy (AS°) [15]:

AG® = —RTInK, (1)

..where R is universal gas constant (8.314 J/(molK)), T is
the temperature (K) .The values of AH® and AS® were cal-
culated from the intercept and slope of a plot of AG® versus
T according to Eq. (3) by linear regression analysis (Fig.6).

The apparent equilibrium constant (K,) of the adsorp-
tion is defined as [15]:

_ Cad,eq
Ke==cor @
..where C,,,,, and C,, are the concentrations of MB on the
adsorbent and residual MB concentration at equilibrium,
respectively. In this case, the activity should be used instead
of concentration in order to obtain the standard thermody-
namic equilibrium constant (K,) of the adsorption system.
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Fig. 6. AG® vs. T for the adsorption of MB onto needles of
Pinus sylvestris L.
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As seen in Table 2, positive values of AH® (17.23, 41.86,
9.56, 41.91 kJ/mol) show the endothermic nature of adsorp-
tion for all MB concentrations. The negative values of AG®
at all MB concentrations indicate the spontaneous nature of
adsorption for MB at 20, 35, and 45°C. The positive values
of AS°(0.09, 0.16, 0.06, 0.15 J/mol K) suggest the increased
randomness at the solid/solution interface during the
adsorption of MB on needles of Pinus sylvestris L.

Adsorption Kinetics of MB Adsorption
by Needles of Pinus sylvestris L.

The rate constants were calculated by using pseudo
first-order and pseudo second-order kinetic models.

The pseudo first-order model of Lagergren is based on
the assumption that the rate of change of adsorbed solute
with time is proportional to the difference in equilibrium
adsorption capacity and the adsorbed amount. The pseudo
first-order equation is expressed as follows [9, 15]:

kq

log(qe — qr) = logqe — 55t 4

...where ¢, (mg/g) is the amount of adsorbed MB on the
adsorbent at time #, and k; (1/min) is the rate constant of
first-order adsorption. A straight line of log(g,— ¢,) versus ¢
suggests the applicability of this kinetic model and is shown
in Figs. 7a, b, and c. ¢, and k, can be determined from the

intercept and slope of the plot, respectively.
The linearized form of the pseudo-second order kinetic
expression [16] is represented by Eq. (5).

t 1 1
— = +—t 5
ar k2492  de )

...where £, (g/(mg/min)) is the rate constant of second order
adsorption and ¢, and ¢, are amounts of dye sorbed (mg/g)
at equilibrium and at any time (t), respectively. The plot #/g,
versus t should give a straight line (Figs. 8a, b, ¢) if second
order kinetics are applicable and ¢, k,, and R* can be deter-
mined from the slope and intercept of the plot, respectively.

The initial adsorption rate, 4 (mol/(g min)) is expressed
as:

h = k,qé 6)

..where the initial adsorption rate (%), the equilibrium
adsorption capacity (¢,), and the second-order constants &,
(g/(mol'min)) can be determined experimentally from the
slope and intercept of plot #/g, versus ¢ [14].

Kinetic data can further be used to check whether pore
diffusion was the only rate-controlling step or not in the
adsorption system using Bangham’s equation [17, 18]:

loglog +o logt  (7)

Co _ g KBm
Co—qrm 2.303v

...where C is initial concentration of adsorbate in solution
(mg/L), v the volume of solution (mL), m the weight of

adsorbent used per litre of solution (g/L), ¢, (mg/g) the
amount of adsorbate retained at time ¢, and « (<1), and K
Co

Co—qem
ted against logt in Figs. 9a, b, ¢ at different temperatures.

Table 3 provides pseudo first-order rate constants &,
pseudo second-order rate constants k,, h, calculated equi-
librium sorption capacity g, . (theoretical), and experimen-
tal equilibrium sorption capacity g,,,, (experimental) at var-
ious initial MB concentrations and temperatures.

are constants. As such, loglog values were plot-
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Fig. 7. Pseudo first-order kinetics for adsorption of MB dye
onto needles of Pinus sylvestris L. a) 20°C, b) 35°C, ¢) 45°C
(adsorbent dosage=0.375 g/200 mL, pH=5.0, contact time = 45
min.).
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Also, kinetic datas can further be used to check whether
pore diffusion is the only rate controlling step or not in the
adsorption system using Bangham’s equation given in
Table 3. If the experimental datas represented by this equa-
tion then the adsorption kinetics are limited by the pore dif-
fusion. Kinetic parameters and the correlation coefficients
obtained by Bangham’s equation are given in Table 3 and
the data are exploring poorer fit of the model. This situation
represents that the diffusion of adsorbate into pores of the
sorbent is not the only rate-controlling step [19].
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Fig. 8. Pseudo second-order kinetics for adsorption of MB dye
onto needles of Pinus sylvestris L. a) 20°C, b) 35°C, c) 45°C
(adsorbent dosage=0.375 g/200 mL, pH=5.0, contact time = 45
min.)
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Fig. 9. Bangham equation for adsorption of MB dye onto nee-
dles of Pinus sylvestris L. a) 20°C, b) 35°C, c) 45°C (adsorbent
dosage=0.375 g/200 mL, pH=5.0, contact time=45 min.)

The validity of the kinetic models is tested by the mag-
nitude of the regression coefficient R* given in Table 3. It is
important to note that for a pseudo first-order model, the
correlation coefficient is less than 0.98, which is indicative
of a bad correlation. The first-order model did not provide
a good fit, with g, values being significantly underestimat-
ed. Also in this manner, the interaction of MB on needles of
Pinus sylvestris L. present a complex behavior, when the
traditional pseudo-first order model seem not to be enough
or satisfactory to explain the kinetic data.
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Table 3. A comparison of the pseudo first-order kinetic and pseudo second-order kinetic rate constants and theoretical and experimen-
tal ge values obtained at different initial MB concentrations and temperatures.

Pseudo First-Order Kinetic Pseudo Second-Order Kinetic Bangham Equation
MB conc. Geexp
(mg/L) | (mg/g) | deca ky R Gecal ky R h kg " R
(mg/g) | (L/min) (mg/g) | (mg/gmin) (mg/gmin) | (L/g)
20°C
100 5241 6.86 1.020 | 0.8033 52.90 0.046 1.0000 128.73 0.149 0.304 | 0.8482
125 62.97 10.11 0.076 | 0.9399 63.29 0.025 0.9995 100.14 0.161 0.157 0.9240
150 75.27 13.67 0.071 0.9619 75.76 0.017 0.9993 97.57 0.152 0.159 0.8705
200 84.46 14.84 0.018 0.8113 83.33 0.010 0.9931 68.74 0.104 0.085 0.6925
35°C
100 52.75 541 0.058 0.8279 52.90 0.042 0.9996 117.50 0.204 0.185 0.8493
125 64.07 2.97 0.101 0.9187 64.10 0.116 1.0000 476.15 0.266 0.068 0.9800
150 74.34 5.22 0.041 0.8115 74.08 0.041 0.9997 227.30 0.197 0.083 0.9483
200 97.52 12.34 0.072 0.9108 98.04 0.020 0.9997 196.09 0.163 0.119 0.9608
45°C
100 52.79 6.20 0.071 0.9573 53.19 0.039 0.9997 109.89 - - -
125 65.71 8.61 0.166 | 0.9748 66.22 0.057 1.0000 250.00 - - -
150 76.51 6.16 0.056 | 09654 | 76.92 0.035 0.9998 208.32 0.214 0.108 0.8706
200 99.73 20.55 0.096 | 0.9529 | 101.00 0.015 0.9999 151.48 0.129 0.223 0.9867

Values of &y, k,, q,.., and R* along with calculated lin-
ear correlation coefficients for the two models are shown in
Table 3. As can be seen in Table 3, the correlation coeffi-
cients calculated from the pseudo second-order model were
very high (>0.99) for all MB concentrations and tempera-
tures. At the same time, the calculated ¢, values from the
pseudo second order model were in good agreement with
the experimental ¢, values calculated from the pseudo sec-
ond-order kinetic model. Thus, it can be inferred that the
rate-limiting step may be chemisorption promoted by either
valency forces, through sharing of electrons between adsor-
bent and sorbate, or covalent forces, through the exchange
of electrons between the parties involved [8].

Adsorption Isotherms of MB Adsorption
by Needles of Pinus sylvestris L.

The adsorption isotherm indicates how the adsorption
molecules distribute between the liquid phase and the
solid phase when the adsorption process reaches an equi-
librium state. The analysis of the isotherm datas by fitting
them to different isotherm models is an important step to
find the suitable model that can be used for design pur-
poses [20]. Table 4 shows the Freundlich, Langmuir,
Tempkin, and Harkins Jura equations and parameters of
these isotherms.

In order to assess different isotherms (Freundlich,
Langmuir, Tempkin, Harkins Jura) and their ability to cor-
relate with experimental results, the fitted plots from each

Table 4. The names and non-linear forms of studied adsorption
isotherms (Freundlich, Langmuir, Tempkin, Harkins-Jura).

Freundlich e = KfCel /n
: _ QobCe
Langmuir qe = ]_-FT
e
RT
Tempkin qe = —In (ACe)
by
AH]
Harkins-J = (————)1/2
arkins-Jura qde (BH] — lOgCe)

isotherm were shown with the experimental data for
adsorption of MB onto needles of Pinus sylvestris L. at 20,
35, and 45°C in Figs. 10 a, b, ¢, and d.

As seen from Figs. 10 a-d and Table 5, the adsorption of
MB dye onto needles of Pinus sylvestris L. at different tem-
peratures fits quite well into the Langmuir adsorption
model. Maximum adsorption capacity of needles of Pinus
sylvestris L. was found 101 mg/g at 45°C, indicating phys-
ical monolayer adsorption. The fact that the Langmuir
isotherm fits the experimental data very well may be due to
homogenous distribution of active sites on the adsorbent
surface; since the Langmuir equation assumes that the sur-
face is homogenous [21].

Moreover, O, and b increased with increasing tempera-
ture, as shown in Table 5. b value represents the equilibri-
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um adsorption constant and relates to adsorption heat,
therefore a higher value of b indicates a favorable adsorp-
tion process [9]. As for the Freundlich, Tempkin, and
Harkins-Jura equations the poor fit to the experimental data
as well as its empirical nature does not allow for reliable
assumptions. The Freundlich parameter 1/n relates to sur-
face heterogeneity. When 0 < 1/n < 1, the adsorption is
favorable; 1/n=1, the adsorption is homogeneous and there
is no interaction among the adsorbed species; 1/n > 1, the
adsorption is unfavorable [22]. It has been known that the
magnitude of K, indicates a measure of the adsorbent
capacity [23]. As indicated in Table 5, the values of the
exponent 1/n were in the range of 0-1, indicating favourable
adsorption.

The essential characteristics of Langmuir isotherm can
be expressed by a dimensionless constant called equilibri-
um parameter R,, defined by [20, 23]:

1
R =oe ®)

...where b is the Langmuir constant and C, (mg/L) is initial
MB concentration. The value of R, indicates the type of the

a)5
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-2 0 InC 2 4

c)
120
100 | €20°C W35°C A45°C

80 -

e

40

-2 0 2 4

1/q;

isotherm to be either unfavorable (R, > 1), linear (R, = 1),
favorable (0 <R, <1), or irreversible (R, = 0). The values of
R, calculated according to Eq. (8) were found to be within
the range of 0-1. The results given in Fig. 11 show that the
adsorption of MB onto needles of Pinus sylvestris L. is
favorable.

Fourier Transform Infrared
Spectroscopy (FTIR) Analysis

In order to investigate the surface characteristic of nee-
dles of Pinus sylvestris L., FTIR of needles of Pinus
sylvestris L. was studied. The FTIR characteristics are
shown in Figs. 12 a, b, and Table 6.

As seen in Table 6, the FTIR spectroscopic analysis
indicated broad bands at 3,340 cm™, 2,923 cm’, and 1,733
cm representing bonded —OH groups, aliphatic C-H group,
and C=H group, respectively. The bands observed at about
1657-1621 cm™ could be assigned to the aliphatic C=0O
stretching. The peaks around 1,539 cm™ and 1,445 cm™ cor-
respond to the secondary amine group and carboxylate
groups. Carboxyl groups, C—O stretching of ether groups,
and -C-C- groups are observed to shift to 1,371-1,314 cm’!,
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0,5 4 A45°C

¢20°C

m35°C

0,4

0,3

C/qe

0,2

0,1

0 10 20 30 40 50
C, (mg/L)

d) 0,0016

L 4 €20°C  W35°C  A45°C

0,0012 -
0,0008 -

0,0004 - .

-0,0004 T T T T .

-1 -0,5 0 0,5 1 1,5 2
logC,

Fig. 10. Adsorption isotherms at different temperatures; adsorption of MB onto needles of Pinus sylvestris L. a) Freundlich,

b) Langmuir, ¢) Tempkin, d) Harkins-Jura.
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Table 5. Isotherm constants for MB onto needles of Pinus
sylvestris L.

Table 6. FTIR of needles of Pinus sylvestris L. before and after
MB adsorption.

Adsorption Temperatures Frequency (1/em) | pifferences )
Isoth 1 Assignment
sotherms 20°C 35°C 45°C Before | After | (1/em)
Langmuir isotherm 3340 3412 =72 Bonded OH groups
0, (mg/g) 86.96 98.04 101.00 2923 2917 6 Aliphatic C-H group
b (L/g) 0.65 0.71 1.19 1733 1736 -3 C=H group
R? 0.9981 0.9626 0.9768 1657 1648 9 C= O stretching
Freundlich isotherm 1621 1596 25 C= O stretching
K, (L/g) 60.77 43.25 54.11 1539 1533 6 Secondary amine group
1/n 0.085 0.270 0.223 1445 1443 2 Carboxylate groups
R’ 0.9354 0.9463 0.9458 1371 1382 -11 Carboxyl groups
Tempkin isotherm 1338 1349 -11 Carboxyl groups
A(L/g) 38.00 27.59 2497 1314 | 1327 13 Carboxyl groups
by 11.88 14.34 16.45 1155 1168 13 C—O stretching of ether
groups
R? 0.9654 0.9315 0.9287 o o
. 1105 1102 3 C-O stretching of ether
Harkins-Jura groups
Ay 1666.67 2000.00 5000.00 1064 1056 8 - C-C- group
By, 1.33 1.40 1.50 1037 1031 6 - C-C- group
R? 0.7665 0.8011 0.9139 894 883 11 Aromatic —CH stretching
669 666 3 —CN stretching
614 609 5 —CN stretching
_ -1 _ -1 :
1,155-1,105 cm™, and 1,064-1,037 cm’, respectively. The 535 532 47 Aromatic - CH stretching
peaks observed at 894 cm™ and 535 cm™ correspond to aro-
matic —CH stretching. The bands observed at about 669-
614 cm! could be assigned to the —CN stretching.
Among these absorption peaks especially the aromatic Conclusions

—CN stretching [24, 25], bonded —OH groups, C=0 stretch-
ing, -C-C-group [26], C-O stretching of ether groups [27],
and carboxyl groups were especially involved in MB
adsorption.

Carboxyl and hydroxyl groups may function as proton
donors; hence deprotonated hydroxyl and carboxyl groups
may be involved in coordination with metal ions and action
with positive dye ions [28].

Comparision of Pinus sylvestris L. Needles
with Other Adsorbents

Many researchers have investigated several adsorbents
for the removal of MB from aqueous solutions. Table 7 lists
the comparison of maximum monolayer adsorption capac-
ity of MB onto various adsorbents. It is clear that needles of
Pinus sylvestris L. used in this work had a relatively suit-
able adsorption capacity of 86.96 mg/g if compared to other
adsorbents found in the literature, with three exceptions
[16, 29, 30], than reported elsewhere. This suggests that
MB could be easily adsorbed onto needles of Pinus
sylvestris L.

Experiments were conducted to investigate needles of
Pinus sylvestris L. as adsorbents for the removal of methyl-
ene blue (MB) from aqueous solutions. The following con-
clusions are made based on the results of present study and
scientific information derived from literature:

1. Various effective factors such as contact time, adsorbent
dose, initial MB concentration, solution pH, and temper-
ature were optimized. The extent of the dye removal
increased with increasing the solution temperature and
optimum pH value for dye adsorption was observed at
pH 5.0 for needles of Pinus sylvestris L. The equilibrium
of the MB adsorption is reached within about 45 min.

2. The Langmuir, Freundlich, Tempkin, and Harkins-Jura
isotherm were employed to discuss adsorption behav-
ior. Equilibrium data were proved to be compatible with
the Langmuir isotherm. The maximum monolayer
adsorption capacities were found to be 86.96, 98.04 and
101.00 mg/g at 20, 35, and 45°C, respectively.

3. The dimensionless separation factor (R;) showed that
WHS can be used for removal of MB from aqueous
solutions.
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The kinetics of the adsorption process were found to
follow the pseudo-second-order kinetic model.
Negative value of AG® and positive value of AH° con-
firmed the spontaneous and endothermic nature of the
adsorption process.

The electrostatic attraction between bonded —OH
groups, C=0 stretching, -C-C- group, carboxyl groups,
C-O stretching of ether groups, and aromatic —CN
stretching groups and MB can describe the main
adsorption process by FTIR spectra before and after
adsorption of MB on needles of Pinus sylvestris L.
Needles of Pinus sylvestris L., an inexpensive and eas-
ily available material, can be an alternative for more
costly adsorbents used for MB removal in wastewater
treatment processes.
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Fig. 12. FTIR spectra of Pinus sylvestris L needles (a) and MB-loaded Pinus sylvestris L needles (b).
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Table 7. Comparison of adsorption capacity of methylene blue 9.
on various adsorbents.

HAN X., WANG W., MA X. Adsorption characteristics of
methylene blue onto low cost biomass material lotus leaf.

Chem. Eng. J. 171, 1, 2011.
Adsorbent Reference 10. KUMAR PS., RAMALINGAM S., SENTHAMARAI C
Adsorbent capacity : B - -
s NIRANJANAA M., VIJAYALAKSHMI P., SIVANESAN
(mg/g) : .
S. Adsorption of dye from aqueous solution by cashew nut
Date pits 80.31 [31] shell: studies on equilibrium isotherm, kinetics and thermo-
Jute processing waste 247 [32] dynamics of interactions. Desalination. 261, 52, 2010.
) 11. SENTHILKUMAAR S., VARADARAJAN P.R., PORKO-
Tea waste 85.16 [33] DI K., SUBBHURAAM C.V. Adsorption of methylene blue
- - - onto jute fiber carbon: kinetics and equilibrium studies. J.
Phosph.orlc acid-treated Parthenium 28,49 [29] Colloid Interf. Sci. 284, 78, 2005.
(an agricultural waste) carbon (PWC) 12.  MALKOC E. Ni(Il) removal from aqueous solutions using
Banana peel 20.8 [34] cone biomass of Thuja orientalis. J. Hazard. Mater. B137,
899, 2006.
Cereal chaff 20.3 (35] 13. YU L.J., SHUKLA S.S., DORRIS K.L., SHUKLA A.,
Wheat shells 16.56 [36] MARGRAVE J.L. Adsorption of chromium from aqueous
solutions by maple sawdust. J. Hazard. Mater. B 100, 53,
Natural zeolite 19.94 [37] 2003.

- - 14. DOGAN M., ABAK H., ALKAN M. Adsorption of methyl-
NaOH-modified rejected tea 242.11 [16] ene blue onto hazelnut shell: Kinetics, mechanism and acti-
NaOH-treated raw koalin 16.34 [38] vation parameters. J. Hazard. Mater. 164, 172, 2009.

15. MALKOC E., NUHOGLU Y. Determination of kinetic and
NaOH-treated pure koalin 20.49 [38] equilibrium parameters of the batch adsorption of Cr(VI)
Activated carbon from Egyptian rice onto wgste acorn of Quercus ithaburensis. Chem. Eng.
hull 60.10 [39] Processing. 46, 1020, 2007.
16. NASUHA N., HAMEED B.H. Adsorption of methylene
Coffee husks 90.1 [30] blue from aqueous solution onto NaOH-modified rejected
. tea. Chem. Eng. J. 166, 783, 2011.
Rice husks 406 [40] 17.  CHABANI M%, AMRANEB A., BENSMAILI A. Kinetic
Raw beech sawdust 978 [41] modelling of the adsorption of nitrates by ion exchange
resin. Chem. Eng. J. 125, 111, 2006.
Garlic peel 82.64 (20] 18. GUPTA VK., SUHAS LA., SAINI VK. Adsorption of 2,4-
Spent coffee grounds 187 8] D and carbofuran pesticides using fertilizer and steel indus-
try wastes. J. Colloid Interface Sci. 299, 556, 2006.
Needles of Pinus sylvestris L. 86.96 This study 19. BILGILI M.S. Adsorption of 4-chlorophenol from aqueous
solutions by xad-4 resin: Isotherm, kinetic, and thermody-
namic analysis. J. Hazard. Mater. B137, 157, 2006.
20. HAMEED B.H., AHMAD A.A. Batch adsorption of meth-
ylene blue from aqueous solution by garlic peel, an agricul-
References tural waste biomass. J. Hazard. Mater. 164, 870, 20009.

21. MALKOC E., NUHOGLU Y. Investigations of Ni(II)
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