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ABSTRACT

Acid Blue 256 (AB256) dye was selected as the model. Textile effluents and linear and
nonlinear regression procedures have been applied to the Langmuir, Freundlich, Tempkin,
Dubinin–Radushkevich, and Redlich–Peterson isotherms for adsorption of the dye onto red
pine (Pinus resinosa) sawdust. The effects of parameters were investigated and interaction
was characterized by Fourier transform infrared (FTIR) spectroscopy and SEM/EDAX. Five
isotherms were used, and the nonlinear method of the Langmuir isotherm equation was
found to provide the closest fit to the equilibrium data. The monolayer adsorption capacity
is 54.16 mg/g for AB256. The optimum conditions were found to be: adsorbent size
75–90 μm, initial pH 2, stirring rate 600 rpm, initial dye concentration 200 mg/l, biosorbent
dose 1 g and temperature 25˚C. All thermodynamic parameters suggested that AB256
adsorption onto red pine sawdust was a spontaneous, physisorption, and exothermic pro-
cess. Kinetics was analyzed by four different kinetic equations using nonlinear regression
analysis. The pseudo-second-order equation provided the best fit with experimental data.
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1. Introduction

Water demand has increased tremendously result-
ing in the generation of large amounts of wastewater
containing a number of “pollutants” [1]. Because dye
is a visible pollutant, the presence of even very small
amounts of this molecule is undesirable due to its
high visibility. This also makes it the most important
factor for removal in industrial wastewater. Some
strong dyes containing textile effluents require the
employment of a wide range of processes for color
removal. These processes involve adsorption on
inorganic or organic matrices, decolorization by

photocatalysis and/or by oxidation processes, microbi-
ological or enzymatic decomposition, and others [2].

Chemical and physical methods include the
adsorption process, which is one of the more effective
methods used to remove dyes from aqueous solutions.
In recent years, attention has been directed toward a
number of natural solid materials that are able to
remove pollutants from contaminated water at low
cost [3]. Adsorbent cost is an important factor and
present efficiencies and cost estimates for various com-
mercial activated carbons are reported along with the
cost of some adsorbents. According to these, bagasse
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fly ash, peat, sphagnum moss peat, fuller’s earth, BF
slag, bentonite, zeolite manganese oxide, and carbona-
ceous adsorbent are materials costing less than US
$0.01/kg, making them useful materials in terms of
cost compared to commercial activated carbons that
normally cost more than US$1.50/kg [4]. As indicated
by these figures, red pine sawdust should be used as
a low-cost adsorbent.

Classification by application is the principal system
adopted by the Color Index (CI). The textile industry
uses approximately 10,000 different dyes and pig-
ments [5]. The chemical structure of Acid Blue 256
dye has been disguised by the manufacturer. Several
studies on the removal of metal complex dyes are
found in the literature [6–10] describing agricultural
biosorbents used for the removal of dyes from aque-
ous solutions [9–14]. Among the untreated materials
investigated, many agricultural residues, such as
wheat straw, rice husk, corncobs, and wood chips
have been used successfully to adsorb individual dyes
and dye mixtures in textile effluent. However, only
limited numbers of studies have been carried out with
sawdust [15,16]. Sawdust is a waste byproduct of the
timber industry that does not noticeably swell in
water or decompose upon prolonged contact with
water. Despite its interesting adsorption capacities, to
the best of our knowledge no tests have been done
with red pine sawdust covering equilibrium, kinetics
and the one-step batch adsorber design of the metal
complex dye adsorption.

In this study, red pine sawdust (Pinus resinosa) was
used as the biosorbent for the removal of metal com-
plex dyes, because P. resinosa is found abundantly in
Turkey. The main aim of this study is to understand
its process. For this purpose, we investigated the
effects of particle size and dose of sawdust, pH,
contact time, and initial dye concentration on the
adsorption of metal complex dyes onto red pine
sawdust. The Langmuir, Freundlich, Temkin,
Dubinin–Radushkevich (D–R), and Redlich–Peterson
(R–P) isotherms were used to match the equilibrium
data. This paper also presents the thermodynamic
parameters related to the adsorption of MG such as
Gibbs free energy change (ΔG˚); enthalpy change
(ΔH˚); and entropy change (ΔS˚) that have been calcu-
lated and discussed. Furthermore, the kinetics
involved in the sorption process was evaluated at dif-
ferent initial acid blue 256 concentrations using a
pseudo-first- and second-order equation, intraparticle
diffusion equation, and the Elovich equations. Kinetic
parameters and Langmuir constants of experimental
data were calculated with the nonlinear regression
method using Microsoft Excel’s Solver Extension soft-
ware program. Chi-square test was used to evaluate

the models which had the best fit with experimental
data. In recent years, a number of low-cost, commer-
cially available adsorbents have been tested for metal
complex dye removal, but sawdust has been used
sparingly for the removal of metal complex dyes.
However, only two papers [13] and [3] have appeared
regarding the design of adsorption treatment systems.
This paper also develops a single-stage batch adsorber
design model. A design analysis method has been
developed to predict the required amount of sawdust
at various volumes of effluent treated for different
percentages of dye removal.

2. Experimental procedures

2.1. Materials

Turkish red pine sawdust was collected from a
local lumber mill. It was acid-hydrolyzed to removing
sugars from the wood (0.5 M HCl). Then it was
washed with distilled water to remove the surface-
adhered particles and water soluble materials, and
finally dried at 353 K overnight in the drying incuba-
tor. After drying, the sawdust was sieved to obtain
≤53, 53–75, 75–90, 90–150, and 150–500 μm size frac-
tions using ASTM standard sieves. Then it was used
directly as adsorbent.

AB256 was obtained from Setas Kimya (Istanbul,
Turkey). All chemicals were of analytical grade and
purchased from Merck (Darmstadt, Germany) or
Fluka (Neu-Ulm, Germany), unless otherwise stated.

2.2. Batch adsorption studies

The effect of particle size changing from ≤53, 53–
75, 75–90, 90–150, to 150–500 μm range was studied
using two dyes on red pine sawdust particles. To
study the influence of pH on the adsorption capacity
of pine sawdust for AB256 dye, experiments were per-
formed using different initial solution pH values,
changing from 2 to 11. Solutions pH was adjusted
with dilute HCl and NaOH solutions with the aid of a
pH meter. At the same time, the effect of mixing
speed was investigated by changing the speed
between 200 and 600 rpm. In order to investigate the
effect of adsorbent dosage on the adsorption capacity
of red pine sawdust for dyes, experiments were per-
formed between 0.5 and 3 g adsorbent. To determine
the thermodynamic parameters of adsorption, experi-
ments were performed at different temperatures
between 298 and 353 ± 2 K. Dye solutions (1,000 ml)
of 100 mg/L initial concentration were treated with
1 g of the adsorbent on a mechanical stirrer for 3 h,
followed by centrifugation. About 5 mL of samples
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were centrifuged and the solutions were filtered
through a filter paper to avoid any solid particles in
the aqueous phase. The supernatant solution was ana-
lyzed for residual dye concentration using an ultravio-
let–visible spectrophotometer (Shimadzu UV-150-02),
and all dye concentrations were measured at the
wavelength corresponding to maximum absorbance.

A volume of the AB256 dye solutions with concen-
trations ranging from 25 to 300 mg/L were placed in 1
L conical flasks. Optimum working pH was adjusted
before biosorbent was added. An accurately weighed
amount (1 g) of Turkish red pine tree sawdust was
added to the solutions. The conical flasks were then
agitated at a constant speed of 200 rpm in a water
bath set at 298 ± 2 K. Total contact time was selected
as 180 min.

Once maximum absorbance, λmax, was determined,
these values were used for analyzing. The supernatant
solution was analyzed for residual dye concentration
using an ultraviolet–visible (UV–vis) spectrophotome-
ter (Shimadzu UV-150-02) at 584 nm for the AB256
dye. The samples were withdrawn from the stirrer at
predetermined time intervals and the dye solution
was separated from the adsorbent by centrifugation at
5,000 rpm for 15 min.

The point of zero charge of Turkish red pine tree
sawdust was determined in order to understand the
adsorption mechanism. The pH drift method was used
to measure the pH at the potential of zero charge
(pHzpc) of Turkish red pine tree sawdust. The pH of a
solution of 0.01 M potassium nitrate (KNO3) was
adjusted to between pH 2 and 12. Adsorbent (0.10 g)
was added to 20 ml of the solution. After the pH had
stabilized (typically after 24 h), the final pH was
recorded. The graphs of final vs. initial pH were used

to determine the points at which initial pH and final
pH values were equal. This was taken as the point of
zero charge.

2.3. Instrumentation

The field emission scanning electron microscope
(FE-SEM) used in the study was a Quanta FEG 450
field emission scanning electron microscopy. The SEM
and EDAX tests were carried out on samples
operating at 10 and 20 kV, respectively, which were
Au coated. The magnifications were from ×100 to
×100,000.

FTIR spectra were obtained using a spectroscope
(PerkinElmer Spectrum Two Spectrometer). Samples
were analyzed in attenuated total reflectance (ATR)
mode using ceramic light source, KBr/Ge beam split-
ter, and deuterated l-alanine triglycine sulfate
(DLATGS) detector. The sampling technique used was
diffuse reflectance. The powder samples were scanned
for wavenumber 600–4,000 cm−1.

2.4. Adsorption isotherms

To simulate the adsorption isotherm, five commonly
used models, the Langmuir, Freundlich, Temkin,
Dubinin–Radushkevich, and Redlich–Peterson, were
selected to explain dye–pine sawdust interactions.
These isotherms and their linear forms can be seen in
Table 1.

The Langmuir equation initially derived from
kinetic studies is based on the assumption that on the
adsorbent surface, there is a definite and energetically
equivalent number of adsorption sites. The bonding to

Table 1
Adsorption isotherms and its linear forms

Isotherm Linear Form X & Y
Slope &
cut-off point

Langmuir linear [17,18] qe ¼ KLCe

1þaLCe

Ce

qe
¼ 1

KL
þ aLCe

KL
x ¼ Ce tan a ¼ aL

KL

y ¼ Ce=qe cutoff ¼ 1
KL

Lineweaver–Burk linear [19] 1
qe
¼ 1

KL

1
Ce
þ aL

KL
x ¼ 1=Ce tan a ¼ 1

KL

y ¼ 1=qe cutoff ¼ aL
KL

Freundlich [20] qe ¼ KfC
1=n
e log qe ¼ � log Kf þ 1

n log Ce x ¼ log ce tan a ¼ 1
n

y ¼ log qe cutoff ¼ � log Kf

Temkin [21] qe ¼ RT
b lnðACeÞ;RT=b ¼ B qe ¼ B ln Aþ B ln Ce x ¼ ln Ce tan a ¼ B

y ¼ qe cutoff ¼ B ln A
(D–R) [22,23] qe ¼ qme�be2e ¼ RT 1þ 1

Ce

� �
ln qe ¼ ln qm � be2 x ¼ e2 tan a ¼ b

y ¼ ln qe cutoff ¼ qm
(R–P) [24] qe ¼ ACe

1þBC
g
e

ln ACe

qe
� 1

� �
¼ g lnðCeÞ þ lnðBÞ – –
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the adsorption sites can be either chemical or physical,
but it must be sufficiently strong to prevent displace-
ment of adsorbed molecules along the surface. Thus,
localized adsorption was assumed as being distinct
from nonlocalized adsorption, where the adsorbed
molecules can move along the surface. Because the
bulk phase is constituted by a perfect gas, lateral inter-
actions among the adsorbate molecules were
neglected. A monolayer surface phase is thus formed
on the energetically homogeneous surface of the
adsorbent. Langmuir introduced a clear concept of the
monomolecular adsorption on energetically homoge-
neous surfaces for the first time [17,18].

Although there have been five different linear forms
of Langmuir isotherm equation named Langmuir [17],
Competitive Langmuir [25], Lineweaver–Burk [19],
Eadie–Hofstee [21–23], Scatchard [26–29], and log-log
[28,30], the two most commonly used forms are given
in Table 1. Lineweaver–Burk linear form [19], is very
sensitive to errors, especially at the lower left corner of
the chart, and is in very good agreement with the
experimental data [30,31]. The KL and aL are the
Langmuir isotherm constants and the KL/aL gives
the theoretical monolayer saturation capacity, Q0.

The essential features of the Langmuir isotherm
can be expressed in terms of a dimensionless constant
called separation factor (RL), which is defined by the
following equation:

RL ¼ 1

1þ aLC0
(1)

where C0 (mg/L) is the initial dye concentration and
aL (L/mg) is the Langmuir constant related to the
energy of adsorption. In this context, the value of RL

indicates the shape of the isotherms to be either unfa-
vorable (RL > 1), linear (RL = 1), favorable (0 < RL <1),
or irreversible (RL = 0) [32,33].

Freundlich isotherm is widely applied in heteroge-
neous systems especially for organic compounds or
highly interactive species on activated carbon and
clays. The Freundlich isotherm is an empirical equa-
tion employed to describe heterogeneous systems and
the equation is shown in Table 1. In this equation, Kf ,
ðmg1�1=n L1=n g�1Þ is the Freundlich constant related to
the bonding energy, and n, (g=L) is the heterogeneity
factor. The slope (1/n) ranging between 0 and 1 is a
measure of adsorption intensity or surface heterogene-
ity, and it becomes more heterogeneous when its
value gets closer to zero. A value below unity implies
chemisorption process where 1/n above one is an
indicative of cooperative adsorption [32,34].

This model is the earliest known relationship
describing the nonideal reversible multilayer

adsorption with nonuniform distribution of adsorption
heat and affinities over the heterogeneous surface. In
this perspective, the amount adsorbed is the summa-
tion of adsorption on all sites (each having bond
energy), with the stronger binding sites being occu-
pied first until adsorption energy is exponentially
decreased upon the completion of the adsorption pro-
cess [35]. Its linearized and nonlinearized equations
are listed in Table 1. The Freundlich isotherm is criti-
cized for its limitation of lacking a fundamental ther-
modynamic basis, which does not approach the
Henry’s law at vanishing concentrations [36].

By ignoring the extremely low and large value of
concentrations, the derivation of the Temkin isotherm
assumes that the fall in the heat of sorption is linear
rather than logarithmic. Temkin equation is excellent
for predicting the gas phase equilibrium. Conversely,
complex adsorption systems including the liquid-
phase adsorption isotherms are usually not appropri-
ate to be represented [37]. In this equation, A (L/mg)
is the equilibrium binding constant corresponding to
the maximum binding energy, b (J/mol) is the Temkin
isotherm constant, and constant B (dimensionless) is
related to the heat of adsorption.

Radushkevich [23] and Dubinin [22] have reported
that the characteristic sorption curve is related to the
porous structure of the sorbent (Table 1). Where
the constant, b, (mmol2/J2) is D–R constant related to
the mean free energy of sorption per mole of the sor-
bate, as it is transferred to the surface of the solid
from infinite distance in the solution and can be
correlated using the following relationship:

E ¼ 1ffiffiffiffiffiffi
2b

p (2)

and qm, (mmol/g) is denoted as the single layer
capacity. In a deeper explanation, E value indicates
the mechanism of the adsorption reaction. When
E < 8 kJ/mol, physical forces may affect the adsorp-
tion. If E is 8\E\16 kJ/mol, adsorption is gov-
erned by ion exchange mechanism, while for the
values of E > 18 kJ/mol, adsorption may be domi-
nated by particle diffusion [38]. The model has often
successfully fitted high solute activities and the
intermediate range of concentrations data, but has
unsatisfactory asymptotic properties and does not
predict the Henry’s law at low pressure [32]. Mean-
while, the parameter e is known as Polanyi potential
and can be correlated as:

e ¼ RT 1þ 1

Ce

� �
(3)
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where R, T, and Ce represent the gas constant (8.314 J/
mol K), absolute temperature (K), and adsorbate equi-
librium concentration (mg/L), respectively.

The Redlich–Peterson isotherm contains three
parameters ðAðL=gÞ;BðL=mg1�1=AÞ; gÞ and incorporates
the features of the Langmuir and Freundlich isotherms
[24]. Its equation and linear form can be seen in
Table 1. Isotherm unitless constants g is between
0\g\1 values. When g ¼ 1, adsorption isotherm fits
Langmuir isotherm. If g ¼ 0, isotherm is now fully fits
Freundlich isotherm [32,39]. Values between this con-
cern isotherm representation. Due to this versatility, it
can be applied either in homogeneous or heteroge-
neous systems.

Hence, because of containing tree constant, it has
been suggested that the nonlinear method is a better
way to obtain the isotherm parameters. A trial-
and-error procedure, which is applicable to computer
operation, was used to compare the best fit of the
three isotherms using an optimization routine to
minimize the coefficient of determination sum of the
squares of the errors, between the experimental data
and isotherms in the solver add-in with Microsoft’s
Excel [40]. In addition, the Redlich–Peterson isotherm
equation can be resolved by the linear regression
method by making it linear form.

2.5. Adsorption kinetics

In the industrial usage of adsorbents, the time
dependence of adsorption on solid surfaces is
described as adsorption kinetics. To examine the
mechanism of adsorption process such as mass trans-
fer and chemical reaction, a suitable kinetic model is
needed to analyze the rate data. Many models such as
homogeneous surface diffusion model, pore diffusion
model, and heterogeneous diffusion model (also
known as pore and diffusion model) have been exten-
sively applied in batch reactors to describe the trans-
port of adsorbates inside the adsorbent particles [41];
however, the mathematical complexity of these models
makes them rather inconvenient for practical use. The

large number and array of different functional groups
on the activated carbon surfaces (e.g. carboxylic,
carbonyl, hydroxyl, ether, quinone, lactone, and anhy-
dride) indicate that there are many types of adsor-
bent–solute interactions. Any kinetic or mass transfer
representation is likely to be global. From a system
design viewpoint, a lumped analysis of kinetic data is
sufficient for practical operation.

Five commonly used models, pseudo- first- and
second-order equation, intraparticle diffusion
equation, and the Elovich equation were applied for
dye–red pine sawdust interactions. These isotherms
can be seen in Table 2.

In 1898, Lagergren expressed the pseudo-first-order
rate equation for liquid–solid adsorption systems
based on solid capacity [42]. Later, this equation
became known as the pseudo-first-order equation.

In recent years, a second-order kinetic equation
has described sorption, which included chemisorption
and provided a different idea to the second-order
equation called a pseudo-second-order rate expression
[43]. The process can be described by a pseudo-second
order model based on the assumption that the rate
limiting step may be chemical sorption or chemisorp-
tion between sorbent and sorbate. The parameter that
influences the kinetics of the sorption reaction was the
sorption equilibrium capacity, qe, which is a function
of initial dye concentrations, red pine sawdust dose,
and nature of the dyes. The pseudo-second-order
equation has the following advantages: it does not
have the problem of assigning an effective sorption
capacity; the sorption capacity, rate constant of
pseudo-second-order, and the initial sorption rate can
all be determined from the equation without knowing
any parameter beforehand [44].

The other method of investigating adsorption–
desorption kinetics on solids is connected with the
famous and commonly used empirical expression
known in the literature as the Elovich equation [35].
This equation is more effective for explaining the
kinetic behavior of chemical sorption systems [45]. In
1934, Zeldovich and Zeldovich [46] and Roginskii [47]

Table 2
Used adsorption kinetic equation

Equation Integrated from Constants

Lagergren first-order [42] dqt
dt ¼ k1 qe � qtð Þ logðqe � qtÞ ¼ log qe � k1

2;303 t k1ðmin�1Þ
Pseudo-second-order [43] dqt

dt ¼ k2 qe � qtð Þ2 t
qt
¼ 1

kq2e
þ 1

qe
t k2ðg mg�1 min�1Þ

Elovich [46–48] dqt
dt ¼/ e�bqt qt ¼ 1

b lnð/ bÞ þ 1
b ln t / ðmgg�1 min�1Þbðmgg�1Þ

Intraparticle diffusion [49] qt ¼ kintt
1=2 kintðmg g�1 min�1

2Þ

5640 M. Can / Desalination and Water Treatment 57 (2016) 5636–5653



found that the rate of adsorption of CO on finely
divided MnO2 between –78 and –39˚C decreases
exponentially with the increase of the amount (or frac-
tion) q of gas adsorbed. The same equation was found
by Elovich and Zhabrova [48] to apply up to 90–95%
of the slow adsorptions of H2 and of C2H4 with
Ni-catalyzed at low temperatures. These authors also
indicated the procedure for their equation and for
determining the parameters / and b from the experi-
mental data. Here, a is the degree of the initial adsorp-
tion and b is a constant related to surface coverage
and activation energy of chemisorption.

In the industrial usage of adsorbents, the time
dependence of adsorption on solid surfaces is known
as adsorption kinetics. With the development of the
theory of equilibria of adsorption on heterogeneous
solid surfaces, the theory of adsorption–desorption
kinetics on heterogeneous surfaces was also devel-
oped. Adsorption kinetics is determined by the follow-
ing stages:

(1) Diffusion of molecules from the bulk phase
toward the interface space (so-called external
diffusion);

(2) Diffusion of molecules inside the pores (inter-
nal diffusion);

(3) Diffusion of molecules in the surface phase
(surface diffusion); and

(4) Adsorption–desorption elementary processes.

In the case of sorption kinetics on microporous sol-
ids, a series of other mechanisms may additionally
take place, sui generis. Diffusion in micropores carries
the character of activated diffusion as described by
Weber and Morris [49]. Before sorbing species can
enter micropores, the penetration of surface barriers
may be necessary. When adsorption systems fit the
Langmuir isotherm equation that means the adsorbent
has a nonporous and macroporous character. For non-
porous and macroporous solids the internal diffusion
may be neglected. In this case, the adsorption kinetics
is determined by external diffusion and molecular
adsorption–desorption processes. The Langmuirian
kinetics, based on the ideal monolayer adsorbed
model, proved to be deceptive for most real adsorp-
tion systems that include structurally high porous and
energetically heterogeneous solids. On the other hand,
the adsorption–desorption kinetics theories are techno-
logically extremely important, because the diffusion of
adsorbed particles on solid surfaces is a phenomenon
of great importance in catalysis, metallurgy, microelec-
tronics, material science, and numerous other scientific
and technological applications [35].

2.6. Error analysis

Linear regression is one of the most viable tools
for defining the best-fitting relationship quantifying
the distribution of adsorbates, mathematically analyz-
ing adsorption systems and verifying the consistency,
and theoretical assumptions of an isotherm model
[32]. Concomitant with the development of computer
technology, the progression of nonlinear isotherm
modeling has been extensively facilitated. Contrary to
the linearization models, nonlinear regression usually
involves the minimization or maximization of error
distribution between the experimental data and the
predicted isotherm based on its convergence criteria
[39]. In this study, two error functions, the coefficient
of determination and nonlinear chi-square test were
used for analyzing the adsorption system.

Coefficient of determination, which represents the
percentage of variability in the dependent variable
(the variance about the mean), is employed to analyze
the fitting degree of isotherm and kinetic models with
the experimental data [32]. Coefficient of determina-
tion is defined as [44]

r2 ¼
Pðqe;meas � qe;calcÞ2Pðqe;meas � qe;calcÞ2 þ ðqe;meas � qe;calcÞ2

(4)

where qe,meas (mg/g) is the amount of dye exchanged
by the surface of red pine sawdust obtained from
experiment, qe,calc the amount of dye obtained by iso-
therm models, and qe;calc the average of qe;calc (mg/g).
Its value may vary from 0 to 1, and the higher the r2

values, the more useful the model. Essentially, r2 tells
us how much better we can predict qe,meas using the
model and computing qe,calc than by just using the
mean qe;calc as a predictor.

Nonlinear chi-square test is a statistical tool neces-
sary for the best fit of an adsorption system, obtained
by judging the sum squares differences between the
experimental and the calculated data, with each
squared difference being divided by its corresponding
value (calculated from the models). Small χ2 value
indicates its similarities while a larger number repre-
sents the variation of the experimental data [32,40].

X2 ¼
Xn
i¼1

ðqe;calc � qe;measÞ2
qe;meas

(5)

3. Adsorption thermodynamic

Thermodynamic parameters such as Gibb’s free
energy (ΔG˚), enthalpy change (ΔH˚), and change in

M. Can / Desalination and Water Treatment 57 (2016) 5636–5653 5641



entropy (ΔS˚) for the adsorption of dye on red pine
sawdust were determined using the following
equations

DG� ¼ DH� � TDS� (6)

DG� ¼ �RT lnðKLÞ (7)

KL ¼ qe
Ce

(8)

log
qe
Ce

� �
¼ DS�

2:303R
� DH�

2:303RT
(9)

where qe is the amount of dye adsorbed per unit mass
of pine cone (mg/g), Ce is equilibrium concentration
(mg/L), T is temperature in K, and R is the gas constant
(8.314 J/molK). Considering the relationship between
ΔG˚ and KL, ΔH˚ and ΔS˚ were determined from the
slope and intercept of the van’t Hoff plots of log(KL) vs.
1/T. Negative values of ΔG˚ confirm the feasibility of
the process and the spontaneous nature of the adsorp-
tion [50–52] In general, the ΔH˚ value of physisorption
is lower than 40 kJ/mol [50]. The positive value of ΔH˚
indicates that the adsorption reaction was endothermic
[50,53,54]. The negative entropy change (ΔS˚) for the
process was caused by the decrease in degree of free-
dom of the adsorbed species [55].

4. Results and discussion

4.1. Effect of particle size

Fig. 1 shows the experimental results obtained
from a series of experiments performed using five dif-
ferent pine sawdust particle sizes in the range (≤53,
53–75, 75–90, 90–150, and 150–500 μm). As shown in

Fig. 1, in general, the adsorption capacity increases
with decrease of the particle size. The observations are
in line with the results obtained by Deniz and
Karaman [12]. On the other hand, small sawdust parti-
cles could be aggregated to form larger particles. As
for a heterogeneous system, many more factors are
involved because it is a comprehensive impact of
adsorption on the red pine sawdust, and it is hard to
tell which factor might be predominant and how to
balance them. Decrease in the particle size would lead
to an increase in surface area and the increase in the
adsorption opportunity at the outer surface of the pine
sawdust. In addition, adsorbed dye molecules onto
external surfaces of the red pine sawdust may be sub-
jected to diffusion from external surface into pores of
the sawdust adsorbent. The diffusional resistance to
mass transfer is greater for large particles. Because of
various factors, such as diffusional path length or
mass transfer resistance, contact time, and blockage,
sections of the particle may not be utilized for adsorp-
tion. Consequently, the adsorption capacity of large
particles may be low [3]. On the other hand, when
large particle’s adsorption capacity is higher, it can be
said that adsorbent size is not small enough to slip
into the intraparticle or steric hindrance dominant fac-
tor at adsorption process. In this case, it can be said
that adsorption occurs more favorably on the outer
surface. In relatively small particles such as metal
ions, intraparticle diffusion may be the dominant fac-
tor for adsorption. Optimum particle size ranges can
be observed in 75–90 μm range. In these size ranges,
capacities were determined as 25 mg dye/g red pine
sawdust for AB256 dye.

4.2. Effect of pH

The pH of the aqueous solution is one of the
important controlling parameters in the sorption pro-
cess of textile dyes. The pH at the zero point of charge
(pHzpc) of Turkish red pine tree sawdust was found to
be 6.3. At this pH, red pine sawdust particles are nat-
urally charged, and the surface charge of the adsor-
bent is positive when the media pH is below the
pHzpc value while it is negative at a pH over the
pHzpc [3]. The effect of pH was studied in the pH
ranges of 2–11 and results are shown in Fig. 2. The
adsorption capacity increases significantly with a
decrease in the pH. The maximum dye removals were
observed at pH 2. At this pH value, the red pine saw-
dust surface charged positively, hence solution pH is
below the pHzpc. Because the molecular structure of
dyes is unknown, it is hard to tell which part of the
dyes interacted with adsorbent surface. It is very likely
that positively charged red pine sawdust particle

Fig. 1. The effects of adsorbent size on the AB256 sorption
(pH: 6.3, C0 = 100 mg L−1, temperature: 298 K, dose:
1 g/100 ml, contact time: 180 min., stirring rate: 600 rpm).
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surfaces would lead to increased adsorption of dye
anions. Another possibility is that with a decreasing
pH, dyes charges are mainly neutral; hence, it could
be adsorbed by hydrogen bonding mechanism along
with ion exchange. The maximum removal for AB256
with red pine sawdust was observed at pH 2. The
amounts of adsorbed dye for AB256 increased from
49.9 to 15.6 mg/g with a decrease in pH from 11 to 2.

4.3. Effect of stirring rate

In order to understand the effect of stirring rates
on the adsorption of working dyes onto red pine saw-
dust, experiments were carried out in batch systems
with different stirring rates changing from 200 to
600 rpm. Obtained results are shown in Fig. 3.

It can be seen that the increase in stirring rate
leads to a large increase in AB256 adsorption capaci-
ties, from 33.9 to 50.6 mg g−1. This situation can be
explained by the fact that with increasing stirring rates
mobility of the system normally increased. At the
same time, it is expected that the intraparticle diffu-
sion speed increased, hence the number of free active
sites of the red pine sawdust particle were higher than
at low rpms. For further experiments 600 rpm stirring
rate was selected.

4.4. Effect of adsorbent dose

The effect of the adsorbent dosage on adsorptions of
AB256 on red pine sawdust is shown in Fig. 4. Red pine
sawdust dosage was varied between 0.5 and 3 g/L with
0.5 g/L steps and equilibrated for 180 min. It can be
seen from Fig. 4 that the removals of dyes increased
with an increase in adsorbent dosage. The efficiency
was 51% at the adsorbent concentration of 10 g/L,
while it varied from 51 to 61% at adsorbent concentra-
tions of 10–30 g/L for AB256, respectively. Although
there was a triple increase in adsorbent dosage, the

Fig. 2. The effects of pH on AB256 adsorption
(C0 = 100 mg L−1, 298 K, dose: 1 g/100 ml, stirring rate:
600 rpm, particle size: 75–90 μm).

Fig. 3. The effects of stirring rate on AB256 adsorption
(C0 = 100 mg L−1, 298 K, dose: 1 g/100 ml, contact time:
180 min., pH 2, particle size: 75–90 μm).

Fig. 4. The effects of sorbent dosage on the AB256 adsorp-
tion (a) and adsorption densty (b) (C0 = 100 mg L−1, 298 K,
pH 2, particle size: 75–90 μm, 600 rpm, 100 mL).
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removal greater than 10 g/L increased only up to about
10%. By increasing the red pine sawdust dose the
amount of adsorbed dye increases but adsorption and
adsorption densities decrease. This is because, the num-
ber of available adsorption sites increases by increasing
the adsorbent dose. In addition, aggregation of particles
may have a reductive impact on adsorption density.
This situation will reduce the surface area of adsorbents
and increase the diffusion path length. Thus, the equi-
librium concentration is considered to be 10 g/L for red
pine sawdust.

4.5. Effect of contact time and initial dye concentration

The preliminary experiments showed that the
adsorption of AB256 is fast at the initial stages and
becomes slower near the equilibrium. Fig. 5 presents
the plots of AB256 removal vs. contact time for red
pine sawdust at initial concentrations between 25 and
300 mg/L at 298 K with a contact time of 180 min. The
rates of dye removal for both dyes are very rapid until
three minutes and the plot flattens thereafter, as can
be seen from Fig. 5. It can be seen that there was no
considerable change for adsorption of AB256 after
120 min for varied initial concentrations. The equilib-
rium times are independent of each initial dye concen-
tration. With the increase in the initial dye
concentration, the efficiency increases. This phenome-
non can be explained by the high adsorption capacity
of red pine sawdust. When comparing to our previous
report [3] made with another metal complex dye,
AY132, it can be observed that AB256 adsorption
capacity was higher than AB132 adsorption capacity.
This can be explained by the fact that the molar
weight of AB256 is higher than AY132. Another
reason could be that the molecular structure of AB256
is more branched than AY132, causing diffusion

difficulty of dye into pores. Because the molecular for-
mula of used dyes is unknown, it is difficult to pro-
vide an exact reason for this phenomenon.

4.6. Kinetics of the adsorption

To design a suitable adsorption system, adsorption
kinetics is the key factor, and choosing appropriate
kinetic equations when modeling the system correctly
is equally important. Here, kinetic isotherm constants
of worked models were determined by nonlinear
regression. Kinetic parameters for four kinetic models,
chi-square values (x2) and correlation coefficients (r2)
were calculated and are listed in Table 3. The values
of x2 of pseudo-second-order kinetic model for
AB256 dye are very high, followed by those of the
pseudo-first-order equation, Elovich equation, and
intraparticle diffusion equation, respectively. In the
pseudo-second-order equation, the correlation coeffi-
cients were higher than 0.9995 and chi-square values
were lower than 0.0977. Here, due to high r2 and low
r2 values, the pseudo-second-order is the predominant
kinetic model for AB256 dye sorption by red pine saw-
dust. Moreover, the equilibrium sorption capacities for
pseudo-second-order are slightly more reasonable than
those of the pseudo-first-order when comparing pre-
dicted results with experimental data, because all of
the equilibrium sorption capacities, q1, of pseudo-first-
order are lower than experimental results. As can be
seen in Table 3, qe values increased from 13.12 to
135.6 mg/g with an increase in the initial dye concen-
tration from 25 to 300 mg/L with red pine sawdust
(1 g/l for AB256 dye). The pseudo-second-order equa-
tion’s calculated the equilibrium sorption capacities, q2,
fit the experimental data. The maximum deviation was
observed as about 6% at 300 mg/L initial concentra-
tion. These suggest that the pseudo-second-order sorp-
tion mechanism is predominant and that the overall
rate of the acid dyes sorption process appear to be con-
trolled by the chemical process. Similar results have
also been observed in biosorption of dyes BB69, AB25,
methylene blue, bismarck brown, and acridine orange
on wood [56,57]. For the pseudo-second-order model,
the rate constant, k2, decreases with an increasing of
initial dye concentration, while the calculated sorption
capacity, q2, increases with an increasing of initial dye
concentration.

The plotting of AB256 dye sorption using red pine
sawdust in Fig. 6, shows that kinetics of acid dye
sorption consisted of two phases; an initial rapid
phase where sorption was fast and a second slower
phase where equilibrium uptake was achieved. A
rapid adsorption onto external surface of the red pine
sawdust is the first phase. The second phase is the

Fig. 5. The effects of contact time and initial dye concentra-
tion on AB256 adsorption (C0 = 25–300 mg L−1, 298 K, con-
tact time: 180 min., pH2, particle size: 75–90 μm, 600 rpm,
100 mL, dose: 1 g).
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gradual sorption stage from outer surface to pores
before the dye uptake reaches equilibrium. The
pseudo-first-order considers the rate of occupation of
adsorption sites to be proportional to the number of
unoccupied sites. Furthermore, a widely used equa-
tion to describe the kinetics of chemisorption of gas
on solids was proposed by Elovich [48]. The Elovich
model is slightly applicable for describing AB256
adsorption onto red pine sawdust. This suggests that
AB256 adsorption system’s character may be chemi-
sorption involving valence forces through sharing or
exchange of electrons between red pine sawdust parti-
cles and AB256 dye molecules [35]. Because the cell
walls of red pine sawdust are mainly formed of cellu-
lose and lignin and many hydroxyl containing com-
pounds like tannins or other phenolic compounds, the
AB256 sorption is usually controlled either by
intraparticle or surface diffusion [58].

4.7. Adsorption isotherms

The five most common isotherms were selected for
this study, namely the Langmuir, Freundlich, Tempkin,
Dubinin–Radushkevich, and Redlich–Peterson iso-
therms. A comparison of two linear and nonlinear solu-
tions to the Langmuir isotherm was carried out first.
Then, Freundlich, Tempkin, Dubinin–Radushkevich,
and Redlich–Peterson were applied to the experiment
of two dyes sorption on red pine sawdust. Here, at lin-
ear forms Pearson’s correlation coefficient (r2) error
function and at nonlinear solutions Pearson’s chi-
square (x2) error function were taken into consideration
and then for others, the error function was calculated.
In addition, in the nonlinear Langmuir solution, where

the predicted values generated from a model are
different from linear regression, an r2 value can be cal-
culated between the measured qe and modeled qe data
values. In this case, the value is not directly a measure
of how good the modeled values are, but rather a mea-
sure of how good a predictor might be when con-
structed from the modeled values. This usage is
specifically the definition of the term “coefficient of
determination”: the square of the correlation between
two variables.

Linear regression is one of the most acceptable
tools defining the best-fitting relationship quantifying
the distribution of adsorbates, mathematically analyz-
ing the adsorption systems and verifying the consis-
tency, and theoretical assumptions of an isotherm
model. Contrary to the linearization models, nonlinear
regression usually involves the minimization or maxi-
mization of error distribution (between the experimen-
tal data and the predicted isotherm) based on its
convergence criteria. However, there is also an opin-
ion about nonlinear regression not being statistically
correct. This opinion is based on experimental errors
in both the dependent and independent variables in
the isotherm equations [30]. In this case, r2 values for
both linear forms of Langmuir isotherm were signifi-
cantly different as summarized in Table 1. When using
only the linear forms of Langmuir isotherms for com-
parison, Lineweaver–Burk linear form was suitable
with the Langmuir linear form for the experimental
data. Contrary to this, when considering x2 values, the
linear form of Langmuir was most suitable between
the two linearized forms. Even though the most suit-
able isotherm for the data-set was the Lineweaver–
Burk form, the differences between the two linear
forms of Langmuir isotherms were significantly in
agreement with experimental results. Each linear
equation has different axial settings individually, so
that would alter the result of a linear regression and
influence the determination process. For this reason, it
is not appropriate to use r2 of linear regression
analysis for comparing the best fitting of Freundlich,
Tempkin, Dubinin–Radushkevich, and both linear
Langmuir isotherms. x2 (Pearson’s chi-square) error
function analysis could be a better method.

The chi-square distribution value of the Dubinin–
Radushkevich isotherm was significantly higher than
each value for AB256 dye adsorption onto red pine
sawdust. Based on the x2 values, as indicated in
Table 4, it can be said that the nonlinear method is the
most reliable method for solution of the Langmuir iso-
therm. Beyond that, the best fitting isotherm of the
five studied isotherms is the Redlich–Peterson iso-
therm for AB256 adsorption. x2 statistical tests were
not able to reveal the more appropriate between

Fig. 6. The measured and nonlinear modeled time profiles
for biosorption of the AB256 dye at 100 mg/L initial dye
concentration onto red pine sawdust at a temperature of
298 K.
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Redlich–Peterson and Langmuir model nonlinear
approaches (see Table 4). Coefficient of determination
(r2) was able to point to the Langmuir nonlinear
method as the most appropriate (having r2 0.9996
value). Because of the Redlich–Peterson isotherm’s β
value is equal to 0.9999 for each dye, the most reliable
Langmuir isotherm solution is nonlinear regression.
These confirm the monolayer coverage of dyes onto
red pine sawdust particles and also the homogeneous
distribution of active sites on the adsorbent, since the
Langmuir equation assumes that the surface is homo-
geneous. According to the Langmuir nonlinear
method, monolayer saturation capacity of AB256 dyes
onto red pine sawdust was determined as 54.16 mg/g.

The calculated RL values at different initial dye
concentrations are shown in Fig. 7. Dimensionless con-
stant, RL, indicates the shape of the isotherms to be
either unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1), or irreversible (RL = 0). It was observed
that RL values were determined between 0.9513 and

0.6194 for AB256 dyes. This indicated that adsorptions
were more favorable for the higher initial dye concen-
trations than for the lower ones. Langmuir isotherm
constants, r2, and x2 values are listed in Table 4. Fre-
undlich isotherm is widely applied in heterogeneous
systems especially for organic compounds or highly
interactive species on activated carbon and molecular
sieves. The slope (1/n) ranges between 0 and 1 which
is a measure of adsorption intensity or surface hetero-
geneity, and it becomes more homogeneous when its
value gets closer to one. Slope of AB256 dye was
determined as 0.9017. These results are further evi-
dence of the surface homogeneity. Tempkin isotherm
showing less agreement with the experimental data, x2

values 2.474 for AB256; hence, it can be considered as
an indication of the surface not being heterogeneous.
Here, initial concentrations having relatively high val-
ues (Table 4 Langmuir’s RL values), caused relatively
low x2 values for adsorption systems.

Dubinin–Radushkevich isotherm constant, b
(mmol2/J2), has been used to calculate the mean free
energy (E) of sorption per mole of the adsorbate. E
value was calculated as 0.9838 for AB256. Because of E
in the range of 8 < E < 16 KJ/mol, adsorption is
governed by ion exchange mechanism [3,38]. Using
Langmuir’s Qmax (mg/g) and Dubinin–Radushkevich’s
qm (mmol/g) values, unknown molecular weight of
dyes can be calculated approximately. The reason is,
especially with the Dubinin–Radushkevich isotherm,
the compliance of isotherms with experimental data is
low. Molecular weights of dyes were calculated as
~6958.8 g/mol for AB256. The Redlich-Peterson iso-
therm parameters KðL=gÞ; aðL=mg1�1=AÞ; and b can be
seen in Table 1. Because of isotherm unitless constant β
values having 0.9999 and = 1 for each dye, adsorption
isotherm fits Langmuir isotherm. A comparison is also
made between the experimental data and worked

Table 4
Isotherm constants for dyes adsorption onto red pine sawdust

Isotherm KL (L/g) aL (L/mg) Qmax (mg/g) RL r2 x2

Lineweaver–Burk linear 0.1130 0.0025 45.17 0.9411—0.5712 0.9995 0.0272
Langmuir linear 0.1110 0.0021 53.94 0.9511—0.6183 0.9784 0.0057
Nonlinear regression 0.1109 0.0020 54.16 0.9513—0.6194 0.9996* 0.0057
Freundlich Kf (L/g) n r2 x2

6.985 1.109 0.9988 0.0506
Tempkin A(L/g) B (j/mol) r2 x2

0.0822 4.539 0.9190 2.474
Dubinin–Radushkevich β (mmol/j)2 qm (mmol/g) E (kJ/mol) r2 x2

0.5166 7.783 0.9838 0.7572 23.65
Redlich–Peterson K (L/g) a (L/mg) β r* x2

0.1110 0.0021 0.9999 0.9913 0.0057

*These values are calculated by simulating.

Fig. 7. Plots of separation factor vs. initial dye concentra-
tions.
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isotherms plotted in Fig. 8. As can be seen from Table 4,
the Langmuir, Freundlich, and Redlich–Peterson iso-
therms equations show sufficient compliance with
the experimental results. Despite the fact that the
Dubinin–Radushkevich isotherm represents adsorption
systems at low concentrations, the Tempkin isotherm
was generally in more agreement with experimental
data than the Dubinin–Radushkevich isotherm. Based
on Fig. 8, it can be said that the Redlich–Peterson iso-
therm generates a satisfactory fit with the experimental
data in all data points.

4.8. Effect of temperature on adsorption

In order to understand the effect of temperature on
adsorption of AB256 dye onto red pine sawdust,
experiments were conducted at temperatures of 298,
313, 333, and 353 K, and the results are shown in
Fig. 9. As shown in Fig. 9, the results indicate that
each amount of adsorbed dye decreases with an
increase in temperature. For example, for an initial
AB256 dye concentration of 100 mg/L, when increas-
ing initial solution temperature from 298 to 353 K, the
amount of dye adsorbed per unit weight of dye
decreases from 55.89 to 51.04 mg/g. The decrease in
the adsorption capacity at increased temperatures
indicates the exothermic nature of the adsorption
process of AB256 dyes onto red pine sawdust.

4.9. Determination of thermodynamic parameters

The plot of lnKL against 1/T (in Kelvin) should be
linear from which ΔH˚ and ΔS˚ were calculated from
the slope and intercept, respectively. The slope of the
van’t Hoff plot is equal to −ΔH˚/R and its intercep-
tion is equal to ΔS˚/R from Eq. (10). The van’t Hoff
plot for the adsorption of dyes onto red pine sawdust
is given in Fig. 10. Thermodynamic parameters
obtained are given in Table 5. As shown in the table,
the negative values of ΔG˚ at different temperatures
indicate the spontaneous nature of the adsorption
process.

The negative value of ΔH˚ suggests the exothermic
nature of each adsorption system. Generally, when
ΔH˚ value is smaller than 40 kJ/(mol K), this interac-
tion is assumed as weak interaction or physisorption
[59]. Based on this study, ΔH˚ values were determined
as −3.116 kJ/(mol K) for AB256, and this suggests that
the adsorption of dyes onto red pine sawdust was a
physisorption process. The negative value of ΔS˚

Fig. 8. Equilibrium curves for adsorption of AB256 onto
red pine sawdust (C0 = 25–300 mg L−1, 298 K, 180 min.,
pH2, 75–90 μm particle size, 600 rpm, 100 mL, 1 g
adsorbent).

Fig. 9. Effect of temperature on adsorption of AB256 dye
(C0 = 100 mg L−1, 180 min., pH2, 75–90 μm particle size,
600 rpm, 100 mL, 1 g adsorbent).

Fig. 10. Van’t Hoff plot of lnKd vs. 1/T for the estimation
of thermodynamic parameters.
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suggests the decreased randomness at the solid/solu-
tion interface during the adsorption of AB256 dye red
pine sawdust. As is well known, all systems move
toward minimum energy and maximum randomness.
Here, for each dye system, although randomness has
decreased, the tendencies of systems toward minimum
energy seem to be the dominant.

4.10. Process design

Best fitting adsorption isotherm equation can be
used for designing single-stage batch adsorber systems
[60,61]. A representation of the system can be seen in
Fig. 11. It was designed for different solution volumes.
The design objective was to reduce the dye solution of
volume V, L from an initial dye concentration of C0 –
C1 (mg/L). The amount of adsorbent is M and the sol-
ute loading on the adsorbent changes from q0 (mg/g)
to q1 (mg/g). At time t = 0, q0 = 0, and as time pro-
ceeds to the mass balance, the dye removed from the
liquid equates to that picked up by the solid. The
mass balance equation for the sorption system in
Fig. 11 can be written as equation

VðC0 � C1Þ ¼ Mðq1 � q0Þ ¼ Mq1 (10)

When the system reaches equilibrium, C1 and q1 will
change to Ce and qe, respectively. Since, the equilib-
rium studies confirm that the equilibrium data for
AB256 onto red pine sawdust follow a Langmuir iso-
therm equation substituted with qe in Eq. (1), it can be
rearranged as

M

V
¼ C0 � C1

qe
¼ C0 � Ce

KLCe

1þaLCe

h i (11)

Fig. 12 shows a series of plots derived from Eq. (2)
for adsorbent consumption for the different AB256
dye solution volumes. When the initial dye concentra-
tion of 100 g/m3 is assumed, the required amount of
red pine sawdust reduced the color content by
75%–99% at various volumes of effluents. For a single-
stage adsorption system, the sawdust demonstrated
the elimination capacity of the AB256 dye containing
effluents. For example, 5 m3 of solution is to be trea-
ted. The required masses of bentonite are 142.1, 187.7,

Table 5
Thermodynamic parameters for the adsorption of AB256 dye onto red pine sawdust

ΔH˚ (kJ/mol K) ΔS˚ (J/mol K)

ΔG˚ (kJ/mol K)

298 K 313 K 333 K 353 K

−3.116 −8.49 −586.44 −461.29 −284.86 −122.11

Fig. 11. Schematic representation of the single-stage batch
adsorber system.

Fig. 12. Adsorbent mass (M) against volume of effluent
(V) treated for various percentages of color removal at
100 g/m3 initial AB256 concentration.
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263.3, 414.0, 865.1, and 4471.2 kg for 75, 80, 85, 90, 95,
and 99% dye removal, respectively.

Fig. 13 shows the required amount of sawdust to
reduce the color content by 99% at various volumes of
effluents that have different AB256 concentrations. For
example, 50 m3 of solution is to be treated. The
required amounts of sawdust to reduce the color con-
tent by 99%, increased from 26.57 to 492.3 kg with an
increase in the initial AB256 concentration from 25 to
500 g/m3. The amount of sawdust required to remove
99% of dye from an aqueous solution can be predicted
for any initial dye concentration for a fixed volume of

effluent (V). Through such a projection, a real single-
stage adsorption system can be designed.

4.11. Characterization

FTIR spectra of red pine sawdust and AB256
adsorbed red pine sawdust are illustrated in Fig. 14.
The cell walls of pine sawdust mainly consist of cellu-
lose, hemicelluloses, lignin, and many hydroxyl
groups, such as tannins or other phenolic compounds
[58]. Lignin is a polymer material built-up from the
phenyl propane nucleus, an aromatic ring with a
three-carbon side chain. Vanillin and syringaldehyde
are the two other basic structural units of lignin mole-
cules. Tannins are complex polyhydric phenols, which
are soluble in water and have the property of precipi-
tating protein (gelatin).

The comparison of the FTIR spectra shows that
some peaks were shifted. In the case of the red pine
sawdust, there is a strong peak at wavenumber
3,338 cm−1 representing the single –OH stretching of
phenol group of cellulose and lignin, and the peak at
2,886 cm−1 indicates the presence of single –CH2

stretching of aliphatic compound. The peaks like a
saw sign around 2,000 cm−1 indicate the presence of
single –NH stretching. The appearance of peaks at
1,713 and 1,656 cm−1 indicates the presence of C=O
stretching of aldehyde group and C=C stretching of
the phenol group, respectively. Whereas, the peaks at
1,590 and 1,507 cm−1 in the spectrum of red pine saw-
dust can be due to C=C of benzene aromatic ring,
peaks at 1,453 and 1,422 cm−1 can be due to single
–CH2 bending and single –OH bending, respectively.
The peaks at 1,397 and 1,315 cm−1 show C–O–H bend-
ing and C–H in plane deformation. Peaks at 1,266 and
1,157 cm−1 in the FTIR spectrum of sawdust can be

Fig. 13. Adsorbent mass (M) against initial MG concentra-
tion for 99% color removal at various volumes of effluent
(V) treated.

Fig. 14. FTIR spectra of sawdust and AB256 adsorbed sawdust.
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due to C–O stretching of phenolic group and six-mem-
ber cyclic ether group of cellulose, respectively. Typi-
cal wood cellulose gives characteristic of β-glycosidic
linkages band at 892 cm−1. Peak at 654 cm−1 represents
C–C stretching. These wavenumber values are very
close to those reported for pine sawdust by [16].

After adsorption of AB256, the peak at 1,775 cm−1

appeared, which indicated the presence of the carbox-
ylic acid group since the AB256 solution was acidic.
The interaction between AB256 and carboxylic, amino
and hydroxyl groups was detected by the shift in
wavenumber from 3,338 to 3,401 cm−1. The peak in
sawdust at 1,157 cm−1 that also represented C–N
bending vibration had shifted to 1,203 cm−1 after
AB256 adsorption. All the findings from FTIR spectra
led to a conclusion that O and N-containing groups
are the main adsorption sites for AB256. The charac-
teristic of β-glycosidic linkages at 892 cm−1 in sawdust
spectra shifted to 843 cm−1 due to AB256 adsorption.
C–C stretching peak at 654 cm−1 disappeared and a
new peak at 728 cm−1 was formed representing C–H
out-of-plane bending absorption in aromatic ring.

The FESEM images at 50,000× magnification of
AB256 adsorbed red pine sawdust and at 10,000×
magnification of red pine sawdust are shown in
Fig. 15(a) and (b). The micrograph of AB256 adsorbed
red pine sawdust particles (Fig. 15(a)) reveals low
porosity and irregular surface structure. Red pine saw-
dust has a macro porous structure due to the presence
of large pores (Fig. 15(b)).

The elemental composition of red pine sawdust is
shown in Fig. 15(c) inlet Table (C: 56.23%, O: 38.22%,
Nitrogen: 0.11%, Calcium: 0.25%). These are very
similar to those measured for other wood materials
[62–64]. The results of proximate analysis indicate that
the ash content in sawdust (0.24%) reveals the pres-
ence of calcium oxide and, to a much lower extent,
calcium carbonate.

5. Conclusions

In this study, the potential of red pine sawdust of
P. resinosa as a natural biosorbent was investigated for
removal of AB256 dye from aqueous solutions in the
batch mode. The adsorbed amounts of dye increased
with increasing particle size of red pine sawdust due
to the steric hindrance of big dye molecules. There
was no considerable change for removal of AB256
after 120 min of contact time for different initial con-
centrations. The equilibrium times are independent of
each initial dye concentration. The biosorption kinetic
of red pine sawdust for AB256 dyes was investigated
and the pseudo-second-order kinetic model provided
the best correlation with the experimental data. It can
be said that the sorption capacity of AY132 [3] is
higher than AB256 because of the ionic charges on the
dyes and the character of the biomaterials. Nonlinear
method of Langmuir isotherm equation was found to
provide the closest fit with the equilibrium data for

(a)

(c)

(b)

Fig. 15. FESEM micrograph of AB256 adsorbed, (a) natural, (b) red pine sawdust particles (10 kV), and EDX analysis (c).
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AB256 dye, and the optimum parameter values were
produced by nonlinear regression using the Pearson’s
chi-square error function.

The monolayer sorption capacity of the biosorbent
for AB256 was found as 54.16 mg/g. The thermody-
namic studies indicated that the sorption processes
were favorable, exothermic, and minimum energy ten-
dency driven. The randomness decreased at the solid/
solution interface. Activation energies showed that
AB256 adsorption onto the red pine sawdust was
physical sorption. Assuming the batch adsorption to
be a single-staged equilibrium operation, the separa-
tion process can be defined mathematically using the
Langmuir isotherm constants to estimate the residual
concentration of AB256 or amount of adsorbent for
desired purification. It can be concluded that bentonite
may be used as a low-cost, natural and abundant
source for the removal of AB256, and might be an
alternative to more costly materials.
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(On the adsorption in solutions), Z. Phys. Chem. 57
(1906) 385–471.

[64] M.I. Temkin, Adsorption equilibrium and kinetics of
processes on heterogeneous surfaces and at interaction
between adsorbed molecules, Russian Journal of Phys-
ical Chemistry 15 (1941) 296.

M. Can / Desalination and Water Treatment 57 (2016) 5636–5653 5653


	Abstract
	1. Introduction
	2. Experimental procedures
	2.1. Materials
	2.2. Batch adsorption studies
	2.3. Instrumentation
	2.4. Adsorption isotherms
	2.5. Adsorption kinetics
	2.6. Error analysis

	3. Adsorption thermodynamic
	4. Results and discussion
	4.1. Effect of particle size
	4.2. Effect of pH
	4.3. Effect of stirring rate
	4.4. Effect of adsorbent dose
	4.5. Effect of contact time and initial dye concentration
	4.6. Kinetics of the adsorption
	4.7. Adsorption isotherms
	4.8. Effect of temperature on adsorption
	4.9. Determination of thermodynamic parameters
	4.10. Process design
	4.11. Characterization

	5. Conclusions
	Acknowledgment
	References



