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A B S T R A C T

Oak sawdust (SD), which is the main waste from furniture industry in Egypt, has been used as an
adsorbent without treatment or it was treated with 0.1 N sodium hydroxide (SD1) and 0.1 N sul-
phuric acid (SD2). Different adsorbents were characterized by SEM, TGA and FTIR to clarify the
effect of treatment on the adsorption process. Oak sawdust and different treated Oak sawdust
have been used for the removal of methylene blue dye from aqueous solutions. Batch adsorption
experiments were performed as a function of pH, adsorbent dose, agitation speed, contact time
and initial dye concentration. The optimum pH required for maximum adsorption was found
to be 8. The experimental equilibrium adsorption data are tested for Langmuir, Freundlich and
Temkin isotherms. Results indicate the following order to fit the isotherms: Langmuir > Temkin
>>> Freundlich adsorption. Kinetics data were modeled using the pseudo-first and pseudo-
second order, Elovich equations and intra-particle diffusion models. The results indicate that the
second-order model best describes adsorption kinetic data with regard to the intra-particle diffu-
sion rate. Thermodynamic parameters �H, �S and �G have been calculated for each type of
adsorbents. Positive value of �H and negative value of �G show endothermic and spontaneous
nature of adsorption respectively, also activation energy Ea has been calculated.
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1. Introduction

The environmental impact of the dyes present in the
wastewater streams of many industrial sectors, such as
dyeing, textile, tannery and the paint industry, has
drawn a lot of attention, emphasizing the necessity for
their removal. As a result of the low biodegradability of
dyes, the conventional biological treatment process is
not very effective in treating dye wastewater [1]. Some
of the physicochemical methods that have been
employed to remove dyes from wastewater include

chemical precipitation, coagulation and oxidation.
However, these methods are not economical. Adsorp-
tion seems to offer the best prospects over the other
treatment techniques but it is expensive [2]. Activated
carbon is the most efficient adsorbent used to date, but
its high cost limits its applicability. Research is cur-
rently focusing on the use of low cost commercially
available organic materials as viable substitutes for
activated carbon; in fact, sawdust, a relatively abun-
dant and inexpensive material, has been extensively
investigated as an adsorbent for removing contami-
nants from water [3]. Other adsorbent materials that
have been studied including wood and agricultural�Corresponding author
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residues, untreated or treated in various ways [4].
Among the untreated materials that have been investi-
gated, wood shavings are commonly used as an adsor-
bent, especially for basic dyes, with capacity varying
according to the structure of the dye and the mesh size
[5]. Many agricultural residues, such as wheat straw,
wood chips and corncobs, have been used successfully
to adsorb individual dyes and dye mixtures in textile
effluent [6]. Removal of methylene blue (MB) and other
basic dyes has been carried out using coir pith, an
unwanted by-product from the coir processing indus-
try [7], banana/orange peels [8] and palm-fruit bunch
particles [9,10]. Formaldehyde- and concentrated
sulphuric acid-treated sawdust and dilute acid-
hydrolyzed charred sawdust have been successfully
used as adsorbents for a variety of dyes [1,3].
Cellulose-based anionic dye adsorbents have been pre-
pared from agricultural residues (e.g. wood sawdust)
treated with cross-linked polyethylenimine [11]; also,
carbonized agricultural wastes such as coir pith [12],
cassava peel [13], bagasse [14] and kudzu [15] have
been utilized successfully for the removal of dyes from
aqueous solutions.

The aim of this work is to investigate the possibility
of Oak sawdust, the inexpensive by-product of furni-
ture manufacturing company, to be used as an adsor-
bent for the removal of basic dyes.

Oak sawdust (SD), 0.1 N sodium hydroxide Oak
treated sawdust (SD1) and 0.1 N sulphuric acid-
treated Oak sawdust (SD2) were used as adsorbents
to remove the MB dye from aqueous solution. The
kinetic data and equilibrium data on batch adsor-
ption studies were carried out to understand the
adsorption process. The effect of adsorption para-
meters such as pH, adsorbent dosage, agitation speed,
contact time and initial dye concentration by using
these low cost adsorbents were also reported. Finally,
the thermodynamic data were performed for interpre-
tation of results.

2. Materials and methods

2.1. Materials

Methylene blue (Nice Chemicals Pvt. Ltd., Cochin).
Methylene blue, C16H18N3SCI � 3H2O, is a cationic dye.
The structure of this dye is shown in Fig. 1. The stock
dye solution was prepared by dissolving 1 g of MB in
1000 mL distilled water to obtain 1000 ppm dye used
for preparing different initial dye concentrations. The
concentration of MB remaining in the supernatant after
and before adsorption was determined with a 1.0 cm
light path quartz cells using spectrophotometer (Perkin
Elmer model GBC 902) at �max of 665 nm. For

hydrolyzed sawdust throughout the experiment, sul-
phuric acid and sodium hydroxide solutions were
used. For pH adjustment throughout the experiment,
hydrochloric acid and/or sodium hydroxide solutions
were used as necessary.

2.2. Adsorbent preparation and characterization

The Oak sawdust used was obtained from a local
furniture manufacturing company, as a suitable source
for full-scale/industrial applications. Oak sawdust was
used as an adsorbent for the removal of MB. Oak saw-
dust was washed with distilled water to remove the
water-soluble impurities and surface adhered parti-
cles, dried in a digital dryer of (Carbolite, Aston Lane,
Hope Sheffield, 5302RP, England) for 24 h at 105�C to
get rid of the moisture and other volatile impurities
and sieved using sieve analyzer (AS200 Retsch, Germa-
ny)to different particle size ranges 45–500 mm. The
material after sieving in the range 125–250 mm is iso-
lated and divided into three parts: The first part was
used as it is for biosorption of MB; it was labeled by
(SD). The second part was placed in a conical flask con-
tains 0.1 N NaOH solution at a liquid to solid ratio of
10:1 with 200 rpm agitation speed using orbital shaker
(yellow line Os10 Control, Germany) for 2 h at room
temperature. The excess alkaline solutions were dec-
anted, and the alkaline hydrolyzed Oak sawdust was
washed continuously with distilled water until the
pH of the washing water became less than 8 using
pH meter (Denver Instrument Co., USA). Finally, the
base treated Oak sawdust was dried at 105�C for 6 h
(SD1) using digital dryer. The third part was placed
in a conical flask contains 0.1 N H2SO4 solution at a
liquid to solid ratio of 10:1 with 200 rpm agitation
speed using orbital shaker for 2 h at room temperature.
The excess acidic solutions were decanted, and the
acidic hydrolyzed Oak sawdust was washed continu-
ously with distilled water until the pH of the washed
water became more than 6. Finally, the acidic treated
Oak sawdust was dried at 105�C for 6 h (SD2). The
yield from each prepared biosorbent was calculated
from the following equation:

Fig. 1. Structure of methylene blue dye.
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ðWi �Wf Þ=Wi ð1Þ

where Wi is the mass of material before treated (g), Wf

is the mass of material after treatment (g).
The adsorbents were characterized with a number

of methods includes SEM, TGA and FTIR.

2.3. Adsorption studies

Batch adsorption experiments were carried out at
room temperature (25 + 2�C). Exactly 100 mL of catio-
nic dye solution of known initial concentration was
shaken at the certain agitation speed with a required
dose of adsorbents for a specific period of contact time
in an orbital shaker, after noting down the initial pH of
the solution to the optimum pH. The pH of the solu-
tions were adjusted to the required value by adding
either 0.1 M HCl or 0.1 M NaOH solution. After equili-
brium, the final concentration (C) was measured. The
percentage removal of dye were calculated using the
following relationship:

% Removal ¼ ððCo � CÞ=CoÞ � 100 ð2Þ

where Co and C (both in mg/L) are the initial dye con-
centration and the dye concentration at any time,
respectively.

The adsorption capacity q (mg/g) at any time was
calculated by mass balance relationship equation as
follows:

q ¼ ðCo � CÞ � V=Wð Þ ð3Þ

where V is the volume of the solution (L), W is the mass
of adsorbent (g).

2.3.1. Adsorption parameters

1. Adsorbent dose (0.1, 0.25, 0.5, 1, 2.5, 5 and 10 g/L)
2. pH (2, 4, 7, 8, 9 and 12)
3. Initial dye concentration (25, 100, 200, 250, 300 and

400 mg/L)
4. Time upto 150 min
5. Agitation speed (0, 50, 100, 200, 300 and 400 rpm)

2.4. Kinetic studies

Batch adsorption experiments were carried out at
room temperature (25 + 2�C). Exactly 100 mL of catio-
nic dye solution of known initial concentration (100–
400 ppm) was shaken at the agitation speed (200 rpm)

with a required dose of adsorbents 2.5 g/L (SD, SD1
and SD2) for a specific period of contact time 150 min
in an orbital shaker, after noting down the initial pH
of the solution to the optimum pH (8). Samples were
withdrawn at different time intervals.

2.5. Uptake isotherm

The dye equilibrium isotherms were determined by
contacting 2.5 g/L of adsorbents (SD, SD1 and SD2)
with a range of different concentrations of MB dye
solutions: 10–400 mg/L. The mixture obtained was agi-
tated at 200 rpm in a series of 250 mL conical flasks
with equal volumes of solution 100 mL for a period
of 90 min at room temperature 25 + 2�C at the reaction
mixture pH was 8. The contact time was previously
determined by kinetic tests using the same conditions.

After equilibrium, the final concentration (Ce) was
measured.

The adsorption capacity qe (mg/g) after equilibrium
was calculated by mass balance relationship equation
as follows:

qe ¼ ðCo � CeÞ � V=Wð Þ ð4Þ

where Ce is the equilibrium dye concentration (mg/L).

3. Results and discussion

3.1. Characteristics of adsorbing material

3.1.1. Scanning electron microscope (SEM)

A SEM was used to examine the surface of the three
adsorbents using Jeol JSM-6360 LA analytical SEM and
the sample was prepared by coating with gold. SEM
photographs (Fig. 2) shows progressive changes in the
surface of the particles. There were decrease in the
thickness of the plant boundary walls in the order
SD1 >> SD2 due to the treatment and also a widening
in the cavities which may explain the increase in the
efficiency of the treated Oak sawdust.

3.1.2. Thermogravimetric analysis

Thermogravimetric analysis TGA was carried out
on different types of Oak sawdust using TGA-50 Shi-
matzu, Japan, analyzer under nitrogen atmosphere
with 20 mL/min flow rate and 10�C/min temperature
rate and was illustrated in (Fig. 3).

The TGA analysis showed weight loss at 100�C
could be attributed to the loss of water from samples.
Also the thermal stability of the untreated sawdust and
the treated sawdust either with acid or base almost
unchanged.
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3.1.3. FTIR analysis

FTIR analysis was performed using Fourier transfer
for infrared spectrophotometer FTIR-8400 S Shimadzu,
Japan, to explain the effect of hydrolysis on the efficiency
of Oak sawdust and to determine the ideal hydrolyzing
agent. The increase of the cation sorption capacity of
wood fiber was explained in sight of the idea of saponifi-
cation process of the wood fiber using base to produce
carboxylate groups instead of ester groups which can
bind cations as shown in the following Eq. (5) [16]:

RCOOR0 þ H2Oþ OH� ! RCOO� þ R0OHþ H2O ð5Þ

The IR bands consisted of four regions: the broad
hydrogen band (3200–3600 cm�1), C–H stretching
region (2800–3000 cm�1), carbonyl group stretching
region (1550–1750 cm�1), and fingerprint bands (below
1550 cm�1). In finger print region absorption cannot
clearly be assigned to any particular vibration because
they correspond to complex interacting vibration sys-
tems. The region between 1800 and 3500 cm�1 presents
two major peaks centered at about 3420 cm�1 (the
H-bonded OH group) and at 2921 cm�1 (the C–H
stretching of the CH2 groups). The region between
1500 and 1800 cm�1 is a special range to evaluate the
degree of saponification since this represents the carbo-
nyl and double bond region [17–19].

All spectra were set at the base line equally and
then, this range was magnified to investigate this
region more closely. In this range, there are two peaks
centered at 1620 and 1737 cm�1. According to the litera-
ture [17–20], the peak wavenumber of the ester group
and carboxyl acid groups in the organic compounds
is approximately 1740 cm�1 while the peak wavenum-
ber of the carboxylate ion groups is about 1620 cm�1.
Barker and Owen [21] assigned carboxyl groups a peak
number of 1737 cm�1, and Brown et al. [22] assigned a
peak number of 1620 cm�1 as a carboxylate. These peak
numbers are identical to the numbers in this study.
Therefore, it can be concluded from Fig. 4 that the
peak at 1737 cm�1 is attributed to the absorption of car-
boxylic acid ester groups in SD, SD1 and SD2 while the
peak at 1620 cm�1 corresponds to the absorption of the
carboxylate. In SD1 which is treated with NaOH, this
peak is much more greater than the other two SDs
while this increase of the carboxylate group peak
accompanied with decrease in the carboxylic acid
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Fig. 3. TGA curves for different Oak sawdust.

Fig. 2. Scanning electron micrographs of three Oak sawdust
adsorbents: [a] SD, [b] SD1 and [c] SD2.
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group peak indicating the saponification of the car-
boxylic acid ester groups into carboxylate groups.
Meanwhile, the sawdust treated with acid there were
almost no change in the intensity of the two peaks.

3.1.4. Physical characteristics

Table 1 shows the physical characteristics of the
three adsorbents used in the present study.

3.2. Investigation of adsorption parameters

3.2.1. Effect of pH

The pH of the solution has a significant impact on
the uptake of MB, since it determines the surface
charge of the adsorbent, the degree of ionization of the
adsorbate. In order to establish the effect of pH on the
biosorption MB, the batch adsorption studies at differ-
ent pH values were carried out after an adsorption
period of 30 min in the pH range of 2–12 (Fig. 5).

Fig. 5 shows that the maximum percent removal MB
on the adsorbents was observed at pH 8 and signifi-
cantly decreased by reducing the pH values and
slightly decreased at higher pH values. Little sorption
at lower pH could be ascribed to the hydrogen ions
competing with MB for sorption sites [23–25]. This

means that at higher Hþ concentration, the biosorbent
surface becomes more positively charged, thus, redu-
cing the attraction between adsorbent and MB. In con-
trast as the pH increases, more negatively charged
surface become available, thus, facilitating greater MB
uptake [26]. At a higher pH, the percentage removal
of MB dye decreased and it could be attributed to
decrease in the solubility of the dye [27]. Also, it was
observed that at constant pH, the percent removal
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Fig. 4. [a] FTIR spectra of different treated and untreated Oak sawdust. [b] FTIR spectra of the carbonyl group region from
1500 to 1800.

Table 1
Physical properties of the different types of adsorbents

Adsorbent
type

Ash content
[%wt]

Moisture content
[%wt]

Bulk density
[kg/m3]

Soluble hemicellulose content
[%]

Yield
[%]

SD 0.17 8.54 1000 16 –
SD1 0.9 5.902 952 – 74
SD2 0.16 5.764 1000 – 80
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Fig. 5. Effect of the different pH on the removal of MB dye
onto different adsorbents (initial dye concentration ¼ 50
ppm, adsorbent dose ¼ 2.5 g L�1, contact time ¼ 30 min,
solution temp. ¼ 25 + 2�C and agitation speed ¼ 200 rpm).
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increased in the order of SD1 > SD2 > SD and this
means that the chemically treated adsorbent is favor-
able for dye removal. This is attributed to the fact that
the surface of oxidized adsorbent has a larger nega-
tively charge than that of non-oxidized one [28].

3.2.2. Effect of adsorbent dose

One of the parameters that strongly affect the sorp-
tion removal is the dose of the adsorbents. With the
fixed cationic dye concentration, it can be easily
inferred that the percent removal of cationic dye
increases with increasing weight of all type of adsor-
bents as shown from Fig. 6.

This may be due to the increase in availability of
surface active sites resulting from the increased dose
of the adsorbent [1,29]. Also, it was observed that at
constant adsorbent dose, the percent removal
increased in the order of SD1 >> SD2 > SD and this
means that the chemically treated adsorbent is favor-
able for dye removal.

Also it was found that the removal efficiency of MB
dye on the base treated sawdust is greater than the
untreated and acid-treated sawdust, it could be
explained by the effect of the base on sawdust ester
function groups. Saponification of ester by NaOH pro-
duced carboxylic acid groups and thus increasing the
negative charge on the surface of sawdust and conse-
quently increase the efficiency of removing cationic dye.

3.2.3. Effect of contact time

The effect of contact time on the percentage removal
of MB dye was investigated at initial dye concentration
(25–400 mg/L) onto SD, SD1 and SD2 adsorbents as
shown in Fig. 7.

The pattern of graphs was almost same for different
dye concentrations and for all type of adsorbents. The
plots reveal that the removal of cationic dye MB
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ppm, contact time ¼ 30 min, pH ¼ 7, solution temp. ¼ 25 +
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Fig. 7. Effect of contact time on the removal of MB dye onto
SD using different initial dye concentrations (adsorbent dose
¼ 2.5 g L�1, pH ¼ 8, solution temp. ¼ 25 + 2�C and agitation
speed ¼ 200 rpm). [a] SD, [b] SD1 and [c] SD2.
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increases with time and attains saturation in about 90
min. Basically, the removal of dye is rapid, but it gra-
dually decreases with time until it reaches equilibrium
(90 min). MB showed a fast rate of sorption during the
first 5 min of the sorbate–sorbent contact and the rate of
percent removal becomes almost insignificant due to a
quick exhaustion of the adsorption sites. The rate of
percent dye removal is higher in the beginning due
to a larger surface area of the adsorbent being available
for the adsorption of the dye. After adsorption, the rate
of dye transported from the exterior to the interior sites
of the adsorbent particles. The two stage sorption
mechanism with the first rapid and quantitatively pre-
dominant and the second slower and quantitatively
insignificant, has been extensively reported in litera-
ture [19].

3.2.4. Effect of initial dye concentration

The effect of initial dye concentration on the
removal of MB dye (in terms of percentage removal)
on various adsorbents was studied as shown in Fig. 8.
The percentage removal of the dye was found to
decrease with the increase in initial dye concentration.
This indicates that there was reductions in immediate
solute adsorption, owing to the lack of available active
sites required for the high initial concentration of MB.
Similar results have been reported in literature
[24,25,30]. The results show that the percentage
removal of dye decreases from 100 to 55, 100 to 73 and
100 to 58 as the initial dye concentration increases from
25 up to 400 ppm for 2.5 g/L of SD, SD1 and SD2,
respectively. Also, the figure indicates that SD1 has the
maximum percentage removal of all types used.

3.2.5. Effect of agitation speed

Agitation is an important parameter in sorption
phenomena, influencing the distribution of the solute
in the bulk solution and the formation of the external
boundary film. The effect of agitation speed (in rpm)
on the % removal of the original dye concentration was
investigated in Fig. 9. The % removal seemed to be
affected by the agitation speed for values between 0
and 200 rpm, thus confirming that the influence of
external diffusion on the sorption kinetic control plays
a significant role. Also it is clear that while increasing
mixing rate from 200 to 300 rpm, % removal decreased
from 74.6 to 60 and 67.6 to 52 for SD and SD2, respec-
tively. This decrease may be attributed to an increase
desorption tendency of dye molecules and/or having
similar speed of adsorbent particles and adsorbate ions
(i.e. the formation of a more stable film around the
adsorbent particles). In contrast, the small effect of agi-
tation in the range of 200–400 rpm showed that external
mass transfer was not the rate-limiting step, and
implied that intra-particle diffusion resistance needed
to be included in the analysis of overall sorption. This
also indicates that a 200 rpm shaking rate is sufficient
to assure that all the surface binding sites are made
readily available for dye uptake. Then the effect of
external film diffusion on adsorption rate can be
assumed to be not significant. The results were in
agreement with Batzias and Sidiras [31].

All adsorption parameters were studied in accor-
dance with the characterization results of the untreated
and treated oak sawdust. Where SD1 gives higher effi-
ciency than SD2 and SD Which could be attributed to
the pores widening due to the treatment and the solvo-
lysis of the constituent of the boundary walls.
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3.3. Adsorption isotherms

In order to optimize the design of an adsorption sys-
tem to remove the dye, it is important to establish the
most appropriate correlations for the equilibrium data
for each system. In this study, the experimental iso-
therm data set obtained was fitted using adsorption
models including Langmuir, Freundlich and Temkin
isotherm.

The applicability of the isotherm equations is
compared by judging the correlation coefficient, R2.

3.3.1. Langmuir adsorption model

Langmuir isotherm is based on the theoretical prin-
ciple that only a single adsorption layer exists on an
adsorbent and it represents the equilibrium distribu-
tion of dye between the solid and liquid phases. The
basic assumption of the Langmuir adsorption process
is the formation of a monolayer and after that no
further adsorption takes place.

The equation is described by

qe ¼ x=m ¼ qokce= kce þ 1ð Þ ð6Þ

where x is the amount of dye adsorbed, m is the unit
mass of adsorbent, and qe is the amount of dye
adsorbed per unit mass of adsorbent; qo and k are
Langmuir constants, and are the significance of
adsorption capacity (mg/g) and energy of adsorption
(L/mg) respectively; and Ce is the equilibrium concen-
tration of adsorbate after adsorption (mg/L); qo is
the maximum adsorption capacity corresponding to
complete monolayer coverage (mg of adsorbate per g
of adsorbent). Eq. (6) can be re-arranged to yield:

ce=qe ¼ ce=qo þ 1=qok ð7Þ

The linearized Langmuir isotherms allows the cal-
culation of adsorption capacities and the Langmuir
constants. The values of qo and k were determined from

the intercept and slope of the linear plot of Ce/qe and Ce

(Table 2). Fig. 10 shows the adsorption Langmuir iso-
therms of MB dye on the different adsorbents used
(SD, SD1, SD2). The good fit of the experimental data
and the correlation coefficients R2 higher than 0.98
indicated the applicability of the Langmuir isotherm
model.

The essential characteristics of Langmuir dimen-
sionless constant separation factor or equilibrium para-
meter, RL, which is defined by the following equation
[32]:

RL ¼ 1=1þ k Co ð8Þ

where Co is the initial dye concentration, mg/L.
In the present study, the values of RL (Table 3) are

observed to be in the range 0–1, indicating that the
adsorption process is favorable for all types of
adsorbents.

3.3.2. Freundlich model

Freundlich adsorption isotherm is an indicator of
the extent of heterogeneity of the adsorbent surface.
Freundlich adsorption model stipulates that the ratio

Table 2
Langmuir, Freundlich and Temkin adsorption constants for different adsorbent materials

Langmuir Freundlish Temkin

Type of adsorbent qo k R2 Kf 1/n R2 R2 a b

SD 86.96 -2.17 0.989 34.3 0.2 0.802 0.976 -0.77 0.056
SD1 92.59 -0.476 0.995 93.2 0.03 0.065 0.933 20.77 0.611
SD2 86.96 -2.17 0.989 22 0.29 0.569 0.934 -1.36 0.062
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Fig. 10. Langmuir isotherm plot for adsorption of MB dye
onto different adsorbents.
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of solute adsorbed to the solute concentration is a func-
tion of the solution. The empirical model was shown
to be consistent with an exponential distribution of
active centers, characteristic of heterogeneous surfaces.
The amount of solute adsorbed, qe, is related to the
equilibrium concentration of solute in solution, Ce,
following:

qe ¼ kf c1=n
e ð9Þ

This expression can be linearized to give the follow-
ing equation:

log qe ¼ log kf þ 1=n log ce ð10Þ

where kf is a constant for the system, related to the bond-
ing energy. kf can be defined as the adsorption or distri-
bution coefficient and respects the quantity of dye
adsorbed onto adsorbents for a unit equilibrium concen-
tration (a measure of adsorption capacity, mg g�1). The
slope 1/n, ranging between 0 and 1, is a measure of
adsorption intensity or surface heterogeneity, becoming
more heterogeneous as its value gets closer to zero [33].
A value for 1/n below 1 indicates a normal Frendlich
isotherm while 1/n above 1 is an indicative of coopera-
tive adsorption [34]. A plot of log (qe) vs. log (Ce) (figure
not include), where the values of kf and 1/n are deter-
mined from the intercept and slope of the linear regres-
sions (Table 2) for all type of adsorbents. The low values
of R2 (<90%) for all type of adsorbents show that the
adsorption of MB dye on the different adsorbents used
could not be well described by Freundlich isotherms.

3.3.3. Temkin model

Temkin considered the effects of indirect adsor-
bent/adsorbate interactions on adsorption isotherms.

The heat of adsorption of all the molecules in the layer
would decrease linearly with coverage due to adsor-
bent/adsorbate interactions [35]. The Temkin isotherm
has been used in the form as follows:

qe ¼ aþ b ln Ce ð11Þ

Therefore a plot of qe vs. ln Ce enables one to deter-
mine the constants to a and b as shown from the slope
and intercept in Fig. 11. When the a value is larger, this
means that the adsorbent/adsorbate interaction is also
larger [36].

The applicability of the three isotherm’s models for
the present data approximately follow the order: Lang-
muir > Temkin >> Freundlich, in case of MB dye on the
different adsorbents.

3.4. Adsorption kinetics

The study of the adsorption kinetics is the main fac-
tor for designing an appropriate adsorption system
and quantifying the changes in adsorption with time
requires that an appropriate kinetic model is used.
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Fig. 11. Temkin Isotherm plot for adsorption of MB dye onto
different adsorbents.

Table 3
RL values for different adsorbents

Value of RL

Dye concentration (ppm) SD SD1 SD2

10 0.044 0.174 0.044
25 0.018 0.078 0.010
100 4.59 � 10�3 0.021 4.59 � 10�3

200 2.3 � 10�3 0.01 2.3 � 10�3

250 1.84 � 10�3 8.33 � 10�3 1.84 � 10�3

300 1.53 � 10�3 6.95 � 10�3 1.53 � 10�3

400 1.15 � 10�3 5.22 � 10�3 1.15 � 10�3
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In order to analyze the adsorption kinetics of MB
dye, the pseudo-first-order, pseudo-second-order and
simple Elovich kinetic models were applied to data
[37]. The first-order rate equation of Lagergren is one
of the most widely used for the sorption of a solute
from liquid solution [38] and is represented as:

ln qe � qtð Þ ¼ ln qe � k1t ð12Þ

where qe is the mass of dye adsorbed at equilibrium
(mg/g), qt is the mass of dye adsorbed at time t
(mg/g), k1 is the first-order reaction rate constant
(min�1). The pseudo-first order considers the rate of
occupation of adsorption sites to be proportional to
the number of unoccupied sites. The first-order rate
constant k1, can be obtained from the slope of the plot
log(qe – qt) vs. time Fig. 12. The correlation coefficients
for the first-order kinetic model were not high for all
adsorbents and concentrations. Also, the estimated
values of qe calculated from the equation differed
from the experimental values (Table 4), which shows
that the model is not appropriate to describe the
adsorption process.

In addition, a pseudo-second-order equation based
on adsorption equilibrium capacity may be expressed
in the form [39–43]:

t=qt ¼ 1=k2q2
e þ t=qe ð13Þ

where k2 is the second-order reaction rate equilibrium
constant (g/mg min). A plot of t/qt against t should
give a linear relationship for the applicability of the
second-order kinetic. Fig. 13 shows the linearlized form
of the pseudo-second-order model for the adsorption
of different initial concentrations MB dye on SD, SD1
and SD2. The correlation coefficients were more than
0.98, suggest a strong relationship between the para-
meters and also explains that the process follows
pseudo-second-order kinetics. The correlation coeffi-
cients, R2, the pseudo-second-order rate parameters
and the estimated values of qe calculated from the
equation are shown in Table 4.

Finally, Eq. (14) will be used to test the applicability
of the Elovich equation to the kinetics of basic dye
adsorption. The simple Elovich model may be
expressed in the form [44]:

qt ¼ Aþ B ln t ð14Þ

where A represents the rate of chemisorptions at
zero coverage (mg/g min) and B is related to the extent
of the surface coverage and activation energy for
chemisorptions (g/mg).

The plot of qt vs. ln t should give a linear relation-
ship for the applicability of the simple Elovich kinetic.
The results are also shown in Fig. 14 as a plot of qt
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Fig. 12. First-order plots of MB dye adsorption onto different
adsorbents: [a] SD, [b] SD1 and [c] SD2.
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against ln(t) for the adsorption of different initial con-
centrations of MB dye on SD, SD1 and SD2 for the Elo-
vich equation. The Elovich equation parameter can be
obtained from the slope and intercept of the plot qt

vs. ln t. The correlation coefficients, R2, and the Elovich
equation parameters, A and B, are shown in Table 5.
Comparison of the three models reveals that the R2 for
first order, pseudo-second-order and the Elovich equa-
tions show that the results can be well represented by
the pseudo-second-order model.

Hence, on the basis of the excellent fit of the pseudo-
second order and the correlation of the experimental
results with the pseudo-second-order model, the main
adsorption mechanism is probably a chemisorption
reaction.

3.5. Intra-particle diffusion model

The adsorption mechanism of a sorbate onto the
adsorbent follows three steps viz. film diffusion, pore
diffusion and intra-particle transport. The slowest of
the three steps controls the overall rate of the process.
Generally, pore diffusion and intra-particle diffusion
are often rate-limiting in a batch reactor, which for a
continuous flow system film diffusion is more likely
the rate-limiting step [45]. The adsorption rate para-
meter which controls the batch process for most of the
contact time is the intra-particle diffusion [4,46]. The
possibility of intra-particle diffusion resistance affect-
ing adsorption was explored by using the intra-
particle diffusion model as:

qt ¼ kadt1=2 þ I ð15Þ

where kad is the intra-particle diffusion rate constant (mg
g�1 min�1/2). In Fig. 15, a plot of qt (mg/g) vs. t1/2

(min�1/2) are presented for all adsorbents. Values of I
(Table 6) give an idea about the thickness of the boundary
layer, i.e., the larger intercept the greater is the boundary
layer effect [30]. The deviation of straight lines from the
origin, as shown in the figure, may be because of the dif-
ference between the rate of mass transfer in the initial and
final steps of adsorption. Further, such deviation of
straight line from the origin indicates that the
pore diffusion is not the sole rate-controlling step [4].
From Fig. 15, it may be seen that there are two separate
regions, the first portion is attributed to the bulk diffusion
and the second portion to intra-particle diffusion [47].
The values of kad as obtained from the slopes of the
straight line are listed in Table 6. The estimated values
of kad are higher for treated oak sawdust (SD1 > SD2)
than for the original material (SD). The results show that
the treatment enhances the adsorption rate by increasing
the intra-particle diffusion rate constant. This enhance-
ment can possibly be attributed to the removal of the
hemicelluloses during sulphuric acid treatment, resulting
in the ‘opening’ of the lignocellulosic matrix’s structure.

3.6. Mechanism of adsorption

The removal of MB by adsorption on SD, SD1 and
SD2 was found to be rapid at the initial period of

Table 4
Comparison of the first- and second-order adsorption rate constants and calculated and experimental qe values for different
adsorbents.

1st order 2nd order

Type of adsorbent Dye concentration (ppm) qe exp. R2 k1 qecalc R2 K2 qecalc

100 38.6 0.834 0.0954 14.36 0.9982 0.02 39.37
200 69.2 0.892 0.0184 12.47 0.999 0.022 64.52

SD 250 83.2 0.44 0.026 21.51 0.9951 9.4�10-3 81.3
300 87.6 0.353 0.026 22.83 0.9952 6.45�10-3 88.5
400 105.4 0.543 0.024 39.46 0.9988 9.33�10-3 92.59
100 40 0.90 0.28 26.39 0.9994 0.0691 40.32
200 78.4 0.77 0.073 19.08 0.9994 0.018 78.1

SD1 250 98.2 0.95 0.092 43.05 0.9979 7.3�10-3 100
300 116.4 0.77 0.038 48.42 0.9979 5.84�10-3 108.7
400 135.2 0.77 0.036 62.78 0.9958 3.2�10-3 128.2
100 39.16 0.86 0.086 14.57 0.998 0.019 40
200 68.44 0.90 0.104 33.56 0.9933 0.012 69.93

SD2 250 84 0.93 0.0973 59.1 0.9958 5.6�10-3 84.75
300 86.4 0.82 0.077 24.11 0.9992 0.013 86.96
400 106.8 0.95 0.055 71.76 0.982 3.09�10-3 108.7
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contact time and then to become slow and stagnate
with the increase in contact time. The removal of MB
by adsorption on surface of SD, SD1 and SD2 was due
to MB as MBþ cationic form. The mechanism for the
removal of dye by adsorption may be assumed to
involve the following four steps [30]:

• Migration of dye from bulk of the solution to the
surface of the adsorbent (SD, SD1 and SD2).

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

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

• Intra-particle diffusion of dye into the interior pores
of the SD, SD1 and SD2 particle.

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 mobi-
lity of dye during adsorption. Since, the uptake of dye
at the active sites of SD, SD1 and SD2 is a rapid process
in the order of SD1, SD2 and SD, the rate of adsorption
is mainly governed by either liquid phase mass
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Fig. 13. Second-order plots of MB dye adsorption onto
different adsorbents: [a] SD, [b] SD1 and [c] SD2.
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Fig. 14. Elovich plots of MB dye adsorption onto different
adsorbents: [a] SD, [b] SD1 and [c] SD2.
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transfer rate or intra-particle mass transfer rate [30].
The applicability of intra-particle diffusion model indi-
cates, that it is the rate-determining step.

3.7. Thermodynamics

The variation in temperature, influencing the distri-
bution of adsorbate between solid and liquid phases
was examined in the range 298–333 K. Moreover the
increase in dye sorption with a rise in temperature can
be explained on the basis of thermodynamic para-
meters such as change in enthalpy (�H) and entropy
(�S) which are calculated using free energy (�G), by
using the van’t Hoff [48,49]:

ln kc ¼
�S

R
��H

RT
ð16Þ

where kc ¼ Fe/(1 � Fe), and Fe ¼ (Co � Ce)/Co; is the
fraction adsorbed at equilibrium, while T is the tem-
perature in K and R is the gas constant [8.314 J (mol
K�1)]. The plot of ln kc vs. 1/T gives a straight line with
acceptable coefficient of determination (R2) as shown
in Fig. 16. From the slope and the intercept of van’t
Hoff plots, the values of �H and �S have been
computed, while the Gibbs free energy change �G was
calculated using the following equation [50]:

ð�GÞ ¼ �RT lnkc ð17Þ

The thermodynamic parameters for the sorption of
MB onto (SD, SD1 and SD2) at various temperatures
were calculated and summarized in Table 7. The posi-
tive values of �H for all type of adsorbents indicate
that the studied sorption processes are endothermic
in nature. Furthermore the negative values of �G
demonstrate the spontaneous behavior of the sorption
processes [50]. The decrease in the value of �G for each
type of adsorbent with the increase of temperature
shows that the reaction is more spontaneous at higher
temperature which indicates that the sorption pro-
cesses are favored by the increase in temperature
[51]. Finally, the positive values of �S suggest that the
increased randomness at the solid–solution interface
during the sorption process. The adsorbed solvent
molecules which are displaced by the adsorbate spe-
cies gain more translational entropy than ions lost by
adsorbate thus allowing for prevalence of randomness
in the system [52]. Normally, adsorption of gases leads
to a decrease in entropy due to orderly arrangement of
the gas molecules on a solid surface. However, the
same may not be true for the complicated system of
sorption from solution [53].

Energy of activation was calculated according to a
relationship between Ea and �H� for reactions in solu-
tion by the following equation [54]:

Table 5
Elovich adsorption rate constants and calculated and experimental qe values for different adsorbents

Type of
adsorbent

Dye concentration
(ppm)

qe exp Elovich

R2 A B qe calc

100 38.6 0.899 42.08 4.27 22.88
200 69.2 0.728 64.29 2.16 54.58

SD 250 83.2 0.616 75.66 2.29 65.36
300 87.6 0.758 86.19 5.11 63.19
400 105 0.979 95.1 6.26 66.92

100 40 0.867 42.51 2.56 30.97
200 78.4 0.96 80.99 4.7 59.83

SD1 250 98.2 0.948 10.27 7.54 67.35
300 116 0.949 11.53 9.72 67.78
400 135 0.909 129.6 14.1 66.16

100 39.2 0.884 42.22 4.14 23.6
200 68.4 0.874 70.87 5.69 45.27

SD2 250 84 0.94 85.27 8 49.26
300 86.4 0.93 88.59 4.77 67.12
400 107 0.843 105.5 12.6 48.74
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Ea ¼ �H þ RT ð18Þ

Energies of activation below 42 kJ mol�1 generally
indicate diffusion-controlled processes and higher
values represent chemical reaction processes [55–58].
In terms of Ea, diffusion or transport controlled reac-
tions are those governed by mass transfer or diffusion
of the adsorbate from the bulk solution to the adsor-
bent surface and can be described using the parabolic
rate law [59]. Conversely, the reaction is surface con-
trolled if the reaction between the adsorbate and adsor-
bent is slow compared with the transport or diffusion
of the adsorbate to the adsorbent. For surface-
controlled reactions, the concentration of the adsorbate
next to the adsorbent surface is equal to the concentra-
tion of the adsorbate in the bulk solution and the
kinetic relationship between time and adsorbate con-
centration should be linear [60]. In our study, the acti-
vation energy values were higher than 42 kJ mol�1 as
presented in Table 7 when using SD1 as absorbent indi-
cating chemically controlled process; also the high
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Fig. 15. Intra-particle diffusion plots of MB dye adsorption
onto different adsorbents: [a] SD, [b] SD1 and [c] SD2.

Table 6
Intraparticle diffusion rate parameter at different initial dye concentration for different adsorbents

Type of adsorbent

SD SD1 SD2

Dye concentration kad I R2 kad I R2 kad I R2

100 1.4107 29.34 0.5736 1.2465 32.469 0.6995 1.3604 30.071 0.6099
200 1.5846 53.215 0.8867 2.4897 62.036 0.8247 2.8103 49.118 0.7827
250 2.5798 61.134 0.954 4.1547 70.421 0.8933 4.009 54.248 0.9554
300 3.674 60.379 0.9145 4.5381 76.515 0.897 1.9384 72.593 0.804
400 2.3132 75.138 0.9342 3.5606 96.822 0.9948 5.7223 61.501 0.9942

ySD1 = –6.7714x + 26.071

R2 = 0.9581

ySD2 = –3.4131x + 12.33

R2 = 0.9567

ySD =  –2.5635x + 9.5325

R2 = 0.9368
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Fig. 16. Effect of temperature on MB kinetic sorption for
different adsorbents (initial dye concentration ¼ 300 ppm,
adsorbent dose ¼ 2.5 g L�1, pH ¼ 8, contact time ¼ 90 min
and agitation speed ¼ 200 rpm).
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values of the activation energy indicated that diffusion
is not a limiting factor controlling the rate of adsorp-
tion. Consequently, adsorption of MB dye by SD1
appears to occur by chemisorption [60]. But the activa-
tion energy values were lower than 42 kJ mol�1 as pre-
sented in Table 7 when using SD and SD2 as absorbent
indicating. The small value of the activation energy
below 42 kJ mol�1 confirms the fact that the process
of the removal MB using SD&SD2 is diffusion
controlled.

4. Conclusions

In this work, Oak sawdust (SD), 0.1 N sodium
hydroxide treated Oak sawdust (SD1) and 0.1 N sul-
phuric acid-treated Oak sawdust (SD2) were prepared
and have been used successfully as an adsorbing agent
for the removal of cationic MB dye from aqueous solu-
tions. MB is found to adsorb strongly on the surface of
SD1 >> SD2 > SD. The equilibrium adsorption is prac-
tically achieved in 90 min. Adsorption was influenced
by various parameters such as initial pH, dose of
adsorbent, contact time, initial dye concentration and
agitation speed. The maximum adsorption of MB dye
by SD, SD1 and SD2 occurred at an initial pH of 8.0.
Removal efficiency increased with decreasing the dye
concentration and increasing dose of adsorbent and
agitation speed. The equilibrium sorption data are
satisfactorily fitted in the order: Freundlich > Temkin
> Langmuir. Adsorption kinetics follows pseudo-
second-order kinetic model. Kinetic results showed
that both bulk and intra-particle diffusion are effective
adsorption mechanisms. Thermodynamic parameters
for all type of adsorbents �S, �G and �H indicate that
adsorption process is thermodynamically favorable,
spontaneous and endothermic in nature. The process
of the removal of MB using SD&SD2 is diffusion con-
trolled while the removal of MB using SD1 is chemi-
cally controlled process. Since Oak sawdust, local
furniture manufacturing company solid waste, used
in this study, locally available, the adsorption process

is expected to be economically viable for wastewater
treatment.

Nomenclature

SD untreated Oak sawdust
SD1 Oak sawdust treated with 0.1 M NaOH
SD2 Oak sawdust treated with 0.1 M H2SO4

MB methylene blue dye
Wi the mass of material before treated (g)
Wf the mass of material after treated (g)
Co the initial dye concentration (mg/L)
C the dye concentration at any time (mg/L)
qe amount of dye adsorbed at equilibrium

(mg/g)
SEM scanning electron microscope
TGA thermogravimetric analysis
FTIR Fourier transfer for infra red

spectrophotometer
k Langmuir constant energy of adsorption

(L/mg)
qo Langmuir constant adsorption capacity

(mg/g)
Ce equilibrium dye concentration (mg/L)
1/n sorption intensity (dimensionless)
kf Freundlich constant measure of adsorbent

capacity (L/g)
k1 the first-order reaction rate constant (min�1)
k2 the second-order reaction rate equilibrium

constant (g/mg min)
A the rate of chemisorptions at zero coverage

(mg/g min)
B the extent of the surface coverage and activa-

tion energy for chemisorptions (g/mg)
R2 correlation coefficient
kad intra-particle diffusion rate constant

mg g�1 min�1/2

t1/2 the square root of time (min�1/2)
qt the amount of heavy metals adsorbed

(mg/g)
t time (min)
V volume of the solution (L)

Table 7
Thermodynamic parameters and activation energy for dye sorption onto different adsorbents

Type of
adsorbent

~H
(kJ mol�1)

~S
(kJ mol�1)

Ea (kJ mol�1) ~G (kJ mol�1)

298 K 313 K 323 K 333 K 298 K 313 K 323 K 333 K

SD 21.31 79.25 23.79 23.91 24 24.08 �2.45 �3.29 �4.03 �5.39
SD1 56.3 216.75 58.78 58.9 59 59.07 �8.61 �11.07 �13.23 �16.53
SD2 28.38 102.51 30.86 30.98 31.07 31.15 �2.34 �3.44 �4.512 �6.08
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W weight of the adsorbent (g)
RL Langmuir equilibrium parameter
�H the enthalpy change (kJ mol�1)
�S the entropy change (kJ mol�1)
�G the Gibbs free energy change (kJ mol�1)
R the gas constant [8.314 J (mol K�1)]
Fe the fraction adsorbed at equilibrium
Ea the activation energy (kJ mol�1)
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