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Abstract Tobacco (Nicotiana tabacum L.) stem ash
(TSA) was evaluated as an adsorbent for removal of
methylene blue (MB) from aqueous solution by batch
adsorption method. MB adsorption increased with in-
crease in contact time, initial solution pH, and adsorbent
dose. Contact time for adsorption equilibrium was
180 min. The MB adsorption per unit mass of adsorbent
(in milligram per gram) increased with the increasing
initial dye concentration. Adsorption of MB onto TSA
followed the pseudo-second-order kinetic model with a
rate constant (k2) of 0.017 g mg−1 min−1. The mechanism
of adsorption was described with intra-particle diffusion
model. It was found that the intra-particle diffusion was
not a sole rate-controlling step. Equilibrium adsorption
was investigated by the Freundlich, Langmuir, Temkin,
and Jovanoic isotherms. On the basis of coefficient of
determination, the order of isotherm fit was Langmuir
(R2=0.974) > Freundlich (R2=0.957) = Temkin
(R2=0.957) > Jovanoic (R2=0.764) isotherm. The max-
imum monolayer adsorption capacity of TSA was
35.7 mg g−1. The dimensionless separation factor (RL)
was low (0.137), indicating favorable adsorption of MB
onto TSA. The results clearly demonstrate the potential
of TSA as a low-cost and an easily available adsorbent
for sequestering MB from wastewater.
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1 Introduction

In the present era of industrialization and consumerism,
the industries such as textile, rubber, paper, printing,
leather, plastics, etc. use a wide variety of synthetic dyes
to impart myriad color combinations to finished goods.
About 5–10 % of dye stuffs used in these industries is,
however, lost in the industrial wastewater (Dawood and
Sen 2012). Discharge of untreated or partially treated
dye-bearing industrial wastewater into environment
poses a serious threat to life, not only by retarding the
physicochemical and biological properties of environ-
mental components but also from toxicological stand
point (Montano et al. 2008; Abd EI-Latif et al. 2010)
and, hence, is an environmental issue of serious concern.
Therefore, removal of dye from wastewater is an essen-
tial prerequisite for environment-friendly disposal of
dye-containing industrial effluents. In the recent past,
several methods including adsorption, biosorption, bio-
degradation, electrochemical degradation, photochemi-
cal degradation, coagulation/flocculation, sonicated
degradation, membrane filtration, etc. have been
employed for the treatment of dye-containing wastewa-
ter (Feng et al. 2012; Somasekhara Reddy et al. 2012).
Though every method has its own limitations in terms of
situation suitability, applicability, and cost effectiveness,
the adsorption method of dye removal is widely reported
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to be very effective and practically feasible (Rafatullah et
al. 2010; Salleh et al. 2011). Activated carbon is un-
doubtedly an excellent adsorbent for dye sequestration,
but its high price limits its large-scale use. In the quest for
low-cost, easily available, and effective adsorbents, sev-
eral natural materials, wastes/by-products from agricul-
ture or industries have been evaluated with variable
degree of sources. Some of these biosorbents include
saw dust of oak (Ferrero 2007), peel of banana
(Annadurai et al. 2002), neem sawdust (Khattri and
Singh 2000), beer brewery waste (Tsai et al. 2008) as
by-products/wastes from agriculture/agro-industry, coir
pith carbon (Kavitha and Namasivayam 2007), activated
carbon from apricot and walnut shell (Aygun et al. 2003)
as carbon/activated carbon-based adsorbents, and ash-
based adsorbents include bagasse fly ash (Gupta et al.
2000), rice hull ash (Chen et al. 2012), rice husk ash
(Sarkar and Bandyopadhyay 2010), fly ash (Wang et al.
2005), sonochemical treated fly ash (Wang and Zhu
2005), H2SO4-treated fly ash (Lin et al. 2008), bio-
sludge ash (Weng and Pan 2006), Salvadora persica
stem ash (Bazrafshan et al. 2012), etc. In this study,
tobacco (Nicotiana tabacum L.) stem ash (TSA) has
been evaluated for the removal of methylene blue
(MB) from aqueous solution.

Tobacco, one of the world’s leading nonfood cash
crops, is grown extensively in countries such as India,
China, Brazil, USA, etc. and generates huge quantity of
stem biomass (1,000 kg ha−1) as a primary byproduct in
the production of tobacco leaf (economic part). The crop
residues such as the tobacco stems left in the field
generally pose hindrance to agro-machinery operations
and harbor diseases/pests for subsequent crops (Lal
2005). Consequently, the common practice in vogue is
to either burn such resides in situ or remove them from
the field for use as firewood for domestic energy pur-
poses or for thermal curing of tobacco leaf. Use of
tobacco stems for fuel/thermal energy purposes (for
curing tobacco leaf in curing barns) generates stem
ash, a secondary byproduct with no known economic
uses. The present study aims to evaluate TSA as an
adsorbent to removeMB from aqueous solution. Effects
of various factors including contact tine, initial solution
pH, and adsorbent dose on MB adsorption has been
examined to explore the MB adsorption behavior of
TSA. Pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models were used to understand
the kinetics and mechanism of adsorption. Four iso-
therm models, namely the Freundlich, Langmuir,

Temkin, and Jovanoic isotherm were tested to under-
stand nature of adsorption equilibrium. Dye adsorption
capacity of TSA and feasibility of adsorption system
were also investigated.

2 Materials and Methods

2.1 Reagents and Adsorbent

All chemicals used in this study were of analytical grade
with high purity. Analytical grade MB (basic blue 9,
molecular weight 373.91 g mol−1) was procured from
Qualigens®. Analytical-grade hydrochloric acid, nitric
acid, potassium nitrate, potassium hydroxide, and sodi-
um hydroxide were procured from SdFine®. MB stock
solution (1,000 mg L−1) was prepared by dissolving 1 g
MB in 1 L of distilled water and subsequently diluted to
achieve the required dye concentration for adsorption
experiments. The pH of the MB solutions was 6.9. The
MB concentration in aqueous solution was determined
by using UV–VIS spectrophotometer at a wavelength of
maximum absorbance (λmax) at 665 nm. Preliminary
studies with blank dye (MB) solution indicated that
change of initial solution pH (pH 2.08 to 11) of dye
solution had negligible effect on the λmax (665 nm) of
MB. This indicates the stability of the dye molecule
within the studied range of pH. A similar kind of obser-
vation was reported by Gupta et al. (2000) for stability
and λmax of MB over a pH range from 2.00 to 10.00.
Therefore, the calibration curve was used in all adsorp-
tion experiments prepared in distilled water at pH 6.9.

Tobacco (N. tabacum L.) stems were collected from
experimental fields of the Central Tobacco Research
Institute, Rajahmundry, Andhra Pradesh. Stem resi-
dues were cleaned thoroughly to remove the surface-
adhered soil and then dried. The dried tobacco stems
(5 kg) were burned in open air in a way much
similar to the practice followed by the local tobac-
co farmers, i.e., burning of tobacco stems kept in
heaps. Care was taken to ensure complete burning
of the stem biomass, i.e., until no portion of the
biomass remained unburned. The 5-kg tobacco
stem biomass was reduced to 0.346 kg after burn-
ing (a weight loss of 93.08 %) and resulted in the
ash accounting for 6.92 % of the original biomass
burned. The TSA so generated was passed through
a 1-mm sieve and stored in a plastic container
until its use in the present study.
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2.2 Characterization of TSA (Adsorbent)

The TSA was analyzed for organic carbon using a
Total Organic Carbon analyzer (Elementar, Vario
TOC Select, Germany), pH (Systronics, Model 361,
India), and electrical conductivity (Elico, Model CM
82T, India). The surface property of TSA was deter-
mined by measuring a pH of zero point charge (pHzpc)
by potentiometric mass titration method (Fiol and
Villaescusa 2009). Three doses of TSA (5, 7.5, and
10 g L−1) were agitated with 50 mL 0.03 M KNO3

solution in a set of 150 mL of Erlenmeyer flasks
at 250 rpm for 24 h until the pH became constant.
Then, 0.5 mL 1 M KOH solution was added
before titration to deprotonate the adsorbent’s sur-
face. The suspension was titrated by adding a
small volume of 0.1 M HNO3 solution, and the
pH was recorded after each addition until the pH
of the suspension became constant. A similar pro-
cedure was followed for 50 mL 0.03 M KNO3

blank solution (without adsorbent). The potentio-
metric curves were drawn by plotting suspension
equilibrium pH values against the volume of
0.1 M HNO3 added, and pHzpc was determined
from the intersection of the potentiometric curves
with the blank. TSA was analyzed by the Bruker
ALPHA, a Fourier transform infrared (FTIR) using
attenuated total reflectance system to determine
functional groups. The sample was scanned (reso-
lution 4 cm−1) in the region of 4,000–400 cm−1.
The specific surface area was calculated by the
methylene blue adsorption method following the
procedure outlined by Weng and Pan (2006) who
also reported that the surface area of an adsorbent
by this method was similar to that obtained by the
BET method.

2.3 Batch Adsorption Studies

2.3.1 Kinetic Experiments

Adsorption kinetic was studied by batch method with
known amount of TSA (0.1 g) and 10 mLMB solution
of known concentration (50.4 mg L−1) in a series of
150 mL of Erlenmeyer flasks. Kinetic experiments
were carried out at the natural pH of dye solution.
Flasks, containing reaction mixture, were agitated at
150 rpm by an orbital shaker (Rotary Flask Shaker,
Optics Technology, India) over a time period of

300 min. Then, the sets of three flasks each were
withdrawn from the shaker at different time intervals
(15, 30, 45, 60, 120, 180, 240, and 300 min). The
reaction mixtures were centrifuged at 8,000 rpm for
10 min, and the MB concentration in the supernatant
was estimated by measuring the absorbance with a
UV–VIS spectrophotometer at 665 nm against the
standard calibration curve. The amount of dye
adsorbed at time t, qt (in milligram per gram), and
dye adsorption percentage were calculated as follows:

qt ¼ Ci � Ctð ÞV=W ð1Þ

% Adsorption ¼ 100 Ci � Ctð Þ=Ci ð2Þ

where Ci is the initial MB concentration in the solution
(in milligrams per liter), Ct is the MB concentration in
the solution at time t (in milligrams per liter), V is
volume of the solution (in liters), and W is the amount
of adsorbent added (in grams).

Separate batch adsorption experiments were carried
out to investigate the effect of adsorbent dose and
initial solution pH on MB adsorption. The effect of
adsorbent dose was studied by equilibrating different
quantities of TSA (0.5, 1.0, 2.0, 5.0, 10.0, and
15.0 g L−1) with 10 mL of MB solution (concentra-
tion=50.4 mg L−1, pH 6.9) for a period of 180 min.
The effect of initial solution pH was investigated by
agitating 0.1 g TSA with 10 mL MB solution
(50.4 mg L−1) of different pH (2.08, 4.08, 6.02, 6.9,
and 7.93) for a period of 180min. The pH of dye solution
at a desired level was obtained by adding 0.1 M HCl or
0.1 M NaOH. The MB concentration in the equilibrium
solution was determined as per the procedure detailed
under kinetic study. All batch adsorption studies were
carried out at room temperature (27±1 °C).

2.3.2 Adsorption Equilibrium Experiments

Adsorption equilibrium experiments were carried
out by agitating 0.1 g of TSA with 50 mL MB
solution of different initial dye concentrations
( 3 0 . 4 , 5 0 . 4 , 1 0 8 . 4 , 1 6 0 . 2 , 1 8 3 . 0 , a n d
341.0 mg L−1) in a set of 150 mL of Erlenmeyer
flasks at 150 rpm over a time period of 180 min
which was determined sufficient from the earlier
explained kinetic study. Samples were centrifuged,
and the MB concentrations in samples were esti-
mated as per Section 2.3.1. The amount of dye

Water Air Soil Pollut (2013) 224:1582 Page 3 of 12, 1582



adsorbed (qe) at equilibrium (in milligram per
gram) was calculated as follows:

qe ¼ Ci � Ceð ÞV=W ð3Þ

where Ce is the MB concentration in the solution
at equilibrium (in milligrams per liter).

All experiments were carried out in triplicate, and
relative standard deviation was calculated. Only mean
values are reported (with relative standard deviation
<10 % for all measurements) for ease of presentation.
Adsorbate and TSA blanks were carried out simulta-
neously for all treatments as control to monitor
interference.

2.4 Adsorption Kinetics

The adsorption kinetics of MB by TSAwas investigated
by fitting the kinetic data to popularly used mathemat-
ical models, namely pseudo-first-order, pseudo-second-
order, and intra-particle diffusion models.

2.4.1 Pseudo-First-Order Model

The pseudo-first-order kinetic model, which has been
popularly used for determination of adsorption rate
based on the adsorption capacity, can be expressed in
linear form (Somasekhara Reddy et al. 2012; Zhang et
al. 2012; Feng et al. 2012) as follows:

log qe � qtð Þ ¼ log qe � k1=2:303ð Þ t ð4Þ

where qe and qt are the amount of dye adsorbed (in
milligrams per gram) at equilibrium and time t (in min-
ute), respectively, and k1 is the rate constant for the
pseudo-first-order model (per minute). The pseudo-
first-order rate constant, k1, can be calculated from the
slope of the linear plot of log (qe−qt) against t.

2.4.2 Pseudo-Second-Order Model

The pseudo-second-order kinetic model, which is
based on the assumption of chemisorptions by the
interaction between polar functional groups on the
sorbent surface and dyes, can be expressed in linear
form (Somasekhara Reddy et al. 2012; Zhang et al.
2012; Feng et al. 2012) as follows:

t=qt ¼ 1= k2qe
2

� �þ 1=qeð Þ t ð5Þ

where k2 is the pseudo-second-order rate constant (in
grams per milligram minute). qe and k2 can be calcu-
lated from the slope and intercept of the linear plot of
t/qt against t.

2.4.3 Intra-Particle Diffusion Model

Determination of the adsorption mechanism and partic-
ularly the rate-limiting stage has always been a point of
interest in adsorption kinetic studies to gain details of the
mechanism involved. To investigate the mechanism
involved in MB sorption onto TSA, kinetic data were
fitted to the widely used of intra-particle diffusion mod-
el, which can be expressed in linear form (Dawood and
Sen 2012; Somasekhara Reddy et al. 2012; Yagub et al.
2012; Sen et al. 2011) as follows:

qt ¼ kidt
0:5 þ C ð6Þ

where qt is the amount adsorbed at time t, t0.5 is the
square root of the time, kid (in milligrams per gram
minute0.5) is the rate constant of intra-particle diffusion,
and C reflects the boundary layer effect. The kid and C
can be determined from the slope and intercept of the
linear plot of qt against t

0.5.

2.5 Adsorption Isotherm

The adsorption equilibrium data were tested by four
isotherm models, namely the Freundlich, Langmuir,
Temkin, and Jovanoic isotherm.

Freundlich Isotherm The empirical Freundlich iso-
therm (Freundlich 1906), which assumes sorption onto
a heterogeneous surface, can be represented in a linear
form as follows:

log qe ¼ log Kf þ 1=nð Þ log Ce ð7Þ

where qe is the amount of dye adsorbed at equilibrium
(in milligrams per gram), and Ce is the dye concentra-
tion in solution at equilibrium (in milligrams per liter).
Kf and 1/n are Freundlich constants which indicate
capacity and heterogeneity factor. The value of 1/n
ranged from 0 to 1, and 1/n value closer to 1 indicates
high surface heterogeneity. The Kf and 1/n can be
calculated from the intercept and slope of the linear
plot of log qe against log Ce.
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Langmuir Isotherm The Langmuir isotherm (Lang-
muir 1918), which assumes monolayer adsorption on-
to a homogeneous surface with a finite number of
identical adsorption sites, can be represented in a
linear form as follows:

Ce=qe ¼ 1=kbþ Ce=b ð8Þ

where b is the maximum adsorption capacity, called
Langmuir maxima constant (in milligrams per gram),
and k (in liters per milligram) is the Langmuir bonding
energy coefficient. The k and b can be calculated from
the intercept and slope of the linear plot of Ce/qe
against Ce.

Temkin Isotherm The Temkin isotherm (Temkin and
Pyzhev 1940), which assumes that the heat of adsorp-
tion of all the molecules in the layer decreases linearly
with coverage due to adsorbent–adsorbate interactions
and characterized by a uniform distribution of binding
energies up to some maximum binding energy, can be
represented in a linear form as follows:

qe ¼ a þ b lnCe ð9Þ

where α and β are constants, representing adsorption
capacity and retention intensity of adsorption. The α
and β can be calculated from the intercept and slope of
the linear plot of qe against lnCe.

Jovanoic Isotherm The Jovanoic isotherm (Jovanovic
1969), which is based on the same assumptions of the
Langmuir isotherm, also considers the possibility of
some mechanical contacts between the adsorbing and
desorbing molecules on the homogeneous surface and
can be represented in a linear form as follows:

lnqe ¼ lnqm þ KJCe ð10Þ

where qm is the maximum amount adsorbed (in milli-
grams per gram) and KJ (in liters per milligram) is the
constant related to the energy of adsorption. The qm
and KJ can be calculated from the intercept and slope
of the linear plot of lnqe against Ce.

3 Results and Discussion

3.1 Physicochemical Properties of the Adsorbent
(TSA)

Physicochemical analysis showed that TSA contained
6.68 % organic carbon. The electrical conductivity of
TSA was 7.1 dSm−1, and pH was 11.16. The pHzpc of
TSAwas investigated to understand the adsorbent’s sur-
face charge property (Fig. 1). The pHzpc of TSA was
10.38. The nature of functional groups present in the
adsorbent’s surface is of immense importance to under-
stand the adsorption process. The FTIR spectroscopy has
been widely used to characterize functional groups pres-
ent in various adsorbents (Gupta et al. 2000; Hameed et
al. 2008; Yagub et al. 2012). Figure 2 shows the FTIR
spectrum of TSA. The FTIR spectrum shows several
peaks indicating the presence of various functional
groups which can help to understand the MB adsorption
process. The peak at 1,045 cm−1 represents Si-O asym-
metric stretching, and peaks in 700–800 cm−1 correspond
to Si-O symmetric vibrations. Peaks in the area 500–
650 cm−1 indicate silicate backbone of TSA. Peaks ob-
served at 873 and 1,440 cm−1 represent out-of-plane
bending vibration of carbonate (CO3

2−) and asymmetric
stretching vibration of carbonate (CO3

2−). Similar peaks
were observed in rice husk ash (Bhavornthanayod and
Rungrojchaipon 2009), bagasse fly ash (Gupta et al.
2000), and fly ash (Sarkar et al. 2006). The specific
surface area of TSAwas 40.01 m2 g−1.

3.2 Effect of Contact Time on MB Adsorption by TSA

The effect of contact time on MB adsorption was
investigated at a fixed adsorbent dose with MB

Fig. 1 Zero point charge determination of tobacco stem ash
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solution of known initial dye concentration, and re-
sults are depicted in Fig. 3. It shows that MB removal
was fast in the initial stage of adsorption process, and
nearly 48 % MB is sequestered within initial 15 min of
adsorption. In the beginning, the adsorption sites of
adsorbent were vacant. The moment they come in
contact with dye molecules, adsorption of MB initiates
with a fast rate as a result of diffusion process from the
bulk solution to the sites (Yagub et al. 2012). Howev-
er, the rate of adsorption decreased gradually with
increase in contact time, leading to the state of equi-
librium. It is very clear in Fig. 3 that adsorption
increased up to 120 min, and thereafter, increase in
MB adsorption was very less. Thus, in order to ensure
the state of equilibrium for MB adsorption, 180 min
was fixed as the time of equilibrium.

3.3 Effect of Adsorbent Dose on MB Adsorption
by TSA

Evaluating the effect of adsorbent dose gives a dual idea
about the effectiveness of an adsorbent and theminimum
dose of adsorbent to remove dye most economically
(Salleh et al. 2011). Figure 4 represents the effect of
adsorbent (TSA) dose on MB sequestration from a fixed
volume of MB solution of known initial concentration

(50.4 mg L−1). Percentage MB adsorption increased
from 18 to 75 % with increase in the adsorbent dose
from 0.5 to 10 g L−1 (Fig. 4), and thereafter, it showed
not much change. A TSA dose of 10 g L−1 was, there-
fore, used in other batch adsorption studies. At a fixed
volume of known initial dye concentration, the adsorbent
dose is of prime importance because a fixed amount of
adsorbent has fixed adsorption sites. Thus, it can absorb
only a fixed amount of dye from the dye solution. With

Fig. 2 FTIR spectra of tobacco stem ash

Fig. 3 Effect of contact time onMB adsorption onto tobacco stem
ash; volume of dye solution=10 mL, initial dye concentration=
50.4 mg L−1, temperature=27±1 °C, shaker speed=150 rpm,
tobacco stem ash dosage=0.1 g, initial solution pH=6.9
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increase in the adsorbent dose, the number of adsorption
sites increases, and consequently, more dye molecules
get adsorbed. However, qe (in milligram per gram) de-
creased from 1.83 to 0.38 mg g−1 with increase in the
dose of adsorbent from 0.5 to 10 g L−1. This could be
because of the split in the flux or the concentration
gradient between solute concentration in the solution
and the solute concentration on the surface of the adsor-
bent (Sen et al. 2011; Vadivelan and Kumar 2005). The
pH ofMB solution increased from its initial value of 6.90
to 10.66, 10.71, 10.90, 10.95, 11.10, and 11.17 due to the
addition of adsorbent at 0.5, 1.0, 2.0, 5.0, 10.0, and
15.0 g L−1, respectively. The rise in the pH of the final
solution with increase in adsorbent dose may be attrib-
uted to the fact that increase in negatively charged sites
with increasing adsorbent dose can induce adsorption of
moreH+ ions, thus resulting in an increase of solution pH
(Arias and Sen 2009; Yagub et al. 2012). Similar obser-
vations were reported for MB adsorption on pine cone
biomass (Sen et al. 2011), cypress cone chips (Fernandez
et al. 2010), sugarcane bagasse (Sharma and Kaur 2011),
and papaya leaf powder (Mukhlish et al. 2012).

3.4 Effect of Initial Solution pH on MB Adsorption
by TSA

The initial dye solution pH is a very important factor
which affects the dye removal efficiency of any adsor-
bent by influencing the degree of ionization of dye
molecules and the surface properties of adsorbent (Yagub
et al. 2012; Sen et al. 2011; Somasekhara Reddy et al.
2012). The initial solution pH as a factor influencingMB
adsorption onto TSAwas studied by varying pH of dye-
containing solution. Figure 5 depicts the changes in the

percentage MB adsorption for a fixed dose of adsorbent
at varying initial pH of dye solution. The percentage MB
adsorption increased from 60 to 81 % due to an increase
in the initial dye solution pH from 2.08 to 7.93, with the
magnitude of increase being larger at neutral to alkaline
pH range. The MB, being a cationic dye, gets adsorbed
onto the negatively charged adsorption sites of the adsor-
bent as a result of electrostatic attraction. Relatively low
adsorption of MB at the strongly acidic pH (2.08) can be
attributed partly to the competition between H+ ions and
cationic MBmolecules for the same adsorption sites, and
partly to a decrease in the negative charge density on the
adsorption sites owing to protonation of the adsorbent’s
surface. In contrast, the increased MB adsorption at the
initial solution pH of 4.08 and abovemay be ascribed to a
sharp rise in the solution pH beyond pHzpc of the adsor-
bent (10.38) as evidenced from the final solution pH
(Fig. 5). With the solution pH values above pHzpc of
adsorbent, the negative charge density on the adsorbent
surface increased and consequently resulted in greater
adsorption of cationic MB. Similar observations were
reported for MB adsorption on rice husk (Vadivelan
and Kumar 2005), on pine tree leaf (Yagub et al. 2012),
on sludge ash (Weng and Pan 2006), and on S. persica
stem ash (Bazrafshan et al. 2012).

3.5 Adsorption Kinetics

The pseudo-first-order and pseudo-second-order
models were used to understand the kinetic nature of
TSA-MB sorption system. The value of pseudo-first-
order rate constant (k1) and amount adsorbed at equi-
librium (qe) were calculated and presented in Table 1.
The experimental qe value is not in agreement with the
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Fig. 5 Effect of initial solution pH on MB adsorption onto
tobacco stem ash; volume of dye solution=10 mL, initial dye
concentration=50.4 mg L−1, temperature=27±1 °C, shaker
speed=150 rpm, tobacco stem ash dosage=0.1 g

Fig. 4 Effect of adsorbent (tobacco stem ash) dose on the adsorp-
tion of MB; initial dye concentration=50.4 mg L−1, temperature=
27±1 °C, shaker speed=150 rpm, initial solution pH=6.9
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calculated qe value from the pseudo-first-order model,
though the coefficient of determination value is more
than 0.97. These results suggest that the pseudo-first-
order kinetic model is not appropriate in describing
MB sequestration onto TSA. The pseudo-second-order
rate constant, k2, and amount adsorbed at equilibrium
(qe) were calculated from the slope and intercept of the
linear plot of t/qt against t (Fig. 6), and values are shown
in Table 1. The experimental qe value is in close agree-
ment with the calculated qe value from the pseudo-
second-order kinetic model, with corresponding very

high coefficient of determination (>0.99). It suggests
that MB adsorption kinetics onto TSA is better
explained by the pseudo-second-order model. The value
of pseudo-second-order rate constant, k2, for MB-TSA
system is 0.017 g mg−1 min−1 which is in agreement
with the values reported earlier for some MB
biosorbents (Vadivelan and Kumar 2005; Fernandez et
al. 2010; Sen et al. 2011).

3.5.1 Adsorption Mechanism

Identification of the rate-controlling stage has always
been a point of interest to understand the mechanism
of adsorption. Reported literature shows that transfer
of the dye molecules from the bulk solution to the
adsorbent surface is either through external mass
transfer (boundary layer diffusion) or intra-particle
diffusion or both (Dawood and Sen 2012; Yagub et
al. 2012). To investigate the mechanism involved in
MB sorption onto TSA, kinetic data were fitted to the
intra-particle diffusion model as per Eq. (6). The plot
of qt against t

0.5 is shown in Fig. 7. It is very clear that
adsorption plots are not linear over the whole time
frame and can be separated into multilinear regions
which confirm the multistages of adsorption (Kavitha
and Namasivayam 2007). The intra-particle diffusion
rate constant (kid) and C which indicate the boundary
layer effect can be determined from the slope and
intercept of the linear regression lines. The kid and C
values are presented in Table 1. If the linear regression
of qt versus t

0.5 passes through the origin (C=0), then
intra-particle diffusion is the sole rate-controlling step.

Table 1 Comparison of the pseudo-first-order, pseudo-second-
order, and intra-particle diffusion model parameters for methy-
lene blue adsorption onto tobacco stem ash (TSA)

Mathematical models Parameters Values

Pseudo-first-order kinetic model

k1 (min−1) 0.029

qe (mg g−1) calculated 2.67

qe (mg g−1) experimental 3.61

R2 0.971

Pseudo-second-order kinetic model

k2 (g mg−1 min−1) 0.017

qe (mg g−1) calculated 3.95

qe (mg g−1) experimental 3.61

R2 0.998

Intra-particle diffusion model

Kid 0.141

C 1.878

R2 0.937

Fig. 6 Pseudo-second-order kinetic model for MB adsorption
onto tobacco stem ash; volume of dye solution=10 mL, initial
dye concentration=50.4 mg L−1, temperature=27±1 °C, shaker
speed=150 rpm, tobacco stem ash dosage=0.1 g, initial solution
pH=6.9

Fig. 7 Intra-particle diffusion model for MB adsorption onto
tobacco stem ash; volume of dye solution=10 mL, initial dye
concentration=50.4 mg L−1, temperature=27±1 °C, shaker
speed=150 rpm, tobacco stem ash dosage=0.1 g, initial solution
pH=6.9
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Figure 5 and Table 1 clearly show that the regression
line does not pass through origin and C≠0. Thus,
intra-particle diffusion is not the only rate-controlling
step, and this finding is in agreement with some earlier
reports (Zhang et al. 2012; Sen et al. 2011). According
to the reported literature, fast adsorption in the initial
stage can be controlled by boundary layer and intra-
particle diffusion, while at the later stage, the slow
adsorption can be governed by intra-particle diffusion
(Marungrueng and Pavasant 2007).

3.6 Adsorption Isotherm

Adsorption equilibrium experiment indicates the adsor-
bate–adsorbent interaction and adsorption capacity of
adsorbent. Equilibrium is attained when the amount of
dye being adsorbed onto adsorbent is equal to the
amount being desorbed, and at that point, equilibrium
solution concentration remains constant. Figure 8 clearly
shows that, for a fixed dose of adsorbent at equilibrium,
the amount of dye adsorbed (qe) on TSA increases with
increase in initial dye concentration (Ci), while the per-
centage MB adsorption decreases. The reason is that,
with increase in the initial dye concentration, the driving
force for dye transfer from the solution to the adsorbent
increases and results in higher qe values. However, with
increase in the initial dye concentration, most of the
adsorption sites of adsorbent become occupied, and
availability of adsorption sites becomes limited which
results in a decrease in percent dye adsorption. This
indicates a monolayer nature of MB adsorption onto
TSA. To understand the adsorption equilibrium

behavior, four isotherms, namely the Freundlich,
Langmuir, Temkin, and Jovanoic isotherm models
were tested, and Table 2 summarizes the isotherm
parameter values. The best fitted model is selected
on the basis of coefficient of determination values,
and the order of isotherms is Langmuir (R2=0.974)
> Freundlich (R2=0.957) = Temkin (R2=0.957) >
Jovanoic (R2=0.764) isotherm. The best-fit Lang-
muir isotherm can be drawn by plotting Ce/qe
against Ce (Fig. 9). According to the Langmuir
isotherm, the maximum monolayer adsorption ca-
pacity (b) of TSA for MB was 35.7 mg g−1. Fur-
ther, the essential characteristic of the Langmuir
isotherm can be expressed in terms of a widely
used dimensionless factor called equilibrium pa-
rameter (RL), also known as the separation factor
(Sen et al. 2011; Somasekhara Reddy et al. 2012).
The RL factor can be calculated by the following
expression:

RL ¼ 1= 1þ kCið Þ ð11Þ
where k (in liters per milligram) is the Langmuir bond-
ing energy coefficient, and Ci is the highest initial dye
concentration (in milligrams per liter). The value of RL
indicates the feasibility of dye adsorption. The value of

Fig. 8 Effect of initial dye concentration on MB adsorption
onto tobacco stem ash: volume of dye solution=50 mL; initial
dye concentration Ci=30.4, 50.4, 108.4, 160.2, 183.0, and
341.0 mg L−1; temperature=27±1 °C; shaker speed=150 rpm;
tobacco stem ash dosage=0.1 g; initial solution pH=6.9

Table 2 Different adsorption isotherm model parameters for the
adsorption of methylene blue onto tobacco stem ash (TSA)

Mathematical models Parameters Values

Freundlich isotherm

Kf 4.52

1/n 0.345

R2 0.957

Langmuir isotherm

b (mg g−1) 35.7

k (L mg−1) 0.023

RL 0.111

R2 0.974

Temkin isotherm

α 5.8

β 6.31

R2 0.957

Jovanoic isotherm

q (mg g−1) 12.8

Kj

(L mg−1)
0.003

R2 0.764
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RL indicates either unfavorable (RL>1), linear (RL=1),
favorable (0<RL<1), or irreversible (RL=0) adsorption
system. The RL value at the highest initial dye concen-
tration has been calculated from the Langmuir isotherm,
and the value is 0.137 which indicates a favorable
(0<RL<1) system of adsorption.

3.6.1 Comparison of TSA with Some Previously
Reported Low-Cost Adsorbents

Table 3 represents a comparative evaluation among
some previously reported low-cost adsorbents including
agriculture/agro-industrial byproduct, carbon/activated
carbon products, and ash-based adsorbents with the
studied TSA. TheMB removal capacity of TSA is found
substantially superior than that of many reported low-
cost adsorbents. Therefore, TSA emerges as a potential
adsorbent to sequester MB from aqueous solutions.

4 Conclusion

The present study reveals that TSA is effective in MB
sequestration from aqueous solution. The equilibrium
contact time is 180 min. MB adsorption onto TSA is
pH-dependent, and adsorption increased with an in-
crease in the initial solution pH. The percentage MB
adsorption increases with an increase in adsorbent
dose, while showing a decrease with increasing initial
dye concentration. Adsorption kinetics is of pseudo-

Fig. 9 Langmuir equilibrium isotherm for MB adsorption onto
tobacco stem ash: volume of dye solution=50 mL; initial dye
concentration Ci = 30.4, 50.4, 108.4, 160.2, 183.0, and
341.0 mg L−1; temperature=27±1 °C; shaker speed=150 rpm;
tobacco stem ash dosage=0.1 g; initial solution pH=6.9

Table 3 Comparison of methylene blue adsorption capacities of different absorbents

Adsorbents pH Contact time Adsorption capacity
(mg g−1)

Reference

Agriculture/ agro-industrial by-products

Banana peel 7.2 24 h 20.8 Annadurai et al. 2002

Saw dust of oak – 180 min 29.94 Ferrero 2007

Neem sawdust 7.2 30 min 3.62 Khattri and Singh 2000

Beer brewery waste 7.0 24 h 4.92 Tsai et al. 2008

Carbon/activated carbons

Coir pith carbon 6.9 100 min 5.87 Kavitha and Namasivayam 2007

Apricot shell activated carbon 750 °C 7.0 24 h 4.11 Aygun et al. 2003

Walnut shell activated carbon 750 °C 7.0 24 h 3.53 Aygun et al. 2003

Ash-based products

Bagasse fly ash 8.0 24 h 75.53 Gupta et al. 2000

Rice hull ash – 150 min 50.51 Chen et al. 2012

Rice husk ash 7.2 60 min 6.9 Sarkar and Bandyopadhyay 2010

Fly ash – 100 h 6.40 Wang et al. 2005

Fly ash (sonochemically treated) 9.4 – 4.48 Wang and Zhu 2005

Fly ash (H2SO4 treated) – 72 h 0.785 Lin et al. 2008

Bio-sludge ash 9.83 72 h 1.87 Weng and Pan 2006

Salvadora persica stem ash 11.0 80 min 22.78 Bazrafshan et al. 2012

Tobacco stem ash (TSA) 6.9 180 min 35.7 Present study
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second-order nature. Intra-particle diffusion is not the
sole rate-controlling step. The Langmiur isotherm is
the best-fit model for the adsorption equilibrium, as
compared to the Freundlich, Temkin, and Jovanoic
isotherm. The maximum monolayer adsorption capac-
ity is 35.7 mg g−1. The dimensionless separation factor
(RL) indicates a favorable system for MB adsorption
onto TSA. This study demonstrates that TSA is a
potential adsorbent for MB and could be used as an
efficient, low-cost, and easily available adsorbent for
the treatment of dye-containing industrial wastewater.
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