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Abstract Removal of toxic pollutants from water and
wastewater is becoming an important process with the
increase of industrial activities. The present study focused
on assessing the suitability and efficiency of water bamboo
leaves (WBL) for the removal of cationic dye from aque-
ous solutions. The effect of different variables in the batch
method including solution pH (2-12), initial dye concen-
tration (50-250 mg Lfl), adsorbent dose (0.05-0.30 g),
contact time (5-180 min) and temperature (283-333 K) on
the dye removal was investigated. The adsorption kinetics
was discussed in view of four kinetics models. The results
showed that the pseudo-second-order kinetics model
described dye adsorption on WBL very well. The experi-
mental equilibrium data were also tested by four isotherm
models. It was found that adsorption of dye on WBL fitted
well with the Langmuir isotherm model, implying the
binding energy on the whole surface of the adsorbent was
uniform and the dye molecules onto the surface of the
adsorbent were monolayer coverage. Calculation of various
thermodynamic parameters of the adsorption process
indicated feasibility and exothermic nature of dye
adsorption.
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Introduction

Many manufacturing industries such as paper, plastics,
cosmetics, textile and food utilize dyes for colouring their
products. The discharge of effluents from these industries
contains large amount of dyes, not only damages the aes-
thetic nature of receiving water bodies, but also may be
toxic to aquatic life [1, 2]. Throughout world, 280,000 tons
of textile dyes are discharged with industrial effluents
every year [3]. To protect humans and the receiving
ecosystem from contamination, the dyes must be elimi-
nated from the dye containing wastewaters before being
released into the environment. Various physicochemical
and biological techniques have been employed to remove
dyes from waste water, such as membrane separation
process, coagulation/flocculation, adsorption, ion-ex-
change, chemical oxidation, electrochemical and biological
treatment including bacterial and fungal biosorption,
biodegradation in aerobic or anaerobic conditions. The
technical and economical feasibility of each technique is
determined by several factors such as dye type, waste water
composition, operation costs and generated water products.
All of these methods have their own advantages and dis-
advantages [4, 5].

Adsorption is the method for separation of mixtures on a
laboratory and industrial scale where it is a surface phe-
nomenon that can be defined as the increase in concen-
tration of a particular component at the interface between
two phases. Adsorption has been found to be superior to
other techniques in terms of flexibility and simplicity of
design, initial cost, insensitivity to toxic pollutants and ease
of operation. Adsorption also does not produce harmful
substances [6]. However, low-cost adsorbents with high
adsorption capacities are still under development to reduce
the adsorbent dosage and minimize disposal problems.
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Much attention has recently been focused on various low
cost, easy obtainable and biodegradable adsorbent materi-
als such as bones and shells wastes that can be obtained in
large quantities and that are harmless to nature [7].

Agricultural wastes are lignocellulosic materials that
consist of three main structural components which are
cellulose, hemicelluloses and lignin. These components
contribute mass and have high molecular weights. Ligno-
cellulosic materials also contain extractive structural
components which have a smaller molecular size [8].
Agricultural wastes are renewable, available in large
amounts and less expensive as compared to other materials
used as adsorbents. In addition, agricultural wastes are
usually used without or with a minimum of processing
(washing, drying, grinding) and thus reduce production
costs by using a cheap raw material and eliminating energy
costs associated with thermal treatment [9]. So a number of
inexpensive and abundant agro-waste materials such as
garlic peel [10], wheat shell [11], cereal chaff [12],
hazelnut shell [13], pomelo peel [14], broad bean peel [15],
coffee husk [16], peanut hull [17], Luffa cylindrical fibers
[18], and orange peel [19] have been used to remove dyes
from waste water in recent years.

Water bamboo (Zizania latifolia) belongs to perennial
herbaceous water plant. As a special crop in Jiangnan area
of China, water bamboo contributes to a variety of deli-
cious food for our table. However, water bamboo leaves
(WBL) become agricultural waste material, which have no
economic value and create potential environmental prob-
lems. Although direct open burning in fields is a common
option for disposal, but this alternative causes serious air
pollution. As part of endeavor to develop the natural fuel
resources, the increase in lignocellulosic wastes has led to
the interest in converting these wastes into useful energetic
products [20, 21]. Because WBL is insoluble in water, has
chemical stability and high mechanical strength. It also
contains abundant floristic fiber, and some functional
groups such as carboxyl, hydroxyl and amidogen, etc.,
representing a favorable characteristic of WBL to be a
potential adsorbent material. Such use of water bamboo
wastes is undoubtedly beneficial, providing a natural
adsorbent and decreasing the amount of agricultural
wastes. Therefore, a study had been carried out on the
possibility of using these wastes as alternative adsorbents
for removal of heavy metal ion from aqueous solutions,
which formed the motivation of this present study [22].

The aim of the present study was to investigate the dye
adsorption potential of water bamboo leaves (WBL) for
cationic dye methylene blue (MB) removal from aqueous
solutions in batch system. The study included an evaluation
of the effects of various operational parameters such as
solution pH, initial concentration of the dye, adsorbent
dose, contact time and temperature on the dye adsorption

process. The adsorption kinetic models, equilibrium iso-
therm models, and thermodynamic parameters related with
the process were also performed and reported.

Materials and Methods
Adsorbent and Adsorbate

Water bamboo leaves (WBL) used in this study was the
wastes obtained from the local vegetable market in Zhen-
jiang, China. The samples were washed with tap water,
distilled water, filtered out and dried in an oven at 50 °C
for 48 h. The dried sample was mechanically crushed and
sieved to obtain a particle size between 0 and 355 um. The
prepared WBL samples were stored in a desiccator for
further use. No other chemical or physical treatments were
used prior to adsorption experiments.

Methylene blue (MB) supplied by Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China) was taken as the model
adsorbate and used as received without further purification.
The formula of MB is C;¢H;3CIN3S-3H,0 and its molec-
ular weight is 373.9. Distilled water was used for preparing
all solutions. Stock solutions of the test reagent were made
by dissolving MB in doubly distilled water.

The concentration of the MB was determined at 666 nm
using a Shimadzu UV-2550 spectrophotometer. A pH
meter (model PHSJ-4F, Shanghai REX, China) was used to
determine the pH of the solution. The surface morpho-
logical structure of the WBL was observed using scanning
electron microscopy (S-3400N) under an acceleration
voltage of 15 kV. The surface functional groups of WBL
were detected by a Fourier transform infrared spectroscopy
(FTIR, NEXUS 670 spectrometer) using the KBr method
in a wave number range of 4000-400 cm ™"

Batch Adsorption Experiments

The adsorption of MB on the WBL was investigated in
batch mode adsorption experiments. All batch adsorption
experiments were carried out by adding a fixed amount of
WBL into a series of 100 mL conical flasks filled with
50 mL diluted solutions at a known initial concentration
(50-250 mg L") with adjusted pH. The solution pH was
adjusted with 0.1 mol L™' HCI and 0.1 mol L~' NaOH
solutions. The conical flasks were then sealed and placed in
a water-bath shaker and shaken at 100 rpm with a required
time at different temperatures. The influence of solution pH
(2-12), initial dye concentration (50-250 mg L), adsor-
bent dose (0.05-0.30 g), temperature (283-333 K), and
contact time (5-180 min) were evaluated during the pre-
sent study. The flasks were then removed from the shaker,
and 2-10 mL samples were drawn at each experiment. The
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samples were then centrifuged for 15 min at 3000 rpm and
the left out concentration in the supernatant solution were
analyzed at 666 nm using a Shimadzu UV-2550 spec-
trophotometer. Percentage of dye removal was calculated
using the following equation:

% MB Removal = (Co—C;)/Co x 100 (1)

where Cy (mg L_l) and C, (mg L_l) are dye concentration
initially and at time ¢, respectively.

Batch Kinetic and Equilibrium Studies

In an adsorption study, it is necessary to fit the equilibrium
adsorption data using different adsorption isotherm models
and kinetic equations in order to analyze and design an
adsorption process. Therefore, batch kinetic and equilib-
rium studies were also investigated in batch mode
adsorption experiments. For adsorption kinetic experi-
ments, the amount of MB adsorbed at time ¢ (g, (mg gfl))
was calculated by following equation:

g = (Co—C)V/W (2)

where C, (mg L™") is the initial dye concentration, C,
(mg L™') the dye concentration at any time #, V (L) the
volume of the solution and m (g) is the mass of the
adsorbent.

The procedures of equilibrium experiments were iden-
tical with those of kinetic tests. Equilibrium adsorption
capacity was calculated from the following equation:

ge = (Co—C)V/W (3)

where ¢, (mg g~ ") is the equilibrium adsorption capacity,
C, (mg L_l) is the dye concentration at equilibrium,
V (L) is the volume of solution and W (g) is the weight of
adsorbent.

Results and Discussion
Adsorbent Characterization

SEM analysis is a useful tool for the analysis of the surface
morphology of an adsorbent. Figure 1 showed the SEM
micrographs of WBL sample at different magnifications. The
micrographs in Fig. 1 showed convex structure on the surface
of WBL and many pores and cavities of various dimensions in
the internal of WBL. Furthermore, the surface and internal
structures of the adsorbent were highly heterogeneous, which
provided a large exposed area for the adsorption of MB and
indicated that there was a good possibility for the dye mole-
cules to be trapped and adsorbed onto the WBL.

The FTIR technique is an important tool to identify
functional groups, which are capable of adsorbing dyes.

@ Springer

The FTIR spectra of WBL before and after adsorption of
MB dye in the range of 4000—400 cm™! were taken to
obtain information on the nature of functional groups at the
surface of the adsorbent. The spectra presented in Fig. 2
showed broad and strong absorption peaks around
3400 cm ™', which was due to vibration of the hydroxyl
group linked in cellulose and lignin and adsorbed water.
The peak observed at 2922 cm™' was assigned to the
stretching vibration of C-H bond in methyl group. The
peaks located at 1639 cm™' were characteristics of car-
bonyl group stretching. The peak around 1384 cm™' was
due to bending vibration of C—H of methyl group. The C-O
stretching band at 1261 cm™" also confirmed the lignin
structure of the adsorbents. The peak around 1100 cm ™'
was due to C—O—C stretching of cellulose present in WBL.
Characteristic changes were observed in the FTIR spec-
trum of WBL after adsorption of MB dye. The results
indicated that the intensity of most peaks decreased and
some peaks were shifted or disappeared. These changes
observed in the spectrum indicated the possible involve-
ment of these functional groups on the surface of the WBL
in the adsorption process.

Effect of Solution pH

The pH of the aqueous solution has been recognized as one
of the most important factors influencing any adsorption
process [7]. The pH of the solution affects not only the
surface charge of the adsorbents, the degree of ionization
of the pollutants present in the solution and the dissociation
of functional groups on the active sites of the adsorbent,
but also the solution dye chemistry [23]. As the pH
increases, it is usually expected that the cationic dye
adsorption also increases due to increasing of the negative
surface charge of adsorbents.

In this study, the initial pH of the MB solution was
adjusted between pH values about 2.0 and 12.0 by adding
various concentrations of HCI or NaOH. The variation of
MB adsorption with the pH value of MB solution was
studied at an initial MB concentration of 100 mg L™" using
adsorbent dosage 0.1 g at 10 °C for 1 h. The effect of pH
on the adsorption of MB by WBL was shown in Fig. 3. It
could be seen that adsorption of MB was strongly pH-
dependent. The adsorption amount of dye increased nota-
bly with raising the pH from about 2.0 to 5.0. Above these
levels, the adsorption amount did not change significantly
up to pH 11.0. The maximum adsorption amount took
place at about pH 10.42, and percent of adsorption of dye
was 84.59 %. As well known, MB is a cationic dye, which
exists in aqueous solution in the form of positively charged
ions. As a charged species, the degree of its adsorption onto
the adsorbent surface is primarily influenced by the surface
charge on the adsorbent, which in turn is influenced by the
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Fig. 1 SEM micrograph of
WBL at different magnifications
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Fig. 2 FTIR spectra of WBL (a) before and (b) after the adsorption
of MB
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Fig. 3 Effect of pH on adsorption of MB by WBL (initial MB
concentration = 100 mg L', adsorbent dose = 0.1 g, contact
time = 1 h, temp. = 283 K)

solution pH. At low pH values, the protonation of the
functional groups present on the adsorbent surface easily
takes place, and thereby restrict the approach of positively
charged dye cations to the surface of the adsorbent

100um

resulting in low adsorption of dye in acidic solution. With
decrease in acidity of the solution, the functional groups on
the adsorbent surface become deprotonated resulting in an
increase in the negative charge density on the adsorbent
surface and facilitate the binding of dye cations. The
increase in dye adsorption amount at higher pH may also
be attributed to the reduction of H* ions which compete
with dye cations at lower pH for appropriate sites on the
adsorbent surface. However with increasing pH, this
competition weakens and dye cations replace H' ions
bound to the adsorbent surface resulting in increased dye
adsorption [24].

Effect of Initial Dye Concentration

The amount of adsorption for dye removal is highly
dependent on the initial dye concentration. The effect of
initial dye concentration depends on the immediate relation
between the concentration of the dye and the available sites
on an adsorbent surface. In general, the percentage of dye
removal decreases with an increase in the initial dye con-
centration, which may be due to the saturation of adsorp-
tion sites on the adsorbent surface. On the other hand, the
increase in initial dye concentration will cause an increase
in the capacity of the adsorbent and this may be due to the
high driving force for mass transfer at a high initial dye
concentration [11].

Figure 4 showed the effect of initial MB concentration
on the adsorption of MB using WBL. It was found that the
amount of adsorption rised with increasing MB concen-
tration from 50 to 250 mg L™, but its increasing rate
declined gradually. On the other hand, the percent of
adsorption reduced significantly. It could be explained that
the adsorbent for a given amount of the adsorbent had a
limited number of active sites, which became saturated at a
certain concentration. This indicated that the adsorption
capacity would increase with the increase of initial dye
concentration, which mainly due to the rise in the mass
transfer from the concentration gradient. However, the
concentration would inversely impact on the adsorption
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Fig. 4 Effect of initial dye concentration on adsorption of MB by
WBL (pH = 6.75, adsorbent dose = 0.1 g, contact time = 12 h,
temp. = 283 K)

frequency because of the limited adsorption sites available
for the adsorption of cationic dye.

Effect of Adsorbent Dose

Adsorbent dosage is another important process parameter
to determine the capacity of an adsorbent at the operating
conditions. Generally the percentage of dye removal
increases with increasing adsorbent dosage, where the
quantity of adsorption sites at the surface of adsorbent will
increase by increasing the amount of the adsorbent. The
effect of adsorbent dosage gives an idea for the ability of a
dye adsorption to be adsorbed with the smallest amount of
adsorbent, so as to recognize the capability of a dye
adsorption from an economical point of view [7].

The effect of WBL dosages on the adsorption of MB
was analyzed and shown in Fig. 5. Amount of adsorbent

was varied from 0.05 to 0.30 g and equilibrated for 12 h at
an initial MB dye concentration of 120 mg L™". The per-
cent of adsorption increased rapidly with increasing dosage
from 0.05 to 0.15 g and then reached a plateau of up to
about 93 % at the dosage above 0.15 g. However, unilat-
erally increasing the adsorbent dosage led to a monotonic
decrease of the adsorption capacity and thus to a waste of
adsorbent.

Effect of Temperature

To study the effect of temperature on the adsorption of MB
dye adsorption by WBL, the experiments were carried out
at temperatures of 10, 20, 30, 40, 50 and 60 °C at an initial
MB dye concentration of 100 mg L™". Figure 6 showed
the influence of temperature on the adsorption of MB dye
onto WBL. As observed, the percent of adsorption and the
amount of adsorption MB onto WBL both decreased with
increasing temperature. The results indicated that the lower
temperature increased surface activity and the adsorption
between MB and WBL was an exothermic process. This
means the lower temperature was in favor of adsorption.
Similar types of results for the MB adsorption at various
temperatures have been reported for different adsorption
systems [25-27].

Effect of Contact Time

One of the most important parameters that significantly
describe adsorbent characteristics is contact time. There-
fore,the effect of contact time on the adsorption of MB was
investigated. Figure 7 showed the adsorption of MB by
WBL as a function of contact time at different initial
concentrations. It was seen that the adsorption of MB
increased rapidly with rise in contact time up to 60 min,
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but its increasing rate declined gradually. Then it reached a
plateau at the contact time above 60 min. Further increase
in contact time did not enhance the adsorption greatly.
Initially, the rate of adsorption was rapid due to the
adsorption of dye molecules onto the exterior surface. After
that the molecules enter into pores (interior surface), a
relatively slow process. The initial faster rates of adsorp-
tion might also be attributed to the presence of large
number of binding sites for adsorption and the slower
adsorption rates at the end was due to the saturation of the
binding sites and attainment of equilibrium.

Adsorption Kinetics Study

Adsorption kinetics is one of the most important charac-
teristics which govern the solute adsorption rate. It repre-
sents the adsorption efficiency of the adsorbent and,
therefore, determines its potential applications. Several
adsorption kinetic models have been established to
describe the reaction order of adsorption systems based on
dye solution concentration. These include pseudo-first-
order model, pseudo-second-order model, Weber and
Morris adsorption kinetic model, first-order reversible
reaction model, external mass transfer model, first-order
equation of Bhattacharya and Venkobachar, Elovich’s
model and Ritchies’s equation [28]. However, the pseudo-
first-order and pseudo-second-order kinetic models are the
most well-liked model to study the adsorption kinetics of
dyes and have been widely used in the kinetic study of dye
adsorption using various kinds of adsorbent materials. By
acknowledging their wide application and usefulness in
adsorption studies, the pseudo-first-order model, the
pseudo-second-order kinetic model, the Elovich model,
and the intraparticle diffusion model were used to study the
kinetics of MB adsorption onto WBL in the present study.

The pseudo-first-order model is represented by the fol-
lowing equation [29, 30]:

log(qe — q:) = log g, — (k1 /2.303)t 4)

where ¢, (mg g~ ") is the amount of MB adsorbed per unit
mass of adsorbent at equilibrium, ¢, (mg g~ ') is the amount
of MB adsorbed per unit mass of adsorbent at any time
¢ (min) and k, (min~') is the first-order rate constant
adsorption. Values of k; and equilibrium adsorption density
q. were calculated from the plots of log(g, — ¢q,) versus
t for different initial concentrations of MB.

The pseudo-second-order kinetic model can be expres-
sed as follows [30, 31]:

t/qr = 1/(kaq}) +1/ge (5)

where ky (g mg{1 min~!) is the rate constant for the

pseudo-second-order adsorption kinetics. Values of k, and
q. for different initial concentrations of MB were calcu-
lated from the slope and intercept of the linear plot of #/g,
versus .

The k, values, the correlation coefficients R?, and the-
oretical and experimental equilibrium adsorption capacity
g. were given in Table 1. The R* values in Table 1 sug-
gested that adsorption of MB onto WBL did not follow
pseudo-first-order kinetics. In addition, the theoretical and
experimental equilibrium adsorption capacities, g, obtained
from these plots varied widely, confirming that the pseudo-
first-order model was not appropriate for describing the
adsorption kinetics of MB onto WBL. On the contrary, the
kinetic data showed excellent fit to the pseudo-second-
order equation at all initial MB concentrations studied. The
plot of /g, against ¢ at different initial MB concentrations
was shown in Fig. 8. The pseudo-second-order rate con-
stant k,, the calculated ¢, values and the corresponding
linear regression correlation coefficients values R* were
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Table 1 Kinetic parameters for

. Kinetic model
adsorption of MB onto water

Paramaters

Dye concentration (mg LY

bamboo leaves 50 100 120
Experiment value Geexp (MG g’l) 22.63 42.50 44.90
Pseudo-first-order Gecar (MG gfl) 3.69 10.43 13.56

ky (min~") 0.0286 0.0223 0.0303
R? 0.8832 0.9316 0.9743
Pseudo-second-order Gecar (MG gfl) 22.84 42.96 45.72
k (g mg™" min™") 0.0253 0.00714 0.00652
h (mg g~ min™") 13.20 13.18 13.63
R? 0.9999 0.9999 0.9999
Intraparticle diffusion Intercept C 17.83 28.46 29.29
kg (mg g~ min~%%) 0.4273 1.208 1.382
R? 0.7098 0.7104 0.6993
Elovich o (mg g~ min~") 61,322.4 880.2 495.1
B (gmg™") 0.6798 0.2403 0.2094
R? 0.9084 0.9102 0.9041

also given in Table 1. From Table 1, it was evident that the
calculated g, values agreed with experimental ¢, values
well, and also, the correlation coefficients for the pseudo-
second-order kinetic plots at all the studied initial MB
concentrations were higher (R* = 0.9999 > 0.99). It could
thus be easily concluded that the ongoing reaction pro-
ceeded via a pseudo-second-order mechanism rather than a
pseudo-first-order mechanism.

In addition, the initial adsorption rate, & (mg g~ ' min™")
at different initial MB concentrations was calculated using
Eq. (6) from the pseudo-second-order kinetic parameters
[24], and were given in Table 1.

h=kaq’

1

(6)

9 T T T T T T T T T T
84| m 50mg/L R’=0.9999
2] | ® 100mg/L R*=0.9999
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Fig. 8 Pseudo-second-order kinetics plot for adsorption of MB at

different initial concentration using WBL
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It could be seen in Table 1 that, the value of h was
hardly increasing with increase in the initial MB
concentrations.

The time required for the WBL to adsorption half of the
amount adsorbed at equilibrium is the half-adsorption time
of the dye. It is often considered as a measure of the rate of
adsorption. So the adsorption data were further analyzed
using the intraparticle diffusion model. The intraparticle
diffusion model based on the theory proposed by Weber
and Morris is represented by the following equation [32,
33]:

g = kqt'* + C (7)

where C (mg g~ ") is the intercept and k, (mg g~ " min~%?)

is the intraparticle diffusion rate constant. Value of k, was
obtained from the slope of the linear plot of ¢, versus 1°~.
The R? values in Table 1 suggested that adsorption of MB
onto WBL did not follow intraparticle diffusion kinetics. In
fact, the plots for adsorption of MB on WBL at different
initial MB concentrations were multimodal with three
distinct regions. The initial curved region was attributed to
the external surface adsorption in which the adsorbate
diffused through the solution to the external surface of the
adsorbent. The second stage related the gradual adsorption
reflecting intraparticle diffusion as the rate limiting step.
The final plateau region was referred to the gradual
adsorption stage and the final equilibrium stage, in which
the intraparticle diffusion started to slow down and level
out. The present finding implied that although intraparticle
diffusion was involved in the adsorption process, but it was
not the sole rate-controlling step and that some other
mechanisms also played an important role. In addition,
values of intercept C gave an idea about the thickness of
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the boundary layer. The larger intercept indicated the
greater the boundary layer effect [33]. The C values
increased with the initial dye concentrations which indi-
cated the increasing of the initial dye concentrations pro-
moted the boundary layer diffusion effect.

The kinetic data was further fitted to the Elovich equa-
tion. The Elovich equation assumes that the solid surface
active sites are heterogeneous in nature and therefore,
exhibits different activation energies for chemisorptions.
The Elovich kinetic model can be expressed as follows [34,
351

q: = 1/PIn(af) +1/B1nt (8)

The Elovich plot (g, vs. In f) at different initial MB con-
centrations can be plotted using relevant data. The values
of the coefficients o and f were listed in Table 1. The
correlation coefficients (R?) determined from these plots
reveal basically a linear characteristic. In Elovich model, o
is related to rate of chemisorption (initial adsorption rate)
and f is related to surface coverage (desorption constant).
With the increase in initial MB concentrations, the con-
stants o and f decreased showing that both the rate of
chemisorption and the available adsorption surface would
decrease.

Adsorption Equilibrium Study

The analysis of an adsorption process depends on the
equilibrium relationship between the adsorbate concentra-
tion in the liquid phase and that on the adsorbent’s surface
at a given condition, called an isotherm. An isotherm is a
thermodynamic basis of an adsorption separation processes
and determines the extent to which a material can be
adsorbed onto a particular surface [36]. Generally, some
simple information about adsorption equilibrium can be
obtained by plotting adsorption isotherm (g, vs. C,). In the
Fig. 9a, it is clear that equilibrium adsorption capacity g,
increases with the increase of equilibrium concentration C,
and tends to achieve saturation value gradually. What’s
more, a variety of isotherm models has been developed to
describe equilibrium relationships. The parameters
obtained from the different models provide important
information on the surface properties of the adsorbent and
its affinity to the adsorbate. However, no single model is
universally applicable. All models involve assumptions
which may or may not be valid in particular cases. In the
present study, the Langmuir, Freundlich, Dubinin—
Radushkevich and Tempkin isotherms are applied to study
the adsorption process of MB onto WBL.

The Langmuir isotherm is based on the assumption that
the adsorption process takes place at specific homogeneous
sites within the adsorbent surface and that once a dye
molecule occupies a site, no further adsorption can take

place at that site, which concludes that the adsorption
process is monolayer in nature. The Langmuir isotherm is
expressed as [37, 38]:

C C, L 1

©)

qe dm KLQm
where C, (mg L™") is the equilibrium concentration, ¢,
(mg g~ ') the amount of adsorbate adsorbed per unit mass
of adsorbate, and ¢, (mg gfl) and K; (L mgfl) are the
Langmuir constants related to adsorption capacity and rate
of adsorption, respectively. Plot of C./q. versus C, was
linear shown in Fig. 9b. The isotherm showed good fit to
the experimental data with high correlation coefficients
(R* = 0.9996), indicating that the adsorption of MB on
WBL followed the Langmuir isotherm. The Langmuir
isotherm constants K; and ¢,, were calculated from the
slope and intercept of the plot between C,/q. and C,, and
the results were shown in Table 2. The maximum dye
adsorption capacity of WBL was found to be
54.17 mg g~ .

The essential characteristics of Langmuir isotherm can
be expressed by a dimensionless constant called equilib-
rium parameter Ry, defined by [39]:

1

Ry =
1+ K.Cy

(10)
where K; (L mg_l) is the Langmuir constant and C
(mg L") is the highest dye concentration. The value of Ry
indicates the type of the isotherm to be either unfavorable
(Ry > 1), linear (R = 1), favorable (0 < Ry < 1) or irre-
versible (R = 0). Values of Ry were found to be 0.025
confirmed that the WBL was favorable for adsorption of
MB dye under studied conditions.

The data was further analyzed by the linearized form of
Freundlich isotherm model. The Freundlich isotherm
assumes that adsorption process occurs on heterogeneous
surfaces and the capacity of adsorption is related to the
concentration of MB at the equilibrium [40]. The Fre-
undlich equation is expressed as follows [41]:

1
Ing.=InKr +-InC, (11)
n

where ¢, (mg g~ ') is the amount of adsorption, Ky
(mg g~ ') is the Freundlich constant related to adsorption
capacity and 1/n is a constant related to energy or intensity
of adsorption. This gives an expression encompassing the
surface heterogeneity and the exponential distribution of
activated sites and their energies. This isotherm dose not
predict any saturation of the adsorbent surface. The Fre-
undlich exponents K and 1/n could be determined from
the linear plot of In g, versus In C,. The values of the
Freundlich constants Kr and n were 18.48 and 4.36,
respectively shown in Table 2. The slope 1/n ranging
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Fig. 9 Adsorption isotherm of MB on WBL (a) and the Langmuir model fitting for the adsorption of MB (b)
Table 2 Isotherm constant Langmuir Freundlich
parameters and correlation
coefficients calculated for the g (mg g1 K, (L mg™") R? Kr(mg g") (L mg "™ n R2
adsorption of MB onto WBL
54.17 0.156 0.9996 18.48 4.36 0.8555
Dubinin—Radushkevich Tempkin
gm(mgg™  B(mol*kI™?) x 10° E & mol™) R? Kr(Lmg™") By R?
47.70 4.18 0.35 0.8961 4.61 8.48 0.9213
between 0 and 1 was a measure of adsorption intensity or
\ p y E=1 / V2B (14)
surface heterogeneous, becoming more heterogeneous as

its value got closer to zero. In addition, the value of 1/n less
than 1 also represented a favorable adsorption.

The Dubinin—Radushkevich (D-R) model, which does
not assume a homogeneous surface or a constant adsorption
potential as the Langmuir model, is further used to test the
experimental data. The linear form of Dubinin-
Radushkevich isotherm equation can be expressed as [42]:

(12)
(13)

where g,, (mg g~') is the maximum adsorption capacity, 8
(mol® kJ %) is a constant related to the adsorption energy, &
is the Polanyi potential, R is the gas constant
(8314 Y mol ' K1), and T is temperature (K). The values
of constant ¢,, and f determined from the linear plot of In
g. versus &> were shown in Table 2. The D-R isotherm
model constant f§ gives an idea about the mean free energy
E (kJ mol ") of adsorption per mole of the adsorbate which
in turn can give information about the type of adsorption
mechanism. E can be calculated using the relationship [43]:

In ge =Ing,, — ﬂgz
e=RTIn(1+1/C,)

@ Springer

If the magnitude of E is between 8 and 16 kJ mol ™}, the
adsorption process is supposed to proceed via chemisorp-
tion, while for values of £ < 8 kJ mol_l, the adsorption
process is of physical nature. The estimated value of E for
the present study was found in the range expected for
physical adsorption.

The Temkin equation was also fitted to the experimental
data. Temkin isotherm assumes that the fall in the heat of
adsorption is linear rather than logarithmic, as implied in
the Freundlich equation, and its equation is given as [44,
45]:

qe :BTanT—f—BTlnCe

(15)

where By = RT/b, b (J mol™!) is the Temkin constant
related to heat of sorption, T is the absolute temperature in
K7, R the universal gas constant, 8.314 J mol ™! Kil, Kr
the equilibrium binding constant (L mg~') corresponding
to the maximum binding energy and By is related to the
heat of adsorption. The constants K7 and By determined
from the intercept and slope of the plot between g, and In
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C, were shown in Table 2. The small value of the Temkin
constant By for WBL suggested that adsorption of MB on
this adsorbent was favorable and designated the process to
be physiosorption.

The correlation coefficient (Rz) values of the four iso-
therms were also listed in Table 2. Based on the R” values,
the applicability of the isotherms was compared. It could
be concluded that the adsorption of MB onto WBL, best
fitted to the Langmuir isotherm equation. The fitness of the
adsorption data to the Langmuir isotherm implied that the
binding energy on the whole surface of the adsorbent was
uniform. It also indicated that the adsorbed dye molecules
did not interact or compete with each other and that they
were adsorbed by forming a monolayer. It can be con-
cluded that WBL is an excellent adsorbent for MB.

Thermodynamic Study

Thermodynamic consideration of an adsorption process is
necessary to conclude whether the process is spontaneous
or not. The Gibbs free energy change is a critical factor for
determining the spontaneity of a process and can be com-
puted by the classical Van’t Hoff equation [46]:

AG" = —RT InK¢ (16)

where AG" is the standard free energy change (J mol™'), T
the absolute temperature (K) and R gas constant
(8.314 T mol™' K™"). K¢ is the distribution coefficient for
adsorption defined as:

T T T T T T T T T

InKc=1957.4x1/T-5.8
R’=0.9692

—
(=]
1

0.8 1

0.4 1

0.2 1

3.1 32 3?3 3?4 35 I 3.6
(1/T)x10’

Fig. 10 The Gibb’s free energy change versus temperature plot of for
the adsorption of MB using WBL

Kc = g— (17)

According to thermodynamics, the Gibbs free energy
change is also related to the enthalpy change as well as
change in standard entropy according to the following
equation:

AG° = AH® — TAS° (18)

where AH® is enthalpy change (J mol™'), AS° entropy
change (J mol™' K™ ).
From Egs. (16) to (18), it follows that
0

IHKC:—WZ—ARLT—F% (]9)
The plot of In K. against 1/T shown in Fig. 10 yielded a
straight line, from which AH° and AS° could be calculated
from the slope and intercept, respectively. Once these two
parameters were obtained, AG® was determined from
Eq. (18). The thermodynamic parameters obtained at var-
ious temperatures investigated for 100 mg L™' MB con-
centrations were represented in Table 3. The negative
values of free energy AG at all temperatures indicated the
spontaneous nature and the feasibility of the adsorption
process. Increase in value of AG® with increase in tem-
perature suggested that at lower temperature the adsorption
was easier. The negative value of standard energy change
AH° implied that the adsorption was exothermic in nature.
Moreover, the negative value of AS° reflected the
decreased randomness at the solid/solution interface sug-
gested that the process was enthalpy driven during the
adsorption of MB on WBL. This was the normal conse-
quence of the physical adsorption phenomenon, which took
place through electrostatic interactions.

Conclusions

The present study showed that water bamboo leaves could
be used as an adsorbent for removal of MB from aqueous
solutions. The adsorption characteristics of MB in aqueous
solution were shown to be influenced by several factors.
Dynamic modeling analysis revealed that the adsorption
data showed good agreement with the pseudo-second-order
kinetic model for different dye concentration. The equi-
librium process was better described by the Langmuir
isotherm model than other models with maximum sorption
capacity of 54.17 mg g~ ', implying the binding energy on

Table 3 Thermodynamic AG® (kJ mol™ ") AHC (kJ mol™") AS° (F mol™' K1)
parameters for the adsorption of
MB onto WBL 283 K 293 K 303K 313K 323 K

—2.39 —2.18 —1.63 —-0.92 —0.57 —-16.27 —48.64
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the whole surface of the adsorbent was uniform and the dye
molecules onto the surface of the adsorbent were mono-
layer coverage. And through the thermodynamics analysis,
it was found that the adsorption process was spontaneous
and exothermic in nature. Taking into consideration all the
above obtained results, it can be concluded that WBL can
be an alternative economic material to more costly adsor-
bents used for dye removal in wastewater treatment
processes.
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