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ABSTRACT

Eichhornia charcoal is modified with sodium dodecyl sulfate (SDS) is an anionic surfactant
being employed as an adsorbent for the removal of dye crystal violet from aqueous solu-
tions. Morphology and surface of the adsorbent were characterized by elemental analysis,
Boehm titrations, point of zero charge measurements, Brunauer, Emmett, Teller, scanning
electron microscope, FTIR and XRD techniques. Batch adsorption experiments were con-
ducted to evaluate the effect of contact time, pH, initial dye concentration, temperature,
adsorbent dose, and salt (NaCl) concentration. Adsorption mechanism of the dye for the
adsorbent has been monitored through different kinetics and adsorption isotherm models.
Positive value of change in entropy (ΔS) and change in enthalpy (ΔH) insinuated that
adsorption process occurs with increase in randomness and endothermic, whereas negative
values of free energy change (ΔG) signifies the spontaneous nature of the present system. It
was alluded that kinetics followed a pseudo-second-order equation. On the basis of the
Langmuir analysis, the maximum adsorption capacity was determined as 116.3 mg of dye
per gram of adsorbent. Therefore, Eichhornia crassipes, a waste, modified by anionic surfac-
tant was suitable to be used as an effective adsorbent for cationic dye removal.

Keywords: Crystal violet; Eichhornia crassipes; Sodium dodecyl sulfate; Adsorption; Kinetics;
Thermodynamics

1. Introduction

Large quantities of dyes are used in different
industries. It is estimated that about 10–15% of the
dyes utilized in these industries are discharged into
wastewater streams [1]. Contamination of water
caused by organic pollutants is very dangerous due to
their various side effects and carcinogenic nature [2].
Basic dyes used by the textile industry are the bright-
est class of soluble dyes. Their tinctorial value is very
high: less than 1 ppm of the dye produces an obvious
coloration [3]. However, cationic dyes are more toxic
than anionic dyes [4]. Color removal from textile

wastewater is of major environmental concern because
the discharge of colored wastewater into bodies of
water can trigger many significant problems, including
increasing toxicity and decreasing light penetration.

Various methods of dye/color removal, including
aerobic and anaerobic microbial degradation, coagula-
tion, chemical oxidation, membrane separation,
electrochemical treatment, filtration, flocculation, soft-
ening, hydrogen peroxide catalysis, and reverse osmo-
sis have been proposed from time to time [5–7].
Adsorption is generally considered to be an effective
method for dye removal, and the most widely
used adsorbent is activated carbon. However, it
suffers from high cost of production and regeneration
[8]. Various types of materials were, therefore,*Corresponding author.
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investigated as the possible alternatives, such as waste
apricot, coconut shell, dairy sludge, bamboo grass,
peat, orange peels, pea nut hulls, rice husk, ground
nut shells charcoal and bagasse, jack fruit peels, date
stone, and palm tree waste [9–21].

In this study, Eichhornia crassipes are used as an
adsorbent, as it is available in plenty and people have
been trying to remove the plant from many water-
ways, spending billions of dollars in doing so. This
study involves the use of Eichhornia charcoal (EC)
modified by anionic surfactant sodium dodecyl sulfate
(SDS) for the removal of cationic dye crystal violet
(CV) from aqueous solutions.

CV is also known as basic violet 3, gentian violet,
and methyl violet 10B and it belongs to the class of tri-
aryl methane dyes. It is well-known dye and has been
used for various purposes such as a biological stain, a
dermatological agent, a veterinary medicine, an addi-
tive to poultry feed to inhibit propagation of mold,
intestinal parasites and fungus [22]. It is also exten-
sively used in textile dying and paper coloration. It is
a mutagen and mitotic poison [23]. The dye is respon-
sible for causing moderate eye irritation, causing pain-
ful sensitization to light. It can cause permanent injury
to the cornea and conjunctiva since the product con-
tains a cationic dye and such dyes have been reported
to cause toxicity to mammalian cells [24]. It may be
absorbed in harmful amounts through the skin and
cause skin irritation and digestive tract irritation. In
extreme cases, it may lead to respiratory and kidney
failure and permanent blindness [25]. Therefore, there
are both environmental and health concerns on this
particular dye. Hence, the removal of dye CV from
aqueous solutions using surfactant modified Eichhor-
nia charcoal (EC-SDS) has been investigated. Biosorp-
tion was carried out in the batch process including
number of variables such as pH, concentration of the
dye, biosorbent load, time, temperature, and ionic
effect. Kinetic, equilibrium, and thermodynamic stud-
ies have also been conducted.

2. Materials and methods

2.1. Adsorbate

CV used in this study was of commercial quality
(CI 42555, MF: C25H30N3Cl, MW: 407.98, λmax:
580 nm). Its IUPAC name is N-[4-[bis [4-dimethyl-
amino)-phenyl]-methylene]-2, 5-cyclohexadien-1-yli-
dine]-N methyl methanaminium chloride. Structure of
the dye used in this study is given in Fig. 1. Stock
solution (1,000 mg L−1) was prepared by dissolving
accurately weighed quantity of the dye in double-
distilled water. Experimental dye solution of different

concentrations was prepared by diluting the stock
solution with suitable volume of double-distilled
water. The initial solution pH was adjusted using
0.1 M HCl and 0.1 M NaOH solutions.

2.2. Adsorbent

Eichhornia leaves were collected from a pond at
Ram Tirath Road, Amritsar (India). Eichhornia is avail-
able in plenty in India and also considered as one of the
worst weed in the world. E. crassipes (Water hyacinth) is
a free-floating aquatic plant well known for its produc-
tion abilities. Collected material was washed several
times with normal tap water followed by distilled water
to eliminate earthy matter and all the soil particles. It
were dried in the sun for two weeks and then in oven at
60˚C for 12 h. EC was prepared in a very economical
way by burning the cleaned material in the muffle fur-
nace at 600˚C at the rate of 10˚C per minute for 2 h.
Charcoal was sieved through sieves having mesh num-
ber 270 to remove coarse particles, and the correspond-
ing particle size of 53 μmwas obtained [26].

An anionic surfactant, sodium dodecyl sulfate (SDS,
NaC12H25SO4), 99% pure purchased from Sigma was
used to modify the surface of EC. 30 g EC was kept in
100 mL of 10−2 M SDS solution for overnight with
constant stirring at room temperature. The material
(EC-SDS) was separated from the mixture by filtration,
washed with distilled water, and dried at 100˚C for 6 h.
SDS modification covered the EC surface with negative
charges and increased electrochemical interaction
between dye molecules and the EC surfaces; therefore,
increases the adsorption capacity.

2.3. Characterization techniques

FTIR spectra of the samples were recorded in a
Perkin Elmer FTIR spectrophotometer in the range of
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Fig. 1. Structure of dye CV.
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400–4,000 cm−1 taking KBr as the reference. Surface
morphology was studied by scanning electron micros-
copy (Carl Zeiss Supra 55), equipped with EDX ana-
lyzer. The SEM analysis was carried out by gold
sputtering process. The materials are further character-
ized by using the X-ray diffraction in the scanning
mode on an XRD 7000 (Shimadzu, Japan) analytical
instrument operated at 40 KV and a current of 30 mA
with Cu-Kα radiation (λ = 1.5406 Å). A Quantasorb
Model QS-7 surface analyzer was used to calculate the
surface area of the adsorbent particles.

The pH of zero point charge (pHzpc) plays an
important role in the adsorption process. The pHzpc of
adsorbent EC-SDS was determined by the reported
method [27]. For this purpose, 50 mL of a 0.01 M
sodium chloride (NaCl) solution was placed in a 100-
mL Erlenmeyer flask. The pH was then adjusted to
successive initial values between 2 and 12, by using
either sodium hydroxide or hydrogen chloride (0.1 N),
and 0.15 g of adsorbent was added to the solution.
After a contact time of 24 h, the final pH was mea-
sured and plotted against the initial pH. The pH at
which the curve crosses the line pH (final) = pH (ini-
tial) is taken as the pHzpc. The pH of the EC-SDS was
also measured in distilled water suspension. Surface
chemistry was determined using Boehm titration
methods [28]. Different batches of 100 mg EC-SDS
were brought into contact with 50 mL solutions of
0.01 M NaHCO3, 0.01 M Na2CO3, 0.01 M NaOH, and
0.01 M HCl. The mixtures were retained in a mechani-
cal agitator at 100 rpm and 25˚C for 24 h. Then, the
aliquots were back-titrated with either 0.01 M HCl for
acidic groups or 0.01 M NaOH for basic groups. Neu-
tralization points were observed using two universal
pH indicators, that is, phenolphthalein for the titration
of strong base with strong acid, and methyl red for
weak base with strong acid. The amount of each func-
tional group was calculated with assumptions that
NaHCO3 neutralizes only carboxylic groups, Na2CO3

neutralizes carboxylic and lactonic groups, and NaOH
neutralizes carboxylic, lactonic and phenolic groups,
while HCl neutralizes basic groups [28].

2.4. Batch adsorption experiment

The batch adsorption experiments were conducted
by taking 50 mL of dye solution with 50 mg of EC-
SDS. For each test, the mixture was agitated at
150 rpm in a rotary Metrex water bath orbital shaker.
Solutions were withdrawn at different time intervals
and filtered using Whatman filter paper. The superna-
tants were used for dye concentration analysis. All the
dye adsorption experiments were conducted in
triplicate, and the average values were recorded. The

amount of dye adsorbed (qt) per unit EC-SDS (mg dye
per g adsorbent) was calculated according to a mass
balance on the dye concentration using equation qt =V
(Co − Ct)/m, where Co is the initial dye concentration
(mg L−1), Ct is the dye concentration in solution
(mg L−1) at time t, V is the volume of the solution (L),
and m is the mass of the adsorbent (g). The percent
removal (%) of dye was calculated using the equation:

% removal ¼ ½ðCo � CeÞ=Co� � 100

where Ce is the equilibrium concentration (mg L−1).

2.5. Effect of adsorption parameters

To examine the effect of temperature, adsorption
experiments were conducted at 30, 40, and 50˚C,
respectively. The influence of the initial pH was
observed by adjusting the pH value of the dye solu-
tions to 2, 4, 6, 8, 10, and 12 by using 0.5 M HCl or
0.5 M NaOH prior to the experiments. Sodium chlo-
ride was used to investigate the effect of salt on
adsorption process.

3. Results and discussion

3.1. Characterization of adsorbent EC-SDS

The element analysis of EC-SDS shows 33% carbon,
2.7% nitrogen, 1.93% ydrogen and no sulfur contents.
Total basic groups and total functionalized groups
obtained by Boehm titration are 0.005 and 0.009 mM g−1,
respectively. The value of pHzpc and pH for EC-SDS is
7.95 and 8 respectively. The Brunauer–Emmett–Teller
(BET) surface area, total pore volume: and molecular
cross sectional area was 68.77 m2 g−1, 0.0346 m g−1,
and 0.162 nm2, respectively. The particle size of
EC-SDS was found to be in the range of 0.47–1.5 μm.
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Fig. 2. FTIR spectra of adsorbent EC-SDS and dye loaded
EC-SDS.
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The sharp peak in the X-ray diffraction study of
EC-SDS indicates the crystalline nature of the material.
It is seen that there is no significant difference for
XRD profiles of EC-SDS and CV-EC-SDS (figure not
shown), but dye-loaded EC-SDS sample presents
higher intensity of diffraction peaks. The results sug-
gested that the dye-loaded EC-SDS is not inducing
bulk phase changes.

The adsorbent EC-SDS was also characterized
using the Fourier transform infra-red spectrophotome-
ter before and after the adsorption of CV (Fig. 2). The
adsorbent EC-SDS shows major peaks at 3,420, 1,609,
1,421, 1,031, and 780 cm−1, respectively. The peak
around 3,420 and 3,349 cm−1 represented the O–H
stretching vibration that shows the presence of free
hydroxyl group on the surface of EC-SDS. This vibra-
tion corresponded to inter- and intra-molecular hydro-
gen bonding among the constituents of biomass.
Region in between 1,475 and 1,600 is due to C=C (aro-
matic), and 1,350–1,000 cm−1 for C–N stretching. After
adsorption, CV-loaded EC-SDS the intensity of the
peaks get shifted toward low-frequency and low-
intensity region.

3.2. SEM study

The morphology of adsorbent EC-SDS was studied
using a scanning electron microscope (SEM). The
scanning electron micrographs enable the direct obser-
vation of the surface microstructures of the adsorbent
material. Fig. 3 illustrated that adsorbent EC-SDS has
considerable numbers of pores, and hence, there is a
good possibility for dye to be trapped and adsorbed
into these pores.

3.3. Effect of contact time and initial concentration

Contact time and initial concentration of adsorbate
species have significant effect on adsorption and are

important parameters for economical wastewater treat-
ment application. Results reflected that dye removal
increases with increase in contact time. Adsorption of
dye was rapid for first 10 min; thereafter, it continued
at a slower rate and finally reached equilibrium as a
result of saturation of EC-SDS surface sites. It is also
clear from Fig. 4 that the graphs are single and
smooth, indicating monolayer coverage of the adsor-
bent surface by CV. The contact time decreases with
increase in temperature. The increase in adsorption
with increasing temperature indicates the endothermic
nature of the dye adsorption onto adsorbent EC-SDS.
Fig. 5 revealed that percentage removal increases with
decrease in the initial concentration of dye CV on all
the studied temperatures. At lower concentrations, all
dye molecules present in the solution interact with the
binding sites of the biosorbent, facilitating about 94%
biosorption. However, all biosorbents have a limited
number of binding sites, which become saturated at a
certain concentration. Hence, at higher concentrations,
more dye molecules are left unadsorbed in the solu-
tion due to the saturation of binding sites resulting in
decreased biosorption efficiency. Similar results were
reported by other workers also [25].

Fig. 3. SEM of EC-SDS and dye loaded EC-SDS.
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Fig. 4. Effects of contact time and temperature on percent-
age dye removal (adsorbent dose = 1 g L−1, Co=20 mg L−1,
pH = 8).
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3.4. Effect of pH

The pH is the most important factor affecting the
nature of the surface charge of the adsorbent, ioniza-
tion of dye, and the extent and rate of adsorption
capacity. The change of adsorption as a function of
pH is shown in Fig. 6 at an initial concentration 20
mg L−1 and adsorbent dose 1 g L−1. The pH of the
adsorbent in aqueous solution was found to be 7.95
and zero point charge (pHZPC) of EC-SDS was 8.00.
With increase in pH from 2 to 10, removal efficiency
increases from 85 to 98.3%. It is attributed to the

electrostatic attraction between the negatively charged
adsorption site and the positively charged dye mole-
cules. At lower pH, the H+ ions will compete with
dye cations causing decrease in the adsorption.

3.5. Effect of adsorbent dose

Fig. 7 denotes the influence of EC-SDS on the
adsorption of CV while keeping initial concentration
and pH constant. It is seen that with increase in the
amount of the adsorbent the dye removal decreases. It
is to be ascribed to higher concentration of SDS leads
to the formation of surfactant micelles in which dye is
incorporated, thus preventing the dye being adsorbed
onto the adsorbent surface hence adsorption
decreases. Similar results were reported by other
researchers [29].

3.6. Effect of salt

Most dye wastewater contains salts, and adsorp-
tion was found to be influenced by the concentration
and nature of these ionic species [30]. Fig. 8 illustrates
the effect of NaCl on the adsorption of dye CV on EC-
SDS. Theoretically, when the electrostatic forces
between the adsorbent surface and adsorbate ions are
attractive, an increase in ionic strength will decrease
the adsorption capacity. The facilitation for dyes
adsorption in the presence of salts in aqueous solution
could be produced by two mechanisms [31,32]. One is
the addition of salts resulting in the dimerization of
dyes in solution and rendering the molecule volume
both smaller and more hydrophobic, which is favor-
able for adsorption process. With the addition of
NaCl, the intermolecular forces between dye mole-
cules, such as van der Waals forces, ion-dipole forces
and dipole–dipole forces increase, and consequently,
the repulsion forces among the negatively charged
functional groups of dyes decrease, which results in
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Fig. 5. Effect of initial concentration of dye CV on percent-
age dye removal by EC-SDS (adsorbent dose = 1 g L−1,
pH=8, equilibrium time 100 min).
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the dimerization of dyes in solution [31]. Furthermore,
the other mechanism is the increase in ionic strength
causing the compression of the diffuse double layer
on the adsorbent, which facilitates the electrostatic
attraction and contributes to the adsorption conse-
quently [32].

3.7. Kinetics study

To clarify the adsorption process, several adsorption
models considered are Lagergren’s pseudo-first-order
and pseudo-second-order kinetic model, intra-particle
diffusion, Elovich and Bangham’s model.

3.7.1. Pseudo-first-order equation

This equation is expressed as

log ðqe � qtÞ ¼ log qe �
kf

2:303
t (1)

where qe (mg g−1) and qt (mg g−1) are the
adsorption capacity at equilibrium and at time t,
respectively, kf (min−1) is the rate constant of
pseudo-first-order adsorption model. Plot of log (qe
− qt) vs. t (not shown) gives a straight line and val-
ues kf and R2 are obtained (Table 1). The first-order
kinetics is considered to be valid if values of qe from
the intercept of the Lagergren plot and from experi-
ments are comparable. In this study, the value of qe
(calculated) obtained by first-order model does not
match with the experimental value (qe, experimental),
so there is the need of pseudo-second-order kinetic
model.

3.7.2. Pseudo-second-order

Lagergren equation is given as follows:

t

qt
¼ 1

ksq2e
þ 1

qe
t (2)

where ks is the rate constant of pseudo-second-order
adsorption (g mg−1 min−1). Table 1 contained the val-
ues of rate constant (ks), the equilibrium adsorption
capacity (qe), and the correlation coefficients (R2). The
linear regression correlation coefficient reached to
0.999 for the pseudo-second-order kinetic model.
Moreover, the calculated equilibrium adsorption
amount (qe,cal) was also much closer to the experimen-
tal values. (qe,exp) in the pseudo-second-order kinetic

model. Therefore, it has been concluded that the
pseudo-second-order adsorption model is more suit-
able for describing the adsorption kinetics of CV on
EC-SDS.

3.7.3. An intraparticle diffusion model

Based on the theory proposed by Weber and Mor-
ris [33] was employed to identify the diffusion mecha-
nism. The effect of intra particle diffusion resistance
on adsorption can be evaluated by the following equa-
tion:

qt ¼ kid t
1=2 þ C (3)

where kid is the rate constant of intra particle diffusion
(mg g−1 min−0.5), and C gives the information regard-
ing the thickness of boundary layer. Values of kid and
correlation coefficient are listed in Table 1. Adsorption
process comply with two phases: the initial curved
portion of the plot was due to surface adsorption and
rapid external diffusion, indicating a boundary layer
effect while the second linear portion was due to

Table 1
Values of kinetic parameters for the adsorption of CV onto
EC-SDS at various temperatures (adsorbent dose = 1g L−1,
Co=20mg L−1, pH = 8, equilibrium time = 100 min)

Temperature (K)

Equations Parameters 303 313 323

Pseudo
first order

qe exp (mg g−1) 18.41 18.59 18.99

qe cal (mg g−1) 3.14 2.26 3.15
kf (min−1) 0.037 0.042 0.049
R2 0.92 0.98 0.94

Pseudo-
second-order

qe exp (mg g−1) 18.41 18.59 18.99

qe cal (mg g−1) 18.76 18.86 19.19
ks (g mg−1 min−1) 0.0248 0.0387 0.0398
R2 0.99 0.99 0.99

Intra-particle
diffusion

kid(mg g−1 min−0.5) 0.283 0.288 0.292

C(mg g−1) 15.77 16.26 16.61
R2 0.99 0.98 0.97

Elovich a 5.88 ×
107

1.55 ×
1010

4.29 ×
1010

b 1.23 1.52 1.55
R2 0.97 0.98 0.99

Bangham ko(g) 60.02 67.26 74.89
α 0.16 0.15 0.14
R2 0.96 0.98 0.99
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intraparticle diffusion [34]. The linear portion of the
curves does not pass through the origin suggesting
that the mechanism of CV removal on EC-SDS is com-
plex and both the surface adsorption and intraparticle
diffusion contributes to the adsorption process.

3.7.4. Elovich model

This model is a general application of chemisorp-
tions kinetics, assumes that the active sites of
adsorbents are heterogeneous and exhibit different
activation energies for the adsorption of organic
compounds [35]. Elovich model is expressed by the
following equation;

qt ¼ 1

b
lnðabÞ þ 1

b
lnt (4)

where a and b are constants. The constant a is
considered as the initial sorption rate (mg g−1 min−1),
and b is related to the extent of surface coverage and
activation energy for chemisorptions (g mg−1). The
values of these constant with their correlation
coefficient (R2) are presented in Table 1.

Kinetic data were further costumed to know about
the slow step occurring in the present adsorption
system using Bangham’s equation [36].

Log log ðCo=ðCo � qtmÞÞ ¼ log ðkom=2:303VÞ þ alog t (5)

where Co is the initial concentration of dye in solution
(mg L−1). V is the volume of the solution (mL), m is
the weight of adsorbent per liter of solution (g L−1). qt
(mg g−1) is amount of dye adsorbed at time t and α
(<1) and ko are constants and are accommodated in
Table 1. Linear plot (Log log (Co/Co − qtm) vs. log t)
demonstrated that the diffusion of adsorbate into
pores of adsorbents is not the only rate-controlling
step [37].

3.8. Rate expression and treatment of data

For wastewater treatment, the rate at which
dissolved organic substances are removed from dilute
aqueous solutions by solid adsorbents is an extremely
significant aspect and the mechanism of the involved
process also plays an equally important role. Thus, to
identify whether the rate determining step of the
enduring process is particle diffusion or film diffusion,
the mathematical treatment prescribed by Boyd et al.
[38] and Richenberg [39] was applied and various
parameters were calculated by using the following
equations:

F ¼ 1� 6

P2
expð�BtÞ (6)

where F is the fractional attainment of equilibrium at
time t, and Bt is a mathematical function of F. The F is
acquired as F = qt/qe, where qt (mg g−1) and qe (mg g−1)
are amounts adsorbed after time t and at equilibrium
time, respectively. Substituting F into Eq. (6), the
kinetic expression becomes:

Bt ¼ �0:4977� lnð1� qt
qe
Þ (7)

From the plot of Bt vs. time (Fig. 9), the process
was classified as a film diffusion or particle diffu-
sion-controlled mechanism. If a plot of Bt vs. t is a
straight line passing through the origin, then adsorp-
tion will be governed by a particle-diffusion mecha-
nism, otherwise governed by film diffusion [8]. It is
necessary to point out here that film diffusion is
observed when external transport of the ingoing ions
is greater than internal transport, where as particle
diffusion governs the rate, when external transport
is less than internal transport [25]. Fig. 9, (Bt vs.
time) gives straight lines not passing through the
origin at all temperatures, suggesting that the rate-
determining process is film diffusion.

3.9. Adsorption isotherm

Adsorption isotherms provide important models
in the description of adsorption behavior, indicating
the interaction of the adsorbate with adsorbents and
variation of adsorption uptakes with adsorbate con-
centrations at given pH and temperature. Sorption
equilibrium studies at different temperatures (30, 40,
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Fig. 9. Correlationship of Bt vs. time (min) on the adsorp-
tion of CV onto EC-SDS at different temperatures (EC-SDS
dose=1 g L−1, Co = 20 mg L−1, pH=8.0).
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50˚C) were conducted by batch technique. Relation
between the amount of dye adsorbed by a unit
weight of adsorbent and remaining concentration of
the dye in the solution is described by various
forms of adsorption isotherms [40]. In this study,
Langmuir, Freundlich and Tempkin, non-ideal
competitive adsorption (NICA) model and Dubinin–
Radushkevich isotherms were employed to investi-
gate the adsorption behavior of dye CV onto
EC-SDS.

3.9.1. Langmuir isotherm model

This model is proposed by Langmuir is based
on the assumption that adsorption occurs at specific
homogenous sites within the adsorbent. It explains
monolayer adsorption which lies on the fact that
the adsorbent has a finite capacity for the adsor-
bate,that is, at equilibrium; a saturation point is
attained where no further adsorption can occur.
The linear equation this model is represented as
follows:

Ce

qe

¼ Ce

Cm
þ 1

KLCm
(8)

where qe is the amount of dye adsorbed per unit
weight of adsorbent (mg g−1), Ce is the equilibrium
concentration of dye in the bulk solution (mg L−1), Cm

is the monolayer adsorption capacity (mg g−1), and KL

is Langmuir constant. Basically, it is the reciprocal
value of the concentration at which half the saturation
of the adsorbent is reached. Maximum adsorption
capacity (Cm) was found to be 116.3 mg g−1 (Table 2),
and it is quite high in comparison with EC without
modification [41].

The essential characteristic of a Langmuir iso-
therm can be expressed in terms of a dimensionless
constant separation factor, RL. The Langmuir adsorp-
tion constant KL (L mg−1) can be used to determine
a dimensionless separation factor RL, defined by the
equation, RL = 1/(1+KLCo), where Co is the initial
concentration (mg L−1). The value of parameter RL

indicates the nature of the adsorption process [42]
(1) RL>1 for unfavorable adsorption, (2) RL = 1 for
linear adsorption, (3) 0<RL<1 for favorable adsorp-
tion, and (4) RL=0 for irreversible adsorption. RL

value decreased with the increase in Co. The value
of RL at temperatures 30, 40, and 50˚C were found
to be 0.22, 0.21, and 0.20, respectively. Values of RL

are greater than zero and less than unity, allluded
that Langmuir isotherm is favorable for adsorption
of CV on EC-SDS.

3.9.2. Freundlich isotherm

It assumes heterogeneous surface energy for which
the energy term in the Langmuir equation varies as a
function of surface coverage. The well-known logarith-
mic form of the Freundlich isotherm is expressed by
the following equation:

log qe ¼ logKF þ 1

n
logCe (9)

KF is the Freundlich adsorption constant related to the
adsorption capacity of the adsorbent (mg1−1/n L1/n g−1)
and n, a dimensionless constant, which can be used to
explain the extent of adsorption and the adsorption
intensity between the solute concentration and adsor-
bent, respectively. The values of KF and n obtained
from the slope and intercept of the linear plot of log qe
vs. log Ce (figure not shown) are given in Table 2. The
larger value of KF with increase in temperature sug-
gests enhanced adsorption at high temperatures and
indication of the endothermic nature of the adsorption
process.

3.9.3. Tempkin and Pyzhev

Tempkin and Pyzhev [43] considered the effects of
indirect adsorbate–adsorbate interactions on adsorption
isotherms. They reported that the heat of adsorption of

Table 2
Isotherm constants for adsorption of CV onto EC-SDS at
different temperatures (adsorbent dose = 1 g L−1, Co =
20 mg L−1, pH = 8, equilibrium time = 100 min)

Equations Parameters
Temperature (K)

303 313 323

Langmuir KL (L mg−1) 0.178 0.186 0.193
Cm (mg g−1) 88.49 92.59 116.27
R2 0.95 0.96 0.99
KF (mg g−1)
(L mg−1)1/n

13.26 14.42 19.02

Freundlich n 1.14 1.12 1.09
R2 0.99 0.99 0.99
KT(L mg−1) 4.40 4.79 6.33
B1 9.21 9.44 9.66

Tempkin R2 0.98 0.97 0.97
N 1.06 0.99 0.99
KG (mg L−1) 5.65 5.39 5.18

Hill R2 0.99 0.99 0.99
Dubinin–

Radushkevich
qs(mg g−1) 20.98 21.14 22.03

E (kJ M−1) 2.23 2.23 2.5
R2 0.97 0.98 0.96

1964 S. Kaur et al. / Desalination and Water Treatment 53 (2015) 1957–1969



all the molecules on the adsorbent surface layer would
decrease linearly with coverage due to adsorbate–
adsorbate interactions. The linear form of this isotherm
can be given by

qe ¼ B1 lnKT þ B1 lnCe (10)

KT and B1 are the Tempkin isotherm constants. The
constant B1 is related to the heat of adsorption. A plot
of qe vs. ln Ce enables one to determine the constants
KT and B1. These constants are included in Table 2.
Increasing trend of value of B1 indicates the endother-
mic nature of adsorption process.

3.9.4. NICA model

The model assumes that adsorption is a coopera-
tive phenomenon, with the ligand-binding ability at
one site on the macromolecule, may influence different
binding sites on the same macromolecule [44,45].

The linear form of the Hill equation is:

lnððqmax=qeÞ � 1Þ ¼ lnKG �N lnCe (11)

where KG is the saturation constant (mg L−1), N is the
Hill cooperativity coefficient of the binding interaction,
N>1, positive cooperativity in binding, N=1,
noncooperative or hyperbolic binding, N<1, negative
cooperativity in binding. qmax is the maximum adsorp-
tion capacity of the adsorbent (mg g−1). qe (mg g−1)
and Ce (mg L−1) are the equilibrium dye concentra-
tions in the solid and liquid phase, respectively. The
values of KG and N are represented in Table 2. The
value of N in this study is near to unity reflects non
cooperative binding of adsorbent with adsorbate. The
value of saturation constant (KG) also decreases with
increase in temperature that reveals the speedy
saturation at higher temperature.

3.9.5. The D-R isotherm equation

This is more general than the Langmuir isotherm
because it does not assume a homogeneous surface or
constant adsorption potential. It was applied to distin-
guish between the physical and chemical adsorption
of dye [46]. The linear form of the Dubinin-Radushke-
vich isotherm can be given as

ln qe ¼ ln qs � B�2 (12)

where qs is D–R constant and can be correlated as

� ¼ RT lnð1þ 1=CeÞ (13)

where qs is the maximum amount of adsorbate that
can be adsorbed on adsorbent, the constant B gives
the mean free energy E of sorption per molecule of
sorbate when it is transferred to the surface of the
solid from the bulk solution and can be computed
using the following relationship:

E ¼ 1=ð2BÞ1=2 (14)

The calculated D–R constant are provided in Table 2.
Mean adsorption energy calculated from D–R
isotherm gives an idea about the chemisorptions or
physisorption. For E < 8 kJ M−1, physisorption control
the adsorption mechanism, while a value between 8
and 16 kJ M−1indicates involvement of chemisorptions
process. Value of E for this study was found to be less
than 8 kJ M−1, suggesting that physisorption is
responsible for the present adsorption process.

3.10. Error analysis

Applicability of the isotherm equations was com-
pared by judging the correlation coefficients and the
error analysis. Five different error functions were
employed in this study to find out the most suitable
isotherm model to represent the experimental data.

3.10.1. The sum of the squares of the errors

This error function, sum of the squares of the
errors (SSE), is given as:

SSE ¼
Xn
i¼1

ðqe;calc � qe;expÞ2i (15)

Here, qe,cal and qe,exp are, respectively, the calculated
and the experimental value of the equilibrium adsor-
bate solid concentration in the solid phase (mg g−1)
and n is the number of data points. This is the most
commonly used error function [47].

3.10.2. The sum of the absolute errors (SAE)

SAE is given as follows:

SAE ¼
Xn
i¼1

ðjqe;calc � qe;expjÞi (16)
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Isotherm parameters determined using the sum of the
absolute errors (SAE) method provides a better fit as
the magnitude of the errors increases, biasing the fit
toward the high concentration data [47].

3.10.3. The average relative error

Average relative error (ARE) is given as:

ARE ¼ 100

n

Xn
i¼1

qe;calc � qe;exp
qe;exp

����
����
i

(17)

The ARE function attempts to minimize the fractional
error distribution across the entire concentration range
[48].

3.10.4. The hybrid fractional error function

The hybrid fractional error function (HYBRID) is
given as follows:

HYBRID ¼ 100

n� p

Xn
i¼1

qe;calc � qe;exp
qe;exp

� �
(18)

This error function was developed [49] to improve the
fit of the ARE method at low concentration values.
Instead of n as used in ARE, the sum of the fractional
errors is divided by (n − p), where p is the number of
parameters in the isotherm equation.

3.10.5. Marquardt’s percent standard deviation

Marquardt’s percent standard deviation (MPSD)
[50] has been used by a number of researchers in the
field to test the adequacy and accuracy of the model
fit with the experimental data. It has somewhat
similarity to the geometric mean error distribution,
but modified by incorporating the number of degrees
of freedom. This error function is given as follows:

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� p

Xn
i¼1

ðqe;exp � qe;calcÞ
qe;exp

� �2

i

vuut (19)

Table 3 shows that values of these errors for the five
isotherm model employed for the study.

3.11. Activation parameters

Pseudo-second-order rate constant ks was used to
calculate the activation energy Ea for biosorption of
CV by EC-SDS using the Arrhenius equation [42]:

ln ks ¼ lnA� Ea

RT
(20)

where ks is the pseudo-second-order rate constant, A
is the Arrhenius constant, Ea is the activation energy
(kJ M−1), R is the gas constant (8.314 J M−1 K−1) and T
is the temperature (K). The value of Ea (19.41 kJ M−1)
was obtained from the slope of linear plot of ln ks vs.
1/T. The magnitude of activation energy gives an idea
about the type of adsorption which is mainly physical
or chemical. Low activation energies (<40 kJ M−1) are
characteristics for physical adsorption, while higher
activation energies (>40 kJ M−1) suggest chemical
adsorption. The activation energy obtained for the
adsorption of CV onto EC-SDS indicates that the
adsorption process is physical in nature.

The Eyring equation was used to calculate the stan-
dard enthalpy (ΔH#), and entropy of activation (ΔS#)
[51]:

ln
ks
T
¼ ln

kB
h
þ�S 6¼

R
��H 6¼

RT
(21)

where ks is the pseudo-second-order rate constant, kB
is the Boltzman constant (1.3807 × 10−23 J K−1), h is the
Plank constant (6.6261 × 10−34 Js), R is the gas constant
(8.314 J M−1 K−1), and T is the temperature (K). The
values of ΔH# and ΔS# were calculated from the slope

Table 3
Isotherm error analysis for adsorption of CV onto EC-SDS
at different temperatures (adsorbent dose = 1 g L−1,
Co = 20 mg L−1, pH = 8, equilibrium time = 100 min)

Error function SSE SAE ARE HYBRID MPSD

303 K
Langmuir 0.43 1.24 2.36 2.39 5.08
Freundlich 0.461 1.25 2.63 2.46 5.90
Tempkin 3.69 4.17 5.74 −1.92 8.56
Hill 20.91 10.67 15.85 −11.16 22.62
D–R 32.09 13.53 21.90 28.74 30.76
313 K
Langmuir 0.10 0.74 1.01 −0.08 1.39
Freundlich 0.05 0.52 0.79 0.044 1.18
Tempkin 5.84 5.47 9.25 −3.92 16.64
Hill 0.11 0.75 0.98 0.02 1.36
D–R 12.03 7.96 10.29 9.49 14.59
323 K
Langmuir 0.002 0.104 0.14 0.087 0.22
Freundlich 0.073 0.59 0.71 0.06 0.94
Tempkin 5.41 5.62 9.14 −2.40 15.12
Hill 0.002 0.10 0.14 0.008 0.20
D–R 8.10 5.94 7.29 −2.86 9.94
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and intercept of the plot of ln ks/t vs. 1/T was found
to be 16.81 and −219.8 J M−1 K−1, respectively.

The values of ΔH# and ΔS# were used to compute
the free energy of activation (ΔG#) from the relation:
ΔG# = ΔH# − TΔS#, The value of ΔG# at 303, 313 and
323 K are 83.40, 85.37, 87.54 kJ M−1, respectively. The
large positive values of ΔG# suggest that energy was
required in the biosorption reaction to convert
reactants into products and hence supported the
endothermic nature of the adsorption.

3.12. Thermodynamic parameters

According to thermodynamics, the Gibbs free
energy change is also related to the entropy change
and heat of adsorption at constant temperature. Ther-
modynamic parameters, that is, free energy (ΔG),
enthalpy (ΔH), and entropy (ΔS) changes, were also
calculated using the following thermodynamic equa-
tion and are given in Table 4.

�G ¼ �RT lnKL (22)

� ¼ �H � T�S (23)

From Eqs. (22) and (23), we get

lnKL ¼ ��H

RT
þ�S

R
(24)

where ΔG, is the free energy change (kJ M−1), ΔH, the
change in enthalpy (kJ M−1), ΔS, the entropy change
(kJ M−1 K−1), T the absolute temperature (K) and R
the universal gas constant (8.314 J M−1 K−1). ΔH is
determined by the slope of the linear Van’t Hoff plot,
ln KL vs. (1/T), using Eq. (24). The negative values of
ΔG indicate the feasibility and spontaneous nature of
adsorption of CV. The positive value of ΔH for EC-
SDS suggests that adsorption process is endothermic
in nature and increase in temperature activates the

adsorption sites. The positive values of the entropy
change show the increased randomness at the solid/
solution interface, with some structural changes in the
adsorbate and adsorbent, and the affinity of the adsor-
bent for CV. When the adsorbate gets adsorbed on the
surface of the adsorbents, water molecules previously
bonded to the dye cation get released and dispersed
in the solution; it results in an increase in the entropy
[52].

4. Conclusion

This study predicts the feasibility of surface-modi-
fied E. crassipes as a low-cost adsorbent for the
removal of dye CV. Boehm titrations, pH, pHzpc mea-
surements reveals the basic nature of the adsorbent
material EC-SDS. Surface area of EC-SDS is also quite
high having the value of 68.7 m2 g−1. Pseudo-second-
order model adequately described the adsorption
process analyzed from qe and R2 values. The results
corroborated that experimental data were correlated
reasonably well by the Langmuir adsorption iso-
therm. Results are strengthened by statistical analysis
error model. The maximum adsorption capacity for
CV on EC-SDS was found to be 116.27 mg g−1,
respectively, which is quite high in comparison to
other adsorbents. The adsorption of the dye was
found to be feasible and denoted increase in random-
ness at interface as evidenced by ΔG and ΔS values.
Mean free energy E (D–R constant) and activation
energy value inferred that present adsorption process
is physical in nature. Intra particle diffusion constant
(kid), second-order rate constant (ks), extent of surface
coverage (b), Freundlich adsorption capacity (KF),
Tempkin constant (KT), D–R adsorption capacity con-
stant (qs) and Langmuir monolayer capacity (Cm)
increases with increase in temperature insinuated the
endothermic behavior of adsorption process. It is
supported by the large positive value of free energy
of activation (ΔG≠). This fact is further confirmed by
the positive value of enthalpy change. The studied
models demonstrated the homogenous temperature
dependence of adsorption process.

Hence, the modified biomass waste shows great
promise for the treatment of dye-containing
wastewater as a new, low-cost, easily available and
highly effective adsorbent.
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