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ABSTRACT

Pistia stratiotes L. (water lettuce or WL) was investigated for its potential as an effective
low-cost biosorbent for the removal of methyl violet 2B (MV). Equilibrium isotherm for the
adsorption of MV, fitted using six different isotherm models followed by error analyses,
indicates that the maximum biosorption capacity (qmax) is 0.68 mmol g−1 (267.6 mg g−1) and
that both the Langmuir and Sips isotherm models lead to good correlation with experimen-
tal data. Investigation on effects of pH, ionic strengths, and pre-treatment of the biosorbent
on the extent of biosorption indicates the effect of these parameters on MV–biosorbent inter-
action. Kinetics of the interaction of MV and the biosorbent is fast with more than 50% dye
being removed and follows the pseudo-second-order model.
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1. Introduction

Dye waste is classified as one of the major
pollutants in wastewater, and the industries that uti-
lize chemical dyes frequently are the printing, paper,
textile, photography, food, pharmaceutical, and cos-
metic industries [1]. These industries may discard
their dye wastes into fresh water sources, leading to
detrimental effects on the organisms that come into
contact with the waste effluents. As such, devising
ways of removing dyes from waste discharges and

minimizing the use of synthetic dyes have become
increasingly important.

Various wastewater treatment processes, such as
coagulation and precipitation, ultrafiltration, ozona-
tion, photocatalytic degradation, electrochemical, and
adsorption methods, have been utilized to remove
dyes from wastewater [2–4]. Recently, the search for
alternative technologies for the removal of environ-
mental pollutants from wastewater has been focused
on biosorption which is based on the binding capaci-
ties of biosorbents. These biosorbents include fruit
waste [5–8], peat [9–13], almond shell [14], pomegran-
ate residual-based activated carbon [15], fungi [16],*Corresponding author.
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black tea leaves [17], and acid-modified wheat bran
[18]. The major advantages of biosorption over con-
ventional treatment methods are low cost, high effi-
ciency, minimization of chemical and biological
sludge, and regeneration of biosorbent [19].

Aquatic plants are the most popular biosorbents
which have been widely used for the removal of
pollutants from wastewater [20]. These aquatic biosor-
bents play a significant role in preserving the purifica-
tion capability of water and the entire ecosystem.
Pistia stratiotes L., commonly known as water lettuce
(WL), is a free-floating aquatic plant that can be found
in shallow waters such as lakes, ponds, and ditches
[21]. WL can form dense cover which may cause con-
siderable disruption to the ecosystem [22]. On the
other hand, it can compete with algae for nutrients in
the water, resulting in decrease in algae growth. The
aim of this study is to explore the possibility of utiliz-
ing WL for the adsorption of methyl violet dye from
industrial discharge. The investigations on parameters
such as contact time, dye concentration, kinetics,
isotherms, and pH on the adsorption capacity are
reported and discussed.

2. Methods

2.1. Chemicals and reagents

A 1,000 mg L−1 stock solution of methyl violet 2B
(MV) was prepared by dissolving the dye in distilled
water. From this stock solution, a series of dye
concentrations ranging from 10 to 1,000 mg L−1 was
prepared. MV (C24H28N3Cl; Mr 393.95 g mol−1) was
purchased from Sigma-Aldrich Corporation. Different
pH solutions were prepared using NaOH and HNO3

both of which were purchased from Fluka. All chemi-
cals were used without further purification.

2.2. Materials and sample preparation

The plant samples were collected from a small
drain located in Rimba Horticulture Centre in the
Brunei-Muara District of Brunei Darussalam. Fresh
samples collected were washed several times under
running tap water to remove adhering soil and oven
dried at 80˚C until a constant mass was obtained. The
dried sample was then blended and sieved. Particle
sizes between 355 and 850 µm were used throughout
this study.

2.3. Instrumentation

Shimadzu UV-1601PC UV–vis spectrophotometer
was used to measure the absorbance of dye solution

at λmax of 584.0 nm to determine the concentration of
each dye solution, based on a calibration curve,
throughout this research, while Shimadzu Model
IRPrestige-21FTIR spectrophotometer was used for
functional groups determination of adsorbents.
Morphological characteristics of the adsorbent surface
were investigated using Tescan Vega XMU scanning
electron microscope (SEM), and the coating of the
adsorbent was done using SPI-MODULETM Sputter
Coater. Orbital shaker set at 250 rpm was used in all
experiments at room temperature under optimized
conditions, unless otherwise stated.

2.4. Determination of the point of zero charge of WL

The initial pH (pHi) of 50.0 mL of 0.10 M KNO3

solutions were separately adjusted at pH from 2 to 10
by adding 0.10 M NaOH and 0.10 M HCl. A 0.050 g
samples of the biosorbent were separately added to
each solution and covered immediately. The suspen-
sions were then shaken at 250 rpm for 24 h. The
resulting solution was filtered and the final pH (pHf)
was recorded. The difference between the initial and
final pH values (ΔpH = pHf − pHi) was plotted against
the pHi. The point of intersection of the resulting
curve at which ΔpH = 0 gave the point of zero charge
(pHpzc).

2.5. Optimization of parameters

Biosorption was carried out by shaking 0.050 g of
the biosorbent and 50.0 mL of 10 mg L−1 dye solution
at 250 rpm. The contact time (shaking and settling) for
maximum adsorption was monitored at 30 min inter-
val for 240 min. For the optimum shaking time, each
solution was taken out at 30 min interval, filtered, and
the remaining dye concentration was determined
using Shimadzu UV–vis spectrophotometer. To deter-
mine the optimum settling time, the biosorbent was
shaken at the optimum shaking time and the contents
were allowed to settle. At 30 min interval, each flask
was filtered and analyzed as before, and the study
was continued up to 240 min. Pre-treatment of the bio-
sorbent by acidification and basification was per-
formed by shaking the biosorbent sample with 1.00 M
HNO3 and 1.00 M NaOH separately for 1 h. The bio-
sorbent was then washed thoroughly with double dis-
tilled water and dried in an oven overnight at 80˚C.
The experiment was then continued by allowing each
sample to shake and settle at the optimum shaking
and settling times, and then filtered and analyzed as
stated earlier. In the study of the effect of medium pH
on the adsorption of dye, each biosorbent sample
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(0.050 g) was added to 50.0 mL of 10.0 mg L−1 dye
solution at different pH values ranging from 2 to 10.
The pH was adjusted with 0.10 M NaOH and 0.10 M
HCl at room temperature. The flasks were allowed to
shake and settle at the pre-determined time periods
before it was filtered and analyzed by UV–vis spectro-
photometer at λmax 584.0 nm.

The amount of dye adsorbed per gram of adsor-
bent at equilibrium, qe (mmol g−1), was calculated
using

qe ¼ Ci � Ceð Þ V
m�Mr

(1)

where Ci is the initial dye concentration (mg L−1), Ce

is the equilibrium dye concentration (mg L−1), V is the
volume of the dye solution (L), m is the mass of WL
(g), and Mr is the molecular weight of MV.

The percentage removal of the dye is represented
by:

Removal ð%Þ ¼ Ci � Ceð Þ � 100%

Ci
(2)

2.6. Effect of ionic strength

Effect of ionic strength was determined by monitor-
ing the extent of dye removal when 0.050 g of WL was
separately mixed with 25.0 mL of 100 mg L−1 dye solu-
tion that had been prepared in KNO3 medium of differ-
ent concentrations ranging from 0.001 to 0.80 M. These
experiments were carried out by shaking the above
mixtures for the optimum shaking and settling times at
room temperature on an orbital shaker at 250 rpm.

2.7. Isotherm analysis

Samples of 0.100 g biosorbent were separately
mixed with 50.0 mL dye solution of various concentra-
tions ranging from 0 to 1,000 mg L−1. Each mixture
was shaken at 250 rpm and allowed to settle for a pre-
determined time period. The mixture was filtered and
the concentration of the dye in the filtrate was deter-
mined using UV–vis spectral measurements.

2.8. Kinetics studies of biosorption

Samples of 0.040 g biosorbent were individually
placed in separate flasks and 20.0 mL of dye solution
with initial dye concentrations (Ci) of 100 mg L−1 was
introduced to each flask. The mixture was shaken at
250 rpm at room temperature for different reaction

times, and the residual dye concentration in the filtrate
was determined using UV–vis spectral measurements.
The same procedure was repeated for dye concentra-
tions of 200, 300, and 400 mg L−1.

2.9. Theoretical aspects of isotherm and kinetics studies

Six different isotherm models, namely the
Langmuir [23], Freundlich [24], Temkin [25], Dubinin–
Radushkevich (D–R) [26], Redlich–Peterson (R–P) [27],
and Sips [28], were used to determine the biosorption
characteristics (Table 1). Various error analyses [29–31]
were also performed on these isotherm models
(Table 2).

The kinetics models, such as the pseudo-first-order,
pseudo-second-order and intraparticle diffusion, were
used to investigate the adsorption kinetics and the
rate-limiting step for the adsorption of WL on MV.

The pseudo-first-order is commonly expressed as:

log qe � qtð Þ ¼ log qeð Þ � k1
2:303

(3)

where qt is the amount of adsorbate adsorbed per
gram of adsorbent (mmol g−1) at time t, k1 is the
pseudo-first-order rate constant (min−1), and t is
the time shaken (min). Parameter k1 is calculated from
the linear plot of log qe � qtð Þ vs: t.

The pseudo-second-order is expressed as:

t

qt
¼ 1

q2ek2
þ t

qe
(4)

where k2 is pseudo-second-order rate constant
(g mmol−1 min−1). Parameter k2 can be obtained from
the linear plot of t

qt
vs: t

The Weber Morris intraparticle diffusion model
was applied to understand the adsorption of MV from
the exterior surface to the pores of WL. The Weber
Morris intraparticle diffusion equation is expressed as:

qt ¼ kidt
1=2 þ C (5)

where kid is the intraparticle diffusion rate constant
(mmol g−1 min−1/2) and C is the intercept that is associ-
ated with the thickness of the boundary layer. kid and
C can be calculated from the linear plot of qt vs. t

½.

3. Results and discussion

3.1. SEM characterization of WL

The surface morphology of WL investigated
through SEM images reveals that the WL surface
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consists of pores and cavities of various sizes which
are able to provide large surface area for adsorption of
dyes (Fig. 1(A)). Fig. 1(B) shows a significant change
in the structure of the WL surface as a result of dye
adsorption, whereby the surface becomes less rough
with the pores and cavities being covered with the
dye.

3.2. Effect of contact time

Contact time, i.e. shaking and settling times, plays
a significant role in wastewater treatment by adsorp-
tion as the efficiency depends on rapid uptake of bio-
sorbent and establishment of equilibrium in short
period of time. The adsorption of MV dye on WL was
investigated as a function of contact time. Fig. 2 shows
rapid removal of MV within the first 30 min with
approximately 69, 63, 48, and 50% of MV being
adsorbed at initial concentrations of 100, 200, 300, and
400 mg L−1, respectively. The high initial rate of dye

removal is due to the abundant availability of adsorp-
tion sites on the biosorbent surface. As more dyes are
adsorbed overtime, the adsorption becomes less effi-
cient as the number of available sites on WL decreases
until finally an equilibrium is reached.

Although the time taken to reach equilibrium
depends on the concentration of the dye as observed
in Fig. 2, it is reasonable to assume that a time com-
mon shaking period of 180 min can be taken as the
optimum time to reach equilibrium for all concentra-
tions attempted. This is comparable with other low-
cost biosorbents reported as shown in Table 3.

With known optimized shaking time, the adsor-
bent with dye solution was allowed to settle for a per-
iod of time to ensure full equilibrium is reached.
During settling (resting), the adsorption system would
undergo various diffusion or mass transfers steps,
which are relatively slow processes [11,35]. The set-
tling time required for WL to attain equilibrium was
determined to be 90 min. Hence, the shaking time was

Table 1
Different isotherm models

Isotherm model Non-linear Linear Plot

Langmuir qe ¼ KLCeqmax

1þKLCe

Ce
qe
¼ 1

KLqmax
þ Ce

qmax
Ce=qe vs: Ce

Freundlich qe ¼ KFC
1
n
e ln qe ¼ 1

n ln Ce þ ln KF ln qe vs: ln Ce

Temkin qe ¼ RT
b ln KTCe where B ¼ RT

b qe ¼ B ln KT þ B ln Ce qe vs: ln Ce

D–R qe ¼ qmaxexpð�be2Þ; e ¼ RT ln 1þ 1
Ce

h i
; E ¼ 1ffiffiffiffi

2b
p ln qe ¼ ln qmax � be2 ln qe vs: e2

R–P qe ¼ KRCe
1þaRCa

e
ln KR

Ce
qe
� 1

� �
¼ a ln Ce þ ln aR ln KR

Ce
qe
� 1

� �
vs: ln Ce

where 0 ≤ α ≤ 1

Sips qe ¼ qmaxKsC
1
n
e

1þKsC
1
n
e

ln qe
qmax�qe

� �
¼ 1

n ln Ce þ ln Ks ln qe
qmax�qe

� �
vs: ln Ce

Table 2
List of error functions

Type of errors Equations

Average relative error (ARE) 100
n

Pn
i¼1

j qe;meas�qe;calc
qe;meas

ji
Sum square error (ERRSQ/SSE)

Pn
i¼1

ðqe;calc � qe;measÞ2i
Hybrid fractional error function (HYBRID) 100

n�p

Pn
i¼1

ðqe;meas�qe;calcÞ2
qe;meas

h i
i

Sum of absolute error (EABS)
Pn
i¼1

jqe;meas � qe;calcj

Marquardt’s percent standard deviation (MPSD) 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n�p

Pn
i

qe;meas�qe;calc
qe;meas

� �2
s

Non-linear chi-square test (χ2)
Pn
i¼1

ðqe;calc�qe;measÞ2
qe;meas

Note: qe,calc and qe,meas are the calculated and measured adsorption capacity, respectively; n is the number of data points; p is the number

of parameters.
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chosen as 180 min followed by 90 min settling time for
all the subsequent studies.

3.3. Point of zero charge

The point of zero charge (pHpzc) of WL was found
to be at approximately pH 6.5 (Fig. 3), indicating that
the surface charge would be zero at this pH. Hence,
the surface of adsorbent would be predominantly
positively charged at pH lower than pHpzc, and the

surface would be predominantly negatively charged if
the pH was made greater than the pHpzc.

3.4. Effect of medium pH

The influence of pH on the removal of dye was
studied to gain further insight into the adsorption pro-
cess while concentration of dye, amount of biosorbent,
and temperature were fixed at 10 mg L−1 (0.050 g WL,
50.0 mL MV) and 298 K, respectively, at the pre-deter-
mined shaking and settling times of the biosorbent. At
normal pH of 6.0, the amount of MV being removed
was 85%. When the pH was adjusted to strongly acidic
conditions, the adsorption capacity of WL was signifi-
cantly decreased (Fig. 4). This is probably due to the
positive charge of the surface of WL at pH below the
pHpzc of 6.5, at which cationic dye molecules would
not be attracted to the adsorbent surface. The decrease
in adsorption of MV could also be attributed to the
presence of a large concentration of hydrogen ions in
strongly acidic medium which may compete with the

Fig. 1. SEM images of WL: (A) before adsorption and (B) after adsorption with MV dye.

Fig. 2. Effect of shaking time of WL with MV (initial dye
concentration: 100, 200, 300, and 400 mg L−1; temperature:
298 K; pH: 6.0).

Table 3
Comparison of shaking time for various low-cost biosor-
bents

Adsorbent Shaking time (min) References

Water lettuce 180 This work
Palm kernel fiber 140 [32]
Sunflower seed hull 135 [33]
Phragmites australis 150–240 [34]

Fig. 3. Point of zero charge of WL.
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cationic MV dye molecules for the adsorption sites of
the biosorbent [36]. At increasing pH (pH 4–10), the
biosorbent would become more negatively charged
enhancing the positively charged MV ions through
electrostatic forces of attraction, thus causing the
adsorption capacity to increase [2]. Under experimental
condition employed, no significant increase was
observed at pH 4–10, similar to the adsorption of MV
using duckweed [37] and tarap peel [6]. As the results
reported show that the normal pH gave reasonably
high adsorption of MV dye, no pH adjustment was
required for effective removal of MV.

3.5. Effect of pre-treatment of biosorbent

The effectiveness of the biosorbent toward the
attraction of MV is decreased by about 9% upon the
treatment with 1.00 M nitric acid (Fig. 5). This could
be due to the protonation of surface resulting in repul-
sion between the positively charged surface of WL
with cationic MV dye. On the other hand, treatment
with 1.00 M NaOH increased the dye removal ability
of MV by 8%. Deprotonation with NaOH would cause
the surface to be more negatively charged thereby
favoring adsorption of the cationic MV dye. It can
thus be stated that the usage of higher pH could
provide a means of improving the adsorption

efficiency of MV dye on WL. However, complex pre-
treatment procedures of WL were not attempted as
the untreated WL was able to efficiently remove MV
with approximately 85% removal.

3.6. Effect of ionic strength

Introduction of an ionic atmosphere with KNO3

reduced the extent of removal of MV by 24% at
0.001 M KNO3 concentration (Fig. 6). When the con-
centration was changed from 0.001 to 0.80 M KNO3

solution, the effect of ionic strength did not signifi-
cantly influence the removal of MV. A decrease in the
adsorption suggests that there is electrostatic force of
attraction between WL and MV. This could be due to
the interaction between MV dye and K+ ions for the
sites available for adsorption [2,38]. However, the
ionic strength did not seem to have an overly strong
influence on the adsorption of MV on WL as shown
by the slight changes at other concentrations.

3.7. Adsorption isotherms

In order to understand the biosorption system of
MV on WL, equilibrium isotherm was carried out with
initial dye concentrations ranging from 0 to
1,000 mg L−1 at normal temperature. Fig. 7 shows the
equilibrium isotherm of qe vs. the dye concentration at
equilibrium (Ce). Six different isotherm models listed
in Table 1 were used to understand the adsorption
characteristics between the WL and MV at equilibrium.
Various error analyses (Table 2) were also performed
to obtain the most suitable adsorption isotherm model
to describe the whole adsorption process.

The Langmuir isotherm assumes that when
adsorption takes place onto the surface at the active
site of the adsorbent, no further adsorption will occur

Fig. 4. Effect of medium pH on biosorption of MV on WL
(initial dye concentration: 10 mg L−1; temperature: 298 K).

Fig. 5. Effect of pre-treatment of WL on biosorption MV.
Fig. 6. Effect of ionic strength of WL on biosorption MV
(initial dye concentration: 100 mg L−1, temperature: 298 K).
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at that site [23]. The energies of adsorption on the sur-
face are uniform and adsorbate does not transmigrate
in the plane of the surface of adsorbent. Temkin iso-
therm assumes the heat of adsorption decreases line-
arly with the surface coverage due to the uniform
distribution of the binding energies [25]. The D–R iso-
therm assumes no homogenous surface of the adsor-
bent [26]. The mean energy (E) of the sorption per
molecule of sorbate can be calculated from the con-
stant (β). The R–P [27] and Sips [28] isotherms are
three-parameter isotherm models which incorporate
both the Langmuir and Freundlich isotherms into a
single equation. Both R–P and Sips isotherms can be
calculated using a minimization procedure through
maximizing the R2 of the linear plot. The R–P
isotherm reduces to the Freundlich isotherm when
α = 1 and to Henry’s equation when α = 0. The Sips
isotherm model is used for heterogeneous adsorption
systems which reduces to the Langmuir isotherm at
high concentration, and to the Freundlich model at
low concentration.

The Langmuir isotherm can be defined as a dimen-
sionless constant separation factor or equilibrium
parameter [39], (RL), which was used to describe the
nature of adsorption; RL > 1 being unfavorable,
0 <RL < 1 is favorable, while RL = 0 being irreversible.

RL ¼ 1

1þ KLC0
(6)

The RL value for initial concentration of MV at
1,000 mg L−1 was 0.08 indicating that the adsorption
of MV onto WL was favorable.

The D–R isotherm was used to calculate the
adsorption free energy (E). The degree of the adsorp-
tion could be characterized as chemical if the value E
lies between 8 and 16 kJ mol−1 or physical if E is less
than 8 kJ mol−1. The E for WL was 0.88 kJ mol−1

(881.46 J mol−1), suggesting that the adsorption of MV
on WL is a physisorption process.

Based on the results obtained for coefficient of cor-
relation (R2) (Table 4), the six error analyses (Table 5)
together with simulated isotherms (figure not shown),
the Freundlich, D–R, and R–P models were found to
give a poor fit when compared to the experimental
data. This was reflected in their large errors especially
for D–R (Table 5). Even though the Temkin isotherm
showed good simulated isotherm with R2 = 0.9299, its
errors were large especially for ARE and MPSD, indi-
cating the unsuitability of the Temkin model.

Of the six isotherm models used, both the
Langmuir and Sips isotherms gave the best fit for
adsorption of MV on WL with R2 = 0.9863 and 0.9857,
respectively. Both isotherm models gave compatible
results with the Sips isotherm having smaller overall
errors despite it having a lower R2 than the Langmuir.
The qmax obtained from the Langmuir isotherm was
found to be 0.68 mmol g−1 (267.6 mg g−1) for MV,
while the Sips isotherm gave a qmax of 0.62 mmol g−1

(244.2 mg g−1), a difference of less than 40 mg g−1.

Fig. 7. Adsorption isotherm of MV onto WL.

Table 4
Parameters for various isotherm models

Model Water lettuce (WL)

Langmuir
qmax (mmol g−1) 0.68
KL (L mmol−1) 0.01
R2 0.9863
RL 0.08
Freundlich
KF (mmol g−1) 0.01
n 1.39
R2 0.9139
Temkin
KT (L mmol−1) 0.34
b (J mol−1) 21,376
R2 0.9299
Dubinin–Radushkevich
qmax (mmol g−1) 0.32
B (J mol−1) 6.44 × 10−7

E (J mol−1) 881.46
R2 0.8641
Redlich–Peterson
KR 0.02
α 0.43
aR 0.65
R2 0.7661
Sips
qmax (mmol g−1) 0.62
KS (L mmol−1) 0.01
1/n 1.20
n 0.83
R2 0.9857
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It can be seen in Table 6 that WL, with its high
qmax, has the potential to act as a low-cost biosorbent
for the removal of MV when compared to most other
reported biosorbents. When compared to banana peel
and orange peel, its qmax is almost 30 times higher.
WL is almost 2–3 times more effective than adsor-
bents, such as halloysite nanotubes and nanocellulose
hydrogel. The WL used in this study, apart from oven
drying, was not chemically treated. As shown in the
pre-treatment study, its adsorption capacity could be
further enhanced through chemical modification, such
as basification.

3.8. Kinetics of biosorption

The kinetics of biosorption of MV on WL was
analyzed using the pseudo-first-order [45], pseudo-
second-order [46], and the Weber Morris intraparticle
diffusion [47] models. The coefficient of determination,
R2, obtained for pseudo-second-order for all four ini-
tial concentrations of 100, 200, 300, and 400 mg L−1

were 0.9998, 0.9985, 0.9980, and 0.9910, respectively
(Table 7, Fig. 8(A)), while the majority of data for
pseudo-first-order did not fall into straight lines
(figure not shown) and yield R2 of 0.8906, 0.8293,
0.9882, and 0.9022. Moreover, the qe,calc values
obtained from pseudo-second-order were much closer
to the qe,exp than values obtained from pseudo-
first-order (Table 7). Hence, when the R2 and the
values of qe,calc were taken into consideration, it
can be concluded that the pseudo-second-order best
described the kinetic data, indicating that the adsorp-
tion may be governed by a chemical process.

The Weber Morris intraparticle diffusion model,
which explains the diffusion behavior of adsorption,
usually shows three phases: the fast external diffusion,
followed by gradual surface adsorption owning to the
intraparticle diffusion, and lastly, the slow equilibrium
phase [48,49]. The multi-linearity observed in the lin-
ear plot of Weber Morris model shown in Fig. 8(B)
indicates that the fast external surface adsorption is
quick and completed within 25 min. Özacar and

Table 5
Parameters for isotherm models and error analyses

Model R2 ARE ERRSQ/SSE HYBRID EABS MPSD v2

Langmuir 0.9863 10.91 0.03 0.44 0.41 17.11 0.07
Freundlich 0.9139 29.61 0.48 5.46 1.68 38.45 0.93
Temkin 0.9299 78.19 0.06 5.84 0.87 189.66 0.99
D–R 0.8641 273.86 0.78 58.94 3.62 443.91 10.02
R–P 0.7661 23.48 0.33 3.90 1.36 34.34 0.62
Sips 0.9857 9.04 0.01 0.32 0.32 13.87 0.05

Table 6
Comparison of maximum adsorption capacities of various biosorbents

Adsorbent qmax (mg g−1) References

Pistia stratiotes L. 267.6 This work
Orange peel 11.5 [29]
Banana peel 12.2 [29]
Palm kernel fiber 140 [32]
Sunflower seed hull 92.6 [33]
Halloysite nanotubes 113.6 [30]
Fe3O4 magnetite nanoparticles 416.7 [31]
Fruit waste residue 27.8 [40]
Pu-erh Tea powder 277.8 [41]
Posidonia oceanic (L.) leaf 119.1 [42]
Almond shell 76.3 [43]
Casuarina equisetifolia needle 165.0 [44]
Tarap (Artocarpus odoratissimus) peel 137.3 [6]
Duckweed 332.5 [37]
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Şengil observed a similar trend in the adsorption of
disperse dye into alunite [49]. None of the linear sec-
tions passed through the origin, indicating that

although the intraparticle phase is present, it is not
the rate-limiting step, suggesting the involvement of
other mechanisms [34].

3.9. FTIR spectral studies of WL

Functional group characterization of WL using
FTIR showed the presence of hydroxyl and amino
groups in the wavelength at 3,342 cm−1 for both
untreated and treated WL (Fig. 9). The peaks at 2,918
and 2,850 cm−1 are the asymmetric stretches of –CH
group. The presence of the peak at wavelength
1,640 cm−1 indicates the presence of C=O. Upon

Table 7
Parameters for various kinetic models

Model Parameters

Concentration (mg L−1)

100 200 300 400

qe,exp (mmol g−1) 0.11 0.21 0.33 0.42
Pseudo-first-order k1 (min−1) 0.02 0.02 0.02 0.02

qe,calc (mmol g−1) 0.04 0.10 0.27 0.35
R2 0.8906 0.8293 0.9882 0.9022

Pseudo-second-order k2 (g mmol−1 min−1) 1.39 0.33 0.09 0.09
qe,calc (mmol g−1) 0.11 0.23 0.37 0.45
R2 0.9998 0.9985 0.9980 0.9910

Intraparticle diffusion Region A
kid (mmol g−1 min−1/2) 0.096 0.024 0.033 0.027
C 0.031 0.017 0.002 0.088
R2 0.9101 0.9182 0.9689 0.8421
Region B
kid (mmol g−1 min−1/2) 0.001 0.003 0.011 0.019
C 0.100 0.173 0.176 0.140
R2 0.7983 0.6678 0.8715 0.9561

(A)

(B)

Region A

Region B

Fig. 8. (A) The pseudo-second-order kinetics, and (B)
Weber Morris intraparticle diffusion model plot for 100,
200, 300, and 400 mg L−1 MV into WL. (Region A repre-
sented the gradual surface adsorption owning to intrapar-
ticle diffusion, while region B represented the slow
equilibrium phase.)

Fig. 9. FTIR of WL (a) untreated and (b) after adsorption
with MV.
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treatment with MV, the peak at 1,384 cm−1 shifted to
1,366 cm−1 and become sharper. This peak could be
attributed to the –COO– symmetric stretching [50].
The new band formed at 1,172 cm−1 is indicative of
the presence C–N stretching in MV. These changes
suggested strong interaction between MV and func-
tional groups of phenolic –OH and –COO– present on
WL. Hence, the carboxylic acid group, the main func-
tional group in WL involved in the binding, plays a
significant role in the adsorption of MV on WL. The
band at 1,033 cm−1 represents the bending vibration of
–OH group and stretching vibration of C–O–C in the
lignin structure of WL. This observation is similar to
the observation reported in the adsorption of MV by
biochar derived from crop residues [51].

4. Conclusion

In this study, WL was successfully utilized as a
low-cost biosorbent for the removal of cationic dye,
MV. The adsorption isotherm for MV was found to fit
both the Langmuir and Sips isotherm models. The
maximum adsorption capacity (qmax) for MV was
267.6 mg g−1 according to the Langmuir isotherm
model, which is either comparable or better than some
reported biosorbents, demonstrating that WL has the
potential to be used as a low-cost biosorbent for the
removal of MV dye. Investigation of kinetics shows
the validity of the pseudo-second-order model with an
apparent rate constant of 1.39 g mmol−1 min−1 for
100 mg L−1 initial dye concentration.
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