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ABSTRACT

Luffa acutangula peel (LAP) was evaluated as an inexpensive natural biosorbent for the
removal of malachite green (MG), a cationic dye, in batch mode. The effects of process
parameters including initial pH, dosage, initial concentration, temperature and contact time
on MG biosorption were assessed. Experimental data were analysed by the Langmuir,
Freundlich, Temkin and Dubinin—-Radushkevich models. The results showed that MG
biosorption was well represented by the Langmuir model with a maximum sorption capac-
ity of 69.64 mg/g. The pseudo-first-order and pseudo-second-order kinetic models were
used to establish the biosorption kinetic. A good correlation of data with the pseudo-
second-order model suggested the involvement of chemisorption in the process. Further
kinetic analysis indicated intraparticle diffusion as one of the rate limiting steps. The
biosorption process was endothermic (AH®=0.332-12.64 kJ/mol) and spontaneous
(AG°=-20.81 to —14.28 kJ /mol). Overall, the findings suggested that LAP can be an effective

biosorbent for the removal of MG in aqueous solution.
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1. Introduction

Rapid industrialisation and urbanisation have
caused severe water pollution in recent years. In
particular, the contamination of water resources by
synthetic dyes is a major global concern because of
their detrimental effects on human beings and other
organisms [1]. Dyes are used in various industries as
colouring agent for products such as textile, cosmetic,
paper, food, pharmaceutical and plastic. More than
700,000 tons of over 10,000 types of synthetic dyes are
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produced yearly to support these industries. Of this
amount, typically 10-15% is released into the environ-
ment through wastewater generation and disposal
[2,3]. Synthetic dyes are designed to be resistant
against heat, sunlight, chemical and biological materi-
als, hence the treatment of dye-bearing wastewater is
very difficult [4].

Malachite green (MG) is a cationic dye used
widely to colour silk, wool, cotton, leather, paper and
food [5]. It belongs to the triphenylmethane group,
and is also used as antiseptic and fungicidal for
humans, and as antiparasitical, antibacterial and
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antifungal in aquaculture and commercial fish hatch-
ery industries [6,7]. Despite its extensive usage, MG is
highly toxic and can cause health problems such as
damages to nervous system, brain and liver when
ingested [8,9]. It is also known to be carcinogenic and
mutagenic [5,10]. Apart from causing undesirable col-
our effect, the presence of MG in the hydrosphere
reduces photosynthesis by obstructing light transmis-
sion and thus, adversely impacts aquatic life. There-
fore, it is necessary to remove MG from industrial
wastewater prior to discharge into the environment.

The technologies available for the remediation of
dye contaminated wastewater include coagulation,
flocculation, biological treatment, membrane filtration,
ion exchange and oxidation. These technologies, how-
ever, suffer from high operating and capital costs,
waste disposal issue resulting from sludge formation
and ineffectiveness in treating wastewater with low
dye concentration [11]. Adsorption technology has
been employed for the removal of toxic pollutants
from the water environment for the past two decades
[10,12,13]. It is considered as one of the most efficient
and versatile technology which results in complete
eradication of pollutants from the wastewater [14,15].
This technology is easier to design and operate, hence
requires lesser investment cost as compared with con-
ventional biological treatment method. In addition, it
does not leave behind any toxic by-products [15].
Adsorption is economically viable and cost effective
when inexpensive adsorbents (or biosorbents) pre-
pared from agricultural residues are used [16].

Agricultural residues are gaining increasing atten-
tion as potential resources for biosorbent preparation
due to their low cost, abundant availability, renewabil-
ity and eco-friendly nature [17,18]. The re-use of these
residues in wastewater treatment can help to alleviate
problems pertaining to solid waste disposal in agricul-
tural industry [10,19]. The high efficiency of agricul-
tural-derived biosorbents in water pollution control has
been linked to various uptake mechanisms such as ion
exchange, chelation, complexation, physical adsorption
and surface precipitation [20]. Some of the biosorbents
tested for dye removal include sugarcane bagasse [14],
lotus leaves [21], pine sawdust [22], peanut husk [23],
okra seeds [24] and pineapple leaf [25]. Luffa acutangula,
or ridge gourd, is widely grown in Malaysia and other
tropical countries to be used as culinary vegetable and
scrubbing sponge. It is also used as antioxidant, antidia-
betic and anticancer agent [26]. Because of its wide-
spread use, the waste peel is readily available as a
viable biosorbent for the removal of MG.

The present research investigates the potential use
of Luffa acutangula peel (LAP) as biosorbent for MG
removal from aqueous solutions. To date, there is a
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lack of published data on its sorption ability for MG.
Batch parameters influencing the dye biosorption such
as dosage, contact time, initial pH, initial dye concen-
tration and temperature were investigated. The equi-
librium, kinetic and thermodynamic parameters of the
process were also evaluated.

2. Materials and methods
2.1. Biosorbent preparation

L. acutangula was obtained from a local market and
washed several times with distilled water to remove
dirt. The outer layer of the plant was peeled, cut and
dried at 60°C for 24h in a forced-convection oven
(Memmert). The dried peels were ground and sieved
to obtain particles of sizes between 100 and 125 pm.
Finally, the particles were stored in a desiccator for
usage as biosorbent in further experiments.

2.2. Point of zero charge of biosorbent

The point of zero charge (PZC) of the biosorbent
was determined based on the solid addition method
[27]. First, 20mL of 1 mol/L KNO; solution was
added into a series of conical flasks. The initial pH of
the solutions was adjusted from 2 to 11 by dosing
with either 0.1 mol/L NaOH or 0.1 mol/L HCI. Then,
0.2 g of biosorbent was added to each flask. The mix-
tures were agitated in a water bath shaker (Protect)
for 24 h at 25°C. Thereafter, the final pH of the solu-
tions was measured. The PZC was determined from
the plot of pH change vs. initial pH.

2.3. Preparation of dye solutions

The dye used, MG (Cy3H»5CIN,, 364.9 g/mol), was
purchased from Sigma-Aldrich. It was used without
any purification. A stock solution of 1,000 mg/L MG
was prepared by dissolving 1 g of dye powder in 1L
of distilled water. Experimental solutions of different
dye concentrations were prepared by successive dilu-
tion of the stock solution with distilled water. The MG
concentration was determined by UV-vis spectropho-
tometer (Perkin-Elmer Lambda 25) at the maximum
absorbance of 615 nm. The calibration curve with high
correlation (>0.999) was obtained by measuring the
absorbance of known concentrations of dye solutions.

2.4. Batch biosorption experiments

The biosorption experiments were conducted using
a series of conical flasks (100 mL capacity) filled with
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50 mL dye solution of initial concentration 50 mg/L.
The flasks were agitated in a water bath shaker at
125 rpm. The effect of initial pH on MG removal was
investigated in the pH range of 2-10. Prior to addition
of biosorbent, the pH of the solutions was adjusted to
the desired values by adding either 0.1 mol/L HCI or
0.1 mol/L NaOH. To determine the influence of
LAP dosage on MG removal, various amounts of
biosorbent (0.1-2.0 g) were used. Different initial MG
concentrations (30-600 mg/L) were used when inves-
tigating the impact of concentration on the dye bio-
sorption. The effect of temperature was assessed at
temperatures varying from 30 to 50°C. All experi-
ments were conducted for 3 h until equilibrium was
attained, as determined from a preliminary study.
Thereafter, the biosorbent was separated from solu-
tions by centrifugation at 5,000 rpm for 10 min. The
dye concentration in the supernatant was determined
by UV-vis spectrophotometer.

The biosorption kinetic was assessed by contacting
0.8 g biosorbent with 200 mL MG solution of initial
concentration 30 mg/L at 30°C and 125 rpm. At prede-
fined time intervals, sample solutions were collected,
centrifuged and analysed for remaining dye concentra-
tion. The procedures were repeated with different ini-
tial concentrations (40 and 50 mg/L).

All experiments were performed at least three
times to ensure accurate, reliable and reproducible
data, and the results are reported as mean values [28].
Control experiments (without biosorbent) were carried
out concurrently to ensure that MG sorption on the
glass wall was negligible. The experiments were per-
formed at the natural pH of solution, except for the
pH study.

3. Results and discussion
3.1. Effect of biosorbent dosage

The effect of biosorbent dosage on the removal of
MG is shown in Fig. 1. The percentage removal of
MG increased from 57.12 to 92.14% with an increase
in LAP dosage from 2 to 8 g/L. It remained nearly
constant at this plateau (92.14%) as the biosorbent
dosage was increased beyond 8 g/L. The increasing
trend might be attributed to the higher number of
available sorption sites provided by the higher quan-
tity of biosorbent per fixed volume of solution [29].
At dosage above 8 g/L, the availability of sorption
sites did not have any significant effects on MG
removal. Therefore, the optimum dosage selected for
the process was 8 g/L and this was employed in
subsequent experiments.
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Fig. 1. Effect of LAP dosage on the percentage removal of
MG dye.

3.2. Effect of initial pH

The pH of the solution is a significant parameter
affecting the biosorption of MG since the biosorbent
surface charge and chemical structure of the dye are
pH-dependent [30]. The plot for the effect of initial
pH on percentage removal of MG is depicted in
Fig. 2(a). As can be seen, the percentage MG removal
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Fig. 2. Effect of initial pH on percentage MG removal by
LAP (a) and PZC plot for LAP (b).



H.W. Ng et al. | Desalination and Water Treatment 57 (2016) 73027311

increased from 70.90 to 93.57% with increasing pH
from 2 to 3, thereafter it remained nearly constant
with further increase in pH. Similar results have been
observed for the biosorption of MG on bagasse fly ash
[31] and degreased coffee bean [32].

The effect of pH on the removal of the dye can be
interpreted according to the PZC of the biosorbent
[28]. The PZC of LAP determined by the solid addi-
tion method was approximately 5.3 (Fig. 2(b)). Theo-
retically, at pH lower than the PZC, the biosorbent
surface is positively charged while at pH greater than
the PZC, it is negatively charged. Since MG is a cat-
ionic dye, positive charge on LAP will be unfavour-
able for the dye biosorption. Fig. 2(a) shows that the
percentage removal of MG between pH 3 and 5.3 is
relatively high (about 94%) even though the biosor-
bent surface charge is anticipated to be positive. This
suggests that the biosorption of MG onto LAP might
not be governed mainly by coulombic or electrostatic
interaction [33,34]. However, the influence of pH on
dye removal can be explained on the basis of competi-
tive sorption between H" ions and MG cations. At low
pH (pH <3), the lower percentage MG removal was
due to H" ions competing with dye cations for same
active sites on LAP, thereby inhibiting the biosorption
of the dye [35]. As the pH increased from pH 2 to 3,
weaker competitive biosorption of H ions resulted in
the increase of MG removal.

The plot of the control test carried out using blank
dye solutions (without LAP) is also shown in Fig. 2(a).
It can be seen that MG removal occurred at pH<3
and pH >5, although no biosorbent was present. The
dye lost resulting solely from pH change might be
caused by structural changes, chemical reactions or
dissolutions occurring on the dye molecules [30,31]. It
has been reported that formation of MGH>" and alka-
line fading of MG were the main causes of dye loss at
pH 2 and 10, respectively [36]. It can also be inferred
from the control plot (Fig. 2(a)) that between pH 3
and 5, MG was stable and there was no significant
dye removal by sorption on glass wall or other phe-
nomena. The natural pH of MG solution was approxi-
mately 4 and at this pH, the dye molecules were
stable. Therefore, subsequent biosorption experiments
were carried out at this natural pH.

3.3. Biosorption equilibrium

Fig. 3 shows the influence of equilibrium concen-
tration on the biosorption capacity of MG at 30, 40
and 50°C. The biosorption capacity increased with
increasing dye concentration for all temperatures
investigated. This trend could be attributed to
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Fig. 3. Comparison of experimental data with theoretical
isotherms for MG biosorption onto LAP at 30°C (a), 40°C
(b) and 50°C (c).

increased driving force for mass transfer between
liquid-solid phases as dye concentration was
increased.

The interaction between MG and LAP at equilib-
rium can be described by isotherm models such as
Langmuir [37], Freundlich [38], Temkin [39] and
Dubinin-Radushkevich (D-R) [40]. The respective iso-
therm equations are listed in Table 1. The experimental
data were fitted to these models by non-linear regres-
sion method using Microsoft Excel Solver. The degree
of fitting of the different models was predicted using
the Marquardt’'s percent standard deviation (MPSD)
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Table 1
Equilibrium isotherm and kinetic models
Model Equation Reference
Langmuir Je = % [37]
Freundlich Ge = KfCél/nf ) [38]
Temkin Ge = %IH(KTCe) [39]
Dubinin—-Radushkevich Je = Gs exp(— [382) [40]
Pseudo-first-order kinetic gt = q.(1 —eft) [42]
Pseudo-second-order kinetic qr = ]iz,ff; [43]
Intraparticle diffusion g =ky %5 +C [44]
N 2
Marquardt’s percent standard deviation (MPSD) MPSD = 100 n%p > (q‘“"; 73“”’) [45]
S\t )
N l 2
> (deep—tecn)
Determination coefficient (R?) RZ=1- = [45]
>~ (feexp=Tewxn)

Note: Where gy, (mg/g) is the Langmuir maximum sorption capacity, K; (L/mg) is the Langmuir sorption constant, K; (mg/g) (L/mg)"/")
is the Freundlich constant, 7, is the Freundlich exponent, br (J/mol) is the Temkin constant, Kr (L/mg) is the maximum binding constant,
gs (mg/g) is the D-R maximum sorption capacity, f (g°/]) is the activity coefficient, ¢ (J/g) is the Polanyi potential, k; (1/min) is the
pseudo-first-order rate constant, k, (g/(mg min)) is the pseudo-second-order rate constant, kp (mg/(g min®™?)) is the intraparticle diffusion
rate constant, C (mg/g) is the intercept of intraparticle diffusion plot, # is the number of experiments, p is the number of model parame-
ters, and fe,exp (Mg/8), Je,cal (Mg/g) and g, ., (mg/g) are the experimental, calculated and average experimental equilibrium biosorption
capacity, respectively.

and determination coefficient (R®) (Table 1). Generally,
a small MPSD and R” close to unity indicate good rep-
resentation of experimental data by the model.

The calculated model parameters are provided
along with corresponding MPSD and R values in
Table 2, while the predicted isotherms are plotted in

Table 2
Isotherm parameters for MG biosorption onto LAP

Temperature (°C)

Isotherm model Model parameters 30 40 50
Langmuir Ky (L/mg) 0.0230 0.0279 0.0290
qm (mg/g) 69.64 62.08 67.54
Ry, 0.0676 0.0563 0.0543
R? 0.9975 0.9772 0.9804
MPSD 7.329 10.301 11.85
Freundlich K¢ (L/mg) 2.299 2.472 2.660
ng 1.512 1.559 1.512
R 0.9367 0.9750 0.9774
MPSD 22.33 18.76 17.33
Temkin Kr (L/mg) 0.555 0.628 0.707
br (J/mol) 271.7 296.8 294.2
R? 0.8834 0.8632 0.8424
MPSD 22.15 21.18 21.78
D-R gs (mg/g) 50.82 50.78 54.38
B (x107° mol®/kJ?): 5.80 7.05 5.83
R? 0.8912 0.8753 0.8892

MPSD 86.63 87.24 87.17
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Fig. 3. As can be observed in this figure, the fit of exper-
imental biosorption capacity (4,) to g. evaluated using
the Langmuir model is noticeably better than to those
calculated by the Freundlich, Temkin and D-R models.
As shown in Table 2, the Langmuir model exhibits low-
est MPSD (7.329-11.85) and highest R* (0.9772-0.9975)
suggesting the best fit of data by this model. The
Freundlich model also provided reasonable fit to exper-
imental data with quite high R* (0.9367-0.9774) and
moderately low MPSD (17.33-22.33) indicating the suit-
ability of this model. However, when comparing the
two models, the Langmuir model is the better model as
supported by its lower MPSD and higher R%. Hence, it
can be inferred that MG cations were sorbed on homo-
geneous active sites present in LAP [37]. The Langmuir
maximum biosorption capacities (g,,) are between 62.08
and 69.64 mg/g at 30-50°C. A dimensionless separation
factor (R;) related to the Langmuir model was used to
determine whether the biosorption is favourable or
unfavourable. It is defined by [41]:

B 1
1+KC

max

RL (1)

where Cpax (mg/L) is the highest initial MG concentra-
tion. According to theory, the R; value shows the bio-
sorption as irreversible if R; =0, favourable if 0 < R; <1
and unfavourable if R;>1. The calculated R; varies
from 0.0543 to 0.0676 between 30 and 50°C (Table 2)
implying that MG biosorption onto LAP is favourable.
The Temkin and D-R models did not fit the experi-
mental data well and are inappropriate for describing
the biosorption as their R® are relatively low and
MSPD are relatively high.

3.4. Biosorption kinetics

Fig. 4 illustrates the influence of contact time on
the biosorption of MG for different initial dye concen-
trations. There are two distinct biosorption stages: the
first one involves a rapid biosorption in which a major
fraction of the dye was captured by LAP (0-0.5 min).
The second stage involves a slower process whereby
equilibrium was achieved after approximately 1 min.
The rapid uptake rate at the initial stage could be due
to abundant availability of sorption sites. As time pro-
gressed, the availability of the sites decreased causing
a reduction in the biosorption rate. Fig. 4 also shows
that the biosorption capacity of dye increased from
6.57 to 10.54 mg/g when the initial concentration of
MG increased from 30 to 50 mg/L. This might be
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Fig. 4. Comparison of experimental data with data
predicted by the pseudo-first-order (dash line) and the
pseudo-second-order (solid line) kinetic models for MG
biosorption onto LAP.

attributed to an increase in driving force for mass
transfer when the dye concentration was increased.

The goodness-of-fit of experimental data with
kinetic models, such as the pseudo-first-order and
pseudo-second-order (Table 1), was determined by
non-linear curve fitting method. Fig. 4 depicts the
comparison of the regressed data for the kinetic mod-
els with experimental data at various initial concentra-
tions. The evaluated kinetic parameters, MPSD and R*
values are summarised in Table 3. The parametric val-
ues of the pseudo-second-order model are character-
ised by lower MPSD and higher R* at most initial
concentrations. The g, evaluated using this model
agreed very well with the experimental g,. The good
fit of data by the pseudo-second-order model implies
that MG uptake by LAP was mainly by chemisorption,
which might involve electron sharing or exchange
between the dye and the functional groups in the bio-
sorbent [43]. The initial rates of biosorption (hy; and
hop) were calculated by [42,43]:

ho1 = kige 2

hoa = kag; 3)

From Table 3, it can be seen that these rates increase
with initial MG concentration. This could be attributed
to the increase in driving force for mass transfer of
MG with the initial concentration, allowing more dye
cations to reach the biosorbent surface in a shorter
period of time [46].
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Table 3
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Kinetic parameters for MG biosorption onto LAP at different initial concentrations

Initial concentration (mg/L)

Kinetic model Model parameters 30 40 50

Pseudo-first-order Jeexp (ME/ Q) 6.569 8.469 10.54
ho1 (mg/(g min)) 35.11 41.70 71.77
e,cal (MG/ Q) 6.410 8.330 10.27
k1 (1/min) 5.478 5.007 6.991
R? 0.9952 0.9989 0.9978
MPSD 2.643 1.275 1.748

Pseudo-second-order Jeexp (Mg/g) 6.569 8.469 10.54
ho, (mg/(g min)) 128.7 171.3 391.5
e,cal (MG/ Q) 6.567 8.496 10.41
k; (g/(mg min)) 2.985 2.373 3.615
rR? 0.9980 0.9985 0.9989
MPSD 1.698 1.462 1.247

3.5. Biosorption mechanism

In general, the transport of dye from liquid phase
to solid biosorbent may occur in several consecutive
steps. The overall biosorption process can be limited
by one or more steps which include boundary layer
(or film) diffusion, intraparticle (or pore) diffusion and
sorption on surface sites [47]. To further understand
the transport of MG from exterior to internal surfaces,
the kinetic data were analysed with the intraparticle
diffusion model (Table 1). According to this model,
the process is controlled only by intraparticle diffusion
if g, vs. t'/? plot is linear passing through the origin. If
the plot is non-linear or linear but does not pass

12~
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=] X
2
L e & 4
£ 61
=
4 .
A 50 mg/L
2 X40 mg/L
30 mg/L
0 T T T T T T )
0 0.5 1 1.5 2 2.5 3 35

5 (min?3)

Fig. 5. Plots of intraparticle diffusion model for MG bio-
sorption onto LAP at different initial MG concentrations.

through the origin, then two or more steps may affect
the process [44].

Fig. 5 shows the plots of g; vs. for MG biosorp-
tion onto LAP at different initial concentrations. None
of the plots passes through the origin suggesting that
intraparticle diffusion was involved in the process, but
not as the sole-limiting step. Instead, the process is
limited by several steps such as boundary layer diffu-
sion and intraparticle diffusion. The y-intercept of g,
vs. t1/2 plot represents the thickness of boundary layer
surrounding the biosorbent. Generally, the boundary
layer effect will be prominent if the intercept is large.
As observed from Fig. 5, the intercept of the plots
increases with initial MG concentration. This implies
an increase in boundary layer thickness and thus, the
greater is the boundary layer effect contribution in the
rate-limiting step as initial concentration was
increased [48].

t1/2

3.6. Biosorption thermodynamics

Thermodynamic parameters such as Gibbs free
energy change (AG®, kJ/mol), enthalpy change (AH",
kJ/mol) and entropy change (AS®, kJ/(mol K)) were
estimated for MG biosorption using:

AG°® = —RT log K¢ 4)

AG® = AH® — TAS® )

where K¢ (=4,/C.) is the distribution coefficient, R
(=8.314 ] /(mol K)) is the universal gas constant and T
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Table 4
Thermodynamic parameters for MG biosorption onto LAP at different initial concentrations.

AG® (kJ/mol) at different temperatures (K)

C, (mg/L) AH" (k] /mol) AS” (J/mol K) 298 303 308 313 318 323 328
30 7.335 —85.0 —-18.10 —-18.25 -19.27 -19.12 —19.48 —20.04 —20.81
100 0.3319 —63.1 —-18.92 —-18.49 —-18.89 -19.24  —20.03 —20.02 —20.47
200 1.143 —61.7 —-17.36 —-17.63 -17.78 —-17.90 —18.69 —-18.79 -19.17
400 12.64 —92.6 —14.28 —16.08 -16.23 -16.18 —16.90 —-17.43 —-17.48
600 10.40 —82.9 —14.35 —14.80 -15.13 —-15.41 —16.05 —16.50 -16.78

(K) is the temperature. The AH’ and AS® values were
evaluated from the intercept and slope of the
plot of AG’ vs. T (figure not shown), respectively. The
calculated thermodynamic constants are presented in
Table 4. The AG® values were found to be negative
for different temperatures and initial concentrations.
This suggests that the process was spontaneous and
feasible. In most cases, AG* decreased with increasing
temperature indicating that the biosorption was more
feasible at higher temperatures. Table 4 also displays
that AH" values are positive implying an endothermic
nature of the process. The negative values of AS® sug-
gest the decrease in randomness at the solid-liquid
interface during the biosorption of MG [18].

4. Conclusions

The efficiency of LAP in removing MG from aque-
ous solution was evaluated. The maximum biosorp-
tion capacity of MG was determined to be 69.64 mg/g
at 50°C, dosage 8 g/L and initial pH 4. The equilib-
rium data were best fitted with the Langmuir model,
showing lowest MPSD (7.329-11.85) and highest R?
(0.9772-0.9975) between 30 and 50°C. The kinetic data
were represented well by the pseudo-second-order
kinetic model which exhibited highest R* (0.9980-
0.9989) and lowest MPSD (1.247-1.698). Thermody-
namically, the biosorption of MG onto LAP was endo-
thermic, spontaneous and favourable. Since LAP was
used without any pretreatment in the present study, it
is an inexpensive and eco-friendly biosorbent with a
satisfactory MG biosorption capacity. Therefore, LAP
is a potential biosorbent for the removal of MG in
aqueous environment.
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