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INTRODUCTION

Dyes are chemical compounds which impart colour to
the substrate to which it is being applied. Out of the total
production of dyes, 15 % of the dye stuff appear in the effluents
issuing from the dye manufacturing industries [1]. The
presence of dyes in aqueous streams results in lowering of
light penetration which subsequently reduces the photosyn-
thetic activity of algae and harms the aesthetic quality of water
surface.

The degradation of dyes in an aquatic environment releases
toxic substances which are carcinogenic even at low concen-
trations. Human contact of these toxic dyes may lead to skin
allergies, contact dermatitis, eye infections and respiratory
diseases [2]. The presence of dyes in the water affects the quality
of water bodies leading to damage to the aquatic environment.
It has an adverse effect on the impact of groundwater quality.

Many conventional techniques like oxidation or ozonation
[3], electrocoagulation [4,5] biochemical degradation [6] and
adsorption [7] have been applied to treat dye effluent streams.

Methylene blue (MB), blue-coloured cationic thiazine
dye, is the most commonly used basic aniline dye in various
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chemical industrial products. It is a carcinogenic dye which
has harmful effects like vomiting, cyanosis, convulsions, burns
in eyes of humans and animals, Alzheimers, acute hemolysis,
etc. The removal of methylene blue from industrial effluents
is crucial in order to avoid these harmful effects.

Many low-cost adsorbents based on agriculture and indus-
trial waste have been reported to reduce the contamination of
methylene blue in industrial effluents [8,9]. Even though acti-
vated carbons from different biomass are well-known adsor-
bents for the dye immobilization, its high cost of production
has restricted its use, particularly in developing countries.
Investigation of low-cost adsorbents for the methylene blue
dye removal is still in search.

Saw palmetto (Serenoa repens) extract from saw palmetto
fruit is mainly used in the treatment of benign prostatic hyper-
plasia, urinary and reproductive system problems. The fruit waste
mainly consists of pectin, hemicelluloses and lignin material
which are rich in carboxyl and hydroxyl groups. These functional
groups are normally responsible for holding the dyes on its
surface [10]. The aim of the present study is to investigate the
saw palmetto fruit waste (SPW) as a low-cost adsorbent for
the removal of methylene blue from aqueous solution.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.
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EXPERIMENTAL

Methylene blue was procured from Loba-Chemie, Mumbai,
India. Stock solutions of required concentrations were prepared
using demineralized water and further, the test solutions were
prepared by diluting the stock solution as required.

Pretreatment: Saw palmetto fruit waste used in this study
was procured from Sami Labs Limited, Bangalore, India. The
saw palmetto fruit waste was first washed repeatedly with de-
mineralized water to remove the impurities present and then
dried in sunlight. The dried adsorbent powder was then sieved
through sieves of different pore size. The dried adsorbent of
70 Mesh was used as untreated saw palmetto fruit waste.

Alkaline treatment: Saw palmetto waste of 70 Mesh was
soaked in 1 N NaOH for 48 h and then the sorbent was filtered
and washed with demineralized water until the pH of the super-
natant remains constant. The treated adsorbent was dried at
80 °C in the oven for 24h until it is completely free of moisture.

Characterization of adsorbent: SEM-EDAX ESEM,
(model-Quanta 200) was used to analyze the surface morpho-
logy of the saw palmetto fruit waste. The functional groups
responsible for sorption were determined using FTIR (Bruker).

Equilibrium studies: Untreated and alkaline treated saw
palmetto fruit waste of 0.5g was equilibrated with 100 mL of
methylene blue of different concentrations for 48 h. Uniform
mixing of samples was ensured by keeping the samples in
an orbital shaker at 150 rpm. After reaching equilibrium, the
supernatant liquid was separated from the adsorbent and then
the final concentration of the dye in the solution was analyzed
using UV- spectrophotometer at 652 nm.

The uptake capacity of the saw palmetto fruit waste for
methylene blue was obtained as follows:

— (Co — Cf WV
ST W ey
where g is equilibrium uptake capacity (mg/g) of saw palmetto
fruit waste; C, is the initial concentration of methylene blue

(mg/L); Ctis the equilibrium concentration (mg/L) of methylene
blue; V is the volume of solution (L) and w is the weight of the
adsorbent used (g).

Adsorption dosage: Methylene blue dye solution of 100
mL of 1000 ppm was equilibrated separately with the alkaline
treated saw palmetto fruit waste for different adsorbent dosages
ranging from 0.1 to 0.6 g.

Kinetic studies: Batch kinetic studies were performed
by adding 0.5 g of adsorbent to 500 mL of dye solution of
different concentrations. The stirring speed was maintained at
400 rpm to ensure uniform concentration throughout and the
samples were collected at regular intervals of time with the
total sampling volume being not more than 4 % of the solution
volume.

Temperature studies: Experiments were carried out by
equilibrating 100 mL of 1000 ppm methylene blue solution
with 0.1 g saw palmetto fruit waste separately at different
temperatures ranging from 303 to 343 K.

RESULTS AND DISCUSSION

Pretreatment: The selected adsorbent was given alkaline
treatment by washing with demineralized water and soaked
in NaOH for 48 h. When the saw palmetto fruit waste was
washed with demineralized water, there was no change in the
colour of the supernatant solution. But, when it was treated
with an alkaline solution, the supernatant solution turned to
dark brown colour. The alkaline solution leached the other
colour materials from the adsorbent and the alkaline treated
sorbent looked light brown in colour compared to other treat-
ments.

Characterization study: The SEM images to study the
surface morphology of the alkaline treated saw palmetto fruit
waste before and after the adsorption of methylene blue dye
were shown in Fig. 1a and 1b, respectively. The surface was
rough and irregular with particle cracks and asperities before
sorption of methylene blue as seen from Fig. 1a. After sorption

Fig. 1. SEM images of alkaline treated saw palmetto fruit waste (a) before adsorption (b) after adsorption of methylene blue
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of methylene blue, the surface was very smooth which might
be due to the thin layer of methylene blue on its surface. Also,
the increased brightness of the sample after adsorption might
be due to the coloured component distribution on the sorbent
surface.

FTIR spectra for the alkaline treated saw palmetto fruit
waste before and after sorption of methylene blue were shown
in Fig. 2. Similar peaks were observed before and after adsor-
ption as seen from Fig. 2. Monosubstituted aromatic rings
consisting of C-C, C-O, C-N are predominant functional
groups below 1400 cm™ wavenumber region and C-OH stret-
ching were found at 1021 cm™. These functional groups might
be responsible for holding the methylene blue dye on to the
adsorbent surface. Similar observations were mentioned by
Al-Anber et al. [11] in binding methylene blue on to defatted
Jojoba.
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Fig. 2. FTIR for the alkaline treated saw palmetto fruit waste before and
after adsorption of methylene blue

Equilibrium studies: Batch equilibrium isotherm studies
were performed with different concentrations of methylene
blue ranging from 1000 to 4000 ppm. Experiments were
performed with two different types of saw palmetto fruit waste.
Both untreated and alkaline treated adsorbents were used for
adsorption of methylene blue, separately. The equilibrium
sorption of methylene blue on to the untreated and alkaline
treated saw palmetto fruit waste were shown in Fig. 3. The
equilibrium capacity increased with an increase in the initial
concentration of dye solution for the sorbents. The maximum
saturation capacity was observed to be around 790 mg/g for
alkaline treated saw palmetto fruit waste and 280 mg/g for
untreated saw palmetto fruit waste. With untreated saw palmetto
fruit waste, after equilibrium sorption of methylene blue, back
diffusion of the dye was observed. Since the untreated adsorbent
was dark in colour, it was not able to hold the dye after reaching
saturation capacity. With alkaline treated adsorbent, no back
diffusion was observed after reaching equilibrium and the
sorbent turned to dark violet in colour.
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Fig. 3. Equilibrium isotherms for untreated and alkaline treated saw
palmetto fruit waste

Equilibrium sorption models like Langmuir, Freundlich,
Dubinin-Radushkevich (D-R) and Temkin isotherm models
were used to fit the equilibrium data. The model constants
were estimated from the linear plots and shown in Table-1.
The equilibrium isotherms generated using these model para-
meters were compared with the experimental data as shown
in Fig. 4.
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Fig. 4. Equilibrium isotherms for sorption of methylene blue on alkaline
treated saw palmetto fruit waste

Langmuir model assumes the adsorbent surface to be
homogeneous and the sorption is limited to monolayer sorption
of adsorbate [12]. The linearized Langmuir’s isotherm model
(eqn. 3) was used to fit the equilibrium sorption data.

qe — KLCe

q, 1+K.C, 2
.
qe qm quLCe (3)

The model constants K; and g were estimated from the
slope and intercept of the plot of 1/q. vs. 1/C..

TABLE-1
EQUILIBRIUM ISOTHERM MODEL CONSTANTS FOR UPTAKE OF METHYLENE
BLUE ON ALKALINE TREATED SAW PALMETTO FRUIT WASTE

Freundlich Langmuir Dubinin-Radushkevich Temkin
K; (mg™" R? Gn K, R? B € % 2 b, a R?
L'"/g) - (mg/g)  (L/mg) (mol’/kJ?)  (kJ/mol)  (mg/g) (L/mol)
35.481 1.469  0.9019 | 1428.571  0.011 0.9579 0.0002 50 816.39  0.9234 1549  0.0015  0.9302
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Separation factor (R.), a dimensionless equilibrium para-
meter of the Langmuir model, indicates the favourability of
the sorption process which is given in eqn. 4:

1
R = -
LT 1+K,.C,) S

where, C, represents the different initial concentrations of
adsorbate. Depending on the values of Ry, the sorption process
may either be unfavourable (Ry = 1), favourable (0 < Ry < 1)
or irreversible (R, = 0). For the different initial concentrations
studied, the average value of Ry was found to be 0.0124 which
shows the sorption is highly favourable.

Freundlich model assumes that the sorbent surface to be
heterogeneous and it deliberates multilayer sorption of adsor-
bate on the adsorbent surface [13]. The Freundlich model is
linearized and expressed as follows:

qe = KFC:“ (5)

Inq, =InK +llnCe (6)
n

where C. is the equilibrium adsorbate concentration (mg/L);
qeis the equilibrium adsorbate concentration on adsorbent (mg/
2); qm is the maximum uptake capacity of adsorbent (mg/g);
Kr(mg'""L""/g) and n are Freundlich constants and b is the
Langmuir constant (L/mg).

From the slope and intercept of the linear plot, log q.
versus log C., the Freundlich model constants n and Kr were
evaluated. The magnitude of n indicates the favourability of
sorption. For favourable sorption of adsorbate onto the adsor-
bent, the values of n should be between 1 and 10. From Table-1,
Freundlich constant, n; = 1.467, indicates adsorption to be
favourable.

Dubinin-Radushkevich (D-R) model: It is applied to
distinguish between physical and chemical adsorption of
adsorbate with its mean free energy, € per molecule of adsor-
bate [14]. The model isotherms are represented as:

In g, = In q,, — P& (7

1
E—RTIH(1+C—J )

€

where, . = amount of adsorbate in the adsorbent at equilibrium
(mg/g); q, = theoretical isotherm saturation capacity (mg/g);
B = Dubinin-Radushkevich isotherm constant (mol*/kJ*) and
€ is Dubinin-Radushkevich isotherm constant (kJ/mol).

Temkin isotherm model: Temkin isotherm assumes that
the heat of sorption of all molecules in the layer would decrease
linearly rather than logarithmic [15]. It is generally expressed
as follows. The linear form of which is used to determine the
model constants.

RT
q, = b—ln(al C.) 9)

t

RT RT
q. =b—lnal+b—lnCe (10)

t t
where R is gas constant; T is absolute temperature (K); a, is
Temkin isotherm equilibrium binding constant (L/g); b, is

Temkin isotherm constant and B = RT/b, represents a constant
related to the heat of sorption (J/mol).

From the linear plot of Temkin isotherm, the heat of sorp-
tion was found to be 442.02 J/mol which is an indication of
the physical adsorption process.

The different equilibrium model isotherms were compared
with the experimental data in Fig. 4. Based on the correlation
coefficient (R?) from Table-1, the Langmuir model was obser-
ved to fit the experimental data well compared to other isotherm
models.

Adsorbent dose rate: In order to find the optimal dosage
of alkaline treated saw palmetto fruit waste for the removal of
methylene blue, the adsorbent dosage varied from 0.1 to 0.6
2/100 mL for an initial dye concentration of 1000 ppm. It was
seen from Fig. 5 that the adsorbent capacity decreased with
increase in the adsorbent dose from 0.1 g/100 mL to 0.5 g/100
mL. With the increase in adsorbent amount, more sites are
available for adsorption and hence the capacity of the adsorbent
decreased for a constant initial concentration of the dye.
Beyond 0.5 g/100 mL, no significant decrease in capacity of
the adsorbent was observed. So, 0.5 g/100 mL was considered
to be the optimal dosage of alkaline treated saw palmetto fruit
waste for methylene blue adsorption.
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Fig. 5. Variation of adsorption capacity with adsorbent dose

T

Kinetic studies: This study gave an insight into the rate
of adsorption of methylene blue on alkaline treated saw palmetto
fruit waste. There was a rapid increase in methylene blue
uptake by the saw palmetto fruit waste till 30 min and reached
saturation after 60 min for an initial concentration of 1500 ppm
(Fig. 6). The sorption capacity remained constant after 60 min
indicating the saturation of the sorbent. A maximum uptake
capacity of 1355.43 mg/g was observed at the end of 150 min.
Lower uptake of 602.62 and 229.78 mg/g was observed for
initial concentrations of 670 and 250 ppm, respectively. Since
the concentration gradient of methylene blue between the
adsorbent and dye solution decreases with a decrease in initial
solution concentration, the saturation capacity was observed
to decrease with a decrease in the initial concentration of the
dye. Equilibrium contact of 60 min was observed to be suffi-
cient for the two phases to reach equilibrium for all the studied
concentrations.

The rate constants determine the sorption phenomenon
of adsorbate on the active sites of the sorbent and different
kinetic models were available for predicting the sorption kinetic
behaviour. Pseudo-first-order, pseudo-second-order and
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Fig. 6. Kinetic sorption studies for different initial concentration of
methylene blue

intra-particle diffusion models were fitted to the kinetic data
in order to analyze the sorption kinetics of methylene blue
onto saw palmetto fruit waste.

Pseudo first order kinetics: The Lagergren first-order
model [16] is given by the following equation:

dq,
dt
where, q. (mg/g) represents equilibrium adsorption capacity,
q: (mg/g) is adsorption capacity at time ‘t” (min) and k; (min™")
is the rate constant.
The linear form of the pseudo-first-order kinetics equation is:

=k, (q.—q)) (11)

log (ge — q) =log q. — kit (12)
The graph of log (q. — qu) versus t was plotted as shown in
Fig. 7 from which k was calculated. The pseudo first order
rate constant K, increased from 0.0149 to 0.0168 min™ with
increase in initial concentration and then decreased to 0.0124
min" for an initial concentration of 1500 ppm. Even though
the regression coefficients were good, the predicted capacities
were not matching the experimental capacities. Hence pseudo
first order model is not a suitable model to predict the kinetic
sorption of methylene blue on to saw palmetto fruit waste.
Pseudo Second order kinetics: Ho and McKay [17] pro-
posed the pseudo-second-order relation which is expressed as:
%ﬂ%(qe—ql)2 (13)
where, q. is equilibrium adsorption capacity, q, is adsorption
capacity at time ‘t’ (min) and k, (g min/mg) is the rate constant
of the second-order sorption process.
The pseudo-second-order relation (eqn. 8) is linearized
by applying the boundary conditions and is written as:
t 1 1

+—t 14
q. ka q, (14
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Fig. 7. Linear form of the pseudo-first-order kinetic sorption of methylene
blue on alkaline treated saw palmetto fruit waste

The pseudo-second-order rate constant, k, and equilibrium
uptake capacity, . were estimated from the slope and intercept
of the plot of t/q, versus t as shown in Fig. 8.

0.700

m250 ppm
0.6007 4670 ppm

0.500{ 41500 ppm

y = 0.0041x + 0.0363
R’ = 0.9984

0.400+

t/q,

| y =0.0015x + 0.022
0.300 R’ =0.9913
0.200-

0.1007 .0006x + 0.0133

o ‘ ‘ R®=0.9856
0 50 100 150 200
Time (min)

Fig. 8. Linear form of the pseudo-second-order kinetic sorption of
methylene blue on alkaline treated saw palmetto fruit waste

From Table-2, it was seen that the regression coefficient
of the pseudo-second-order was higher than that of the pseudo-
first-order equation and the predicted uptake capacities were
comparable to the experimental capacities. The rate constant,
k», values decreased from 4.63 x 10™ to 2.7 x 10° g/mg min
with increase in initial concentration from 250 to 1500 ppm.

Intraparticle diffusion: The intraparticle diffusion model
given by Weber and Morris [18] is expressed as:

q =kt +C (15)

where k; (mg/g/min'?) is the rate constant for intraparticle
diffusion. The value of C gives an insight into the thickness of
the boundary layer. Large intercept suggests great boundary
layer effect. If the linear plot between q, versus t*° passes
through the origin then intraparticle diffusion is said to be the
sole rate-limiting step. Otherwise, a complex process may be
governing the adsorption process.

TABLE-2
KINETIC MODEL CONSTANTS FOR ADSORPTION OF METHYLENE BLUE

Conc First order kinetics Second order kinetics Intra particel diffusion model
. k k k
/L 1 e 2 2 9e 2 i 2
@EY minh) (gl R | e/mgmin  (mgle) R (mg/gmin®) € R
250 0.0149 7.050 0.963 0.000463 243.902 0.998 39.99 5.79 0.792
670 0.0168 14.968 0.959 0.000102 666.667 0.991 87.39 19.26 0.912
1500 0.0124 20.154 0.932 0.000027 1666.667 0.986 177.15 34.55 0.984
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Multi-linear profiles were observed from the plot of g, vs.
(Fig. 9). The first linear plots may be due to the external
surface adsorption and second linear profile is attributed to
the intraparticle diffusion where diffusion is the rate controlling
step. The intraparticle diffusion step usually depends on the
operating parameters like solute concentration, temperature
and particle size is difficult to predict or control. As seen from
Table-2, the values of C increased from 5.79 to 34.55 with an
increase in initial concentration from 250 to 1500 ppm indi-
cating the boundary layer effects are more significant at higher
concentrations. Even the intraparticle diffusion rate constant,
ki, values increased from 39.99 to 177.15 (mg/g/min®’) with
increase in concentration from 250 to 1500 ppm.

/
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A 1500 ppm

0 T T
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Fig. 9. Linear form of particle diffusion model for methylene blue sorption
onto alkaline treated saw palmetto fruit waste

Even though all the tested kinetic models fitted the experi-
mental data with a good regression coefficient (R*>0.9), pseudo
second-order model only predicted the saturation capacity well
compared to the other models.

Temperature studies: Temperature is one of the signi-
ficant parameters governing the adsorption process. The effect
of sorption of methylene blue onto saw palmetto fruit waste
spent was investigated at different temperatures. The sorption
capacity of methylene blue increased with increasing tempe-
rature (not shown). The mobility of the ions increases with an
increase in temperature which would have increased the
intraparticle diffusion of the dye molecule onto the adsorbent
surface. The boundary effects also decreased with increase in
temperature which further enhanced the rate of adsorption.

Thermodynamic parameters like a change in free energy
(AG®), enthalpy (AH®) and entropy (AS°) were estimated using
the following equations:

C
K — se
<=c. (16)
AG® = -RT log K¢ (17)
AS° AH°
logK (18)

¢ 2303R 2.303RT
where, K. is the equilibrium constant, C,. and C;. are the equili-
brium concentrations (mg/L) of the adsorbate in the solid and
liquid phase, respectively, T is the temperature (Kelvin) and R
is gas constant.

Gibbs free energy of change (AG®) indicates the spon-
taneity of the adsorption process. The negative value of AG®
indicates that significant adsorption has occurred.

To determine the thermodynamic parameters governing
the reaction, van’t Hoff plot of In (K) vs. 1/T was plotted (Fig.
10). AH® and AS°® values were estimated from the slope and
intercept of the plot. The positive value of AH® (10483.95 J/
mol) indicates that the sorption process to be endothermic and
the positive value of AS° (36.34 J/mol) shows the increase in
randomness at the solid-liquid interphase. Since the adsorption
is an endothermic process, sorption rate also increased with
temperature. The rate of diffusion of the molecules increases
with increase in temperature which might be the reason for
the increased uptake of adsorbate confirming the process to
be endothermic.
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Fig. 10. Effect of temperature on adsorption of methylene blue onto alkaline
treated saw palmetto fruit waste

0.0033

Comparison of the different low-cost sorbent for the
removal of methylene blue: Table-3 summarizes the different
low-cost adsorbents for the removal of methylene blue from
aqueous solution.

Low-cost adsorbents which were examined for methylene
blue sorption were either from agriculture or plant waste
products. The sorption capacities were varying from the very
low value of around 10 to 700 mg/g. Activated carbons provide
high surface area due to the presence of pores and hence provide
high sorption for methylene blue. In the present study, the
alkaline treated saw palmetto fruit waste provides a sorption
capacity of 790 mg/g which is quite comparable to the capa-
cities of activated carbon. A high capacity of 1355.43 mg/g
was observed with varied operating conditions. In view of all
these results, alkaline treated saw palmetto fruit waste can be
treated as a low-cost sorbent for methylene blue.

Conclusion

In this study, saw palmetto fruit waste was used to treat
synthetic textile effluents containing methylene blue. Alkaline
treated saw palmetto fruit waste resulted in good uptake of
methylene blue compared to untreated saw palmetto fruit waste.
Back diffusion of methylene blue was observed with untreated
saw palmetto fruit waste when the adsorbent was saturated
with the adsorbate. The maximum uptake capacity of saw
palmetto fruit waste for methylene blue was found to be 790
mg/g and the Langmuir isotherm model better explains the
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TABLE-3
COMPARISON OF SORPTION CAPACITIES OF
DIFFERENT ADSORBENTS FOR METHYLENE BLUE

Adsorbent Max. capacity Ref.
Periwinkle shells (AC) 500.00 [8]
Neem leaf 8.76-19.61 [19]
Wheat shells 16.56-21.50 [20]
Sawdust coated with polypyrrole 34.36 [21]
Cherry sawdust 39 [22]
Rice husk 40.58 [23]
Sunflower seed husk 45.25 [24]
Walnut sawdust 59.17 [22]
Pryophyllite 70.42 [25]
Hazelnut shell 76.6 [22]
Calotropis procera leaf powder 192.31 [26]
Palm kernel coat 277.77 [27]
Teak tree bark 333.3 [28]
Spruce wood shavings (AC) 17.91 [29]
Paspalum notatum (AC) 30.4 [30]
Coconut bunch waste (AC) 70.92 [31]
Garlic peel (AC) 82.64 [32]
Coffee husk (AC) 90.1 [33]
Meranti sawdust (AC) 120.48 [34]
Pumpkin seed hull (AC) 141.92 [35]
Palm kernel fiber (AC) 217.95 [36]
Activated carbon 735 [37]
Saw palmetto waste-CT 790 Present study

AC = Activated carbon; CT = Chemical treated

sorption process. The sorption kinetics of methylene blue over
saw palmetto fruit waste follows the pseudo-second-order
kinetic model. The uptake of methylene blue by saw palmetto
fruit waste was found to be an endothermic and spontaneous
process from the thermodynamic study. Finally, alkaline treated
saw palmetto fruit waste can be considered as an effective
low-cost biosorbent for treating methylene blue dye solutions.
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