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ABSTRACT

Activated carbon derived from male palm tree flower (MPTF) (Borassus flabellifer) was used as adsorbent
to adsorb Malachite Green (MG) dye. Batch adsorption studies were performed by varying the param-
eters like initial solution pH, adsorbent dosage, initial dye concentration and temperature with acti-
vated carbon prepared from MPTF. The maximum dye removal (>95%) was occurred at an optimum
pH of 6.0, and zero point charge was found to be 2.75. Isotherm models such as Langmuir, Freundlich,
and Temkin were used to analyse the experimental data, and it was found that the Langmuir isotherm
model was best fitted with the adsorption data. Further, the separation factor (R,) value was less than
unity indicating a favourable adsorption process. Thermodynamic parameters such as AG, AH, and AS
were calculated for the adsorption processes and indicate that the adsorption process was spontaneous
and endothermic in nature. Adsorption rate constants were determined using pseudo-first-order,
pseudo-second-order rate equations, and also Elovich model and intraparticle diffusion models.
The results clearly showed that the adsorption of MG followed pseudo-second-order model, and the
adsorption was controlled by intraparticle diffusion.
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1. Introduction

Industrialisation and urbanisation in recent decades
create more complex problems on environment [1,2]. Textile
industries were grown tremendously in recent years and
discharges unprecedented amount of wastewater containing
synthetic dyes. This wastewater pollutes the environment
and causes harmful effects on human and other living
organisms [3]. Due to the carcinogenic and mutagenic effects
of synthetic dye, aquatic life and food webs are readily
affected, and the aesthetic and keeping quality of water is
reduced [4,5].

Textile industries require large quantity of reactive dyes
due to increasing utilisation of cellulosic fibres. This is due to
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the technical advancement and higher cost of other dyes used
for these fibres [6,7].

Synthetic dyes are having good solubility in nature and
commonly found in textile, leather, and paper industries.
Around 2% of dyes produced annually are wasted in effluent
from manufacturing operations [8].

The complex aromatic structure and strong physicochem-
ical, thermal, and optical stability of synthetic dyes makes the
biodegradation process as more difficult [9]. Hence, suitable
treatment method should be devised. In recent years, many
methods such as coagulation and flocculation [10], chemi-
cal oxidation [11,12], bio-based treatments [13,14], reverse
osmosis [15], photooxidation [16], and physical adsorption
[17,18] have been developed for treating textile wastewater.
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Literature study indicates that the adsorption process
was one of the most efficient techniques for dye removal. It is
likely due to its simplicity and high level of usefulness as well
as the availability of a wide range of natural and synthetic
adsorbents. Among the adsorbents present, activated carbon
is the most popular adsorbent for removal of dyestuffs from
wastewater [5]. However, making activated carbon with high
adsorption capacity is cost prohibitive and has regeneration
and disposal problems. Therefore, there is a growing demand
for freely and locally available low-cost natural materials for
the removal of dyes.

In recent years, various natural materials such as rice
husk [9], pyrophyllite [19], coir pith [20], montmorillonite
[21], fungi [22], soil [23], clay mineral [24,25], bagasse [26],
tamarind fruit shell [27], water hyacinth root [28], Cucumis
sativa fruit peel [29], rubber seed coat [30], water nut carbon
[31], Borassus aethiopum flower [32], and materials from agri-
cultural wastes [33-35] have been used and investigated for
removal of various dyes from aqueous solution.

This paper focused on the evaluation of adsorption
potential of the activated carbon prepared from male palm
tree flower (MPTF) for the treatment of synthetics wastewater
containing Malachite Green (MG). MPTF is freely and abun-
dantly available villages. Batch studies were carried out to
find the adsorption potential of MPTF by considering the
influencing parameters such as initial dye concentration,
adsorbent dose, pH, and temperature. The experimental
data were taken for adsorption kinetics and thermodynamic
analysis. Also the adsorption mechanism was understood
by fitting the experimental data with various isotherm mod-
els, and the performance of newly developed adsorbent was
compared with the other adsorbent for the removal of MG
from aqueous solution.

2. Materials and methods
2.1. Adsorbate

Commercial grade MG (CAS no. 569-64-2) is a cationic
dye with a molecular formula C,,H,CIN, and molecular
weight of 364.911 g/mol purchased from Merck (Mumbai,
India) and used without further purification. The maximum
absorption wavelength of this dye is 618 nm. The structure of

MG is shown in Fig. 1.
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Fig. 1. Structure of Malachite Green.

2.2. Preparation of biosorbent

MPTFs collected from villages near by Tiruvannamalai,
India, were washed thoroughly with distilled water to remove
dirt particles and water soluble particles adhered to the sur-
faces. The flower was cut into small pieces and dried in oven at
70°C for 1 d. Then the carbonisation of particle was carried out
at 300°C for 24 h in muffle furnace. The particles were further
ground into powder by using ball mill and sieved to obtain
average particle size of 150 pum. The powdered particle was
stored in an airtight container for further use. No other chemi-
cal treatments were used prior to adsorption experiments.

2.3. Characterisation of MPTF

The adsorbent, MPTF, was characterised with Fourier-
transform infrared (FTIR) spectroscope (FT-IR-2000,
PerkinElmer, Chennai, India) and was used to find the sur-
face functional groups of MPTE. In this analysis, aliquots
of the sample were diluted and mixed with KBr to produce
KBr pellets and then vacuum pressed. Absorbance spectra
were recorded from 4,000 to 400 cm™ with 16 cm™ resolution.
Surface morphology of MPTF powder was studied using scan-
ning electron microscopy (SEM) (VEGA3 TESCAN) image.

The zero point charge of MPTF was determined by sus-
pending 1.0 g of the MPTF in 1 m mol/L of NaCl solution for
36 h. A total of 60 ml of the suspension was taken into eight
conical flasks, and the initial pH was adjusted to 2.05, 3.16, 4.15,
5.18, 6.24,7.26, 8.28, and 9.32. The suspensions were allowed to
reach equilibrium, and the final pH of the samples was mea-
sured. The results were plotted as ApH against initial pHi.

2.4. Biosorption experiment
2.4.1. Effect of pH

The effect of pH on amount of colour removal was anal-
ysed over a pH range of 2-10. NaOH (0.1N) and H,SO, (0.1N)
solutions were used to adjust pH. In this study, experiments
were carried out in 1,000 mL of dye solution with 100 mg/L of
initial dye concentration, 2 g/L. of MPTF powder at room tem-
perature of 30°C. Agitation was carried out for 1.5 h which
is more than sufficient to reach equilibrium at constant agi-
tation of 200 rpm. The aliquots samples were withdrawn at
regular time interval and centrifuged immediately to sepa-
rate adsorbent particles. Remaining dye concentrations in
samples were determined by measuring the absorbance at
the characteristics wavelength of MG (A = 618 nm) using
UV-vis spectrophotometer (Systronics, Ahmedabad, India).

2.4.2. Biosorbent dosage

Adsorption efficiency depends on biosorbent dosage.
Hence, adsorbent amount was varied from 0.5 to 3 g/L to
find the effect of dosage by maintaining initial concentration
of dye as 100 mg/L. All the experiments were carried out at
30°C, pH of 6, and 200 rpm for 90 min.

2.4.3. Biosorption equilibrium study

The equilibrium studies were carried out at 200 rpm by
adding 2 g/L of MPTF to 1,000 ml of dye solution. The dye
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concentration was varied from 50 to 300 mg/L, and all the
experiments were performed in triplicates. The amount of
MG adsorbed per gram of MPTF (g,) was obtained using the
following expression:

_(C-C)V

7= M

where C,and C, are the initial and equilibrium concentrations
(mg/L) of dye, respectively; g, is the equilibrium uptake value
(mg/g), V is the volume of the solution (L), and M is the dry
weight of the adsorbent (g). The percentage removal of the
dye is given by the following equation:

% Removal =

(Ci B Ce)
C

i

x 100 @)

2.4.4. Effect of temperature

For thermodynamic study, the experiments were
performed by varying temperature from 30°C to 60°C
(30°C, 40°C, 50°C, and 60°C) at a constant pH of 6. For
these experiments, 2 g/L of MPTF added to 1,000 ml of dye
solution in 1.5 L flasks. The flasks were shaken at 200 rpm
for 180 min. The initial dye concentration used in this study
was 50-300 mg/L. After agitation, the reduction in dye
concentration was measured at regular time intervals. All
experiments were carried out in triplicate under identical
conditions and mean values are presented.

3. Results and discussion
3.1. Characterisation of biosorbent

FTIR spectroscopic analysis was studied to find the sur-
face functional groups on sorbent, and results are shown in
Figs. 2(a) and 2(b). The characteristic peaks correspond to
3,277 em™ represent -OH group of lignin, and the presence
of -CH, group is confirmed with the band about 2,920 cm™
[36,37].The band observed at 1,726 cm™ confirms the C=0
stretching of aldehyde [38], while the peak at 1,606 cm™
was attributed to C=C stretching of phenol group [39]. The
aromatic ring of lignin was confirmed with stretching at
1,440 cm™, and the band in 1,249 cm™ confirms the bending
mode of C-C-H, C-O-H, and O-C-H. The presence of C-O
bond was confirmed with the band at 1,029 c¢m™ which
confirm the presence of lignin in MPTF [39].

The spectral analysis of the MPTF-activated carbon
powder before and after adsorption (Figs. 2(a) and 2(b))
process confirms that the -OH group and other groups are
responsible for the adsorption of MG.

The surface morphological changes of adsorbent before
and after the desired process were observed using SEM
(VEGA3 TESCAN), and images are shown in Figs. 3(a) and
3(b). From the figures, it is observed that the surface of the
sorbent before use contains rough and irregular layers that
will enable sorption. The micropores in sorbent are respon-
sible for adsorption and adsorb the dye molecules more
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Fig. 2. FTIR spectra of MPTF carbon powder: (a) before
adsorption and (b) after adsorption.

readily. Also from Fig. 3(b), it was observed that the surface
of the sorbent was completely covered by thick layer of
adsorbate, and the micropores present on the surface before
adsorption were not seen because the micropores were occu-
pied by sorbate molecules.

3.2. Effect of solution pH

The pH of solution plays an important role on adsorption
capacity, where it affects both surface properties of biosor-
bent as well as degree of ionisation. Experiments were per-
formed at pH range of 2.0 to 10.0, and the results are shown
in Fig. 4. From the results, it was observed that the removal
of dye increases with increase in pH from 2.0 to 6.0. Further
increase in pH did not favour dye adsorption, instead the
percentage adsorption was decreased from 96.4% to 75.23%.
This could be due to the adsorption of OH" ions and neg-
atively charged surface at higher pH values and was con-
firmed with point zero charge of adsorbent. The point zero
charge of PTMF was found to be 2.75 (figure not shown).
At very low pH (pH < pHPZC), H* ions that are adsorbed on
the PTMF surface may get positively charged. Due to this
adsorption, a repulsive force occurs between the cation dye
molecules and the biosorbent surface. This leads to lowering
of the adsorption capacity at low pH, and similar trends were
reported in literature [40].
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The increase in solution pH above pH_ , will favour the
adsorption, and the percentage dye removal increased con-
tinuously as long as the dye molecules are still positively
charged or neutral even though the MPTF surface is nega-
tively charged due to adsorption of OH~ions. When the sur-
face charges of adsorbent and dye molecules are negative,
then the percentage dye removal decreases. The maximum
adsorption was obtained at a pH of 6. Further increase in
pH did not favour the adsorption process. Therefore, pH 6
was used for further adsorption studies. Similar trends were
observed by various authors for MG adsorption on rice bran
[41], bivalve shell [42], and rubber seed coat [43].
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Fig. 3. SEM images of MPTF powder: (a) before adsorption and
(b) after adsorption process.

3.3. Effect of adsorbent dose

The effect of adsorbent dosage on both percentage dye
removal and the amount of dye adsorbed per unit weight of
adsorbent is shown in the Fig. 5. From the figure, it is clearly
observed that the percentage removal of dye is directly pro-
portional to the adsorbent dosage to a certain extent and then
it remains almost constant. The sorption rate increased from
58.2% to 92.6% at equilibrium as MPTF dose was increased
from 0.5 to 3 g/L, and optimum dosage was found tobe 2 g
of MPTF per litre of dye solution. This may be due to the
increase in surface area of the adsorbent and availability of
more adsorption sites [5]. However, capacity of adsorbent
toward dye removal was decreased with increase in bio-
sorbent dosage. It decreased from 116.4 to 31.7 mg/g as the
biosorbent dose increased from 0.5 to 3 g/L. This may be
due to the following reason: sorption sites are overlapped
one another above as a result biosorbent particles are over-
crowded, and similar results were found in literature [44,45].
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Fig. 4. Effect of pH on dye removal (condition: initial dye
concentration = 100 mg/L, MPTF powder = 2 g/L, adsorbent
size =150 um, contact time = 90 min).
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Fig. 5. Effect of MPTF dosage on dye removal (condition: initial
dye concentration = 100 mg/L, pH = 6.0, adsorbent size = 150 pm,
contact time = 90 min).
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3.4. Effect of temperature

Experiments were performed at different temperatures of
30°C, 40°C, 50°C, and 60°C for the initial MG concentrations
of 50-300 mg/L at constant adsorbent dose of 2 g/L. The per-
centage adsorption increased from 87.2% to 97.2%, 78.8% to
89.8%, 62.0% to 71.5%, 49.72% to 57.22%, 38.4% to 45.2%, and
30.5% to 35.5% for the initial MG concentrations of 50, 100, 150,
200, 250, and 300 mg/L, respectively with increase in tempera-
ture from 30°C to 60°C (Fig. 6). This behaviour of adsorption
indicates that the process of MG dye removal is an endother-
mic process. This may be due to the higher mobility of dye
molecules at high temperature and increase in the number of
active sites for adsorption and also due to the enlargement of
pore size and activation of adsorbent surface [46].

3.5. Biosorption equilibrium study

The relationship between the adsorbate in the liquid phase
and solid phase at equilibrium and at constant temperature is
called adsorption isotherm. The equilibrium adsorption iso-
therm is very important to design the adsorption systems,
and it plays an important role to find the maximum capacity
of adsorption [5]. It also provides the knowledge about how
efficiently and economically an adsorbent used in the system.
In order to study the effect of temperature on the equilibrium
capacity of MPTF and an adequate model that can reproduce
the experimental results obtained, Langmuir, Freundlich,
and Temkin isotherms have been considered.

3.5.1. The Langmuir isotherm

The theoretical Langmuir isotherm equation was devel-
oped based on the assumptions such as all the specific homo-
geneous sites were occupied with adsorbate and no further
adsorption at equilibrium. The maximum adsorption occurs
under the following conditions: when the adsorbent surface
was filled with a saturated monolayer of solute molecules, the
energy of adsorption is constant, and there is no migration of
adsorbate molecules in the surface plane. The nonlinear form
of Langmuir isotherm model was expressed as follows [47]:

q7,K,C, C, 1 C

=1ikc Y ok o ©)

e 9 9ne

where C, is the supernatant concentration at the equilibrium
state of the system (mg/L), g, is the amount adsorbed (mg/g),
and g, and K, are the Langmuir constants representing the
maximum adsorption monolayer capacity (mg/g) for the
solid phase loading and the energy of adsorption (L/mg),
respectively. These constants can be determined from the lin-
ear plot of C /g, vs. C, (Fig. 7) and shown in Table 1 together
with R? values.

The measure of goodness-of-fit for any experimental
data is represented by correlation coefficient (R?) values.
From Table 1, it is observed that the R?values for Langmuir
isotherm were all higher than 0.99, indicating a very good
mathematical fit. Also, it may be predicted from Table 1
that the increase of monolayer adsorption capacity (q,)
with increase in temperature indicates adsorption of MG
on MPTF is an endothermic process. Similar results are
observed in literature [46].
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Fig. 6. Effect of temperature on dye removal (condition: initial
dye concentration = 50-300 mg/L, pH = 6.0, MPTF =2 g/L, size of
adsorbent = 150 pm, and contact time = 90 min).
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Fig. 7. Langmuir isotherm for dye removal at various solution
temperatures using ESP (condition: pH = 6.0, dosage of
MPTF = 2 g/L, size of adsorbent = 150 pm, and contact
time = 180 min).

The affinity between the adsorbate and adsorbent can
be predicted using the separation factor or dimensionless
equilibrium parameter ‘R,’, which is a function of Langmuir
isotherm parameter and is expressed as in the following
equation [48]:

1
R =—"—
" 1+K,C, )

where K| is the Langmuir constant and C is the initial con-
centration of MG. The values of separation factor R, pro-
vides important information about the nature of adsorption.
It indicates the type of isotherm to be irreversible (R, = 0),
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Table 1
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Equilibrium parameters of Langmuir, Freundlich, and Temkin constants for the adsorption of dye on MPTF

Solution Equilibrium isotherm

temperature (°C) Langmuir constant

Freundlich constant Temkin constant

q,(mg/g) K (L/mg) R K, (ng/g) n R A(L/mg) B R
30 48.07 0.266 0.9954 16.71 4.57 0.7528 5.20 7.376 0.784
40 50.51 0.4620 0.9968 19.88 5.04 0.7662 10.965 7.1023 0.799
50 53.19 0.5513 0.9986 22.71 5.49 0.822 21.93 6.817 0.856
60 54.95 2.395 0.9978 26.23 6.1 0.8563 60.53 6.366 0.885
Table 2
Effects of initial dye concentrations on dimensionless separation 19
factor (R,) at different solution temperatures
1.8 A
Initial dye Values of R, at different temperatures
i 1.7 A
concentration 30°C 40°C 50°C 60°C
(mg/L)
o 1.6
50 0.06993  0.04149  0.03501  0.00828 &
)
100 0.03623  0.02119  0.01782  0.00416 — 15 |
150 0.02445 0.01422 0.01195 0.00278
1.4 -
200 0.01845  0.01071  0.00899  0.00208
250 0.01481  0.00858  0.00720  0.00167 13 1
300 0.01238  0.00716  0.00601  0.00139 12
0 0.5 1 1.5 2 2.5
Log Ce

favourable (0 < R, < 1), and linear (R, = 1) or unfavourable
(R, >1) [49,50]. The values of R, for the sorption of MG dye
on the MPTF powder are shown in Table 2. From the table,
it was observed that the values of R, are less than one and
greater than zero that supports previous observation where
the Langmuir isotherm was favourable for the dye sorption
at all studied temperatures [45].

3.5.2. The Freundlich isotherm

The Freundlich isotherm model is the earliest known
relationship describing the adsorption process. This model
is based on the mechanism of adsorption on heterogeneous
surfaces and also suggests that sorption energy exponentially
decreases on completion of the process. Empirical equation
of Freundlich isotherm is expressed as follows:

1
- 1
q,=K,C! (or) logg, =logK, + ;logCH (5)

where K, is the Freundlich constant (L/g) related to the
bonding energy. K, can be defined as the adsorption or
distribution coefficient and represents the quantity of dye
adsorbed onto adsorbent for unit equilibrium concentration.
The measure of deviation from linearity of adsorption is
given by n. The adsorption process is classified according
to the range of ‘n’ values such as linear adsorption (n = 1),
chemisorption (n < 1), and physical sorption (n > 1) [51].
The experimental data were fitted with Freundlich equa-
tion (Fig. 8), and the constant from the graph are shown in
Table 1.

Fig. 8. Freundlich isotherm for dye removal at various solution
temperatures using MPTF (condition: pH 6.0, dosage
of MPTF = 2 g/L, size of adsorbent = 150 um, and contact
time =180 min).

From the table, it was observed that the value of n was
found to be in the range of 4.57-6.1. This indicates that the
present adsorption process was physical process. Similar
results were observed in previous literatures [52-54]. From
Fig. 8, itis observed that a linear relation was observed among
the parameters at different temperatures. However, on com-
parison of regression coefficients (R?) for both Langmuir and
Freundlich isotherms, it is confirmed that the equilibrium
data are well fitted with the Langmuir isotherm for the dif-
ferent temperatures studied.

The predicted Langmuir and Freundlich isotherm con-
stants at 30°C for MG dye on to MPTF are useful for design
calculations and is given by Egs. (6) and (7), respectively.

12.835C,

T~ Tv0a66C, ©

q, =16.71C0*" 7)

The nonlinear plots generated from Langmuir and
Freundlich isotherm at 30°C using Eqgs. (6) and (7) are
shown in Fig. 9. From the figure, it was observed that the
experimental data are well fitted with the Langmuir isotherm
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equation when compared with the Freundlich isotherm
equation, which confirms the monolayer adsorption of the
dye onto the MPTF [55].

3.5.3. Temkin isotherm

The interaction between adsorbate and adsorbent can
be studied well by Temkin isotherm [56,57]. This model
was developed by assuming following: (i) due to the
adsorbent-adsorbate molecule interactions, the heat of
adsorption decreases linearly and that (ii) uniform distribu-
tion of binding energies between adsorbent and adsorbate
molecules characterise the adsorption process. Temkin
isotherm is commonly written as follows:

q,= Bln(ACL,) (or) q,= Bln(A)+ Bln(CF) (8)

where A and B are Temkin isotherm constants. The Temkin
constant B represents the heat of adsorption, and A represents
equilibrium constant at maximum binding energy. Constants
A and B are calculated from the linear plot between g, vs. InC,
(Fig. 10), and the values are shown in Table 1. From the table,
it may be concluded that the constant representing heat of
adsorption decreases and the constant representing binding
energy increases as the solution temperature increases.

3.6. Adsorption kinetics studies

The effectiveness of an adsorbent depends upon the resi-
dence time of adsorbent, and kinetics studies guide the rates
that determine the residence time. The kinetic profiles of MG
biosorption onto MPTF were investigated in this section.

3.6.1. Effect of contact time

Fig. 11 shows the effect of contact time on removal rate of
MG by powdered MPTF. Experimental studies were carried
out with varying initial dye concentrations ranging from 50
to 300 mg/L using 2 g/L of adsorbent dose at pH 6. From the
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Fig. 9. Nonlinear equilibrium plots for dye removal at 30°C using
the MPTF (condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent = 150 um, and contact time = 180 min).

figure, it was observed that the percentage dye removal was
increased proportionally with the agitation time and reached
equilibrium after 90 min for the dye concentrations used in this
study. This time is known as equilibrium time, and adsorption
capacity of adsorbent is reflected by equilibrium time [58].

The percentage removal of MG at equilibrium was
decreased from 96.4% to 33.2% as the dye concentration
increased from 50 to 300 mg/L. This may be due to the follow-
ing reason that increase in initial dye concentration provides
driving force to overcome all resistances of the dye between
the aqueous and solid phases [45,59]. At lower concentrations,
all sorbate ions present in the sorption medium could interact
with the binding sites, hence higher percentage removal was
obtained. At higher concentrations, the percentage removal
of the dye shows a decreasing trend due to the saturation of
the sorption sites [45,55].
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Fig. 10. Temkin isotherm for dye removal at various solution
temperatures using MPTF (condition: pH = 6.0, dosage
of MPTF = 2 g/L, size of adsorbent = 150 um, and contact
time = 180 min).
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Fig. 11. Effect of contact time on percentage dye removal
(condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent = 150 um, and temperature = 30°C).
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3.6.2. Effect of initial dye concentration

Adsorption of MG onto MPTF was studied at different
initial dye concentration (50-300 mg/L) at sorbent dosage of
2 mg/L. The comparison between percentage dye removal
and sorbent uptake capacity at equilibrium time are shown
in Fig. 12. From the figure, it is evident that the amount of
dye adsorbed at equilibrium increases from 24.1 to 56 mg/g
for an increase in initial dye concentration from 50 to
200 mg/L.

A higher uptake capacity at higher concentration is due
to the availability of more driving force to overcome all resis-
tances. But, further increase in initial dye concentration to 250
and 300 mg/L did not favour to increase in uptake capacity;
instead the uptake capacity decreases to 55.25 and 49.8 mg/L,
respectively [55]. This is due to the saturation of sorption
sites by dye molecules at higher concentration. On the other
hand, the percentage dye removal shows a decreasing trend
as the initial dye concentration increases. At lower dye con-
centrations, all adsorbate ions present in the medium could
interact with the binding sites, hence percentage removal
was higher. At higher dye concentrations, because of quick
saturation of the sorption sites, the percentage dye removal
shows a decreasing trend [55]. Similar trend was observed by
the other investigators [60,61].

3.6.3. Adsorption kinetic modelling

In order to investigate the mechanism of adsorption
and steps that govern the overall removal rate in the
adsorption process, kinetic models have been used. The
pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion were tested to fit the experimental
data obtained for MG uptake by MPTF. The rate constant and
equilibrium uptake values for the adsorption process were
determined using the model equations.

Chi square and the normalised standard deviation
given by Egs. (5) and (6) were used to validate the kinetics
models [62].

v? = (qexp “deal )2 )
9cal

- /
Aq,(%) =100 |%l

where N is the number of data points while Torp and q_,
are experimentally determined quantity adsorbed at
equilibrium and calculated quantity adsorbed at equilibrium,
respectively.

(10)

3.6.3.1. The pseudo-first-order model ~The pseudo-first-order
kinetic model with respect to solid/liquid adsorption system
can be written as follows [63]:

In(q, —q,)=Ing, -kt (11)
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where g, (mg/g) refers to the amount of dye adsorbed at equi-
librium, q,(mg/g) refers to amount of dye adsorbed at time ‘¢,
and k, is rate constant for pseudo-first-order adsorption. The
value of pseudo-first-order rate constant, k,, has been evalu-
ated from the slope of the linear plot of In(g —q,) vs. t as shown
in Fig. 13. The values of k, and g, calculated from the model
equation and correlation coefficient (R?) values at different
dye concentrations are presented in Table 3.

The linear plot of first-order model (Fig. 13) recom-
mended that the process of dye adsorption did not follow
the first-order rate kinetics. This can be confirmed from the
chi square and Ag (%) values shown in Table 3. These values
are higher than the other models for the studied dye concen-
tration range.

120 60

% Dye Removal

——% Dye Removal

—&—q (mg/g)

50 100 150 200 250 300
Initial Dye concentration(mg/L)

Fig. 12. Effect of initial dye concentration on uptake capacity
and percentage dye removal at equilibrium (condition:
pH = 6.0, dosage of MPTF = 2 g/L, size of adsorbent = 150 um,
and temperature = 30°C).

50ppm
| 100ppm
A 150ppm
X 200ppm
-4 X 250ppm

® 300ppm

Time (min)

Fig. 13. First-order plots for different initial dye concentrations
(condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent = 150 um, and temperature = 30°C).
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E?;lzs parameters obtained from pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion for the adsorption of
MG onto MPTF

Constants Initial dye concentrations (mg/L)

50 100 150 200 250 300

q, experimental (mg/g) 24.3 449 53.63 57.22 56.5 53.25
Pseudo-first order

q, calculated (mg/g) 21.18 60.42 99.21 114.58 106.80 116.49
k, x 10? (min™") 4.71 5.31 5.15 4.83 4.54 4.25
R? 0.9817 0.9603 0.9391 0.9822 0.9735 0.9702
w2 0.4596 3.9866 20.9408 28.7150 23.6900 34.3317
Ag (%) 8.4457 13.8575 21.7294 23.5990 22.2394 25.6862
Pseudo-second order

q, calculated (mg/g) 26.18 51.02 68.027 75.75 77.52 68.97
k, x 10* (g/mg min) 14.59 3.84 2.16 1.74 1.66 2.1

R? 0.9979 0.9927 0.9911 0.9884 0.9931 0.9786
2 0.1350 0.7341 3.0469 4.5328 5.6997 3.5830
Aq (%) 6.5560 8.7019 12.2123 13.4130 14.3766 12.8065
Elovich

q, calculated (mg/g) 26.03 48.82 58.68 62.83 61.89 58.03

a x 10* (mg/g min) 41.0908 5.2392 1.3655 1.036 0.9213 0.5938
B (g/mg) 4.4871 10.608 15.995 17.92 18.185 19.219
R? 0.8862 0.9001 0.9295 0.929 0.9445 0.9473
w2 0.1154 0.3155 0.4346 0.5007 0.4698 0.3941
Ag (%) 6.2951 6.9684 7.2328 7.3795 7.2815 7.0638
Intraparticle diffusion

C,(mg/g) 0.2402 0.1326 0.4045 0.586 0.6064 0.4331
k,, (mg/g min®?) 0.2108 0.4881 6.7562 7.6244 7.459 7.2903
R? 0.943 0.9721 0.993 0.9901 0.9977 0.9883
C,(mg/g) 23.726 44.334 52.731 54.214 53.635 47.67
k,, (mg/g min®) 0.0444 0.0433 0.0677 0.233 0.2192 0.4337
R} 0.7687 0.9202 0.9818 0.8799 0.8996 0.7456

3.6.3.2. The pseudo-second-order model The kinetic —wherek, is the rate constant. Values of k, and g, were calculated

data were further analysed using Ho and McKay’s [64]
pseudo-second-order kinetics model. This model is based
on the assumption that the sorption follows second-order
chemisorption. It can be expressed as follows:

—E gt (12)

from the plots of #/g,vs. t in Fig. 14. The k,, q, and correlation
coefficients R* were calculated from this plot and are given in
Table 3. From the table, it was observed that the correlation
coefficient values for all studied concentrations are higher
than 0.99. Also the calculated chi square and Ag (%) values are
lower, and that suggests that the sorption system could be well
described by the pseudo-second-order model. The results from
the model recommend the adsorption of MG on MPTF most
likely to be controlled by chemisorption process [45,65,66].
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3.6.3.3. The Elovich model To describe chemisorption,
one of the most useful models is Elovich which is shown in
Eq. (13) [67].

g, =Blnaf +BInt (13)

where a and 3 represent Elovich constants, which indicates
the initial sorption rate (mg/g min) and the extent of surface
coverage and activation energy for chemisorption (g/mg),
respectively. The linear plot between g, and Int will be used
to calculate the parameters a and 3 from the slope and inter-
cept, as shown in Fig. 15. The estimated Elovich parame-
ters are given in Table 3. The higher R? values show that the
experimental data are well fitted with the model. Also, the
q, values calculated from Elovich equation agreed quite well
with the experimental values which also reflects in low chi-
square values. This recommends that the sorption process

Time(min)

Fig. 14. Second-order plots for different initial dye concentrations
(condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent =150 um, and temperature = 30°C).
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Fig. 15. Elovich plots for different initial dye concentrations
(condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent = 150 um, and temperature = 30°C).
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is controlled by chemisorption process and may involve
valence forces between sorbent and sorbate through sharing
or exchange of electrons present in the MPTF [68]. Hence, ion
exchange mechanism plays a significant role in the sorption
process.

3.6.3.4. The intraparticle diffusion model This model was
used to find the rate-controlling steps using experimental
data which affects the kinetics of adsorption process. Weber’s
intraparticle diffusion model is shown in Eq. (14) [69].

q, =kt +C (14)

where C is the intercept and k, is the intra particle diffusion
rate constant (mg/g min'?), which can be evaluated from the
slope of the linear plot of g, vs. t/ as shown in Fig. 16. The
value of C gives the idea of boundary layer effect on adsorp-
tion process. The conditions to be satisfied that the adsorption
process obeys intraparticle diffusion are that the plot should
be linear and pass through the origin. The deviation of this
plot from the linearity indicates that the rate-controlling step
should be film diffusion controlled. It was observed from the
Fig. 16 that the plots possess multilinear portions (i.e., two
steps were involved in the adsorption of MG onto the MPTF).
The first and second linear portion indicates film diffusion
and intraparticle diffusion, respectively [70-73]. Referring
to Fig. 16, the first stage was completed within 90 min for
all the dye concentration studied also the linear lines of sec-
ond stages did not pass through the origin, and this devi-
ation might be due to the difference in the mass transfer
rate in the initial and final stages of adsorption [74]. These
results prove that the rate-limiting steps in adsorption pro-
cess are not only by intraparticle diffusion. Rate constant of
two stages (k, and k,) were found from the slopes of two
straight lines and are listed in Table 3. Due to greater driving
force, rate constant values are increased with the increasing
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Fig. 16. Intraparticle diffusion plots for different initial dye
concentrations (condition: pH = 6.0, dosage of MPTF =2 g/L, size
of adsorbent = 150 um, and temperature = 30°C).
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in initial dye concentration [75]. Consequently from the table,
it was observed that the values of k , are smaller than k,, that
confirms that the dye sorption process was controlled by the
intraparticle diffusion [76].

3.6.4. Thermodynamic study

From the fundamentals of thermodynamics concepts,
for isolated system entropy change is the only driving force
[77]. In general, spontaneous natures of the process are iden-
tified by using energy and entropy factors. The thermody-
namic parameters such as standard Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°) must be considered to
find the spontaneous nature for any adsorption process.

These thermodynamic parameters were evaluated from
the following Egs. (15)-(18).

C
K =24
TC (15)
AGQ = —RTIDKC (16)
AG =AH —TAS’ (17)
AS" AH
InkK == 2=
nk, R RT (18)

where K is the equilibrium constant, C, is the equilibrium
concentration in solution (mg/L), and C,, is the amount of
dye adsorbed on the adsorbent per litre of solution at equilib-
rium (mg/L). R is the gas constant (8.314 J/mol/K) and T is the
temperature (K). The values of AH® and AS° are determined
from the Van't Hoff equation shown in Eq. (18), and Eq. (17)
was used to calculate AG®, and the results are listed in Table 4
[78]. Adsorption of MG on MPTF increased when the tem-
perature was increased from 303 to 333 K, and the results are
shown in Fig. 17. The plots were used to compute the values
of thermodynamic parameters. The negative values of AG®
indicate that the process is feasible and spontaneous, and the
positive values of AH® indicate that the adsorption process is
endothermic nature. The AS° values can be used to describe
the randomness at adsorbent-dye solution interface during
the sorption [53,79,80].

Table 4

3.6.5. Comparison of the results with the literature

The Langmuir monolayer adsorption capacity of present
adsorption system was compared with the other adsorption
system available in literature. The comparison table was
shown in Table 5. This comparison was made for the removal
of MG dye from aqueous solution by using adsorbents pre-
pared from agricultural waste materials. The results indi-
cated that the maximum adsorption capacity well matches
with the other adsorbents.

4. Conclusion

MPTF used in this investigation is easily, abundantly,
and locally available and projected to economically feasible
for removal of MG from aqueous solution. The adsorption
is strongly dependent on initial concentration of dye, pH,
adsorbent dosage, and contact time. The removal efficiency
increases with increase in pH due to the ionic effect, and
an optimum pH value was found to be 6. Also, the removal
efficiency increases from 58.2% to 92.6 % for an increase in
adsorbent dose from 0.5 to 3 g/L. The increase in initial dye

4
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Fig. 17. Van't Hoff plot for different initial dye concentrations
(condition: pH = 6.0, dosage of MPTF = 2 g/L, size of
adsorbent =150 um).

Thermodynamic parameters for adsorption of MG onto MPTF at different initial concentrations

Initial dye AH° (kJ/mol) AS° (kJ/mol K) AG® (kJ/mol)

concentration (mg/L) 303K 313K 323K 333K
50 49.78506 178.169 ~4.20015 ~5.98184 7.76353 -9.54522
100 23.67162 89.10945 -3.32854 -4.21964 511073 ~6.00183
150 11.85327 43.24693 ~1.25055 ~1.68302 -2.11549 2.54796
200 8.997411 29.61031 -1.025487 ~0.27062 ~0.56672 ~0.86282
250 7.732851 21.60892 -1.04049 -0.82011 ~0.59973 ~0.37935
300 6.460809 14.53537 ~0.66109 ~0.47139 ~0.28169 -0.09199
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Table 5

Comparison of present study with the literature
Name of the adsorbent q,(mgg") References
Groundnut shell based powdered activated carbon (GSPAC) 2222 [81]
Tamarind fruit shells activated carbon 83.41 [82]
Rubber seed coat based activated carbon (RSCAC) 72.73 [30]
Activated carbon prepared from male palm tree flower (MPTF) 54.95 Present study
Rice husk activated carbon (RHAC) 49.62 [83]
Activated carbon derived from Borassus aethiopum flower biomass (PFAC) 48.48 [32]
Water nut modified carbon (WNMC) 46.27 [31]
Cucumis sativa fruit peel based activated carbon 36.23 [29]
Juglans regia shells based activated carbon 29.74 [84]
Coconut coir activated carbon 27.44 [85]

concentration decreases the percentage dye removal due to
the enhanced interaction between MG and MPTE. The per-
centage dye removal increases with time up to 90 min and no
significant increase were observed further. Adsorption iso-
therms studies show that the adsorption process follows the
Langmuir model, and the maximum adsorption capacity was
found to be 54.95 mg g™ at 333 k. This was obtained at an opti-
mum condition such as pH 6 and adsorbent dosage 2 g/L. In
kinetic analysis, pseudo-second-order kinetic model agrees
very well with the dynamic behaviour of the adsorption pro-
cess. From the thermodynamic analysis, it was concluded
that the dye sorption process onto MPTF has endothermic in
nature due to the positive value of AH®. The positive values
of entropy change (AS°) show an increase in randomness of
the solid—solute interface during the adsorption. Finally, the
negative values of AG® indicate the spontaneous nature of
the sorption process at the range of temperatures being stud-
ied. Because adsorbent used in this study is a waste material
which is abundantly and locally available, it is expected to be
economically feasible for wastewater treatment.
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