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Abstract. Windmill palm leaf sheath fiber (WPF) is an abundant agricultural byproduct and useful
resource. To increase its valuable qualities and usefulness, we proposed to prepare WPF powder-based
activated carbon (WPFAC) as a novel adsorbent for adsorbing methylene blue, with the specific aims for
pollution treatment. The porous features of WPFAC were assessed based on nitrogen adsorption, and the
adsorption capacity was studied by investigating the effect parameters of contact time, initial concentration,
pH, and temperature. Research results showed a combination microporous and mesoporous structure of
WPFAC with Brunauer—Emmett—Teller surface of 1049.26 m?*/g. WPFAC exhibited excellent adsorbing
performance, and the maximum monolayer adsorption capacity was up to 51.78 times higher than other
absorbents. Meanwhile, the adsorption capacity increased accordingly as the parameters increased. For
better understanding, the adsorption behavior, isotherms, kinetics, and thermodynamics were studied using
the equilibrium data. Investigation results illustrated that the equilibrium data were well consistent with the
Langmuir isotherm, with a maximum monolayer adsorption capacity of 253.16, 289.85, and 303.95 mg/g
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at 30°C, 40°C, and 50°C, respectively. The adsorption kinetics followed the pseudo-second-order kinetic
model. Thermodynamic parameters: standard enthalpy (AH 0), standard entropy (AS 0), and standard free
energy (AG") indicated an endothermic and spontaneous absorbing process. WPFAC is a promising
material that has high utility values for its amazing adsorption capacity.

Keywords:
kinetics, thermodynamics.

INTRODUCTION

The wastewater produced by the textile and
other industries is currently one of the most
important environmental issues in the world
(Hameed et al 2009). Dye wastewater generally
contains multifarious organic compounds and
toxic substances, which may seriously pollute
the environment and do harm to human beings
(Liu et al 2015). In recent years, a variety of
technologies, such as physicochemical, chemical,
and biological methods, have been applied to
treat dye effluents and have had obvious effec-
tiveness (Vieira et al 2012). Meanwhile, new
methods and techniques are constantly emerging
in dye wastewater treatment agencies.

Amid various treatment approaches, adsorption
is one of the most effective physical methods for
removing dyes from textile effluents. Activated
carbon is a commonly used adsorbent because of
its capability to adsorb a broad range of adsorbates
efficiently and its easy accessibility (Ahmad et al
2007). Nevertheless, commercially available acti-
vated carbons are subject to application limit
because of high cost and unsatisfied absorption
efficiency (Martin et al 2003). Hence, recently,
attention has been focused on developing a low-
cost adsorbent for the application of wastewater
treatment. Studies include the use of orange peels,
Prunus domestica, and Jacaranda mimosifolia,
cellulose-based organogel, kenaf natural fibers,
oil palm fiber (Tan et al 2007; Macias-Garcia
et al 2012; Maatar et al 2013; Trevifio-Cordero
et al 2013; Fernandez et al 2014).

Palm, which is widely distributed and a signifi-
cant agricultural natural resource, is famed for its
ornamental, greening, and economic advantages
(Guo et al 2014). The development and use of
windmill palm have received increasing atten-
tion. In our previous study (Cheng et al 2014),

Windmill palm leaf sheath fiber, activated carbon, methylene blue, adsorption isotherm,

we studied the structural characteristics of wind-
mill palm leaf sheath fiber (WPF). Results
showed that WPF is a multicellular fiber and it
exhibits porous features in the cross section.
This structural feature may make WPF a poten-
tial candidate for filter and adsorption materials.
However, as of yet, no relative investigation has
been reported.

For rational development and effective use of
natural resources, we propose to prepare WPF
powder-based activated carbon (WPFAC) as a
novel adsorbent with the specific aim of pollution
treatment. In this study, we prepared WPFAC
and evaluated the adsorption characteristics for
methylene blue (MB) dye in simulation waste-
water. Batch experiments were conducted to
investigate the adsorption effects in terms of
contact time, initial MB concentration (50-
600 mg/L), solution pH (2-12), and temperature
(30-50°C). To better understand the adsorption
mechanism, experimental data of the adsorption
were used to study adsorption isotherms, kinet-
ics, and thermodynamics.

MATERIALS AND METHODS
Materials

Nowadays, MB is commonly used in the textile
industry and becomes one of the major sources
of wastewater pollutants. Therefore, we chose MB
as the targeted adsorbate in this work. Its chemi-
cal formula is C;¢H;gCIN3S. Cationic dye MB
was purchased from Coron Chemical Industry
(Shanghai, China) without any purification treat-
ment prior to use. Potassium hydroxide used
as activating agent and hydrochloric acid and
sodium hydroxide used for pH adjustment were
all obtained from Coron Chemical Industry.
Deionized water supplied by USF ELGA water
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treatment system (Beijing, China) was used to
prepare all reagents and solutions. MB and other
reagents used in this work were all analytical
grade reagents.

Windmill Palm Sheath Fiber Powder-Based
Activated Carbon Preparation

The WPF used in this study was obtained from
Honghe County, Yunnan Province, China. Dried
WPF was powdered to particles with average
size of 200 pum and loaded in a quartz tube
reactor placed in a tube furnace. The WPF pow-
der was then heated at a rate of 10°C/min from
room temperature to 400°C and was maintained
for 2 h under purified nitrogen (99.995%) flow.
The char produced was mixed with water and
KOH with an impregnation ratio of 1:2 for
0.5 h at 40°C and then dehydrated in an oven at
105°C. The dried mixture was activated under
the same conditions as the carbonization step
with similar heating rate and gas flow rate but
to a final temperature of 850°C, which was held
for 1 h. The resulting activated carbon was
washed thoroughly to remove any impurities.
HCI (1 M) solution was used to adjust the wash-
ing solution pH until it reached 6-8. After filtra-
tion, the remainder was dried at 60°C for 24 h.

Windmill Palm Sheath Fiber Powder-Based
Activated Carbon Characterization

The Brunauer—Emmett—Teller (BET) surface area
and pore size distribution were estimated using the
standard nitrogen adsorption isotherm obtained
by Micromeritics ASAP 2020 (Micromeritics
Instrument Corporation, Norcross, GA).

Adsorption Experiments and Analytic Methods

Adsorption experiments were conducted in a set
of 250-mL Erlenmeyer flasks containing 0.20 g
adsorbent and 200 mL MB solutions with various
initial concentrations (50, 100, 200, 300, 400,
500, and 600 mg/L). The sealed flasks were
placed in an isothermal water-bath shaker and
were shaken at 125 rpm at 30°C, 40°C, and
50°C and natural pH. At different time intervals,
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an aliquot of supernatant was withdrawn for
analysis. The effect of pH was investigated at
40°C and an initial concentration of 200 mg/L,
and pH adjustments were conducted using solu-
tions of 0.1 M NaOH and 0.1 M HCI. The final
concentration of the dye in the solution was
measured at maximum wavelengths of MB
(668 nm) using a visible spectrophotometer
(721-VS, Shanghai Precision and Scientific
Instrument Co., Ltd, Shanghai, China). The
amount of equilibrium adsorption ¢, (mg/g) on
WPFAC was calculated with Eq 1:

(Co—Ce)V

Qeziw (1)

where Cy and C. (mg/L) are the liquid-phase
concentrations of the dye at initial and equilib-
rium, respectively; V is the volume of the solu-
tion (L); W is the weight of the adsorbent (g).
At predetermined time interval, the aqueous
samples were taken and the dye concentrations
were measured. The amount of adsorption at
time ¢, g, (mg/g), was calculated as follows:

(CO - Ct)v
qr = W (2)
where C, and C; (mg/L) are the liquid-phase
concentrations of the dye at the initial time and
any time ¢, respectively.
The adsorption isotherms, kinetics, and thermo-
dynamics were studied on the basis of experi-
mental data.

RESULTS AND DISCUSSION

Windmill Palm Sheath Fiber Powder-Based
Activated Carbon Characterization

Nitrogen adsorption is a standard procedure to
determine the porosity of carbonaceous adsor-
bents (Foo and Hameed 201 1), and the adsorption
isotherm can provide qualitative information on
the adsorption process and the extent of surface
area available to the adsorbate (Brunauer et al
1938). Figure 1 shows the nitrogen adsorption
isotherms of WPFAC. It indicated that the
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Figure 1. Nitrogen isotherm of windmill palm sheath fiber

powder-based activated carbon.

isotherm of WPFAC corresponded to the inter-
mediate between types I and II under the IUPAC
classification, which was associated with a com-
bination of microporous and mesoporous struc-
tures (Zhang et al 2015a). The BET surface
area (1049.26 m*/g) of WPFAC was markedly
improved compared with that of the raw fiber
(20.88 m?/g), thereby implying the development
of additional pores in the activated carbon.

Figure 2 shows the pore size distribution of
WPFAC. The result revealed a sharp peak at a
pore diameter of 1.7-50 nm, with an average
pore size of 25.09 A. A vast majority of pores
fell within the range of 2-10 nm, in accordance
with the presence of mesopore structure.

0,014 *

T A

o
o 0012} *

g i

g .

2 |

E 0010} it

3 .

- L

2 0.008 -

5 .

= \..

] .

£ 0008} .

]

=

2 .
2 0.004} \ /
= 8

/ *—p——o——*
-
0.002f
0 10 20 30 40 50

Pore Width (nm)

Figure 2. Pore size distribution of windmill palm sheath
fiber powder-based activated carbon.
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Effects of Contact Time and Initial
Concentration on Adsorption

Figure 3 shows the adsorption amount vs the
adsorption time at various initial MB concentra-
tions at 30°C. For MB solutions with the initial
concentrations of 50-200 mg/L, contact time of
absorption is 0.5-2 h to reach equilibrium. For
MB solutions with initial concentrations of 300-
600 mg/L, an equilibrium time of 5-10 h was
required. Results also showed that the MB adsorp-
tion was fast at the beginning and then became
slower near the equilibrium. This phenomenon
was caused by the fact that a large number of
vacant surface sites were available for adsorption
during the initial stage; after a certain time, the
remaining vacant surface sites were difficult to
occupy because of the repulsive forces between
the solute molecules on the solid and bulk phases
(Tan et al 2009). The amount of MB adsorbed
onto the activated carbon increased with time and
reached a constant value. At this point, a dynamic
equilibrium process of MB adsorption onto and
desorption off the WPFAC was formed. Accord-
ing to experimental data, the adsorption capacity
at equilibrium (g.) increased from 50 to 247 mg/g
with an increase in the initial dye concentrations
from 50 to 600 mg/L. This was caused by the fact
that the initial concentration provided an impor-
tant driving force to overcome all of the mass
transfer resistances of the dye between the aque-
ous solution and solid phases. Therefore, a high
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Figure 3. The variation of adsorption capacity with adsorp-

tion time at various initial methylene blue concentrations at
30°C.
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Figure 4. Effect of temperature on adsorption equilibrium
at various initial methylene blue concentrations.

initial concentration of the dye can enhance the
adsorption process.

Effect of Temperature on Adsorption

Figure 4 shows the adsorption equilibrium (gq.)
vs temperature at various initial MB concentra-
tions (50-600 mg/L). Temperature had nearly no
effect on the adsorption equilibrium when the
MB concentration was lower (50-200 mg/L)
and a significant effect when concentration was
higher (300-600 mg/L). This indicates the endo-
thermic nature of the adsorption reaction. This
may be a result of the increase in the dye mobil-
ity with increasing temperature. Increasing tem-
perature leads to an increase in the diffusion rate
of the adsorbate molecules across the external
boundary layer and in the internal pores of the
adsorbent particle, thus owing to the decrease in
the solution viscosity (Tan et al 2008b). An
increasing number of MB molecules may also
acquire sufficient energy to undergo an interac-
tion with active sites on the surface (Hameed
et al 2007a).

Effect of Solution pH on Adsorption

The effect of solution pH on the adsorption of
MB onto WPFAC was studied at pH values of
2-12, a temperature of 40°C, and an initial dye
concentration of 200 mg/L. pH affects the
adsorption by influencing the chemistry of both
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Figure 5. Effect of pH on the adsorption equilibrium of

methylene blue onto windmill palm sheath fiber powder-based
activated carbon.

dye molecules and the activated carbon in aque-
ous solution. Figure 5 shows the effect of solu-
tion pH on the adsorption of MB onto WPFAC.
The adsorption of MB greatly depended on the
solution pH, thus affecting the surface charge of
the activated carbon and the ionization degree
of the adsorbate. As shown in Fig 5, an increase
in the solution pH from 2 to 12 enhanced the
adsorption capacity (increased from 140.10 to
167.59 mg/g). At lower pH, more protons were
available (excess H" ions), thus resulting in the
protonation of MB in the acidic medium and the
competition between dye cations and adsorption
sites. However, at a higher pH, the abundance of
OH" ions increased the electrostatic attractions
between the positively charged dye cations and
negatively charged adsorption sites, thus increas-
ing the dye uptake (Batzias and Sidiras 2007).

Adsorption Isotherm

The adsorption isotherm indicates how adsorp-
tion molecules are distributed between the liquid
phase and solid phase when the adsorption pro-
cess reaches an equilibrium state. The adsorption
equilibrium data obtained for WPFAC were fitted
into three different isotherm models to match the
most suitable model that can represent the adsorp-
tion process. The Langmuir (Langmuir 1918),
Freundlich (Freundlich 1906), and Dubinin—
Radushkevich (Dubinin and Radushkevich 1947)
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Figure 6. Langmuir isotherm for methylene blue adsorp-
tion onto windmill palm sheath fiber powder-based activated
carbon at different temperatures.

equations are the most frequently used for describ-
ing adsorption isotherms.

Langmuir isotherm. The Langmuir isotherm
assumes that adsorption occurs at specific homo-
geneous sites within the adsorbent without any
interactions among the adsorbed substances. The
linear form of the Langmuir isotherm model is
given in Eq 3:

Ce 1 Ce
= (3)
ge Gmax AL Gmax

where ¢, is the solid-phase adsorbate concentra-
tion in equilibrium (mg/g), gmax 1S the maximum
adsorption capacity that corresponds to complete

Table 1.
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monolayer coverage on the surface (mg/g), C. is
the concentration of adsorbate at equilibrium
(mg/L), and K is the Langmuir constant related
to adsorption rate (L/mg).

Figure 6 shows the slopes of the linear plots of
Ce/qe vs C.. The Langmuir constants Ki and
gmax Were calculated from Eq 3. Their values
are shown in Table 1.

Freundlich isotherm. The Freundlich equa-
tion is an empirical equation used to describe
heterogeneous systems and is characterized by
the heterogeneity factor 1/n. Hence, a linear form
of the Freundlich expression can be expressed as
follows (Freundlich 1906):

Ing. = lnl(p~&—%lnCe 4)

where ¢, is the solid-phase adsorbate concentra-
tion in equilibrium (mg/g), C. is the equilibrium
liquid-phase concentration (mg/L), Kg is the
Freundlich constant (mg/g) (L/mg)l/", and 1/n
is the heterogeneity factor.
Therefore, a plot of In ¢, vs In C, (Fig 7) enabled
the constant Kg and exponent 1/n to be calculated
and listed in Table 1. K and n are Freundlich
constants, with n indicating the favorability of
the adsorption process and Kg indicating the
adsorption capacity of the adsorbent.

Dubinin-Radushkevich isotherm. Another
popular equation for the analysis of isotherms
with a high degree of rectangularity is the

Langmuir, Freundlich, and Dubinin—Radushkevich isotherm model constants, separation factors (Ry), and

correlation coefficients for adsorption of methylene blue on windmill palm sheath fiber powder-based activated carbon at

30°C, 40°C, and 50°C.

Constants

Isotherm model Solution temperature (K) Gmax (ME/g) Ky (L/mg) Ry R?
Langmuir 303 253.16 0.07 0.02 0.99
313 289.85 0.05 0.03 0.98
323 303.95 0.06 0.03 0.98

Freundlich Solution temperature (K) K ((mg/g] [L/mg]'/™) 1/n R?
303 87.72 0.18 0.98
313 83.61 0.21 0.95
323 97.52 0.19 0.90

Dubinin—Radushkevich Solution temperature (K) qs (mg/g) E R?
303 189.43 4.44 x 10° 0.67
313 206.44 0.99 x 10° 0.70
323 237.46 1.14 x 10° 0.87
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Figure 7. Freundlich isotherm for methylene blue adsorp-

tion onto windmill palm sheath fiber powder-based activated
carbon at different temperatures.

Dubinin—Radushkevich
expressed as follows:

isotherm, which is

qe = 4s exp(—Bgz) (5)

where € can be correlated as follows:

(6)

The constant B provides the mean free energy £
of the sorption per molecule of the sorbate when
it is transferred to the surface of the solid from
infinity in the solution and can be computed
using the following relationship:

1
E=—— 7
5 ()
where R is the gas constant (8.314 J/mol/K), and
T (K) is the absolute temperature. The linearized
form of Eq 5 is given as follows:

1
=RTIn (1 +—
€ n(+C)

e

(8)

A plot of In ¢, vs g2 (Fig 8) enabled the con-
stants g5 and E to be determined.

Ing. = Ings — Be?

As shown in Table 1, the Langmuir model
yielded the best fit at all temperatures because
its R? values were relatively higher than those of
the other two isotherm models. The Ry, value was
0.02-0.03, thus confirming that the Langmuir
isotherm was favorable for the adsorption of
MB on WPFAC under the conditions used in

7

0 1x107 2107 3x107 4x10° 5x10"

&
Figure 8. Dubinin—Radushkevich isotherm for methylene
blue adsorption onto windmill palm sheath fiber powder-
based activated carbon at different temperatures.

this study. For the Freundlich isotherm model,
the 1/n values obtained for the WPFAC at
all three temperatures studied were below one.
This result demonstrated that the adsorption
process followed a normal Langmuir isotherm.
The conformation of the experimental data into
Langmuir isotherm equation indicated the homo-
geneous nature of the surfaces of the activated
carbon. The results also demonstrated the for-
mation of the monolayer coverage of the dye
molecule at the outer surfaces of the WPFAC.
The adsorption behavior observed was predomi-
nantly monolayer adsorption, which involved
chemical and physical adsorption. Literature
has also indicated similar observations that the
adsorption of MB on activated carbon was well
represented by the Langmuir isotherm, such as
the adsorption of MB on activated carbons pre-
pared from oil palm fiber (Tan et al 2007), rattan
sawdust (Hameed et al 2007b), and coconut
husk (Tan et al 2008c¢).

Table 2 presents the comparison of the maximum
monolayer adsorption capacity of MB onto acti-
vated carbon prepared from various precursors.
The activated carbon prepared in this work had a
relatively large adsorption capacity of 303.95 mg/g
compared with some other adsorbents reported
in literature. Therefore, the WPFAC prepared in
this work could be used as an effective adsorbent
for removing MB from aqueous solutions.
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Table 2. Comparison of maximum monolayer adsorption of methylene blue dye onto activated carbon prepared from

various precursors.

Precursor

Maximum monolayer adsorption capacity (mg/g)

References

Jute fiber 225.64 (Senthilkumaar et al 2005)
Oil palm shell 243.9 (Tan et al 2008a)

Oil palm fiber 277.78 (Tan et al 2007)

Rattan sawdust 294.14 (Hameed et al 2007b)

Palm kernel fiber 95.4 (EI-Sayed 2011)

Kenaf fiber char 18.18 (Mahmoud et al 2012)

Coir pith carbon 5.87 (Kavitha and Namasivayam 2007)
Sunflower oil cake 10.21-16.43 (Karagoz et al 2008)

Natural palygorskite 158.03 (Yenisoy-Karakas et al 2004)
Bamboo dust 143.2 (Bestani et al 2008)
Bituminous coal on a pilot scale 233-345 (El Qada et al 2008)
Commercial activated carbon 14 (Zhang et al 2015b)

Merck commercial activated carbon 200 (Kannan and Sundaram 2001)
WPFAC? 303.95 This work

#WPFAC, windmill palm sheath fiber powder-based activated carbon.

Adsorption Kinetics

The adsorption of dyes from the liquid phase to
the solid phase can be considered a reversible
reaction with equilibrium established between
the two phases. To study the mechanism of MB
adsorption on activated WPF, the pseudo-first-
order, pseudo-second-order, and intraparticle
diffusion equations were used to determine the
adsorption mechanism.

Pseudo-first-order kinetic model. The pseudo-
first-order equation given by Lagergren and

40 x 50 mgL™! o 200mgL”!
35F » 100mgL”! © 400mgL”!
30F a 200mgLl™! o 500mgL”!
251 % 800mg L'
20fF
15F

=10f

Fo5F

- o0of
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40k
15F
20F
250
EXI

8 10 12 14 16
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Figure 9. Pseudo-first-order kinetic model for adsorption
of methylene blue on windmill palm sheath fiber powder-
based activated carbon at 30°C.

Svenska (Ho and McKay 1998) is expressed
as follows:

©)

where k; is the rate constant of the pseudo-first-
order adsorption; ¢, and ¢, are the amounts of
MB adsorbed (mg/g) at equilibrium and at time ¢
(h), respectively. The values of k; were obtained
from the slopes of the linear plots of In (¢, — ¢,)
vs t (Fig 9). The k; values, correlation coeffi-
cients R%, and the experimental g. (geexp) and
calculated g, (geca) values are given in Table 3.

In(ge — q;) =Inge — kit

Pseudo-second-order kinetic model. The
pseudo-second-order model can be represented
in the following form:

t 1 t

YA 10)
where &, (h g/mg) is the rate constant for the
pseudo-second-order adsorption kinetics. Figure 10
shows the pseudo-second-order plots of #/q, vs ¢
for MB onto WPFAC at 30°C. If the second-order
kinetics are applicable, the plot should show a
linear relationship. The slopes and intercepts of
the plots enabled the values of g. and &, to be
calculated. The k,, calculated g (¢eca), and cor-
relation coefficient R values are given in Table 3.
The ge i values agreed with the g, o, values, and
the correlation coefficients for the pseudo-second-
order kinetic plots at all studied concentrations
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Table 3.

151

Comparison of the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models for adsorption of

methylene blue (MB) on windmill palm sheath fiber powder-based activated carbon at 30°C.

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Intraparticle diffusion model

cggg;?lltrz/{in Ge.cxp e.cal Ky, ) Ade e.cal ka ) Age Gecal Ky ) Age
(mg/L) (mg/g)  (mg/g) (h7) R (%) (mg/g)  (g/mgh) R (%) (mg/g)  (mg/gh'™) R (%)
50 50 043 0.18 0.513 4047 50 1.51 1.000 0 49.96 0.28 0.394 0.03
100 98.94 1.25 0.2 0.578 40.31 100 0.39 1.000 0.03 98.87 0.96 0.512 0.03
200 152.66 58.56 0.23 0967 25.16 157.23 0.01 0.999 1.22 152.08 17.63 0.93 0.16
300 21598 66.02 0.18 0947 2835 217.39 0.01 0.998 0.27 204.88 17.62 0.929 2.10
400 231.5 38.47 0.26 0.832 34.04 23474 0.02 1.000 0.57 229.35 16.13 0.739 0.38
500 245.3 38.09 0.24 0.843 3448 248.14 0.02 1.000 047 24298 16.92 0.693 0.39
600 250.38 3246 0.2 0.819 3553 251.26 0.02 1.000 0.14 24691 14.04 0.600 0.57

were higher than 0.999, thereby indicating the
applicability of this model to describe the adsorp-
tion process of MB onto WPFAC.

Intraparticle Diffusion Model

Adsorption is a multistep process that involves
the transport of solute molecules from the aque-
ous phase to the surface of the solid particulates,
followed by diffusion into the interior of the
pores. The intraparticle diffusion model was
used to identify the diffusion mechanism, which
was based on the theory proposed by Weber and
Morris. This theory states the following:

qt = kpl‘l/2

h1/2

(11)

where k, (mg/g ) is the intraparticle diffu-
sion rate constant obtained from the slope of the
straight line of ¢, vs 1'% (Fig 11). The values of

030 x 50 mgL' © 300mglL’
« 100mgL’ o 400mglL’

025 & 200mgL’ o 500mglL’
t % 600mg L’

t/qt (hgmg")
s o o
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o
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Figure 10. Pseudo-second-order kinetic model for adsorp-
tion of methylene blue on windmill palm sheath fiber powder-
based activated carbon at 30°C.

sk

kps qeca» and R? are listed in Table 3. If the
intraparticle diffusion is rate limited, then the
plot passed through the origin. As shown in
Fig 11, the plots were nonlinear across the entire
time range, thereby implying that more than
one process affected the adsorption. At high ini-
tial concentrations (400, 500, and 600 mg/L), the
diffusion model had two steps. The first one, the
sharper portion, is the instantaneous adsorption or
external surface adsorption. The second one is the
gradual adsorption stage, in which intraparticle
diffusion is rate limiting. The plots did not pass
through the origin, and this deviation from the
origin or near saturation might be caused by the
difference in the mass transfer rate in the initial
and final stages of adsorption (Mohanty et al
2005). These results showed that intraparticle dif-
fusion was not the dominating mechanism for
MB adsorption.
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Figure 11. Intraparticle diffusion model for adsorption of

methylene blue on windmill palm sheath fiber powder-based
activated carbon at 30°C.
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Normalized standard deviation Ag. (%) was
used to find the most applicable model that
could describe the kinetic study of MB adsorp-
tion on WPFAC. The normalized standard
deviation Ag. (%) was calculated using the
following equation:

Age (%) = 100

( B ) 2 1/2
E[ Geexp Gecal /Qe,exp}
N—1

X

(12)

where N is the number of data points. A low
value of Ag. (%) indicates a good fit.

According to Table 3, the pseudo-second-order
and intraparticle diffusion kinetic models were
found to provide low Agq. (%) values of less than
1.2% and 2.1%, respectively, compared with
40.4% for the pseudo-first-order model. The suit-
ability of the model for describing the adsorption
kinetics was justified on the basis of the R? value.
The R? values of the pseudo-second-order model
for all MB concentrations, which were greater
than 0.999, were obviously greater than those of
the other two kinetic models. Therefore, the
adsorption of MB onto WPFAC could be best
described by the pseudo-second-order kinetic
model based on equilibrium chemical adsorption,
which predicted the behavior across the entire
range of studies, strongly supported the model
validity, and agreed with chemisorption being
rate controlling (Tseng and Tseng 2005). Similar
observations were found in literature (Wang and
Zhu 2007), which have concluded that the adsorp-
tion kinetics of MB on activated carbons obeyed
the pseudo-second-order kinetic model.

Adsorption Thermodynamics

The concept of thermodynamics assumes that in
an isolated system wherein energy cannot be
gained or lost, entropy change is the driving
force (Kumar and Kumaran 2005). The thermo-
dynamic behavior of the adsorption of MB on
WPFAC was evaluated by thermodynamic
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parameters, including changes in standard
enthalpy (AH"), standard entropy (AS®), and stan-
dard free energy (AG®). The values of AH" and
A S were computed using the following equation:

(13)

where R (8.314 J/mol/K) is the universal gas
constant, T (K) is the absolute solution tempera-
ture, and K, is the distribution coefficient. Ky
can be calculated as follows:

o CAe
= C.

where Ca. (mg/L) is the amount adsorbed on
solid at equilibrium and C, (mg/L) is the equilib-
rium concentration. The values of AH® and AS°
were calculated from the slope and intercept of
the van’t Hoff plots of In K4 vs 1/T (Fig 12). AGY
can be calculated using the relation below:

kq (14)

AG" = —RT Inkq (15)

The calculated values of AHO, ASO, and AG’
are listed in Table 4. The negative values of
AGY indicated the feasibility of the adsorption
process and the thermodynamically spontaneous
nature of the adsorption with a strong preference
of MB onto WPFAC. The positive values of AH’
indicated the endothermic nature of the adsorption
interaction. This result agreed with and further
confirmed the maximum monolayer adsorption
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Figure 12. Plot of In k4 vs 1/T at various initial methylene
blue concentrations.
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Table 4. Thermodynamic parameters for adsorption of methylene blue onto windmill palm sheath fiber powder-based

activated carbon.

AG® (J/mol)
Initial concentration (mg/L) AH® (J/mol) AS8° (J/mol/K) 303 K 313K 323K

50 17,337.98 105.05 —14,492.26 —15,542.76 —16,593.26
100 25,887.52 122.51 —11,232.56 —12,457.65 —13,682.73
200 6,695.46 30.74 —2,618.60 —2,925.95 —3,233.35
300 14,759.90 55.55 —2,071.00 —2,626.47 —3,181.94
400 12,842.39 47.72 —1,615.50 —2,092.65 —2,569.81
500 12,802.14 45.08 —857.15 —1,307.95 —1,758.75
600 13,584.64 4493 —30.82 —480.18 —929.53

capacity of MB onto WPFAC, which increased
from 253.16 to 303.95 mg/g as solution temper-
ature increased from 30°C to 50°C (Table 1).
The endothermic processes of the adsorption
reaction might have been caused by the temper-
ature increase, which sped up the diffusion rate
of the adsorbate molecules across the external
boundary layer and in the internal pores of the
adsorbent particle owing to the decrease in the
solution viscosity. The positive value of AS°
suggested an increased disorder at the solid—
solution interface and affinity of WPFAC for
MB during the adsorption process.

CONCLUSIONS

In this study, we investigated the porous features
of WPFAC. We also studied absorption perfor-
mances on MB and its absorption isotherms,
kinetics, and thermodynamics using the equilib-
rium data. The nitrogen adsorption isotherm corre-
sponded to the intermediate between types I
and II under the IUPAC classification. It also
showed a combination of microporous and
mesoporous structure of WPFAC with BET sur-
face of 1049.26 m?/g, which indicated that
WPFAC has a significant adsorption capacity.
The investigation of the effect parameters indi-
cated that the adsorption of MB increased with
increasing contact time, MB initial concentra-
tion, and solution temperature. Alkaline solution
pH was proven to be favorable for the adsorp-
tion of MB on WPFAC.

The equilibrium data were best represented by
the Langmuir isotherm. The maximum mono-
layer adsorption capacity of MB onto WPFAC

increased from 253.16 to 303.95 mg/g with an
increase of solution temperature from 30°C to
50°C. The excellent adsorbing performance
illustrated that its maximum monolayer adsorp-
tion capacity was up to 51.78 times higher than
other absorbents. The adsorption kinetics closely
followed the pseudo-second-order kinetic model,
which provided the lowest Ag, % (1.2%) and the
greatest R? values (0.999). The positive AH® and
negative AG" values indicated the endothermic
and spontaneous process of the adsorption of MB
onto WPFAC. The positive AS° values showed
increased randomness at the solid—solution inter-
face during the adsorption process. WPFAC is a
promising adsorbent and could be of great poten-
tial value for use as a new agricultural resource
for its amazing adsorption capacity.
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