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ABSTRACT

The application of activated carbon (AC) from Jatropha seed husks for methylene blue (MB)
adsorption from aqueous solution at room temperature was studied through batch experi-
ments. The effects of adsorbent dosage, solution pH and initial concentration were studied.
Adsorption increased as the adsorbent dosage, initial concentration and contact time
increased with the highest adsorption obtained in basic conditions. The average pore diame-
ter of the AC was 10.58 nm with surface area of 1262 m?/g, and total pore volume of
0.4992 cm?®/ g. Adsorption isotherm data fitted well with the Langmuir model, with a mono-
layer adsorption capacity of 250 mg/g. The adsorption kinetics obeyed a pseudo-second-
order kinetic model. The negative values of free energy change (AG®) indicated that the
adsorption of MB on AC16 is spontaneous. Also, the positive values of both entropy change
(AS®) and enthalpy change (AH®) mean that the adsorbate has a random organization at the
interface of the solid/solution and that the adsorption process was endothermic.

Keywords: Thermodynamics; Kinetics; Isotherm; Jatropha seed husks; Activated carbon;
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1. Introduction

Dyes are an important source of water pollution
where they are released from effluents of the cosmetics,
textile, food processing, leather, paper, dye manufac-
turing industries, and dyeing [1]. Some dyes have been
reported to be mutagenic and carcinogenic for aquatic
organisms and humans [2,3]. Methylene blue (MB) has
a cationic configuration that is frequently used for silk,
wool, and dyeing cotton [4]. Exposure to contaminated
wastewaters by MB will result in dyspnea, tachycardia,
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vomiting, convulsions, cyanosis, methemoglobinemia,
irritation to the gastrointestinal tract and skin, diarrhea,
and nausea [5,6]. Therefore, the MB removal from
industrial ~wastewaters becomes environmentally
important. For this, various techniques like coagula-
tion, chemical precipitation, membrane filtration, sol-
vent extraction, reverse osmosis, and adsorption have
been used for purification of the industrial effluents
from MB [7]. Because of the fact that adsorption
process stability is efficient to remove MB at any
concentration with a relatively lower cost [6,7], many
researchers reported that the adsorption is the best and
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the most commonly employed method in the treatment
of wastewater. Many adsorbent surfaces have been
used to remove MB, such as rice husk [8], activated car-
bon (AC) [9], glass fibers [10], peanut hull [11], neem
leaf powder [12], Indian rosewood sawdust [13], fly
ash [14], perlite [15], silica nanosheets derived from
vermiculite [16], sand [17], cyclodextrin polymer [18],
and natural phosphate [19].

AC has a large specific surface area, for that it is
highly effective as adsorbents to some extent [20]. It is
commonly used for the treatment systems of industrial
wastewater. However, the major drawback is that its
cost is relatively high. Therefore, many efforts have
been focused to find cheaper substitutes, such as fly
ash, coal, wool wastes, silica gel, wood wastes, agri-
cultural wastes, clay materials, and sewage sludge
[21]. The main aim of this research was to prepare
and evaluate the AC from Jatropha seed husks adsorp-
tion capacity for the MB removal. The effects of AC
dosage, solution pH, initial MB concentration, and
contact time were investigated. In addition, equilib-
rium, kinetic, and thermodynamic models were
employed to fit the data of experiments and the ther-
modynamic adsorption parameters were determined.

2. Material and methods
2.1. Adsorbent preparations and its characterization

A horizontal tube furnace was used to prepare ACs
from Jatropha seed husks. Under optimized conditions,
the activation temperature of 700°C, activation time of
1.5 h, and 30% w/v KOH concentration were chosen as
parameters for preparing the AC designated as AC16.
Specific surface areas (Sggr) of AC16 were measured
using a surface analyzer (Sorptomatic Thermo Finnigan
1990, USA). The adsorbent pore structure was deter-
mined using the t-method. Surface morphology of the
adsorbent was studied using field emission scanning
electron microscopy (LEO 1,455 VP, England).

2.2. Adsorbate

MB, (28514 FLUKA—C;6H;5CINSxH,0) with
molecular weight of 319.86 (purity 2 95%) and was
supplied by Sigma-Aldrich (U.S.A.).

(HyO),N N(CH),
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Fig. 1. Chemical structure of MB.

The MB structure is given by: Fig. 1.

The MB concentration in the aqueous solution was
determined using UV-Visible spectrophotometry at
Amax Of 669 nm. A stock solution of MB was prepared
and subsequent required concentrations for each exper-
iment were obtained by diluting the stock solution
using distilled water.

2.3. Adsorption procedure

For every kinetic experiment, 25 mL of MB solution
of known initial concentration and a 0.01 g sample of
the AC were placed in a 30 mL stoppered sample
bottle. The sample bottles were agitated at 150 rpm at
room temperature for time intervals of 1,2,3,4 ... 21 h
in order to study the adsorption process. The adsor-
bent was separated from the mixture by filtration. The
remaining MB concentration in the solution was deter-
mined using UV-Visible spectrophotometry. The per-
centage removal and the adsorbed amounts of MB
onto the adsorbent (mg/g), q. were calculated using
Egs. (1) and (2):

Co—Ce

% Removal = x 100 ¢))
Co
Cy—C.)V
w

where Cy and C. (mg/L) are the MB concentrations in
solution at initial and at evolved time, respectively
(mg/L); V is the solution volume of MB used in the
adsorption experiment (L); and W is the dry adsorbent
weight (g). The effects of solution pH, adsorbent dos-
age, and initial concentration were studied. In order to
know the equilibrium time for maximum adsorption,
the MB adsorption on AC16 was studied within suffi-
cient range of contact time. In this study, the contact
time of MB removal was performed at different inter-
vals ranging from 1 to 21 h. For effect of solution pH,
about 0.01 g of the dry AC16 was put into each sam-
ple bottle separately. Each bottle was added with
25 mL of MB solution for 50 mg/L. Each solution pH
was adjusted by hydrochloric acid (HCl) and/or
sodium hydroxide (NaOH) prepared in 0.1 N solution.

3. Results and discussion
3.1. Effect of contact time

The adsorbed amount of dye (mg/g) increased
with increase in contact time wuntil it reached
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equilibrium. As shown in Fig. 2, the required time of
the equilibrium for the MB adsorption on AC16 ran-
ged from 6 to 16 h. The increase of initial MB concen-
tration from 10 to 50 mg/L at equilibrium led to the
increase in the adsorption capacity from 24.99 to
103.57 mg/g. For this, the initial concentration of dye
supplies the driving force, which is necessary to over-
come the resistances to the mass MB transfer between
the two phases (aqueous and solid) [22].

3.2. Effect of solution pH

The solution pH is a very important parameter for
controlling the dye adsorption on the adsorbent sur-
face [23]. Fig. 3 shows that the increase of solution pH
of MB from 2.0 to 6.0 sharply increased the amount of
MB adsorbed. However, above pH 6.0, the adsorption
rate slightly decreased. MB is an electron donor; so,
when the solution pH becomes greater than the pK, of
the MB (pH > pK,), it becomes an ion (MB pK, <1).
Therefore, the increase in adsorption process when
pK, is lower than the solution pH (pH > 1) is due to
the attractive forces between the positive groups on
the surface of AC16 and anions of MB. As seen in
Fig. 3, at solution pH above 6 until 10, the adsorption
processes were less strong than low values of solution
pH; this is because of the competition from OH™ ions
which are present on the adsorbent surface, which can
decrease removal of MB ions from the solution. The
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Fig. 2. Effect of contact time on MB adsorption process by
AC16 (initial MB concentrations 410, B 30, and A 50 mg/L).
Conditions: adsorbent dosage =0.01 g/25 mL, tempera-
ture = 298 K, normal solution pH, and rpm = 150.
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Fig. 3. Effect of solution pH values on the adsorption
capacities of AC16 for 50 mg/L MB concentration. Condi-
tions: contact time =6h, temperature =298 K, agitation
speed = 150 rpm, and adsorbent dosage = 0.01 g/25 mL.

optimum pH for the MB removal from aqueous
solution by AC16 was found to be 9.5.

3.3. Effective dosage of AC16 adsorbent

The effect of AC16 dosage is shown in Fig. 4. The
percentage of removal color for MB increased rapidly
from 80.82 to 99.24% with the amount of added AC16
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Fig. 4. Effect of adsorbent dosage on the MB removal by
AC16. Conditions: contact time 150 min, temperature = 298 K,
normal solution pH, and agitation speed =150 rpm, initial
MB concentration of 50 mg/L.
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shavings from 0.01 to 0.10 g. The removal percentage
increased with increase in dosage of AC16. However,
at high adsorbent dosage (after 0.06 g), the removal
rate of MB remained constant. This may be ascribed to
the fact that there are many sites that are available
through the adsorption process leading to a low ratio
between the MB molecules to adsorbent dosage. The
optimum adsorbent dosage for the MB removal from
aqueous solution by AC16 was 0.06 g/L.

3.4. Effect of initial concentration of MB

Fig. 5(a) shows that the adsorption capacity of
AC16 increased from 54.15 to 21540 mg/g with an
increase in the initial concentrations of MB solution
from 30 to 200 mg/L. This can be explained by the
fact that the driving force of mass transfer increases
with the increase of initial concentration MB when it
passes to the particle surface from the solution [24].
Also, the improvement of the adsorption capacity of
the adsorbents might be explained by the fact that
more molecules of adsorbate are available to surround
the adsorbent surface at high concentration. On the
other hand, as shown in Fig. 5(b), the percentage
removal decreased with an increase in the solution
concentrations above 50 mg/L. The decrease of the
adsorption with an increase in the initial solution
concentration may be due to the accumulation of mol-
ecules of MB caused by competition of the molecules
to enter the pores on the adsorbent surface. Also, the
decrease of vacant adsorption sites in the surface area
is one of the reasons for the decrease because the ratio
between MB molecules to the adsorbent dosage
increases with the increase of the initial concentration.
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3.5. Adsorption isotherms

Both Langmuir and Freundlich isotherms were
employed in this work. For the Langmuir isotherm,
the model assumes that the removal of adsorbate
occurs on a homogeneous surface at uniform adsorp-
tion energies and without any interaction between the
molecules of adsorbate on the surface of the carbon.
The Freundlich isotherm model, unlike that of Lang-
muir, assumes that the adsorbate uptake happens on
heterogeneous surface sites. The linear forms of the
Langmuir and Freundlich isotherm model equations
are given in Egs. (3) and (4), respectively, [25,26]:

C 1 G

e B EImaxKL Jmax

3)

where g. (mg/g) is the amount of adsorbate adsorbed
and C, (mg/L) is the equilibrium adsorbate concentra-
tion. The b and g« are the Langmuir constants for
adsorption energy and complete monolayer coverage
at the maximum adsorption capacity of the surface.

log g. = log K¢ + %Iog Ce “)

where g. (mg/g) is the amount adsorbed of adsorbate
and C. (mg/L) represents the remaining concentration
of adsorbate at equilibrium (mg/L); n and Kg repre-
sents the constants of the Freundlich isotherm for the
intensity and adsorption capacity, respectively.

Fig. 6(a) and (b) illustrates the adsorption iso-
therms of the experiment by Langmuir and Freundlich
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Fig. 5. Effect of different initial concentrations of MB solution on (a) adsorption capacity of AC16 and (b) percentage of
removal of MB by AC16. Conditions: adsorbent dose = 0.01 g/25 mL, contact time = 150 min, temperature = 298 K, and

agitation speed = 150 rpm.
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Fig. 6. (a) Langmuir isotherm plot and (b) Freundlich isotherm plot of MB adsorption on AC16 as adsorbent.

models. Both isotherm models fitted well with the
experimental data. All the parameter values of the
Langmuir and Freundlich models and their correlation

Table 1

Parameters of Langmuir and Freundlich models for the
adsorption isotherm of MB on AC (AC16) at room
temperature

Freundlich
1/n n R?
250 0.0952 0.993 51.05 0.324 3.086 0.966

Langmuir

Adsorbent gmax K R? Kg

AC16

log(qe-qt)

time (min)

Fig. 7. Pseudo-first-order kinetics by linear method for the
MB adsorption on adsorbents AC16. Condition: adsorbent
dosage =0.01 g/25mL, normal pH, and agitation
speed = 150 rpm.

coefficients are shown in Table 1. In the Freundlich
isotherms, K; value was between zero and one
indicating the adsorption energy was favorable. In the
Freundlich isotherms, the 1/n value is between 0 and
1 and the Ky value is high, which means the MB
adsorption on the AC16 is favorable. However, the
coefficient correlations of the Langmuir isotherm are
higher than those of the Freundlich model. For this,
the description of adsorption isotherm by Langmuir is
better than by Freundlich isotherm. Therefore, the
adsorption of MB is more likely to occur by the
monolayer adsorption process on the surface of AC16.

t/qt

time (hour)

Fig. 8. Plot of pseudo-second-order kinetic by linear
method for the MB adsorption on adsorbent ACI6.
Conditions: adsorbent dose =0.01 g/25 mL, normal pH,
and agitation speed = 150 rpm.
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Table 2
Adsorption kinetic parameters of MB onto AC16
First order Second order
Adsorbent  Cp (mg/L) Jeexp. (ME/E)  Gecal (Mg/g) K R? Jecal. mg/g) Ky R?
AC16 10 24.99 2.048 0.40694 0.7613 25.25 0.2904 0.9999
30 74.99 12.73 0.16696 0.9563 75.76 0.033508 0.9998
50 123.8 58.95 0.22177 0.9894 129.9 0.006894 0.9991
3.6. Adsorption kinetics 20
Adsorption kinetics is used to understand the
adsorption process. Among the many kinetic models, 100
there are three models which were used in this study
to fit the experimental data. The linear form of the
pseudo-first-order kinetic model equation is given as 80
in Eq. (5): _
o0
?’ 60 -
=

t
log(ge — i) = log g — k1 7303 (5)

where g, is the MB concentration adsorbed at equilib-
rium, g, is the MB concentration adsorbed at time ¢,
and k; (min~") is the pseudo-first-order rate constant.

The linear form of the pseudo-second-order
equation is given as in Eq. (6):

L % i1 (6)
9 kaqe g

where k; (g/mg min) and g. are the pseudo-second-
order rate constant and MB concentration adsorbed at
equilibrium, respectively.

The intraparticle diffusion model is an empirical
model, which assumes that the adsorption capacity
varies with t'/? adsorption capacity [27]. The intrapar-
ticle diffusion model equation is expressed as follows:

i = kgist'/? + C )

where the intraparticle diffusion kinetic parameters
are Kgir (mg/g h)!/? and C.

Table 3
The intraparticle diffusion constants at different initial
concentrations

Intraparticle diffusion

Adsorbent C, (mg/L) Kp (mg/gmin /3 C R?

AC16 10 1.7471 20.492 0.9039
30 6.6848 52.709 0.9448
50 18.458 58.272 0.9975
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Fig. 9. Intraparticle diffusion kinetic model by linear
method for the adsorption of MB on AC16. Conditions:
adsorbent dosage = 0.01 g/25 ml, normal pH, and agitation
speed = 150 rpm.
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Fig. 10. Plot of In Ky vs. 1/T for estimation of standard
enthalpy and entropy change of the adsorption of MB on
AC1e6.
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Table 4

Adsorbate distribution coefficients, correlation coefficient, and thermodynamic parameters of adsorption of MB on AC16

at different temperatures

K4 AG®
Adsorbent 30°C 40°C 50°C 60°C 30°C 40°C 50°C 60°C AH® AS® R?
AC16 9.22 14.9 239 36.12 —5.59 -7.03 —8.53 -9.94 38.38 0.15 0.99

The experimental data of the pseudo-first-order
and pseudo-second-order kinetic model at different
initial concentrations are shown in Figs. 7 and 8,
respectively. All the constant parameters are shown in
Table 2. The values of correlation coefficient (R?) for
the pseudo-second-order rate equation were much
higher than those of the pseudo-first-order model. The
rate constant values of the pseudo-second-order (k)
generally decreased with the increase of the initial
concentration. The increase in the concentration of MB
solution may reduce the MB diffusion in the boundary
layer between the liquid and the solid adsorbent. Also,
the values of the calculated adsorption capacity of the
pseudo-second-order are close to the experimental
values, gexp than the calculated values of the pseudo-
first-order. For this, the MB adsorption onto AC16
could be sensibly described by the pseudo-second-
order model [28].

The parameters of the intraparticle diffusion
kinetic model and the correlation coefficients are pre-
sented in Table 3. The plots of g, vs. t'/? are shown in
Fig. 9 for the adsorption of MB onto AC16 at different
initial MB concentrations. It is observed that the
straight lines did not pass through the origin, the
intercept (C) was more than zero, and the R? values
were not much higher. For this, the intraparticle diffu-
sion does not control the adsorbate transport from the
bulk of the solution to adsorbents AC16 [29].

3.7. Adsorption thermodynamics

The thermodynamic parameter values at different
temperatures were calculated by using the following
equations [30,31]:

Kq=qe/Ce €))
AG® = —RT'In K4 )
InK4 = (AS°/R) — (AH° /RT) (10)
where, K4 indicates the ratio between the equilibrium

concentrations of the MB in solution and on the adsor-
bent, Cy and C. are the equilibrium concentrations of

MB on AC16 (mg/L) and in the solution (mg/L),
respectively. R is the gas universal constant (8.314]/
mol K) and T is the temperature in Kelvin. At differ-
ent temperatures, AG° was calculated by Eq. (9) using
the values of In K4. From Fig. 10, AS° and AH" values
can be calculated from the intercept and slope of the
linear plot of InKy against 1/T, respectively. As
shown in Table 4, all values of AG® are negative, indi-
cating that the adsorption process of MB on AC16 was
spontaneous. Moreover, the negative values of AG®
increase as the temperature increases; this indicates
that the adsorption process at high temperature is
spontaneous [32] and more efficient. The value of AH"
is positive, indicating that the adsorption process of
the MB on AC16 was endothermic. The AS® value of
adsorption process for MB on AC16 was also positive,
indicating the randomness at the interface of the
adsorbent—solution.

4. Conclusion

Jatropha seed husks were used as a raw material
for the preparation of AC (AC16). The adsorption
capacity of MB on AC16 increased with increase in
contact time, solution pH, and initial concentration.
The Langmuir and Freundlich isotherm models were
used to evaluate of the mechanism of adsorption on
the AC16 surface. It was found that the Langmiur
model offer a better fit than the Freundlich model for
adsorption of MB on AC16. Amongst the pseudo-first-
order, pseudo-second-order, and intraparticle diffu-
sion kinetic models used to analyze the adsorption
kinetics, the pseudo-second-order equation was the
best to describe the kinetic experimental data. The
values of the thermodynamic parameters, i.e. AH,
AS®, and AG°’ indicated that the adsorption process on
the AC16 surface was spontaneous, endothermic, and
random at the interface of the adsorbent-solution.
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