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ABSTRACT

The adsorption of methylene blue (MB) on activated carbon fiber (ACF) and granular
activated carbon (ACG) was studied in a batch system. The effects of initial concentration,
agitation time, solution pH, and temperature were examined. Adsorption isotherms were
described using both the Langmuir and Freundlich models. It was found that the Langmuir
model fits well with the experimental data. The pseudo-first-order, pseudo-second-order,
and intra-particle diffusion models were used to examine the kinetics data. The results
obtained showed that empirical kinetics data of both ACF and ACG were only well
described by the second-order model. It was observed that the ACF has adsorption perfor-
mance higher than that of ACG. Adsorption thermodynamics parameters were estimated
and their values indicated that the adsorption of MB on ACF and ACG were endothermic
and spontaneous processes. Thermodynamic results also indicate that the adsorption of MB
on both adsorbents is by chemical interaction.

Keywords: Isotherm; Kinetics; Thermodynamics; Coconut husk fiber; Activated carbon fiber;
Methylene blue

1. Introduction Heinz body formation [2]. To identify the potential
carcinogenic hazard of MB to human health, the net-
work time protocol performed for 3months and
2 years toxicity studies at doses of 0, 5, 25, and 50 mg/
kgbw/day for rats and 0, 2.5, 12.5, and 25mg/kgbw/
day for mice, which were achieved by Camp [3] and
Auerbach et al. [4], respectively. They found that the
MB has carcinogenic hazard to human health
especially at high doses. Moreover, it was reported
that MB causes tachycardia, methemoglobinemia, cya-
nosis, convulsions, dyspnea, irritation to the skin and
gastrointestinal tract, nausea, vomiting, and diarrhea
[5,6]. Consequently, it is compulsory to remove this
hazardous compound from wastewater prior to its

Methylene blue (MB) is the cationic dye that is
most commonly and continuously used for dyeing
cotton, wool, and silk [1]. Therefore, wastewater gen-
erated from industries related to the use and synthesis
of MB is always contaminated by this organic pollu-
tant. MB is a toxic and carcinogenic material. The
toxic effects that have been described in animals
exposed to MB include hypothermia, hemoconcentra-
tion, acidosis, hypercapnia, hypoxia, increases in
blood pressure, corneal injury, changes in respiratory
frequency and amplitude, conjunctival damage, and

*Corresponding author.

1944-3994/1944-3986 © 2013 Balaban Desalination Publications. All rights reserved.



H.A. AL-Aoh et al. | Desalination and Water Treatment 52 (2014) 6720-6732

disposal to the environment. For this reason,
numerous methods such as coagulation, chemical pre-
cipitation, membrane filtration, solvent extraction,
reverse osmosis, and adsorption have been applied
for the removal of MB from industrial effluents [7].
Among these methods, adsorption has been found to
be superior than other methods for wastewater treat-
ment in terms of low cost, flexibility and simplicity of
design, ease of operation, and insensitivity to toxic
pollutants [6,7]. Adsorption also does not lead to the
formation of harmful substances [8]. Moreover,
adsorption has ability to remove any pollutant at any
concentration at a relatively lower cost [6,7]. Conven-
tionally, granulated and powdered activated carbons
(granular activated carbon [ACG] and PAC) are the
oldest and the most commonly used adsorbents. How-
ever, the use of commercially available ACG and PAC
is limited due to their higher cost [9]. This is because
the raw materials used for the preparation of this acti-
vated carbon are non-renewable and relatively expen-
sive, such as coal [10]. Moreover, it was reported that
the adsorption rate of ACG is very slow [11] and sep-
aration of ACP from the fluid after use is required
[12]. Thus, low-cost adsorbents have been derived
from a variety of waste materials such as chitin and
chitosan [13], peat [14], rice husk [15], clay [16], bot-
tom ash and de-oiled soya [17,18], coal ash [19],
crushed bricks [20], sugar beet pulp [21], tea waste
[22], feathers [23-26], bottom ash [27], de-oiled soya
[28], etc. Despite the low cost of the adsorbents which
developed those sold wastes, their adsorption capaci-
ties are very small. Activated carbon fiber (ACF) with
its large adsorption efficiency and higher external
surface area than that of the ACG [29] offers an
important alternative. Recently, ACFs produced from
low-cost agricultural precursors, such as oil palm fiber
[10], kenaf [30], and jute fiber [5], has been proposed
as low-cost and effective adsorbents for removing MB
from wastewater. Coconut husk fibers are available in
many tropical countries including Malaysia. In the
year 2001, Malaysia used around 151,000ha of the
land for coconut plantations and is expected to pro-
duce about 5,280 kg of the dry husk per hectare yearly
[31]. The Food and Agricultural Organization reported
that the annual production of coconut fruit in 2009
was 54.72million metric ton, which was then con-
verted to about 19.15metric ton of husk fiber as the
byproduct [32]. These huge amounts of coconut husk
fiber are used for making traditional products such as
twine, ropes, mats, brushes, and sacks [33]. So far,
there has been no attempt to use activated carbon pre-
pared from coconut husk fiber as an adsorbent for the
removal of MB from aqueous solution. Consequently,
the aim of this work was to investigate the adsorption
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of MB on ACF prepared from coconut husk fiber. For
comparison, the adsorption of the dye on commer-
cially available ACG was also investigated. Isotherm,
kinetics, and thermodynamic aspects of the adsorption
of MB on ACF and ACG were investigated in a batch
adsorption system. Effects of the adsorption parame-
ters such as initial concentration, solution pH, agita-
tion time, and temperature on the adsorption capacity
of these adsorbents were also studied.

2. Materials and methods
2.1. Preparation and characterization of the adsorbent

Coconut husk fiber-based activated carbon was
prepared in a horizontal tube furnace under opti-
mized conditions established in our earlier work. The
optimized parameters were: activation temperature of
800°C, 30% w/v ZnCl, concentration, nitrogen flow
rate of 200cm®/min, 1h activation time, and
carbonization temperature of 300°C. The ACG (CAS
No. 64365-11-3) was purchased from Sigma-Aldrich
(Germany). The specific surface areas (Sggr) of ACF
and ACG were measured by N, adsorption (at
7740K), wusing a surface analyzer (Sorptomatic
Thermo Finnigan 1990, USA). The t-method was used
to determine the pore structure of these adsorbents.
The pH at the point of zero charge (pHzpc) was deter-
mined for both ACF and ACG using the batch equilib-
rium method, which has been described by Theydan
and Ahmed [34]. The Fourier transform infrared spec-
troscopy (FT-IR) (Perkin-Elmer-2000 FT-IR) measure-
ment was applied to quantify the surface functional
groups of these two activated carbons. The surface
morphology of the adsorbents used in this work was
examined by scanning electron microscopy (SEM)
(LEO 1455 VP, England).

2.2. Adsorbate

MB (28514 FLUKA) with purity >95%, molecular
weight 319.85, empirical formula C;6H;5CIN3S.xH0O,
and having maximum wave length at 618 nm, was
supplied by Sigma-Aldrich (USA). The structural

N )
X Cl
HSC\I}[ S \N:CHS
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Fig. 1. The structural formula of MB.
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formula is given in Fig. 1. A stock solution of
10,000mg/L was prepared by dissolving 10g of MB
in 300mL deionized water and diluted to 1,000mL.
The test solutions were prepared by diluting deion-
ized water of this stock solution to the required con-
centrations.

2.3. Adsorption procedures
2.3.1. Effect of the adsorbate initial concentration

Experiments on the effect of the initial concentra-
tion of MB were performed in seventeen 30 mL amber
bottles each containing 25mL of MB solution at
different initial concentrations  (10-1,000mg/L).
Approximately, 0.03+0.01g of ACF was then added
to each bottle. The bottles were mounted on a
rotational shaker and shaken at 150 rpm, at room tem-
perature (30+1°C), and without any pH adjustment,
for three days to reach equilibrium. After reaching the
equilibrium, the samples were through a 0.45um
membrane filter paper under suction. The concentra-
tions of MB in the filtrate before and after adsorption
were measured by UV-visible spectrophotometer
(Shimadzu, Japan) at 618nm. The same procedures
were repeated with ACG as the adsorbent.

2.3.2. Equilibrium studies

Adsorption isotherms are helpful to explain the
interaction between the adsorbent and adsorbate of
any system [1]. The parameters of the isotherm mod-
els offer significant information on the adsorption
mechanisms and the surface properties and efficien-
cies of the adsorbent [1]. However, the equilibrium
data of the adsorption can be analyzed by several
equations; Langmuir and Freundlich models are being
the most accepted surface adsorption models in a sin-
gle solute system. Therefore, only these two models
were applied in this work. Experiments for the
adsorption isotherms were carried out as described in
Section 2.3.1.; but this time, the initial concentrations
of MB used ranged from 500 to 900 mg/L.

2.3.3. Adsorption kinetics

The adsorption of 100 and 200mg/L solutions of
MB on the ACF and ACG was investigated at various
time intervals. The same procedures as described in
the isotherm studies were applied. The results
obtained were used to investigate the effect of contact
time as well as the adsorption kinetics.

H.A. AL-Aoh et al. | Desalination and Water Treatment 52 (2014) 6720-6732

2.3.4. Effect of solution pH

A series of 600mg/L MB solutions at various
initial pH (2-11) were prepared by the addition of
either HCl or NaOH. Twenty-five milliliter of each of
this solution was added to a 30mL amber bottle
containing 0.03+0.01g of either ACF or ACG. The
bottles were then sealed, placed on a rotational
shaker, and shaken for three days at 150rpm and
room temperature (30+1°C). The adsorbent was
separated from the aqueous phase by filtration
through a membrane filter paper. The final concentra-
tions of MB and adsorption amounts at equilibrium
were measured and calculated.

2.3.5. Adsorption thermodynamics

The adsorptions of 500, 600, and 700 mg/L solu-
tions of MB on these two adsorbents were studied at
30, 45 and, 60°C using an incubator shaker. The other
procedures carried out were similar to those of the
isotherm studies. The results obtained were used to
examine the impact of temperature and to determine
the adsorption thermodynamic parameters.

3. Results and discussion
3.1. Characterization of the activated carbons

The results of the surface analysis and pHzpc of
the ACF and ACG are summarized in Table 1. It can
be observed from this table that ACF has a larger sur-
face area, larger total pore volume, larger mesopore
volume, and higher mesopore percentage mesopore
than that of ACG. This indicates that the adsorptive
properties of the former are better than those of the
latter.

Figs. 2 and 3 represent the SEM photograph of the
prepared ACF and commercial activated carbon gran-
ular, respectively. It can be seen from these Figures
that the majority of pores on the surface of ACF and
ACG mesopores, hence, are more effective in adsorb-
ing MB [35,36]. It can also be observed from these Fig-
ures that that the number of pores on the surface of
the prepared ACF is higher than that of commercial
ACG. Moreover, this observation is in agreement with
the results from surface analysis.

FT-IR spectroscopy was used to identify the func-
tional groups on the surface of ACF and ACG. The
spectra obtained are shown in Fig. 4. For ACF, the
broad band at 3,348.25cm ™" is attributed to the pres-
ence of the hydroxyl group. The band located at
around 2,949.53 cm ™! corresponds to C-H vibration
stretching. While the absorption peak recorded at
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Table 1
Characteristics of the activated carbons
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Type of activated carbon

Specific surface area (m*/g) 5,435
Total pore volume (cm®/g) 4.043
Micropore volume (cm®/g) 1.479
Mesopore volume (cm?/g) 2.564
Average pore diameter (A) 29.76
Micropore % 36.582
Mesopore % 63.418
pHZI’C 7.8

Activated carbon fiber

Commercial activated carbon

1,061
0.559
0.328
0.231
21.06
58.68
41.32
6.7

1,057.34cm " is attributed to the symmetrical angular
deformation of ether [37]. Whereas for ACG, there are
two absorption peaks at 3,434.43 and 1,633.36cm ™!
which correspond to the hydroxyl group and axial
deformation of carbonyl group (C=0), respectively.

3.2. Adsorption studies

3.2.1. Effect of initial adsorbate concentration on the
adsorption process

The result on the effect of the initial concentrations
of MB on its adsorption uptake at equilibrium was
investigated and is presented in Fig. 5. This figure
shows that the amount of MB adsorbed on both
adsorbents increased with increasing initial concentra-
tions from 10 to 600mg/L. This means that an

increase in initial MB concentration resulted in
increasing solute uptake. Similar observation has been
reported earlier for various types of adsorbates and
adsorbents (e.g. [30,38,39]). The rate of adsorption was
greater for higher initial MB concentration because the
initial MB concentrations provide an important driv-
ing force to overcome all mass transfer resistance of
the dye between aqueous phase and solid phase.
Hence, higher initial concentration of MB enhances
adsorption process due to a higher interaction
between the solute and the adsorbent. On the other
hand, the amount adsorbed (3. mg/g) is almost con-
stant at initial concentrations of over 600mg/L. This
can be explained by the fact that all adsorption sites
became saturated after 600mg/L. Moreover, it can
also be observed from Fig. 5 that the adsorption effi-
ciency of ACF towards MB is higher than that of

Fig. 2. SEM image of ACF.
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Fig. 3. SEM image of ACG.

ACG. This is because ACF has a higher surface area,
larger pore diameter, higher total pore volume, higher
mesopore volume, and larger mesopore percentage,
which makes it more effective in adsorbing the dye.
Similar observation was reported by Fernandes et al.
[40].

3.2.2. Adsorption isotherms

The liner forms of the Langmuir (Eq. (1)) and the
Freundlich (Eq. (2)) models were employed in this
work in order to investigate the adsorption behavior.

Ce 1 Ce
+

qe - qmaxKL

(1)

Jmax

Inge =InKg + %In Ce (2)

where g, is the amount of the adsorbate adsorbed at
equilibrium (mg/g), gmax the maximum adsorption
capacity corresponding to complete monolayer cover-
age on the surface (mg/g), and C. is the concentration

of the adsorbate at equilibrium (mg/L). K is the
Langmuir constant related to the energy or net
enthalpy of adsorption. Ky is the Freundlich constant
related to the adsorption capacity. 1/n is another con-
stant in the Freundlich model related to the adsorp-
tion. If the value of 1/n is between 0 and 1, the
adsorption is favorable [41].

The essential characteristics of the Langmuir iso-
therm can be expressed by a dimensionless factor
called equilibrium parameter R; which is defined by
Eq. 3 [42].

1

R = —
LT1YK.G

©)

where K; is the Langmuir constant and C is the ini-
tial adsorbate concentration. The value of R; indicates
the type of isotherm to be either unfavorable (R >1),
linear (Rp=1), favorable (0<R;<1), or irreversible
(RL=0).

The plots of C./ge vs. C. and Lng. against LnC.
are given in Figs. 6 and 7, respectively. The constants
of Langmuir (§max and Kp) and Freundlich (Kg and n)
isotherm models with the corresponding correlation
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Fig. 4. FT-IR spectra for the prepared ACF and a
commercial ACG.
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Fig. 5. Effect of initial concentration on the adsorption of
MB on ACF and ACG.

coefficients (R?) were calculated and their values listed
in Table 2. The values of R; were also calculated
according to Eq. (3) and listed in Table 2. The values
of Ry and 1/n (Table 2) were found to be between 0
and 1, indicating that both activated carbons (fibrous
and granulated) adsorb MB favorably under the con-
ditions studied. The correlation coefficients (R?) for
the Langmuir model are bigger than those of the Fre-
undlich isotherm model, indicating that the former
offers a better fit than the latter. This confirms that the
surfaces of the activated carbons used in this work are
uniform and the adsorption sites are of the same type.
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Fig. 6. Langmuir isotherm model for the adsorption of MB
on ACF and ACG.
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Fig. 7. Freundlich isotherm model for the adsorption of
MB on ACF and ACG.

Similar results have been reported for the adsorption
of MB on cedar sawdust and crushed brick [43].

It can also be seen from Table 2 that the values of
gmax and K obtained for ACF are higher than those of
ACG, which indicates that the former has better
adsorption efficiency than the latter. This is due to the
higher surface area and higher percentage of mesop-
ores for ACF, hence, is more effective in adsorbing
MB. Moreover, the number of pores in the surface of
ACF is higher than that of ACG as shown in the
Figs. 2 and 3.

3.2.3. Effect of agitation time

Figs. 8 and 9 show the adsorption uptake vs. the
adsorption contact time at two initial MB concentra-
tions (100 and 200mg/L) for ACF and ACG,
respectively. The amount of MB adsorbed increased
with increasing agitation time and then reached a pla-
teau. The equilibrium contact times in the case of ACF
were 10 and 30min for 100 and 200mg/L concentra-
tions, respectively. While, the adsorption of 100 and
200mg/L solutions of MB on ACG reached the



6726

Table 2
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Langmuir and Freundlich parameters, and separation factors (Ry) for the adsorption of MB on ACF and ACG

Adsorbent Langmuir isotherm Freundlich isotherm

Jmax (Mg/g) Kp (L/mg) Ry Kg (mg/g) (L/mg)1/n 1/n n R?
ACF 500 0.286 0.0039 0.999 321.82 0.045 22.22 0.815
ACG 250 0.121 0.0091 0.996 278.11 0.013 76.92 0.069

equilibrium after 2 and 5h, respectively. These results
indicate that the adsorption of this dye on ACF is fas-
ter than that of on ACG. This, again, is because the
former has a higher percentage (%) of mesopores and
higher average pore diameter than that of the latter
(Table 1). Similar results have been reported for the
adsorption of MB on graphene [44].
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Fig. 8. The variation of the adsorption capacity of ACF
with adsorption time at 100 and 200mg/L concentrations
of MB (T=303K, W=0.03g, and V=25mL).
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Fig. 9. The variation of the adsorption capacity of
commercial activated carbon with adsorption time at 100
and 200mg/L concentrations of MB (I'=303K, W=0.03g,
and V=25mL).

3.2.4. Kinetic studies

In order to determine the mechanism of the
adsorption of MB onto these adsorbents, the experi-
mental data at two initial dye concentrations (100 and
200mg/L) were analyzed by the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion
kinetic models. The linearized-integral form of the
pseudo-first-order model is expressed as follows:

t
log(qe — ) = logqe — Kiz=or (4)

where K; (min~') is the adsorption rate constant, and
ge and ¢ are the amounts of dye adsorbed
(mg/g) at equilibrium and time ¢t (min). The values of
K; and g. were calculated from the slopes and inter-
cepts of the plots of log(ge—qy) vs. t, which are pre-
sented in Figs. 10 and 11 for ACF and ACG,
respectively. These values along with the correlation
coefficients are listed in Table 3. It can be observed
from Table 3 that the values of the correlation coeffi-
cients (R?) are very small and the values of the calcu-
lated g. are not in agreement with the experimental
values of g. for both adsorbents and at both concen-
trations. This indicates that the adsorptions of MB on
ACF and ACG do not follow the pseudo-first order
kinetic model. Similar results were observed by Tan
et al. [10] and Liu et al. [44].

(=3

| +100mg/L
L m200mg/L
5 05 LA
= -
B . * R
3 [ — 50 @ TH 150 200
05 — ~
ST o -
1 * Te— ~ n
L5 T
L
-2 t (min)
Fig. 10. Pseudo-first-order kinetics model for the

adsorption of MB on ACF at 30+1°C.
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Fig. 11. Pseudo-first-order kinetics for the adsorption of
MB on ACG at 30+1°C.

The linearized-integral form of the pseudo-second-
order kinetic model is represented by Eq. (5):

t 1 t

LA S 5
g Kog o ge )

where K, (g/mgmin) is the rate constant of this
model. The g. and K, were calculated from the slopes
and intercepts of the plots of t/q. vs. t, which are
demonstrated in Figs. 12 and 13 for ACF and ACG,
respectively. The values of the pseudo-second-order
kinetic model parameters are presented in Table 3. It
can be seen from Table 3 that the values of R are
equal to one in the case of ACF, which is higher than
that for the ACG (0.98). Moreover, it can be observed
that there is a conformance between the experimental
and the calculated g. (Table 3) for both activated
carbons. The results obtained here confirm the appli-
cability of the pseudo-second-order kinetic model for
describing the adsorptions of MB onto these adsor-
bents. The adsorption of MB on oil palm fiber-acti-
vated carbon [10] and grapheme [44] also follows
pseudo-second-order kinetic model.

Table 3
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Fig. 12. Pseudo-second-order kinetics for the adsorption of
MB on ACF at 30+1°C.
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Fig. 13. Pseudo-second-order kinetics for the adsorption of
MB on ACG at 30+1°C.

The linear form of the intra-particle diffusion (Eq.
(6)) was used to determine the diffusion mechanism
of the adsorption.

g = KaVt +C (6)

Comparison of pseudo-first-order and pseudo-second-order models for the adsorption of MB onto ACF and ACG at two

initial dye concentrations and 30+1°C

Adsorbent Co (mg/L) geexp (mg/g) Pseudo-first-order kinetics Pseudo-second-order kinetics model
model
fecal (mg/g) Ky (min~") R? ecal (Mg/g) K, (g/mgmin) R? Rate
ACF 100 83.17 1.85 0.016 0.786  83.33 0.144 1 12.00
200 166.45 791 0.028 0.770  166.66 0.0060 1 0.999
ACG 100 83.20 20.23 0.028 0.884 9091 0.0026 0.990 0.24
200 165.87 73.79 0.009 0.788 166.66 0.0004 0.988  0.067
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Fig. 14. Intra-particle diffusion model for the adsorption of
MB onto ACF at 30+1°C.

where Ky (mg/gmin)!/? is the rate constant of the
intra-particle diffusion and C is the constant, which
gives information about the thickness of the boundary
layer [45].

The Kgif and C parameters were determined from
the slopes and intercepts of the plots of g vs. t'/?
(Figs. 14 and 15 for ACF and ACG, respectively). The
values of the intra-particle diffusion parameters are
summarized in Table 4. It can be clearly seen from
Table 4 that the regression coefficient (R?) values of
the intra-particle diffusion are relatively small. The
obtained results demonstrate that the intra-particle
diffusion mechanism was not involved in the adsorp-
tion of MB by ACF and/or ACG. Altenor et al. [46]
observed similar results in the case of MB and phenol
adsorption onto activated carbon prepared from
vetiver roots by chemical activation. In general, the
results obtained in this work are in agreement with
results reported in the literature for the adsorption of
MB onto titanate nanotubes [47] and lotus leaf [48].
Furthermore, Table 3 illustrates that the adsorption

180
160
140 -
120
= 100+
g g
-
60
® 100 mg/L
40 1 B 200 mg/L
20 1
0 2 4 6 g 10 12 14 16

Jt (mnin) 1

Fig. 15. Intra-particle diffusion model for the adsorption of
MB onto ACG at 30+1°C.
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Table 4

Parameter values of intra-particle diffusion model for the
adsorption of MB on ACF and ACG at two initial dye
concentrations and 30+1°C

Sample Cj Je,exp Intra-particle diffusion
mg/n)  (mg/g) Kus C Rz
(mg/g min’ /2)
ACF 100 83.17 0.057 82.46 0.657
200 166.45  1.903 145.80 0.559
ACG 100 8320 1.819 62.08 0.808
200 165.87 6.603 69.79 0.796
600
500
400
3
£ 300
&
200 -8 ACG
100
00 2 4 6 8 10 12

pH

Fig. 16. Effect of initial pH on the adsorption of MB on
ACF and ACG.

rates of this dye by ACF are higher than those of
ACG. This is due the same reasons mentioned earlier
in the study on the effect of adsorption time.

700
650
600 ——500mg/L
550
g 500
g 450
= 400
350
300
250

20025 35 45 35 65

T-C

=8-600 mg/L

=#—T00 mg/L

==400 mg/L

Fig. 17. Effect of temperature on the adsorption of MB on
ACF at three different initial MB concentrations (400, 500,
and 600 mg/L).
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Fig. 18. Effect of temperature on the adsorption of MB on
ACG at three different initial MB concentrations (400, 500,
and 600mg/L).
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Fig. 19. Plots of LnK. vs. 1/T for the adsorption of MB
onto ACF at different dye concentrations.
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Fig. 20. Plots of LnK. vs. 1/T for the adsorption of MB
onto ACG at different dye concentrations.

3.2.5. Effect of pH on adsorption

The effect of pH on the adsorption of MB onto
ACF and ACG is shown in Fig. 16. It is evident that
the amounts of MB adsorbed at equilibrium show a
slight increase as pH is increased within the range
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under study. The pHzpc values for ACF and ACG
were found to be 7.8 and 6.7, respectively. Upon dis-
solution, MB is ionized and thus releases positively
charged ions into the solution [6]. The adsorption of
these cations onto the adsorbent surface is primarily
affected by the adsorbent surface charge, which is in
turn affected by the solution pH [6]. The adsorbent
surface charge is positive at pH < pHzpc and negative
when the solution pH > pHzpc. When the solution pH
increased from the starting pH to pHzpc, the columbic
repulsions between the positively charged MB and the
surface of the adsorbents are lowered. This explains
the slight increase in the adsorption of this dye on
both adsorbents. While, the sharp increase in the
amounts of MB adsorbed onto these adsorbents at
pH>pHzpc carbons is due to the electrostatic attrac-
tions between the positively charged dye and the neg-
ative adsorbent surface. Similar trends were reported
previously for the adsorption of MB onto jute fiber
carbon [5]. It can also be observed from Fig. 15 that
the maximum MB adsorptions onto both samples are
at pH=11, which is in agreement with the results
reported in the literature for the adsorption of this
dye on cotton stalk [6].

3.2.6. Effect of the temperature on adsorption

The effect of temperature on the adsorptions of
MB onto ACF and ACG was examined at 30, 45, and
60°C for three different initial dye concentrations (400,
500, and 600mg/L). The results are represented in the
Figs. 17 and 18 for ACF and ACG, respectively. These
Figures demonstrate that the adsorption capacity of
the two adsorbents increased with rising temperature
of the solution, indicating that the processes are endo-
thermic. This is due to the increase in the mobility of
MB due to the increased in solution temperature [49].
An adequate energy may be also required for addi-
tional number of molecules to undergo an interaction
with the active site at the surface [49]. Moreover, ris-
ing temperature may cause swelling for the internal
structure of these adsorbents enabling extra number
of the dye molecules to penetrate them [50]. Similar
trends were reported in the literature for the adsorp-
tion of MB on garlic peel and agricultural waste
biomass [49].

3.2.7. Adsorption thermodynamics

The thermodynamic parameters, including change
in standard enthalpy (AH), entropy (AS°), and free
energy (AG®), were investigated using the following
equations:
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Table 5

Thermodynamic parameters of MB adsorption onto ACF and ACG (T =303, 318, and 333 K)

Adsorbent Initial concentration AH' (kJ/mol) AS’ (kJ/mol) AG’ (kJ/mol)
L
(mg/L) 33K 318K 33K
Activated carbon Fiber (ACF) 400 54.48 0.273 —2824 3233  —36.43
500 74.80 0.323 —2307 2791  —32.76
600 97.65 0.389 —2022 2605  —31.89
700 109.17 0.421 ~1839  —2471  —31.02
Activated carbon granular 400 69.20 0.290 —18.67 —23.02 —27.37
500 41.28 0.196 ~1811  -21.05  —23.99
600 34.67 0.171 1714 —1971  -2227
700 31.19 0.158 ~1668  —19.05  —21.42
LnKe — _AH° . AS° % these two adsorbent is spontaneous. It can also be
¢ RT R observed from Table 5 that the values of AG® become
more negative as the adsorption temperature
e increased for each concentration, indicating that
KC =—xP . . oys
C, higher temperature is the most favorable condition for
the higher adsorption efficiency. Or in other words,
AG® — AH® — T AS° (8) the affinity of MB molecules to adsorb onto the sur-

where R is the universal gas constant (8.314]/Kmol)),
T is the adsorption temperature (K), and p is the den-
sity of the solution (p=1,000g/L). The LnK¢ was plot-
ted against 1/T and shown in Figs. 19 and 20 for ACF
and ACG, respectively. The values of AH® and AS”
were computed from the slopes and intercepts of the
above-mentioned plots. The values of AG® were calcu-
lated from the values of AH® and AS® using Eq. (10).
The computed thermodynamic parameters are listed
in Table 5. The positive values of AH" indicate that
the adsorption of this dye on the ACF or ACG is
endothermic in nature. This is in accordance with the
results observed in the study on the effect of tempera-
ture earlier. The values of AH" (Table 5) are in the
range of 54.48-109.17 and 31.19-69.20 for ACF and
ACG, respectively. It was reported in the literature
[9,34] that the adsorption enthalpy, ranging from 2.1
to 20.9kJ/mol, corresponds to a physical adsorption.
Therefore, the values of AH® obtained in this work
suggest that the adsorption of MB on ACF and/or
ACG can be classified as chemical adsorption. More-
over, it was found in the case of the adsorption kinet-
ics that the experimental data described well by the
pseudo-second-order model, indicating that the type
of this adsorption is by chemisorption.

The positive AS® values suggest an increase in the
randomness at the adsorbate solution interface during
the adsorption process. The negative values of AG’
suggest that the adsorption of MB onto any one of

faces of ACF and ACG increased with rising tempera-
tures. The results obtained in this work are in
agreement with the results reported previously for the
adsorption of MB on kenaf core fibers [30], jatropha
curcas [9], and neem leaf powder [51].

It can be seen from Table 5 that all of the thermo-
dynamic parameters for the adsorption of MB onto the
prepared ACF are higher than those of the commercial
ACG, indicating that the adsorption affinity of the for-
mer towards MB is larger than that of the latter.

4. Conclusions

Coconut husk fiber was used as a starting material
for the preparation of ACF. The physical and chemical
properties of the prepared ACF and a commercially
available ACG were investigated. The results obtained
indicated that the adsorptive properties of ACF (For
example: 5435m?/g surface area and 2.564cm’/g
mesopores volume) are better than those of ACG
(1,061 m?/g surface area and 0.231cm®/g mesopores
volume). Langmuir and Freundlich models were
applied to investigate the adsorption isotherms for the
adsorption of MB, and it was found that the experi-
mental data could be described well by the Langmuir
model and the ACF has higher adsorption capacity
(500mg/g) than the ACG (250mg/g). Adsorption
kinetics was analyzed by pseudo-first-order, pseudo-
second-order, and intra-particle diffusion kinetic mod-
els. The kinetic experimental data followed the
pseudo-second-order model. It was observed the
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adsorption rate of MB on ACF was higher than that
for ACG. Thermodynamic parameters such as AH",
AS°, and AG° were calculated. The values of the
parameters confirmed that the adsorption affinity of
ACF towards MB is more significant than that of ACG.
In general, the results obtained suggest that the ACF
used in this work could be applied in wastewater
treatment and superior than the commercial ACG.
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