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ABSTRACT

Peanut shell, an agricultural by-product abundantly available in China, was modified with
citric acid and utilized as an adsorbent for the removal of methylene blue (MB) from aque-
ous solutions. Adsorption studies were conducted to evaluate the effects of pH, contact
time, initial dye concentration, and temperature. The kinetic data were analyzed using
pseudo-first-order and pseudo-second-order adsorption kinetic models. The results showed
that the adsorption process satisfactorily fitted the pseudo-second-order kinetics. The equi-
librium data for the adsorption of MB on modified peanut shells were analyzed using the
Langmuir and Freundlich models. The results indicate that the Freundlich model provides
a better fit of the adsorption data. Thermodynamic parameters such as the changes in Gibbs
free energy (AG"), enthalpy (AH®), and entropy (AS°) have also been estimated, and the
adsorption process was found to be spontaneous and exothermic. All results demonstrated

that peanut shells biomass is an effective adsorbent for removing cationic dyes.
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1. Introduction

Dyes discharged from textile, printing, and dyeing
processes are considered to be one of the most impor-
tant sources of water pollution. Owing to their syn-
thetic origin and complex aromatic structures, dyes
are not easily biodegraded [1]. Several techniques
have been used to treat dye-containing effluents, such
as sedimentation, chemical treatment, oxidation, elec-
trochemical = methodology, biological treatment,
adsorption, and ion exchange [2-6]. Among them,
adsorption is proved to be an effective and economical

*Corresponding author.

process for the removal of pollutants from wastewater.
Activated carbon is one of the most commonly used
industrial adsorbents because of its high efficiency
and wide-ranging availability, but it is too expensive
[7]. Hence, there has been increased interest in the use
of other adsorbent materials. Recently, a number of
studies have been undertaken to investigate the use of
low-cost adsorbents, in particular agricultural wastes
or by-products such as hazelnut shells, sawdust,
maize cob, orange peel, sawdust, rice husk, fly ash,
and red mud [8-13].

Peanut is an oil plant that is grown extensively in
China. The output of peanuts in China accounts for
one-third of the gross production of the world [14].
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Peanut shell is an abundant and inexpensive agricul-
tural by-product. However, most peanut shells are arbi-
trarily discarded or set on fire, resulting in
environmental pollution and a tremendous waste of
natural resources. Recently, there have been several
reports that peanut shells can be used as an adsorbent
to remove heavy metals, organic pollutants, and dyes
from aqueous solution [15-17]. Gonzo et al. synthesized
acid-activated carbon from peanut shells for the pur-
pose of removing organic compounds from aqueous
solution [18]. Song et al. studied the characteristics of
adsorption of methylene blue (MB) by peanut husk in
batch and column modes [19]. Chemical modification
has often been used to improve adsorption ability.
Wafwoyo et al. modified peanut shells (MPS) by treat-
ing them with phosphoric and citric acids to increase
the metal ion binding ability of the shells [20].

In this work, peanut shell was modified via citric
acid treatment to improve the adsorption capacity.
The effects of initial dye concentration, pH value, and
adsorbent mass on the adsorption process were
investigated. The correlations between the experimen-
tal data and three kinetic models were examined and
the kinetic parameters were determined. The biosorp-
tion equilibrium was expressed using the Langmuir
and Freundlich isotherms. Finally, thermodynamic
parameters were also investigated with respect to
temperature.

2. Experimental
2.1. Preparation of the biosorbent

Peanut shells were purchased from a market of
Harbin, China. The collected biomaterial was exten-
sively washed with deionized water to remove soil
and dust, and then dried at 80°C to a constant weight
to remove moisture and other volatile impurities. The
dried sorbent was crushed and milled into a powder,
sieved (80-100 mesh), and then stored in a desiccator.

A 1g sample of powdered peanut shells was
mixed with 50 mL of citric acid solution (1 mol L™")
and stirred well at 60°C for 2h. The liquid was
discarded and the mixture was filtered, rinsed with
distilled water, and oven-dried at 60°C. After 24 h, the
temperature was raised to 120°C and held there for
2 h. The modified shells were finally washed in hot
water, filtered, and dried in an oven at 60°C for 12 h,
then stored prior to adsorption testing.

2.2. Characterization of the adsorbents

Fourier transform infrared (FT-IR) spectra of
unmodified and MPS were obtained using a Nicolet
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560 spectrometer (Nicolet Co., USA) operating in the
range of 4,000-400 cm™' with a resolution of 4 cm™
using the KBr pellet method.

2.3. Preparation of MB solution

A stock solution of MB (500 mg L") was prepared
in distilled water. All experimental solutions were pre-
pared by diluting the stock solution with distilled
water to the required concentration. HCl (1 M) and
NaOH (1 M) were used to modify the acidity of the
medium.

2.4. Adsorption experiments

Batch adsorption experiments were performed in a
set of 250 mL flasks containing 100 mg of prepared
peanut shells and 50 mL of MB solution. The flasks
were shaken in a thermostatted rotary shaker at
120 rpm. At predetermined times, the flasks were
withdrawn from the shaker and the residual dye con-
centration in the reaction mixture was determined
using a UV-visible spectrophotometer set at a maxi-
mum wavelength of 668 nm. The amount of MB
adsorbed per unit weight of adsorbent, g, (mg g™,
was calculated using the following equations:

m

where Cy and C; are the initial and instantaneous
concentrations of MB in solution (mgL™"), V is the
solution volume (L), and m is the mass of the
adsorbent (g).

3. Results and discussion
3.1. FTIR characterization

FT-IR is an important tool for analyzing the func-
tional groups on the surface of the adsorbent material
[21]. The FT-IR spectra of natural peanut shells and
MPS were obtained and are shown in Fig. 1. In Fig. 1(a),
the broad peak around 3,340 cm ! is attributed to the
stretching vibration of hydroxyl groups (-OH) from
macromolecules such as cellulose, hemicellulose, and
lignin. The peak at 2,918 cm ™" is assigned to the C-H
asymmetrical stretching vibration of methyl groups on
the surface. The small peaks at 1,730 and 1,622 cm ! are
characteristic of carbonyl group stretching in carboxylic
acids and carbonyl groups. The band at 1,507 cm ™" is
associated with stretching of aromatic rings. The peak
at 1,423 cm™ is caused by CH, bending and the peak at
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Fig. 1. FT-IR spectra of the peanut shell before (a) and after
(b) modification.

1,258 cm™" is indicative of OH in-plane bending in
cellulose. The sharp peak at 1,026 cm™" is due to the
C-0O group in carboxylic and alcoholic groups [19]. The
spectra of MPS showed characteristics that are similar
to those of the natural peanut shells except for slight
changes. After modification, the intensity of the band at
1,026 cm™! decreased, and the peak at 3,340 cm™!
decreased and shifted to 3,330 cm~'. However, the
intensity of the carboxyl group at 1,730 cm ™" increased
significantly. It obviously was due to the carboxyl
groups of the introduced citric acid [22]. This result
indicated that the peanut shells were successfully
modified by citric acid. Fig. 2 shows a schematic repre-
sentation of the possible interactions between the MB
molecules and the adsorbent structure.

3.2. Effect of initial pH

The pH is one of the most important factors
controlling the adsorption of a dye onto suspended
particles. The effect of pH on MB adsorption is shown
in Fig. 3(a). It appears that the removal rate of MB by
MPS increased from 64.5 to 95.6% with an increase in
pH from 2 to 10. This behavior can be explained on
the basis of the point of zero charge (pH..) of the
adsorbent. Fig. 3(b) shows that the pH,,. of MPS was
around 2.6, which means that the MPS surface was
more positively charged when the dye solution pH
was lower than 2.6 and negatively charged at a pH
higher than 2.6. Theoretically, at a pH lower than
PHzpe, the number of negatively charged adsorbent
sites decreases and the number of positively charged
surface sites increases, which does not favor the
adsorption of MB (a cationic dye) due to electrostatic
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Fig. 2. Schematic diagram of the adsorption of MB
molecules on MPS.

repulsion. As the pH of the solution increased past
the pH,,., the net charge on the surface of the MPS
became negative, which enhances the electrostatic
interaction between the cationic MB species and the
negatively charged adsorbent surface [23,24]. The elec-
trostatic attractive force between the dye compound
and the peanut shell surface is likely to be greater
when the pH increases. This strong chelating interac-
tion accounts for the higher removal efficiency of the
biosorbent.

3.3. Effect of initial dye concentration

The effect on adsorption when the initial dye
concentration varied in the range of 60-120 mg L'
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Fig. 3. Effects of initial solution pH (a) and final pH (b) on the adsorption of MB (loading 100 mg, C =100 mg L

V =50 mL, t = 720 min, and T = 303 K).

was investigated and is shown in Fig. 4. The amount
of dye adsorbed increased from 28.2 to 52.1 mgg ™
when the initial concentration of MB dye increased
from 60 to 120 mg L™". This is because the initial dye
concentration provides the necessary driving force to
overcome the resistance to mass transfer of the dye
molecules between the aqueous phase and the solid
phase [25]. An increase in the initial dye concentration
also enhances the interaction between MB and the
peanut shells. Therefore, an increase in initial MB con-
centration leads to an increase in the adsorption
uptake of MB. It is also found from Fig. 4 that the
equilibrium time increased with the increase of dye
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Fig. 4. Effects of initial solution concentration on the
adsorption of MB onto MPS (loading 100 mg, V =50 mL,
and T = 303 K).

concentration. This can be explained by the theory
that the molecules have to penetrate the boundary
layer before the dye molecules successfully diffused
and adsorbed on the adsorbent surface. Besides, the
agglomeration of MB may occur at high MB concen-
tration which would also slow down the adsorption
process. Therefore, higher concentration of MB will
require more time to attain equilibrium [26].

3.4. Adsorption kinetics

The kinetic parameters are helpful for predicting
the dominant adsorption mechanism and the adsorp-
tion rate of the adsorbent, which provides important
information about the efficiency of the adsorption [27].
To investigate the adsorption kinetics of MB on MPS,
three different kinetic models, namely the Lagergren
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion kinetic equations were used to test
the experimental data. The pseudo-first-order kinetic
model was suggested by Lagergren for adsorption in
solid/liquid systems and its formula can be expressed
as [28]:

In (qe —q¢) =In g, — kqt )

where g, and g, are the amounts of MB (mgg™)
adsorbed on the adsorbent at equilibrium and at a
given time t (min), respectively; k; is the rate constant
(1/min) of the Lagergren first-order kinetic model.
Values of k; are calculated by plotting In (g.-4;) vs. t.

The pseudo-second-order kinetic model is
expressed as [29]:
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t 1 t
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where k; is the rate constant of pseudo-second-order
adsorption (g mg ' min~"). Values of k, are obtained
by plotting (t/q,) vs. t.

The linear forms of the two models for the adsorp-
tion of MB onto MPS at 303 K are shown in Fig. 5 and
the kinetic parameters and correlation coefficients are
summarized in Table 1. For all experimental initial dye
concentrations, the values of the linear correlation
coefficient of the pseudo-second-order model are very
high (>0.999). In addition, the values of the calculated
equilibrium adsorption capacity also agree well with
the experimental data. Therefore, the pseudo-second-
order kinetic model is more valid for this adsorption
process than the pseudo-first-order model. This sug-
gests that chemical sorption is the rate-limiting step of
the adsorption mechanism, and that mass transfer in
the solution is not involved [30]. Also from Table 1, the
values of the rate constant, k,, decrease with initial dye
concentration for peanut shells. The reason for this
behavior is that there is less competition for sorption
sites at lower concentrations. At higher concentrations,
the competition for surface active sites will be high
and, consequently, low sorption rates are obtained.

Most adsorption processes consist of multiple steps,
including surface diffusion and intraparticle diffusion.
To determine whether intraparticle diffusion is the
rate-determining step, the intraparticle mass-transfer
diffusion model is applied. It can be expressed as [31]:

120 mg/L
100 mg/L
80 mg/L
60 mg/L

-3 v T d T T T

. , .
0 30 60 90 120 150
Time (min)
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g =kut'? +c 4)

where c is the intercept (mg g™") and k;; is the intra-
particle diffusion rate constant (mgg ' min~'/?),
which can be calculated from the slope of the linear
plot of g; vs. t'/? as shown in Fig. 6. The adsorption
process tends to have two phases: the initial curved
portion and a second linear portion. The curve of the
first portion of the plot is the result of surface adsorp-
tion and external diffusion, indicating a boundary-
layer effect, whereas the linear portion reflects intra-
particle or pore diffusion. The linear portions of the
curves at each concentration do not pass through the
origin, suggesting that intraparticle diffusion is not the
sole rate-limiting step [30]. In addition, the intercept
value decreases with increasing initial MB concentra-
tion, indicating a decrease in the thickness of the
boundary layer and its effect on adsorption.

3.5. Adsorption isotherms

Adsorption isotherm models can describe the
interaction between an adsorbent and the given adsor-
bate, which is a critical factor in optimizing the use of
adsorbents. The adsorption of MB onto MPS was car-
ried out at adsorbent loading ranging from 75 to
200 mg. The adsorption isotherm experimental data
were fitted by two well-known adsorption isotherms
models: those of Langmuir [32] and Freundlich [33].
The Langmuir (Eq. (5)) and Freundlich (Eq. (6))
isotherms can be expressed as follows:

(b)‘lU

60 mg/L
80 mg/L
100 mg/L
120 mg/L

4 e nm

¥/q (min.g/mg)

T T T T T T T Y T T
0 50 100 150 200 250 300
Time (min)

Fig. 5. Lagergren first-order kinetic model (a) and pseudo-second-order kinetic model (b) for adsorption of MB onto MPS

at 303 K.
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Table 1
Kinetic parameters for MB adsorption onto MPS
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Lagergren pseudo-first-order model

Pseudo-second-order model

ComgL™) foexp M) Grecat mgg™) k;x10° (min™") R Joecat Mg g™ kx10° (gmg ' min™") R?
60 28.17 7.04 35.80 0.9538 28.41 17.28 0.9999
80 37.11 10.04 23.50 0.9508 37.45 8.78 0.9999
100 45.23 13.87 17.10 0.8777 45.66 5.20 0.9997
120 52.03 17.11 21.60 0.9654 52.63 4.59 0.9991
55 corresponds to monolayer adsorption on a surface
v 120mglL v containing a finite number of identical sites. In con-
50__ : ;gomrg%L v trast, the Freundlich isotherm model is valid for multi-
5] ™ 60mgL v ¥ layer adsorption and is derived by assuming a
1 / heterogeneous surface with interactions between
407 v adsorbed molecules with a non-uniform distribution
5 25 vy :/f/./' of heat of sorption over the surface. The Freundlich
E vooat constant Kr is indicative of the adsorption capacity of
7 30+ A et the adsorbent: the greater the Kr value, the greater the
- o B} - adsorption capacity. The other Freundlich constant n
] 'S is a measure of the deviation from linearity of the
04w adsorption and is used to verify the types of adsorp-
5l . tion. It is suggested that, if n is equal to unity, the
0 2 4 6 8 10 12 14 16 adsorption is linear. Further, n values below unity
te(min™) indicate that adsorption is a chemical process,
whereas, n values above unity are associated with
Fig. 6. The intraparticle diffusion kinetic model for favorable adsorption and a physical process [34]. As

adsorption of MB onto MPS at 303 K.

C, 1 C,
e _ 4= ®)
e KLEIm Gm
1
Ing =In Kr + (E) In C, (6)

where C, is the equilibrium concentration of MB in
solution (mg L™"); g, is the amount of MB adsorbed at
equilibrium (mg g™"); g, is the maximum adsorption
capacity; K; is the Langmuir adsorption constant,
which is related to the energy of adsorption (L mg™");
and Kr and n are the Freundlich constants related to
the adsorption capacity and the surface heterogeneity,
respectively.

The slope and intercept of linear plots of C./q.
against C, yield the values of 1/4,, and 1/K.g,, for Eq.
(5), and the slope and intercept of linear plots of In g,
against In C, yield the values of 1/n and In Kr for Eq.
(6). The theoretical parameters of adsorption isotherms
along with the correlation coefficients (R®) are given in
Table 2. The Langmuir isotherm is valid for the
adsorption of a solute from a liquid solution when it

indicated by the correlation coefficients, R® the
adsorption processes were better described by the
Freundlich isotherm model. The value of n is larger
than 1, which indicates the favorable nature of adsorp-
tion and a physical process.

Table 3 list the comparison of maximum mono-
layer adsorption capacity of MB using various adsor-
bents. The results show that MPS is an effective
adsorbent for MB.

3.6. Thermodynamic parameters

It is well known that the values of thermodynamic
parameters such as the Gibbs free energy change
(AG"), enthalpy change (AH®), and entropy change
(AS°) must be taken into consideration in order to
evaluate the spontaneity of the adsorption process.
Experiments were performed at different temperatures
(303, 313, 323, and 333 K) to investigate the effect of
temperature, with an initial MB concentration of
100 mg L™" and an adsorbent loading of 100 mg. The
thermodynamic parameters can be calculated accord-
ing to the following Van't Hoff equation [47]:

AG® = AH® — TAS° = —RTInK. (7)



P. Wang et al. | Desalination and Water Treatment 57 (2016) 10261-10269 10267
Table 2
Langmuir and Freundlich isotherm constants at different temperatures
Langmuir isotherm constants Freundlich isotherm constants
T (K) Gom (mg g—l) KL R2 KF (mgl—(l/n) Ll/n g—l) n RZ
303 120.48 0.069 0.9643 10.32 1.48 0.9733
313 119.05 0.061 0.9444 9.55 1.47 0.9803
323 108.69 0.043 0.8811 7.48 1.57 0.9834
Table 3
Comparison of maximum adsorption capacity (max) of different adsorbents towards MB
Adsorbent Jmax (Mg g™ ") References
Kenaf core fibers 131.6 [35]
Rejected tea 156 [36]
Meranti sawdust 158.73 [37]
Mango seed kernel powder 153.85 [38]
Poplar sawdust 153 [39]
Garlic peel 142.86 [40]
Jute processing water 22.47 [41]
Wheat shells 16.56 [42]
Rice husk 40.6 [43]
Hazelnut 76.9 [44]
Cherry sawdust 39.84 [44]
Oak sawdust 29.94 [44]
Coir pith carbon 5.87 [45]
Waste apricot-based activated carbon 102.04-136.98 [46]
MPS 120.48 This work
c equilibrium (C) to the remaining concentration of the
K, == (8) dye in solution at equilibrium (C,).
Ce Plotting In K. against 1/T gives a straight line from
ASS AP which AH® and AS° are calculated from the slope and
nK, = R~ RT (9) intercept, respectively. The values of AG’, AH", and

where AG® (Kfmol™), AH° (kfmol™’), and AS®
(Jmol ' K™") are the changes in Gibbs free energy,
enthalpy, and entropy, respectively; R is the ideal gas
constant (8.314 ] mol ' K™Y); T is the absolute tempera-
ture (K); K., the equilibrium constant, is the ratio of
the concentration of MB on the adsorbent at

Table 4

AS” are listed in Table 4. The negative AH" value con-
firms that the adsorption processes are exothermic in
nature. The negative AG® implies the spontaneity of
the adsorption. The observed decrease in negative val-
ues of AG® with increasing temperature implies that
the adsorption becomes less favorable at higher tem-
peratures. The negative value of AS® suggests a

Thermodynamic parameters for the adsorption of MB onto MP

T (K) AG® (k] mol ™) TAS® (k] mol ™) AH" (k] mol ™) AS°(Jmol 'K
303 -6.073 -18.266 -24.339 -60.2856

313 —5.470 -18.869

323 —4.867 -19.472

333 —4.264 -20.075
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decrease in randomness at the solid/solution interface
during the adsorption of MB onto peanut shells.

4. Conclusions

An effective biosorbent was prepared from peanut
shells by treatment with citric acid. The adsorption of
MB onto MPS was studied as a function of the pH of
the aqueous solution and the initial dye concentration.
The amounts of MB adsorbed increased with increas-
ing pH value and initial dye concentration. The kinetic
data were analyzed using pseudo-first-order and
pseudo-second-order adsorption kinetic models. The
results indicated that the pseudo-second-order equa-
tion provides the better correlation with the adsorp-
tion data. Isotherm data were treated according to the
Langmuir and Freundlich models; the Freundlich iso-
therm model provided a better fit compared to the
Langmuir model in the temperature range studied.
The thermodynamic constants of adsorption were also
evaluated and the process was found to be sponta-
neous and exothermic.
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