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In the present work, the objective has been to determine the potential of a natural residue material, namely, nut shells,
for the removal of Methylene blue dye from aqueous solutions. Adsorption studies were carried out varying parameters,
such as contact time, pH, initial concentration and temperature, in order to find the optimum ones. The results obtained
showed that the nut shell adsorbent had an adsorption capacity of 16.44 mg/g for Methylene blue. The adsorption
process was rapid and reached equilibrium in 20 min of contact at 45 °C and pH 6. Different adsorption models,
namely, the Langmuir, Freundlich, Temkin and Elovich ones, were examined for the description of the adsorption data,
and it was found that the best fit of experimental data was achieved by the Langmuir model. Also, the pseudo-first-
order and pseudo-second-order kinetic models were applied to the experimental data. The experimental data fitted very
well the pseudo-second-order kinetic model and followed the model of intraparticle diffusion (Kgir varied from 1.694 to
3.584 mg/(g min'?) for concentrations between 30 and 70 mg/L, whereas diffusion was not the only rate-limiting step.
The adsorption using the studied system (nut shells/Methylene blue) proved to be an exothermic and spontaneous

process. The biosorbent was characterized by various techniques, including FT-IR and XRD.
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INTRODUCTION

Water is a vital resource for life and its
scarcity on a planetary level is an alarming issue.
In this context, pollution of existing water
resources gives rise to increasing concerns. Most
industrial effluents are loaded with contaminating
agents that may cause environmental pollution.
Among industrial effluents, colored -effluents
produced by large industrial activities, such as
dying of leather, textiles, paper, plastics, as well
as by the cosmetic, food and pharmaceutical
industries,' are considered a threat to ecosystems.

Dyes represent the reference model of
persistent organic pollutants discharged into
industrial waters.>> Moreover, these compounds
are difficult to biodegrade and many of them are
toxic, mutagenic and carcinogenic, causing
disorders in the digestive, reproductive and
nervous systems, as well as liver function, of
living organims.”> Methylene blue is a basic blue
dyestuff, with the chemical formula C;sH;sN3SCI.
In spite of not being strongly hazardous,
methylene blue can produce harmful effects,
when ingested, inhalated or upon skin contact; it

can cause severe eye irritation.® Moreover, it can
disturb ecosystems by hindering light penetration.

Several wastewater treatment methods have
been investigated, among them, coagulation and
flocculation, electro-flocculation, = membrane
filtration, advanced oxidation, ozonation, ion
exchange, reverse osmosis, biodegradation,
electrochemical methods, electrocoagulation and
adsorption. Of these, adsorption is a technique for
removing dyes and other pollutants from aqueous
solutions, based on the property of adsorbents to
accumulate those pollutants through mechanisms,
such as physical adsorption, complexing and ion
exchange. The most commonly used natural
biosorbents are totally renewable, their cost is low
and their use and handling involve no additional
risks; they may also be specifically selective for
certain pollutants and are generally disposed of by
incineration.” Also, while most of the mentioned
water treatment methods require high costs and
are difficult to operate, particularly on a large
scale, adsorption has attracted increasing interest
owing to its lower cost and ease of operation.®"’
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Many natural biomass materials, such as spent
coffee grounds,'' Brasil nut shells,'? garlic peel,"
banana stalk waste,'* soybean hulls,"”” peanut
hulls,'® mango seeds,'” yellow passion fruit
waste,'® wheat straw,' potato plant wastes™ etc.,
have been studied for the adsorption of dyes.

Nut shells have been investigated in this work
as a potential adsorbent of pollutants from
aqueous medium, due to the presence in their
structure of large numbers of functional groups
attached to cell walls, with high binding ability, as
well as due to the natural abundance of nut trees
around the world. In this study, nut shells were
used as an alternative biosorbent for removing
methylene blue dye from aqueous solutions. The
sorption capacity of nut shells for methylene blue
was investigated under the effect of varying pH of
the solution, adsorbent dose, initial concentration
of the dye, contact time, and temperature. Also,
the nut shell adsorbent was characterized before
and after adsorption using Fourier transform
infrared spectroscopy and X-ray diffraction.

EXPERIMENTAL
Preparation of adsorbent

Nut shells of Juglans regia were collected in the
north of Algeria and used as adsorbent in this study.
Nut shells were washed with distilled boiling water for

15 min, then were placed in a solution of NaOH (12%)
for 15 min, washed again with tap water and finally
dried for 24 hours. Then, the shells were treated with
12% sodium hypochlorite for 90 min at ambient
temperature, after which they were rinsed with distilled
water several times. The nut shells (NS) were oven
dried at 60 °C for 24 hours, then crushed and sifted.
The obtained samples were considered ready for the
adsorption study.

Preparation of adsorbate

Methylene blue (MB) dye has the chemical formula:
Ci6HisCIN3S, is cationic, its solubility in water is of 1
g/L, with the maximum absorption wavelength Amax =
664 nm. Methylene blue (MB) dye was purchased
from Sigma Aldrich. Its characteristics are summarized
in Table 1. Stock solutions of the dye were prepared by
dissolving precise amounts of the dye in distilled water
to give a concentration of 1 g/L. The initial pH of the
dye solution was adjusted by adding a dilute solution
of 0.IN HCI or 0.IN NaOH, and determined using a
pH-meter (AD1030 Professional pH-ORP-TEMP
Bench Meter, Romania).

Physical properties of the material
Particle size measurement

The particle size of the samples was determined by
using a certain number of sieves of different mesh
sizes of the Retsch brand (type AS200).2!

Properties and characteristics of MB dye

Chemical name (IUPAC)

Dimethylamino-3,7
phenazathionium chloride

Molecular weight (g/mol)

Molecular volume (cm?/mol)

Molecular diameter (nm)

Chemical structure

373.90
241.9
0.8
N\
HaC, /@*D\ CH3
N S N
(|)H3 cl™ <|3Ha

Moisture content

The moisture content is a ratio expressed as a
percentage, it is determined by drying the adsorbent in
an oven at 105 °C until its weight remains constant. It
is then calculated by the following relationship:??

H(%) = 2222100
0

(1)
where H is the moisture as a percentage of weight (%),
Wy initial weight of the sample (before drying) and Wy
is the dry weight of the sample (after drying).

Ash content

In order to determine the content of mineral matter
in the adsorbent, 1 g of dry adsorbent was weighed and
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placed in a calcination crucible, then introduced into an
oven at 600 °C for 45 min. After cooling, the crucible
was weighed again. The ash content was determined
by the following relation:>

C(%) = 2100

1 2)
where P; — the weight of the dry adsorbent placed in
the crucible, and P, — the weight of the ash in the
crucible.

Apparent density

To measure the apparent volumetric weight (g/cm?)
of the grains making up a solid, a pycnometer is most
often used (BRAND™ 43338), which is a glass
container fitted with a ground capillary tube stopper.



After having precisely determined the internal volume
V of the pycnometer, the empty pycnometer W; was
weighed, then a dry sample weight was introduced into
the pycnometer (W»), finally the pycnometer was filled
with water of known volumetric weight (pea) taking
care to release all air bubbles. The weight of the
pycnometer filled with the sample and water was then
noted as W3. The apparent density of the sample was
calculated using the following formula:?*

_ WZ - Wl
Papp = y_Wa—Ws
Peau (3)
External porosity

In order to determine external porosity, a certain
quantity of adsorbent was weighed, introduced into a
test tube of volume V1, then filled with water (V») and
W, was weighed. The external porosity was calculated
by the following relation:?

(Wz—Wl]_
e — _ Peau
ext Vr (4)
where & is the external porosity; € = 0.3966; W, the
weight of the adsorbent (g) and W, is the weight of
water (g), Vi volume of the adsorbent occupied in the
test tube (cm®), Vr is the total volume (V1= V| + V3)
(cm®) and peay is the density of water (g/cm?).

Vi

Water swelling

The swelling degree of the adsorbent corresponds
to the increase in volume of a known weight of
biosorbent placed in contact with distilled water. Its
determination was carried out by measuring the
volume occupied in a 100 mL test tube by a known
weight of dry material (1 g). After adding distilled
water, the suspension was homogenized and left to
stand at room temperature for 24 hours. Water swelling
was expressed as the ratio of the volume of hydrated
sample to that of the dry sample.?®

Characterization techniques

The nut shells (NS) were characterized before and
after adsorption by Fourier transform infrared
spectroscopy, using a Prestige-21 FTIR, Shimadzu,
Japan. The spectra were recorded by scanning from
400 to 4000 cm™. X-ray diffraction (XRD) analyses
were carried out using an APD 2000 model with Cu-
Ka irradiation (A = 1.540598 A).

The percentage of crystallinity (Xc (%)) and
crystallinity index (C.1.) were calculated as follows:2!"
22

Xo(%) = —£—-100

Ic+Ia (5)
c.].=1a
le (6)

where /¢ is the peak intensity of the crystalline phase,
1, is the peak intensity of the amorphous phase.

Nut shell

Adsorption experiments

Adsorption studies for the evaluation of the NS
adsorbent for the removal of MB from aqueous
solutions were carried out using batch adsorption
experiments. For these experiments, a fixed quantity of
adsorbent (1 g) was placed in 500 mL glass
Erlenmeyer flasks containing 250 mL of MB solutions
of 30, 50 and 70 mg/L MB concentrations, which were
agitated for a suitable time (60 min) from 23° to 45 °C
at pH 6. After a given contact time (t) corresponding to
equilibrium, we recovered the filtrate solution and
analyzed it using a UV-visible spectrophotometer
(Unicam 8625, LabExchange, France) at 664 nm.
Adsorption kinetic experiments were used to
investigate the effect of contact time and determine the
kinetic parameters. For these tests, 1 g of NS was
added to 250 mL MB solutions with different initial
concentrations. The mixture was agitated on an
electromagnetic stirrer (Shinko Electric CO. LTD,
Japan) at 350 rpm. At predetermined time intervals, 10
mL samples were taken out, filtered and
spectrophotometer-based analyzed. The same methods
were used to determine the residual MB concentration.
Each measurement of dye concentration was repeated
three times.

The amount of MB adsorbed by the nut shell
adsorbent, q: (mg/g), was calculated by using the
following Equation (7):23-4
_ (Co—CtJV

m (N
where q; is the amount of MB taken up by the
adsorbent (mg/g), C; (mg/L) is the concentration of
MB solution at t time (min), Co (mg/L) is the initial
concentration of MB dye, V is the volume of dye
solution (L), and m is the weight of adsorbent used (g).

t

Adsorption isotherms

Adsorption isotherms were calculated based on the
well-known Langmuir, Freundlich, Temkin and
Elovich isotherm models. The Langmuir isotherm
assumes monolayer adsorption onto a surface
containing a finite number of adsorption sites, using
uniform strategies of adsorption.?> The linear form of
the Langmuir isotherm equation is given as:
1_1, 1

de dm KrqmCe (8)

where C, is the equilibrium concentration of the
adsorbate (mg/L), g. is the adsorption capacity of
adsorbent at equilibrium (mg/g), ¢» and K; are the
maximum Methylene blue adsorbed per unit mass of
the adsorbent (mg/g) and Langmuir constant, in
relation to the energy of sorption, which quantitatively
indicates the affinity between the adsorbent and
Methylene blue dye (L/mg), respectively.

A favourable or unfavourable adsorption system
can be determined based on the essential characteristic
of the Langmuir model, which can be expressed in
terms of the dimensionless constant separation factor
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or equilibrium parameter, R;, which is defined as
follows:
. 1

1+K1Co ©)

L

where K; is the Langmuir constant and Cj is the initial
dye concentration. The value of the separation factor
indicates the nature of the adsorption process, which
can be irreversible (R, = 0), favourable (0 < R, < 1),
linear (R, = 1), or unfavourable (Ry> 1).7-2

The adsorption capacity of the biosorbent towards
MB dye can be determined using the Freundlich model
too. The model describes adsorption as occurring on a
heterogeneous surface, and is commonly described by
the following equation:?’

1/nF
qe = K¢ Cef (10)
where ¢. is the adsorption capacity of adsorbent at
equilibrium (mg/g), Kr (mg!'™.L%g) is related to the
adsorption capacity, and 1/nr gives an idea about the
adsorption affinity and heterogeneity of the adsorbent
surface. When 1/np is small, the adsorption affinity
increases, while when 1/n is high the heterogeneity of
the adsorbent surface is enhanced.?® The equilibrium
constants were evaluated from the intercept and the
slope, respectively, of the linear plot of Ln q. versus Ln
C. based on experimental data. The Freundlich
equation can be linearized in a logarithmic form for the
determination of the constants K as follows: -3
1
Ln (qe) Ln (KF) + ng Ln (Ce) (11)

Temkin’s model rests on the assumption that,
during the adsorption phase, the heat of adsorption due
to interactions with the adsorbate decreases linearly
with the recovery rate 6. From g, plotted as a function
of Ln C., Br, and Kt values can be determined:3!-3?

RT
4 = o Ln (K7 C.) )
where R is the universal gas constant (8.314 J/(mol
K)), T is the absolute temperature (°C), Br is the
variation in energy of adsorption (J/mol), and Kr is the
Temkin constant (L/mg).

The Elovich equation can also be used to describe
adsorption, assuming that the actual solid surfaces are
energetically heterogeneous, but the equation does not
propose any definite mechanism for adsorbate-
adsorbent.’® It has extensively been accepted that the
chemisorption process can be described by this semi-
empirical equation.>* The linear form of this equation
is given by:*

qc = ﬁiLn (aEIﬁEg) +%Ln (t)

El El (13)
where ag is the initial adsorption rate (mg/g min), and
the parameter b, is related to the extent of surface
coverage and activation energy for chemisorption
(g/mg). The Elovich coefficients could be computed
from the plots q; vs Ln (t). The initial adsorption rate,
and the desorption constant, Sz, were calculated from
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the intercept and slope of the straight-line plots of q;
against Ln (t).

Kinetic studies

The rate of the adsorption of MB dye onto the NS
adsorbent was also studied according to the pseudo-
first-order rate expression of Lagergren model.>* The
integrated form of the Lagergren equation is given

by:3¢
K
Log (q. — q) = Logqe — - ~t (14)

where ¢. and ¢, are the amounts adsorbed at
equilibrium and at time, ¢ (mg/g), and k; is the rate
constant of the pseudo-first-order adsorption (1/min).
The pseudo-second-order kinetic model can be
represented in the following form:37-3
t 1

R

qt K20z dge (15)
where £, is the rate constant of the pseudo-second
order adsorption (g/mg min).

The kinetics of adsorption of the adsorbate on the
adsorbent was  verified at different initial
concentrations (30, 50, and 70 mg/L).

Most adsorption reactions take place through a
multi-step mechanism comprising (i) external film
diffusion, (ii) intraparticle diffusion, and (iii)
interaction between adsorbate and active site. Since the
first step is excluded by shaking the solution, the rate-
determining step is one of the other two steps. Weber
and Morris*® described the intraparticle uptake of the
adsorption process to be proportional to the half power
of time:
qgr = Kdiftlflz +C (16)
where kg is the rate constant of intraparticle diffusion
(mg/g.min'?),

Adsorption thermodynamics

Temperature dependence of the adsorption process
is associated with several thermodynamic parameters.
Thermodynamic considerations of a biosorption
process are necessary to conclude whether the process
is spontaneous or not. The Gibbs free energy change,
AG?’, is an indication of the spontaneity of a chemical
reaction. In addition, both enthalpy and entropy factors
must be considered to determine the Gibbs free energy
of the process. Reactions occur spontancously at a
given temperature if AG® is a negative quantity. The
value of AG® can be determined from the following
equation:"’
AG® = RTLn(K,) (17)
where K} is the adsorption equilibrium constant, R is
the gas constant (8.314 J/mol K), and T is the absolute
temperature. The relation between AG°, AH®
(enthalpy), and 4S° (entropy) can be expressed by the
following equations:

ﬂGO - ﬁHO - T&SO (18)



Ln(K,) = 25 A0 _ Ad”
R RT RT (19)
The values of 4AH° and 4S° can be determined from
the slope and the intercept of the plot of Ln (K;) vs
(1/T), and A4G® values were calculated using Equation
(18).
Error functions
Several mathematically rigorous error functions
were used in this study to estimate errors and
differences between predicted and experimental values.
The root mean square error (RMSE) is defined by
Equation (20):*

RMSE = \/(ﬁ)z:il(qe(calj,i - qe(expj,i) (20)

where ge ey 1s the experimental value of uptake, ge (cay
the calculated value of uptake using the model, and N
the number of observations in the experiment (the
number of data points). The smaller the RMSE values
are, the better the curve is fitting.

The sum of error squares (SSE %) is another
method that tests the validity of the adsorption models
used. The SSE is given by Equation (21):

L 2
SSE =~ JEL(qe(cao,ﬁ ~ de(exp).1)

A low value indicates better SSE smoothing.

Also, the non-linear Chi-square (y?) test has been
proposed. A low value of Chi-square (y*) shows the
agreement of experimental data. The Chi-square (y?) is
determines as follows:

2

@n

Table 2

Nut shell

2
2 _ VN [QE(caIJ,i_QE(expli)
X - 2521

Qelexp).i (22)
where the subscripts “exp” and “calc” show the
experimental and calculated values and N is the
number of observations in the experimental data.
Therefore, in present work both correlation coefficient
(R?) and 7*> were used to determine the best isotherm

model.

RESULTS AND DISCUSSION
Characterization of the adsorbent

The physical characteristics of the material
(NS) are shown in Table 2.

FT-IR analysis

FT-IR analysis of the nut shell adsorbent,
before and after the adsorption experiment, was
performed in the range of 400-4000 cm™, and the
spectra are shown in Figure 1. Both spectra
presented a broad band located around 3330 cm™,
which is assigned to O—H stretching vibrations of
hydrogen bonded hydroxyl groups. In fact, the
hydroxyl groups are present in the primary
components of most plant biomass: cellulose,
hemicelluloses and lignin.*!

The peak at about 2900 cm™ was attributed to
the asymmetric and symmetric stretching
vibrations of CH» and CHs.

Physical characteristics of the adsorbent used in the dye adsorption experiments

Characteristics

Values

Particle size (um)
Moisture content (%)
Ash content (%)
Volatile material (%)

Apparent density (kg/m?)

Water swelling (%)
External porosity

80
0.10
2
90.85
11.74
0.63
0.396

Transmiance (%)

b NS-Faw T
a——NS-MB

5 R e L S T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (Cm”})

Figure 1: FT-IR spectra of (a) NS-raw and (b)

NS loaded MB sample

Relative intensity (Ua)

T T
20 20 60 80 100

2 Theta [degree)

Figure 2: X-ray diffraction patterns of NS

before (a) and after (b) adsorption
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Table 3

X-ray diffraction results for NS before and after biosorption of MB dye

20 (degree) Intensity

Sample Crystalline Amorphous o
peak peak Ic Ia  Xc(%) CL
NS raw 31.74 21.6 200 125  61.54 037
NS loaded with MB 322 21.8 434 39 52.67 0.10

The band around 1501 c¢cm™ was associated
with C=C and C=O stretching in the aromatic
ring. The peak at 1023 cm™ may be due to C-O
stretching vibrations.* Also, it is important to
notice that the band intensities decreased in the
FT-IR spectrum of MB loaded NS. This can be
explained by the functional groups of the NS
surface having been occupied with MB dye, thus
confirming the penetration of MB dye into the
interlayer space of the NS.

X-ray diffraction studies

The XRD patterns of NS before and after MB
adsorption (T = 45 °C, pH = 6, Co= 70 mg/L) are
shown in Figure 2. Before the adsorption, the NS
(raw) showed peaks at 20 31.74° and 21.6°, with
relative intensities of 200 and 125, respectively.
Also, the NS loaded with MB showed peaks at
32.2° and 21.8°, with relative intensities of 43 and
39, respectively.

The percentage crystallinity of NS raw and NS
loaded with MB was determined as 61.54% and
52.67%, and the crystallinity index as 0.37 and
0.10.

It was observed that the intensity of the peak in
NS loaded with MB decreased compared to that
of the initial adsorbent (Table 3). The decrease in
intensity of the peak after the adsorption process
indicated decreased crystallinity of the NS loaded
with MB. However, the NS loaded with MB also
showed broadening of the peak after the
adsorption, indicating the tendency of the NS
towards a more disordered system.” The slight
decrease in percentage crystallinity of the NS on
adsorption can be the result of an increase in
randomness or disorder in the crystal lattice of
cellulose.®

Adsorption study
Effect of pH

Many studies suggest that pH is an important
factor in the biosorption process,**** variations in
pH could change the characteristics and
availability of dye in solution, as well as the
chemical status of the functional groups
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responsible for biosorption. Some experiments
were therefore performed at 45 °C with 70 mg/L
dye solutions to study the MB adsorption on NS
as a function of solution pH. The plot of dye
adsorption capacity (mg/g) versus pH is shown in
Figure 3. It is observed from the graph that
maximum adsorption by the NS was observed at
pH 6. A decrease in adsorption at pH > 6.0 is due
to precipitation of insoluble MB on the available
binding sites on the adsorbent surface. Similar
results have been reported for MB adsorption
using other adsorbents.*

Effect of adsorbent dose

The effect of adsorbent dose on the adsorbed
amount of MB dye was studied at 45 °C and pH
of 6, by varying the adsorbent amounts from 0.2
to 8 g/L, at an initial concentration of dye fixed at
70 mg/L. The analysis showed that the adsorption
of MB dye increased as the adsorbent dosage
increased from 0.2 to 8 g/L due to the increasing
availability of surface sites on the adsorbent for
the adsorbed species. A significant increase in
adsorption capacity was observed when the dose
was increased from 0.2 to 4 g/L, any addition of
the adsorbent beyond this dose did not result in
any significant change in the adsorption capacity.
These results clearly indicated that the NS
dosages must be fixed at 4 g/L (Fig. 4), which is
the dosage corresponding to the minimum amount
of adsorbent that led to constant MB removal for
the entire experiments. Similar results were
previously reported by other researchers. 443

Effect of contact time

The removal MB dye was assessed as a
function of contact time at pH 6, 4 g/L adsorbent
and an initial concentration of dye fixed at 70
mg/L. The plot in Figure 5 reveals that the
amount of MB adsorbed increases rapidly at the
beginning of the adsorption process. This is
probably due to the large available surface area of
the NS adsorbent, with free adsorption sites. As
the surface adsorption sites become occupied, the
uptake is controlled by the rate at which the



adsorbate is transported from the exterior to the
interior sites of the adsorbent particles. The
adsorption capacity of MB increases with the

q9(mgig

pH

Figure 3: Effect of pH on adsorption of MB dye onto
NS adsorbent: adsorbent dose =1 g/L, V=250 mL, T

=45 °C, Cp =70 mg/L, and contact time = 60 min

18

T/

-

—

q(mg/g)

0 10 20 30 4@ 50 80

Time (min)

Figure 5: Effect of contact time on MB dye removal

onto NS adsorbent: pH 6, 4 g/L adsorbent, Co = 70
mg/L, V=250 mL

Effect of initial dye concentration on
temperature dependent adsorption

The initial dye concentration provides an
important driving force to overcome all mass
transfer limitations of dye between the aqueous
and solid phases. Therefore, a higher initial MB
concentration will enhance the adsorption
process. Figure 6 shows the effect of initial MB
concentration on the equilibrium adsorption
capacity (qe) of MB on NS at different
temperatures. It was clear to see that the g. values
increase with the increase in the initial MB
concentrations and with the solution temperature.
The maximum equilibrium (g.) values were
determined as 9.43, 12.05 and 16.44 mg/g for 70
mg/L initial MB concentration at 23 °C, 35 °C
and 45 °C, respectively. Similar findings have
been reported for other adsorbent systems.'**®
The adsorption capacity for the system (MB/NS)
increases with increasing temperature from 23° to
45 °C. The best removal efficiency (16.44 mg/g

Nut shell

contact time and then stabilizes, reaching
equilibrium in 20 min. The same phenomenon
was observed for other materials.***

18

y

9, (mg/g)

Dose of adsorbent (giL)

Figure 4: Effect of adsorbent dosage on MB adsorption

onto NS adsorbent: V=250 mL, T =45 °C, Co=70
mg/L, pH 6, contact time = 60 min

q, (mg/g)

T({*C})

Figure 6: Effect of temperature on adsorption capacity

of NS adsorbent for MB dye: pH 6, 4 g/L adsorbent,
and V=250 mL

and 93.943%) was obtained at a temperature of 45
°C.

Adsorption isotherms

The study of isotherm models allows
describing the interaction and the affinity between
solutes and adsorbents, allowing understanding of
the adsorption mechanisms and surface
properties. The four most common models were
used in the present work: the Langmuir,
Freundlich, Temkin and Elovich models. The
adsorption data for the Langmuir, Freundlich,
Temkin and Elovich isotherms are shown in
Figure 7 (a-d). Table 4 summarizes the constants
of the Langmuir, Freundlich, Temkin and Elovich
isotherms, obtained from the slope and the
interception of the plots of each isotherm at
different temperatures. The values of R? exceed
0.9 for the four models, suggesting that the four
models are close to the experimental results.
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1ige (g/mag)
1]

1/Ce [Limg)
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LnCe

20 as 40

a)

©)

Log qe

® T=23°C
® T=35°C
T=45°C
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q, (mglg)

T T T T
1.5 2,0 2,5 3.0

Ln ()

40

d)

Figure 7: Linearization of Langmuir (a), Freundlich (b), Temkin (c) and Elovich (d) equations for
adsorption of MB dye onto NS (pH 6, Co= 70 mg/L, V =250 mL and 4 g/L adsorbent)

Table 4

Parameters of different adsorption models for the system MB/NS

Temperature (°C)
Isotherm model Parameter 23 35 45
q cal (mg/g) 1.174 3.225 3.706
Kr(mg/L)(L/g)"™) 1.045 2.694 3.007
1/ng 0.044 0.068 0.079
Freundlich R? 0.980 0.972 0.993
RMSE 1.79399741 0.42455369 0.56105836
e 5.97832452 0.31752693 0.49220213
SSE 0.57307145 0.1356187 0.17922352
Jm.exp (ME/g) 9.43 12.05 16.44
q m.cal (ME/g) 10.482 12.762 17.074
K (L/g) 2.062 1.257 1.107
Langmuir R? 0.998 0.999 0.995
R 0.0159 0.0160 0.0127
RMSE 0.98578287 1.85019659 2.76140469
v 0.5143258 1.58276268 2.6824546
SSE 0.31489679 0.59102362 0.88209837
qm (mg/g) 2.991 11.765 15.314
Kr (L/g) 536260.0875 199818.769 475274.144
Br (J /mol) 6220.946 3232.853 2713.814
Temkin R? 0.963 0.974 0.941
RMSE 9.88225098 1.00677489 1.39184721
v 19.5434119 0.17568008 0.2467959
SSE 3.49390334 0.35594868 0.4920923
qm (mg/g) 10.613 14.948 10.261
ogr (mg/(g.min)) 16.051 4.488 8.834
Bei (g/mg) 0.599 0.306 0.253
Elovich R? 0.946 0.934 0.927
RMSE 2.6507356 5.61156727 3.82759465
e 5.2504581 24.7103197 5.03569634
SSE 0.84674643 1.79254941 1.22268026
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Table 5

Adsorption capacities of various adsorbents for MB dye
Adsorbents Jmax (Mg/g) pH Ref.
Yellow passion fruit 44.70 - 31
Banana peel 20.8 - 2
Sugarcane bagasse 34.20 - 33
Banana and orange peels 31.25 - 0
Sugarcane bagasse 31 12 4
Wheat husk 21.5 5.5 46
Wheat straw 86.45 6 19
Raw Luffa cylindrica 49.46 10 ¥
Nut shells 16.44 6 This study

From Table 4, the values of 1/ng were found to
be less than 1. The values of R? for the Freundlich
model (0.980, 0.972 and 0.993, at 23°, 35° and 45
°C, respectively) were high, indicating that this
model can be used to characterize the equilibrium
adsorption. However, the Freundlich model was
not the most suitable one in this study. The
Langmuir model provided the best fitting to the
isotherm data at various temperatures, with the
highest R* values, compared to the Elovich,
Temkin and Freundlich models. The maximum
adsorption capacities (qm) of NS for MB dye were
10.482, 12.762, and 17.074 mg/g at 23, 35, and 45
°C, respectively. Similar results have been
reported by other researchers for wheat husk,*” as
well as banana and orange peels.*

The R; values were found to be less than 1 and
greater than 0 for all experiments carried out at
different initial concentrations and temperatures
(Table 4). Thus, the NS seems to have good
affinity towards MB, and its adsorption capacity
increased with rising temperature.

The theoretical parameters of adsorption
isotherms, along with the regression coefficients,
RMSE, %* and SSE, are listed in Table 4. The
equilibrium data fit well to the Langmuir model,
with  high correlation coefficients.  Such
coefficients are indicative of monolayer coverage
of the MB at the outer surface of the NS particles,
and with maximum adsorption capacity (Table 4).
The results of Table 4 also show that an increase
in temperature from 23° to 45 °C promoted an
increase in the adsorption capacity. The Langmuir
isotherm model exhibits higher RMSE and SSE
values than those of Freundlich.

Table 5 provides a comparison between the
experimental results of MB adsorption on NS in
this study with those reported by other studies in
the literature using various lignocellulosic
materials. The data reveal that the adsorbent used
in this work (NS) has an acceptable potential for

removing MB dye from water, with a maximum
adsorption capacity of 16.44 mg/g.

Kinetics of dye adsorption onto NS adsorbent

The kinetic parameters for adsorption of MB
dye presented in Table 6 were calculated from the
plots of log (qe-q:) vs t (Fig. 8 a) and the plots of
t/qc vs t (Fig. 8 b). For the studied system
(MB/NS), the adsorption mechanism can rely on
diffusion in the mesopores or macropores, and, in
the absence of micropores, the system tends
towards equilibrium. The values of the diffusion
rate constants (Kgi) are calculated from the
graphical representation of the linearized
Equation (16).

According to Figure 8 (c), the curves (linear)
do not pass through the origin. This shows the
dual nature of the adsorption phenomenon. The
intercept is due to the presence of an external
resistance transfer material, which gives the
thickness of the boundary layer.

The results in Table 6 show that the second-
order rate constant k, decreased with increasing
concentrations. The correlation coefficients for
the second-order kinetic model were between
0.982 and 0.997. Moreover, the experimental q.
(exp) values agree well with the calculated ones.
On the other hand, the correlation coefficients for
the pseudo-first-order kinetics (0.975 < R, <
0.995) were lower than those of the pseudo-
second-order one. Furthermore, the values of &;
obtained from the former had no obvious trend of
rise or fall with an increase in concentration.
Similar results have been reported by Henini et
al> These results indicate that the adsorption
system of Methylene blue dye obeyed the pseudo-
second-order kinetic model. The pseudo-first-
order and pseudo-second-order kinetic models
could not identify the diffusion mechanism.

We observe that the diffusion rate constants
increase in the same direction as the initial
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concentration of MB (Table 6). Indeed for initial
dye concentrations between 30 and 70 mg/L, the

values of Ky vary from 1.694 to 3.584 mg/(g
min"?) for the MB/NS system.
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Figure 8: Linearization of pseudo-first-order (a), pseudo-second-order (b) and intraparticle diffusion (c)
kinetic models for the MB/NS system, at T =45 °C

Table 6

Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of MB dye onto NS adsorbent

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

i Geew m(;gel R2 m(l)gel R2 K C R2
’ Je,cal 1 (e, cal 2 dif
(mg/l) (MFE)  (1moje)  (gme. (mgle) (gfme. (mge.
min) min) min'?)
30 75 8118  0.130 0992 8302 0024 0994  1.694 0266 0.994
50 1348 13391 0125 0996 14704 0016 0997  3.027  -0.163  0.996
70 1644 16542 0093 0978 19246 0.007 0987  3.584  -0.964 0975

Adsorption thermodynamics

The values of AH® and AS° can be determined
from the slope and the intercept of the plot
between Ln (Kp) vs (1/T) (Fig. 9). The AG®
values were calculated using Equation (18). The
values of AG®, AH®, and AS® for the adsorption of
MB dye onto NS adsorbent at different
temperatures (23°, 35°, and 45 °C) are given in
Table 7.

The negative AG® values indicates the
feasibility and spontaneous nature of the
adsorption process with a high preference of MB
dye onto NS adsorbent, the negative AH® value (-
2.557 kJ/mol) shows that the nature of adsorption
is exothermic and the negative value of entropy
AS® (-0.070 kJ/mol.K) shows the decreased
randomness at the solid-liquid interface during the
process of elimination MB dye on NS adsorbent.*
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The rising temperature promotes mobility of
the dye ions, and leads to a swelling effect of the
internal structure of the NS adsorbent, which will
also allow the dye molecules to penetrate further.
Therefore, the adsorption capacity will depend
largely on the chemical interaction between the
functional groups on the adsorbent surface and the
adsorbed molecules (which should increase with
increasing temperature). This can be explained by
an increase in the rate of diffusion of the
adsorbate in the adsorbent pores.”> The AG°
values obtained in this study for MB are <-10
kJ/mol, which indicates that physical adsorption
was the predominant mechanism in the sorption
process.”® Barka et al.”’ have reported that the
values of AG® for the adsorption of the Methylene
blue dye on Scolymus hispanicus L. adsorbent
were found to be -4.04, -3.20, -3.07, -2.24 and -



1.82 kJ/mol for Methylene blue at 293 to 333 K,
respectively. These values are 3.27 times greater

Nut shell

than AG°® in this study at the temperature T = 23°
to 45 °C.

LnK

T
0.02

T (7}

Figure 9: Relationship between Langmuir sorption equilibrium constant and temperature for the MB/NS system at Co=
70 mg/L dye concentration

Table 7

Thermodynamic parameters for adsorption of MB dye onto NS adsorbent at different temperatures

T(C)  AG° (kJ/mol) AH® (kJ/mol)  AS° (kJ/mol K)
23 -1.678
35 -0.831 -22.557 -0.070
45 -0.126
CONCLUSION REFERENCES

The results obtained in the present work
showed that the biomass derived from locally
available agricultural residues (nut shells) can be
readily used for the removal of Methylene blue
dye from aqueous solutions, with a removal
capacity of almost 16.44 mg/g after 20 min.
Equilibrium data were fitted to the Langmuir,
Freundlich, Temkin and Elovich isotherm models,
and the equilibrium data were best described by
the Langmuir model (R? = 0.997). The adsorption
kinetics were best described by the pseudo-
second-order kinetic model (R* = 0.982). The
thermodynamic parameters for the adsorption of
MB onto nut shells were also determined. The
negative AG® confirms the feasibility and the
spontaneous nature of the adsorption process and
its physical reaction-based mechanism. Also, the
negative AS® shows decreased randomness at the
solid-solution interface during adsorption, while
the negative AH® indicates that the adsorption
process is exothermic.
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