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ABSTRACT

Nigella sativa seeds waste (NSW) was characterized by Fourier transformed infrared spectroscopy,
X-ray diffraction, thermogravimetric analysis-TDA, and scanning electron microscopy analysis
and used for the adsorptive uptake of methylene blue (MB) from water. The specific surface area of
NSW determined by the methylene blue adsorption method was equal to 465.95 m?/g. The experi-
mental equilibrium data were investigated using the isotherm equations of Langmuir, Freundlich,
Temkin, Redlich—Peterson, Sips, and Radke-Prausnitz. The models of pseudo-first-order, pseudo-
second-order, Elovich, intraparticle diffusion, and Avrami were applied for the kinetic data
modeling. The maximum MB adsorption capacity of NSW obtained by the Langmuir equation was
149.4 mg/g. The experimental kinetic data fitted very well to the Avrami model. Thermodynamic
parameters indicate the spontaneous and endothermic nature of MB adsorption onto NSW. The
statistical physics model with single energy was used to determine the adsorption mechanism
of MB on NSW. The model confirms the endothermic and physical nature of the process with an
anchorage of MB onto NSW. The receptor site density (N,,), the adsorbed dye quantity at saturation

(N

sat

), the concentration at half-saturation (C,) and the adsorption energy (AE) values are equal to

128.23, 141.1 mg/g, 25.4 mg/L and 18.0 k]J/mol, respectively.

Keywords: Agro-wastes; Adsorption; Low cost adsorbent; Dye; Methylene blue; Statistical physics

1. Introduction

Organic dyes are widely used in many industrial
sectors [1]. They can be divided into natural and synthetic
dyes. They are responsible for water coloring and can reduce
light penetration and subsequently photosynthesis in it. On
the other side, because of their toxicity and dangerousness,
dyes can also affect human health and safety. Therefore,
the elimination of these products from water has become
one of the major issues in water treatment.

* Corresponding author.

Several water depollution methods such as advanced
oxidation, photocatalytic oxidation/degradation, and mem-
brane separation have been effectively applied for the elim-
ination of different dyes from water, but most of them are
expensive and require energy or produce huge quantities
of sludge and generate derivatives that are sometimes
more toxic than the dyes themselves.

Among the favorable processes for treating water
polluted with dyes is adsorption, which proves to be an
effective method [2-8]. Activated carbon is one of the
most used adsorbents on this subject. However, the cost of
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activation can be quite high sometimes [9], which may be
due to the use of non-renewable and relatively expensive
starting materials such as coal.

Recently, numerous studies were carried out for the
preparation of inexpensive adsorbent materials using cheap
precursors available locally from renewable natural sources
such as agricultural solid wastes. Agricultural residues
are generally rich in cellulose, hemicellulose, and lignin.
Their surfaces contain specific functional groups such as
alcohol, phenol, aldehyde, carboxyl, and ketone, which
may help in the removal of various pollutants by adsorp-
tion. A large number of agricultural wastes such as agave
bagasse, corncob, peels of garlic, potato, and banana, have
been investigated for dyes adsorption [10,11].

Nigella sativa seed (NSS) is an annual flowering plant
in the family of Ranunculaceae. It is widely used in the
Mediterranean and North African countries [12]. The oil
of NSS has been traditionally used for several treatments
such as infertility, fever, cough, and chronic headache [13].
It was also used in phytotherapy and alternative medicine
[14,15]. The extraction of NSS oil generates hundreds of tons
of wastes that are generally used in agriculture as a fertilizer
or as a dietary supplement for animal breeding. The conver-
sion of these wastes to a bioadsorbant for dyes seems to be
an interesting application since they are biodegradable and
cheap materials. In this context, NSW was tested as a low
cost and ecofriendly adsorbent for the removal of MB from
water under the influence of the solution pH, contact time,
initial MB concentration, and NSW dose. The mechanism of
MB adsorption onto NSW surface was not well explained
in the literature. Thus, a good explanation of the adsorp-
tion results using various isotherm and kinetic models was
given in this study. In addition, the monolayer adsorption
model derived by statistical physics was also used to attri-
bute geometric and energetic interpretations of the MB
adsorption process.

2. Experimental
2.1. Materials and methods

Methylene blue (C H N,SCI) (color index 52015,
A, = 665 nm, MW = 319.8 g/mol, pKa = 5.6 [16]) was pur-
chased from Sigma-Aldrich (France). NSS waste was obtained
after the extraction of the NSS oil. The waste was washed
several times with deionized water to remove impurities
and dried at 50°C for 24 h. The obtained solid was than the
ground, sieved, and directly characterized and investigated

in adsorption experiments.

2.2. Characterization techniques

Moisture, ash, volatile matter, and fixed carbon con-
tent in NSW samples were obtained according to ASTM D
3172-3175 standards (ASTM 1999). X-ray diffraction (XRD)
analysis of NSW was performed by X'PertPro (France) dif-
fractometer with CuKa = 1.54 A in the 26 range of 10°-80°.
The infrared spectra of NSW before and after MB adsorp-
tion were obtained using (Fourier transformed infrared
spectroscopy) FTIR-8400S Shimadzu (Japan) spectropho-
tometer from 400 to 4,000 cm™. The morphology of the

NSW surface before and after MB adsorption was character-
ized by JCM-5000 NeoScope scanning electron microscopy
(SEM). Thermal analysis of NSW was recorded in Sdt Q600
V20 9 build 20 thermal gravimetric instruments under the
nitrogen atmosphere (flow rate 100 mL/min) at a heating rate
of 10°C/min. The isoelectric point (pH,,.) was determined in
MB solution by the pH drift method [17] in the range of pH
2-12 using HCl and NaOH solutions. The specific surface
area of NSW was determined by the methylene blue adsorp-
tion method [18], and calculated from the following equation:

(qmax x Ay XN, x 10’3)
MW

Sus(m’/g) = )

where S, ; is the specific surface area determined using MB
as adsorbate (m*/g), q,__is the maximum adsorption capac-
ity (mg/g), A, is the occupied area by a molecule of MB
(175.2 A?), N, is the Avogadro’s number (6.023 x 10%), and
MW is the molecular weight of MB (319.8 g/mol).

2.3. Adsorption experiments

All experimental effects on MB adsorption were carried
out using 50 mL of MB solution of concentration equal to
10 mg/L and 50 mg of NSW under stirring rate of 150 rpm
at T =20°C + 1°C for 2 h. The pH effect was investigated in
the pH range of 2-12. The effect of the adsorbent masse was
studied by varying the adsorbent weight from 10 to 160 mg
at pH = 6.7 (the pH of MB solution). The thermodynamic
studies were carried out from 20°C to 40°C.

The kinetic batch tests were carried out at MB concentra-
tion from 10 to 60 mg/L. After the determined contact time,
each mixture was centrifuged and the amount of adsorbed
MB was calculated by Eq. (2) after UV-vis spectrophotometric
measurements.

. - (C,—-C)xV @

m

where ¢, is the adsorbed MB (mg/g) at time ¢, C is the initial
concentration of MB (mg/L), C, is the concentration at time
t (mg/L), V is the volume of the solution (mL), and m is the
mass of the adsorbent (g).

For the adsorption isotherm, the initial MB concentra-
tions were ranging from 10 to 260 mg/L. After equilibrium
is reached, the solutions were centrifuged and the concentra-
tion of MB was measured using the following relationship:

C,—-C,)xV
g.= G=CIY ®)

m

where g, is the adsorbed MB at equilibrium (mg/g).

3. Results and discussion
3.1. Characterizations of NSW

The proximate and elemental analysis results of NSW
show that the adsorbent contains 4.6% moisture, 5.1% ash,
and 94.9% fixed carbon. NSW contains low ash content
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and high fixed carbon content, which makes it a suitable
precursor for activated carbon preparation. The pH,, . of
NSW is equal to 6.31. This is an important factor that could
affect the interactions mechanism between MB and NSW.
The calculated specific surface area of the NSS is 2.49 m?/g,
which is very low compared to that of NSW, which equal
to 465.95 m%g. It is an important value for NSW as a raw
material, which may be due to the extraction of the oil
and the release of the pores.

The XRD pattern (Fig. 1a) indicates that NSW material
is mainly amorphous with small crystalline domains. The
broad peak at 20 =22° (plane 002) was attributed to the pres-
ence of crystalline cellulose [19,20]. The size of the crystallite
determined by Debye-Scherer equation [21] was about
1.5 nm.

The surface chemistry of NSW before and after MB
adsorption was evaluated by FTIR (Fig. 1b). The spectrum of
NSW shows an absorption band centered at 3,433 cm™ corre-
sponding to the -OH stretching vibrations [22]. The bands of
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the symmetric and asymmetric stretching of -CH groups are
observed at 2,921 and 2,852 cm™ [23]. The band at 1,739 cm™
is assigned to —C=0 of ketonic groups [24]. The peaks related
to C=0 and -NH of amide groups were observed at 1,649 and
1,550 cm™, respectively. The peak at 1,459 cm™ was attributed
to the —-C=C stretching, while the peak at around 1,410 cm™ is
characteristic of -OH bending of carboxylic groups in NSW
[21]. The peak at 1,046 cm™ is related to the —CO stretching
vibration of carboxylic, phenolic, and alcoholic groups [25].
After adsorption of MB, new absorption bands at 3,620; 1,516;
930; and 675 cm™ were observed. These bands are attributed
to the presence of the dye on NSW. In addition, the intensity
of the peaks at 3,433; 2,921; and 1,649 cm™ is significantly
reduced. These changes indicated the possible interactions
between functional groups present on the surface of NSW
(-OH, -COO and -NH,) and MB* ions [26].

SEM images of NSW before and after MB adsorption are
shown in Fig. 1c. The NSW have a rough surface with a het-
erogeneous morphology in the presence of protuberances,
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Fig. 1. X-ray diffractogram of NSW (a), FTIR spectra of MB and the adsorbent before (NSW) and after MB adsorption (NSW/MB) (b),
SEM images of NSW before (a) and after (b) MB adsorption (c), and TGA-DTA of NSW (d).
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cracks and cavities, which offer the NSW high surface area
for MB adsorption. After MB adsorption, we observe the
appearance of a smooth surface in the form of flowers, which
indicates the presence of interactions between the dye and
the NSW material.

The thermogravimetric analysis (TGA) of NSW recorded
between 30°C and 700°C showed high thermal stability
of NSW at 210°C. The initial weight loss (4%), observed
around 30°C and 210°C, might be due to the loss of sur-
face adsorbed moisture. While the main weight loss was
observed above 210°C due to various dissociation in the
carbon framework of NSW. The DTA curve (Fig. 1d) shows
3 endothermic peaks at 117°C, 237°C, and 318°C, related
to the dehydration of the sample, the degradation of vola-
tile components such as NSS oil residue and probably the
destruction of the carbon to carbon dioxide, respectively
[21]. The total weight loss of NSW is approximately 83%.

3.2. Adsorption experiment results
3.2.1. Effect of pH, MB initial concentration, and NSW dose

The pH of the solution is an important factor, which may
influence the surface charge of the adsorbent [27]. According
to Fig. 2a, the amount of adsorbed MB increased from 2 to
8.5 mg/g when the pH was increased from 2.0 to 4.0. Since

the pH,, . of the adsorbent is equal to 6.31, the surface of
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NSW is positively charged in acidic pH. In addition, the
presence of an excess of protons competes with MB cations
for the available adsorption sites induces decreasing in MB
uptake. However, with the increase of the pH from 4 to 10,
the carboxylic acid groups present on the surface of NSW
are deprotonated to carboxylate (COO"), which induce an
increase in the electrostatic interactions between NSW sur-
face and MB molecules and therefore an increase in the
adsorption capacity [28]. Similar results were obtained by
Foo and Hameed [29].

The effect of initial concentration of MB on the adsorp-
tion was investigated in the range of C; and the results are
shown in Fig. 2b. The MB uptake was highly dependent on
the initial concentration of the dye. The g, values increased
from 8.3 to 123.3 mg/g with increasing in initial MB concen-
tration from 10 to 256 mg/L due to the acceleration of the
mass transfer of MB into the NSW surface [2,9]. However,
the removal percentage decreased from 81% to 48% due to
the saturation of the NSW surface.

Fig. 2c shows the results of the effect of NSW dose at
equilibrium on MB adsorption. The percentage of MB
removal increases as the mass of the adsorbent increases
because of the availability of important surface area and thus
increase in the number of available adsorption sites for MB
[30]. The results of the present study showed that 160 mg
of NSW could remove 88.7% of MB dye from the solution.
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Fig. 2. Effect of pH (a), MB initial concentration (b), NSW dose, and (c) on MB adsorption.
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3.2.2. Effect of contact time

The effect of contact time was investigated in the range
of the initial MB concentration of 10-60 mg/L. Fig. 3a shows
that MB elimination is rapid during the initial stage of con-
tact time and reaches equilibrium in 20 min for all studied
concentrations. At the initial contact time, the adsorption
was rapid due to the availability of a large number of active
sites for MB molecules [30]. After occupying these sites, the
adsorption becomes slow. The high MB removal uptake
at high concentrations can be attributed to the generation
of a gradient of forces created by the gradient of pressure
gradient [31].

3.2.3. Kinetic modeling

In order to determine the rate of MB adsorption on NSW,
four kinetic models were used: pseudo-first-order [32],
pseudo-second-order [33], Avrami [34], and Elovich [35].
These models are represented by the following equations,
respectively:

9, =1, (1-exp(~k, x1)) @
_ kyxgixt

qt71+k2><qg><t ®)

q,= qg(lfexp(*(kAv Xf))"”) ©)

q, =%1n(a[3)+%1nt )

where k, is the rate constant for the pseudo-first-order model
(1/min), k, is the rate constant for the pseudo-second-order
model (g/mg min), k,;, (1/min), and n,, are Avrami constants,
a (mg/g min) and p (g/mg) are the Elovich coefficients, which
represent the initial rate of adsorption and desorption, respec-
tively. The adsorption speed (h,) for the pseudo-first-order (in
mg/g min) and pseudo-second-order models (in mg/g min)
can be calculated from the following equations:

hy =k, xq, ®)

hy=k,xq’ 9

The pseudo-first-order model is based on adsorption
capacity, while the pseudo-second-order model describes
a chemisorption-controlled process. The Avrami model
allows the determination of kinetic parameters and the
fractional orders if there is a change in the rate of adsorp-
tion in the function of the initial concentration and adsorp-
tion time. The Elovich model assumes the heterogeneity of
adsorption sites and that the process is not influenced by
desorption or the interaction of the adsorbate molecules.

Fig. 3a shows the nonlinear fits of the models and
Table 1 reports the values of kinetic model parameters.
According to R? values, the adsorption of MB onto NSW

is better described by the Avrami kinetic model at all stud-
ied concentrations. In addition, the calculated adsorbed
capacities (q_,) by this model are close to the experimental
values (4,p)- On the other hand, the n,, values show frac-
tional numbers, which means that the adsorption mecha-
nism can follow kinetics with multiple orders that change
during the process [36]. The same trends were obtained by
Vargas et al. [37].

In order to understand the mechanism of MB adsorp-
tion onto NSW, we have used the intraparticle diffusion
model (Fig. 3b). This model can be described by the Weber
and Morris [38] equation:

g, =k Nt+C (10)
where k, is the intraparticle diffusion rate constant
(mg/g min®®) and C is the diffusion coefficient. According
to the results, the intraparticle diffusion may be involved in
the MB adsorption onto NSW in two steps. The first step in
the period of 2 < 3 describes the instant adsorption of the
dye. The second step, in the range of 3 < t2 <16, is attributed
to the slow adsorption until reaching the equilibrium. The
k, values showed an increase as the concentration increases.
The values of the rate constants are between 0.40 and
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Fig. 3. Effect of contact time on the adsorption of MB onto NSW
and kinetics modeling of the process (a) and intraparticle diffu-
sion model of the adsorption of MB onto NSW (b).
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Table 1

Kinetic parameters of MB adsorption onto NSW
C, (mg/L) 11 20 58
T, erp (MB/8) 9.1 16.1 44.9

Pseudo-first-order model

g, (mg/g) 8.6 15.1 442
k, (1/min) 0.17 0.28 0.17
h, 1.46 4.29 7.52
R? 0.974 0.976 0.998

Pseudo-second-order model

q, (mg/g) 9.0 15.6 45.96

k, (g/mg/min) 0.032 0.037 0.007

h, 243 9.73 14.81

R? 0.997 0.994 0.989
Elovich model

a (mg/g min) 183.64 30,091.4 1.072 x 10*

B (g/mg) 117 1.06 0.26

R? 0.985 0.996 0.946
Avrami model

g, (mg/g) 8.98 16.24 442

k, 0.18 0.67 0.17

n,y 0.456 0.253 0.952

R? 0.997 0.998 0.998

Intraparticule diffusion model

k, 0.40 0.61 1.9

C 41 8.3 22.0

R? 0.554 0.424 0.463

1.9 mg/g min®®. The value of C increases with increase in ini-
tial MB concentration due to the boundary layer effect [39].

3.2.4. Adsorption isotherm

The adsorption isotherm study is very important to
describe MB-NSW interactions. Adsorption isotherm data
were fitted by nonlinear regression analysis using six mod-
els: Langmuir [40], Freundlich [41], Temkin [42], Redlich—
Peterson [43], Sips [44], and Radke-Prausnitz [45]. These
models are presented by the following equations, respectively:

q - qm X KL Xce (11)
14K, xC,
g, =K.xC" (12)
RT
q, = b—Ln (K. C,) (13)
T
q,= ALC: (14)
1+ B,,C¢

- G * Ko x G (15)
(1+K;xC")

6 - q,, % Kgp XC;’ (16)
(1+KgpxC,)™

where g, is the maximum adsorption capacity (mg/g), K, is
the Langmuir constant (L/mg), K, (in (mg/g) (L/mg)"") and
n are Freundlich constants, b, (kJ/mol) and K, (L/mol) are
Temkin constants, R is the universal gas constant (J/mol.K),
T is the temperature (K), A, (L/mol), B, (L/mol), and g are
constants of Redlich-Peterson model, K, ((L/g)*) and m,
are Sips constants, K, (L/g), and m,, are Radke-Prausnitz
constants.

The separation factor R, of Langmuir model can be used
to check whether the adsorption is favorable or not: if R, > 1,
the process is not favorable; if R, =1, the process is linear; if
0 <R, <1, the adsorption is favorable; if R, = 0, the process
is irreversible. The separation factor of the Langmuir model
(R,) could be calculated from:

R =— (17)
1+K, xC,

Adsorption isotherm for MB retention by NSW is pre-
sented in Fig. 4. This isotherm indicates the high affinity
between MB and NSW surface, particularly at low con-
centrations. The isotherm is of L-type adsorption reaction
that represented a system where the adsorbate is strongly
attracted by the adsorbent. The values of the maximum
adsorbed amount of the dye g, the correlation coeffi-
cient R? and all parameters of all used isothermal mod-
els are recorded in Table 2. The value of g, obtained with
the Langmuir model is 149.4 mg/g with the best fit to the
experimental data. The R, value (0.1 < R, < 0.75) indicates
favorable adsorption of MB onto NSW (Fig. 4c). The param-
eter n of the Freundlich model, known as the heterogene-
ity factor, can be used to identify if the adsorption is linear
(n = 1), chemical (n < 1), or physical (1 > 1). 1/n <1 corre-
sponds to a normal Langmuir isotherm, while if 1/n > 1,
the adsorption is cooperative. The value of n in this study
equal to 2.27 and 1/n = 0.44, indicating the favorable and
physical process of MB adsorption onto NSW. The Temkin
constant b, related to the heat of the process is positive and
equal to 83.3 kJ/mol, indicating an endothermic process.
The Redlich-Peterson isotherm was developed to improve
the fit between Langmuir and Freundlich equations. If the
value of its parameter g =1, then the Langmuir model is bet-
ter, if g = 0, then the Freundlich model is better. In our case,
g = 1.16, which indicates that the Langmuir model is more
adequate. For Radke-Prausnitz model, the adsorbed quan-
tity g, = 197.7 mg/g, it is greater than that of the Langmuir
model. The Sips isotherm is a combination of Langmuir and
Freundlich isotherms. The value of g, of the Sips model is
141.3 mg/g; it is slightly lower than that of the Langmuir
model but close to the experimental value. From the anal-
ysis of all these isotherms, we conclude that the model of
Langmuir is the most plausible to describe the isotherm data
of MB adsorption onto NSW. Compared to other materials
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(a) and Redlich-Peterson, Sips, and Radke-Prausnitz isotherm
models (b), and Langmuir separation factor (c).

Table 2

listed in Table 3, our unmodified NSW material is consid-
ered effective for the removal of MB in the studied concen-
tration range.

3.2.5. Effect of temperature and thermodynamic studies
of MB adsorption

The results of the effect of temperature on MB adsorp-
tion onto NSW showed that the adsorption capacity
increases as the temperature increases (Figure not shown),
suggesting that the adsorption reaction is endothermic.
This may be due to the increase of dye molecules mobil-
ity at high temperature [2]. The variations in standard free
energies (AG°®), enthalpy (AH®), and entropy (AS°) of MB
adsorption were calculated using the following equations
[1,2,55]:

AG®°=-RT LnK (18)

1 _ o o
Log 000xgq, _ _—AH N AS (19)
C, 2.303RT 2.303R

where R is the gas constant and T is the temperature (K). The

slope and the intercept of the Van't Hoff curve is equal to
—AH®° d Aso
2.303R M 2303R’

respectively.

The calculated thermodynamic parameters (Table 4)
shows the positive value of the enthalpy (AH°=15.1 kJ/
mol) indicating the endothermic MB adsorption onto NSW.
Since this value is less than 40 kJ/ mol, the interactions
between MB molecules and the NSW surface are physical.
The values of AG® at different temperatures are —-15.4, -16.4,
and -17.4 kJ/mol indicating that the adsorption process is
spontaneous and inversely proportional to the tempera-
ture [56-57]. The positive value of the entropy (AS°=103.9 J/
mol K) confirmed the spontaneous adsorption of MB onto
NSW, and indicate the disorderliness adsorption process
at the adsorbent surface.

Langmuir, Freundlich, Temkin, Redlich-Person, Radke-Prausnitz, and Sips parameters for MB adsorption onto NSW

Langmuir q, (mg/g) b (L/mg) R?
1494 0.035 0.993
Freundlich K, (mg/g)(L/mg) '~ n R?
14.93 0.44 0.952
Temkin b, (kJ/mol) K, (L/mol) R?
83.3 0.475 0.980
Redlich-Peterson Agp (L/mol) By, (L/mol) g R?
451 0.013 1.16 0.998
Radke-Prausnitz Kep q, My R?
0.024 197.7 1.15 0.992
Sips 9, (mg/g) K, ;g R?
141.3 0.028 0.91 0.992
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Table 3
Maximum adsorption capacity of NSW and other adsorbents for MB
Adsorbent C, (mg/L) q,..(mg/g) Model Reference
Almond shell 100-1,000 51.02 Freundlich [46]
Peanut husk 80 72.13 Temkin [47]
Apricot stones-AC 5-100 36.68 Langmuir [48]
Camelina-derived 10-100 5.08 Langmuir/Freundlich [49]
Sapindus-derived 10-100 50.76 Langmuir/Freundlich [49]
Sumac leaves 2-7 5.80 Langmuir/Temkin [50]
Water bamboo leaves 50-250 54.17 Langmuir [51]
Walnut shell 20-100 51.55 Langmuir [52]
Potato (Solanum tuberosum) peel 10-40 14.83 Langmuir [53]
Modified Nigella sativa seeds - 194 Langmuir [54]
Nigella sativa seeds waste 5-260 149.4 Langmuir This study
Table 4
Thermodynamics of MB adsorption onto NSW 120

Temperature (K) Thermodynamics
AH® (kJ/mol) AS°(J/mol K) AG°(kJ/mol)
293 -15.4
303 15.1 103.9 -16.4
313 -174

3.2.6. Statistical physics analysis

The Langmuir model has been successfully applied in sev-
eral liquid and gas adsorption systems, but this model pres-
ents disadvantages. Among them, the interactions between
the adsorbed molecules are ignored and so this model has
been revised in several publications using statistical phys-
ics processing. The model of statistical physics in relation to
ideal gas theory has recently been developed. It represents
the general case of the model assuming that each site on the
adsorbent surface can accept n adsorbate molecules [58]. The
model can be described by the following equation:

q, = }’ZXNM (20)

where 7 is the number of adsorbed molecules per site, C,,
(mg/L) is the concentration at half saturation, N,, (mg/g) is
the receptor site density, g, (mg/g) is the adsorbed amount,
and C, (mg/L) is the concentration at equilibrium.

100

80 -

60 -

40|

Amount adsorbed, ge (mg/g)

20 +

® Experimental points
—— R%=0,992

0 20 40 60

80 100 120 140

Equilibrium concentration, Ce (mg/L)

Fig. 5. MB adsorption isotherm fitting by the monolayer model.

N_ =nN

sat M

21

According to the literature [59], the number 1 indicates
the position of adsorbed molecules onto the surface of the
adsorbent. The application of the model to the experimental
data is shown in Fig. 5. According to R? values (Table 5), there
is a good correlation between the model and the experimen-
tal data with n = 1.10. This suggests the perpendicular ori-
entation and the anchorage of MB molecules on the surface
of NSW. The N,, and N_, are 128.23 and 141.1 mg/g, while
C,is 25.4 mg/L.

The interactions between MB molecules and NSW sur-
face could be explained through the adsorption energy esti-
mation from the equation:

The adsorbed dye quantity at saturation (N_) canbe cal-  Ar_ pT1n C 22)
culated by: G,
Table 5
Statistical physics parameters for MB adsorption onto NSW
Parameters n N, q.,. (mg/g) C,, (mg/L) AE (kJ/mol)
Value 1.10 128.34 141.1 25.4 18.0
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where C_ is the solubility of MB and C,, is the calculated
half saturation concentration. The value of the adsorption
energy is 18.0 kJ/mol, indicating the endothermic and phys-
ical nature of MB adsorption. Similar results were obtained
by Toumi et al. [59] for the adsorption of MB onto agricul-
tural waste.

4. Conclusion

In this study, NSW were simply prepared and used for
MB removal from water. The results indicated that NSW
were efficient for MB adsorption under the effect of dif-
ferent experimental conditions such as pH, temperature,
NSW dose, and initial MB concentration. The kinetics of the
adsorption process followed the Avrami model. Moreover,
the intraparticle diffusion study proved that MB was
adsorbed on two stages. The isotherm equilibrium data were
described by the Langmuir isotherm model with a maxi-
mum adsorption capacity of 144.8 mg/g, while the mono-
layer model suggested the multimolecular process and the
physical adsorption of MB onto NSW.
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