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ABSTRACT

In this study, magnetic nanoparticles (MNs) were modified by sodium dodecyl sulfate (SDS) and
used to remove benzene from aqueous solutions. The adsorbent in the study was named MNs/
SDS. To determine the adsorbent properties of the adsorbent, Fourier-transform infrared spectros-
copy, scanning electron microscopy, X-ray diffraction, and Brunauer-Emmett-Teller tests were used.
The results showed that the pH of 7, the adsorbent dose of 0.6 g/L, the concentration of 10 mg/L,
the contact time of 60 min, and the temperature of 50°C were the best conditions, and all initial ben-
zene concentration was lost. Linear and nonlinear isotherm and kinetics models were calculated.
The results showed that the equilibrium data follow the Langmuir isotherm, which represents the
monolayer adsorption of the pollutant, and the pseudo-second-order kinetics is also used for the
rate of the reactions. Using the Dubinin—-Radushkevich isotherm model and average adsorption
energy, it can be proved that adsorption at all temperatures is a physical process. Maximum adsorp-
tion capacity, according to the Langmuir model at 20°C, 30°C, 40°C, and 50°C, was 127, 131.2, 139.6,
and 140.4 mg/g. Also, negative Gibbs free energy values and positive enthalpy and entropy values
indicate that the reaction is spontaneous and endothermic, and randomly during the adsorption
process.

Keywords: Thermodynamics; Adsorption equilibrium; Benzene; Modified magnetic nanoparticles;
Sodium dodecyl sulfate

1. Introduction

The bottlenecks caused by population growth and pres-
sure on water resources have necessitated the protection
of these resources [1,2]. The development of exploration,
extraction, and exploitation of oil resources in oil-rich
countries has caused many environmental problems for
those countries [3]. One of the most important problems

* Corresponding author.

is the pollution of water resources and the increase in the
amount of hydrocarbons in the water. Numerous organic
compounds that are entered into the oil and petrochemi-
cal industries and their downstream industries are resis-
tant to biodegradation and have the potential for toxicity
to humans [4]. Treatment of these compounds in biolog-
ical treatment processes is usually difficult, and they are
called refractory compounds. A compound that is present
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in the effluents of the above-mentioned industries is ben-
zene (CH,) [5,6]; it is employed in large quantities as a
solvent in the chemical industry as well as a raw material
or intermediate in the synthesis of a number of chemicals
(such as styrene, phenol, aniline) [7]. It has been known as
the smallest and most stable aromatic compound, which
is a colorless and clear liquid with an aromatic odor that
is among the features of aromatic compounds [8]. It has
also been found to be highly inflammable [9]. Inhalation
of high levels of benzene vapors can cause drowsiness,
dizziness, nausea, and headaches. Much higher concen-
trations or longer contact times have been observed to be
associated with seizures, loss of consciousness, and even-
tually death [10,11]. However, the most important effect of
long-term contact with it is the adverse effect on the blood.
Benzene damages the bone marrow and leads to anemia
by reducing red blood cells. It can also cause bleeding
and weaken the immune system, which increases the risk
of infection [12,13]. In addition, due to the biological oxi-
dizing properties of this compound in the body and the
formation of epoxy, benzene is carcinogenic [14,15]; so
that, it has been classified as a primary pollutant by the
Environmental Protection Agency (EPA) and Group A car-
cinogens (with definite carcinogenicity). Above-mentioned
health issues have led to determining the allowable
value of 0.5 pg/L for this compound by EPA [16,17].

The above-mentioned information indicates the impor-
tance of attempts for introducing effective methods to
employ for removing benzene from water and wastewaters;
accordingly, the techniques including coagulation, precip-
itation, filtration, irradiation, adsorption on activated car-
bon, and use of other adsorbents were evaluated to remove
petroleum and aromatic compounds [18,19]. The results of
the studies conducted by employing mentioned methods
were indicative of superior appropriateness of the adsorp-
tion for removal of these types of pollutants; researchers
of adsorption studies have reported that method is simple
and convenient in design and operation and is able to offer
high efficiency in removal of pollutants [20,21]. However, the
adsorbent, which is commercially available and employed
as the best adsorbent, that is, activated carbon, has rep-
resented difficulties in regeneration and separation from
the solutions. Thus, studies have continued to introduce
new adsorbents without mentioned issues [22,23].

One of these studied adsorbents in recent decades is
nanoparticles, for example, magnetic nanoparticles (MNs);
this adsorbent has found remarkable popularity since its
surface to volume ratio is high, and it has numerous vacant
active sites, which develops the separating and remov-
ing the pollutants from solutions [24-26]. Moreover, MNs
have magnetic properties, which facilitate their separation
without the need for centrifugation and filtration and pro-
vide a better condition for their reuse [27-29]. Despite the
mentioned benefits, the agglomeration of this adsorbent,
which is attributed to a reduction in surface energy and
leads to decreasing surface areas and adsorption efficiency,
exhibits the need for conducting modification of it to solve
the mentioned problem. The use of sodium dodecyl sul-
fate (SDS) for the modification of MNs is one of the solu-
tions, which has been the subject of different studies; so
that this has led to solving the problem and enhancing the

effectiveness of adsorption by MNs [30]. In the conducted
studies, effective binding and chelating of functional groups
present in SDS with the surface of MNs have been reported
to be the reason for enhancing the efficacy of the process
[31,32].

Since there was no report for the application of SDS
functionalized MNs to remove the benzene from the aque-
ous solution, we conducted this study by taking into con-
sideration of different effective parameters, including pH,
contact time, adsorbent dosage, initial benzene concentra-
tion, temperature, on the efficiency of the studied process.
Moreover, similar to other adsorption studies, since the char-
acterization of the studied adsorbent is important, it was also
considered to determine using analyses such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), and Brunauer—
Emmett-Teller (BET). In addition, isotherm, kinetic and
thermodynamic studies for adsorption of benzene by our
prepared adsorbent were done.

2. Material and methods
2.1. Chemical and reagents

Benzene, ferric chloride (FeCl,-6H,0), ferrous chloride
(FeCl,-4H,O), sodium hydroxide, sodium dodecyl sulfate
(SDS), acetic acid, and hydrochloric acid were the chem-
icals used in the present study, which were provided by
Merck (Darmstadt, Germany). Preparing stock solution
was done by dissolving a known amount of benzene in
distilled water.

2.2. Synthesis of MNPs

Synthesizing MNPs was done based on the co-pre-
cipitation method reported in other studies [25]. First, 2 g
of iron(Il) and iron(IIl) salts were mixed and dissolved in
200 mL of double-distilled water in a 1,000 mL three-necked
balloon as sources of production of iron(Il) and iron(III)
ions. Then, using a mechanical stirrer, the solution was
stirred under argon gas for 15 min until the temperature
reached 80°C. 120 mL of 1.5 M ammonia solution was then
instilled into the solution and the stirring rate was raised.
At this stage, the color of the solution changed from orange
to black (In all stages of synthesis, a neutral atmosphere
was used in a way that argon gas was continuously blown
into the balloon and the initial solutions). After 30 min, lit-
mus paper was inserted in a balloon opening and the pH
of the solution vapor was measured, and when it reached
9, the addition of ammonia was stopped. The final volume
of the solution is about 350 mL. After about 1.5 h of stir-
ring the solution and its uniformity for 20 min, the stirring
stopped and the resulting black precipitate was separated
from the solution by magnetization and the remaining
solution overflowed. To completely separate the ammonia
and lower the pH to about 7, the washing operation was
repeated several times with distilled water and then the
nanoparticles were removed from the environment with a
magnet and washed and dried three times.

Characterization of the prepared MNPs was done using
the analyses methods including FTIR (VERTEX 70, Bruker
Scientific Instruments Co., Germany), XRD ((Bruker Scientific



268 EK. Mostafapour et al. /| Desalination and Water Treatment 277 (2022) 266-275

Instruments Co., Germany) using Cu-Ka radiation), SEM
(Hitachi SU8020, Hitachi High-Tech Co., Ltd., Japan) and BET
(Micromeritics Instrument Co., Norcross, GA, USA).

2.3. Experimental studies

To make the stock solution, 0.64 g of benzene was
poured into a 500 mL volumetric flask and was brought
to volume, and then stirred on a heater using a mechani-
cal stirrer for 1 h. Finally, a solution of 1,000 mg/L benzene
was prepared. To make other concentrations of benzene
(10, 20, 40, 60, 80, and 100 mg/L), a stock solution was used
with appropriate dilution ratios. In this study, a volume
of 100 mL was considered for experiments. After draw-
ing the standard curve, the experiment was started and
all the samples tested in this study were synthetic sam-
ples. According to the specific objectives of the research
to determine the effect of different parameters, the exper-
iments were examined separately step by step to find the
most suitable optimal point. Different doses of MNs/SDS
(0.2, 0.4, 0.6, 0.8, and 1 g/L), benzene concentration (10, 20,
40, 60, 80, and 100 mg/L), contact times (10, 20, 30, 45, 60,
90, 120, and 150 min), different pH values (3, 5, 7, 9, and
11), and temperature (20°C, 30°C, 40°C, and 50°C) were
tested. In this study, the optimal level of each variable (pH,
magnetite nanoparticle dose, benzene concentration, and
contact time) was determined. In other words, by changing
one variable and keeping the other variables constant, the
effect of the variables in removing benzene was studied.
Finally, after performing all the steps of testing and extract-
ing the samples for injection in gas chromatography, the
final concentration (output) of benzene was read by the
device.

GC device (model: Agilent 7890A, Palo Alto USA, CA)
was utilized to measure the amount of benzene removed. The
detector of this device was of FID type or flame ionization
with an HP-5 capillary column with a length of 30 m and
a thickness of 0.25 pum. The amount of benzene adsorbed
on the adsorbent and its removal efficiency was calcu-
lated by the following equations [33,34]:

%R = COC_ €. 100 (1)

0

Co_cz 2
‘L:( M ]V 2

where C, and C, are the initial concentration and equilib-
rium concentrations of benzene after adsorption. g, is mg of
benzene adsorbed on the adsorbent. M and V are the adsor-
bent mass (g) and the volume of solution (L), respectively.

3. Results and discussion
3.1. Characteristics of prepared adsorbent

The surface morphology of nanoparticles coated with
sodium dodecyl sulfate was examined by scanning elec-
tron microscopy images. As shown in Fig. 1a, SDS-coated
magnetite nanoparticles are uniformly polished and have a

spherical shape. Fig. 1b shows the FTIR spectrum of mag-
netic nanoparticles before the adsorption of contaminants.
As can be seen, the adsorption peak observed at 547 cm™
is related to the stretching vibrations of Fe, O, [32].

The X-ray diffraction pattern of magnetite nanoparti-
cles (shown in Fig. 1c) indicates the consistency of all the
diffraction with the six diffraction peaks at (220), (311),
(400), (422), (511), and (440). It was concluded based on the
comparison of observed peaks with the Joint Committee
on Powder Diffraction Standards (JCPDS card, file
No. 79-0418) and is representative of the cubic spinel phase
of Fe,O,. Accordingly, considering the obtained XRD pat-
tern, it is concluded that the prepared nanoparticles were
Fe O, [31]. For estimating the average crystallite size (D in
nm) of Fe,O,, the Scherer equation based on the following
equation was employed [32].

_ Kx
BcosH

®)

where A is used to represent the wavelength of the X-ray
radiation (1.5406 A), K is employed to show a constant
taken as 0.89, O is the diffraction angle, and B is the full
width at half maximum. Using the mentioned equation,
the average size of around 22 nm was found for the Fe,O,.

Specific surface area, which is frequently known as BET
surface areas, were estimated based on the theory of BET
to nitrogen adsorption/desorption isotherms measured
at 77 K; according to the results of this analysis, MNs and
MNs/SDS had the average specific surface areas of 91.2
and 83.4 m?/g, respectively, which is representative of rel-
atively larger specific surface areas for MNs. The possible
aggregation after surface modification may be the reason
for the decrease in the surface area of MNs/SDS [31].

3.2. Effect of studied parameters

The pH of the solution has been introduced to be one
of the strategic and operative factors, which its study was
also included in our work; its effect on the surface charge
of adsorbent, ionization of material, and differentiation
of functional groups of the adsorbent surface has pro-
vided this importance for this factor [35]. Accordingly,
after regulating the pH of solutions at 3, 5, 7, 9, and 11,
the benzene adsorption efficiency at each mentioned pH
value was reported. The studies for determining the effect
of this parameter were conducted using the constant val-
ues of other parameters (contact time = 60 min, MNs/
SDS dosage = 0.6 g/L, benzene concentration = 10 mg/L,
and temperature = 30°C). Based on reported efficiencies
(Fig. 2a), the better removal efficiency was related to a pH
of 7, which is in the neutral pH range. At the lower pH val-
ues, there are high concentrations of H*, which have high
mobility; this leads to rising competition between these
ions with benzene molecules for adsorption sites and dis-
rupting the adsorption process [36]. In addition, the reduc-
tion in efficiency was also detected for pH values greater
than the neutral range. It is due to the occurrence of the
competition between OH- (produced in alkaline condi-
tions) and benzene molecules for adsorption onto the
available surface sites on the adsorbent [37]. According to
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Fig. 1. SEM micrographs of MNs/SDS (a), FTIR pattern (b), XRD pattern of MNs/SDS (c).
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literature, surface polarity and hydrogen bonding between
adsorbent and adsorbate may explain the lower adsorp-
tion efficiency in acidic and alkaline conditions [38].

MNs/SDS mass has also been reported to be an effec-
tive parameter in adsorption processes. The changes in
the efficiency of the benzene adsorption by changes in the
adsorbent dosages were determined at different adsorbent
dosages of 0.1, 0.2, 0.4, 0.6, 0.8, and 1 g/L. The experiments
of this part were conducted under constant values of other
studied parameters, including contact time of 60 min, pH
of 7, benzene concentration of 10 mg/L, and temperature
of 30°C. As can be seen in Fig. 2b, which is related to the
results of this part, an enhancement in removal efficiency
from 71.2 to 99.4 was detected for increasing adsorbent
dosage from 0.2 to 0.8 g/L. However, reverse results were
observed for adsorption capacity so that it diminished
from 71.2 to 9.97 mg/g when the adsorbent dosage changed
from 0.2 to 1 g/L. In addition, at the adsorbent dosage of
0.6 mg/L, no enhancement could be detected in adsorption
efficiency. To elucidate the development of adsorption effi-
ciency by increasing the adsorbent, it should be considered
that the number of the adsorbent sites for binding with the
studied pollutant is increased and led to adsorbing more
pollutant molecules by the adsorbent [39,40]. However,
overlapping the adsorbent surfaces, which appears by
increasing the adsorbent mass, has been mentioned as the
reason for diminishing the adsorption capacity [41].

In the previous adsorption studies, the association
between contact time and removal efficiency has been
detected. Accordingly, for investigating the effect of this
parameter in this study, the related experiments at the con-
tact times, including 10, 20, 30, 45, 60, 90, 120, and 150 min,
were conducted under optimum values obtained for
other parameters (pH = 7, MNs/SDS mass = 0.6 g/L, ben-
zene concentration = 10 mg/L, and temperature = 30°C).
Fig. 2c represents results obtained from evaluating the
effect of mentioned parameter on the adsorption efficiency.
According to the results, the removal efficiency has devel-
oped by increasing the contact time up to 60 min, which is
described by the provision of adequate time for necessary
reactions (i.e., physical contact and chemical reaction). Most
of the benzene was removed from the solution in the initial
times. Explaining this event is done based on the higher
accessibility of adsorption sites for pollutant molecules ini-
tially [42]. However, as time increase, appearing the repul-
sion force between pollutant molecules will be associated
with the difficulty in occupying the remaining surface
sites [43,44].

The initial concentration of benzene, as another effec-
tive parameter in the adsorption process, was evaluated
using different concentrations of benzene, that is, 10,
20, 40, 60, 80, and 100 mg/L (Fig. 2d). Removal efficien-
cies observed for the studied concentrations exhibited
the inverse effect of the studied parameter. Accordingly,
removal efficiency has decreased so that it reached from
98.8% to 81.2% as the initial concentration of benzene
increased from 10 to 100 mg/L. Since there is a limited
active site for a certain amount of adsorbent, increasing the
benzene concentration leads to saturation of the surface
sites and a lack of enough sites for the adsorption of more
pollutant molecules; this results in the removal efficiency

[45,46]. Nonetheless, the adsorption capacity showed an
increasing trend by increasing the initial concentration of
pollutant and enhanced from 16.4 to 136.5 mg/g, which
is enlightened by developing the driving force caused by
a benzene concentration gradient [47].

3.3. Isotherm studies

This part of our studies was done to clarify the infor-
mation, which is obtained by the isotherm models; this
information includes adsorption mechanisms, adsorbent
tendencies, and surface properties. There are different mod-
els utilized for this purpose [48-50]. The models used in
the present study (along with their details) and the results
obtained from these models have been brought in Table 1.
The equilibrium data in both linear and nonlinear models
follow the Langmuir isotherm. Fig. 3 shows the nonlinear
models for the Freundlich, Langmuir, Temkin, and Dubinin—
Radushkevich isotherms, and the Langmuir isotherm dia-
gram is more in line with laboratory data and has more
adaptation with the diagram of experimental results.

Also, Table 1 shows the results of linear isotherm mod-
els, and it can be seen that the regression coefficient for
the Langmuir model is higher than other models.

The Q_  according to the Langmuir model at 20°C,
30°C, 40°C, and 50°C were 127, 131.2, 139.6, and 140.4 mg/g,
respectively.

As known, the Langmuir model is employed for
the stimulation of single-layer homogenous adsorption.
However, using Freundlich isotherm models, the hetero-
geneous surface multi-phase adsorption is stimulated, and
the interaction between solutes when sorbent adsorbs them
is described by the Temkin isotherm model. Elucidation of
the nature and type of the adsorption is performed using
precise calculation of isotherm parameters [51]. According
to constants obtained in our experimental conditions at
the studied temperatures (B-Temkin: 0.0004, 0.0006, 0.0007,
0.0009 kJ/mol < 20 kJ/mol; E-energy: 4.41, 5.76, 7.11, and
7.84 kJ/mol < 8 kJ/mol), the adsorption was found to be
physical, and the formation of weak van der Waals bonds
on the MNs/SDS monolayer surface is detected. In addi-
tion, the equivalent binding sites could be perceived on
MNs/SDS surface [52].

3.4. Kinetic studies

In Table 2, the kinetic models studied and results
obtained from them have been represented. These models
are used to express the adsorption mechanism and con-
formity of experimental data related to the adsorption of
contaminants on adsorbents based on adsorption rate con-
stants [53-55].

As can be seen in the results, the equilibrium data fol-
low the linear and nonlinear pseudo-second-order kinet-
ics models better than the pseudo-first-order and Elovich
kinetic models. Fig. 4a shows the nonlinear model and
its adaptation to the laboratory data, and as can be seen,
the pseudo-second-order graph is exactly the same as the
experimental data graph.

Table 2 also shows the results of the linear analysis of
kinetics; it can be seen that the regression coefficient for
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Table 1

Linear isotherm parameters for adsorption of benzene at various temperatures

Isotherm models 293 K 303 K 313K 323K
Langmuir: 1 = € +# R, = !

e Tmoc  KiCllmax 1+K.G
K, = Langmuir isotherm constant (L/mg); Q__ = maximum monolayer coverage capacity (mg/g)
q, (mg/g) 127 131.2 139.6 140.4
K, (L/mg) 0.0014 0.0019 0.0035 0.0049
R, 0.877 0.841 0.741 0.671
R? 0.991 0.994 0.992 0.998

Freundlich: logg, = llog C,+logK,
n

g, capacity adsorption (mg/g); K, Freundlich indicator of adsorption capacity; 1/n intensity of the adsorption indicating the surface

heterogeneity and favorability of the adsorption process

K, 3.17
1/n 0.746
R? 0.941

525 6.89 7.27
0.573 0.527 0.412
0.901 0.892 0.879

Temkin: g, = BInK, +BInC,

B =Temkin isotherm constant related to the heat of adsorption J/mol; K, is the Temkin isotherm equilibrium binding constant

(L/g); R = universal gas constant (8.314 J/mol-K); T = absolute temperature in Kelvin

K, (L/g) 3.14
B (kJ/mol) 0.0004
R 0.871

3.94 4.32 5.39
0.00006 0.0007 0.0009
0.843 0.849 0.956

Dubinin-Radushkevich: logg, =Ing, —B&*, ¢ =RTIn {1 + SJ

e

q,, = theoretical adsorption isotherm saturation capacity (mg/g); B is the Dubinin-Radushkevich isotherm constant (mol*/k]J?);

¢ is Polanyi potential; E = average energy of adsorption kJ/mol

q, (mg/g) 69.2 784 83.1 90.2

E 441 5.76 7.11 7.84

R? 0.911 0.892 0.904 0.873
100 - all concentrations for pseudo-second-order is better than

—O— Experimental —¢— Langmuir —O— Freundlich Temkin D-R

80 1

0 4 T T T 1
0 15 30 45 60

Time (min)

Fig. 3. Nonlinear adsorption isotherms for the adsorption of
benzene onto MNs/SDS.

pseudo-first-order and Elovich models, and the adsorption
capacity obtained from pseudo-second-order is more in
line with the experimental adsorption capacity.

To determine the mechanism of benzene adsorption by
MNs/SDS, the intraparticle diffusion (IPD) kinetic model
was used, and the results were represented in Fig. 4b; as
can be seen, the graph of g, against reaction time (t'?) shows
a multi-step adsorption process.

The first step of the studied process was the quick occu-
pancy of the MNs/SDS surface by benzene molecules due
to the occurrence of surface adsorption due to the pres-
ence of brilliant active adsorption sites. By decreasing the
available adsorption sites, which occurs due to occupying
them with benzene gradually, the second adsorption step
starts; it encompasses diffusion-driven adsorption into
internal pores [56]. In the first step, as shown in Fig. 4b,
the rapid benzene adsorption, which happens within a
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Table 2

Linear kinetic parameters for the adsorption of benzene on MNs/SDS

F.K. Mostafapour et al. / Desalination and Water Treatment 277 (2022) 266275

Model Parameters 10 mg/L 20 40 60 80 100
Dyep - 16.1 39.9 61.6 88.2 1145 139.8
K Qoo 8.1 164 291 472 563 717
H . — 1 o
Pseudo-first-order: 1og (q, ~q,) = logq, ==t (41) K, 0012 0024 0045 0068 0073 0.084
g, = adsorption capacity at equilibrium time; g, = adsorption R 0.894 0902 0913 0887  0.872 0.885
capacity at time ¢ (mg/g); K, (min™) = equilibrium rate constant
for pseudo-first-order
P11 . 16.2 371 659 854 1109 1423
Pseudo-second-order: PR 42) K, 0.0019  0.0024 0.0035 0.0033 0.0047 0.0061
27e e
, o R 0999 0998 0993 0997 0999  0.992
K, (g/mg-min) = equilibrium rate constant for pseudo-sec-
ond-order
_ 1 i Qo 102 184 269 395 482 615
Elovich: ¢, = Bln(aﬁ)JrBln(t) (43) o x 108 1.69 251 326 377 395 469
g, = amount of adsorbate/g adsorbent at time; o is the initial IBQ " 822@4 228?9 gggzl ggi gg;g 82i;
adsorption rate (mg/g-min); f is the desorption constant (g/mg) ’ ) ) ) ) )
Stage 1
K, 1.65 4.29 9.34 18.5 27.5 39.2
C 3.08 6.59 16.2 27.1 38.8 442
R? 0.917 0956 0949 0927 0991 0.964
Intraparticle diffusion Stage 2
_ 1/2
9= K7+ C (44) K, 102 195 427 919 146 195
K, =Intraparticle diffusion rate constant (mg/g-min'?); C 5.27 9.14 24.6 39.9 51.5 68.2
C = thickness of the boundary layer R 0914 0926 0973 0969 0947 0958
Stage 3
K, 0.172 0.345 0427 0561 0.712 0.794
C 9.25 17.2 394 56.2 79.3 99.2
R? 0.941 0963 0927 0942 0981 0.948
short period of time, is clear. The remained benzene in the q
first step was decreased and removed in the third step. K=-—* (6)

The straight line does not cross the origin, so IPD is not
the only rate-limiting step [57].

3.5. Effect of temperature and thermodynamic studies

In adsorption studies, acquiring better knowledge about
the adsorption process is done using the thermodynamics
of adsorption; in this study, it was done at temperature lev-
els including 293, 303, 313, and 323 K. Van't Hoff equation
is the utilized formula for determining thermodynamic
limitations (i.e,, Gibbs free energy variation (AG°®), the
enthalpy variation (AH®), and the entropy variation (AS°)
[Egs. (4)-(6)] [58-60]:

AG®=-RTInK @)

1n1<:[A5°j[AH°j 5)
R RT

C

e

Using the results obtained from the slope and inter-
cept of the InK_ vs. 1/T plot, as well as the intercept of the
Arrhenius plot, the standard enthalpy variation (AH®) and
standard entropy variation (AS°) were determined. Since
a positive value was obtained for AH® (44.2 k]J/mol), the
adsorption process was endothermic. Negative AG® val-
ues (values -2.14, —4.02, -5.95, and 8.11 kJ/mol at tempera-
tures of 293, 303, 313, and 323 K, respectively) indicate the
spontaneous nature of the benzene on MNs/SDS. Based
on our observations, the negativity of AG® increases as
temperature rises, which leads to developing the “favor-
ability” of (AG®) [61]. As mentioned, adsorbing the ben-
zene onto MNs/SDS is an endothermic reaction, which
may be explained by the greater mobility of benzene
molecule and higher adsorbent molecule diffusion rates
across MNs/SDS surfaces at higher temperatures; these
events develop adsorption effectiveness [62]. A positive
value of AS° (0.342 kJ/mol-K) indicates a random increase
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Fig. 4. Adsorption kinetics for benzene removal. Nonlinear
kinetics (a) and intraparticle diffusion (b).

in the solid-liquid interface that points out the affinity
between the benzene and the MNs/SDS [63].

4. Conclusion

In the present study, using the batch system, examin-
ing the efficacy of MNs/SDS was done to adsorb benzene.
This study was conducted by focusing on the main factors
having an effect on adsorption efficiency. The factors were
concentration of target pollutants, pH of the solution, con-
tact time, mass of MNs/SDS, and temperature. The opti-
mal conditions for mentioned factors were concentration
of 10 mg/L, pH of 3, mass of 0.6 g/L, and time of 60 min
and temperature of 50°C; the process could offer removal
efficiency of 100% under the above-mentioned conditions.
The spontaneous and endothermic nature of the process
was confirmed based on the obtained values for thermo-
dynamic parameters. Linear and nonlinear models of
kinetics and isotherms were calculated. The maximum
adsorption capacity was 140.4 mg/g, and the Langmuir
model exhibited a better fit for the isothermal data. The
current study approved the ability of MNs/SDS as an
efficient adsorbent for removing benzene (up to 100%).
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