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Application of Magnesium Oxide Nanoparticles
for Sunset Yellow Removal in Aqueous Solutions:

Adsorption Isotherm, Kinetic, and Thermodynamic Studies

Marzbani, Tayebeh; Khayatian™, Gholamreza
Department of Chemistry, Faculty of Sciences, University of Kurdistan, Sanandaj, I.R. IRAN

ABSTRACT: In this research, the ability of magnesium oxide (MgO) nanoparticles to the adsorbent
was studied for the removal of Sunset Yellow (SY) dye in an aqueous solution. Different techniques,
including Fourier Transform InfraRed (FT-IR) spectroscopy and Scanning Electron Microscopy (SEM)
were employed to identify the adsorbed dye. Adsorption experiments were carried out in a batch mode
with varying pHs, MgO concentrations, initial dye concentrations, contact times, and temperatures.
To study SY adsorption's efficiency on the surface of MgO nanoparticles, pseudo-first-order, second-order,
and intra-particle diffusion kinetic models were investigated. The pseudo-second-order kinetic model
demonstrated a better fitting than other kinetic models (correlation coefficient: R?=0.99). The Freundlich
model with an R*=0.93 value proved to fit with equilibrium data. In addition, thermodynamic
parameters consisting of enthalpy, entropy, and activation energy were calculated too. It was noticed
that the adsorption of SY on MgO was exothermic and spontaneous at low temperatures. The suggested
adsorbent can be utilized for removing SY with an efficiency of more than 85%.
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INTRODUCTION

Different industrial processes such as paper-producing
factories, dyeing plants, textile mills, and ink or paint
producers use large amounts of dyes. Due to the stability
of dyes and preventing the passage of light in the rivers, it
is challenging to decolorize dye-containing wastewaters.
Hence, it is essential to find more accessible and less costly
procedures for removing dyes from industrial dye-
containing wastewaters [1, 2]. The existence of dyes in
waters leads to the emergence of environmental problems
such as the loss of photosynthetic activity of aquatic plants
because of less light penetration [3-5]. Therefore, the

concentration of the dyes must be controlled because they
are potentially harmful to humans [6].

Sunset yellow (SY) is an anionic dye with aromatic
rings and an azo (N=N) functional group [7]. It is used in
foodstuffs such as juices, candies, soft drinks, jellies, and
salty snacks to give them yellow-orange coloring [8].
Furthermore, adding SY gives several improvements like
high stability to oxygen, color uniformity, relatively low
microbiological contamination, and lower production
costs in drinks, food, or pharmaceutical preparations [9].
However, SY may bring about several side effects such as
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diarrhea, kidney tumors, hyperactivity, abdominal pain,
nasal congestion, chromosomal damage, severe weight
loss, and allergies [10]. Thus, despite their important role
in our food, azo dyes could be a serious threat to human
health. The Sunset Yellow was banned or restricted around
the year 2000 as a food additive in many European
countries, but still, it is used in Iran [11]. Most
environmental pollutants due to human activity and
industrial performance enter wastewaters. These pollutants
get in the food chain and create a severe menace to
humans. Hence, as an exciting research subject, their
removal is vital in order to lessen their dangers. Different
technologies have been adopted based on various
principles such as physical, chemical, and biological to
remove SY dye from wastewaters. In this regard,
enzymatic techniques, coagulation, ozonation, photo-
degradation, reverse osmosis, electrochemical oxidation,
bio-sorption, and adsorption are efficiently used [12-14].
However, the adsorption process is the most commonly
used technique. Because the adsorbents are readily
available, their non-toxicity, high capacity and efficiency,
and its potential for adsorbent regeneration can keep the
quality of water intact in comparison to conventional
methods of wastewater treatment, and nanoparticles are
attracting a lot of attention day by day with their
applications in different fields [15, 16].

This research work deals with the application of
magnesium MgO as adsorbents of SY from an aqueous
solution. Based on the unique properties of MgO, the
MgONPs component are very important when compared
with bulk materials. They possess outstanding properties
such as high photocatalytic activity, chemical stability,
electrical permittivity, heat resistance, non-toxicity [17, 18]
low refractive index, and low dielectric constant, which
has led to widespread applications in the fields of catalysis,
paint, and semiconductor products and adsorption [19].
Moreover, they are readily available, non-volatile, low-
cost, reusable, and have high adsorption capacity and high
reactivity. In addition, since they have efficient adsorption
capability, MgO nanoparticles can be employed in various
fields such as ceramics, electronics, petrochemical
products, and coatings catalysis. The intrinsic properties
such as porous structure, high specific surface area, and
enhanced surface binding sites enable MgO to perform
well as an effective adsorbent in the remediation of
contaminants from wastewater [20].
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Fig. 1: Chemical structure of SY

This study's important aim is to conduct detailed
adsorption research to eliminate SY by utilizing
magnesium oxide nanoparticles (MgO). The different
parameters were measured such as kinetic, isothermal, and
thermodynamic studies. Other parameters such as pH,
primary concentration, time, adsorbent dose, and
temperature, which were involved in SY adsorption, were
also studied.

EXPERIMENTAL SECTION
Reagents

The SY, HCI, and NaOH were purchased from Sigma
Aldrich and Merck Company (Germany), respectively.
The MgO nanoparticle was purchased from Kimia
Rahavard Company, IRAN. The chemical structure of SY
is shown in Fig. 1.

Preparation of Aqueous Dye Solutions

The commercial grade of SY dye was used as received.
The dye stock solution (80 mg/ L) was prepared by
dissolving 0.02 g of dye in 250 mL of distilled water. The
different solution with various initial concentrations was
prepared by diluting the SY dye stock solution (4.0 to
80.0 mg/L). The NaOH or HCI (0.1 M) was used to adjust
the solutions' pH. The pH measurements were conducted
by using pH meter model-691 (Metrohm, Swiss) with a
combined glass electrode.

Characterization

The dye adsorbed on the MgO was dried under
a vacuum at 80 °C for 4 h before being analyzed by FT-IR
(Vector 22, German). Using FT-IR spectroscopy in the
range of 500-4000 cm, the adsorption peaks of SY,
magnesium oxide (MgO) nanoparticles, and SY/MgO
were obtained. Scanning electron microscopy (FE-SEM, ZEISS,
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and SIGMA VP) was utilized to study the adsorbent's
surface morphologies.

Adsorption studies

Batch-type adsorption was carried out using SY
solutions (10.0 mL) in a 50 mL beaker with a known
amount of adsorbent at a constant speed of 750 rpm. The
effects of several variables on the adsorption; such as
temperature (298-346K), contact time (5.0-100.0 min),
pH (1.0-11.0), adsorbent dosage (1.0-15.0 mg), and
dye concentration (4.0-80.0 mgL) were also studied,
and optimum values were evaluated. The UV-Vis
spectrophotometer at a wavelength of 483 nm was used to
determine SY concentrations before and after adsorption.
The percentage of dye removal was measured by using the
following equation:

CO — Ce
%R = < ) x 100 )
Co
In this formula, the C. (mg/L) and Co (mg/L) are the
equilibrium and initial concentrations of dye in the
experimental solution, respectively. The following
equation was used to calculate the equilibrium capacity of
MgO adsorption:
The capacity of equilibrium adsorption was calculated
from the following equation:

g, = L= CIV @

w

That ge (mgAQ) is the equilibrium adsorption capacity,
V (L) is the volume of solution, C. (mg/L) and Co (mg/L)
are the equilibrium and initial concentrations of dye in the
experimental solution, respectively and W (g) is the mass
of the adsorbent.

Adsorption thermodynamic

Thermodynamics gives a vast amount of information
on enthalpy (AH®) and entropy (AS°) changes in an
adsorption process. The following equations were used to
determine the thermodynamic parameters [21]:

AS* AH®
In(K) === %7 ®)
_ 4
K=¢ @

With regard to thermodynamic data, Gibbs free energy
(AG") is obtained from the following equation:
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AG* = AH* — TAS® (5)

R is the Universal Gas constant; K depicts the balance
constant and T(K) illustrates the temperature.

Adsorption isotherms

A quantitative relationship between the adsorbent
surface and the amount of adsorption is required to study
the adsorption process. These quantitative relationships
are defined as the adsorption isotherms of Langmuir (Eg. (6)),
Freundlich (Eq. (7)), and Temkin (Eq. (8)). Adsorption
studies was utilized at different SY concentrations at
constant pH, adsorbent amount, time, and temperature to
investigate isotherm models.

The Langmuir isotherm equation is as follow [22]:

C. G, N 1
9e B dm (KL X qm)
ge and gm (MgQ) are the equilibrium and maximum
adsorption capacity, respectively. Cc (mg/ L) show the
equilibrium concentration of dye. K. (L mg) is the
Langmuir constant.

The Freundlich isotherm equation is as follows:

(6)

Lng, = LnKp + (%) LnC, @)
In this formula for the best and favorable adsorption
process, n should be 1.0 <n<10.0. For n>10 (smaller value
of 1/n) shows the higher adsorption intensity. For n=1,
identical adsorption energies occur in all sites due to the
linear adsorption process [23, 24].

ge (MgQ) is the equilibrium adsorption capacity,
Ce (mgL) show the equilibrium concentration of dye,
Ke (mgQ) depicts Freundlich adsorption capacity and
in addition, n illustrates Freundlich constant

The Temkin isotherm equation is as follow [25]:

q. = BLnA + BLnC, (8)

ge (mgg) is the equilibrium adsorption capacity,
C. (mgL) show the equilibrium concentration of dye,
A (L) represents Temkin constant and B (¥ mg) is
Temkin’s adsorption heat.

The basic properties of the Langmuir isotherm can be
defines as a dimensionless constant Ry (Eg. (9)), is
separation factor or equilibrium parameter as follows:

1

T (1+ (K, xCo)) ©

Ry
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Fig. 2: SEM images of (a) MgO nanoparticle (b) MgO with
adsorbed SY

Ry > 1, the reaction is unfavorable

0 <R.< 1, itis favorable reaction

RL =1, the reaction is linear

RL = 0 indicates an irreversible reaction

Co (mg/L) show the initial concentration, K_ (L’mg) is the
Langmuir constant.

Adsorption kinetics

Kinetic models are among the most critical properties
in determining adsorption efficiency. Various kinetic
models have been offered in different studies. In this
research, the following kinetic models were applied
to analytical data. The pseudo-first-order and second-order
(Egs. (10) and (11), as well as Intra-particle diffusion
(Eq. (12)) models, shows as following equations [26]:

The pseudo-first-order equation is as follows:

Ln(q, — q,) = Lng, — K;t (10)
The pseudo-second-order equation is as follows:

t 1
—— (11)
U (lgd) + o

The model of intra-particle diffusion is as follows:
4 = Kyt*? +¢ (12)

g: and ge (Mg’ g) are the adsorption capacity and
equilibrium adsorption capacity at time t. ky (L/ min), k,
(¥ mg.min) and k, (mg/ gmin*?) represents the rate
constant for pseudo-first-order, pseudo-second-order and
intra-particle diffusion, respectively. In addition, C refers
to constant boundary layer thickness.

RESULTS AND DISCUSSION
SEM analysis

A scanningelectron microscope (SEM)is a very suitable
tool for identifying the morphology of the adsorbent surface
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Fig. 3: IR spectra of SY/MgO (a), MgO nanoparticle (b), SY (c)

and the study of its physical properties to identify the shape
and size of particles and the distribution of cavities. The
surface morphology and the composition of MgO
nanoparticles before and after SY adsorption are determined
using an SEM instrument. The SEM micrographs show
crystallites formation in different magnifications (including
500 nm). The MgO powder micrograph clearly illustrates
the formation of the nanoparticles (Fig. 2a) with various
morphology, like a cube in a high amount of agglomeration,
after adsorption, the SEM images of MgO nanoparticles
revealed that the MgO nanoparticles' surface was covered
entirely with SY molecules (Fig. 2b).

FT-IR analysis

To interpret and justify existence of SY on MgO,
the IR spectrum of MgO, SY and SY coated MgO were obtained.
In MgO nanoparticles (Fig. 3b), peak 3698 and peak 3421
is related to stretching bond of OH groups of due to
humidity. The peak 1449 cm™ is related to bending
vibration of water molecule. The absorption peak in
region 518 cm? is related to the Mg-O stretching
vibration and regions 663 cm to 859 cm* show Mg-O-Mg
interactions (Fig. 3b) [27].

As seen in the Fig. 3c, the occurrence of the band at
3480 cm™ is related to the stretching vibration of -OH
group of SY dye. Apart from that, the bands which
appeared at 1207 cm™ and 1506 cm® belong to asymmetric
stretching vibration of -SO5; and N=N group, respectively
in the dye [27]. With regard to the FT-IR spectra in (Fig.
3a), the adsorption of SY molecules on MgO nanoparticles
did not move the position of peaks. Hence, the adsorption
process can be based on the physical adsorption of SY
without changes in its chemical structure.
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Fig. 4: Effect of adsorbent dosage on SY removal, pH= 3.0,
rpm= 750, V=10.0 mL, T= 298K, t= 20 min, Co =6.5 mg/L

Effect of different parameters
Effect of adsorbent dosage

The adsorbent amount for the adsorption studies was
investigated at different values of adsorbent from 1.0 to
15.0 mg, while other parameters were kept constant.
Based on these results, the SY removal increases by
increasing the amount of the adsorbent and then it
reached to a constant value. This observed result is due
to increase in adsorption binding sites and adsorbent
surface area. However, increasing the amount of
adsorbent more than 10.0 mg do not demonstrate
significant improvement in the removal amount of SY.
This may be due to a decrease in the effective specific
surface area available for metal ions resulting from the
overlapping or aggregation of adsorption sites.
Therefore, 10.0 mg of adsorbent was selected as the
optimal amount of MgO for subsequent studies (Fig. 4).

Effect of pH

The pH solution is one of the crucial factors that affect
the dye molecules' adsorption. The Fig. 5 shows the
effect of pH on the SY adsorption that demonstrates
adsorption, decrease from 70.0 to 27.0% at pH range of
1.0-11.0. The SY have two sulfonic strong acidic groups
with pKa;= 0.82 and pKa,= 1.46 and an aza group with
pKa = 9.2 [28]. On the other hand, as estimated the point
of zero charge is between 11.0 and 12.0 (pHpzc) for MgO
nanoparticles [29]. Therefore, MgO nanoparticles are
positive below 11.0. At pH 1.0 the sulfonic group was
deprotonated and a negative charge is produced at SY
molecule. The negative charge on the surface of dye
molecules and the positive charge on the MgO surface is
the reason for adsorption of SY. As the acidity of solution
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Fig.5: Effect of pH on SY removal, adsorption dosage=10.0 mg,

rpm= 750, V=10.0 mL, T=298K, t= 20 min, Co=6.5 mg/L
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Fig. 6: Effect of contacttime on SY removal adsorptiondosage=
10.0 mg, pH=1.0, rpm= 750, V=10.0 mL, T= 298 K, Co=6.5 mg/L

increased (from pH 11.0 to pH 1.0) an increasing in
positive charge was occurred on MgO nanoparticles and
therefore, the electrostatic attraction between MgO and SY
increase. As a result, maximum adsorption of SY observes
at this pH. This observation is nearly in agreement with the
result obtained in literature for SY [27]. Thus, the pH=1.0
was chosen for the subsequent studies.

Effect of contact time

The effect of contact time on the adsorption of SY by
MgO nanoparticle is illustrated in Fig. 6. The percentage
of adsorption rapidly increased within the first 80.0 min,
and equilibrium was achieved after 90.0 minutes of contact
time. This is due to an increase in the number of adsorption
sites MgO nanoparticles [30]. After this period, the
adsorption efficiency was almost constant because of the
adsorption sites saturated with SY dye and decrease in the
diffusion rate. When this occurs, the adsorbent cannot
adsorb any more dye molecules.
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Fig. 7: Effect of temperature on SY removal adsorption

dosage= 10.0 mg, and pH=1.0, t= 80 min, rpm= 750,

V=10.0 mL, Co=6.5 mg/L

Effect of temperature

The effect temperature was investigated in the
temperature range of 298 -346 K. As shown in Fig. 7. with
an increase in temperature, the dye removal decreased,
indicating that adsorption of dye on the adsorbent was
exothermic [31, 32]. An increase in temperature probably
decreases the adsorption bonds between the dye molecules
and the active sites on the adsorbent's surface. Therefore, the
adsorption process is physical, and the lowest temperature,
298 K, is selected as the optimal temperature [33].

Effect of initial concentration of dye on the percent of
removal of adsorbent

The percent removal was shown in Fig. 8. The
experiments were conducted from 4.0 to 80 mg/L of dye.
The highest percentage of removal occurs at the lowest
concentration of dye. This is due to decrease in the ratio
of adsorbent surface and soluble adsorption dye in
concentrated solutions. Thus causes the reduction of
adsorption sites and almost complete coverage of
adsorption sites at high concentrations of pigment.

Thermodynamic parameters

The plot of LnK as a function of 1/T is shown in Fig.
9. The entropy AS°® and enthalpy (AH") were investigated
from the intercept and slope, respectively. In addition, the
calculated values of thermodynamic parameters for SY
adsorption onto MgO nanoparticles are shown in Table 1.
The negative AG is indicated that the process of
adsorption is  thermodynamically favorable and
spontaneous [33]. In addition, AG" values became positive
with an increase in temperatures, showing that the process
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Fig. 8: Effect of initial concentration on SY removal

adsorption dosage= 10.0 mg, pH=1.0, t= 80 min, rpm= 750,

T=298 K, V=10.0 mL
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Fig. 9: The plot of LnK versus 1/T for SY adsorption dosage =
10.0 mg, t= 80 min, rpm= 750, V=10.0 mL, pH=1.0.

of adsorption was more feasible at lower temperatures.
The negative value of AH" revealed the exothermic behavior of
the adsorption, and this result was supported by decreasing SY
removal (%) with an increase in temperatures. The negative
value of AS° illustrates a decrease in the system’s
randomness. As a result, there were no remarkable changes
in the internal structure of MgO during the process of
adsorption, which confirms the physicality of this process.

Adsorption isotherms

Langmuir isotherm and the linear curve of C versus Ce
/ge are shown in Fig.10a. The correlation coefficient (R?)
of this plot is 0.91, the adsorbed dye is a single layer and
with the thickness of a molecule [34]. The K. and Qmax
were calculated from the intercept and slope of linear
curve, apart from that, the R_ values in Table 2, were
0.18-0.94. Therefore, these results show the favorable SY
sorption under the chosen adsorption conditions.
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Table 1: Values related to thermodynamic parameters for SY removal

4 Temperature (K) AH® (kJ./mol) AS® (J/(K.mol)) AG® (kJ.mol) N\
298 -2.62
308 2.3
320 -34.11 -0.105 -0.84
326 1.06
336 1.35
\_ 346 1.8 )
2.5 4
y = 0.0309x + 0.5664 (@) 9 y =0.723x + 0.6114 o (b)
2 Re=09176 . 3 1 R?=0.9331 K o
....... 0.
= e = Y
T sy e 3 2 ° . ®
RS '@ g | L
S 1 ¢ o1{ g
K ® . =) o
o | = )
0.5 0~
® )
0 T T T T T -1 . . . . .
0 10 20 30 40 50 60 -1 0 1 2 3 4 5
Ce (mg L-1) In Ce (mg/L)
30
25 y = 4.905x + 1.7555 ° (c)
R? = 0.8895 )
20 ° .-
s 154 T
S o
E w0
@ Lot [ )
5 na
ole ..‘..,.o.
5 . :
1 0 1 2 3 4 5
In Ce (mg/L)

Fig. 10: (a) Langmuir, (b) Freundlich, (c) Temkin adsorption isotherms

Freundlich constants, n and Kg [35], were determined
from Fig. 10b. The values of the correlation coefficient
(R?) equaled 0.93. This high value of R? indicates that this
model is suitable for SY adsorption. Kg value was equal to
1.84. The constant n in the Freundlich isotherm indicates
the intensity of adsorption. When 1 < n < 10 indicates
the favorable absorption [23, 36]. The n values for the
absorption of SY were 1.38 (Table 2). This indicates a
favorable adsorption process for SY adsorption driven by
physical adsorption.

The plot ge as a function of In Ce related to Temkin’s
equation was shown in Fig. 10c, both constants A and B
(Temkin’s constant) were determined from this plot. The
A and B represents the equilibrium-binding constant and
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adsorption heat, respectively [37]. The B value was
calculated 4.905 J/mg. This value indicates the physico-
chemical nature of absorbent on the surface of MgO
nanoparticles. The R? was calculated 0.88, which shows
that the adsorption process was not thoroughly fitted with
Temkin’s isotherm model (Table 2). According to the
analysis of these, three models (Freundlich, Langmuir and
Temkin), the correlation coefficient value related to
Freundlich isotherm was the best selection. Hence, SY
adsorption gave a good fit to Freundlich’s isotherm.

Adsorption kinetics

The adsorption results at different times were analyzed
by well-known traditional equations like pseudo-first and
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Fig. 11: (a) pseudo-first-order (b) pseudo-second- order, (c) Intra-particle diffusion adsorption kinetics.

second-order and intra-particle diffusion models. Fig. 11aand
b demonstrated the plots of In (qe— gr) and t/q; as a function of
t for the pseudo-first and pseudo-second-order reaction. In
addition, the g plot as a function of t2 was shown in Fig. 11c
for the determination of the rate parameters [38]. The more
fitted kinetics model was chosen based on two parameters.
These parameters are first R? values and second ge the
adsorption capacities (comparison of experimental and
theoretical data). The SY adsorbent kinetic parameters are
presented in Table 3. The findings showed that the R? value
of the pseudo-second-order model is 0.99, which is better than
those of pseudo-first-order (0.96), and intra-particle diffusion
(0.93) models and the experimental value of g. was in the
range of (5.16 mgQ). The theoretical ¢ was calculated based
on a second-order kinetic model (5.07 mg4). Consequently,
the experimental data highly approved based on the pseudo-
second-order model. Hence, the SY adsorption on the
nanoparticle's surface was regarded as the chemisorption
process and a rate-limiting step [39].

4022

Comparison with other adsorbents

The performance of the present adsorbent has been compared
with other adsorbent for the removal of SY and shown
in Table 4. As can be seen the contact time for removal
of the SY in some cases is better than other adsorbents. In
addition, the percent of removal is not different from other
adsorbents except ref of 41. Moreover, this adsorbent has
some advantages such as, it is available, cheap, ecofriendly
and the synthetic procedure is very simple.

COCLUSSIONS

In this study, MgO nanoparticles were effectively
utilized as SY adsorbents from the aqueous medium.
Based on the obtained results, 10 mg adsorbent can
eliminate a high amount of SY (~85%) from the aqueous
solution. The optimum condition for 85% SY removal was
80 minutes contact time, 6.5 mg/L of SY and pH 1.0 at
room temperature. The percentage of SY removal
decreased with the increase in temperature. This is may be
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Table 3: Values related to kinetic parameters for SY adsorption

( Kinetics models pseudo-first- order pseudo-second- order Intra-particle diffusion )
Ce ki R2 Qe k, R? Kp C R2
Parameters
1.55 0.0297 0.96 5.07 0.069 0.99 0.216 0.329 0.93 )
Table 4: Comparison of the proposed method with published studies in literature for the removal of SY
e Sorbent pH Contact time (min) Temperature (k) Removal (%) Reference )
Lady Finger Stem 2 30 303 75 40
Activated carbon (Wood) 1 30 298 98 41
OMC/Nd 6.5 240 298 90 42
Alligator weed activated carbon 3 240 298 90 43
\_ MgO 1 80 298 85 This work )

due to reduced adsorption forces between the dye and the
nanoparticle, which justifies the physical adsorption.
Based on the results of isotherms, adsorption kinetics and
thermodynamics were studied in detail, and the results of
the experimental data were in good agreement with the
Freundlich model. To have a high R?=0.99 value, the
Freundlich model with n >1 was dominant, which justified
the physical adsorption. According to kinetic analysis,
it was observed that SY adsorption into MgO-fitted
by the pseudo-second-order model, and thermodynamic
data illustrated that since SY is spontaneous and
exothermic at low temperatures, MgO can be successfully
utilized to eliminate azo dye from wastewater.
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