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KEYWORDS investigated. The obtained kinetic results demonstrated great compatibility
Adsorption of the pseudo-second-order model with the experimental data. The effects of
Blue 221 thermodynamic parameters were calculated to confirm the endothermic,
Dye removal spontaneous and physical nature of adsorption process. Langmuir and
Zinc oxide nanoparticles Freundlich isotherm models were utilized to fit the obtained equilibrium
Mango peel data. Freundlich model was found sufficient to explain the adsorption of blue
221 dye by ZnO NPs and mango peel. The results indicated that the ZnO NPs
performed better in blue 221 dye removal as compared with mango peel. The
mean size of ZnO NPs was found to be 22.16 nm. The specific surface area of
ZnO NPs was obtained 26.85 m2.g-1 and pore volume and pore-size were
0.0581 cm3.g'1 and 1.22 nm, respectively. The maximum adsorption capacity
of blue 221 dye on ZnO NPs and mango peel was estimated as 133.33 and
476.19 mg.gL, respectively.
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Introduction

As one of the prominent elements of nature,
water is exposed to numerous pollutions.
Among the various pollutants, dyes and
aromatic compounds, and the toxic heavy
metals cations, are destructive and non-
biodegradable [1-3]. Some research studies
reported that dyes are one of the most
hazardous chemicals in industrial wastewaters
[4, 5]. Based on literature, dyes are organic
materials with complex structure, often toxic,
carcinogenic, and non-biodegradable [6, 7].
Among different types of dyes, the removal of
the reactive dyes in the textile industry is more
important. Reactive dyes are sulfonated and
highly soluble in water and do not decompose
under aerobic conditions [8]. Due to their azo
structures which containing one or more -N=N-
bonds connected to aromatic chains, their
destruction is difficult which may challenge
wastewaters' filtration methods. Long-term
exposure to dyes can result in skin allergies,
irritation, genetic mutations, and cancer [9-11].

Various methods have been developed for
removing of dyes from wastewaters including;
coagulation and clotting, physical and chemical-
biological treatments, chemical oxidations,
electrochemical

technique, ion exchange,

surface adsorption, and synthetic processes

including ozonation-coagulation and clotting-
ion exchange [12-15]. A highly efficient method
for removing of various dyes from industrial
wastewater is the surface adsorption process,
as these compounds can be simply transferred
into the solid phase [16]. On the other hand, the
used adsorbents can be recovered and then
reused in the process or collected and dried
without direct contact with the environment.
Also, it has been proved that the adsorption
process to be a suitable wastewater treatment
method due to its low investment cost, ease of
design, and use of non-toxic compounds [17].
Among the different types of synthetic
adsorbents, the use of nanosorbents is more
important due to the many capabilities of
nanotechnology in the removal and control of
environmental pollution and treatment [18-
21]. Among the reasons that have distinguished
the wuse of nanoparticles to
environmental pollutants in recent years are

remove

low volume compared to other adsorbents, easy
recycling of adsorbents, less sludge production,
very high selectivity, and ability to produce
cheap adsorbent nanoparticles [11, 22]. Today,
among the nanosorbents,
nanoparticles with different morphologies are

various metal

more evident, especially those used in water
treatment systems. These nanoparticles include
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such as titanium oxide, aluminum oxide and
zinc oxide [23].

Nowadays, zinc oxide nanoparticles are
widely used as an environmentally friendly
material due to their many properties. High
chemical stability, superior adhesion and
coating  capability, excellent  catalytic
properties, recoverability, UV absorption and
most importantly, non-toxic antibacterial and
antiseptic ability for pathogenic effects on
humans are among these Kkey features.
Therefore, these good properties make zinc
oxide NPs widely used in various fields [24-26].

There are different methods for the
synthesis of nano zinc oxide, such as sol-gel,
hydrothermal, and sonochemical [23, 27]. In
this work, the hydrothermal technique was
used. The advantages of this method are
including the high efficiency, optimal control
capability, easy method, product materials with
distribution, less energy
consumption, and less damage to the
environment [28].

For the adsorption process, the cost of the
adsorbent is one of the most important factors
[29, 30]. Therefore, the application of low-cost
and environmentally-friendly natural
adsorbents could be an interesting approach.
Natural sorbents, on the other hand, have no
environmental consequences [31, 32]. In this
study, the dried peel of mango was employed as
a natural adsorbent.

The main objective of the present study is to
remove blue 221 dye from aqueous solution
through ZnO NPs and mango peel and to
determine their kinetics and isothermal models

uniform size

under optimal conditions (pH, adsorbent dose,
contact time, and dye concentration).

Experimental

Materials & methods

In this study, blue 221 dye with the
molecular formula of C33H24CICuN9Naz015S4 and
molecular weight of 1082.83 g/mol was
purchased. The use of this dye is common in the
textile industry. It was provided through Fluka
Company 98%.

Hydrochloric acid (HCI), sodium hydroxide
(NaOH), zinc acetate-dihydrate (CsHeO4Zn,
2H,0), sodium peroxide (Na,0;), powder and
dried of mango peel were also used. In this
study, twice distilled water was applied for
preparing all solutions and reagents. All
reagents and chemicals were in analytical grade
(purity>99%).

Also, a 781 pH/lon Meter pH meter
manufactured by Metrohm, Herisau
Switzerland, a XPS 120-31 model ultrasonic-
cleanerPercellys24 BER300P24 homogenizer, a
Compact Shaker KS15 shaker, a Teflon lined
steel Autoclave (AUTO-PTFE, SAFE TEMP-200
°C), and Pekin Elmer Lamba25 UV-Vis
spectrophotometer were used in this study.

Syntheses of Zn0O nanoparticles

The ZnO nanoparticles were prepared
through the hydrothermal method [33]. 0.7 g
zinc acetate dihydrate was mixed with 0.4 g
sodium peroxide followed by adding 40 mL
distilled water and 20 min of stirring. The
mixture was then transferred into an autoclave
at 180 °C for 2 h. When it was cooled to the room
temperature, the ZnO nanoparticles were
centrifuged and dried after washing with water
and ethanol.

Adsorption
Optimization of operational parameters

pH, adsorbent dose, contact time, the
concentration of blue 221 dye, and stirring
speed were optimized to achieve a high
adsorption capacity.



E. Rezaei Aghdam et al.

172

Through a stock solution of blue 221 with
concentration of 100 mg.L!, other solutions
with different concentrations (from 10 to 100 at
10 mg.L-1 intervals) were provided to obtain the
optimal adsorbent concentration. The best pH
was determined by testing the process at
different pH values (2-10), with a blue 221 dye
concentration of 100 mg.L-1. The adjustment of
pH was performed with the addition of NaOH
(0.1 M) or HCI (0.1 M), and using a pH Meter.
About 0.02 g of adsorbents were added to the
solutions; the solution was then mixed by a
magnetic stirrer at 150 rpm and temperature of
25 °C for 10 min. The solutions were then
smoothed and centrifuged. The adsorption ratio
of the final solution was measured by a
spectrophotometer at 610 nm.

In all the experiments,
equations were used [34]:

the following

_ (Co=Ce)xV

GQe ==, — (1)
(Co—Cp)xV
q = 25 (2)

in which q. (mg.g!) indicates the quantity of
adsorbed substance at equilibrium time, Ce
represents dye equilibrium concentration in
terms of mg.L1, Co (mgL1) denotes the dye
initial concentration in liquid phase, q: (mg.g1)
shows the quantity of the adsorbed material at
time t, C; (mg.L1) represents the concentration
in the liquid phase at any given time, V (L) and
W (g) are related to the solution volume and
amount of used adsorbent, respectively.

Kinetics of adsorption

To study the kinetics of the reaction, 25 mL
of blue 221
concentration of 100 mglL! was infused in
different beakers. The solution pH was adjusted
to 2, followed by adding 0.02 g of adsorbent.
Samples were mixed for different periods of
time (1-90 min; 5-min interval for the first 30
min and 10-min intervals for the rest of reaction

solutions with an initial

duration) by a magnetic stirring at an optimal
speed of 150 rpm. After smoothing,
centrifugation, and sampling, a UV-Vis
spectrophotometer was employed to record the
sample optical absorption at 610 nm. The
adsorption kinetics was explored by fitting the
obtained data into the kinetic models.

Temperature effect

25 mL of blue 221 solutions with an initial
concentration of 100 mg.L-! was prepared for
assessing the effect of temperature. The
solutions pH was set to 2 followed by adding
0.02 g of adsorbents. The solutions were then
mixed at different temperatures of 25, 35, 45,
and 55 °C for a specific period of time by a
magnetic stirrer at the optimal speed of 150
rpm. After smoothing, centrifuge of the
solutions, and sampling, their final absorbance
was measured by a spectrophotometer. The
equilibrium concentrations (C.) were calculated
according to the obtained data, and
thermodynamic parameters were determined.

Adsorption isotherm

25 mL of Blue 221 dye solutions with
different concentrations of 25, 50, 75, 100, 125,
and 150 mg.L-! were prepared at the pH of 2,
then 0.02 g of adsorbents was added to each
case. The reaction continued at different
temperatures from 25 to 55 °C at 10-degree
intervals under magnetic stirring at an optimal
speed of 150 rpm. After sampling, the
absorbance of the solutions was measured by a
spectrophotometer. The
determined according to the obtained data.

isotherms were

Results and Discussion
Characterization

XRD pattern of ZnO NPs (Figure 1) showed 9
peaks at 20 equal to 31.78, 34.43, 36.28, 47.59,



Hydrothermal synthesis of ZnO nanoparticles and comparison ...

173

56.63, 62.85, 67.94, 69.01, and 69.09°
corresponding with (100), (002), (101), (102),
(110), (103), (200), (112), and (201) planes,
respectively [33-35]. These peaks indicated
that the synthesized structure was hexagonal.
The diffraction peaks were following to the
standard card no. of (JCPDS card number 79-
0205).

Based on the Scherer equation, it is possible
to approximate the crystallite size, D, according
of the following equation:

D =(0.9xA) / (B cosB) (3)

in which, B indicates the full width at half
maximum (FWHM), 6 is the Brag angle and A
denotes the wavelength. The most intense peak
was considered to determine the FWHM. The

mean size of the nanoparticles was 22.16 nm
[36-38].

As a result of BET (Brunauer-Emmett-
Teller) theory, the diagram of N, adsorption and
desorption of the sample in Figure 2 illustrates
that this sample contains meso cavities in its
structure. Using the information obtained from
the diagram, a cylindrical geometric shape was
determined for the structure of the cavities. The
specific surface area of ZnO NPs was obtained
26.85 m2.g! and pore volume and pore-size
were 0.0581 cm3.g'! and 1.22 nm, respectively.
The small pore-size and the specific surface area
of ZnO NPs the synthesis of
nanoparticles, which makes this suitable special
surface for adsorption of blue 221 dye from
aqueous solutions [33, 39-40].
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Figure 1. XRD pattern of ZnO NPs synthesized using hydrothermal method

In the FT-IR spectra (Figure 3a), the peaks at
3378.79 and 1388 cm! could be caused by the
stretching vibrations of O0-H; while the
stretching vibration of Zn-O can lead to the
appearance of peaks at 1510.12 and below 1000
cm-1, and also can be assigned to the stretching
vibrations of Zn-0 [33, 35, 41]. FT-IR results of
the natural adsorbent (mango peel) (Figure 3b)

revealed that the peak at 1000-1500 cm-! can be
due to the lignin compounds; whereas those
peaks appearance at 1500-2000 cm-! can be due
to the carboxyl groups, protein, and water. The
peaks at the range of 2000 to 2500 cm-! also
suggest the existence of ester and those
appearing at 3000-3500 cm-! can be due to the
presence of polysaccharides and water [42].
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Figure 2. N; adsorption and desorption diagram at 77 K for ZnO NPs synthesized using hydrothermal
method
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Figure 3. FT-IR spectra for a) ZnO NPs synthesized hydrothermal method, and b) mango peel

SEM image (Figure 4a) of ZnO NPs
synthesized through hydrothermal method
shows a needle-shaped structure with
hexagonal and spherical structures. The mean
size of the nanoparticles was 28.16 nm and their

distribution extended in the range of 25-40 nm
[33-35]. The TEM results (Figure 4b) also show
the distribution of ZnO
throughout the sample.

nanoparticles
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Figure 4. a) SEM and b) TEM images of ZnO NPs synthesized through hydrothermal method

Optimization of operational parameters

The results showed that the best
concentration of blue 221 dye was 100 mg.L1
for all the experiments. pH optimization
demonstrated that high capacities of blue 221
dye adsorption can be achieved at pH of 2 using
ZnO NPs and mango peel. Since the colored
pollutant of blue 221 is an anionic dye, the
adsorbent surface must be positively-charged
to achieve optimal adsorption, which was
evidenced by the acquired data. Other
optimization results are as follows: adsorbent
dose=0.02 g, contact time= 10 min, and stirring
speed= 150 rpm.

Kinetics of adsorption

The occurrence of penetration from the
inner part of a layer according to the solid
capacity can be understood from pseudo-first-
order kinetic model. Unoccupied sites of the
adsorbent surfaces are associated with the
variations in the adsorption by time. The
pseudo-second-order kinetic model states that
chemical adsorption is a step for reducing the
speed and can control the surface adsorbing
process via the solid phase in which the
adsorption rate is proportional to the square of
the number of unoccupied sites. Following
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formulas show common forms of the first- and
second-order kinetics [43]:

In(qe —q¢) =Inge —ky - t (4)

t 1 1
(@) =G+ G (5)
in which ge (mg.g!) and q: (mg.g!) indicate

the adsorbed dye equilibrium quantity, and the
adsorbed dye quantity at time t, respectively.

Also, ki (min'1) and k; (g.mgl.min!) represent
the equilibrium pseudo-first-order and pseudo-
constants,
respectively. By calculating the correlation
coefficients, the level of conformity with these
kinetic models can be determined.

Table 1 and Figure 5 represent the
information about the kinetic data for the
pseudo-first and second-order Kkinetics. The

second-order kinetic rate

high correlation coefficient of the pseudo-
second-order diagram indicates that this
equation can well describe the kinetics of blue
221 dye adsorption onto the used adsorbents.

For comparison, data reported by Chih-Wei
Chiu and et al., which used a-chitosan as an
adsorbent to remove 221 blue dye and the data
obtained by Levent Gilirel, which used capia
pepper to remove the 221 blue dye, are also
represented in Table 1 [44-45]. Due to the high
values of ge for both adsorbents used in this
study, it shows that both adsorbents were
suitable for removing 221 blue dye.

A comparison of the blue 221 dye removal
percentages showed that ZnO nanoparticles are
better adsorbents compared to the mango peel,
as seen in Figure 6.

Table 1. Kinetic parameters obtained from adsorption of blue 221 dye on ZnO NPs and mango peel

surfaces
Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Samples _ _
ki (mint) qe(mg.gl) R2 k; (gmglmintl) qe(mg.gl) R2
ZnO NPs 1.00x10-4 2.716 0.9112 0.0165 108.69 0.9999
Mango peel 8.00x10-5 2.717 0.9609 0.0210 106.38 0.9999
a-chitosan [44] - 0.9800 0.9796 1.657 96.150 0.9981
pepper seeds [45] 1.18x10-3 57.80 0.9800 8.330x10-5 97.090 0.9900
1
09
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Figure 5. The pseudo-second-order kinetic model for adsorption of blue 221 dye on ZnO and mango

peel
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Figure 6. Blue 221 dye removal percentages as a function of time (min) for ZnO NPs and mango peel

adsorbents
Temperature effect

Temperature is a key and essential factor in
thermodynamics studies. The most important
aspect of the laws of thermodynamics is that
they can theoretically predict the chemical
reaction under certain conditions.

The following equations can be used to
calculate of thermodynamic parameters such as
Gibbs free energy changes, enthalpy, as well as
entropy [44]:

_GCs

Ko =¢ (6
AG®° = —RT InK, (7)
ke = (%)~ Gr) ()

Where K. is an equilibrium constant, Cs
(mg.dm-3) is adsorbed concentration on the
adsorbent surface at equilibrium time, Ce
(mg.dm3) is dye equilibrium concentration in
solution, T (K) is solution temperature, and R
(Jomol-L.K1) is universal gas constant. The
obtained results were summarized in Table 2.

It can be understood from the findings of the
thermodynamic parameters that adsorption of
blue 221 dye on ZnO NPs and mango peel
surfaces is endothermic and spontaneous. Also,
according to the enthalpy change’s values, the
adsorption of blue 221 dye on ZnO NPs and
mango peel surfaces is physical.

Table 2. Thermodynamic parameters of blue 221 adsorption on ZnO NPs and mango peel, calculated

using Vant-Hoff equations

o T Ce Ce
aMPIES ) (mgdm?) (mgdm?)
Zn0 29815  9.22 90.77
30815  7.69 92.30
31815  6.43 93.56
32815  3.85 96.14
Mango peel 298.15 8.89 91.10
30815  8.16 91.83
31815  7.05 92.94
32815  3.77 96.22

Kc AG AS AH’
(kJ]/mole) (kJ/mole K) (k] /mole)

9.83 -5.66 0.099 24.08
12.00 -6.36
14.54 -7.08
24.95 -8.77
10.23 -5.76 0.096 23.24
11.25 -6.20
13.16 -6.81
25.51 -8.83
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Adsorption isotherm

Adsorption  isotherm represents the
distribution of soluble material
solution and adsorbent surface. Langmuir
model assumes that the adsorption takes place
in some special homogenous sites inside of the
adsorbent. Freundlich model presumes that the
adsorption process occurs at the heterogeneous
surfaces where adsorption heat is distributed
unsteadily on the surface. The linear forms of
the two models (Freundlich & Langmuir

isotherm models) are [46-49]:

between

Ccl_: - (Kljlm) + (g_; )
logq, = log Kr + (%) log C, (10)

Where g, is amount of adsorbed material at
equilibrium, Ce shows the solution
concentration at equilibrium, K. is an
equilibrium constant, Qm denotes the highest
capacity of adsorption, Kr and n are constants
for a given adsorbate and adsorbent at a given
temperature.

The results obtained from thermodynamic
studies were showed in Table 3 and Figure 7.
The isothermal diagrams
coefficients of lines indicate that the Freundlich
model is the best isotherm model for adsorption
of blue 221 dye on ZnO NPs and mango peel
surface. The data obtained by Ali H. Jawad et al.,
which used pomegranate peel to remove
methylene blue dye [50], were compared with
the data of our study.

and correlation

Table 3. Isotherm parameters for adsorption of blue 221 dye on ZnO NPs and mango peel surface

Langmuir Isotherm

Freundlich Isotherm

Samples
Qn(mg/g) K (L/mg) i/m  on Ke Re
Zn0 NPs 133.33 0.049 09092 156 0.64 3.69 0.9993
Mango peel 476.19 0.033 0.9558 0.83 1.20 17.18 0.9947
pomegranate ., 5 0.050 09890  0.32 3.25 35.60 0.9740
peel [50]
0.16
0.14
0.12
0.1
:' 0.08
0.06
0.04
0.02
0
Q0 5 10 15 20
Ce
® 2n0 B Mango peel
y =-0.0075x + 0.151% }‘ = 0.0021x + 0.0636
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Figure 7. The isotherms of blue 221 adsorption on ZnO NPs and mango peel surface: a) Langmuir

and b) Freundlich models
Conclusions

This research study investigated the removal
of blue 221 dye from aqueous solutions by
various adsorbents (ZnO NPs and mango peels).
In the first step, the effects of operational
parameters were studied. According to our
findings, the best concentration of blue 221 dye
in all experiments was 100 mg.Lt. Other
optimized parameters are: adsorbent dose =
0.02 g, contact time = 10 min, stirring speed =
150 rpm, and pH = 2. Various kinetic models
were studied. The obtained results illustrated
that the pseudo-second-order kinetic model is
the most appropriate method for the removing
of blue 221 dye by ZnO NPs and mango peel.
Thermodynamic parameters also revealed that
adsorption of blue 221 dye was endothermic
and spontaneous. According to the enthalpy
change’s values, adsorption process was
physical. Study of the isotherm models revealed
that Freundlich model is the preferable
isotherm model to describe blue 221 dye
adsorption on ZnO NPs and mango peel surface.
The results showed that ZnO NP had a better
performance in removing blue 221 dye than
mango peel.
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