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In this study, NiFe,04 magnetic nanoparticles, as adsorbent for zinc (Zn), were coated on sand particles. Adsorption studies were

conducted to investigate the efficacy of contact time, pH, adsorbent dosage, initial zinc ion concentration, and temperature on the removal

efficiency. To choose the most fitting kinetic model, the suitability of pseudo-first order and pseudo-second order model was compared and

the most appropriate kinetic model was determined to be pseudo-second-order. Langmuir, Freundlich and Dubinin-Radushkevich isotherms

were assessed and the most suitable isotherm was observed to be Langmuir model. The maximum adsorption capacity obtained from

Langmuir model was 57.14 mg g. The calculated thermodynamic parameters indicated the endothermic and spontaneous character of the

adsorption process. In addition, the adsorbent can easily be removed by a simple filtration process.
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INTRODUCTION

In recent years, pollution of the environment by heavy
metals especially some toxic metals has been an attractive
subject for scientists due to their increased leakage, toxic
nature, non-biodegradable in the environment, and other
harmful effects [1]. Zinc is used in many important
industrial applications, such as mining, galvanizing plants,
pharmaceuticals, paints, pigments,
fertilizers [2]. In high doses, Zn can be a driving force for

insecticides  and

many failures such as anemia, dysfunction of pancreas and
lungs, metal fume fever, reduced immune functions, growth
delay and inhibition, diminished reproduction, dermatitis,
sluggishness, and hair loss [3,4]. Based on the World Health
Organization, the allowable level for Zn(Il) in drinking
water is 5 mg I [5,6]. So, high level of zinc can cause
obvious health problems that must be removed.
Various methods have been used for the treatment and
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removal of metals from waters and wastewaters including
ion exchange, reverse osmosis, chemical precipitation,
electro-dialysis, membrane filtration, and electrolysis [7-
10]. These methods have some disadvantages, for instance,
time consuming, high cost, and secondary waste [11]. The
use of nanotechnology is one of the essential methods to
solve the deficiencies of above-mentioned methods [10].
Magnetic nanoparticles (NPs) have a great surface area,
high adsorption capacity, and rapid adsorption rate. In last
years, these unique materials have become more significant
due to their particular characteristics. One of their specific
characteristics is that almost all the atoms are on the surface
of the nanoparticles. So, they can attach to more atoms
leading to a superior chemical activity. As a result, the
nanoparticles can attract metal ions with a large adsorption
rate [12]. Iron oxide-based adsorption is very useful for the
adsorption of Zn(Il) [13-16]. If the iron-based adsorbent is
made in nano-size, it will increase the adsorption efficiency
because of higher surface area compared with bulk
counterpart. Despite many advantages, the iron based nano-
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sized adsorbents have several limitations, for instance, they
need external magnetic field to be separated out from the
solution after use. A feasible way to overcome the problem
of requiring external magnetic field is using filter cartridges,
however, this would be an expensive way because of a large
quantity of the material needed in the cartridge. So, the
immobilization of the iron oxide nano-powder on an
inexpensive material such as the sand would be a better way
to improve the technique [17]. Ni ferrites (NiFe,O,4)
magnetic nanoparticles are among the most multi-purpose
magnetic materials with high saturation magnetization, high
Curie temperature and chemical stability [18]. In this study,
we describe a method to expand an economically adsorbent
by coating NiFe,O, nanoparticles on sand surface through
co-precipitation procedure. The sand is used as a substrate
for NiFe,O, to provide an inexpensive practical way for
removal of poisonous zinc from aqueous solutions.
NiFe,04-coated nano-adsorbent does not need any external
magnetic field for the separation of the adsorbent. For this
purpose, nano-adsorbent was synthesized and characterized
by various techniques. Then, zinc uptake properties were
investigated. Finally, the influence of contact time, pH,
adsorbent dosage, initial zinc solution concentration, and
temperature on adsorption was examined. Here, by coating
the nano-sized NiFe,O, adsorbent on the surface of sand
particles, the filtration property of the sand has been used
that avoids the usage of magnetic field for the separation of
NiFe,O4nanoparticles.

EXPERIMENTAL

Materials

Ferric nitrate 9-hydrate and nickel nitrate hexahydrate
were obtained from Sigma-Aldrich. Hydrochloric acid and
nitric acid were purchased from BDH. Analytical-grade salt
Zn(NO;),.6H,0O was obtained from Merck, Germany. A
1,000 mg I stock solution of the salt was prepared in
deionized water.

Analytical Measurements

The crystalline phase of the samples were analyzed
using a diffractometer of Philips Company with X'Pert Pro
monochromatized Cu Ko radiation (A = 1.54 A). The
microscopic structures and particle size were examined
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using SEM (Hitachi S-4800). The concentrations of zinc
ions were determined by an
spectrophotometer (Varian AA240FS).

atomic  absorption

Preparation of NiFe,O, Nanoparticles on Sand
Surface

At first, sand sieved to a geometric average size of 0.6 to
0.9 mm was soaked in an acid solution (1.0 M HCI) for 24
h, which was then washed with distilled water several times
and dried at 100 °C temperature. Then, the sand was etched
using HNO3/HCl in the ratio 1:3 for 5 min, and next, it was
rinsed to remove the etchant solution.

60 ml of egg white was first mixed with 40 ml deionized
water with vigorous stirring at room temperature until a
homogeneous solution was obtained. Subsequently,
2.9081 g of Ni(NO;),.6H,0 and 8.0800 g of Fe(NO;);.9H,0
(a mole ratio corresponding to the nominal composition of
Ni:Fe ratio of 1:2) and 3.000 g pre-prepared sand were
added slowly to the egg white solution with vigorous
stirring at room temperature for 2 h to obtain a well-
dissolved solution. In all over the process described, no pH
adjustment was made. Then, the mixed solution was
evaporated by heating on a hot plate at 80 °C with vigorous
stirring for several hours until a dried precursor was
obtained. To ensure coating the NiFe,O, nanoparticles on
the surface of sand particles, the coated sand was washed
with distilled water up to a clear supernatant was obtained.
After filtration, the sand was dried at 85 °C for 3 h. The
dried precursor was crushed into powder using a mortar.

Batch Adsorption Experiments

During batch adsorption experiments, the process
temperature was set to ~25 °C. 100 ml erlen meyer flasks
filled with identified zinc synthetic solutions were utilized
at the experiments. The zinc solutions were stirred
mechanically during experiments at 250 rpm for an
adsorption period of 40 min in the shaker to disperse the
adsorbent for a better contact with zinc contaminations. The
initial pH values of the solutions were adjusted using
relevant amounts of HCI and NaOH. After recovering the
adsorbent by filtration, atomic absorption spectrometer
(Varian AA240FS) was used to measure the initial and
equilibrium zinc concentrations. The research was expanded

with parametric studies by gradually changing the values of
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several parameters including contact time (5-60 min), initial
pH (3-8), adsorbent dosage (0.01-0.5 g/100 ml), initial zinc
concentration (5-300 mg 1) and temperature (20-55 °C).
The quantity of zinc adsorbed was calculated by comparing
the concentrations in solutions before and after adsorption.
Each data point was taken as the average of three
measurements. Then, removal efficiency percent (% R) was
calculated using Eq. (1) [19]:

CO _Ce

%R = «100 (M

0

where Cy, and C. are the initial and equilibrium zinc
concentrations (mg 1" in solution, respectively.

Adsorption Isotherm Experiments

Adsorption isotherm studies were conducted with 0.1
/100 ml NiFe,O, coated sand nanoparticles and different
The
concentration in solution ranged from 5 to 300 mg 1". The

initial concentrations of zinc. initial antimony
initial pH value of the solution was adjusted to 6.0 with
NaOH and HCI. The solution was stirred mechanically on a
shaker (250 rpm) for an adsorption period of 40 minutes and
25 °C. Following the equilibrium, the suspensions were
separated by filtration to determine the final zinc
concentrations.

The most common method used to investigate the
adsorption equilibrium data is the adsorption isotherm,
describing the concentration adsorbate in the solid phase q
as a function of adsorbate concentration in liquid phase C at
constant temperature [20].

Two most popular equations, Langmuir and Freundlich
isotherm equations, were used for this purpose to fit the
equilibrium data, and consequently predict the sorption
capacities of the materials used, and identify the mechanism
of adsorption. The linear form of the Langmuir equation is

presented in Eq. (2) [21]:

1 1 1 1

9. K:q,C. 4,

2

where q. is the amount of Zn(II) adsorbed per unit mass
at equilibrium (mg g'), qm denotes the maximum amount
of adsorbent that can be adsorbed per unit mass adsorbent
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(mg g), C. is the concentration of adsorbent in the solution
at equilibrium (mg I") and K (I mg"') represents the
Langmuir isotherm constant. A linear plot of 1/q, against
1/C,, gives a straight line with a slope of 1/K;q,, and an
intercept of 1/q,, [21].

The main characteristics of the Langmuir isotherm can

be expressed in terms of a dimensionless constant
separation factor Ry, defined as [22]:
! 3)

L

T1+K,C,

where C, is the initial concentration of Zn(II) ions (mg 1),
and K_ (I mg™) is the Langmuir constant. The value of Ry
shows the shape of the isotherm to be either unfavorable (R
> 1), linear (R, = 1), favorable (0 < Ry < 1), or irreversible
(RL<0).

The Freundlich isotherm is used for heterogeneous
adsorption with different surface energy sites and considers
the change of uptake with exponential distribution of
adsorption sites and energies. The Freundlich model is
expressed as follows [23]:

“)

1
logg, =log K, +—logC,
n

where (. is the amount of adsorbent adsorbed per unit mass
of adsorbent (mg g'), C. denotes the equilibrium
concentration of adsorbent in the solution (mg I7),
Kr (mg 1" 1" o) and n represent Freundlich constants
indicating the adsorption capacity for the adsorbent and
adsorption intensity, respectively. Freundlich parameters Ky
and n can be calculated from the intercept and slope of a
linear plot with logq, vs. logC..

1-10
chemisorption [24]. Isotherms with n > 1 are noticed as L-

The values of n ranging from show the
type isotherms showing a high attraction between the
adsorbate and the adsorbent and  assigned to the
chemisorption [25].

To
adsorption further, the adsorption data were analyzed using

the Dubinin-Radushkevich (D-R) equation defined as:

distinguish between chemical and physical

Inq. = Inqy, - [382 5)



Moeinpour et al./Phys. Chem. Res., Vol. 6, No. 4, 839-855, December 2018.

where q,, is the maximum adsorption capacity of metal ions
(mg g"), P is a constant related to the mean energy of
adsorption (mol® kJ?), and ¢ is the Polanyi potential given

1+L
CE

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

as follows:

&= RTln[ (6)

(8.314 J K" mol ™). A linear plot of Inq, against &* gives a
straight line with a slope of § and an intercept of Inq,,. With
the value of 3, the mean energy E, which is the free energy
transfer of one mole of solute from infinity to the surface of
adsorbent, can be evaluated by the following equation:

Q)

The presumptions of the model are that the adsorption has a
multilayer nature, includes van der Waals forces and is
appropriate for physical adsorption processes. If E < 8 kJ
mol”, then the adsorption process might be performed
physically, but if E > 8 kJ mol”" chemical adsorption may
occur [26].

Adsorption Kinetics

The kinetic experiments were carried out to determine
the influence of reaction time to reach equilibrium for the
adsorption of zinc onto NiFe,O,4 coated sand nanoparticles.
By using 100 ml erlen meyer flasks, NiFe,O4 coated sand
nanoparticles with a mass of 0.1 g were added to 100 ml of
20 mg 1" zinc solution (pH = 6). The solution was shaken at
250 rpm during an adsorption period of 60 min. Once the
equilibration was achieved, the suspensions were filtered,
and all samples were analyzed to determine residual zinc
concentration.

Various kinetic models have been proposed and used for
precise design of the adsorption process [27]. In this study,
the equations of Lagergren’s pseudo-first-order kinetic
model and Ho’s pseudo-second-order kinetic model were
applied.

The Pseudo-first order by Lagergren is given as [28]:

In(qe — qy) = Inq. — kit ®)
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where q. and q, (mg g) are the adsorption capacities at
equilibrium and at time t (min) respectively. k, (min™") is the
rate constant for the pseudo-first-order model.

The Pseudo-second order equation is defined as [29]:

)

where k, (g mg” min™) is the rate constant for the pseudo-
second order rate equation, and other symbols have their
usual meanings. The values of g, and k, can be calculated
from the slope and intercept of the plot of t/q; vs. t.

RESULTS AND DISCUSSION

Characterization of NiFe,O4 Nanoparticles Coated
Sand Adsorbent

1 SEM of NiFe,O,
nanoparticles, uncoated sand, and coated sand with NiFe,O4

Figure indicates images
nanoparticles. The nanoparticles have size less than 100 nm
(Fig. 1a). Figure 1b indicates uncoated sand particles; it
shows that before coating, the surface of the sand is
approximately clear, and after coating is covered with
NiFe,O,4 nanoparticles of size less than 100 nm as shown in
Fig. lc.

Figure 2 shows XRD patterns of NiFe,O, nanoparticles,
uncoated sand, and NiFe,O, nanoparticles coated sand,
respectively. Figure 2a displays that these nanoparticles
have the spinel structure with all the principal peaks
corresponding the standard pattern of bulk NiFe,O4 (JCPDS
08-0234). In the XRD pattern of coated sand (Fig. 2¢), most
of the peaks are compatible with those of the pure NiFe,O4
nanoparticles in Fig. 2a, indicating the formation of NiFe,O4
nanoparticles on the surface of sand. In the case of uncoated
sand, sharp and narrow peaks are obtained at different
positions corresponding to different faces present in sand as
shown in Fig. 2b. Some of the peaks in the XRD pattern of
the coated sand correspond to the peaks of uncoated sand.

Effects of Contact Time

The impact of contact time on the Zn(Il) adsorption
value by NiFe,O, coated sand was studied at 20 mg 1" to
optimize the adsorption time and to investigate the kinetics
of the uptake process. As contact time enhances, the
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Fig. 1. SEM image of NiFe,O,4 nanoparticles (a), uncoated sand (b) and NiFe,O,4 nanoparticles coated on
sand surface (c)
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500 nm

Fig. 1. Continued.

concentration of Zn(I) in the solution reduces quickly at
first and later decelerates until remains constant at around
40 minutes, that was taken as the equilibrium time (Fig. 3).
This indicates that the removal of Zn(Il) by NiFe,O, coated
sand was very rapid at the beginning. The fast level of
Zn(IT) adsorption at the early minutes of adsorption process
may be due to the great number of empty sites accessible at
the early period of the adsorption [30]. The optimum time
value was considered to be 40 min. It was reported that a
contact time of 60 min was sufficient for Zn(Il) removal by
activated fiuit of Kigelia pinnata [31] and by activated
carbon prepared from almond husks [32]. Other researchers
reported shorter contact time [33,34] and longer contact
times [35,36]. Although the contact time is very important,
the uptake efficiency at a certain time depends on the
characteristics of adsorbent, temperature, adsorption doses,
and other control conditions.

Effect of pH
The acidity of the aqueous solution is one of the most
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important factors in the adsorption process, especially
adsorption capacity [37]. In order to evaluate the influence
of pH on the adsorption capacity of adsorbents, the
experiments were performed with the pH range of 3-8 (Fig.
4).

The quantity of Zn(I) adsorbed raised with increasing
the pH value of solution from 3.0 to 6.0 (approximately)
and then with raising the pH value of solution from 6.0 to
8.0 the amount of Zn(IT) adsorbed decreased. In these pH
values (> 6) the Zn(Il) ions begin to hydrolyze and then
form a small quantity of zinc hydroxyl species [38]. In other
words, at lower pH values (less than 3), the low metal
uptake can be assigned to the protonated surfaces of the
NiFe,O, coated sand, electron repulsion and competition
between Zn’>" and H' ions. For the pH range of 3-6, the
equilibrium adsorptions of Zn(Il) sharply increased as the
pH increased. This behavior can be assigned to lowering the
protonation values with the pH increasing that minimize the
competition between H™ and Zn®' on the active sites and
increase the Zn(Il) values. Additional increment in solution
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Fig. 2. XRD pattern of NiFe,O,4 nanoparticles (a), uncoated sand (b) and NiFe,O, nanoparticles coated sand (c).
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Fig. 3. Effect of contact time on %Zn(II) removal efficiency.
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Fig. 4. Effect of pH on %Zn(II) removal efficiency.
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Fig. 5. Effect of adsorbent dosage on %Zn(II) removal efficiency.

pH, beyond 7 brings about precipitation of zinc as zinc
hydroxide. In comparison with Zn(I) ions, these species are
undesirable for adsorption, which accounts for the small
reduction in the percentage of removal efficiency and
adsorption capacity. Thus, the maximum adsorption takes
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place at around pH 6.0 and it is therefore selected for all
adsorption experiments in this study. Bayat obtained high
Zn(Il) removal at a pH of 7 [39]. Others reported lower pH
values ranging from 4.2-6.9 [31,34,40] and higher pH
values [2]. It is worth mentioning that the optimum pH
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Fig. 6. Effect of initial Zn(II) concentration on %Zn(II) removal efficiency.
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Fig. 7. Effect of temperature on %Zn(Il) removal efficiency.

value for metal removal depends on many conditions not
limited to the type of adsorbent, adsorption mechanism, and
the activation process.

Effect of Adsorbent Dosage
The dependence of adsorption of Zn(Il) on adsorbent
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dose was investigated by varying the quantity of the
adsorbent doses in the range 0f0.01-0.5 g (Fig. 5).

The outcomes indicate that as the adsorbent dosage
rises, the removal percentage of zinc increased, until it
approximates to a saturation point where the enhancement
in adsorbent dosage does not change the removal
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percentage. The increase in Zn(II) removal with increasing
adsorbent dosage can be ascribed to enhanced surface area
and the adsorption sites. This situation may be clarified with
the fact that the higher concentrations of the adsorbent, the
more sorbent surface and pore volume will be available for
the The
percentage using 0.1 g of adsorbent. Al-Zboon et al. [33]

adsorption. adsorption reached maximum
reported that Zn uptake efficiency increased from 52.3 to
97.7% and 98.1% as the adsorbent (natural volcanic tuff-
based geopolymer) dose increased from 0.03 to 0.4 and 1 g,

respectively.

Effect of Initial Zn(IT) Concentration

Batch adsorption tests were carried out at various initial
Zn(II) concentrations (5, 10, 20, 30, 40, 100 and 300 mg 1’]),
at pH 6. 0.1 g 1"" of NiFe,0, coated sand was used for each
adsorption experiment, with a contact time of 40 min.
Figure 6 illustrates that with a rise in the initial zinc
concentration from 5 to 300 mg 1", the amount of zinc
adsorption decreases. Removal percentage (%R) was greater
for low initial Zn(II) concentration owing to accessibility of
vacant binding sites on the adsorbent. Since the binding
sites were approximately entirely covered at high Zn(I)
concentrations, removal efficiency decreased with
increasing Zn(Il) concentration. Similar result was reported
by Al-Zboon et al. [33], where the removal efficiency of
Zn(Il) decreased from 97.8 to 72.5% as the initial
concentration increased from 10 to 160 mg I, respectively.

Effect of Temperature

Figure 7 indicates the effect of temperature on Zn(II)
adsorption, where the adsorption efficiency enhanced
linearly with an increment in temperature. To explain the
reason for these results, it can be said that with increasing
temperature, the mobility and the rate of Zn(Il) ions
emission in the surface of the adsorbent will increase, which

will increase the removal efficiency at higher temperatures.

Adsorption Isotherms

The experimental results of this study were examined by
Langmuir, Freundlich and Dubinin-Radushkevich (D-R)
models, as shown in Table 1. As the results show, the
highest value of R? for Langmuir isotherm (0.985) describes
that the Zn(II) adsorption on NiFe,O4 coated sand is best
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represented by this model. Many researchers confirmed the
high validity of Langmuir isotherm model for absorption
process [32,36,41]. Based on the Langmuir model, the
values of maximum adsorption capacity (qm) and the
Ky,
calculated as 57.14 mg g and 0.443 1 g, respectively. The

Langmuir constant, for adsorption process were
calculated values for Ry are in the range of 0.007-0.311.
These values indicated a highly favorable adsorption
process (0 < Ry < 1) [42]. According to the Freundlich
model, the maximum adsorption capacity, K¢, and the value
of 1/n that represent the favorability of the adsorption
process were calculated as 13.155 and 0.451, respectively.
The value of 1/n was less than 0.5, indicating that the
adsorption of Zn(IT) on NiFe,0, coated sand adsorbent was
favorable. From Table 1, it is denoted that the predicted qp,
value from D-R isotherm is not in agreement with the
formerly determined Langmuir isotherm qm value. The
correlation coefficient for the D-R isotherm is the lowest in
comparison to those values of other two isotherm models
(Table 1), indicating that the Zn(Il) uptake on NiFe,O4
coated sand is not a physical process [43].

Adsorption Kinetics

The kinetics parameters of the pseudo-first and pseudo-
second order models are given in Table 2 in which the
correlation coefficient value for pseudo-second order model
was found to be 0.998 for Zn(II) adsorption by NiFe,0,4
coated sand. In addition, as can be seen in Table 2, the
theoretical q, value from pseudo-second order model is
closer to the experimental q., value. Therefore, the
adsorption of Zn(Il) on NiFe,O4 coated sand can be well
described by the pseudo-second order kinetic model. Many
studies researches proved the validity of the pseudo second-
order model for the kinetics of Zn(II) adsorption [44-46].

Thermodynamic study

The thermodynamic parameters such as enthalpy change
(AH®), free energy change (AG®), entropy change (AS°) and
activation energy (E,) are the parameters managing the
spontaneity of a process. A process will be spontaneous if
there is a reduction in AG® value with rising temperature
[47]. The temperatures used in the thermodynamic
investigation were 293, 298,303, 308,313,318 and 328 K.
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Table 1. Langmuir, Freundlich, and D-R Isotherm Constants for the Adsorption of Zn(II)
Ions onto NiFe,O4 Coated Sand

Langmuir

qm K Ry R?
(mg g")

57.14 0.443 0.007-0.311 0.985
Freundlich

1/n Kr R’
0.451 13.155 0.919
Dubinin-Radushkevich (D-R)

Qi B R’ E

(mg g") (mol® kJ™%) (kJ mol ")
126.723 1x107 0.633 2.240

Table 2. Kinetic Model Parameters for the Zn(I) Adsorption on NiFe,O, Coated Sand

Kinetic models

Pseudo first-order Pseudo second-order
Qe.cal k; e.€XP. qe.cal. K,
R? R?
(mg g™ (min™) (mgg)  (mgg')  (gmg' min?)
0.930 14918 0.088 0.998 18.981 20.877 0.009

Table 3. Thermodynamic Parameters AG, AH, AS, Ea and S* of Zn(IT) Adsorbed on the
NiFe,O, Coated Sand

T AG® AHP® AS° E, S’

(K) (KJ mol ™" (KJ mol ™) (KJmol' K"  (KJ mol™)

293 -3.845 60.416 0218 56.653 1.696 x 107"
298 -4925

303 -5.398

308 -5.988

313 -6.812

318 -8.139

328 -12.281

850



Removal of Zn(Il) from Aqueous Solutions Using NiFe,O,4 Coated Sand/Phys. Chem. Res., Vol. 6, No. 4, 839-855, December 2018.

Table 4. Maximum Adsorption Capacity of Different Adsorbents for Zn(II) Removal

Contact time

Langmuir adsorption

Adsorbents (min) capacity qm,

Ref.

(mgg")

Amino-functionalized magnetic nanoparticles 90 24 21 [13]
Mesoporous geopolymeric powder 120 86.00 [53]
Walnut shell treated with citric acid 1200 27.86 [54]
Crab carapace 1440 67.60 [55]
Natural volcanic tuff-Based geopolymer 30 14.70 [33]
Fly ash coated by chitosan 180 55.52 [50]
NiFe,O, coated sand 40 57.14 Present study

The thermodynamic parameters were computed on the basis
of the following equations:

q. -AG’ (10)
In(K,)=1 =—
n(K,) n[CeJ RT
AS’ - AH" 11
In(K,)=22_ 287 (11)
n(K,) R RT
AG°® = AH° - TAS® (12)

where K, is the equilibrium constant, q. is the Zn(II)
adsorption capacity at equilibrium (mg g'), C. is the
concentration of Zn(Il) in the solution at equilibrium
(mg 1), T is the solution temperature (K), and R is the gas
constant (8.314 T mol” K™).

Results are indicated in Table 3. The positive enthalpy
change (AH°) shows that the adsorption process was
endothermic and the value of adsorption supports the
formation of partial chemical processes included throughout
the removal process [48]. The negative value of the Gibbs
free energy change (AG®) shows that the adsorption process
was spontaneous and the lessening value of AG® with
raising temperature indicates the spontaneous character of
the adsorption of Zn(Il) [49]. Fan et al reported that the
adsorption of Zn(Il) by Penicillium simplicissimum was

endothermic and spontaneous in nature [44]. The entropy
change AS° displays positive value, this verifies that the
raising randomness enhances between the solid-solution
interfaces during the uptake process.

The sticking probability, S* of an adsorbate on
adsorbent can be represented by a modified Arrhenius-type
equation related to the surface coverage (0). S* is a function
of the adsorbate/adsorbent system and it is the criterion of
an adsorbate capabilityto remain on the adsorbent
indefinitely [S0], and it is described as:

E‘.’

S* =(1—)ek’ (13)
or
In(1-0)=InS" _E, (14)
RT
where 0 is surface coverage, E, is activation energy,
0-1-S (15)
CO
and Cy and C. are the initial and equilibrium zinc

concentrations, respectively. The activation energy and
sticking probability are shown in Table 3, froma plot of
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In(l - 0) vs. 1/T (figure not shown). The value of S* was
found to be 1.696 x 10" that is very close to zero and
that
chemisorption process [51]. The value of activation energy

reveals adsorption  mechanism conforms a
provides a measure about the type of adsorption that is
mostly physical or chemical. Low activation energies
(< 40 kJ mol™) are attributed to the physical uptake, while
higher activation energies (>40 kJ mol ) propose chemical
adsorption [52]. The activation energy obtained for the
adsorption of Zn(Il) on NiFe,O4 coated sand (56.653
kJ mol™") shows that the uptake process is chemisorption.

The adsorption capacity is an important parameter that
determines the behavior of an adsorbent. Table 4 compares
the maximum adsorption capacity of NiFe,O4 coated sand
for Zn(Il) adsorption with that of other adsorbents in the
literature.

The adsorption capacity of NiFe,O, coated sand for
Zn(IT) ions was found to be 57.14 mg g'. Table 4 shows
that the low cost adsorbents such as amino-functionalized
magnetic nanoparticles [13], walnut shell treated with citric
acid [54], and natural volcanic tuff-based geopolymer [33]
possess Zn(I) adsorption capacity smaller than 50 mg g™
In addition, most of the low-cost adsorbents require longer
time to achieve equilibrium. Mesoporous geopolymeric
powder and crab carapace have indicated a capacity of 86.0
and 67.6 mg g, respectively, and achieved equilibrium in
120 min and 1440 min, respectively. The results of
adsorption of Zn(Il) onto NiFe,04 coated sand revealed that
this material is superior to the low-cost adsorbents reported
in the literature because it has higher adsorption capacity

requiring lesser time to achieve equilibrium.
CONCLUSIONS

NiFe,0,4 nano-adsorbent has been coated successfully on
the surface of sand particles. The functional parameters such
as contact time, pH, adsorbent dosage, initial Zn(II)
concentration and temperature were found to have an
influence on the adsorption efficiency of NiFe,O, coated
sand. The optimum pH for Zn(Il) removal was 6, and the
optimum time value was considered to be 40 min. The
removal efficiency enhanced when NiFe,O, coated sand
dosage, contact time, and temperature increased, and initial
concentration decreased. The maximum adsorption capacity
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obtained from Langmuir model was 57.14 mg g'. The
kinetic study shows that the equilibrium is reached within
40 min and fitted well with pseudo-second-order kinetics
model rather than pseudo-first-order kinetics model.
Adsorption isotherm data is well fitted in Langmuir
adsorption isotherm with higher correlation coefficient
(R* = 0.985). The calculated thermodynamic parameters
indicated the endothermic and spontaneous character of the
adsorption process. So, the nano-adsorbent NiFe,O, coated
sand provides an economical and favorable method for the

removal of Zn(II) from aqueous solutions.
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