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Abstract

A new nanoadsorbent was synthesized through intercalation of thioglycolic acid (TGA) in the magnetic layered double
hydroxide nanocomposite (Fe;0,/Zn-Fe LDH/TGA) and used for the removal of heavy metal ions such as Hg** and Pb**
from aqueous solutions. The morphology and structure of the synthesized nanoadsorbent were investigated by Fourier
transform infrared spectroscopy, X-ray diffraction, field-emission scanning electron microscopy and transmission electron
microscopy. Also, the quantitative measurements of metal ions were determined using atomic fluorescence spectroscopy.
The simultaneous impact of important parameters on the Hg>* removal including pH, adsorbent dosage and removal time
were investigated using response surface methodology. Based on the obtained results, pH 5.5 was achieved, and also 9 mg
as adsorbent dosage and 30 min for removal time were selected as optimum conditions in Hg>* removal experiments. The
adsorption kinetic results fitted well with the pseudo-second-order model, and the R? value =0.991 while the estimated g,
was matched well with the experimental data. Thermodynamic results showed that the adsorption process of Hg>* was endo-
thermic, feasible and spontaneous. Also, the efficiency of the magnetic nanocomposite was investigated for adsorption of
the metal ions. The selectivity experiments showed the following order: Hg>* > Pb** > Fe** > Cu®* > Zn** > Cd*". Finally,
the obtained results verified the excellent ability of the magnetic nanoadsorbent for Hg?* removal from the aqueous media
for at least three times recycle with 90% recovery.
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Introduction

Water pollution with heavy metals such as mercury, lead,
nickel and cadmium is one of the main environmental prob-
lems which can be created by natural processes and a wide
range of anthropogenic threats. These heavy metals have
been focused because of their hazardous effects for the
ecosystem and living organisms. For examples, Hg**, the
common inorganic type of mercury, with properties such as
low volatility, easy mobility and high toxicity can be caused
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various problems, including neurological hurts, blindness,
genetic diseases and different disablements (Esfandiyari
et al. 2017). The Word Health Organization (WHO) has
expressed 1 pg/L as the maximum allowed concentration
for Hg?" in drinking water (Asiabi et al. 2018).

One of the best technique for determination of heavy met-
als such as cadmium, lead, nickel, mercury and chromium
is atomic adsorption spectroscopy specially flame, hydride
generation and fluorescence methods (Soylak et al. 1997,
1999; Narin et al. 2001).

Up to now, different techniques have been studied for
Hg?* removal such as chemical precipitation, ion exchange,
membrane separation, coagulation, photocatalysis, ultrafil-
tration, adsorption and bioadsorption (Sun et al. 2018; Chen
et al. 2019; Maia et al. 2019). Among these techniques,
adsorption has been studied by many researchers because
of high economic advantages, high removal percentage and
easy operations.

@ Springer


http://orcid.org/0000-0001-7888-991X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-020-01149-7&domain=pdf

3170

Chemical Papers (2020) 74:3169-3182

Thus, various kinds of adsorbents including clays, carbon
nanotubes, activated carbon, polymers, metal oxides, gra-
phene oxide, metal-organic frameworks, aluminum oxide
hydroxide, chitosan and biomaterials have been studied for
the removal of heavy metals (Li et al. 2019). Among these
adsorbents, clay minerals count as good groups of adsorbents
due to their high surface area, low cost and active adsorp-
tion sites. Nowadays, layered double hydroxides (LDH,) as
mineral clays have been noticed for heavy metals removal
(Peligro et al. 2016; Ali et al. 2018; Asiabi et al. 2018).

These materials with porous and layered structure have
large surface area which consist positive charge in the lay-
ers (such as Zn>*, Mg?*, Ca?*, Ni?*, Fe**, AI’*) and nega-
tive charge (such as C17!, NO3', CO;?") in the hydrated
interlayer spaces. Interlayer anions can be exchanged with
various types of organic or inorganic anions through an ion
exchange method or surface adsorption. The perfect anion
exchange and intercalation properties of LDH, cause to use
them for various applications such as catalyst, sorbents, ion
exchange and energy storage (Daud et al. 2016; Wang et al.
2017). The Hg?* removal using LDHs has been well studied
in the literatures (Ghasemi et al. 2017; Asiabi et al. 2018;
Chen et al. 2019). The adsorption process is reported via two
mechanisms: chelation and chemical precipitation. Ricardo
Rojas used Ca—Al LDH for the removal of copper, lead and
cadmium (Gonzalez et al. 2014). Also, Zhang et al. (2015)
reported synthesis of the magnetite graphene oxide lay-
ered double hydroxide composite for the removal of Pb(II)
from aqueous solutions. Asiabiei et al. (2017) investigated
the selective removal of heavy metal ions by Ni—-Cr LDH;
intercalated with the diphenylamine-4-sulfonate, in which
showed a selectivity order of Zn** < Cu** < Cd** < Pb**
for the adsorption.

However, LDH, have low selectivity and weak tendency
toward heavy metal ions which it is proposed tobe solved by
the intercalation of appropriate interlayer anions in the LDH
structure (Asiabi et al. 2018). Since, Hg2+ is as a Lewis acid;
it has a strong binding affinity toward the soft Lewis bases
such as thiol functional groups. Thus, thiol-functionalized
adsorbents can be used as a promise material for the selec-
tive removal of Hg>*. Different thiol functional groups, such
as 1-furoyl thiourea urea, dithiocarbamate, benzoyl thiourea,
polysulfides and thiol have been studied for the removal of
Hg?*, Pb**, Cd**, Cu** from aqueous solutions (Manos and
Kanatzidis 2016; Sarma et al. 2016; Sun et al. 2018; Chen
et al. 2019; Maia et al. 2019). Actually, LDHs selectivity for
Hg?* could be increased by intercalation of the thiol func-
tional groups in the hydrated interlayer spaces, in which has
been reported in some of the studies (Ali et al. 2018; Asiabi
etal. 2018; Maia et al. 2019). Jawad et al. (2019) studied the
selective removal of heavy metals in wastewater using FeM-
gAl-LDH with different intercalated anions. Also, Asiabi
et al. (2018) synthesized the functionalized layered double
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hydroxide with nitrogen and sulfur co-decorated carbon dots
for selective and efficient removal of Hg?* and Ag* ions.

On the other hand, magnetic properties of Fe;0, nano-
particles cause the easy, fast and more accurate separation
of nanoadsorbent from the solutions compared to the other
methods, only by using a strong magnet (Ghasemi et al. 2017).

Also, experimental design is an efficient method to
investigate the effect of all experimental variables, simul-
taneously. This is carried out by statistical analyzing of the
obtained experimental results in which gives some informa-
tion about the effect of each variable and the interactions
among them. Thus, the number of experiments would be
reduced and then costs and time would be saved (Rai et al.
2016). Central composite design (CCD) is a cubic, rotatable
and independent quadratic design in response surface meth-
odology (RSM) without needing to use a complete three-
level factorial experiment (Adlnasab et al. 2017).

In this study, a novel Fe;0,/Zn-Fe LDH/TGA nanocom-
posite was designed in order to combining the magnetic prop-
erties of Fe;0, nanoparticles with strong binding affinity of
the thiol functional groups toward heavy metal ions for water
treatment. The magnetic nanocomposite was characterized by
Fourier transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), field-emission scanning electron microscopy
(FESEM), energy-dispersive X-ray spectroscopy (EDS) anal-
ysis and transmission electron microscopy (TEM). Also, the
removal measurements were taken by atomic fluorescence
spectroscopy (AFS). Among the different heavy metals, Hg>*
was selected as a model. The influence and significance of
effective parameters on Hg”* removal were investigated using
CCD and RSM, and the optimum value of each parameter
was determined. In addition, the efficiency of adsorbent for
the removal of the other heavy metal ions (Co**, Cu**, Pb**
and Cd**) was studied. Thermodynamic parameters and
adsorption isotherms were investigated in order to track the
adsorption process in details.

Results and discussions
Structural and morphological studies

To evaluate the characterization of Fe;0,/Zn-Fe LDH/TGA
nanocomposite, FT-IR spectroscopy and XRD pattern as
well as FESEM, EDS, TEM and VSM were applied. Fig-
ure la shows the FT-IR spectra of Fe;O0,/Zn-Fe LDH and
Fe;0,/Zn-Fe LDH/TGA. The most interesting strong band at
1080 cm™" in Fe;0,/Zn-Fe LDH is attributed to the Si-O-Si
stretching vibration. The mentioned peak is weaker in Fe;0,/
Zn-Fe LDH/TGA, probably due to interaction of LDH with
TGA. Also, the peak at 574 em™!is assigned to the vibra-
tion of Fe—O bonds in Fe;O, nanoparticles (Thangaraj et al.
2016). The broad peak at 3400 cm™' is assigned to O—H
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Fig.1 a FTIR spectra of Fe;O0,/Zn-Fe LDH/TGA and Fe;0,/Zn-Fe LDH, b XRD patterns of the synthesized adsorbent, ¢ FESEM image, d
point EDS analysis, e TEM image and f VSM pattern of the Fe;0,/Zn-Fe LDH/TGA nanocomposite

stretching vibrations of the LDH surface and would be related
to the water molecules trapped in the interlayer spaces (Zhou
et al. 2017). The interesting specified peak at 1563 cm™' is
related to the asymmetric stretching vibrations of TGA car-
boxylate groups. Two peaks at 2918.9 cm™' and 2864 cm™!
are assigned to asymmetric and symmetric stretching vibra-
tions of the CH, groups in Fe;O0,/Zn-Fe LDH/TGA, respec-
tively (Sumanth Kumar et al. 2016).

The XRD pattern of Fe;0,/Zn-Fe LDH/TGA is shown
over the diffraction angle of 5°~75° in Fig. 1b. Two specific
strong and sharp diffraction peaks at 26 values 12.0 (003)
and 24.0 (006) were assigned to LDH structure. Other dif-
fraction peaks related to LDH are assigned to 37.5 (015),
46.5 (018), 60.5 (110) and 62.0 (113) (Laipan et al. 2017).
Also, the specific doublet peaks at 60.5° and 62.0° are
observed for LDH structures. In Fig. 1b, the other diffraction
peaks such as 20 values 27.0 (220), 36.0 (311), 44.5 (400),
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54.0 (422), 57.0 (511) and 63.5 (440) are confirmed exist-
ence of the Fe;O, nanoparticles in the structure of Fe;O,/
Zn-Fe LDH/TGA (Yan et al. 2015).

The morphology and elemental percent of the Fe,O,/
Zn-Fe LDH/TGA were investigated by FESEM and the
point energy-dispersive X-ray spectroscopy (EDS) (Fig. lc,
d). According to the FESEM result, the layered structure of
the LDH was created, while aggregated due to Fe;O, NPs
in the structure. The energy-dispersive X-ray spectroscopy
(EDX) analyses of the intercalated sample are showed load-
ing of 0.42 mmol/g thioglycolic acid moiety, corresponding
to the S content of 1.33%.

The analysis of variance (ANOVA) demonstrates the math-
ematical relation between effective parameters and response
using the quadratic model, P-values and the F-values for Hg>*
removal. If P value be less than 0.05 in the ANOVA, and
then, the parameter would be a statistical significance at a 95%
confidence level. Actually, the statistical significance of each
parameter, their interactions and the dependency of responses
to parameters are calculated at a 95% confidence level (Roosta
et al. 2015; Zare-Dorabei et al. 2016). The experimental rela-
tion between Hg?* removal percentage (R%) and independent
parameters is shown in Eq. (1):

R% = —260.823 + 65.505 X (pH) + 20.868 X (adsorbent dosage) + 5.843 x (Removal time)
— 6.087 X (pH)* + 0.65 X [(pH solution) X (adsorbent dosage)| — 0.158 X [(pH) X (Removal time)] (1)
— 1.410 x (adsorbent dosagf:)2 +0.033 x [(adsorbent dosage) X (Removal time)] —0.088 x (Removal time)?

TEM micrographs were applied to confirm the morphol-
ogy and layers thickness of the Fe;0,/Zn-Fe LDH/TGA.
As shown in Fig. le, the synthesized nanocomposite exists
in the layered form, in which the thickness of the layers is
distributed in the range of 10-15 nm. TEM confirms FESEM
images and successful synthesis of Fe;O,/Zn-Fe LDH/TGA
with exfoliated/intercalated structure.

The magnetization curves of the Fe;0,/Zn-Fe LDH/TGA
nanocomposite recorded with VSM are illustrated in Fig. 1f.
The magnetization of the nanocomposite would approach the
saturation value when the applied magnetic field increases
to 8000 Oe. The saturation magnetization of the nanocom-
posite is 36.80 emu/g in which shows suitable efficiency for
magnetic separation.

Removal condition optimization and Response
surface methodology

In this study, central composite design was applied to design
a group of tests for investigation of effective parameters on
Hg2+ removal and their interactions, in which the optimum
values for each parameter was obtained. Also, the inter-
actions between parameters and the correlation between
parameters and response could be studied with the least
number of experiments by CCD. The parameters including
pH (A), adsorbent dosage (B) and removal time (C) were
selected as the effective parameters. Based on the CCD, the
removal tests (19 runs, Table 1) were carried out using the
synthesized adsorbent. The removal percentage (R%) under
experimental conditions was as the response in this study.
The initial tests showed that the synthesized Fe;O,/Zn-Fe
LDH/TGA nanocomposite has higher affinity toward the
removal of Hg?" compared to the Pb>*. Therefore, the study
focused on the optimization of the Hg* removal using the
Fe;0,/Zn-Fe LDH/TGA nanocomposite as an adsorbent.
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The obtained significant terms in the model with their P
and F-values are listed in ANOVA table (Table 2). Accord-
ing to the results, the P-values corresponding to terms A,
B, AA, BB and CC are less than 0.05 (<0.0001 for B, AA
and CC) which ndicate that the suggested model and the
terms are statistically significant at the 95.0% confidence
level (Ghitescu et al. 2015; Tekin et al. 2015; Maran et al.
2016; Rai et al. 2016) and the terms C, AB, AC and BC are
more than 0.05 that they are insignificant terms at the 95.0%

Table 1 Removal conditions for each run for CCD

Run A: pH B: adsorbent dosage ~ C: removal
(mg) time (min)
1 7 3 15
2 3 3 15
3 3 3 45
4 5 5.5 30
5 5 9.5 30
6 3 8 45
7 8.5 5.5 30
8 1.5 5.5 30
9 5 5.5 55
10 5 1.5 30
11 5 5.5 30
12 5 5.5 30
13 7 8 45
14 7 8 15
15 5 5.5 5
16 7 3 45
17 5 5.5 30
18 3 8 15
19 5 5.5 30
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Table 2 Analysis of variance (ANOVA) for the removal experiments

Source Sum of squares Dy Mean square F-value P value Significance
A:pH 676.465 1 676.465 9.35 0.0136 Significant

B: adsorbent dosage 7572.49 1 7572.49 104.64 <0.0001 Significant

C: removal time 2.09836 1 2.09836 0.03  0.8686 Not significant
AA 9260.66 1 9260.66 127.97 <0.0001 Significant
AB 84.5 1 84.5 1.17 0.3080 Not significant
AC 180.5 1 180.5 249 0.1487 Not significant
BB 906.277 1 906.277 12.52  0.0063 Significant
BC 12.5 1 12.5 0.17 0.6874 Not significant
CcC 5170.01 1 5170.01 71.44 <0.0001 Significant
Total error 651.292 9 72.3658

Total (corr.) 21,887.3 18

R-squared =97.13%
Adjusted R-squared =94.1%

Standard error of est.=8.5

Mean absolute error=4.5

confidence level. Also, the high values of R-square (97.13%)
and adjusted R-square (94.1%) indicate the accuracy and
excellent fitting of the suggested model with obtained exper-
imental data.

The Pareto chart and the main effects of any parameter are
shown in Fig. 2a. The Pareto chart describes that the most
significant parameters affecting the response on the synthe-
sized adsorbent are quadratic term of pH (AA) followed by

Fig.2 a Standardized Pareto

chart and normalization at 95% A
significance and b the main AA
effects of parameters on Hg2+ B:Adsorbent dosage
removal ce
BB
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C:Removal time
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adsorbent dosage (B), quadratic term of removal time (CC),
quadratic term of adsorbent dosage (BB) and pH (A) which
among them, A and B terms are positive effect on Hg?*
removal.

The main effect of any parameters on Hg?* removal is
shown separately in Fig. 2b which indicates that the adsor-
bent dosage has positive effect, i.e., by increasing the adsor-
bent dosage from 3 to 8 mg, the Hg>* removal percentage
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would be increased significantly, while the response would
be decreased by increasing the pH and removal time.

Response surface methodology (RSM)

The response surface methodology (RSM) is utilized based
on the CCD to obtain the optimum values of each effective
parameter. The effects of independent parameters and their
interactions on Hg2+ removal (R%) are demonstrated with
3D response surfaces in Fig. 3a—c. In each plot, the main
parameters are varied from their low level to their highest
level, while all the other parameters are hold constant at their
optimum value.

Effect of pH

The effect of pH (range 3—7), its interaction with adsorbent
dosage (range 3-8 mg) and removal time (range 15—45 min)
are presented in Fig. 3a, b, respectively. According to the
Pareto chart, both interactions could not be significant in
Hg?* removal. The adsorption or removal process for heavy
metals is controlled strongly by solution pH, especially for
As3*, Cd** and Hg?*, which could be related to the effect
of pH on the adsorbent surface charge (different forms) and
solution chemistry of heavy metals under various pH values
(Zhang et al. 2013).

As it can be seen from Fig. 3a, the response (R%)
increased gradually with increasing pH from 3 to 5.5 and
then decreased. This phenomenon can be related to this fact
that at lower pH, because of the high concentrations of H*
ions in the solution, there would be a competition between
H* and Hg** ions toward the adsorbent surface. Actually,
the surface of the adsorbent is protonated and covered with
H* ions at low pH values, in which prevents Hg?* ions to
be connected to the active sites of the nanoadsorbent, by the
strong repulsive forces between H™ and Hg?* ions (Moradi
2011). These results are confirmed by the surface complex
formation theory, in which the competition between H* and
Hg?* ions for the adsorption sites decreases by increasing
the pH. Also, increasing the pH is concluded in the adsor-
bent surface negative charge, and thus, electrostatic interac-
tions between the adsorbent (with negative surface charge)
and Hg?" ions would be increased and the response would
be enhanced (Montgomery 1997; Maghsodi and Adlnasab
2019).

It would be proposed that the adsorption sites of the
nanoadsorbent are deprotonated with increasing the pH
value and become free for more adsorption of Hg?* ions
(Li et al. 2013; Roosta et al. 2014). At pH levels higher
than 5.5, the response decreases sharply, in which can
be related to the deposition of Hg** ions in the form of
Hg(OH)3; and Hg(OH), complexes. These complexes are
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soluble in water and could not be maintained on the adsor-
bent surface (Shadbad et al. 2011; Moustafa et al. 2014,
Tahermansouri et al. 2014). As a whole, increasing the pH
values in the basic region decreases the Hg?* removal per-
centage and has negative effect on the removal efficiency
(Alimohammady et al. 2017). According to the obtained
results, pH 5.5 was chosen as the optimum pH with higher
Hg?* removal percentages.

Effect of adsorbent dosage

The effect of adsorbent dosage for Hg?*" removal percentage
was investigated in the range of 3-8 mg, and the results are
demonstrated in Fig. 3a, c. Obviously, with changing the
adsorbent dosage from 3 to 9 mg, the response rate increased
and achieved to the maximum value in the 9 mg adsorbent
dosage. So, 9 mg was selected as optimum value for adsor-
bent dosage in which it could be due to the presence of the
more available active sites for adsorption of Hg?* ions. Also,
the maximum response with the highest adsorbent dosage
was obtained at pH~ 5.5, in which probably more deproto-
nated adsorption sites are achievable.

Effect of removal time

The removal (stirring) time is another important parameter
in the removal process, which affects on the interaction
between the adsorbent and adsorbate. The 3D interaction
plots of removal time (15-45 min)/pH and removal time/
adsorbent dosage are shown in Fig. 3b, c, respectively. The
response rate increased by increasing the removal time
reached the maximum value at 30 min and then reduced.
Actually, stirring causes better dispersion of the adsorbent
in the solution concluded in increasing the mass transfer
and diffusion coefficient. So, more free and active adsorp-
tion sites for Hg?" ions will be accessible by decreasing
the removal time (Jamshidi et al. 2015; Zare-Dorabei et al.
2016).

Also, the adsorbent active surface sites would be satu-
rated at higher removal times and then decrease the Hg>*
desorption values in the removal process (Zare-Dorabei et al.
2016). Hence, 30 min was selected as the optimum removal
time giving the maximum response.

Based on the RSM results, pH 5.5, 9 mg as adsorbent dos-
age and 30 min removal time were selected as the optimum
conditions in the Hg?* removal experiments on the synthe-
sized Fe;0,/Zn-Fe LDH/TGA adsorbent.

Zeta potential analysis
In order to confirm the adsorption mechanism, the zeta

potential on the surface of nanocomposite was determined
to obtain the zero point charge (pHp,). According to the
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results in Fig. 4, the zeta potential value of nanocomposite
decreased with the increase in solution pH, and the pHp,
was about 3.5. The surface of the nanocomposite has the
zero electrical charge density in the pHp,-. The surface

has positive charge at pH < pHp,, in which it has negative
charge at pHp,- < pH. So, the results of the zeta potential
confirm the negative charge on surface nanocomposite at
pH 5.5.
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Fig.4 Zeta potential of Fe;0,/Zn-Fe LDH/TGA versus pH

Thermodynamic studies

The thermodynamic parameters such as Gibbs free energy
change (AG"), entropy change (AS") and enthalpy change
(AH") were applied to describe the possibility and nature
of the adsorption process on the Fe;0,/Zn-Fe LDH/TGA
nanocomposite at different temperatures and are calculated
according to Eqgs. (2) and (3):

AG® = —RTInK )

AG® AH° = AS°
- =- +

In K = =
n RT RT ' R &)

where K (g./C,), T and R are the equilibrium constant at dif-
ferent temperatures, the absolute temperature (K) and the gas
constant (8.3145 J mol~' K1), respectively (Liu et al. 2013).
AS’ and AH’ are obtained from the intercept and slope of the
plot of InK versus 1/T, respectively (Fig. 5). The obtained
AH', AS" and AG’ at different temperatures are presented
in Table 3. The negative value for AG° expresses that the
adsorption of Hg?* on the nanoadsorbent is a feasible and
spontaneous process and it would be even more negative
by increasing the temperature implying that the adsorption
process increases at higher temperatures.

The negative value for AH confirms the adsorption
process to be exothermic. Also, the positive value of AS’
confirms the high tendency of the Fe;0,/Zn-Fe LDH/TGA
nanoadsorbent toward ngJr ions, in which increases dur-
ing the adsorption process (Liu et al. 2013; Periyasamy
et al. 2017).

Kinetic studies
The kinetic isotherms of an adsorption process are impor-

tant and describe the effect of nanoadsorbent in rate of the
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Fig.5 Effect of temperature on the removal of Hg?" by Fe;0,/Zn—Fe
LDH/TGA

adsorption. The kinetic experiments were carried out by add-
ing the Fe;0,/Zn-Fe LDH/TGA nanoadsorbent into 10 mL
of Hg?* standard solution with concentrations of 10 mg/L at
pH 5.5 and contact times ranging from 5 to 60 min at 25 °C.
The pseudo-first-order and pseudo-second-order kinetic
models were used to investigate the adsorption kinetic
model (Zhang et al. 2016). The linear form of the pseudo-
first-order kinetic equation is given as follows (Eq. 4):

log (g, — q;) = logq, — )

K,
2.303 !
where g, and g, are adsorption capacities (mg g~') of the
adsorbent at the equilibrium time and at ¢ (min) time, respec-
tively, and K, is the rate constant of the pseudo-first-order
model. By plotting the log(g. —¢,) versus time (Fig. 6a)
and calculating the intercept and slope, the g, and K, are
achieved, respectively.

Also, the linear pseudo-second-order model is used
according to Eq. (5) (Zhang et al. 2016):

qt KZqé qe ( )
where K, (g/(mg min)) is the rate constant of pseudo-sec-
ond-order adsorption model.

Table 3 Thermodynamic data for the removal of Hg*" by Fe,0,/Zn—
Fe LDH/TGA adsorbent

Tem- K, (Llg) AG° (kl/mol) AH® (k/mol) AS° (J/(mol K))
perature

)

298 190 -5022

308 364 —5025 ~49.486  2.4751022

323 6.67 5029

333 1778 -50.31
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2.5
@) ¥=0243x+2356 G = M (6)
2 R:=0979 m
~ 154 where C, and C, (mg/L) are the initial and final concen-
tH trations of Hg”" ions in the solution, respectively. Also, V
f-’: 14 and m are the solution volume (L) and adsorbent dosage
= (g) values, respectively. The obtained maximum adsorption
*7 capacity was achieved 198.5 mg/g for Fe;O,/Zn-Fe LDH/
0 . . ' y . TGA nanoadsorbent.
0 1 2 3 4 5 6
Time (min) Adsorbent reusability
B) 1
In the adsorption process, reducing cost of the tests depends
0:8 to the reusability of the adsorbents. For evaluation of the reus-
? ability, the desorption test of Hg** from adsorbent was ren-
? o y= %?06: ;901-113 dered with 10 mL HNO; (0.5 M) as an eluent. Continuously,
T 04 o this adsorbent was used for at least three times adsorption and
;i‘- desorption with 90% recovery.
0.2
. . , ' . ‘ ' Real sample analysis
0 10 20 30 40 50 60 70

Time (min)

Fig.6 a Linear plots of pseudo-first-order kinetic and b pseudo-sec-
ond-order kinetic models

As it can be seen (Fig. 6a, b), the adsorption process of
Hg”* on Fe;0,/Zn-Fe LDH/TGA adsorbent has the best fit
with pseudo-second-order model data in comparison with
linear pseudo-first-order model under the experimental
conditions. Also, the pseudo-second-order model presents
higher R? value (0.991) and the estimated g, is matched well
with the experimental data. The values of kinetics param-
eters for both models are given in Table 4.

Maximum capacity

For understanding the maximum adsorption capacity (g,,,) of
the adsorbent, 9 mg Fe;0,/Zn-Fe LDH/TGA nanoadsorbent
was added to the 20 mg/L Hg?" standard solution (100 ml)
under optimum conditions (pH 5.5, time =30 min) and resid-
ual Hg?" value in the solution was measured with AFS. The
4y, 18 calculated according to the following Eq. (6) (Duan et al.
2015):

Three different real water samples (Zarshouran mine) were
used to investigate the efficiency of the Fe;0,/Zn-Fe LDH/
TGA adsorbent for Hg?* removal at optimum conditions (pH
5.5, adsorbent dosage =9 mg and removal time =30 min). The
samples were spiked with different concentrations of Hg?"
standard solutions (100 and 250 pg/L) and the nanoadsorbent
was added into these solutions. Removal percentage (%) was
calculated by Eq. (7):

total —

C Cesidu:
residual % 100 (7)

total

Removal (%) =

where C,,,; is sum of the initial concentration of Hg?" in the
real samples with the added (spiked) Hg>* concentration and
Cesiqua 15 the residual concentration of Hg?* after removal.
The obtained results showed that the removal percentages
for the samples were in the range of 94% and 99% (Table 5).
The high removal efficiencies showed that the synthesized
Fe;0,/Zn-Fe LDH/TGA nanoadsorbent could be presented
as a suitable option for Hg?* removal from different aque-
ous solutions.

Table 4 Parameters of pseudo-first-order and pseudo-second-order kinetic for Hg** adsorption on the Fe;0,@Zn-Fe LDH@TGA adsorbent

Temperature (°C) Lagergren pseudo-first-order kinetics

Pseudo-second-order kinetics

q. (mg/g) K, (g/(mg min))

R? ge (mg/g) K, (g/(mg min) R

25 145.5 0.04

0.979 166.7 0.0003 0.991

@ Springer



3178

Chemical Papers (2020) 74:3169-3182

Comparing of Fe;0,/Zn-Fe LDH/TGA with other
adsorbents

The efficiency of the Fe;0,/Zn-Fe LDH/TGA nanoad-
sorbent in comparison with the other adsorbents for Hg?*
adsorption is listed in Table 6. The obtained results show
the significant performance of the synthesized nanoad-
sorbent for Hg?* adsorption in comparison with the other
adsorbents. Most of them have g, lower than this adsorbent.
Therefore, Fe;O,/Zn-Fe LDH/TGA nanoadsorbent can be
proposed as a new and efficient adsorbent for the removal of
Hg?* from polluted waters.

In addition, all of the mentioned experimental tests
were investigated to know the efficiency of the Fe;0,/
Zn-Fe LDH/TGA nanoadsorbent for adsorption some of
the other metal ions. The results showed that the adsorp-
tion order is: Hg?* 3> Pb** > Fe?* > Cu** > Zn>* > Cd**.
Thus, the nanoadsorbent can be used for removal of these
ions from aqueous solutions and this is one of the adsorbent
advantages.

Table 5 Analysis of Hg?* in spiked real samples at different concen-
trations

Conclusion

The magnetic Zn—-Fe LDH/TGA nanocomposite was syn-
thesized through the LDH formation in the presence of thi-
oglicolic acid (TGA) and then magnetization of the complex
with Fe;0,/Si0, nanoparticles. Then, the as-synthesized
nanocomposite is applied as an adsorbent for heavy met-
als removal (Hg>", Pb**, Cd**) from aqueous solutions.
The optimum conditions for Hg>* removal including pH
5.5, adsorbent dosage =9 mg and removal time =30 min
were obtained by CCD and RSM. The adsorption kinetic
results fitted well with the pseudo-second-order model.
Thermodynamic results showed that the adsorption of
Hg?* on Fe;0,/Zn-Fe LDH/TGA is an endothermic, fea-
sible and spontaneous process. The real samples results
showed that the synthesized nanocomposite has excel-
lent ability to remove Hg?* from aqueous media with
90% recovery percentage. The selectivity of adsorbent
toward some heavy metal ions shows the following order:
Hg>" >3 Pb>™ > Fe*™ > Cu®* > Zn** > Cd**.

Experimental
Materials

Thioglicolic acid (TGA), sodium hydroxide (NaOH), Fe

Sample Cinitial (ML) Chugea (Mg/L) Removal (%) RSD (%) (NO3);3.9H,0, Zn (NO;),.4H,0, 2-propanol, ethylene glycol
Tap water  — 100 08.5 <5.0 ((CH,0H),), FeCl;-6H,0, FeCl,-4H,0, ammonia sglution
~ 250 96.0 <50 (25 wt%), ethanol (96%), n-propanol, standard solutions of
Well water — 100 975 <50 Hg**, Pb**, Cd** and Cu**(1000 mg/Lin HNO; 10% v/v)
~ 250 96.9 ; 50 were purchased from Merck (Darmstadt, Germany). Tetra-
Waste water 65.0 B 292 ;7‘ 5 ethyl orthosilicate (TEOS) was supplied by .Sigma-A'ldrich
~ 100 6.5 <65 (St. Louis, MO, USA). The standard working solution of
- 250 95.4 <6.5
Table6 Comparison of the Adsorbent Grmax(Mg/L) References
Fe;0,/Zn-Fe LDH/TGA
adsorbent with other adsorbents FeMnOOH 12 Kokkinos et al. (2015)
ﬁg ?f tre;;gvt;e literature for Graphene oxide/Fe—Mn composite 33 Tang et al. (2016)
3-FeOOH 35 Maia et al. (2019)
Bamboo 2.71 Tan et al. (2011)
Fe;04-GS 23.1 Maia et al. (2019)
Magnetic mesoporous silica composites 19.8 Song et al. (2011)
Fe;0,@Si0,-SH nanoparticles 90.0 Wang et al. (2016)
Titanium dioxide nanoparticles 90.9 Afshar et al. (2017)
SH-Fe;0,-NMP 256.4 Pan et al. (2012)
EDTA-magnetic graphene oxide 268.4 Cui et al. (2015)
Polystyrene coated CoFe,O, particles 86.9 Jainae et al. (2015)
Curcumin-based magnetic nanocomposite (CMNC) 144.9 Naushad et al. (2019)
Fe;04/Zn-Fe LDH/TGA 198.5 This study
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Hg** (10 mg/L) was prepared from dilution of stock solution
with deionized water.

Instruments

Hg?* removal measurements were taken using atomic fluo-
rescence spectroscopy (AFS, XGY-1011A, China) which
equipped with high-intensity Hg hollow-cathode lamp (cur-
rent intensity: 50-60 mA) and a quartz tube as atomizer
where argon (Ar) flow is carried out in the volatile species.
A digital pH meter (Mettler Toledo, model M225, Swiss,
https://www.mt.com) was used for the pH measurements. A
50/60-Hz, 350-W ultrasonic bath with temperature control
(Euronda, Eurosonic 4D, 320 V, Italy, http://www.prosystem.
euronda.com) was applied for dispersing the materials in
solutions. The Fourier-transform infrared (FTIR) spectra of
the adsorbent were recorded by the Bruker Vertex 70 (http://
www.bruker.com) in the frequency range of 4004000 cm™".
The magnetic nanocomposite was characterized by the X-ray
diffraction measurements on a X-ray diffractometer (X’ Pert
PRO MPD, PANalytical Company, Netherlands, https://
www.malvernpanalytical.com) over the 26 range from 10° to
80° using Cu K, radiation (A= 1.54060 A). The morphology
of the nanocomposite was studied by field-emission scan-
ning electron microscopy (FESEM, MIRA3, TESCAN-
XMU, https://www.tescan.com). The chemical composition
of the nanocomposite was determined by an energy-disper-
sive X-ray system (SIRIUS SD, scientific instrument, the
UK, https://www.rayspec.co.uk). VSM analysis was per-
formed to confirm magnetic properties of nanocomposite
by a vibrating sample magnetometer (VSM) (AGFM/VSM
3886 Kashan, Iran) with an applied field between — 8000 and
8000 Oe at room temperature. Zeta potentials measurements
were taken by SZ-100 Horiba scientific (Kyoto, Japan, https
://www.horiba.com).

Synthesis of Fe;0,/Zn-Fe LDH/TGA
Synthesis of Zn—-Fe LDH/TGA

At the present work, Zn—Fe LDH was synthesized in the
presence of TGA as a source of sulfur. Firstly, 0.24 g of
TGA was added into 30 ml pre-boiled deionized water (as
water without CO,) at a three-necked flask in an oil bath
at 65 °C and the solution pH was adjusted at 10 with addi-
tion of 1 mol/L. NaOH solution. On the other hand, 0.925 g
(0.0023 mol) Fe (NO3);.9H,0 and 0.898 g (0.0034 mol) Zn
(NO3),.4H,0 (molar ratio=1:1.5) were dissolved in 15 mL
deionized water, 15 mL 2-propanol and 6 mL ethylene gly-
col. The prepared solution was added dropwise into the TGA
solution, while the pH was maintained constant at 10 with
addition of 1 mol/L NaOH solution. The resulting slurry was
stirred vigorously at 70 °C for 24 h and followed by aging

at the same temperature for 12 h. Finally, the synthesized
Zn—Fe LDH/TGA was centrifuged and washed with pre-
boiled deionized water several times and dried in a vacuum
oven at 70 °C overnight.

Synthesis of Fe;0,@Si0,

The synthesis of Fe;O, nanoparticles was performed by
the in situ chemical co-precipitation method (Maghsodi
et al. 2018). Briefly, FeCl,.4H,0 and FeCl;.6H,0 were
dissolved in the pre-boiled deionized water at 50 °C under
argon atmosphere. The ammonia solution was added to this
solution and heated at 80 °C for desired time. The mag-
netic nanoparticles were obtained that washed with ethanol/
water. These nanoparticles were coated with a thin layer of
silica microspheres by addition of 17 mL of TEOS to the
mixed solution of pre-boiled deionized water, n-propanol
and prepared Fe;0, nanoparticles under argon atmosphere
and vigorous stirring for 17 h at 38 °C. Finally, the obtained
Fe;0,@Si0, nanoparticles were washed and dried at 75 °C
overnight.

Magnetization of Zn-Fe LDH/TGA

For magnetizing of the Zn—-Fe LDH/TGA, 0.36 g the as-
synthesized Zn-Fe LDH@TGA and 45 mg Fe;0,@Si0O,
were dispersed in the pre-boiled deionized water and ultra-
sound for 6 h. Then, the suspension was separated with an
external magnet and washed with the pre-boiled deionized
water three times and dried in a vacuum oven at 70 °C over-
night. The final nanocomposite was named as Fe;O,/Zn-Fe
LDH/TGA.

Synthesis of Fe;0,/Zn-Fe LDH

For investigation of TGA effect on Hg** removal, the Fe;0,/
Zn-Fe LDH nanocomposite was synthesized without inter-
calated TGA according to the method described for the syn-
thesis of Fe;O0,/Zn-Fe LDH/TGA.

Removal experiments

The simultaneous effects of important parameters and their
interactions on the Hg?* removal such as pH, adsorbent dos-
age and removal time were investigated with CCD and RSM.
The CCD and RSM were applied by using the STATGRA
PHICS program (Centurion XVII, trial version 7.0.3, Stat
Ease, USA). Accordingly, pH (range 3—7), adsorbent dosage
(Fe;0,4/Zn-Fe LDH/TGA: 3-8 mg) and removal time (range
15-45 min) were selected as effective parameters on Hg**
removal, and for these three variables, o value was obtained
1.68. These parameters and their levels in the rotatable three-
level CCD are shown in Table 7. According to the design, 19

@ Springer


https://www.mt.com
http://www.prosystem.euronda.com
http://www.prosystem.euronda.com
http://www.bruker.com
http://www.bruker.com
https://www.malvernpanalytical.com
https://www.malvernpanalytical.com
https://www.tescan.com
https://www.rayspec.co.uk
https://www.horiba.com
https://www.horiba.com

3180 Chemical Papers (2020) 74:3169-3182

Table 7 Examineq levels of Parameters —a _ 0 1 ta

factors and star points of the

CCD pH A 15 3 5 7 8.5
Adsorbent dosage(mg) B 1.5 3 5.5 8 9.5
Removal time (min) C 5 15 30 45 55

runs (including five replicates at the central point) are deter-
mined for obtaining the optimized points of each parameter,
and the conditions of runs are listed in Table 1.

In brief, a certain amount of Fe;O,/Zn-Fe LDH/TGA
nanoadsorbent was added into the 40 mL of Hg?* standard
solution (10 mg/L) and the pH was adjusted to a specified
pH value with 0.1 mol/L HCI or NaOH and stirred for a
determined time (according to Table 1). Then, the adsorbent
was separated by a strong magnet and the value of the resid-
ual Hg?* in the solution was determined by using AFS. The
percentage removal of Hg>™ (R%) was calculated according
to the following Eq. (8):

R% =

CI - CR
—— x 100
C ®

1

where C; and Cy (mg/L) describe the initial and the residual
concentrations of Hg?* in the solution, respectively. R% was
used as response at the experimental design program. By
applying ANOVA analysis, the significant parameters con-
sisting the values of R-square, adjusted R-square and mean
absolute error are calculated.
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