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ABSTRACT

Hybrid nanoparticles (HNPs) were designed by adsorbing a newer serendipitous preorganized
macrocyclic motif (L) on Fe;0,@SiO, distorted hexagonal and cubic nanoparticles. These magnetic
HNPs are tested for efficiency of Zn(Il) metal ion extraction. Simultaneously, Zn(ll) ion is estimated
using flame atomic absorption spectroscopy. This method is validated with acid leached commercial
rodenticide sample. The recovery from HNPs was 98.70 % with relative standard deviation of £2.56
%. Also, the rodenticide samples were analyzed in triplicate with quantitative recovery of
100.00+0.36 % without any matrix interference. The parameters affecting on the extraction efficiency
viz. pH, initial concentration of Zn(lIl) ions and reusability of the reagent were studied. The effect of
altering analyte concentrations was screened with basic adsorption models such as Langmuir,
Freundlich and Temkin isotherms. The key HNPs were successfully applied for preconcentration of
Zn(I1) ions in real sample (rodenticide residue) analysis without bare matrix interference.

Graphical Abstract

Interfering lons

Highlights:
o Development of new HNPs as quantitative Solid Phase Extractor for enrichment of Zn(l1) ions.
o Detailed exploration on sorption study and interpretation of equilibrium isotherms.

Validation of developed method by analyzing real sample of rodenticide without matrix interference.
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INTRODUCTION

Diverse range of promising applications of macrocycle doped HNPs like sensing [1], molecular
switches [2], photocatalytic degradation [3], excellent extractants toward heavy metal ions [4] and
pesticide residues [5], etc., have been reported. Albeit, considering doping of macrocyclic on
nanoparticles, the majority of the HNPs are designed with derivatives of calixarenes [6]. Thus, the
HNPs are smart materials  with a myriad of applications [7]. Pristine Fe;O4 nanoparticles require
modification (Fig. 1)[8-12] and a range of surface modification approaches such as, click chemistry,
silica shell, gold shell, catechol coordination, etc. (Fig. 2) are used [13-20].

‘y‘i Boso M (F—
m’:s / . '\\ on&:dic;timin Stabilizers \\ 2
—{, NeedforSurface A Comalax y

NPs Surface

Propertiesinthe - 4 < Modificati }

i X B i T " Environmental e
Modified NMs ] Modification of NPs / P £ Strategies
Coraradls / \\; 4 . and Biological

. "’?dstinoﬂne 4 P }\w”v\" o Eystcms . Palymeric / /

\-\,' Merals‘Metal
\ Complexes

| c"m;"" Conjugate
Click Chemistry
Figure 1. Key points indexing the need of modification of Figure 2. Representative strategies used for surface
pristine nanoparticles modification of nanoparticles

Literature reports revealed that, silica shell grafting is meticulously used to avoid loss of magnetism
and the resultant mesoporous silica coated magnetic materials can be used as potential sorbents. But,
it is found that these silica coated nanoparticles have imperfect adsorption capacity, rendering them

unselective [21].

The perilous effects of heavy metal ions make it essential to keep check on their ever-increasing
concentration, n harming flora and fauna [22].  In the present work, we have synthesized the HNPs
by adsorbing a synthesized macrocyclic compound on silica coated Fe;O, nanoparticles and used for
Zn(11) ion extraction and estimation by FAAS.

MATERIALS AND METHODS

Anhydrous Ferric chloride (FeCl;), Ferrous Chloride (FeCl,.4H,0) and liguor ammonia were
procured from Sigma Aldrich, India.  Tetra Ethyl Ortho Silicate (TEQOS), glycerol, anhydrous
ethanol, methanol and acetonitrile were obtained from Arcos Organics, Germany. High purity MILI-
Q water was used throughout the study. The metal ion concentrations were measured by Atomic
Absorption Spectrophotometer, Thermo Fisher, AAS-303.

Synthesis of HNPs: A solution of one mole N1-(2-aminoethyl) ethane-1,2-diamine (1.09 g; 10
mmol) and one mole of 1,4-diisocyanatobenzene (2.44 g; 20 mmol) in dry and degassed acetone (50
mL), was charged in a vessel. The mixture was stirred for 30 h, after which L was separated as
whitish pale yellow colored powder which was washed with chloroform and ethanol.

Supermagnetic Fe;0, NCs were synthesized by charging, anhydrous FeCl; (6.488 g; 40 mmol) and
FeCl,.4H,0 (3.976 g; 20 mmol) in 200 mL degassed deionised water, in a three-necked vessel placed
in an oil bath and heated to attain a constant temperature of 358 K, with stirring under nitrogen. Then
50 mL of liqguor ammonia was added to the reaction mixture and then orange colored reaction mixture
turned black. Consequently, the FesO, magnetic nanostructures were washed several times with water,
twice with sodium chloride solution (20 mM L™) and again with water. From the above solution, 20
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mL volume was taken in a beaker and the NCs were allowed to settle with the help of a strong
permanent magnet kept at the bottom of the container. Afterwards, the NCs get settled down, the
supernatant liquid was discarded followed by addition of 10 % aqueous emulsion of TEOS (80 mL),
followed by glycerol (60 mL). The pH of the resultant mixture was adjusted to 4.6, using acetic acid
and ammonia. This stirring reaction mixture was charged in a two-necked flask and heated on a
mantle for 2 hours at 363 K under nitrogen atmosphere. After two hours, a brown colored suspension
obtained which indicates the silica core shell formation (FesO,@SiO,). Afterwards, Fe;0,@SiO,
colloids were washed with centrifugation/dispersion cycles in ethanol. A mixture of Fe;0,@SiO, and
0.05 % solution (100 mL) of L prepared in acetonitrile was ultrasonicated for 1 h at an ambient
temperature and the solvent was evaporated. This footstep accomplished immobilization of L on
Fe;O,@SiO, and the resultant hybrids (FesO,@SiO,@L) were washed with several
centrifugation/dispersion cycles in water. The washed NCs were dried into powder at an ambient
temperature under vacuum [23-28].

Optimization of pH for Solid Phase Extraction of Zn(lI1) lons: Literature review reveals that at pH
range of 2-9 the Zn extract contains Zn°* and Zn OH* ions which can be simply extracted. However,
at the elevated pH the Zn(ll) ions precipitate out as Zn(OH), [29]. Furthermore, it is also revealed that
in highly acidic (pH < 2) media barely small quantity of Zn(Il) ion gets extracted which might be
reunited to the high concentration of H" ions on the adsorbent surface. These ions may interfere
sorption of analyte Zn(Il) ions on adsorbent by adhering the active sites [30]. For confirming the
extraction efficiency of HNPs, in a batch mode of solid phase extraction, 25 mg of the HNPs were
conditioned for 1 h at different pH ranging from 3 to 10, obtained with dilute solution of hydrochloric
acid (HCI) and ammonia (NHjz). Thus, consequently for further experimentation the optimized pH
range 3 to 10 was selected. The nanoparticles were settled down with a magnet and the standard
aqueous solutions of ZnSO, prepared in 1 M HNO3 were used for the subsequent study. In addition, to
these conditioned HNPs, 1 mL of 20 ppm solution of Zn(Il) was added. Prior to adding this mixture to
the conditioned HNPs, their pH values were readjusted to the desired pH values with the same acid
and base. The sorbent HNPs along with the mixture of metal ions and desired pH solutions were
sonicated for 1h. Thereafter, the HNPs were settled with magnet. Furthermore, the aqueous phase was
decanted, followed by addition of 1M HCI (10 mL, stripping phase) to Zn(ll) ion adsorbed HNPs,
which was further sonicated for 40 minutes. This solution causes desorption of Zn(Il) ions from the
surface of sorbent. This solution was heated almost to dryness and finally diluted to 10 mL with 1 M
nitric acid (HNQs). For preparing the stripping blank 10 mL of 1 M HCI was evaporated by heating
virtually to dryness and further the solution was diluted to 10 mL with 1 M HNOs. For preparing the
stripping standard, the mixture of 1 mL of 20 ppm solution of Zn(lI1) ion and 10 mL solution of 1M
HCI was prepared in triplicate, heated approximately to dryness and diluted to 10 mL with 1M HNOs;.
All these solutions were further analyzed by Atomic Absorption Spectrometer (AAS) for monitoring
the concentration of Zn(ll) ions.

Effect of Increasing Concentration on the Extraction: The effect of concentration on the extraction
amount by the fixed quantity of sorbent was evaluated at the optimized pH. A series of standard
solutions of Zn(I1) ions were prepared ranging from 0.4 to 400 ppm, in triplicate. The concentrations
of these prepared solutions were measured by AAS and their average was taken. Also, different basic
mathematical models were applied to study the effect of rising concentration of Zn(ll) metal ions on
extraction by HNPs. After desorption of the extracted Zn(l1) ions their concentrations were estimated
by AAS.

Matrix Effect: To study the matrix effect with HNPs, rodenticide residues having approximately 3-
4.5 % zinc phosphide (ZnsP;) per 100 g were analyzed. The ZnsP, residue was mixed with 20 mL of
propylene glycol followed by ultrasonication for 30 min and thorough mixing on a rotamixer for 10
min. The acid solution was added to it to hydrolyze propylene glycol. The solution was diluted to 100
mL by water and used as stock solution of rodenticide sample. Thus, the ZnsP, solution was prepared
by slender modification in the procedure mentioned in the literature to tackle the solubility and for
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avoiding the generation of poisonous gas phosphine by direct treatment of ZnsP, solution with acids
[31]. 1 mL of stock solution of rodenticide sample was subjected to extraction by adjusting its pH to
2.7 with 0.25 g of HNPs. Then, the extracted zinc was stripped with 10 mL of 1 M HCI. To calculate
the recovery with respect to rodenticide samples, sample solutions were analyzed by AAS and found
to be 2.75, 2.78, 2.76 ppm with respect to concentration of Zn(lIl) ions for the triplicate samples. The
recovery from HNPs was found 98.70 % with relative standard deviation of +2.56 %. Also, the
rodenticide samples were analyzed in triplicate with quantitative recovery of 100.00+0.36 % without
any matrix interference.
RESULTS AND DISCUSSION

pH Optimization for Zn(l1) lon Extraction: The key factor affecting the sorption capacity of
analyte on sorbent is pH. The extraction efficiency of Zn(1l) ions on HNPs at various pH values in the
range 3-10 was studied. The results of the extraction of Zn(1l) on HNPs (Fig. 3) shows that maximum
extraction takes place at pH 3. The Zn(ll) extraction was screened in the pH range 3-10, and the
maximum extraction was observed at pH 3. The results were confirmed again by optimizing the
extraction between the pH range 2.5 to 3 and it is found that optimized extraction occurs at pH 2.7.

100

50

%Extracted

pH

Figure 3. Percent extraction of Zn(l1) ions by the HNPs at various pH.

Effect of Varying Analyte Concentration on the Sorption Capacity: Furthermore, at the optimized
pH the effect of varying analyte concentration on the sorption capacity was tackled with various basic
adsorption isotherms viz., Langmuir [32], Freundlich [33] and Temkin isotherm [34, 35]. The
Langmuir adsorption isotherm plot for HNPs is shown in Figure 4.
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Figure 4. Langmuir adsorption isotherm
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For Langmuir adsorption isotherm, the equation is,

o @@ -

q. Q. Q,

Where, ge: the amount of Zn(l1) ions adsorbed per unit weight of sorbent at equilibrium concentration,
b : the Langmuir constant related to affinity of binding sites (L mg™) and it is measure of energy of
adsorption, Q, : the maximum adsorption at monolayer (mg g*) and C. : the equilibrium analyte
concentration in mg L™. Accordingly, the maximum adsorption at monolayers (Q,) for HNPs was
computed to be 208.33 mg g*. Also, the values of Langmuir constants (b) were found to be 0.150 L
mg™. These values were obtained from the slope and intercept of the linear plot of (C./qe) against Ce.
The R? vlue for regression is 0.9993. It indicates that our data fits in the model. Dimensionless

equilibrium parameter, R which reveals the crucial individuality of the Langmuir adsorption isotherm
is calculated by the equation (2) [36],

Where, b: Langmuir constant, C,: initial concentration of Zn(ll) ions. The R, values are calculated for
HNPs and summarized in table 1, which are within the range of 0 to 1, representing favorable sorption

of Zn(I1) ions on HNPs.
Table 1. Computed R, values for Zn(ll) ion sorption

Concentration R, for HNPs
(ppm)
1 0.583
2.5 0.358
5 0.218
12.5 0.100
25 0.053
37.5 0.036
50 0.027
75 0.018
100 0.014
150 0.009
250 0.006
400 0.003

The sorption capacity curves (Fig. 5) reveals that the maximum or equilibrium sorption capacity of
the HNPs is 208 mg g™

The linearized form of Freundlich adsorption equation dependent on sorption on a heterogeneous
material is used along with its logarithmic form and given with equations (3) and (4),

Q. = KF Cel/n -3

log g, =log K. + [%) log C, -4

Where, K : Freundlich constant related to sorption capacity (mg g™),n : Freundlich constant related to
adsorption intensity. Freundlich constants related to intensity (n) for HNPs was found 2.70 and the
value of Freundlich constant related to sorption capacity (Kg) was found to be 92.737.The value of n
obtained is ina range of 1 to 10 represents the potential of the HNPs as sorbents (Fig 6).
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Figure 5. Sorption capacity curve for HNPs.

In addition, Freundlich adsorption isotherm is employed to the analytical data of HNPs (Fig. 6).
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Figure 6. Freundlich adsorption isotherm for HNPs.

Along with the linear fitting, nonlinear fitting for Langmuir and Freundlich adsorption isotherms is
also employed to the analytical data and the results were found in harmony with the Langmuir linear
plot. The nonlinear fitting for Langmuir and Freundlich adsorption isotherms are given in Figure 7.
The equation for non-linear fitting of Langmuir and Freundlich isotherm model is [37, 38],
—_ Qmaxbce 5
o= 2
(14+bC,)

Temkin adsorption isotherms for HNPs are plotted between log C, versus ge as shown in Figure 8. Its
equation is depicted below,

q. =(RT /b)log (AC,) -6
Where, b : Temkin constant related to heat of sorption (J mol™), R : Gas Constant (8.314 J mol*K™®), T
: absolute temperature (25°C or 298.15 K) and A : Temkin isotherm constant (Lg™). The linearized
form of equation 6 is depicted as below,

g, = BlogA+ B logC, -7
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Figure 7. Nonlinear adsorption isotherms for HNPs.

Here, B : the slope from the plot. Temkin adsorption isotherm assumes that the heat of sorption
reduces in a linear approach relatively than in logarithmic, as revealed from the Freundlich adsorption
methodology. From the linearized Temkin equation the values of Temkin constant related to heat of
sorption (b) and Temkin isotherm constant (A) is figured and found to be 0.397KJ mol®, and
1.78E+29 Lmg™. The higher R?value for Temkin adsorption isotherm model (R*=0.9669) compared
to the Freundlich adsorption isotherm (R?=0.8331) assures that the decrease in heat of sorption is
linear relatively than logarithmic.
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Figure 8. Temkin adsorption isotherm model.

Matrix Effect on Extraction of Zn(I1) lons: The method was applied to rodenticide residue analysis
using HNPs. Commercial rodenticide samples containing approximately 3 % Zn,P3 corresponding to
90 mg elemental zinc were used for analyses to check the matrix effect on this method. Here, 0.118 g
of rodenticide sample was dissolved to 100 mL, 1 mL aliquot subjected to extraction with 0.25 g
HNPs by adjusting solution pH to 2.7. Then extracted zinc was stripped with 10 mL of 1 M HCI, and
the sample was sequentially heated practically to dryness. Then it was further diluted to 10 mL with 1
M HNO; and used to determine the Zn(ll) ion concentrations. Thus, the rodenticide samples were
analyzed in triplicate with recovery of 100.00+£0.36 %. Therefore, the quantitative recoveries with
HNPs prove their successful application in real sample analysis without matrix interference and
validate the method.

Comparison with Literature Reported Methods: The present method is compared with literature
reports on preconcentrating of Zn(11) (table 2)
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Table 2. Comparison of parameters derived from applied methodologies with hitherto
reported literature for extraction of Zn(Il) ions

Adsorbent Adsorption Reference
Capacity (mg/g)

Bare Fe;0,@SiO, 119 [39]

Amino-functionalized 169.5 [40]

Fe30,@SiO,magnetic nano-adsorbent

Schiff's base adsorbed Fe;0,@SiO, 158 [41]

nanoparticles

Macromolecule adsorbed 208 Present work

Fe;0,@SiO, nanoparticles

APPLICATION

The synthesized hybrid iron oxide nanoparticles have been used for preconcentration and
harmonious extraction of heavy metal ions from wastewaters.

CONCLUSIONS

It is concluded from the study that, the synthesized HNPs were successfully used for preconcentration
of Zn(ll) ions. The optimum operating factors like pH, utmost sorption capacity, are explored for
preconcentration of Zn(l1) ions. Subsequently, the effect of altering analyte concentrations was
screened with basic adsorption models such as Langmuir, Freundlich and Temkin isotherms. The key
HNPs were also successfully applied for preconcentration of Zn(ll) ions in real sample (rodenticide
residue) analysis without bare matrix interference. The sorbent has shown a significant adsorption
capacity as compared to the methods reported in literature. So, these HNPs can be used for
harmonious extraction of Zn(Il) ions and in other requisite areas.
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