iriried applied
L sciences

Article
Silica-Coated Magnetic Nanocomposites for Pb?*
Removal from Aqueous Solution

Roxana Nicola !, Otilia Costisor 1@, Mihaela Ciopec 2 Adina Negrea 2 Radu Laziu 2,
Catalin Ianasi 107, Elena-Mirela Piciorus !, Adél Len 30, Laszl6 Almasy 307,
Elisabeta I. Szerb 1*(© and Ana-Maria Putz !

1 “Coriolan Dragulescu” Institute of Chemistry, Romanian Academy, 24 Mihai Viteazu Bvd.,

300223 Timisoara, Romania; rcrisan@acad-icht.tm.edu.ro (R.N.); ocostisor@acad-icht.tm.edu.ro (O.C.);
ianasic@acad-icht.tm.edu.ro (C.1.); epiciorus@acad-icht.tm.edu.ro (E.-M.P.);
putzanamaria@acad-icht.tm.edu.ro (A.-M.P))

Faculty of Industrial Chemistry and Environmental Engineering, Politehnica University of Timisoara,

6 Vasile Parvan Bvd., 300223 Timisoara, Romania; mihaela.ciopec@upt.ro (M.C.);

adina.negrea@upt.ro (A.N.); radulazau@gmail.com (R.L.)

Centre for Energy Research, Konkoly-Thege 29-33, 1121 Budapest, Hungary; len.adel@energia.mta.hu (A.L.);
almasy.laszlo@energia.mta.hu (L.A.)

Correspondence: eszerb@acad-icht.tm.edu.ro or szella73@gmail.com

check for
Received: 10 March 2020; Accepted: 10 April 2020; Published: 15 April 2020 updates

Abstract: Magnetic iron oxide-silica shell nanocomposites with different iron oxide/silica ratio were
synthesized and structurally characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD), small-angle neutron scattering, magnetic and Np-sorption studies. The composite
that resulted with the best properties in terms of contact surface area and saturation of magnetization
was selected for Pb?* adsorption studies from aqueous media. The material presented good absorption
capacity (maximum adsorption capacity 14.9 mg-g~!) comparable with similar materials presented
in literature. Its chemico-physical stability and adsorption capacity recommend the nanocomposite
as a cheap adsorbent material for lead.

Keywords: magnetic nanoparticles; iron oxide-silica shell nanocomposite; lead adsorption

1. Introduction

The modernization of human life is directly linked with soil, air and water pollution, one of
the main concerns being related to the development of industries that release into the environment
untreated chemicals and toxic wastes. The removal of pollutants represents nowadays a global
challenge and, in particular, heavy metals dispersed in the ambient are highly detrimental for human
health being one of the major cause of cancer, birth defects or neurological problems to name a few,
not to mention damage to flora and fauna [1]. Materials scientists have developed several strategies
for the removal of heavy metals from water, ranging from chemical to physical, magnetic or electric
techniques and the best performing in terms of cost, efficiency, simplicity, separation and regeneration
seem to rely on chemical or physical adsorption [2]. Therefore different engineered nanomaterials were
developed recently, including silica or carbon-based, metal or graphene oxide nanoparticles.

Among these, magnetic iron oxide nanoparticles emerged not only for their good adsorption
properties, but also for the possibility of easy removal from aqueous systems [3]. Iron oxide magnetic
nanoparticles (MNPs), indeed, were shown to have large surface areas with many active sites for
adsorption of metal ions, good selectivity and low toxicity [4—7]. However, due to their hydrophobic
surfaces, aggregation occurs in aqueous media, which lowers the efficiency of adsorption [8]. Therefore,
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coating with organic or inorganic shells with porous, amorphous or ordered structures was carried out
by several groups [9,10].

In this area, silica-based materials are hydrophilic and also considered as excellent adsorbents,
being biocompatible, chemically and physically stable and cheap [11], so the combination of the
two materials is considered a winning strategy for obtaining the best absorbents. Moreover, silica
coating due to the abundant presence of hydroxyl groups facilitates the functionalization of the
shell [7]. A thorough bibliographic search showed that great efforts have already been carried out
to obtain MNPs@SiO,/R nanocomposites, where R is usually an organic or hybrid organic-silica
coating offering N or O-donor sites to coordinate the heavy metal center. Thus absorbents for heavy
metals were obtained with Fe;0,@SiO,/TSD-TEOS (TSD—(trimethoxysilyl)propyl]ethylenediamine,
TEOS—tetraethyl orthosilicate) [12], FezO4@SiO,/TETA (TETA—triethylenetetramine) [13],
Fe3O4@8102/Ch1tosan [14], Fe304@8102/NH2 [15], Fe3O4@5102/Van1hne [16], Fe3O4@8102/DMSA
(DMSA—meso-2,3-dimercaptosuccinic acid) [17], MNPs@SiO,/Bismuthiol II [18]. The synthesis
usually involves a three-step procedure: (i) the obtaining of magnetic MNPs; (ii) the synthesis of
MNPs@SiO; by the coating of MNPs with silica and (iii) a subsequent covering of the silica coating of
MNPs@SiO, by co-condensation of another functional silica shell [19,20], covalent binding a functional
derivative [12] or adsorption through electrostatic attraction between opposite charges [14].

Surprisingly, no systematic studies have been reported on the adsorption properties of
non-functionalized MNPs and MNPs@SiO, nanocomposites, although some groups investigated
their abilities to adsorb heavy metals mostly comparative to the functionalized materials in order
to highlight the improvement of their properties post-functionalization [13,15-17] and there is one
report on core-shell Fe;0,@SiO; microspheres showing Pb%* removal efficiencies of 97% and good
recyclability [21]. Both Fe3O4 nanoparticles and Fe3;0,@5iO, nanocomposites are good adsorbents
especially for Pb?* ions due to the quite strong non-covalent interactions between the metal ion
stereochemically active lone pair of electrons and the octahedral voids of Fe3O, in the former and
electrostatic interactions between the positively charged metal and negatively charged SiO, coating in
the latter [14]. The adsorptive properties of the iron oxide-silica shell nanocomposites depend on their
morphology on the one hand and conditions of determination (pH, contact time, temperature, initial
concentration of Pb?* in solution, eventual interference) on the other.

Based on this background, herein we report the synthesis of MNPs@SiO, magnetic nanocomposites
by using a two steps method and their adsorptive properties for Pb?* ions from aqueous media.
A different ratio between iron oxide nanoparticles and silica was used in the synthesis process
of MNPs@SiO, in order to determine the best conditions for obtaining iron oxide-silica shell
nanocomposites with high surface area and the adsorption of Pb?* ions was determined for the
probe with the highest surface and best saturation magnetization (Ms) values.

2. Materials and Methods

FeSO47H,O (SigmaAldrich >99.5%, extrapure), FeCl3-6H,O (Merck >99%, p.a.),
NaOH (LACHEMA >98%, p.a.), tetraethyl ortosilicate (TEOS) (Merck >99%, for synthesis),
absolute ethanol (Riedel-de Haen, 99.8% vol.), NHs (Silan Trading 25%) were used without
further purification. The structure and phase composition of the particles was determined by
X-ray diffraction (XRD), using an Ultima IV (RIGAKU) instrument operating with Cu K radiation.
The mean crystallite size was calculated using the WPPF (whole-pattern profile fitting) method and
the instrument influence was subtracted using the diffraction pattern of a Si standard recorded in
the same conditions. Nitrogen desorption isotherms were determined at 77 K using a Nova 1200e
(QUANTACHROME) device, pore size distributions were derived with the Barrett-Joyner-Halenda
(BJH) method; specific surface areas were determined using the Brunauer-Emmett-Teller (BET) method.
Prior analyses, the probes were degassed in vacuum for 5 h at room temperature. The surface area
for various batches synthesized were repeated in the same conditions and the results indicate values
within the standard error of 5%. The magnetic properties were investigated in 50 Hz alternating
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current (ac) fields of amplitudes up to 6.4 kOe by means of a laboratory-manufactured induction
hysteresigraph [22]. The instrument provides two voltage signals reproducing the time evolution of
the applied field and sample contribution to the magnetic flux (at 3 Oe/V, and 0.1 Mx/V, respectively,
calibration error), which were recorded at 150 kHz sampling frequency to a PC by means of a 16
bit-resolution DT-9816A (DATA TRANSLATION) data acquisition card. The saturation magnetization
(technical) was estimated from extrapolating to 50 kOe the data resulted from fitting the hysteresis loop
branches to a superposition of Langevin-type transition functions. [22]. The saturation magnetization
was estimated from extrapolating to 50kOe the fitted data. Infrared spectra were collected in KBr in the
range 4000400 cm~! on a Cary 630 Fourier transform infrared (FT-IR) spectrophotometer. Small-angle
neutron scattering (SANS) measurements were performed at the Yellow Submarine spectrometer at the
Budapest Neutron Centre, using standard instrument configurations and data processing. The samples
were measured at ambient temperature. The data were fitted to analytical model equation introduced
by Beaucage [23] using Igor Pro software.

2.1. Synthesis of Magnetic MNPs@SiO2 Nanocomposites

Separate batches of magnetic iron oxide nanoparticles were freshly obtained prior to each coating
operation with various amounts of silica. MNPs were obtained by the alkaline reverse co-precipitation
method using NaOH, following the synthetic strategy previously reported [24]. In particular, 43 mL
FeCl3-6H,0 (0.1 M) and 25 mL FeSO,4-7H,0 solutions (0.1 M) separately prepared were mixed and
added to 25 mL NaOH solution (1 M). The reaction mixture was stirred (300 rpm) for 30 min at
room temperature. After several washing steps with water and absolute ethanol, the black magnetic
precipitate obtained was ready for the coating step with silica, carried out following an adapted Stober
method. In particular, a solution composed of TEOS, ethanol and water was obtained by mixing
adequate quantities of TEOS and ethanol for 10 min at 300 rpm, and then water was added (see Table 1).
The resulting solution was added to the prepared iron oxide nanoparticles (see Table 1) and mixed for
10 min at 300 rpm. The hydrolysis and condensation of TEOS was initiated by the addition of ammonia
solution (25%) to the reaction mixture. The reaction occurred under constant stirring and at room
temperature for 3 h, and was then aged for 10 days at room temperature. The precipitate obtained was
washed with absolute ethanol to remove unreacted species and dried at 60 °C, in oven for 12 h.

Table 1. Summary of synthesis parameters.

NH;3 X . . Targeted Iron Oxide
Sample TEOS (mL) Et(l::;)l H,0 (mL) Solution T];:\?}? : Eih;mrolll. I;ZO' Concentration (Mass %) in
25% (mL) 3 Violar Hatio Silica Matrix
MNPs35@SiO, 35 18.6 6.89 0.23 1:20:25:0.2 35
MNPs21@SiO, 7 37.2 13.78 0.46 1:20:25:0.2 21
MNPs15@SiO, 10.5 55.8 20.67 0.7 1:20:25:0.2 15

2.2. Determination of Point of Zero Charge (pZc)

Batch equilibration technique was used. In particular, samples of 0.1 g of the adsorbent were
suspended in 25 mL solution of 0.1 M KCI and the value of initial pH (pH;) was varied in the range of
1-10 using NaOH solution. Samples were kept in a Julabo SW23 thermostatic bath, for 1 h at 298 K and
200 rpm. Once the contact time has passed, the final pH (pHs) was read using a SevenCompact S 210
Mettler Toledo pH meter.

2.3. Adsorption Capacity

All samples were kept in contact in a thermostatic bath (Julabo SW23) rotating at 200 rpm.
The adsorbent was magnetically separated from the aqueous solution and the residual concentration
of Pb%* ions was determined by atomic absorption spectroscopy using a Varian AAS 280 FS atomic
absorption spectrometer. Different concentration Pb>* solutions were obtained by dilution from a
stock solution of 1000 mg/L Pb(NO3) in nitric acid 0.5 mol/L Certipur® Standard, Merck.
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2.3.1. Effect of the pH on the Adsorption Capacity

We suspended 0.1 g of the adsorbent in 25 mL solution of 10 mg-L~! Pb?* solution, for 1 h at 298 K.
To adjust the pH of Pb?* solutions in the 1-6 range, NaOH aqueous solution was used. Studies have
not been conducted at pH > 6 because there is a risk of lead precipitation. The residual concentration
was determined.

2.3.2. Effect of Contact Time and Temperature on the Adsorption Capacity

We added 0.1 g of sample to 25 mL of Pb?* solutions of 10 mg L~! concentration, for different
contact times (30, 45, 60, 90, 120 and 180 min), in a thermostatic water bath at different temperatures
(298 K, 308 K and 318 K).

2.3.3. Effect of Initial Metal Ion Concentration on the Adsorption Capacity

Different initial concentration of Pb%* in solution (5, 7.5, 10, 20, 25, 30, 40, 50, 75, 100 and
120 mg L™!) was obtained from a stock solution of 1000 mg L~! Pb?*. The amount of adsorbent was
fixed at 0.1 g, contact time and temperature were 90 min and 289 K, respectively.

2.4. Modeling of Sorption Isotherms, Kinetics and Thermodynamics

In the adsorption process, dissolved Pb?* ions are binding to the adsorbent surface through
physical or physico-chemical interactions until the equilibrium is reached. The equilibrium adsorption
capacity (qe) was calculated using Equation (1):

Cp—-Ce
6 (Co-Ce)V )

m
where: ge—equilibrium adsorption capacity (mg-g~!); Co_initial concentration of metal ions (mg-L™1),
Ce_equilibrium concentration of metal ions (mg-L~!); V—volume of aqueous solution containing
metal ions content (L); m—mass of adsorbent (g).

2.4.1. Adsorption Isotherms

Three models of equilibrium isotherms were used, namely: (i) Langmuir isotherm (Equation (2)),
which is based on the monolayer adsorption of the solute; (ii) Freundlich isotherm (Equation (3)),
which was originally developed for heterogeneous surfaces and (iii) Sips model, which is a model
that combines the aforementioned models, Langmuir and Freundlich. The equilibrium isotherms
were obtained by the graphical representation of the g function of C,, and the related parameters
were obtained for each isotherm. The Langmuir and Freundlich constants were calculated using the
linearized form of the resulting patterns after fitting.

Langmuir isotherm:

qL-Kr-Ce
= =r 2
e 1+ K1-Ce @
where: qp —Langmuir maximum adsorption capacity (mg-g~!); Kj —Langmuir constant.
Freundlich isotherm:
1 / n f
ge = Kp-C, ®3)

where: Ky and ng—characteristic constants that can be associated with the relative adsorption capacity
of the adsorbent and the adsorption intensity.
Sips isotherm:
gs- Ks' CZ/ N

= e @
e 1 —|—KS'C3/HS
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where: qgs—maximum adsorption capacity (mg-g~!); Ks_constant related to adsorbent adsorption
capacity; ng—heterogeneity factor.

2.4.2. Adsorption Kinetics

The pseudo-first order kinetic models, or the Lagergren model (Equation (5)) and pseudo-second
order, or the Ho and McKay model (Equation (6)) were applied to describe the kinetics of the adsorption
of Pb?* during the process. A linear plot of In(qe-qt) function of time gives the equilibrium adsorption
capacity, qe calc as intercept and the slope gives the k; rate constant for the pseudo-first-order kinetic
model; a linear plot of t/q; function of time gives the slope as equilibrium adsorption capacity qge,calc
and the intercept gives the k; rate constant for the pseudo-second-order kinetic model.

Kinetic model

ln(qe - qt) = Inq, — Kkt ®)

where: q—adsorption capacity at time t (mg-g~!); k;—pseudo-first order constant (1-min~!); t—contact
time (min).
Ho and McKay model
t 1 t

= ©)
9t qug 9e

where: ko,—rate constant of pseudo-second order adsorption model (g-(mg-min)~1).

2.4.3. Thermodynamics of the Adsorption Process

The thermodynamics offer general information about the influence of temperature on the
adsorption and it is suitable to predict the feasibility of the adsorption process. To determine how the
Pb?* ions adsorption proceeds on the surface of the adsorbent, Gibbs’ free energy (AG®) was calculated
using the Gibbs-Helmholtz equation (Equation (7)).

AG® = AH® — T - AS° @)

where: AG°—standard variation of the Gibbs’ free energy (kJ-mol™1); AH°—standard variation of
enthalpy (kJ-mol~1); AS°—standard variation of entropy (J-(mol-K) ~1); T—absolute temperature (K).
The standard variation of entropy AS® and, respectively, enthalpy AH® were calculated from the
slope and the intercept of the linear plot of InKy as a function of the 1/T (Equation (8)).
AS°  AH°

InKy =
M= "7 RT

®)

where: Kg—constant of equilibrium; AS°—standard variation of entropy (J-(mol-K)~1); AH°—standard
variation of enthalpy (kJ-mol~1); T—absolute temperature (K); R—ideal gas constant (8.314 J-(mol-K)™1).
The equilibrium constant is given by the ratio of the ge and Ce (Equation (9)):

Kqg == )

2.5. Desorption Studies

Desorption was performed by mixing 1g exhausted material containing adsorbed ions with 25 mL
HCl 5%. The mixture was shaken for 4 h at 200 rpm at room temperature. After that the filtered
adsorbent material was rinsed with distilled water and dried at 50 °C for 24 h. The material obtained
can be reused in the adsorption process. In filtrate the concentration of Pb?* was determined by atomic
absorption spectrometry.
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3. Results and Discussion

Average 10 nm diameter MNPs were obtained following a synthetic method previously
reported [24]. To obtain an iron oxide-silica shell nanocomposite system with enhanced surface
active area, the quantity of the TEOS used in the synthesis of MNPs;@SiO, was varied. Indeed, it is
known from literature that the morphology and the thickness of the coating are influenced considerably
by the TEOS/iron oxide ratio [25]. Therefore, we synthesized three materials that differ by the content of
the iron oxide, namely MNPs35@SiO,, MNPs21@SiO, and MNPs15@SiO, where the number indicates
the targeted mass percent of iron oxide in nanocomposites.

3.1. Structural Characterization of the Samples

3.1.1. X-Ray Diffraction (XRD) Studies

XRD patterns of the samples are presented in Figure 1, whereas in Table 2 mean crystallite size
obtained by using the WPPF method are reported.

—
—
™

MNPs35@SiO,

MNPs21@SiO,

ﬂ
'
v Mo MNP9GSO,

T L T L)

T
20 40 60 80 100
2theta degree

Figure 1. X-ray diffraction (XRD) patterns of the magnetic nanocomposites obtained.

Table 2. Average crystallite size.

Sample Mean Crystallite Size (nm)
MNPs35@SiO, 75+0.3
MNPs21@SiO, 6.3+02
MNPs15@SiO, 10.6 £ 0.4

The XRD diffraction patterns of the nanocomposites showed the characteristic peaks of cubic spinel
structure (9009768 —COD Database). A visible wide diffraction peak at 20 ~22-25° indicate the presence
of amorphous silica. Taking into account that separate batches of magnetic iron oxide nanoparticles
were freshly obtained prior to each coating operation with various amounts of silica, minor variations
of the average crystallite size may be observed. However, these variations are in the range of 3 nm,
which shows very good reproducibility and precise control of the co-precipitation process.

3.1.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of the nanocomposites are presented in Figure 2.
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Figure 2. Fourier transform infrared (FI-IR) spectra of the magnetic nanocomposites.

The spectra indicate the presence of both iron oxide and silica in the composite materials, due
to the identification of characteristic bands of both components: the typical stretching vibration of
Fe-O [14] shifted to 570 cm™! due to the Fe-O-Si bond formed, antisymmetric (1090 cm™) and
symmetric (800 cm™1) Si-O-Si stretching bands, Si-O-Si or O-Si-O bending (460 cm~!) and Si-O
stretching (950 cm™1) [26].

3.1.3. Magnetic Measurements

In Figure 3 and Table 3 are presented the magnetization curves and magnetic parameters,
respectively, of the synthesized nanocomposites.

20
15
10
5
= ]
3 0
= ]
[}
v 59 .
] = MNPs35@SiO,
-104 — :

0 - MNF’S21@SIO2
154 == MNPs15@SiO,
-20 : T . . : .

-7.0 -3.5 0.0 3.5 7.0

H [ kOe]
Figure 3. Magnetization curves of the magnetic nanocomposites.
Table 3. Magnetic parameters of nanocomposites.
Sample Ms (emu/g) Hc (Oe) Mr (emu/g)
MNPs35@SiO, 124 415 1.28
MNPs21@SiO, 74 120 1.34

MNPs15@SiO, 5.4 36 1.92
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The saturation magnetization values are of the same order and the slight differences are caused by
the variation of the silica coating thickness (content), since each sample contains a different amount of
magnetic iron oxide, as per gram. The values of Ms, however, indicate a good response to an external
magnetic field of the synthesized materials. This facilitates the separation of the material from the
solution, an important feature in the application of this type of material as adsorbent for heavy metal
ions from wastewater.

3.1.4. Small-Angle Neutron Scattering

Scattering at low angles allows one to obtain information on the structure of the materials on
length scales 1-100 nm. The scattering curves of the investigated samples are presented in Figure 4 in
logarithmic coordinates.

1000
100 4 ® MNPs35@SiO,
: MNPs21@SiO,
1 e MNPs15@SiO,
10-2
S 3
\(P', 4
g '3
0.1 E
0.01
2 3 4 5 6 7 8 9! 2 3 4

Q (nm'1)

Figure 4. Small-angle neutron scattering (SANS) curves of the nanocomposites.

All data show a characteristic scattering pattern of materials having structural inhomogeneities
on two characteristic sizes: the smaller sizes inhomogeneities—pores or particles produce a plateau or
shoulder in the g range 0.3-0.8 nm™~! that corresponds to a size range of 5-30 nm, and a power law-like
scattering that extends below the low g cut-off of the investigated g range, indicating a structural level
larger than 200 nm. Fitting the data to the phenomenological Beaucage model [23] provides the size of
the scattering entities collected in Table 4.

Table 4. Structural parameters of nanocomposites obtained by SANS.

Sample Rg [nm] P
MNPs35@SiO, 101+ 0.1 3.35+0.01
MNPs21@SiO, 9.1+02 3.59 +0.01
MNPs15@SiO, 88+0.1 3.85+0.01

In these composite materials, the average sizes of the embedded iron oxide particles (around
10 nm; XRD data and earlier studies [27]) and of the primary silica particles formed in the sol-gel process
(5-10 nm [28,29]) are similar, therefore the applied model gives only an average size of these two
structural components, that is the iron oxide particles and the primary silica particles. The monotonous
increase of their average size or radius of gyration (Table 4) with an increasing amount of iron oxide
shows that the synthesis method used permits to change continuously the textural properties of the
materials. The fractal exponent P has typical values between 3 and 4, characteristic for rough interfaces
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in silica xerogels [30,31]. The SANS results show that the nanocomposites have a complex irregular
structure with agglomerate sizes above 200 nm, which is typical for air-dried silica xerogels.

3.1.5. Ny Adsorption-Desorption Analysis

In Figure 5 are presented the nitrogen adsorption-desorption isotherms for the synthesized
nanocomposites with the pore size distributions in the inset.

900 —— MNPs35@SiO,
800 4 MNPs21 @SIO2
— MNPS15@SiOZ
700
= 0.06
600
g 0.05
5 2 004
§ 500 E
S { g oos
G 400 T o002
© 1>
M B 001
g 3001 o0
o 5 10 15
> 200 A di
iameter, nm
100
0 T T L T

- - : - ; -
0.0 0.2 0.4 0.6 0.8 1.0
relative pressure, P/Po

Figure 5. The N, adsorption-desorption isotherms of the magnetic nanocomposites. Inset: pore size
distribution curves of the samples.

According to IUPAC classification [32], the adsorption-desorption isotherms of the samples
correspond to a type IVa isotherm with a H3 hysteresis type. Type IV isotherm is typical for
mesoporous materials, showing the characteristic hysteresis loop associated with the occurrence
of pore condensation. The limiting uptake over a range of high P/Pj results in a plateau on the
isotherm, indicating complete pore filling. The initial part of the type IV isotherm is attributed to
monolayer-multilayer adsorption. Hj hysteresis is associated with non-rigid aggregates of plate-like
particles which generate slit-like pores.

The specific surface area and total pore volume of nanocomposites increase with the increase
of the targeted iron oxide concentration (Table 5) until a maximum of 270-275 m?/g, reached for
samples MNPs35@SiO, and MNPs21@SiO,. All the synthesized nanocomposites presented large and
disordered pore size distributions.

Table 5. Specific surface area, total pore volume and pore diameter of the samples.

Sample Specific Surface Area! [m?/g] Total Pore Volume [cc/g]  Pore Diameter 2 [nm]
MNPs35@SiO; 271 1.0 249
MNPs21@SiO, 275 1.3 3.0
MNPs15@SiO, 150 0.8 12.3

T calculated by MultiBET method [26]; 2 approximated from desorption branch using BJH (Barret-Joyner-Halenda)
method.

To investigate the stability of MNPs35@SiO, nanocomposite in aqueous media N, adsorption-
desorption isotherms before and after adsorption process of Pb>* ions were carried out and the results
are presented in Figure 6.
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Figure 6. N, adsorption-desorption isotherms of the magnetic nanocomposite MNPs35@SiO, before
and after Pb2* ions adsorption

According to TUPAC classification, both adsorption-desorption isotherms, before and after Pb*
ions adsorption, correspond to a type IVa isotherm with a H3 hysteresis. The structure of the
nanocomposite has not changed after the adsorption process, indicating that the material has not
degraded during the adsorption process. Specific surface area, total pore volume and pore diameter of
the nanocomposite before and after the adsorption process are presented in Table 6.

Table 6. Specific surface area, total pore volume and pore diameter of MNPs35@AM_SiO; before and
after Pb?* ions adsorption.

Sample Specific Surface Area ! [m?/g] Total Pore Volume [cc/g]  Pore Diameter 2 [nm]
MNPs35@SiO, 270.99 1.01 24.85
MNPs35@SiO,_Pb(I) 174.38 0.57 12.64

! calculated by MultiBET method [26]; 2 approximated from desorption branch using BJH method.

From Table 6, it can be observed that the values of specific surface areas, total pore volume and
pore diameter are decreasing after adsorption process of Pb?* ions, indicating that a part of the pores
are filled by the adsorbed Pb* ions.

3.2. Adsorption of Pb** Studies

Adsorption studies were carried out only for the sample presenting the highest surfaces and the
best magnetic properties, which was the case of sample MNPs35@SiO,. Prior to adsorption studies the
point of zero charge of the sample was determined.

3.2.1. Point of Zero Charge (pZc)

The acid-base properties of the material play an important role in its use as an adsorbent. If the
H*/OH™ system are the potential determining ions, pZc is described in terms of pH value as the point
of zero electrical charge. Determination of null electric point by batch equilibration techniques [33] for
nanocomposite MNPs35@SiO; is presented in Figure 7.
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Figure 7. The pHpzc of the magnetic nanocomposite MNPs35@SiO,.

Figure 7 shows the appearance of the plateau of pHpzc in the range of pH between 4-8. This means
that the surface of the material, at pH values below 4, is predominantly positively charged and at
values greater than 8, is predominantly negatively charged. In conclusion, for good efficiency of the
adsorption process of the synthesised material, it is indicated that the pH of the solution with metal
ions to be in the range of 4-8.

3.2.2. Effect of pH on the Adsorption of Pb?* Tons

The pH value is an important factor in controlling the adsorption process performance of Pb?*
ions from aqueous solutions on the adsorbent [34] because its value influence not only the functional
groups from the surface of the adsorbent, but also the chemical behaviour of the Pb?* ions in aqueous
solution. Indeed, hydrolysis, complexation of organic and/or inorganic ligands, redox reactions,
precipitation of metal ions are pH-dependent and the pH strongly influence the speciation and
adsorption availability [35,36]. Concentration of H* ions decreases with the increase of positive
attraction forces between Pb?* ions and free spaces from the surface of the negatively charged material,
resulting in an increase of adsorption capacity. At low pH values, there is a strong competition between
hydrogen ions and metal ions. A series of adsorption experiments were performed in aqueous medium
at different pH values for the nanocomposite MNPs35@SiO, and the results obtained are shown in
Figure 8.
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Figure 8. The effect of pH on the adsorption of Pb?* ions on the magnetic nanocomposite MNPs35@SiO5.

The increase of the pH up to 6 leads to the increase of the adsorption capacity until 2.25 mg-g~'.
The optimum range of pH determined by pZc of adsorption of the nanocomposite MNPs35@SiO, is
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4-6; however, at a pH > 6 lead can precipitate as Pb(OH),. Taking into account all factors is indicated to
work at pH 4-6 [17,37]. As expected, the adsorption of Pb?* ions is completely dependent on the pH: in
acidic medium, the H* ions compete with the metal ions to reach the functional groups present on the
surface of the nanocomposite, resulting a low adsorption capacity of Pb?*, while with the increase of
the pH the positively charged metal ions may be adsorbed at the negatively charged functional groups
from the adsorbent surface due to the decrease of the competition between the H* ions and Pb?* ions.

3.2.3. Effect of Contact Time and Temperature on the Adsorption of Pb?* Tons

The plot of Pb?* ions adsorption versus contact time with the nanocomposite MNPs35@SiO; at
three temperatures (298, 308 and 318 K) is presented in Figure 9.
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Figure 9. The effect of contact time and temperature for the Pb2+ adsorption on the magnetic
nanocomposite MNPs35@SiO,.

The experimental data shows that the adsorption capacity of the adsorbent material increases
with contact time, reaching a maximum after 90 min. This high initial adsorption rate is due to the
availability of a large number of adsorption sites present at the surface of the adsorbent at the beginning
of the process. The selected contact time for further studies is set to 90 min. Increasing the temperature
from 298 K to 318 K a small increase in the adsorption capacity, namely from 2.14 mg g~! t02.33 mg g~
is obtained. This increase in adsorption capacity is economically insignificant, consequently the studies
were continued at 298 K.

3.2.4. Adsorption Process Mechanism for Uptake the Pb?* Ions onto the Magnetic Nanocomposite

Adsorption Kinetics

The kinetics of the Pb?* adsorption process from aqueous solution using the nanocomposite
MNPs35@SiO, are studied to show the efficiency of the adsorption process. The pseudo-first-order
hand the pseudo-second-order kinetic equations were applied to explore the mechanisms of the
adsorption processes. The fitting curves of In(qe-q¢) and t/q; versus time are shown in Figure 10a,b,
respectively. The relevant kinetic model parameters for Pb>* adsorption are presented in Table 7.
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Figure 10. Plots of pseudo- first- order (a) and pseudo- second- order (b) kinetic models for the Pb%*
adsorbtion onto magnetic nanocomposite MNPs35@SiO,

Table 7. Kinetic parameters of Pb>* adsorption onto the magnetic nanocomposite.

Pseudo-First Order Pseudo-Second Order
Temperature [K] qe,exp k1 qe,calc R? qe,exp k> qe,calc R?
(mg-g~1) min~1 (mg-g~1) (mgg1) (gmgmin~l)  (mgg1)
298 2.14 0.0095 1.55 0.8834 1.97 0.7044 2.84 0.9919
308 2.27 0.0109 1.32 0.8237 217 0.9195 2.86 0.9902
318 2.33 0.0095 1.07 0.8370 2.27 1.4628 2.69 0.9986

Kinetic models can identify the type of adsorption mechanism of the system and the
potential stages to control the rate, including mass transport processes and chemical reactions [38].
The pseudo-first-order kinetic models, or the Lagergren model and pseudo-second-order, or the Ho
and McKay model [39], were applied to describe the kinetics of the adsorption of Pb?*. The kinetic
model that describes best the adsorption process can be established based on the values of the resulting
constants and the obtained regression coefficient (R?). Thus, from the data presented in Table 7, it can
be observed that the kinetic model of pseudo-second-order is the model that describe the adsorption
process of Pb?* ions on MNPs35@SiO, nanocomposite, since R? is in the range ~0.9919-0.9986,
depending on temperature. This correlation is in line with the literature data showing that the
adsorption process of Pb?* ions is influenced by pH and temperature and that the chemical reactions
between the functional groups present on the sorbent and the metal ions are the rate-controlling step
throughout the sorption process [40-42].

Adsorption Isotherm Models

To determine the behavior of Pb?* ions on the surface of the adsorbent material during the
adsorption process, the experimental data obtained was processed according to the Langmuir,
Freundlich and Sips equilibrium isotherms, which describe well the adsorption processes.
The adsorption isotherms of Pb?* on the magnetic nanocomposite MNPs35@SiO, are shown in
Figure 11, and the resulting parameters are shown in Table 8.

Table 8. Parameters of isotherm model for adsorption of Pb>* onto magnetic nanocomposite.

Adsorption Isotherms

Langmuir Freundlich Sips
Ky qL 2 Ky 2 Ks qs 2
R 1, R 1, R
(Lmg™)  (mgg™) (L-mg1) /e (Lmg™1)  (mgg™ /ns
0.1449 17.1 0.9915 3.98 0.349 0.9290 0.056 17.6 0.15 0.9906

Experimental value qm,exp (Mg g’l ) 14.9
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Figure 11. Adsorption isotherm of Pb>* onto magnetic nanocomposite MNPs35@SiO.

According to the correlation coefficient R? the Langmuir isotherm describes best the adsorption
process of Pb?* on the MNPs35@SiO, nanocomposite. Moreover, q; = 17.1 mg g~!, is much closer
to the experimental value, i.e., qm, exp = 14.9 mg g~!. According to the literature, the fact that the
adsorption process is better modelled according to the Langmuir model shows that the adsorption
process is positively influenced by the increase in the concentration of metal ions [14] and that the
adsorption process of Pb?* ions on the adsorbent occurs only in a monolayer, all surface sites are
energetically identical housing a single Pb?* ion, and the ability of a Pb?* ion to adsorb on the surface is
independent of occupying adjacent sites [43]. At the same time, the adsorption mechanism is controlled
by chemosorption processes as a result of strong chelation between Pb?* ions and OH" groups and/or
free electron pairs present on the surface of the adsorbent material [44]. By following the value of the
coefficient ng <2, we can confirm that the adsorption process is likely to occur by moving the metal
ions from the aqueous phase to the surface of the nanocomposite.

Adsorption Thermodynamics

Usually, adsorption processes are significantly influenced by temperature. Therefore, to investigate
the feasibility and the physiochemical characteristics, the effect of temperature (in the range of 298-318 K)
on the adsorption of Pb?* ions on the magnetic nanocomposite adsorbent MNPs35@SiO, was followed.
The thermodynamic parameters were calculated from the slope and the intercept, by using linear plot
of InKy function of 1/T, presented in Figure 12. Thermodynamic parameters: Gibbs free energy (AG®),
free enthalpy (AH®), free entropy (AS®) and regression coefficient R? values are listed in Table 7.

T T T T T
0.00315 0.00320 0.00325 0.00330 0.00335
T (1K)

Figure 12. Adsorption isotherm of Pb?* onto magnetic nanocomposite MNPs35@SiO,
The positive enthalpy value AH®, 36.1 k]-mol ™" showed that the adsorption process is endothermic

in nature. When the adsorbent material is dispersed in solution, the intermolecular hydrogen from
the water molecules interacts with oxygen-containing groups from the adsorbent surface, partially
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converting them into hydrogen bonds. This tends to occupy the active sites of the adsorbent and
consequently decrease the adsorption of Pb?* ions [40]. The adsorption process in the solid-liquid
system is a combination of two processes: (i) the desorption of the solvent (water) molecules adsorbed
on the surface of the adsorbent, and (ii) the adsorption of the adsorbate species. In consequence,
the energy required for the adsorption process is the energy consumed to displace the water molecules
from the surface by the Pb2* jons [41]. At the same time, the adsorption of Pb%* jons involve
electrostatic interactions and also possible complexation, that is consistent with the adsorption abilities
at high temperature.

The value of the Gibbs free energy, AG°, —0.7 kJ-mol™!, at 298 K, calculated from the
experimental data, is negative, indicating that the adsorption of metal ions on the magnetic
nanocomposite is a natural spontaneous process, and becomes more negative with the increase
in temperature, —0.7, —1.9 and —3.1 kJ-mol~" for 298 K, 308 K and 318 K, respectively, suggesting that
the adsorption of Pb?* ions increases with the temperature.

This can be attributed to effective surface growth contact between the adsorbent material and the
metal ions. Also, this could be possible because the mobility of the Pb>* ions in the solution increases
with temperature and that the affinity of the metal ions on the magnetic nanocomposite is higher at
high temperatures. The positive value of AS°®, 123.4 J-(mol-K)™! reflects an increase in randomness
during the process of Pb?* ions adsorption on magnetic nanocomposite, and the existence of the affinity
between the adsorbent and Pb?* ions [41,42]. At the same time, the adsorption of Pb?* jons involve
electrostatic interactions and also possible complexation, which is consistent with the adsorption
abilities at high temperature. The value of the Gibbs free energy, AG®, calculated from the experimental
data, is negative, indicating that the adsorption of metal ions on the magnetic nanocomposite is a
natural spontaneous process, and becomes more negative with the increase in temperature, suggesting
that the adsorption of Pb?* ions increases with the temperature. This can be attributed to effective
surface growth contact between the adsorbent material and the metal ions. Also, this could be possible
because the mobility of the Pb?* ions in the solution increases with temperature and that the affinity
of the metal ions on the magnetic nanocomposite is higher at high temperatures. The positive value
of AS° reflects an increase in randomness during the process of Pb?* ions adsorption on magnetic
nanocomposite, and the existence of the affinity between the adsorbent and Pb?* ions [45,46].

It is very difficult to compare the results with various data reported in the literature since the
differences of lead adsorption capacities depend not only on the structure and morphology of the
adsorbent such as surface area, porosity, presence of functional groups, but also on the adsorption
process variables like pH, adsorbent dose, metal ion concentration, temperature, contact time etc.
The complexity derives from the non-uniformity of the adsorption process variables employed and the
different measuring units for adsorption capacity or parameters that were used to express the results.
Roughly, functionalization of the silica shell is significant when the initial metal concentration is as low
as 0.01-0.2 mg/mL [13,47,48] or when small quantities of adsorbent (0.4-1 mg/mL) [11,12,14-16] and
reduced contact times (30 min) [12] should be used.

Finally, the selection of most suitable adsorbents should depend on a number of factors including
cost-effectiveness, availability, and reusability. The results showed that our nanocomposite material
exhibit Pb?* adsorption properties comparable with some of the functionalized ones, an increase of
the adsorption properties being obtained mainly for porous silica nanocomposites and for materials
with hybrid coating which follows multilayer adsorption. Functionalization of the silica considerably
reduces the contact time and the quantity of adsorbent used. However, the physico-chemical stability
and economic issues regarding the adsorbent cost should be taken into account.

3.2.5. Desorption Experiments

Beside the adsorption capacity one important parameter characterizing the adsorbent materials to
be used for practical applications is represented by the regenerative capacity of the material, which is
translated into the possibility to reuse such materials. To be able to reuse an adsorbent material, it is
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necessary for the metal ions to be easily desorbed from its surface and obviously in an amount large
enough to be reusable. In this paper, the possibility of desorption of Pb?* ions from the surface of
magnetic MNPs35@SiO, nanocomposite was followed. The desorption process was performed with a
good efficiency using 5% HCI and was 95.7%.

4. Conclusions

Three magnetic nanocomposite iron oxide-silica shell materials were synthesized containing a
different mass percent of iron oxide nanoparticles of around 10 nm diameter. The morphology of the
nanocomposites depended on the mass percentage of MNPs used in the synthesis. The sample with
the highest surface and best magnetic properties was chosen to conduct Pb?* adsorption studies from
aqueous media (MNPs35@SiO;).

MNPs35@SiO, presented a relatively high value of specific surface area 271.0 m? g1, total pore
volume 1.0 cm® g~! and pore diameter 24.9 nm. The saturation magnetization value obtained for
the nanocomposite, 12.4 emu g1, indicated that the synthesized material has a good response to an
external magnetic field, which is an important feature for the applicability as adsorbent for removing
heavy metals from waste water. The maximum adsorption capacity, 14.9 mg-g~!, is comparable with
results obtained for similar nanocomposites reported in literature.

The adsorption mechanism of Pb?* ions was established by kinetic, thermodynamic and
equilibrium studies. The results indicated that the adsorption takes place at the surface of the material,
being a spontaneous, endothermic process and physical bonds may be involved (hydrogen bonding or
electrostatic attraction), but the process is mainly governed by chemisorption. Finally, for better process
efficiency and ensuing widespread use, being affordable and with good stability, Pb>" desorption
studies were conducted, establishing that it may be reused with good efficiency.
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