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This study presents an alternative, rapid, and environment-friendly synthesis procedure of a magnetic
core-shell mesoporous SBA-15 silica composite, its functionalization with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald), and its application in dispersive solid-phase microextraction (DSPME)
for Cu(II) from water. The materials were characterized through magnetization measurements, scanning
electron microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM), Fourier trans-
form infrared (FTIR), nuclear magnetic resonance (NMR) of 2°Si and '3C, elemental analysis, and surface
area measurements. FTIR and NMR analyses indicated the presence of the ligand on the functionalized
material and that it was coupled through a C—S bond. TEM images clearly show that the magnetite core
particles were effectively coated with a silica shell. The material presented a surface area of 287.99 m? g~!
and an average pore diameter of approximately 15.1 nm. The material had its point of zero charge (PZC)
determined (6.17) and its adsorption capacity was evaluated as a function of time, pH, and metal con-
centration. Dynamic adsorption equilibrium was reached in 120 min, and it had a good correlation with
the pseudo-second-order kinetic model (2 =0.9997). The maximum experimental adsorption capacity
(0.0786 mmolg~') and the value calculated by the linearized Langmuir model (0.0799 mmolg-') are
very approximate, indicating the formation of a monolayer over the material. Furthermore, the material
proved to be very stable, because their adsorption capacity remained greater than 95% even after 10
cycles of adsorption/desorption. A high enrichment factor of 98.1-fold was observed, indicating that this
material is suitable for the preconcentration of trace Cu(Il) ions before analysis through flame atomic
absorption spectrometry (FAAS).
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1. Introduction

Copper is a microessential trace element and therefore plays
important roles in the development and physiological processes
of human beings and other organisms. As with any microessential
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element, copper is indispensable at a very narrow and low con-
centrations; however, at high concentrations, it can become very
toxic, causing various health problems associated with the liver,
bones, central nervous system, and the immune system [1,2]. On
this basis, the development of analytical tools and artifices for the
determination of trace metals in environmental or drinkable water
sources/reservoirs is one of the main aims of the analytical chem-
istry, as they play an important role for the assessment of water
quality, ultimately having a great effect over the health of humans
and other organisms [3].
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Recently, many modern instrumental techniques are used for
the determination of heavy metals, such as electrochemical analy-
sis, atomic absorption spectrometry (AAS) [4], atomic fluorescence
spectrometry (AFS) [5], inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) [6], and inductively coupled plasma
mass spectrometry (ICP-MS) [7]. Among these, flame atomic
absorption spectrometry (FAAS) is the most widely used due to
the ease of operation as well as the low instrumental and oper-
ational costs [2]. Notwithstanding, the direct determination of
metals in environmental samples by FAAS is often difficult due
to matrix interferences and, most importantly, insufficient detec-
tion power of this technique [2,3]. Nevertheless, such difficulties
could be overcome using preliminary preconcentration techniques
before analysis through FAAS, which could extract the analytes
from the matrix and increase their concentration in the samples,
thus enabling their detection and quantification by such tech-
nique [3,8-11]. In view of this, various methods are proposed
for the separation and preconcentration of metal ions from low
concentration aqueous samples, such as cloud-point extraction,
precipitation/coprecipitation, liquid-liquid extraction (LLE), and
solid-phase extraction (SPE) [12,13]. With respect to SPE and LLE
techniques, the first one has become the most popular because
of its various advantages in comparison to LLE, such as produc-
tion of less waste, reduced matrix effect, possibility of reuse of
the solid phase, obtainment of higher enrichment factors, reduced
consumption of organic solvents, possible coupling with differ-
ent detectors, and because it is an environment-friendly technique
[2,14-17].On the contrary, the main disadvantage of SPE is the lack
of selectivity, as it may be affected by the interference between
coexisting metal species in the sample and the species of interest
[18]. Thus, the development of new adsorbent materials aiming to
increase sensitivity and selectivity in the determination of metal
ions has gained special attention from the scientific community
[15,19].In this aspect, silica has been widely used as a solid support
for the extraction of metals through SPE due to its hydrophilic-
ity, the possibility of obtaining highly porous types of silica
that can be synthesized through mild reactional routes (such as
sol-gel), and the ease of chemically modifying its surface to obtain
higher selectivity toward different analytes. For such reasons,
many studies using chemically modified silica have already been
reported [2].

On the contrary, due to some difficulties associated with the
recovery and reutilization of materials applied in dispersive solid-
phase microextraction (DSPME), such as material loss and/or
long-lasting separation processes related to filtration steps, an
appealing alternative to perform their extraction and recovery
would consist of their magnetic separation, which could hypo-
thetically simplify this process. The magnetic separation technique
(MST) is based on the attraction force between a magnetic material
and a magnetic field, but, as an important restriction, the material
should not retain any residual magnetism as the field is removed.
This means that the suspended magnetic material carrying the ana-
lyte of interest should readily be separated from a matrix by an
external magnetic field without promoting the agglomeration of
particles, as the magnetic field becomes null. As the main bene-
fits of the application of magnetic separation, we could obtain a
reduction of operational time, reduction of costs, and simplifica-
tion of operational procedures, as it could prevent the use of SPE
cartridges and peristaltic pumps. In view of this, nanoparticles of
certain magnetic inorganic metal oxides appear to have suitable
chemical and magnetic properties to be applied as magnetically
extractable adsorbents, although their direct application is quite
restricted because of their tendency to conglomerate and their poor
selectivity. Nonetheless, if such particles could be coated by an
appropriate shell, such restriction could be circumvented. Aiming
to satisfy such condition, silica seems highly appealing in virtue

of its many synthetic and chemical advantages already mentioned
[20].

This work describes the synthesis of an ordered mesoporous
Santa Barbara amorphous-type (SBA-15) silica with magnetic
core of magnetite particles, its surface modification with the
ligand 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald),
and the results for the extraction of Cu(ll) ions from aque-
ous medium through DSPME and SPE through column method.
Parameters such as dynamic contact time, pH of the medium,
and concentration of the analyte were studied. The materials
produced were characterized through a series of techniques to
verify the modification steps as well as to uncover the material’s
surficial properties to allow the assessment of its applicabil-
ity as a potential adsorbent for metal ions. The characterization
techniques consisted of magnetization measurements, scanning
electron microscopy (SEM), high-resolution transmission electron
microscopy (HR-TEM), Fourier transform infrared (FTIR), nuclear
magnetic resonance (NMR) of 29Si and 13C, elemental analysis of
carbon and nitrogen, determination of the point of zero charge
(PZC), and surface area measurements.

2. Material and methods
2.1. Solvents, solutions, and reactants

All reagents were of high purity or at least of analytical grade.
Aqueous solutions were prepared with high-purity deionized water
whose resistivity indicated a value of 18.2MQcm™!, collected
from a Direct-Q system (Millipore, France). A Cu(Il) stock solution
(450 mg L-1)was prepared by dissolving appropriate amounts of its
nitrate salt (Sigma-Aldrich, USA) in deionized water. The following
compounds were used for the synthesis of the magnetite particles:
FeCl; (99%), FeCl,-4H,0 (97%), and NH4OH (28 wt.%). Moreover,
nonionic surfactant triblock Pluronic (P123), tetraethoxysilane
(TEOS; 99%), 3-chloropropyltriethoxysilane (CPTS; 95%), and Pur-
pald (99%) were purchased from Sigma-Aldrich. The solutions used
to build the calibration curves were prepared by an appropriate
dilution of the stock standard solution (1000 mgL-1) for atomic
absorption analysis (Specsol). The pH of the solutions was adjusted
with diluted HNO3 (Carlos Erba) and NaOH (Sigma-Aldrich). All
vessels were washed with HNOs3 (10%, v/v) for at least 24 h, rinsed
with deionized water, and dried at room temperature before use.

2.2. Equipment

Modified silica-coated magnetic nanoparticles were character-
ized by infrared spectroscopy using an FTIR spectrometer (Nicolet
Nexus 670; Thermo, USA). The materials were scanned 200 times
at a resolution of 4cm~! through transmittance mode, and KBr
pellets (200 mg) containing 1% in mass of the sample were pre-
pared for this analysis. Specific surface area measurements were
carried out in a Micromeritics ASAP2010 apparatus (Micromeri-
tics Instrument Corp.) using 0.5 g material. Elemental analysis was
performed using a Thermo Finnigan Flash 1112 Series EA CHN ele-
mental analyzer with 2.0 mg of the materials. The quantification
of Cu(Il) was performed through an atomic absorption spectrom-
eter operating in flame mode (AAnalyst 700; Perkin-Elmer, USA).
SEM images were collected in a Quanta 200 SEM (FEI Co.) and HR-
TEM images were collected in a JEM 2100 (Jeol, USA). The magnetic
response of the selected nanocomposites was studied using a Quan-
tum Design Magnetometer (VSM). High-resolution NMR spectra of
the solid materials were obtained in an Agilent DD2 by applying
a magnetic field of 5.9T. The samples were packed in zirconium
rotators of 4mm in diameter. For the analyses of 13C, rotation
in magical angle spinning was applied with a frequency of 5 kHz
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Fig. 1. Schematic representation of the main reaction steps occurring in the sol-gel process for the co-condensation method.

and cross-polarization (CP) 'H — 13C. The Hartmann-Hahn contact
time was 1ms, and /2 pulse of 'H had a duration of 6 ws. Dur-
ing the acquisition of the 13C signal, 'H heteronuclear decoupling
was applied with a nutation of 100 kHz. For each spectrum, 20,000
signals were collected for a duration of 5s. The chemical deviation
of 13C was obtained in comparison with tetramethylsilane (TMS),
using a solid sample of adamantane as a secondary standard, whose
CH, resonance was observed in 38.6 ppm/TMS. In the analyses of
29si, an Hahn echo series of 7/2-T;-7r with a pulse of /2 of 7.5 s,
T; =200 s (one period of rotation), and 14,800 acquisitions for a
duration of 30 s were applied.

2.3. Synthesis of the silica-coated magnetite

Magnetite nanoparticles (MnPs) were prepared by a conven-
tional coprecipitation method [20]. Briefly, 6.0 g FeCl; and 6.021g
FeCl,-4H,0 g were dissolved in 111 mL deionized water. This mix-
ture was heated to 80 °Cand kept under nitrogen atmosphere under
vigorous stirring. Then, 50 mL of 28% NH4OH were added, and the
color of the solution changed instantly from orange to black. The
magnetite formed was washed thoroughly with deionized water
until the pH of the suspension matched that of the water and then
was stored in deionized high-purity water at a concentration of
35.5gL-1. Magnetic silica was prepared by the addition of 80 mL
ultrapure water, 40 mL NH4OH, and 4.0 g Pluronic into an Erlen-
meyer flask. This mixture was heated to 40 °C under stirring until
the complete dissolution of Pluronic. Then, 5.5 mL of the magnetite
suspension (35.5gL1), 5.0mL TEOS, and 2.05 mL CPTS were added
to the reaction flask and the mixture was stirred for 24 h. After-
wards, the mixture was transferred to a sealed vessel and aged in
an oven at 100 °C for 24 h. The mixture was filtered and the mate-
rial was dried, washed in a Sohxlet system (ethanol/water 1:1, v:v),
ground, and stored in desiccator before use. The material produced
in this step is called MnP-Si-Cl.

2.4. Functionalization of the material’s surface

The modification of the material’s surface was performed in
a double-neck reaction flask. The mixture consisted of 20mL
dimethylformamide (DMF), 0.3359 g Purpald, and 0.5 mL triethyl-
amine. The reagents were stirred and heated to 150 °C. After the

dissolution of the Purpald, 0.6 g of the activated material MnP-Si-Cl
was added to the reactional flask and the mixture was stirred
for 72 h. Afterwards, the material was filtered under vacuum and
washed in DMF at 100 °C for 30 min to remove the excess of ligand
molecules. This procedure was repeated twice. The residue of DMF
was removed by washing the material in a Soxhlet system for
24 h with an ethanol/water mixture (1:1). Finally, the material was
dried at 50°C for 24 h. Through this synthesis, a material named
MnP-Si-Pu was produced. The synthesis steps are schematically
shown in Fig. 1.

2.5. PZC experiment

To obtain more information about the surface of the material
MnP-Si-Pu, an experiment to uncover its PZC was accomplished.
In such experiment, 20.0 mg of this material were agitated with
10.0 mL of the solutions whose pH varied from 1 to 12. The solutions
had their pH adjusted by the addition of HCI and NaOH solutions,
and the material samples were agitated for 24 h before measuring
the final pH [21].

2.6. Adsorption and reutilization experiments

Conventional batch experiments consisted of agitating 20.0 mg
of the material with 1.80 mL of metal solution in 2 mL flasks. The
material was later separated magnetically with the aid of a mag-
net, and the supernatant was collected to have its metal content
analyzed via FAAS. Parameters such as contact time, pH, and ana-
lyte concentration were varied independently in each experiment.
The contact times from 1 to 240 min were studied. The pH of the
solutions was varied from 1 to 6, and the effect of the analyte con-
centration was investigated in the range from 1 to approximately
400mgL-1. The possibility of material reuse is also an interesting
aspect, as it may be related to the reduction of costs and of the
generated residues. In view of this, an experiment of cyclic adsorp-
tion and desorption was carried out to determine the physical and
chemical stability of the synthesized material. This experiment was
performed through cycles of percolation and elution in a packed
column containing 40 mg MnP-Si-Pu. Then, 100 mL of the refer-
ence solutions of 0.10 mg L~ were percolated through the column
at flow rate of 2.5mLmin~!, and metal elution was performed
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Fig. 2. Magnetization curve at 10K for the calcined material [MnP-Si-Cl (calcined)],
the chlorinated material (MnP-Si-Cl), and the material modified with the ligand
molecule (MnP-Si-Pu). Top inset: Magnetization curve at 300 K. Bottom inset: Sus-
pension of the material (MnP-Si-Pu) in aqueous medium before and after the
application of an external magnetic field.

with 1.0 mL eluent (a solution composed of 1.0molL~! HCI and
0.2 mol L-! thiourea) at a flow rate of 1.0 mL min~!. The eluate was
collected and subjected to FAAS analysis. All experiments were
accomplished at room temperature (approximately 25 °C).

3. Results and discussion
3.1. Characterization of the materials

The material had its magnetic properties evaluated and the
results are visually presented in Fig. 2. This figure shows the
measurements of magnetization versus magnetic induction accom-
plished at 10 and 300 K for the materials obtained at different stages
of the synthesis. At 10K, hysteresis could be observed for all the
materials, which indicates that, at such temperature, the materi-
als preserve a remnant magnetization, even when the magnetic
induction is null. It is also possible to observe a decrease in the val-
ues of magnetization in comparison with the calcined material, as
the chemical modification of the material’s surface is carried out,
which is due to the presence of the organic content in the surface
of the material. At 300K (Fig. 2, inset), the hysteresis phenomenon
does not occur (superparamagnetic materials) because, with the
increase in the temperature, the thermal energy becomes similar or
larger than the anisotropy energy, allowing the magnetic moment
of the particles to vary in orientation; in other words, the mate-
rial cannot maintain spontaneous magnetization at temperatures
close to the ambient temperaure, and this favors its stability as a
colloidal suspension in liquid media. As an external magnetic field
is applied, the material will have a high magnetization, and as soon
as the field is removed, it will return to its initial condition with an
extremely small relaxation time. In view of this, the magnetic sep-
aration of the composite in a liquid phase can be performed rapidly
by approaching a magnet to the vessel containing the suspended
material, as demonstrated in Fig. 2(inset).

The results of the elemental analysis are shown in Table 1.
These data show the percentile differences in the carbon and

Table 1

Elemental analysis of the material in the two-step synthesis.
Sample C(%) N (%)
MnP-Si-Cl 11.6 1.15
MnP-Si-Pu 12.2 4.0
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Fig. 3. Infrared spectra of the calcined mesoporous silica [MnP-Si-Cl (calcined)],
the silylated mesoporous silica (MnP-Si-Cl), and the mesoporous silica modified
with ligand (MnP-Si-Pu).

nitrogen content for each synthetic step, indicating the varia-
tion of the organic moieties. The material synthesized by the
co-condensation method, called MnP-Si-Cl, has a high concentra-
tion of carbon, which indicates that the silylating agent (CPTS) is
anchored to it. The increase in nitrogen and carbon contents for
MnP-Si-Pu indicates that the reaction with Purpald is probably
successful. It is also noted that the increase in the nitrogen content
is significantly higher than that of carbon. This result is expected
because the Purpald molecule contains three nitrogen atoms for
each of its carbon atoms. From these results, the ratio of ligand in
the organofunctionalized material is 0.3 mmolg~!.

FTIR spectroscopy was used to determine the functional groups
of the modified nanoparticles as well as the occurrence of each
modification step. Therefore, infrared spectra were collected for
the MnP-Si-Cl (calcined), MnP-Si-Cl, and MnP-Si-Pu materials
(Fig. 3). The broad band of approximately 3400cm~! is usually
assigned to vO-H, SiO-H vibration, and/or adsorbed water [22,23].
Other charateristic silica absorption bands were also observed in
the region of 1100 cm~!, which are related to vSi-O-Si stretching
vibrations, and at 805 and 457 cm~!, corresponding to §Si-O-Si
bending vibrations [22,24]. By comparing MnP-Si-Cl (calcined)
with the chlorinated silica spectrum (MnP-Si-Cl), the reaction
between TEOS and the silylating agent (CPTS) is probably success-
ful, as three bands at 2950, 645, and 698 cm~! could be noticed.
These bands may be respectively assigned to the stretching vibra-
tion of vC-H, CH,-Si, and vC-Cl bonds from the structure of CPTS
[22]. It is still possible to observe in the spectrum of the calcined
silica and MnP-Si-Cl a weak band of approximately 560cm™!,
characteristic of Fe-O vibrations from the magnetite core [24].
The spectrum of MnP-Si-Pu has two main differences in compari-
son to the spectrum of the chlorinated silica; the absorption band
located at 1635 cm~! (for the chlorinated silica) is shifted to a higher
wavenumber (1660 cm~!) and also became more intense. This band
not only corresponds to bending vibrations of §(H,0) but could
also be attributed to the amino groups §(NH;) [25] of the ligand
molecule.

The FTIR results obtained indicated that the reaction of
organofunctionalization probably occurred, although a more pro-
found investigation through 29Si and 13C NMR analysis was carried
out to either confirm or disprove them. Regarding the NMR anal-
ysis for 29Si Fig. 4, we can notice resonances corresponding to
Si04 species of type Q* (—105 ppm) and groups (Si0),Si*(OCH3)(D)
(—=62ppm) and T (Si0)3Si*C (=73 ppm), which were identified
specifically as D and T. This result demonstrates that silica domains
are highly connected, with no significant amount of less connected
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Fig. 4. NMR spectrum of 2°Si of the material MnP-Si-Pu.

Q3 groups and with groups T and D in the surface. Yet, based on the
NMR analyses of 13C for the materials MnP-Si-Pu and MnP-Si-Cl,
Fig. 9 and Table 3 were built. In Table 2, we can find the chem-
ical deviations of the observed resonances as well as to which
chemical groups they were attributed. As seen in Table 2, C-Si,
CH,, C-Cl, and OCH3 were common groups for both materials and
these resonances are implied in the presence of CPTS in the surface
of these modified materials. Nonetheless, C—S bonds could only
be detected for the material MnP-Si-Pu, which indicates the cou-
pling of the Purpald molecule to this material’s surface through
its sulfhydryl group. In Fig. 5, both spectra present the same reso-
nance groups, except for the region comprehended between 30 and
50 ppm. With respect to the spectrum of the material MnP-Si-Cl,
an intense resonance at 45.3 ppm corresponding to the C—Cl bond
was found, whereas, for the material MnP-Si-Pu, this same reso-
nance was reduced and a new resonance at 35.8 ppm can be clearly
seen, which was associated with C—S groups. Such observations
may indicate the rupture of the C—Cl bonds to give place to C—S
bonds between the material’s surface and the ligand, ultimately
indicating the occurrence of the functionalization step.

To assess the surface properties of the produced materials, such
as specific surface area and average pore size, surface area measure-
ments using nitrogen gas were performed. The nitrogen isotherms
of the materials, in the different stages of synthesis, indicated type
IV adsorption isotherms with hysteresis between the adsorption

Table 2
Chemical deviations of the resonances obtained for 3C of the materials MnP-Si-Pu
and MnP-Si-ClL.

MnP-Si-Cl MnP-Si-Pu Attribution
13C"siso 13C*Biso

(ppm) (ppm)

43 52

8.6 9.7 C-Si
15.0 13.7

24.9 22,5 CH,
Absent 35.8 C-S
45.3 45.0 c-c
56.0 54.0

62.6 62.4 OCH3
69.0 69.3

MnP-SI-Cl

1

100 50
¢ chemical shift (ppm)

ol

1 3
200 150 -50

Fig. 5. NMR spectrum (magical angle spinning) of '>C of the materials MnP-Si-Cl
and MnP-Si-Pu.
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Fig.6. Nitrogen adsorption isotherms and average pore diameter for calcined meso-
porous silica [MnP-Si-Cl (calcined)], the silylated mesoporous silica (MnP-Si-Cl),
and the mesoporous silica modified with ligand (MnP-Si-Pu).

and desorption branches, as shown in Fig. 6, which are character-
istic for mesoporous materials presenting capillary condensation
inside the pores [26]. Yet, the type of the hysteresis noted between
the adsorption-desorption isotherms of Fig. 6 is classified as H1.
The relative pressure range where this phenomenon occurs, as well
as its format, depends mainly on the geometry of the pores, and the
H1-type hysteresis is observed in regular mesoporous solids with
cylindrical and/or polyhedral format with open ends [27]. More-
over, the material presented an average pore diameter of 151A,
comprehended in a range from 31 to 210 A (Fig. 6, inset). The spe-
cific surface area and pore volume of the materials produced in
each step of the synthesis are found in Table 3. The obtained values
for the surface area of the materials are inversely proportional to
the amount of organic molecules attached to the material, as the
molecules grafted onto silica’s surface occupy partially the pores of

Table 3
Pore structure parameters of the material in different stages of functionalization.

Sample Sper (m? g™!) Vi (cm? g=1)
MnP-Si-Cl (calcined) 35493 + 0.76 0.770990
MnP-Si-Cl 298.85 + 1.22 0.758001
MnP-Si-Pu 287.99 + 0.81 0.731418

Sger, specific area; Vg, mean pore volume.
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Fig. 7. SEM images for the MnP-Si-Pu material.

the material, blocking them; thus, a reduction in the surface area
and pore volume is expected after the organofunctionalization [17],
as seen in Table 3. The average pore diameter values obtained are
within the range of 2.0-50.0 nm, which are in the range specified
for mesoporous materials, thus corroborating with the isotherm
type provided by the adsorption and desorption of nitrogen.

The morphology of the silica could be obtained through SEM, as
seen in Fig. 7. In this figure, the particles of the material do not have
aregular form but are quite porous and their surface is very rough.
These features, which are associated with a small particle diameter
(approximately 10 wm), implies that the material presents a high
surface area and consequently a large contact surface (as already
estimated by surface area measurements), which is interesting for
adsorbent materials.

Fig. 8 shows the HR-TEM images of the material MnP-Si-Pu. In
Fig. 8a, it is possible to observe different electron densities along
the image. The darker regions are associated with the magnetic
nanoparticles, whereas the lighter regions are associated with the
silica coating, as demonstrated by the arrows. These observations
could be confirmed in Fig. 8b as well, because, as we zoom in to
the dark regions (rectangles specified as 1 and 2), it is possible to
observe an interfringe spacing, characteristic of organized atomic
arrangements of crystal structures that are commonly observed for
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Fig. 9. Determination of the pH of the PZC and representation of the charges on the
material’s surface at different pHs.

iron oxides, such as magnetite [28]. In addition, such patterns could
not be assigned to the silica shell because the atomic structure of
silica is amorphous and therefore cannot provide a regular elec-
tron scattering. In view of this, mesoporous silica could indeed be
deposited on the surface of the magnetite particles, as desired.

Finally, before the application of the modified material in
adsorption experiments, an investigation to uncover its PZC was
carried out. This experiment is very important to understand
adsorption processes, as it provides information about the surficial
charge as a function of the pH of the medium and thus allow making
predictions about at which pH values such processes are favorable
or unfavorable. Depending on the pH of the medium, the surface can
be positively, negatively, or even neutraly charged. For the case of
the resultant charge to be null, we have the condition of PZC, which
was represented by pHpyzc. As the pH of the medium increases above
PHpzc (pH > pHpzc), the material’s surface acquires a resultant neg-
ative charge mainly due to phenomena such as deprotonation of
surficial groups and/or adsorption of hydroxyl species. On the con-
trary, if the pH of the medium is below pHpzc (pH < pHpzc), the
material’s surface will be positively charged, which is due to the
protonation of such surfical groups [29]. The data collected from
the PZC experiment were used to build Fig. 9, and the pHpzc was
calculated as the average of the final pH values measured in the
range in which such values remained almost contant. From these
results, the pHpzc of the material MnP-Si-Pu was 6.2.

Fig. 8. HR-TEM images for the MnP-Si-Pu material: (a) normal image and (b) application of zoom in demarcated areas.
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Fig. 10. Kinetic study for the adsorption of copper onto the surface of MnP-Si-Pu.

3.2. Experiments of Cu(Il) extraction in batch mode

Relevant parameters were investigated to characterize the
obtained material regarding its adsorption properties, such as
adsoption kinetics, influence of pH, and maximum adsorption
capacity.

The adsorption capacity for each condition was obtained by
comparing the metal content in the solution before and after the
experiments. Eq. (1) was used to calculate the amount of retained
metal ions per gram of material (Nf):

ny —ns
Ne= S, (1
where n; is the amount of metal ions (mmol) in the initial solution,
ns is the amount of metal ions (mmol) in the supernatant, and m is
the mass of the material used (g).

The influence of pH in the adsorption of Cu(Il) over the mate-
rial’s surface was investigated in the range from 1 to 6 to uncover
the optimized pH condition. The experiments were conducted with
1.8 mL aqueous Cu(Il) solutions in the concentration of 50mgL~1.
The results indicated that the adsorption capacity was stabilized at
pH 2, suggesting that, even in pH values lower than pHpyzc, the mate-
rial’s surface is favorable for the adsorption of Cu(Il). This property is
interesting, as it enables the removal of Cu(Il) from acidic residues.

The dynamic contact time is another important aspect regarding
adsorption processes. In this work, the contact time was investi-
gated in a range from 1 to 240 min. In Fig. 10, the equilibrium was
reached at approximately 120 min. The red curve representing the
adsorption isotherm indicates two equilibrium stages, which may
be explained by metal adsorption over readily available sites fol-
lowed by a subsequent adsorption over more internal sites (with
some steric hindrance).

To better understand Cu(Il) adsorption kinetics of MnP-Si-Pu,
mathematical kinetic models such as the pseudo-first-order and
pseudo-second-order kinetic models [30,31] were applied to
the experimental data. The pseudo-first-order kinetic model is
expressed in Eq. (2):

kit
Log(ge — 4:) = Log(de) ~ 5355 (2)

where g and q; are the adsorption capacities for the metal ions
(mgg1) in equilibrium and at time t (min), respectively, and k;
(min~—1) is the kinetic constant of this model. Calculated ge and k;
can be both obtained from the intercept and the slope when we plot
log (qe — q¢) versus t. The determination coefficient obtained for the
pseudo-first-order kinetic model was very low (% = 0.838). Further-
more, the calculated ge (=0.0057 mmolg~!) and the experimental
ge observed from the isotherm in Fig. 10 are not in agreement,
which indicates that such model is not representative for the kinetic

0.08 -  a
0.07
0.06 - A
=~ & 2.5 .
o i P~
2 005 55
£ v —~
£ 0041 /a 154
= Ve =2
Z 0.03 1 / S 1.0+
3 S -
0.02 / © 0354 a
Y b
0.01 A/ oop ; r ; ; ; r S
/ 0 5 10 15 20 25 30 35
] 4
0.00 Cs (mmol L")

T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Cs (mmol L™)

Fig. 11. Adsorption isotherm for Cu(Il) in aqueous medium for modified silica and
its linear form according to Langmuir model (embedded).

adsoptive behavior of MnP-Si-Pu toward Cu(II) ions. In spite of this,
the adsorption kinetics of the material could be well described by
the pseudo-second-order kinetic model, as expressed by Eq. (3):

t 1 1
Nie — KN? " ®)
where Ny is the adsorption capacity at a given time (mmol g1y, Nris
the adsorption capacity at equilibrium (mmol g~1), K is the kinetic
constant of the pseudo-second-order model (mmolg~!min~1),
and t is the contact time for each experiment (min). By plot-
ting the values of t/Ng versus t, it was possible to obtain the
straight line represented in Fig. 10(inset), whose determination
coefficient (r2) was found to be 0.9997. Moreover, Ny provided
0.057 mmol g~!1, whereas K provided 14.60mmolg~! min—!. The
determination coefficient indicates that the pseudo-second-order
model better represents the adsorption process of MnP-Si-Pu and
that the kinetic adsorption mechanism toward Cu(ll) is determined
by a chemical interaction. This implies that free-electron pairs
existing on the surface of the material are being shared with metal
species in solution by means of covalent bonds [32]. In addition,
the good correlation of the data with such model may also be ver-
ified through the agreement between the calculated N; and the
experimental Nf observed in the adsorption isotherm of Fig. 10.

Experiments to determine the maximum adsorption capacity
were also performed in batch mode, making use of the opti-
mized parameters from pH and contact time experiments and
by varying Cu(Il) concentration. As we plot Ny values versus
the respective supernatant concentrations (Cs), we can build the
adsorption isotherm depicted in Fig. 11. In Fig. 11, it is possible
to infer that the experimental maximum adsorption is approxi-
mately 0.080 mmolg-!. The collected data were also applied to
Langmuir and Freundlich linearized models. The Langmuir model
assumes that the energy of the adsorption sites is identical and
that one adsorbate occupies only a single site, resulting in the
formation of a monolayer over the adsorbent’s surface [34]. The
maximum amount of Cu(Il) adsorbed onto the material’s surface,
Ns (mmolg=1), at equilibrium may be calculated through the lin-
earized Langmuir equation [Eq. (4)]:

G G 1
NN BN @
where Cs is the supernatant concentration at equilibrium
(mmolL-1), N; is the adsorption capacity of metal ions on the
material’s surface for a given concentration (mmolg=!), and b
is a constant related to the affinity between adsorbate and the



540 M.H.P. Wondracek et al. / Applied Surface Science 367 (2016) 533-541

Table 4
Comparison between the maximum adsorption capacities of the material produced
in that study and other adsorbent materials.

Adsorbent Adsorption capacity References
Cu (II) (mmol g=1)

Brazilian Orchid Tree 0.140 [33]

Silica-supportedbis(diazoimine) 0.003 [34]

Nano-TiO, modified with 0.062 [35]
2-mercaptobenzothiazole

Untreated coffee husks 0.118 [36]

Uncaria gambir 0.156 [37]

Commercial Coffee Wastes 1.101 [38]

Corn Leaf Powder 0.089 [39]

Silica Functionalized 0.012 [40]

p-Morpholinomethylcalix[4]arene 0.026 [41]
bonded silica

Calcium-alginate-modified 0.123 [42]
diethylenetriamine-silica gel

Multi-carboxyl-functionalized 0.740 [43]
silica gel

Silica on multi-walled carbon 1.047 [44]
nanotubes

Silica sequentially modified with 0.060 [45]
polyhexamethylene guanidine
and Arsenazo

Amidoamidoxime silica 0.016 [2]

Silica modified with 0.020 [46]
chlorodimethylvinylsilane

Silica-coated magnetite, core-shell, 0.079 This study

modified with purpald
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Fig. 12. Column reutilization experiment, Cu(ll) recovery after 10 adsorp-
tion/desorption cycles.

binding sites (Lmmol~1). The correlations obtained by the appli-
cation of Langmuir model were satisfactory and indicated that
adsorption process may be occurring through the formation of a
monolayer, as Ns (=0.0799 mmol g—1) is very close to the N at the
highest concentration of Cu(Il) (0.0786 mmolg-1), and the deter-
mination coefficient (12) is considerably high (0.9686).

The linearized Freundlich adsorption model was also used to
interpret the data, as expressed in Eq. (5):

log Nf = log K + %long, (5)

where K; and n are constants related to the Freundlich adsorp-
tion capacity and adsorption intensity, respectively [32]. From
such equation, the calculated K; was 1.064mmolg-! and the
determination coefficient (r?) was 0.876. Comparing both math-
ematical adsorption models, the Langmuir best described the
adsorption process for the system studied. According to sev-
eral studies listed in Table 4, the maximum adsorption capacity

of MnP-Si-Pu is similar compared to other adsorbents. More-
over, besides the simple synthetic preparation of MnP-Si-Pu,
the reutilization experiments accomplished in packed columns
provided that this material is stable for a minimum of 10 adsorp-
tion/desorption cycles with recoveries above 98% (Fig. 12). Yet,
reutilization experiments provided an enrichment factor of approx-
imately 98-fold, which indicates that the material presents a great
potential for analytical preconcentration procedures.

4. Conclusion

The synthesis procedure is very simple, and and the coating of
MnPs with a mixture of TEOS and CPTS results in a magnetically
extractable silica-based material suitable for organofunctionaliza-
tion. The characterization of the organofunctionalized material
through different techniques confirmed the presence of the ligand
on the surface of the material and that the reaction occurred
through the sulfydryl group of the ligand to give place to a C—S
bond. The obtained material consists of mesoporous particles of
irregular shapes, presenting rough surface with a relatively high
surface area. The surficial properties indicated that the material is
suitable to perform adsorption of metal ions from aqueous media,
as confirmed through the adsorption experiments. The material
demonstrated to be efficient in the uptake of Cu(Il) ions in a large
pHrange (2-6) and very physically and chemically stable even after
undergoing adsorption/desorption cycles (it may be used for at
least 10 cycles without loss in its adsorption capacity). Moreover,
the high enrichment factor obtained (98-fold) indicates that it could
be applied for analytical purposes, such as the preconcentration and
determination of trace amount of Cu(Il) in aqueous media.
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