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One of the most commonly used parameters to evaluate the environmental impact of petrochemical-
associated industries and its consequence on human health is the presence of benzene, toluene,
ethylbenzene, and xylene in water, which are known as BTEX. The removal of these compounds from
groundwater, and thus assuring the quality of this resource, is of high relevance but challenging for
regions where the technologically advanced devices required for analytical control are unavailable.
Accordingly, herein, a novel silica-based nanocomposite adsorbent (MCM48/SPION/C8) was developed
BTEX
contaminants in water samples, allowing their quantitative extraction and recovery and analysis, even in

together with an efficient magnetic concentration/extraction and recovery method for
outdated systems. The implementation of magnetic nanoparticles enabled analysis by magnetic solid-
phase extraction
associated with the easy and fast separation of the adsorbent, its recycling, and reuse. Organo-

(MmSPE) as expected due to the tailor-made adsorption/desorption properties

functionalization of hydrophilic and highly ordered mesoporous silica MCM48 with alkyl chains enabled
hydrophobic interactions, thus tailoring its affinity for BTEX species. The novel nanocomposite adsorbent
was characterized and compared with a state-of-art commercial product, demonstrating that it
outperforms conventional solid-phase extraction materials in terms of recovery efficiency due to its
higher specific surface area and entrapment in the hierarchical mesoporous structure achieved upon

rsc.li/materials-advances

Introduction

Oil and gas extraction and the petrochemical industry have a
considerable water footprint.' Indeed, on average, 4 barrels of
water are produced per barrel of extracted oil.> However, the
anthropogenic release of oil products is more commonly asso-
ciated with refining processes and accidental spills. The numerous
hydrocarbon and aromatic pollutants associated with petroleum
include benzene, toluene, ethylbenzene and xylenes.*” The
complex mixture of these volatile organic compounds (VOCs) in
water are also known as BTEX. They are slightly miscible with
water and are present in very low concentrations (ppm-ppt) in
contaminated water samples.®® Nevertheless, BTEX has known
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organofunctionalization with octylsilane.

carcinogenicity, even at very low concentrations, and thus is major
health and environmental concern.* %%

Thus, several analytical methods have been developed to evaluate
the relevant water quality parameter.”>™"” The major barrier for the
accurate quantification of BTEX is their low concentrations (aqueous
miscibility: benzene, 1790 mg L, toluene, 526 mg L™, ethylben-
zene, 169 mg L™, o-xylene, 178 mg L™ ', m-xylene, 161 mg L™, and
pylene, 162 mg L™ and the presence of several interferents in
water bodies. Accordingly, extraction and pre-concentration are
the most common procedures used to quantify these aromatic
compounds, despite the high volatility of BTEX, which implies
additional difficulties. Solid-phase extraction is not considered
appropriate for VOCs due to the generally long contact time with
air, which results in the volatilization and substantial loss of
these analytes."®'® Conversely, liquid-liquid extraction has low
reproducibility and requires large quantities of hazardous
organic solvents that are also the object of environmental
concern.'”*°

Carbonaceous adsorbents have limited application due to
the strong interactions that poison the sorbent surface and
diminish the recovery efficiency during the extraction step,>*
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whereas zeolites'* and silica®® have too low affinity and poor
selectivity for aromatic compounds such as BTEX. Another
class of materials that have been successfully explored in the
literature are MOFs>*>* however, the processes for their large-
scale production are not well established, making them
expensive.

In this work, we present a promising approach for the use of
nanofunctionalized silica-based composite materials. Highly
ordered mesoporous silica (MCM48) has an enhanced specific
surface area and can be tailored to selectively target some
classes of analytes. For example, organofunctionalization with
alkyl silanes (C8) can enhance the selectivity towards BTEX by
enabling hydrophobic interactions with these low miscibility
pollutants.>®?® Furthermore, a nanocomposite incorporating
superparamagnetic iron-oxide nanoparticles (SPIONs) provides
a unique framework for quick magnetic recovery after adsorp-
tion, making its recovery/reuse after extraction possible.””*®
Accordingly, a new selective adsorbent coupled with an efficient
extraction method emerges as an interesting alternative for the
concentration/extraction of these contaminants. This idea was
realized by combining the organofunctionalization of MCM48
and binding of SPIONs on the grain surface to implement the
possibility of magnetic recovery. The performance of the novel
MCM48/SPION/C8 material was benchmarked against commercial
adsorbents, demonstrating its high adsorption capacity and selec-
tive BTEX extraction from real water matrices.

Results and discussion
Characterization of the nano-enabled adsorbents

Fig. 1 illustrates the diffractograms of pristine MCM48 and the
organofunctionalized MCM48/SPION. The diffractograms at a
low angle showed the characteristic pattern of the Ia3d space
symmetry group, which is associated with a highly organized
mesoporous silica, consistent with the MCM48 structure. The
displacement of the peaks depicted by MCM48/SPION/C8 was
attributed to the interpore distance diminution due to particle
shrinkage during the thermal treatment conducted in the
organofunctionalization process.>**> However, the nanocom-
posite maintained the highly organized structure and symmetry
of MCM48. These patterns were not observed for commercial
silica gel 60 (SiO,), which has non-ordered pores.

The XRD analysis at conventional 20 values showed the
characteristic peak at 23°, corresponding to the Si-O ordering
pattern. This is usually observed in silica materials, including
amorphous structures such as silica gel 60.* It is important to
note the display of well-defined diffraction peaks in MCM48/
SPION/C8 associated with the presence of magnetite with the
characteristic crystallographic planes of iron spinel corres-
ponding to the (220), (311), (400), (511), and (440) planes,
which are consistent with the JCPDS cards of magnetite (PDF
74-0748).>" Thus, these results suggest the successful formation
of the MCM48/SPION/C8 and SiO,/SPION/C8 nanocomposites.
The functionalization process preserved the diffraction pattern
but induced a displacement in the small-angle XRD peaks to
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Fig. 1 X-ray diffractograms of pristine MCM-48 (black line) and nano-
composite MCM48/SPION/CS8 (red line) at (a) small-angle X-ray scattering
and (b) wide-angle X-ray diffraction. (c) Comparison of the XRD patterns of
CB/SPION (green line), silica gel 60 (blue line) and SiO,/SPION/C8 (pink
line) at wide-angle X-ray diffraction.

larger 20 values, as expected for a decrease in interpore distances
(shrinkage effect produced by the heat processing involved in the
functionalization), as seen in Fig. 2b (BET isotherms). The
presence of quartz crystals as a contaminant in the silica-based
nanocomposite (silica/SPION/C8) is evidenced by the sharp and
high intensity peak at 27° (101).

The magnetization curves of the nanocomposites measured
by vibrating sample magnetometry (VSM) in the range of —20 to
20 kOe are shown in Fig. S1 (ESIT). The very low magnetic hysteresis
(below 50 Oe) and perfectly flat saturation at 5.1-5.3 emu g~ ' can
be assigned to the superparamagnetic magnetite nanoparticles
bound on (decorating) the adsorbent material grains. This
magnetization is consistent with the relative amount of SPION
(10 wt%) incorporated in the adsorbents in the preparation
process given that the magnetization of SPION is 53 emu g~ "
The correlation between SPION content and magnetic saturation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a and d) FTIR spectra and (b and c) nitrogen adsorption—

desorption isotherms of: CB/SPION (green line), pristine SiO, (blue line),
SiO,/SPION/C8 (pink line), pristine MCM48 (black line), and MCM48/
SPION/C8 (red line). The corresponding BJH pore size distribution is
depicted in the insets.

was previously described in our work on magnetic zeolites for
wastewater treatment.*’

The comparative FTIR spectra of commercial SiO, and the
synthesized MCM48 depict similar peaks (see Fig. 2). The bands
at 3443 cm™ ' and 1640 cm™ " are characteristic of the stretching
and bending modes of water adsorbed in silica materials,®
respectively, which are known to be good desiccant agents. The
shoulder observed at 3250 cm ™" on the broad water stretching
band is attributed to the silanol groups O-H stretching modes.
The signals observed at 1235 cm ™" and 1085 cm™ ' are assigned
to the longitudinal and transversal asymmetric stretching modes
of the Si-O-Si bonds, respectively, whereas the symmetric
stretching mode band was found at 800 cm™".*° The band at
966 cm ™" is characteristic of the silanol group (Si-OH) stretching
mode.*® It should be noted that the intensity of this signal is
much larger in MCM48 due to its enhanced surface area, which
results in a larger number of terminal silanol groups per
adsorbent mass. Finally, the clear peak at 460 cm™ " is assigned
to the O-Si-O bending mode.*® These same typical silica FTIR
peaks are observed in the organo-functionalized SiO,/SPION/C8
and MCM48/SPION/C8 nanocomposites, but with much lower
relative intensities, as expected for the presence of an organic
layer on the silica particles,*® giving rise to new bands in the
FTIR spectra. For example, the new peaks observed at 2924 cm™*
and 2854 cm ™! are associated with the C-H stretching modes,*”
which indicate the successful functionalization of the surface
with alkyl chains.

To demonstrate the efficient functionalization of the silica-
based materials, TGA was conducted (see Fig. S2, ESIf). The
initial mass loss event in the temperature range of 30 °C to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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150 °C is associated with the loss of adsorbed water, as
observed also in the control sample. The second region from
150 °C to 700 °C is associated with the thermal decomposition
of the alkyl chains and their combustion into CO/CO, and
water. No appreciable change in mass was observed in the
range of 700 °C to 800 °C, as expected for the complete removal
of organic species from the composite materials. Thus, the loss of
mass in the second region was used to calculate the percentage
of organic fraction incorporated in the composite materials
(13.0 wt% for SiO,/SPION/CS8, 13.8 wt% for MCM48/SPION/CS,
and 17.4 wt% for commercial CB/SPION), thus demonstrating
the effective functionalization of the adsorbents by organosi-
lanes. It should be noted that no change in mass was observed
for the pristine silica gel used as a control above 150 °C,
validating the measurements.

The nitrogen adsorption-desorption isotherms of the pristine
silica adsorbents (SiO, and MCM48) and their nano-enabled
composites are depicted in Fig. 2. It can be seen in Fig. 2b that
commercial silica gel 60 presents a type IV isotherm with H2
hysteresis, which is characteristic of materials with bottle-neck
pores, with a BET surface area (Sgpr) of 617 m® ¢~ " and a pore
size of ~4.4 nm. In contrast, the synthesized MCM48 silica
presents a type IV isotherm with H1 type hysteresis, which is
characteristic of highly organized mesoporous materials with
a defined pore size and homogeneous distribution. MCM48
presented a 2-fold larger Sggr of 1212 m*> g~ and pore size of
2.6 nm (¢f. inset panel Fig. 2c), consistent with the higher intensity
of the Si-OH FTIR stretching signal at 966 cm™' compared to
silica gel 60 (ca. half peak intensity). Accordingly, MCM48 is a
more porous material with a pore volume of 1.56 cm® g~ than
silica gel with 0.81 cm® g~ . The functionalization of both silica
materials resulted in a decrease in the Sggr, pore size and volume
to less than half the respective initial values. SiO,/SPION/CS8
presented an Sggr of 386 m> g™, pore size of 2.3 nm and pore
volume of 0.46 cm® g~ !, whilst MCM48/SPION/C8 presented
an Sgpr of 560 m* g™, pore size of 1.5 nm and pore volume of
0.62 cm® g~ ', It is important to note that even after organofunc-
tionalization, MCM48/SPION/C8 presented an Sgpr area twice that
of the commercial CB/SPION (Sggr of 201 m* g~ *). The decrease in
pore size observed in the composite materials can be explained by
the functionalization of their internal pores by alkyl chains,*
which seem to be beneficial to increase the affinity towards target
BTEX adsorption for extraction.

The SEM images (Fig. 3) show the homogeneous size distri-
bution of the three silica-based materials considered in this
work. CB/SPION and SiO,/SPION/C8 have rock-shaped particles
with an average size of 60 pm, whereas MCM48/SPION/CS8 is
constituted by spheroidal particles with an average size of
116 nm and homogeneous distribution.

The MCM48/SPION/C8 nanocomposite was further analysed
by TEM and aberration-corrected STEM, as shown in Fig. 4. It
can be observed in Fig. 4a that the spherical particles present a
homogeneous distribution of 116 + 15 nm diameter particles,
in agreement with the dynamic light scattering (DLS) measure-
ments and the previous SEM images. Further magnification of
the particles in dark-field mode (see Fig. 4b) showed the highly

Mater. Adv., 2021, 2, 963—-973 | 965
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Fig. 3 Scanning electron microscopy (SEM) images of (a) commercial CB/SPION, (b) SiO,/SPION/C8, and (c) MCM48/SPION/C8.

organized porous structure of the material, which is also
consistent with the previously discussed analyses. The inter-
planar distance of 3.4 + 0.2 nm defined by the pores is
compatible with the 3.6 nm spacing determined by XRD
analysis for that same parameter. The inset panel of Fig. 4b
depicts an organized porous structure, consistent with a pore
size of 2.1 £ 0.2 nm and the nitrogen adsorption-desorption
behaviour depicted in Fig. 2. The images shown in Fig. 4d-f
evidence the MCM48 surface decoration with small 7 nm large
SPIONs, which are clearly defined in the TEM bright-field
and high-angle annular dark-field (HAADF) images. Further
analysis by HRTEM (see Fig. S3, ESIt) identified constructive

interferences, indicating the high crystallinity of the magnetite
nanoparticles.

The spacings of the constructive interference fringes in Fig. S4
(ESIt) are 0.207 nm, 0.251 nm, and 0.293 nm, corresponding to
the crystallographic (400), (311) and (220) planes,* respectively,
which are characteristic of the cubic spinel structure of magne-
tite (Fe30,4), as depicted in the XRD patterns shown in Fig. 1.

The elemental mapping conducted by EDS (Fig. 5) analysed
the distribution of Fe, O, Si, and C in the STEM images collected
under HAADF mode. It can be clearly seen by comparing the
elemental mappings that there is a correlation between the
position of Si, O, and C. This suggests a uniform distribution

Intensity (%)

100
Size (nm)

Fig. 4 Transmission electron microscopy of (a—c) pristine MCM48 and (d-f) nanocomposite MCM48/SPION/C8. (a and d) CTEM images, (b) HRTEM
image, (c and f) STEM images in HAADF mode, and (e) STEM image in BF mode. The inset panel in (a) shows the size distribution histogram determined by

dynamic light scattering analysis.
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of C8 on the MCM48 surface, as expected for the bonding of the
alkylsilane on the silica surface, forming covalent Si-O-Si-C8
bonds. The mapping of Fe indicates unequivocally that the
external surface of the MCM48 particles is decorated uniformly
by SPIONS.

Benchmarking BTEX adsorption of silica-based materials and
nanocomposites

Silica gel-based magnetic nanocomposite. Adsorption capa-
city as a function of concentration is one of the most important
parameters to evaluate the performance of adsorbent materials.
Silica gel 60 was used as a standard due to its wide use as an
adsorbent in chromatography and similarity with the compo-
site materials, thus providing a suitable standard for the
present work. Accordingly, the adsorption isotherms for BTEX
were obtained for the nano-enabled adsorbent composites in
comparison with commercially available materials as stan-
dards, more specifically, organofunctionalized Chromabond
PAH silica particles decorated with SPIONs (CB/SPION). The
adsorption isotherms of the different BTEX components in
CB/SPION are shown in Fig. 6, while the calibration curves are
presented in the ESIt (before and after the adsorption assay).
The respective chromatograms confirming the very small
amounts of benzene adsorbed by CB/SPION are shown in
Fig. S5 (ESI{), which at the detection limit of the equipment,
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Fig. 6 Experimental points determined for the adsorption of BTEX on
CB/SPION and fitted using the Langmuir—Freundlich isotherm model
(solid lines).

gave scattered data that made the isotherm fit unsuitable in a
concentration range below 2 mg L™ ",

Toluene, ethylbenzene and xylenes showed continuously
ascending curve patterns of adsorption capacities, contrasting
with the behaviour expected for a purely Langmuir isotherm
model. In this case, saturation is expected when a monolayer of
adsorbate is formed on the adsorbent, considering non-
interacting adsorption sites. This simple model can be improved

Fig. 5 Energy-dispersive X-ray spectroscopy elemental composition mapping of the MCM48/SPION/C8 nanocomposite: (a) electron image, (b) silicon
mapping, (c) oxygen mapping, (d) carbon mapping, (e) iron mapping, and (f) combined image obtained by superimposition of all the elements layers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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considering the possibility of secondary adsorbate-adsorbate
interactions by adopting the hybrid Langmuir-Freundlich
model.*® In the case of aromatic compounds, there is clear
possibility of m-stacking interactions, which can lead to the
formation of a second (or further) adsorption layer and a
continuously increasing isotherm profile instead of a plateau, as
observed in Fig. 6. The adsorption parameters determined by
fitting the BTEX adsorption isotherms by applying the Langmuir-
Freundlich adsorption model are listed in Table 1.

As the hydrophobic character of a molecule increases, a
higher tendency to interact with the adsorbent in detriment with
water is expected. This occurs due to the very low miscibility of
xylenes (almost immiscible with water) in comparison with
toluene (water miscibility of 0.47 g L") and ethylbenzene (water
miscibility of 0.15 g L™"). The high lipophilic character of these
molecules should also improve their interaction with the organic
fraction present in the organofunctionalized silica, allowing this
material to adsorb them. However, the application of this material
is strongly limited by its low surface area, characteristic of the
micron dimensions of the particles, as discussed previously.

Mesoporous MCM-48 silica-based magnetic nanocomposite.
The adsorption capabilities of the different materials were
evaluated from their respective adsorption isotherms as shown
in Fig. 7. The analysis of the experimental data determined by
fitting with the Langmuir-Freundlich equation suggests the
prior adsorption of BTEX compounds as a monolayer on the
surface of the superparamagnetic adsorbent nanocomposites,
then the possibility of adsorbate-adsorbate interactions, forming
multilayers. It is noteworthy to mention that the pristine silica
gel 60 and MCM-48 materials showed no adsorption capacity
and selectivity towards BTEX in aqueous solution. This result
demonstrates that organofunctionalization plays a fundamental
role in ensuring the selective interaction of the target adsorbates
(i.e., BTEX) with these adsorbents. This trend can be tentatively
explained by the hydrophobic interactions of the C8-organic
chains with the aromatic structures of BTEX, which stabilize
their adsorption on the silica materials.
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Fig. 7 Langmuir—Freundlich isotherms of adsorption of BTEX on (a) SiO,/
SPION/C8, and (b) MCM48/SPION/C8. () Benzene, (@) toluene, (A)
ethylbenzene, and (V) xylene.
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Table 1 Adsorption parameters determined by fitting the CB/SPION

adsorption isotherms of BTEX shown in Fig. 6 using the Langmuir—
Freundlich adsorption model

Analyte Qsac (mg g7 ") Kpp (Lmg ™) nyp R

Benzene — — — —

Toluene 4.5 0.15 0.8 0.973
Ethylbenzene 21.9 0.05 0.8 0.997
m-Xylene 24.8 0.04 0.8 0.997
p-Xylene 19.8 0.06 0.8 0.997
0-Xylene 13.9 0.06 0.8 0.992

The adsorption capacity (Qsa) calculated from the isotherms
by fitting with the Langmuir-Freundlich equation is summarized
in Table 2. It is important to note that the Qg,. values of MCM48/
SPION/C8 are more than twice that of CB/SPION and SiO,/SPION/
C8, suggesting its improved performance for the extraction of
BTEX from the aqueous phase. The higher Qs, values can be
associated with its larger Sggr and the highly organized meso-
porous structure of MCM48 spherical nanoparticles. These results
are consistent with the enhanced performance and promising
capabilities of MCM48/SPION/C8 as adsorbent for magnetic solid-
phase extraction for the sensitive and quantitative analysis of
BTEX in complex water matrices.

Interestingly, the Qg values for MCM48/SPION/C8 are more
than three times that of SiO,/SPION/C8 and much larger than
that of CB/SPION. Considering the known insignificant affinity
of silica materials for BTEX, the improved affinity can be
explained by their n-octanol/water partition coefficients (Kow)*®
and improved interaction with the organofunctionalization layer.
In this case, higher values of Kir should be associated with lower
affinities for water and a higher interaction with hydrophobic
species such as the organofunctionalized C8 chains in the
composites. However, in contrast with the expected results, the
BTEX components presented a decrease in Kip values from
benzene (0.02), to toluene (0.005) and ethylbenzene (0.008),
increasing again to xylenes (0.02).** This behaviour is a dramatic
difference compared with the micrometric-sized SiO,/SPION/C8
or the CB/SPION composite, where the Ky values nearly followed
the tendency defined by the octanol/water partition coefficients.
This result indicates that the main interactions responsible for
the adsorption of the BTEX molecules on these silica-based
composites is the organic layer (C8).

Table 2 Benchmarking adsorption capacity (Qsa) estimated by the Langmuir—
Freundlich isotherm analysis. Synthesized MCM48/SPION/C8 adsorbent
outperformed the Qg, value of commercial CB/SPION

Langmuir-Freundlich isotherm

Adsorbent Analyte Qsar (Mg g7 1) Kip (L mg') nip R

Si0,/SPION/C8 Benzene 6.7 0.02 1.3 0.999
Toluene 21.8 0.03 1.0 0.999
Ethylbenzene 37.9 0.03 1.0 0.999
Xylene 80.2 0.02 0.9 0.999

MCM48/SPION/C8 Benzene 40.3 0.02 1  0.996
Toluene 290.9 0.005 0.9 0.999
Ethylbenzene 244.1 0.008 0.9 0.999
Xylene 93.1 0.02 1 0.997

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The contrasting tendency observed for MCMA48/SPION/CS8
suggests that the interaction sites should be highly hydrophilic
and based on silica, as reinforced by its much lower K;y value
(Table 2). However, it is interesting to emphasize that the
significantly higher surface area of the MCM48-based nanocom-
posite than the other silica materials will proportionally increase
the number of active sites, thus contributing to the decrease in
the Kir value. Surprisingly, the MCM48-based magnetic nanoad-
sorbents prepared in the present work outperformed the adsorp-
tion capacity of analogous organofunctionalized CB/SPION and
SiO,/SPION/C8. Here, it is important to remember that in con-
trast with these materials, MCM48/SPION/C8 has two distinct
adsorption sites given that both the binding of SPIONs and the
organofunctionalization process occurred essentially at the
mesoporous silica grain surface. However, this hydrophobic
outer layer does not seem to significantly contribute to the
adsorption capacity, but rather mainly increases the affinity of
the particle for BTEX molecules, ensuring their approach and
entrance into the MCM48 pores, where they become trapped. In
fact, the porous volume is much larger than in the microparticles
given the enhanced specific surface area. This means that the K; ¢
values essentially reflect the interaction of BTEX with the meso-
porous silica inner pores rather than with the hydrophobic
organofuntionalized layer, which seems to just perturb the
equilibrium in a way to induce the entrapment of these organic
molecules in the porous structure, as successfully described by
the hybrid Langmuir-Freundlich adsorption model considering
the presence of different adsorption sites and interaction modes.
Briefly, the hydrophobic interactions with the organic layer are
the most relevant phenomenon in the micrometric silica nano-
composite materials, but the secondary adsorbate-adsorbate
interactions in the nanoporous volume seem to play a significant
role in the adsorption of BTEX in MCM48/SPION/CS.

Similar Qg,c behaviour with contrasting Ky r values has been
previously described in the literature.>>**

Pre-concentration of BTEX by magnetic solid-phase extraction.
BTEX quantification in water samples is generally limited by the
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low concentrations of these compounds in complex water
matrices. Thus, pre-concentration through extraction processes
is required to preconcentrate these compounds in organic
solvents for GC-MS analyses. Commercial adsorbents for solid-
phase extraction may present low recovery rates due to (i) the low
adsorbent-adsorbate affinity for the extraction process and (ii)
the low efficiency of the recovery process. In fact, both para-
meters must be fine-tuned to ensure good adsorption and
recovery, where the latter is the major issue for commercial
carbon-based adsorbents for BTEX pre-concentration.*?

The tailored capabilities of the synthesized nanocomposite
materials were benchmarked by analysing their solid-phase
extraction performance using a non-polluted real water sample
collected in a gas station spiked with 3.0 ug L' of BTEX. These
experiments involved the treatment of 10 mL of water sample,
in which a defined mass of adsorbent was introduced as a
slurry and maintained under stirring for 5 min. The adsorbent
particles were then magnetically recovered and BTEX was
extracted with 1.0 mL of dichloromethane, which represents a
10-fold preconcentration factor up to 30 pg L™ of BTEX.

A mass of 30 mg of adsorbent was required to recover 100%
of 3.0 pg L' of BTEX spiked in 10 mL of aqueous sample, as
shown in Fig. 8a. It should be noted that the mass required to
reach complete extraction by MCM48/SPION/C8 was signifi-
cantly lower than that for CB/SPION (see Fig. 8b) since it
presents a much larger adsorption capacity towards BTEX as
a result of the confinement effect induced by the alkyl functio-
nalization of the highly ordered mesoporous silica nano-
particles. Indeed, it has a much higher Sggr, which is
responsible for the proportional reduction in mass required
for adsorption/concentration in comparison to the commercial
adsorbents (see Table 1), a trend that can be explained by the
direct relationship between extraction capacity and the concen-
tration of adsorption sites available on its surface. It was
observed that the initial concentration of BTEX could be
completely adsorbed and recovered with dichloromethane.
Therefore, the synthesized MCMA48/SPION/C8 exhibited a

40 40
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[ Toluene [ Toluene 40 |- [ Toluene
[ Ethylbenzene [ Ethylbenzene BTE X I Ethylbenzene
- &5 2 Xylenes | [ Xylenes
—~~ —~ —~ 30 -
= Q =
S 20 82 g
3 =3 e 20
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Adsorbent (30 mg)

10 20 30
MCM48/SPION/C8 (mg)

MCM48/SPION/C8

Cycle 1
MCM48/SPION/C8 (30 mg)

Cycle 2 Cycle 3

Fig. 8 Magnetic solid-phase extraction from 10 mL sample containing 3.0 ng L~ of BTEX. Extraction process with 1.0 mL of dichloromethane resulted in
a preconcentration factor of 10-fold up to 30.0 ug L™ of BTEX. (a) Evaluation of the adsorbent mass requirement to recover 100% of BTEX.
(b) Comparative BTEX recovery efficiency using an identical mass (30 mg) of CB/SPION and MCM48/SPION/C8 adsorbents. (c) Performance of magnetic
MCM48/SPION/C8 adsorbent during three consecutive cycles of magnetic solid-phase extraction, recycling and reuse.
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superior recovery performance compared with that of commer-
cially available products for solid-phase extraction. Furthermore,
the easy magnetic recovery enabled the so-called magnetic solid-
phase extraction method, which demonstrated interesting
features such as faster analysis, lower consumption of solvents
and the possibility of adsorbent reuse in several extraction cycles
for different samples analyses, as depicted in Fig. 8c, where
reproducible extraction efficiencies were demonstrated for up to
three cycles of adsorbent regeneration and reuse.

In Table 3, the adsorption capacity of MCM48/SPION/C8 is
compared with that of typical adsorbents reported in the
literature. The Qg values for BETX are similar but more
equilibrated than that presented by the organofunctionalized
mesoporous silica, suggesting that the reported adsorbents are
more suitable for preconcentration purposes. In addition, our
nanocomposite material presents exclusive superparamagnetic
properties, i.e., has tailored adsorption capacities for the pre-
concentration and recovery of BTEX, while incorporating the
possibility of magnetic separation, thus realizing the mSPE
method for the analysis of BTEX water contaminants.

Experimental

Chemicals

Tetraethyl orthosilicate (TEOS, 98% v/v), hexadecyltrimethyl-
ammonium bromide (CTAB, >98%), triethoxy(octyl)silane (GC
grade, > 95%), and Pluronic P123 copolymer were purchased
from Sigma Aldrich. Commercial silica gel 60 was acquired
from Sigma-Aldrich. Chromabond®C18PAH (CB), a com-
mercial silica-based adsorbent functionalized with octadecyl
groups, was used as the control in the BTEX extraction
(Macherey-Nagel Company). The benzene, toluene, ethylben-
zene, and xylene (BTEX) standard solutions used in the mea-
surements were supplied by Sigma-Aldrich. Ammonium
hydroxide (28% v/v), ethanol, and acetone, all of analytical
grade purity, were supplied by LABSYNTH (Brazil). All solutions
were prepared using ultrapure water from a Millipore Milli-Q
system with a resistivity >18.2 MQ cm at 25 °C.
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Synthesis of magnetic silica adsorbents

MCM48 mesoporous silica nanoparticles were prepared at
room temperature via the combination of a template method
with a modified Stober method.*® A bisurfactant system con-
sisting of 2.0 g of Pluronic P123 and 0.5 g of CTAB in a mixture
of 50 mL ethanol, 112.5 mL deionized (DI) water and 12.5 mL
ammonium hydroxide was used as the reaction medium. The
template was formed when the concentration of CTAB was
higher than its the critical micelle concentration (13.8 mM)
but was adjusted to be high enough to restructure itself in 3D
cubic patterns, which were used as a template for the prepara-
tion of the mesoporous materials, as schematically shown in
Fig. 9a. Pluronic P123 acted as a stabilizer and directed the
growth of the silica particles in a spherical shape. Then,
1.93 mL of TEOS was added to initiate silica nucleation and
deposition on the template. After the addition of the silica
precursor, the solution was kept under vigorous stirring for
1 min. The white slurry formed was left to settle for 24 h in the
reactor vessel to complete the crystallization of ordered meso-
porous silica. Solid nanoparticles were separated by centrifuga-
tion at 13000 rpm for 40 min. The recovered solid was washed
repeatedly with ethanol and dried at 80 °C for 8 h. The resulting
powder was refluxed in a washing solution of hydrochloric acid
and ethanol (3 mL HCl:100 mL ethanol), which allowed com-
plete removal of the bisurfactant template, producing a material
with structural characteristics compatible with MCM48, an
ordered-mesoporous silica, as discussed below.****
Commercial silica gel 60, commercial CB, and synthesized
MCM48 ordered-mesoporous silica were nano-enabled with
pre-synthesized 7 nm diameter superparamagnetic iron oxide
nanoparticles (SPIONs).’® SPIONs were prepared via the
thermo-decomposition of an iron(m) precursor in a high boiling
temperature solvent.””*° Briefly, 23.3 g of iron(m) salt
(0.10 mol) was solubilized and heated to 180 °C for 30 min,
and then, the temperature was increased to 230 °C for 30 min.
After cooling, the product was precipitated with tetrahydro-
furan (THF) and the black solid was isolated using an Nd,Fe,,B
magnet. Purification was carried out by successive cycles of

Table 3 Benchmarking adsorption capacity (Qs,) obtained by other authors

Adsorbent Analyte Qgat (Mg g7) Ref.
Modified ordered mesoporous carbon (OMC) Benzene 7.6 43
Toluene 24.2
Ethylbenzene 35.6
Xylene 49.2
Nickel-modified zeolite 4A Benzene 1.3 44
Toluene 1.2
Ethylbenzene —
Xylene 1.2
Surface-functionalized mesoporous silica nanoparticles Benzene 18.0 45
Toluene 84.8
Ethylbenzene 296.2
p-Xylene 392.8
Benzene 40.3
MCM48/SPION/C8 Toluene 290.9 This work
Ethylbenzene 244.1
Xylene 93.1
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Fig. 9 (a) Cubic structures formed by CTAB above critical micellar
concentration used as a template to generate highly ordered mesoporous
silica. (b) Photo showing the magnetic recovery of MCM48/SPION/C8
nanocomposite in 60 s.

redispersion of the solid in small volumes of water and precipita-
tion with an equal volume of THF.

Functionalization of the adsorbents with SPIONs enabled
magnetic recovery of the saturated adsorbents after BTEX extrac-
tion. The nanocomposites were prepared by mixing 900 mg of
silica with 100 mg of SPIONs under vigorous stirring in an
ethanol : water 1:1 mixture for 1 h, allowing their physical attach-
ment on the adsorbent particles. The recovered solid was washed
with acetone, water, and heated at 100 °C for 8 h. A similar
procedure was followed for the magnetic functionalization of the
commercial CB adsorbent and MCM48. Fig. 9b depicts the quick
magnetic recovery of the nano-enabled silica (SiO,/SPION, CB/
SPION and MCM48/SPION) in 60 s.

Organo-functionalization of silica nanocomposites

The magnetic nanocomposite adsorbents were functionalized
with organic sidechains to enhance their hydrophobicity and
selectivity towards aromatic compounds such as BTEX. Organic
chains were attached to the silicon particles surface through
silanization reaction using triethoxy(octyl)silane (C8) as an
organo-silane precursor. The preparation process involved the
dispersion of 0.8 g of silica nanocomposite in toluene with
20 wt% of organic precursor in the presence of 5 wt% of imidazole,
which acted as a strong base to deprotonate the Si-OH termina-
tions on the silica surface. This process enhanced the reactivity of
the silanol groups, leading to the formation of covalent -Si-O-Si-
bonds with the organosilane molecules. The mixture was kept
under reflux for 4 h to ensure complete functionalization.

Characterization and instruments used in BTEX extraction
analysis

The silica-based adsorbents and nanocomposites were charac-
terized using a Bruker Discover D8 X-ray diffractometer equipped
with a Cu(Ka) source set at 30 kV. FTIR measurements were
recorded using a Bruker Alpha FTIR spectrophotometer in
transmittance mode in the range of 400 to 4000 cm™'. The
specific surface and textural properties of the nanocomposite
adsorbents were analysed using nitrogen adsorption-desorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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isotherms measured on a Quantachrome Nova 1200e Instru-
ment. The samples were degassed under vacuum at 130 °C and
the isotherms recorded at liquid nitrogen temperature (77 K),
under low pressures (10~ *~10~% Torr). The specific surface area
was calculated using the BET method. The pore size distribution
was determined either using the Barrett-Joyner-Halenda method
(BJH)*® or the DFT method.”" Thermogravimetric analysis (TGA)
was performed on a Shimadzu TGA Q500 instrument using
synthetic air (80% N, 20% O,) flux of 50 mL min . Briefly,
5 mg sample was placed in a platinum pan and equilibrated to
35 °C in the TGA prior to the application of a heating ramp of
5 °C min~" up to 800 °C.

Scanning electron microscopy (SEM) images were acquired
using a JEOL JSM-7401F FESEM microscope. Transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) images of the nanocomposites were
obtained on a JEOL JSM-FEG 7401F. Elemental mapping was
recorded by energy dispersive X-ray spectroscopy (EDS) using
an X-MaxN 80 TLE silicon drift detector (SDD).

BTEX adsorption tests on the commercial silica-based nano-
composite (CB/SPION) were carried out using 10 mL of BTEX
aqueous solution with concentrations in the range of 100 pg L™
to 20 mg L', which were submitted to adsorption assays with
10 mg of CB/SPION in a vortex mixer for 30 min, and the solid
was separated from the solution with the aid of a neodymium-
based magnet. To quantify the total amount of adsorbed material,
the solution before and after the adsorption process was injected in
a Shimadzu GC-17A V3 gas chromatography (GC-MS) coupled to a
Shimadzu QP5050A mass spectrometer equipped with an Agilent
DB-WAX 30 m x 0.25 mm X 0.25 pm capillary column, using
99999% Helium as the carrier gas at a flow rate of 2.4 mL min .
The injection pressure was set to 20.0 kPa, the injector and
interface temperature to 250 °C, and the column temperature to
36 °C (hold 3 min)/90 °C (11 °C min~ ‘/hold 3 min).

The BTEX adsorption tests were conducted using solutions
with concentrations in the range of 1 to 20 mg L™ '. Higher
concentrations would not be realistic nor representative of
natural water samples contaminated with BTEX.>® Further-
more, it should be noted that BTEX is easily volatilized from
water solutions when present at much higher concentrations
and would result in experimental error due to underestimation
of the extraction efficiency (i.e., volatilized BTEX cannot be
extracted). The solid-phase extraction (SPE) experiments were
conducted in a capped PTFE vial of 5 mL containing 4.5 mL of
aqueous BTEX sample and 1 mg of adsorbent. After 5 min of
extraction under agitation, the magnetic adsorbents were recov-
ered in 15 s using a neodymium magnet. The remaining
solution was analysed by HPLC using a Shimadzu LC-20AT
fitted with a Phenomenex column (4.6 mm x 250 mm, 5 pm)
coupled to an SPD-M20A photodiode array detector set at
199 nm. Aliquots of 10 pL were analysed using an acetonitrile :
water (70 : 30) mobile phase at 1.0 mL min~ " and thermostated
at 30 °C.>

Magnetic solid-phase extraction measurements were per-
formed using water collected from a non-polluted underground
water reservoir of a gas station in Sao Paulo city, which was
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spiked with up to 3.0 pg L™ of the BTEX standard to obtain
contaminated water samples. The adsorption of BTEX was
conducted by adding a defined mass of adsorbent to 10 mL
of water sample, which was maintained under agitation for
5 min at room temperature, and then magnetically recovered.
The adsorbed BTEX was recovered/extracted from the magnetic
nanocomposites by adding 1 mL of dichloromethane under
agitation for 1 min. Then, the amount of BTEX was quantified
by GC-MS using a Shimadzu QP5050A GCMS fitted with an
Agilent DB-5ms column (30 m x 0.250 mm x 0.25 pm) at 40 °C
for 3 min, followed by a heating ramp of 10 °C min~" up to
180 °C. Aliquots of 1 pL were injected under Splitless mode,
setting the injector temperature to 270 °C. MS detection was
conducted under selected-ion monitoring (SIM) mode under
pre-selected m/z values associated with BTEX."

Conclusions

A novel silica-based selective nanocomposite adsorbent was
designed, prepared, organofunctionalized with octylsilane,
and decorated with SPIONs to obtain a material that can be
employed for efficient magnetic extraction and recovery methods,
realizing an interesting alternative adsorbent material suitable for
magnetic solid-phase extraction. This was achieved by using high
surface area MCM48 mesoporous silica, with no affinity towards
light weight aromatic contaminants at all, and incorporating a
hydrophobic layer by organofunctionalization with octylsilane to
tailor the adsorption/desorption properties, and then carefully
decorating the grain surface with SPIONs to preserve most of the
adsorption capacity, while implementing the possibility of mag-
netic recovery for quick analyte recovery, adsorbent recycling and
reuse. The template-assisted method was employed to prepare
highly organized mesoporous nanocomposite adsorbents suitable
for BTEX solid-phase extraction from water samples, whose adsorp-
tion isotherms were well described by the Langmuir-Freundlich
model. The MCM48/SPION/C8 nanocomposite outperformed the
adsorbent materials based on commercial products for the solid-
phase extraction of BTEX from real water matrices. The improved
removal capability is associated with its twice as large Sggr of highly
organized hierarchical mesoporous silica structure and homoge-
neous porous distribution, properties that enhance the Qs and
adsorption properties for solid-phase extraction thanks to the
presence of an octylsilane hydrophobic layer for compatibilization
and entrapment of light aromatic compounds in its inner pores.
The MCM48/SPION/C8 composite is a highly competitive alterna-
tive to commercial products, which can reduce the operational
time for BTEX sample preconcentration by simplifying the recovery
of dispersed adsorbent from a slurry by magnetic separation, while
enabling recycling and reuse to reduce preconcentration costs
associated with consumable materials and time used in procedures
based on conventional solid-phase extraction cartridges.
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