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ica nanoparticles as sorbents with
thermo-switchable surface chemistry and pore size
for fast extraction of environmental pollutants†

Sushilkumar A. Jadhav, Roberto Nisticò, ‡ Giuliana Magnacca
and Dominique Scalarone *

Thermoresponsive poly(N-isopropylacrylamide)-grafted silica nanoparticles (SiNPs) have been synthesized

and fully characterized by ATR-FTIR, TGA, HRTEM, BET and DLS analysis. Hybrid solid phase extraction (SPE)

beds with tuneable pore size and switchable surface chemistry were prepared by packing the polymer-

grafted nanoparticles inside SPE cartridges. The cartridges were tested by checking the thermo-

regulated elution of model compounds, namely methylene blue, caffeine and amoxicillin. Extraction of

the analytes and regeneration of the interaction sites on the sorbent surface was carried out entirely in

water solution by changing the external temperature below and above the lower critical solution

temperature (LCST) of the polymer. The results demonstrate that the elution of model compounds

depends on the temperature-regulated size of the inter-particle voids and on the change of surface

properties of the PNIPAM-grafted nanoparticles from hydrophilic to hydrophobic.
1. Introduction

Environmental pollution is one of the biggest problems at
a global level. Toxic pollutants released by industries, from
farms, hospitals and household waste have harmful effects on
human and animal health and it is essential to remove them
effectively from the environment. The concentration of such
pollutants is oen very low. Therefore, there is the need to
separate and concentrate these substances in order to make
them detectable with analytical instruments. For this purpose,
solid phase extraction (SPE) is a versatile technique used for
rapid and selective separation of pollutant molecules. SPE can
be used for many purposes such as the isolation and detection
of pollutants in wastewater and food, isolation of pharmaceu-
ticals from clinical samples, trace enrichment and fractionation
of hydrocarbons or other organic compounds from complex
matrices.1,2 Various materials are used as sorbents in SPE,
which includes silica or functionalized silica,3 carbon or carbon
nanotubes,4 magnetic nanomaterials,5 etc. Silica based mate-
rials, due to their high stability, chemical resistance and ease of
surface functionalization, are among the most commonly used
sorbent materials for the preparation of SPE beds.6,7 Especially,
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SPE systems based on silica particles graed with smart poly-
mers, such as thermoresponsive polymers, can be very versatile
and stable ltration and separation systems because of their
tunable porosity, resulting from particle packing and polymer
properties. Packed columns and membranes based on silica
particles graed with thermoresponsive polymers have proven
their usefulness in high resolution bio-separation,8 high-speed
separation of biomolecules and peptides9 and in separation of
steroids in aqueous chromatography.10,11 Improved perfor-
mance by the thermoresponsive polymer-graed silica particles
in above mentioned applications was observed in comparison
with the frequently used conventional bare silica particles. This
is due to the modication of surface properties of the silica
upon polymer graing. However, the use of thermoresponsive
polymer-graed silica particles as sorbents in the preparation of
SPE columns has not been much exploited yet.

Graing of thermoresponsive polymers on pre-formed
structures made of bare or functionalized silica particles
inside chromatographic columns,10 or the preparation of sepa-
ration columns from thermoresponsive polymer-graed silica
particles are reported.12–15 Instead, SPE beds or columns made
from thermoresponsive particles have not been investigated
with much interest even if they can be ideal sorbent materials
with switchable surface properties which can be controlled by
an external stimulus (e.g. temperature). The testing of hybrid
thermoresponsive materials as SPE sorbents will extend their
potential applications beyond their use in chromatographic
columns. As these hybrid materials have improved properties,
they may serve as more efficient and smart sorbents. Especially,
porous thermoresponsive SPE sorbents casted into portable
This journal is © The Royal Society of Chemistry 2018
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devices, such as cartridges, can be the most convenient ltra-
tion or separation tools.

As an important step forward towards the development of
smart SPE ltration devices, in the present work we report
synthesis, characterization and testing of hybrid SPE cartridges
based on poly(N-isopropylacrylamide) (PNIPAM)-graed silica
nanoparticles (SiNPs). Our approach involves rst the synthesis
and characterization of thermoresponsive PNIPAM-graed
SiNPs as sorbents for SPE, optimization of the polymer gra-
ing procedure and characterization of the polymer-graed
nanoparticles, followed by the preparation and preliminary
testing of thermoresponsive mesoporous SPE cartridges for
thermo-regulated molecular transport of selected model
organic compounds. Three model organic compounds, namely
methylene blue (MB), caffeine (CF) and amoxicillin (AMX), from
three different classes of pollutants, were chosen for the testing
of the cartridges. MB is toxic and carcinogenic and it can cause
some harmful health effects on acute exposure.16 It is released
mainly by the textile dying industry and it is one of the major
causes of colored wastewaters.17 CF is a major emerging
pollutant and in certain areas of earth its levels appear to be
sufficiently high to approach threshold toxicity values,18 while
AMX is a pharmaceutical pollutant from the antibiotics cate-
gory.19 In addition, the choice of these compounds for testing
the thermoresponsive cartridges was also based on their
different chemical properties as MB is positively charged, CF is
neutral and AMX is amphoteric. This makes MB, CF and AMX
good choices to study the role of PNIPAM in the retention
mechanism. Moreover, it allows differentiating sorbent-
molecule ionic interactions from the effect of PNIPAM chains
on the sorbent porosity and hydrophilic–hydrophobic surface
properties.

A remarkable advantage of the proposed sorbent material is
the possibility to operate in mild conditions, that is without the
use of organic solvents and the regeneration of the interaction
sites by little temperature changes. To the best of our knowledge
this is the rst attempt to use PNIPAM-functionalized SiNPs to
prepare thermoresponsive SPE cartridges.
2. Experimental
2.1 Materials

Two types of solid commercial silica nanoparticles named
AOX50 and FK320 (Sipernat) by Evonik were used in this work.
N-Isopropylacrylamide (NIPAM), azobisisobutyronitrile (AIBN),
3-(methacryloxypropyl)-trimethoxysilane (MPS), 1,4-dioxane,
methylene blue (MB), caffeine (CF) and amoxicillin (AMX) were
purchased from Sigma-Aldrich, Italy. All the solvents used for
the synthesis were of high purity and used as received. 1,4-
Dioxane was kept onmolecular sieves overnight before using for
polymerization reaction.
2.2 Instruments and methods

Fourier-transform infrared (FTIR) spectra were recorded on
a Perkin Elmer Spectrum 100 in the attenuated total reectance
(ATR) mode with a diamond crystal, using 16 scans per
This journal is © The Royal Society of Chemistry 2018
spectrum and a resolution of 4 cm�1 in the spectral range of
4000–600 cm�1. DTGS was used as detector.

Thermogravimetric analyses (TGA) were carried out on a TA
Q500 model from TA Instruments by heating samples in
alumina pans at a rate of 10 �C min�1 from 25 to 600 �C in
a nitrogen ow and from 600 to 800 �C in air. Change of the gas
at 600 �C was used to remove completely the carbonaceous
residues from pyrolysis reactions and measure the exact
amount of organic component.

Gas-volumetric analysis, specic surface area (SSA), pore
volume and size were measured by N2 adsorption–desorption
isotherms at 77 K using an ASAP 2020 (Micromeritics) gas-
volumetric analyzer. SSA was calculated using the Brunauer–
Emmett–Teller (BET) method; average pore size and volume
were calculated on the adsorption branch of the isotherms
according to the Barrett–Joyner–Halenda (BJH) method (Kruk–
Jaroniec–Sayari equations). Samples were outgassed at RT
overnight before analyses.

High Resolution Transmission Electron Microscopy
(HRTEM) images were obtained with a JEOL 2010 instrument
(300 kV) equipped with a LaB6 lament. For specimen prepa-
ration powdery samples were supported onto holed carbon
coated copper grids by dry deposition.

Dynamic Light Scattering (DLS) measurements were carried
out by using Malvern ZS 90 Zetasizer instrument. App. 0.1%
suspensions of nanoparticles were prepared in deionized water
and these suspensions were sonicated for 20 minutes before the
analysis.

UV-Vis analyses were performed using a Lambda 25 spec-
trophotometer (Perkin Elmer). For quantication of the probe
molecules used for testing of the temperature-regulated elution
of model organic compounds, calibration curves were con-
structed by plotting absorbance vs. concentration between 10�5

and 10�8 M (3 ¼ 111 M�1, R2 ¼ 0.997) for methylene blue,
between 10�4 and 10�9 M (3 ¼ 185.1 M�1, R2 ¼ 0.995)
for caffeine and between 10�2 and 10�6 M (3 ¼ 115.8 M�1,
R2 ¼ 0.998) for amoxicillin.
2.3 Synthesis of PNIPAM-graed silica nanoparticles

Synthesis of SiNPs–MPS. SiNPs (2 g) were taken in a single
neck round bottom ask and to it 40 ml of cyclohexane was
added and the suspension was stirred for 5 minutes. Then
3-(methacryloxypropyl)-trimethoxysilane (MPS) (800 ml) was
added to the suspension followed by 60 ml of n-propylamine.
The suspension in the ask was stirred at room temperature for
30 minutes and then at 60 �C for another 30 minutes. Aer, the
solvent was distilled off at rotavapor. The powder of particles
obtained was cooled and washed three times with fresh ethanol
to remove non-graed MPS and other impurities. Each time the
particles were separated from the suspension by centrifugation.
The particles were then dried in oven at 40 �C for 14 hours.

Synthesis of SiNPs–PNIPAM. In a two neck 100 ml capacity
round bottom ask, 1.6 g of MPS-functionalized SiNPs were
dispersed in 30 ml of 1,4-dioxane. To it, 0.8 g of monomer
N-isopropylacrylamide (NIPAM) was added. The resulting
suspension was stirred for 5 minutes and degassed for
RSC Adv., 2018, 8, 1246–1254 | 1247
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10 minutes. In a small vial a solution of the initiator 2,20-azo-
bisisobutyronitrile (23 mg) in 2 ml degassed 1,4-dioxane was
prepared. The ask was kept in oil bath at 70 �C and equipped
with condenser. Nitrogen was ushed for few minutes through
the ask and then nitrogen balloon was attached to the
condenser. To this suspension the solution of initiator was
injected under nitrogen atmosphere. The suspension of parti-
cles in ask was then kept under magnetic stirring at 70 �C for
16 hours in nitrogen atmosphere. At the end of the reaction the
polymer-graed nanoparticles were recovered by centrifugation
and washed three times with 10 ml acetone. Each time the
particles were separated from the suspension by centrifugation.
The particles were then dried in oven at 40 �C for 14 hours.

2.4 Preparation and testing of porous SPE cartridges

The SPE cartridges were prepared by compressing bare as well
as polymer-graed hybrid nanoparticles between two poly-
ethylene frits in an empty SPE syringe. Stable compact discs
were formed by packed hybrid silica nanoparticles which
showed good mechanical stability. The solutions of known
concentration of three model molecules, namely methylene
blue, caffeine and amoxicillin, were allowed to pass across the
cartridges at 20 and 40 �C. These two temperatures are below
and above the LCST of PNIPAM which is around 32 �C. The
elution was accelerated by connecting the other end of the
cartridge to a peristaltic pump. The ow rate was adjusted to
3 ml per minute. The eluents (3 ml) were collected and ltered
through 0.45 mm syringe lters before analysis. Concentrations
of the molecules were monitored by UV-Vis spectroscopy.

3. Results and discussion
3.1 Synthesis of PNIPAM-graed nanoparticles

Two types of commercial bare silica particles, namely AOX50,
which are less hydrophilic fumed or pyrogenic SiNPs, and
FK320, which are hydrophilic precipitated SiNPs, were used in
this work. The characterization data of the bare particles are
reported in Table 1. In addition, the aggregation kinetics of
both types of SiNPs were studied by monitoring the change in
hydrodynamic diameter of the stable clusters and the change in
the polydispersity index (PI) of with time (ESI, Fig. S1 and S2†).
Due to very strong particle–particle interactions the bare silica
nanoparticles showed fast aggregation. Especially, FK320 SiNPs
showed very fast aggregation tendency due to very small size
Table 1 Characterization data of bare and PNIPAM-grafted nanoparticle

Sample Diameterb (nm) SSAc (m2 g�1) HD (nm)

AOX50 60–80 52 450 � 17
AOX50–PNIPAM 60–80 37 301 � 10
FK320 20–30 180 190 � 11
FK320–PNIPAM 20–30 110 255 � 13

a SSA ¼ specic surface area, HD ¼ average hydrodynamic diameter of sta
c SSA calculated using the Brunauer–Emmett–Teller (BET) method. d Gra

1248 | RSC Adv., 2018, 8, 1246–1254
and hydrophilic properties. These properties were modied
upon polymer graing. The two-step synthetic procedure used
for the graing of PNIPAM on the nanoparticles is depicted in
Fig. 1. First the particles were functionalized with polymerizable
acryloxy groups by graing of MPS by the alkoxysilane graing
protocol.20–23 The reaction was carried out in cyclohexane with
propyl amine as the mild base catalyst.24 In the second step of
the reaction radical, polymerization of NIPAM in the presence
of MPS-graed nanoparticles was carried out in 1,4-dioxane by
using AIBN as the initiator.25,26 The particles to NIPAM mono-
mer ratio was 1 : 0.5, while the monomer to initiator ratio was
50 : 1. The graing of PNIPAM on the nanoparticles was
conrmed by ATR-FTIR, TGA, N2 adsorption and DLS analysis.
The results of these analyses are summarized in Table 1.
3.2 Characterization of PNIPAM-graed nanoparticles

The ATR-FTIR spectra of the starting bare silica nanoparticles,
MPS-graed silica particles and PNIPAM-graed AOX50 and
FK320 nanoparticles are shown in Fig. 2 and 3 respectively. The
spectra of the bare and graed silica particles are characterized
by the intense absorption band arising from the asymmetric
vibration of Si–O at 1070 cm�1.27 The spectra of MPS-
functionalized particles show two peaks at 1720 and
1640 cm�1 due to carbonyl C]O and C]C stretching vibra-
tions, respectively.28 The presence of these two peaks conrmed
the graing of MPS on the surface of SiNPs. The spectra of
PNIPAM-graed silica nanoparticles (Fig. 2 spectrum C and
Fig. 3 spectrum C) show the characteristic peaks of PNIPAM.
Twin peaks of C–H bending coming from the isopropyl group
were observed at 1365–1368 and 1385 cm�1, accompanied by
corresponding C–H stretching modes below 3000 cm�1. Addi-
tional characteristic peaks of the polymer at 1459 and at
approximately 2970, 1536–1537, 1645–1648 cm�1 are attributed
to –CH3 bending and stretching, C–N stretching and C]O
stretching of the amide group, respectively.29–31 The carbonyl
stretching peak at 1720 cm�1 from the acryloxy group of MPS is
also present in the PNIPAM-graed nanoparticles, which
conrms the anchoring of the polymer on the surface of SiNPs.
At high wavenumbers, the stretching signal of OH groups
present on the FK320 surface can be observed above 3000 cm�1,
witnessing the higher hydrophilic character of this silica with
respect to AOX50, not presenting analogous behavior.

The TGA curves of both types of bare, MPS-graed nano-
particles and PNIPAM-graed SiNPs are shown in Fig. 4. SiNPs
sa

Zp (mV) pH Graingd (%)
Graing density
(mol m�2)

�34.6 � 3.1 7.06 — —
�22.3 � 2.0 7.10 2.5 0.385
�27.0 � 3.7 7.10 — —
�17.7 � 1.9 7.12 10.0 0.180

ble clusters, Zp ¼ zeta potential. b Diameter values as measured by TEM.
ing w/w% as determined by TGA.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Synthesis protocol for PNIPAM-grafted SiNPs.
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showed good thermal stability upon programmed heating up to
800 �C. Only weight loss due to adsorbed water was observed for
both samples. The TGA curve of FK320 silica show a higher
weight loss due to adsorbed water with respect to AOX50 SiNPs.
The weight losses for AOX50–MPS and FK320–MPS nano-
particles were 1.5 and 8.7% respectively. Instead the percentage
of graed polymer, calculated by subtracting the weight loss
due to MPS graing from the weight loss of the PNIPAM-graed
AOX50 and FK320 nanoparticles, was 2.5 and 10 wt% respec-
tively (refer to Table 1). The higher amount of polymer graing
on FK320 SiNPs was obtained due to their smaller size, high
surface area and more hydrophilic character coming from the
large number of surface silanol groups (Si–OH). Higher
numbers of surface silanol groups provide higher affinity to
Fig. 2 ATR-FTIR spectra of (A) bare (B) MPS-grafted (C) PNIPAM-
grafted AOX50 silica nanoparticles and (D) PNIPAM reference.

This journal is © The Royal Society of Chemistry 2018
graing molecules resulting in higher polymer graing. The
results of the ATR-FTIR and thermal analysis conrmed the
graing of the polymer on the nanoparticles.

PNIPAM in aqueous solution shows a typical coil-to-globule
transition above its lower critical solution temperature (LCST)
which is around 32 �C. Upon heating, the water soluble
hydrated extended chains of the polymer collapse to form
compact insoluble and relatively hydrophobic globules.32,33 This
behavior of the polymer can also be monitored on the surface of
the PNIPAM-graed nanoparticles in their aqueous suspen-
sions. The bare silica particles (either AOX50 or FK320) tend to
aggregate very fast due to particle–particle interactions. The
hydrodynamic diameter (HD) of the stable cluster of particles at
Fig. 3 ATR-FTIR spectra of (A) bare (B) MPS-grafted (C) PNIPAM-
grafted FK320 silica nanoparticles and (D) PNIPAM reference.

RSC Adv., 2018, 8, 1246–1254 | 1249
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Fig. 4 TGA curves of bare (solid line), MPS-grafted (dotted line) and
PNIPAM-grafted (dashed line) silica nanoparticles.

Fig. 5 Average hydrodynamic diameter of PNIPAM-grafted SiNPs at
different temperatures.
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a given time of analysis is reported in Table 1. Upon polymer
graing the HD of AOX50 silica nanoparticles is decreased as
the graing of polymer has resulted in stabilization of smaller
particles by minimizing the particle–particle interactions. This
observation is also supported by zeta potential (Zp) values.
Instead, in the case of FK320 nanoparticles the HD value of
PNIPAM-graed nanoparticles was found to be increased
because the quantity of graed polymer is much higher
(10 wt%) than for AOX50 (2.5 wt%) nanoparticles. As shown in
Fig. 5 the HD of the PNIPAM-graed AOX50 and FK320 SiNPs in
water suspensions have changed with increase in temperature
and sudden decrease of the hydrodynamic diameter was
observed at the LCST of the polymer.34–37 This transition was
observed at 32 �C for AOX50–PNIPAM nanoparticles and at
31.6 �C for FK320–PNIPAM nanoparticles.

HRTEM images of the bare AOX50 (Fig. 6A) and FK320
(Fig. 6C) SiNPs show that the particle powders are made up of
nanoparticles of 20–80 nm in diameter. The TEM analysis of
AOX50–PNIPAM (Fig. 6B) and FK320–PNIPAM (Fig. 6D) conrm
that the starting nanoparticles remained stable upon polymer
graing. In the case of both types of SiNPs, the spherical or
quasi-spherical shape was maintained aer the two step poly-
merization graing procedure explained in the experimental
part. This observation conrm the suitability of the PNIPAM
graing procedure adapted for the surface modication of
SiNPs. It is worth pointing out that no crosslinkers were used
during the polymer graing procedure thus avoiding formation
1250 | RSC Adv., 2018, 8, 1246–1254
of bigger agglomerates resulting from inter-particle cross
linking.

The PNIPAM-graed nanoparticles were further character-
ized by nitrogen adsorption–desorption analysis. The poros-
imetry data not only conrmed the polymer graing on SiNPs,
but also conrmed the modied surface properties of the
particles (Table 1, Fig. 7). The specic surface areas (SSA) of the
bare and PNIPAM-graed AOX50 SiNPs are 52 and 37 m2 g�1

respectively. Although these values are very low for SPE
sorbents, it was observed that upon polymer graing the
particle packing changes. PNIPAM graing resulted in less
compact packing of the particles together thus forming inter-
particle voids. In fact, while bare AOX50 silica nanoparticles
form a non-porous material, which is a characteristic property
of pyrogenic or fumed silica, PNIPAM-graed AOX50 gives
a packing with mesopores of big size and probably macropores
too (Fig. 7A), which are not detected by nitrogen-adsorption
measurements. Instead, as expected for precipitated silica
particles, FK320 SiNPs gave a better packing with a specic
surface area of 180 m2 g�1 and a mixed porosity. The pore size
distribution determined using the Barrett–Joyner–Halenda
(BJH) method and reported in Fig. 7B shows a maximum at
30 nm, but also a notable amount of larger pores. Both surface
area and pore diameter decreased aer PNIPAM graing as the
polymer occupies considerable space between the inter-particle
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 HRTEM images of the bare AOX50 (A), PNIPAM-grafted AOX50 (B), bare FK320 (C) and PNIPAM-grafted FK320 nanoparticles (D).

Fig. 7 Pores size distribution of (A) bare (solid line) and AOX50–PNIPAM (dashed line), (B) bare (solid line) and FK320–PNIPAM nanoparticles
(dashed line).
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voids. In general, the size of the inter-particle voids is much
bigger than the size of PNIPAM chains, so the polymer contri-
bution in terms of size selectivity in actual performance of the
material as porous sorbent may be small and probably limited
to large molecular analytes. However, the switching of the
sorbent surface properties from hydrophilic to hydrophobic is
also an important parameter affecting the extraction efficiency
and the recovery of the stationary phase. PNIPAM dehydration
and hydration induced by changing the temperature around the
coil-to-globule transition temperature signicantly affects the
surface-analytes interactions in addition to the steric hindrance
This journal is © The Royal Society of Chemistry 2018
due to conformational changes. This was conrmed by the
testing of the SPE cartridges reported in the following section.
3.3 Cartridge preparation and testing

The various components and preparation steps followed to
prepare the SPE cartridges are shown in Fig. 8. Cartridges with
porous discs of 1 cm in diameter � 0.5 cm in height were
prepared from bare and PNIPAM-graed nanoparticles.
Adsorption membranes with porous voids, sometimes termed
as nanovalves, in which molecular transport is controlled by
RSC Adv., 2018, 8, 1246–1254 | 1251
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Fig. 8 Pictures showing SPE cartridge preparation and its various
components. Porous SPE disc formed and its shape and dimensions
with mechanism of action.

Fig. 9 Structures of methylene blue (MB), caffeine (CF) and amoxicillin
(AMX).
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temperature, utilize polymers whose conformation is respon-
sive to the temperature changes. Thermoresponsive polymers,
especially PNIPAM, have been most extensively used to create
such nanovalves inside chromatographic columns or lms.38 As
stated before, below LCST, PNIPAM exists in the extended
conformation that collapses above the LCST, thus providing
a steric change that can be utilized to regulate the voids formed
by interparticle spaces in the porous bed. Three model
compounds namely methylene blue (indicator or dye), caffeine
(found in food and beverages) and amoxicillin (pharmaceuti-
cals) from three different classes of emerging organic pollutants
(EOPs) were chosen to test the performances of the SPE
cartridges. The structures of these compounds are shown in
Fig. 9. The SPE bed consisting of porous interparticle voids
showed increased diffusion rates at elevated temperature due to
polymer brushes collapsing onto the surface of the nano-
particles. This diffusion is also assisted by switching of the
surface properties of the particles from hydrophilic to hydro-
phobic as the compact globules of PNIPAM formed aer the
transition of the polymer are hydrophobic in nature and form
a stable hydrophobic monolayer on the surface of the nano-
particles. The commonest commercial silica phases currently
available include mostly alkyl-bonded silica (e.g. octadecyl- and
octyl-bonded silica) for reverse-phase SPE, cyanopropyl- or diol-
bonded silica for normal-phase SPE and silica graed with
organic functional groups, such as quaternary ammonium
salts, sulfonic and carboxylic groups, for ion-exchange SPE. The
surface properties and reactivity/affinity towards analytes of
these materials remain the same during their use and the
elution protocols involve the use of organic solvents. However,
in the present study the use of thermoresponsive polymer-
graed silica particles has proved the advantage that the
surface properties and to certain extent the charges on the
particles can be thermally switched to trigger the adsorption or
desorption process of the molecules of interest across the SPE
bed, without the need to use organic solvents.
1252 | RSC Adv., 2018, 8, 1246–1254
The results obtained for the elution of the three model
compounds in the form of concentration changes are summa-
rized in Table 2. Temperature-induced modulation of the
molecular transport across the SPE column was clearly evident
in the case of methylene blue and amoxicillin solutions.
Signicant difference in the extraction efficiency of the ther-
moresponsive sorbent below and above the LCST of the polymer
was observed, the main results obtained are shown in Fig. 10. It
shows that AOX50–PNIPAM and FK320–PNIPAM nanoparticles
almost completely or completely block the diffusion of methy-
lene blue and amoxicillin at temperatures below the LCST of
PNIPAM. On the contrary, unexpected odd results are shown by
caffeine with both functionalized or non-functionalized SiNPs.
Possible explanations concerning the molecular transport
control of the prepared hybrid silica SPE cartridges towards the
model compounds are summarized below considering two
different behaviors, size and chemistry of the selected
pollutants.

MB is positively charged and is strongly adsorbed by bare
SiNPs since they present Si–O� groups above pH 4 which act as
adsorption sites for MB. For AOX50–PNIPAM and FK320–PNI-
PAM, retention of MB at 20 �C is almost complete and it is
therefore mainly due to electrostatic interactions, nevertheless
the effect of the thermoresponsivity of the sorbent material can
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11869d


Table 2 Concentration of solutions of the three model compounds under study before and after diffusion thorough the cartridges at 20 and
40 �C, namely at T lower and higher than the LCST of the polymer; n.d.: not detectable

Sample Conc. g L�1 MB solution Conc. g L�1 at 20 �C Conc. g L�1 40 �C

AOX50 silica NPs 3.16 � 10�4 n.d. n.d.
AOX50–PNIPAM 3.16 � 10�4 3.75 � 10�5 2.93 � 10�4

FK320 silica NPs 3.16 � 10�4 n.d. n.d.
FK320–PNIPAM 3.16 � 10�4 n.d. 4.88 � 10�5

Sample Conc. g L�1 CF solution Conc. g L�1 at 20 �C Conc. g L�1 40 �C

AOX50 silica NPs 4.00 � 10�4 4.00 � 10�4 4.00 � 10�4

AOX50–PNIPAM 4.00 � 10�4 3.25 � 10�4 3.99 � 10�4

FK320 silica NPs 4.00 � 10�4 4.00 � 10�4 4.00 � 10�4

FK320–PNIPAM 4.00 � 10�4 3.69 � 10�4 4.00 � 10�4

Sample Conc. g L�1 AMX solution
Conc. g
L�1 at 20 �C Conc. g L�1 40 �C

AOX50 silica NPs 4.2 � 10�2 n.d. 1.02 � 10�3

AOX50–PNIPAM 4.2 � 10�2 n.d. 3.17 � 10�2

FK320 silica NPs 4.2 � 10�2 n.d. n.d.
FK320–PNIPAM 4.2 � 10�2 n.d. 2.98 � 10�2
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be observed as graing of PNIPAM decreases the zeta potential
value of the nanoparticles and this trend results even more
evident at T > LCST when PNIPAM chains collapse on the silica
surface. For AOX50–PNIPAM, by increasing the temperature
most of MB is released and recovery at 40 �C is 93% because
collapsed polymer chains mask the silica surface charges. For
FK320–PNIPAM, recovery at 40 �C is only 15% as the surface
area of the silica sorbent is much higher and the collapsed
PNIPAM chains cannot efficiently shield the negative surface
charges.

CF, which is a small and non-charged molecule, does not
interact with bare SiNPs and adsorption of CF on the
Fig. 10 Retention of methylene blue (MB), caffeine (CF) and amoxi-
cillin (AMX) on AOX50–PNIPAM and FK320–PNIPAM at 20 �C (blue)
and 40 �C (red).

This journal is © The Royal Society of Chemistry 2018
unmodied cartridges is null, independently from the temper-
ature. At 20 �C AOX50–PNIPAM and FK320–PNIPAM retain only
19% and 8% respectively of CF because the extended and
hydrated polymer chains partially block the pore volume, but
the small size of CF molecules allows the passage through the
brushes of immobilized PNIPAM molecules. At 40 �C PNIPAM
chains collapse on the surface of the SiNPs allowing free
diffusion of caffeine molecules.

AMX is amphoteric, due to the presence of a carboxylic group
and a primary amine group. Therefore, in a solution it could
exist in anionic, cationic, or zwitterionic form. If the molecule
exists in either cationic or zwitterionic form, the attractive
electrostatic interaction with silica is involved in the retention
mechanism and causes a stronger retention of the compound.
AMX has pKa1 ¼ 2.4 and pKa2 ¼ 7.4, thus at pH > 2.4 it mainly
exists in the zwitterionic or cationic form. Also, the phenol
group in the structure of amoxicillin increases its polarity and
probably provides a way to form hydrogen bonds with silica.
Moreover, the size of AMX molecule is the largest examined in
this study allowing some consideration concerning the size
selective effect of the cartridge. These factors provide an
explanation for the retention of AMX. Rising the temperature at
40 �C PNIPAM chains dehydrate and collapse making the silica
surface more hydrophobic, thus breaking hydrophilic–hydro-
philic interactions and allowing a recovery of AMX equal to 75%
for AOX50–PNIPAM and 71% for FK320–PNIPAM.39,40 When the
temperature decreases to 20 �C the PNIPAM molecules exhibit
the coil conformation and AMX molecules are not allowed to
pass through the cartridge.

4. Conclusions

In this work, PNIPAM-graed solid SiNPs were synthesized,
characterized and tested as new advanced materials for SPE
RSC Adv., 2018, 8, 1246–1254 | 1253
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beds. The SPE cartridges from PNIPAM-graed SiNPs were
prepared and tested for their performance in thermosensitive
elution for the selective ltration of model compounds.
Although preliminary, the presented results show that the
transport of the selected molecules across the SPE bed can be
regulated by changing the temperature above or below the LCST
of PNIPAM graed on silica particles. This allows controlling
the inter-particle voids and switching the surface properties of
the silica nanoparticles by virtue of the transition of PNIPAM
chains from hydrophilic/extended to hydrophobic/collapsed.
This work constitutes an important step towards the develop-
ment of hybrid thermoresponsive SPE beds casted into portable
devices. Additionally this work has the more general scope of
presenting a simplied synthetic protocol for the preparation of
thermoresponsive polymer-graed particles that can be applied
to prepare thermoresponsive nanoparticles of various oxide
materials as components for hybrid sorbents and nanovalves
with thermoresponsive surface properties.
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