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a b s t r a c t

Organic–inorganic hybrid silica nanospheres were prepared through a biomimetic silicification process in
water at ambient conditions by the interaction of low cost poly(ethylene imine) hyperbranched polymer
with silicic acid. The characterization of these nanoparticles by FTIR spectroscopy, scanning electron
microscopy (SEM), zeta-potential and dynamic light scattering (DLS) experiments confirmed that the
dendritic polymer was incorporated into the silica network. Preliminary experiments show that these
eywords:
ilicification
ater treatment

olycyclic aromatic hydrocarbons
eavy metal ions

hybrid nanoparticles can be employed for the removal of toxic water contaminants. Hybrid nanospheres’
sorption of two completely different categories of pollutants, i.e. metal ions such as Pb2+, Cd2+, Hg2+,
Cr2O7

2−, and polycyclic aromatic hydrocarbons such as pyrene and phenanthrene, was largely enhanced
in comparison with the corresponding polymer-free silica nanospheres. This was attributed to the to the
formation of conventional metal-ligand and charge-transfer complexes proving that although integrated

ly(et
yperbranched poly(ethylene imine) into the silica network po

. Introduction

It is well known that amine-terminated dendrimers, as
or example the commercially available poly(amidoamine) and
oly(propylene imine) dendrimers, can encapsulate organic
olecules [1] as well as metal ions dissolved in water [2–8] and can

herefore be employed in water purification devices. Their proper-
ies depend on the structural characteristics of the branches in their
nterior, and on the large number of surface end-groups that are
usceptible to functionalization or even multi-functionalization,
ffording polymers with diversified, tailor-made, properties so as,
or instance, to render these polymers insoluble in water by attach-
ng hydrophobic groups [9] or by performing cross-linking reactions
10].

In addition to dendrimers, hyperbranched polymers, their
ow-cost non-symmetrical analogues such as hyperbranched
oly(ethylene imine) have also been shown to efficiently entrap

eavy metal ions [11] and organic molecules in their interior and
ave been successfully employed for the removal of organic con-
aminants from water after appropriate functionalization in order
o become insoluble in water [10–12].

∗ Corresponding author. Tel.: +30 210 6503669; fax: +30 210 6529792.
E-mail addresses: markas@chem.demokritos.gr (M. Arkas),

siourvas@chem.demokritos.gr (D. Tsiourvas).
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hylene imine) retains its chemical properties.
© 2009 Elsevier B.V. All rights reserved.

These dendritic, i.e. dendrimeric and hyperbranched, polymers
can either impregnate or be chemically attached on silica or ceramic
membranes in general in order to develop hybrid organic/inorganic
modules that can be easily installed in pre-existing filter units
for water treatment [12–15]. However, the chemical modification
with lipophilic or cross-linking groups, the chemical anchoring
onto the ceramic surface, and the impregnation of the ceramic fil-
ters necessitate the use of harsh, toxic, energy consuming and not
environmental-friendly chemicals, solvents and conditions. Thus, if
these composite materials are to be employed in large-scale water
remediation plants two profound necessities arise: The develop-
ment of a production technique for these hybrid materials that has a
lower cost and that employs, as much as possible, non-toxic chem-
icals, is not energy demanding and thus can be considered as an
environmentally friendly process.

It has been recently established that biogenic silica is formed
rapidly in water under mild conditions through a process known
as biosilicification, which proceeds at ambient temperatures,
pressures and pH values, producing an amazing diversity of nanos-
tructure frameworks [16–18]. Examples of such biosilicification
process are the diverse array of nanopatterned silica in many
diatoms or the protective glass spicules of some sponges. It

has been also shown that polycationic peptides called silafins
[16], and the R5 peptide [19] isolated from diatom cell walls,
generate networks of silica nanospheres within seconds when
added to a solution of silicic acid. Further work conducted dur-
ing the current decade has shown that a variety of homopeptides

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:markas@chem.demokritos.gr
mailto:tsiourvas@chem.demokritos.gr
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uch as poly(arginine) and poly(lysine) [20], a combination of
riethanolamine and cetyltrimethylammonium chloride [21] or
mine-terminated dendrimers [22] can also act as biomimetic
emplates forming silica nanoparticles. Especially in the case of
mine-terminated dendrimers, they can react in an amine con-
entration dependent fashion yielding silica nanospheres with a
istinct size distribution. Additionally, the polymeric templates
ere encapsulated by the growing nanospheres and precipitated

rom water in a manner similar to that previously described for
ioactive peptides.

Therefore, it was interesting to employ this method to
btain organic/inorganic hybrid materials avoiding the previously
mployed technique, i.e. functionalization by attaching hydropho-
ic groups or by performing cross-linking reactions, and finally

mpregnation into ceramic membranes. The integration of dendritic
olymers in silica nanoparticles can be easily achieved under envi-
onmentally friendly conditions employing, as described above, a
rocess mimicking biosilicification. Such nanomaterials could be
uitable for water treatment provided that dendritic polymers,
lthough incorporated in the nanospheres, retain their purifica-
ion properties. A first indication that this is indeed feasible is
iven by a very recent study where an enzyme was encapsu-
ated in a dendrimer silica nanocomposite [23]. It was shown that
he enzyme, although trapped inside the mesoporous silica, was
xhibiting mostly unchanged functionality.

It is therefore the scope of this study to initially investigate if
he inexpensive but not perfectly symmetric, poly(ethylene imine)
yperbranched polymer (PEI) can form silica nanoparticles, if these
articles are in the form of nanospheres, as those produced from
heir dendrimeric analogues. Finally, to investigate if PEI retains its
hemical properties and specifically the ones related to the sorption
f selected toxic compounds, and to explore the possibilities offered
y these hybrid nanoparticles for water remediation. For this pur-
ose the sorption properties of the composite materials obtained
ere tested towards two polycyclic aromatic hydrocarbons (PAH),

.e. pyrene and phenanthrene, and four selected toxic metal ions,
pecifically Pb2+, Cd2+, Hg2+, and Cr2O7

2−.

. Experimental

.1. Materials and methods

Hyperbranched poly(ethylene imine), PEI, (Mn = 5000, 64–68
rimary and secondary amino groups) was purchased from
yperpolymers Inc. Pyrene (Aldrich) was purified by sublimation

ollowed by recrystallization from ethanol. Phenanthrene, 4-(2-
yridylazo)-resorcinol (PAR) and tetramethyl orthosilicate were
urchased from Aldrich, mercury(II) chloride, and lead (II) acetate
rihydrate were purchased from Panreac, potassium dichromate
as purchased from Riedel de Haën, cadmium sulphate 8/3 hydrate
as purchased from Carlo Erba; all these compounds were used as

eceived.
PAH concentration in water was determined by fluorescence

pectroscopy, employing a Cary Eclipse Fluorescence Spectropho-
ometer after excitation at 333 nm for pyrene (emission 394 nm),
nd 248 nm for phenanthrene (emission at 364 nm). The concen-
ration of solubilized inorganic ions was determined by UV–vis
pectroscopy, employing a Cary 100 spectrophotometer. Specifi-
ally, the determination of Pb2+, Cd2+ and Hg2+ was performed by
easuring the absorption of the respective PAR complexes (PAR–Pb
t 520 nm, PAR–Cd at 510 nm, PAR–Hg at 500 nm) employing a mod-
fication of the method proposed by Dagnall et al. [24]. Specifically,
.1 ml of a buffer solution (ammonia–ammonium chloride pH 10)
ontaining 10−2 M PAR were added to 2.9 ml of each water sam-
le in 1 cm cuvettes and comparing the absorption with calibration
dous Materials 170 (2009) 35–42

curves. The determination of Cr2O7
2− was performed by measur-

ing the absorption of the samples at 356 nm with the help of a
calibration curve, determined employing standard solutions.

The presence of the hyperbranched poly(ethylene imine) in the
silica particles and the formation of the siloxane bridges were
established by FTIR spectroscopy employing a Nicolet Magna-IR
Spectrometer 550. Thermogravimetry experiments were per-
formed employing a TGA 2050 analyser (TA instruments). An
AXIOS-150/EX (Triton Hellas) with a 30 mW He–Ne laser emit-
ting at 658 nm and an Avalance detector at 90◦ was employed for
size determination in typical dynamic light scattering (DLS) experi-
ments. Zeta-potential measurements were performed employing a
ZetaPlus (Brookhaven Instruments Corporation); the results repre-
sent the mean values of 10 zeta-potential measurements collected
for each dispersion. X-ray diffraction experiments were performed
using CuK� radiation from a Rigaku rotating anode X-ray generator
(operating at 50 kV, 100 mA) and an R-AXIS IV image plate. Pow-
der samples were sealed in Lindemann capillaries. The spherical
shape of the nanoparticles was established by scanning electron
microscopy using a JEOL 6380 LV instrument. N2-sorption experi-
ments at −196 ◦C were performed on an Autosorb-1 gas analyzer
with Krypton upgrade (Quantachrome Corp.) Samples were out-
gassed for 5 h at 120 ◦C and 10−5 mbar vacuum. The surface areas
were calculated according to the Brunauer–Emmett–Teller (BET)
equation.

2.2. Preparation of silica nanoparticles

Sol–gel reactions were performed as described by Knecht et al.
[25] for poly(amidoamine) and poly(propylene imine) dendrimers.
In short, to 20 mM of phosphate buffer pH 7.5 a hyperbranched PEI
solution of 10 ml (20 mM with respect to primary and secondary
amine groups; for the calculation of amine group concentration an
average number (65) of amino groups per hyperbranched macro-
molecule was used). To this solution was added 1 ml of 1 M silicic
acid (prepared from the hydrolysis of tetramethyl orthosilicate in
1 mM HCl for 15 min at room temperature under stirring), upon
which silica precipitation was instantaneous. The solutions were
allowed to react while stirring for 5 min. Post-reaction, the assay
mixture was centrifuged for 10 min (12,000 × g), from which the
supernatant was decanted, and the pellet was washed thoroughly
with water (yield 77%). Silica precipitation could also be observed
employing 2 mM PEI solution and 0.1 mM silicic acid. It should
be noted that silica precipitation even occurred in the absence of
phosphate buffer but to a much lesser yield (20%), while no silica
precipitation was observed in phosphate buffer in the absence of
PEI.

2.3. Determination of sorption kinetics

One hundred milliliters of metal or PAH solutions in ultra pure
water (the concentration of all pollutants was 1 ppm except for
pyrene which was 100 ppb purely because of its low solubility to
water) were transferred into conical flasks. To these flasks 50 mg of
PEI–silica or polymer-free silica nanoparticles were added. The pH
of the PEI–silica and polymer-free silica solutions were 6.2 and 5.8
respectively. The resultant suspensions were continuously stirred
and 5 ml samples were taken out at various time intervals and cen-
trifuged. The concentration of the pollutant in the supernatant was
determined spectrophotometrically as described above. The results
reported are the average of two experiments.
2.4. Determination of sorption isotherms

Aqueous solutions (4 ml) of Hg2+, Pb2+ and Cd2+ with concentra-
tions Co = 40, 70, 100, 150, 200, 300, 500, 1000 mg l−1 were added
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while the assignment of the FTIR bands observed is shown in
ig. 1. Thermal decomposition profiles, and first derivatives thereof, of PEI and
EI–silica composite nanoparticles as a function of time and temperature.

o cylindrical flasks and 1 mg of PEI–silica or polymer-free silica
anoparticles was added in each flask. The flasks were placed in a
haker (Stuart Orbital Incubator S1500) at 25 ◦C and 200 rpm. After
he sorption reached equilibrium (24 h), the equilibrium concen-
ration, Ce, of each solution were determined as described above.
he sorption amount at equilibrium, Qe, was calculated according
o

e = V(Co − Ce)
m

here V is the volume of the solution, m is the mass of the nanopar-
icles.

. Results and discussion

.1. Nanospheres’ synthesis and characterization

The addition of metastable silicic acid into the PEI/phosphate
uffer solution, pH 7.5, at room temperature caused immediate
ilica precipitation. In order to ensure that PEI co-precipitates, as
bserved in the case of the analogous symmetric dendrimers, ther-
ogravimetry analysis was performed. Silica nanoparticles were

eated at a rate of 10 ◦C/min up to 700 ◦C under airflow and then
emained at that temperature for 3 h to ensure that constant weight
s reached. As can be seen from the thermal decomposition profiles
he composite particles loose about 40% of their initial weight while
nder the same conditions PEI is completely decomposed (Fig. 1).
his weight loss, taking place primarily at higher temperatures, is
ndicating the presence of a large organic fraction in the material.
aken that the initial weight loss (up to ca. 100 ◦C) is due to moisture
oss from silica; the silica/PEI molar ratio in the sample is calcu-
ated to be 1:150 which is very close to that reported by Knecht
nd Wright (137:1) [22] for the respective silica derived employing
he fourth generation poly(propylene imine) dendrimer. This indi-
ates the same silica formation mechanism, which is justified by the
imilar chemical structures of polymers compared. Furthermore,
comparison of the TGA curve of PEI with that of the compos-

te nanoparticles reveals a different decomposition profile. This is
first indication of the existence of strong interaction between
rganic and inorganic moieties. Complete removal of organic traces
as achieved with heating at 700 ◦C for 3 h. In this way “heat-

reated” polymer-free silica nanoparticles were also produced and
ested for comparison purposes.
Fig. 2. SEM micrographs of spherical composite PEI–silica nanoparticles (upper
part) and polymer-free silica nanoparticles (lower part).

Hybrid PEI–silica nanoparticles and polymer-free nanoparti-
cles were observed employing scanning electron microscopy and
both found to have spherical shape (Fig. 2). Particle size distri-
bution of polymer-free and hybrid nanospheres was manually
determined and found to be virtually the same. Respective mean
diameters calculated (300 ± 69 and 305 ± 76 nm respectively) were
in good agreement with the ones reported for the silica nanospheres
produced employing poly(propylene imine) dendrimer possess-
ing about the same number of terminal groups (258 ± 76 nm)
[22]. Dynamic light scattering measurements of the nanospheres
diameter in deionized water are considerably larger, i.e. 496 ± 73
and 470 ± 114 nm while respective diameters in 20 mM phosphate
buffer are even larger, i.e. 622 ± 64 nm for the polymer-free and
768 ± 154 nm for the hybrid nanospheres. This observation could
result from aggregation induced by charge neutralization due to
the presence of phosphate buffer ions in the nanoparticles solvation
sphere.

More specific information about the composite nanoparticles
and their formation mechanism is attained employing infrared
spectroscopy (FTIR). The spectra of PEI hyperbranched polymer,
PEI–silica composite particles and polymer-free silica particles, i.e.
silica particles without any organic material, are shown in Fig. 3
Table 1. Silica absorption bands observed in both composite and
polymer-free nanoparticles are typical to those of amorphous silica
[26]. The amorphous nature of the obtained material was further
confirmed by X-ray spectroscopy (data not shown). Most of the PEI
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Table 1
FTIR frequencies (in cm−1) and vibrational assignments of PEI, PEI–silica and polymer free silica particles.

Band assignmenta PEI PEI (pH 7) PEI–silica composite particles Polymer free silica particles

�as NH 3350 (m) 3376 (br) 3370 (sh) –
�s NH 3276 (m)
� NH (overtone) 3188 (sh) 3260 (sh) – –
�as CH2 2932 (m) 2950 (m) 2962 –
�as CH2 2885 (m), 2807 (s) 2898 (m), 2831 (s) 2853 –
� NH 1585 (m) 1602 (m) – –
�as NH3

+ – 1500 (sh) 1524 –
�s NH3

+ – – 1473 –
� CH2 1455 (s) 1455 (m) 1455 –
�as C–N 1105 (m) 1069 (m)

√
–

�s C–N 1045 (m) 1017 (m)
√

–
� Si–O–Si – – 1042 1062
� Si–OH, Si–O− – – 964 960
� Si–O–Si – – 785 802
� CH2 760 (s) 761 (s)

√
–

�
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Porosimetry experiments (Fig. 4) revealed that the hybrid
PEI–silica nanospheres are essentially non porous with a low
BET surface area (20.6 m2/g). The heat-treated polymer-free silica
nanoparticles have an increased, due to the elimination of organic
Si–O–Si –

a Assignments: � (stretch), � (bend), � (rock). Subscripts as and s denote asymme
weak), sh (shoulder); br (broad).

ands can hardly be detected in the hybrid PEI–silica particles’ spec-
rum. The band of N–H asymmetric stretching is hardly observed at
350 cm−1 while the symmetric and asymmetric stretching bands
f CH2 appear at 2962 and 2922, 2853 cm−1 [27]. These bands are
hifted to higher wavelengths compared to the same bands reg-
stered for PEI (2930 and 2285, 2807 cm−1 respectively). This is
ustified taking into account the protonated character of the amine
roups of PEI encapsulated in silica. In this connection, it should
e noted that the corresponding vibration bands registered for PEI
t pH 7, are also shifted towards higher wavelengths due to the
artial protonation of the amine groups (cf. Fig. 3, column 2 in
able 1). The protonation of amine groups does not only affect the
tretching mode of NH2 groups as expected, but also the vibrational
requencies of the CH2 groups that all are in alpha position rela-
ive to the (protonated) amine groups [28]. The same behavior is
bserved in the FTIR spectra of PEI–H2SO4 complexes [29]. Further
roof of the protonated character of the NH2 groups is obtained
rom the new bands observed in the PEI–silica nanoparticles at
524 and 1473 cm−1 that are attributed to the symmetric and asym-
etric bending modes of protonated NH2

+ groups. The stretching
ands of C–N bonds (1100–1045 cm−1) of PEI are overlaid by the
road Si–O–Si stretching band which, as a result, appears shifted at
042 cm−1 in the PEI–silica nanoparticles compared to 1063 cm−1
n the spectrum of polymer-free silica. In a similar manner, the
H2 rocking band at 760 cm−1 is under the Si–O–Si bending band
784 cm−1) in the spectrum of PEI–silica while the band appears at
00 cm−1 in the spectrum of polymer-free silica.

ig. 3. FTIR spectra of hyperbranched poly(ethylene imine), PEI, organic–inorganic
ybrid PEI–silica nanoparticles before (PEI–silica composite particles) and after ther-
al treatment for 3 h at 700 ◦C (polymer-free silica particles).
442 450

nd symmetric vibrations, respectively. Band intensities: s (strong), m (medium), w

As previously reported by Knecht and Wright [22] for
poly(propylene imine) dendrimers, the amine groups of the uni-
molecular PEI hyperbranched polymer at pH 7 are partially
protonated (in the form of NH3

+) and assume the traditional role
of charge balance between the hyperbranched template and the
surface of growing silica nanoparticles (Si–O− stretching band is
present at 964 cm−1). This consequently leads to the formation
of an extensive network between NH3

+, Si–O− groups and water
molecules that are evident in the spectrum of PEI–silica as a broad
band centered at ca. 3000 cm−1. Supporting evidences for the above
can be also derived by comparing the pattern of the two spec-
tra in the region 1750–1400 cm−1. The 1473 cm−1 band has been
attributed in previous studies to the symmetric bending mode of
NH3

+ in the Si–O−· · ·NH3
+group [30,31] and the 1524 cm−1 band to

the respective asymmetric bending of NH3
+ group. In addition, the

medium to strong absorption band attributed to the bending of the
NH2 groups in the PEI spectrum at 1585 cm−1 is absent from the
spectrum of the PEI–silica composite particles.
Fig. 4. N2 sorption–desorption isotherms at −196 ◦C of hybrid PEI–silica nanopar-
ticles (squares) and polymer-free silica nanoparticles (circles). Closed symbols:
sorption, open symbols: desorption, Vs: N2 sorbed volume, p/p0: relative pressure,
STP: standard temperature and pressure.
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tively high pH values did not seem to restrain sorption. Reported
reduction of the Cr6+ to Cr3+ [37,38] by PEI was also identified
from the green color of the Cr3+ species when the nanoparticles
were dispersed in NaOH solutions. This is another evidence that
ig. 5. Zeta-potential as a function of solution pH for Hybrid PEI–silica nanoparticles
open circles) and polymer-free nanoparticles (filled squares).

aterial, but still low BET surface area (39.6 m2/g). The pore size
istribution in this case reveals pores with radii in the range of
–5 nm.

Zeta-potential measurements were performed in water as a
unction of pH in order to determine the electrokinetic charge
f the nanospheres, and the corresponding curves measured are
hown in Fig. 5. The isoelectric point (IEP) of heat treated sil-
ca nanospheres is about 2, in accordance with what is typically
bserved for amorphous silica. Overall the nanospheres show a neg-
tive surface potential at low pH that decreases to about −80 mV at
H 11. The presence of PEI in the hybrid nanospheres should shift
he IEP towards higher pH. Indeed, the hybrid organic–inorganic
anospheres have an IEP of about 8 that results from the presence
f the protonated amino groups of the polymer. They have a positive
urface potential of about +50 mV at pH 2 that decreases to about
70 mV at pH 11.

.2. Sorption of heavy metal ions

.2.1. Sorption kinetics
Silica by itself has been extensively studied as heavy metal ion

orbent from water [32,33]. The sorption has been described as a
rocess governed by the electrostatic attractions between the pos-

tively charged metal ions and the negatively charged silica. Thus,
eavy metal sorption rate into silica has been correlated to the ionic
adius of the cation and the Z/R (charge/radius) ratio: Cations with
igger ionic radius create a smaller electric field and will be less

ikely to remain solvated in face to competition for complexation
ith the silanols. The larger radius also results in larger spread of

lectron configuration in space and greater tendency to polarize in
esponse to the electric field of the negative charges the deproto-
ated silanols increasing the tendency to form complexes [34].

The presence of the negative charge at the polymer-free silica
anoparticles of the present work was confirmed by zeta-potential
easurements. Heavy metal ion sorption percentages (Figs. 6 and 7)

re consistent with the electrostatic nature of the driving force for
he dessolvation process. No sorption of the negatively charged
r2O7

2− into silica was observed and the sorption rate of the
etal cations was almost analogous to their ionic radius [35]
Cd2+ = 0.97 Å, Hg2+ = 1.1 Å Pb2+ = 1.2 Å; these values are referred for
ndicative purposes only), i.e. faster for the bigger lead ions and
lower for the smaller cadmium ions. Nevertheless, after two days
ontact time no cation was detected in water.
Fig. 6. Retention percentage of Pb2+ and Hg2+ from composite PEI–silica nanoparti-
cles (solid curves) (Co = 1 ppm, pH 6.2) and polymer-free silica nanoparticles (dashed
curves) (Co = 1 ppm, pH 5.4).

In contrast to the results reported for the polymer-free
silica nanoparticles, Cr2O7

2− sorption into hybrid PEI–silica
nanoparticles is very fast (Fig. 6). No Cr2O7

2− were detected spec-
trophotometrically after 1 h contact time with the above mentioned
hybrid nanoparticles. Cr2O7

2− sorption into supports function-
alized with linear PEI due to PEI–Cr2O7

2− complexation is well
documented [36–38] and it is evident that these complexation
properties are also exhibited by hyperbranched PEI although the
latter is incorporated into the silica network. Combined with chela-
tion, electrostatic interactions also play an important role allowing
the anions to come close to the surface of the sorbing substrate.
Hybrid nanoparticles examined by zeta-potential measurements
were indeed found to be positively charged. Furthermore, the rela-
Fig. 7. Retention percentage of Cd2+ and Cr2O7
2− from composite PEI–silica nanopar-

ticles (solid curves) (Co = 1 ppm, pH 6.2) and polymer-free silica nanoparticles
(dashed curves) (Co = 1 ppm, pH 5.4).
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Fig. 8. Sorption isotherms for Hg2+ by hybrid PEI–silica nanoparticles (closed
squares), Pb2+ by hybrid PEI–silica nanoparticles (closed diamonds), Cd2+ by hybrid
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insoluble in water and they are, therefore, at a high-energy state.
Thus, their inclusion in the environment of these nanospheres is
a thermodynamically favorable process [12]. Secondly, the solubi-
lization into the hybrid nanoparticles is further amplified by the
formation of charge-transfer complexes between polyaromatics

Table 2
Sorption parameters for Langmuir model.

R Qmax k

Hg–silica–PEI 0.9996 704.22 mg/g 0.065 l/mg
3.511 mmol/g 13.017 L/mmol

Hg–silica 0.9977 389.11 mg/g 0.014 l/mg
1.940 mmol/g 2.741 l/mol

Pb–silica–PEI 0.9992 632.91 mg/g 0.026 l/mg
3.055 mmol/g 5.404 l/mmol

Pb–silica 0.9944 540.54 mg/g 0.011 l/mg
2.609 mmol/g 2.371 L/mol
EI–silica nanoparticles (closed circles), Hg2+ by polymer-free silica nanoparticles
open squares) Pb2+ by polymer-free silica nanoparticles (open diamonds) and Cd2+

y polymer-free silica nanoparticles (open circles). Equilibration time = 24 h; Percent
rror = ±5%.

he chemical properties of hyperbranched poly(ethylene imine) are
lso present in the hybrid nanospheres.

For the three other positively charged metal ions (Pb2+, Cd2+

nd Hg2+) sorption into hybrid nanoparticles proceeds with a rate
omparable (in the case of Pb2+) or faster (in the cases of Cd2+ and
g2+) than polymer-free nanoparticles although unfavorable from

he electrostatic point of view. Thus, PEI chelating properties, con-
idered as the only factor responsible for the incorporation into
ybrid nanoparticles, are sufficient not only to induce but also to
nhance the sorption in comparison to the electrostatic interac-
ions. The order of sorption rate Pb2+ > Hg2+ > Cd2+ is the same with
he sorption rate for the polymer-free nanoparticles and consistent
ith the lower chemical affinity of Cd2+ [39] and the strong chelat-

ng ability of PEI to Pb2+ [39] and Hg2+ [40]. Thus, in these cases too,
EI molecules surrounded by the siloxane network still retain their
omplex formation properties.

.2.2. Sorption isotherms
The sorption isotherms of metal ions (Pb2+, Hg2+, Cd2+) by

he composite PEI–silica nanoparticles and polymer-free silica
anoparticles are shown in Fig. 8. Metal ion sorption can be approx-

mated by a Langmuir type sorption isotherm model:

e = QmaxkCe

(1 + kCe)

here k = Langmuir equilibrium constant, Ce = metal concentra-
ion at equilibrium, Qe = sorption amount at equilibrium, and
max = maximum amount sorbed as C increases. The data of
igs. 8 and 9 were regressed linearly according to

Ce

Qe
= Ce

Qmax
+ 1

kQmax

nd the results are presented in Fig. 9. From the slopes, b = 1/Qmax,
nd the intercepts, a = 1/(kQmax), of the straight lines the k and Qmax

arameters are calculated (Table 2). These results indicate that the
dsorption of all metal ions follow Langmuir-type adsorption mech-

nism yielding correlation coefficients R in the range (0.994–0.999).
omposite PEI–silica nanoparticles exhibit greater affinity for the
etal ions than polymer-free silica nanoparticles as was observed

n the kinetic experiments. Polymer free silica nanoparticles exhibit
he following adsorption capacity sequence expressed in mmole/g:
Fig. 9. Langmuir linear regression of the sorption isotherms of Hg2+ (squares) Pb2+

(diamonds) and Cd2+ (circles) ions by composite PEI–silica nanoparticles (closed
symbols) and polymer-free silica nanoparticles (open symbols).

Hg2+ < Cd2+ < Pb2+, whereas the respective order of hybrid PEI–silica
nanospheres is Pb2+ < Hg2+ < Cd2+. The smaller adsorption capacity
of Pb is probably attributed to stereochemical reasons due to its
larger size.

3.3. Sorption of polycyclic aromatic hydrocarbons

The sorption of polycyclic aromatic hydrocarbons into poly-
mer impregnated ceramic membranes made from TiO2, SiC and
Al2O3 has been previously reported employing continuous filtra-
tion experiments [10,14,15]. From the data presented in Fig. 10 it is
evident that pyrene is sorbed by the polymer-free silica nanoparti-
cles, in static sorption experiments down to a level of 40 ppb. On the
other hand the sorption of the ten-fold more soluble phenanthrene
is less favorable and 600 ppb remained after three days treatment
with the silica nanoparticles.

However the presence of PEI into the silica nanospheres
enhanced the sorption to a level of 12 ppb for pyrene and 230 ppb
for phenanthrene. Polycyclic aromatic hydrocarbons are solubilized
inside the nanoparticles in first place since they are practically
Cd–silica–PEI 0.99759 595.24 mg/g 0.015 l/mg
5.295 mmol/g 1.640 l/mmol

Cd–silica 0.9982 290.70 mg/g 0.015 l/mg
2.586 mmol/g 1.683 l/mol
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ig. 10. Retention percentage of polycyclic aromatic hydrocarbons from composite
EI–silica nanoparticles (solid curves) and polymer-free silica nanoparticles (dashed
urves) (Co,pyrene = 100 ppb, Co,phenanthrene = 1 ppm).

nd the tertiary amino groups of the hyperbranched polymer [41].
s a result PEI–silica nanoparticles present a promising alternative

o hybrid organic/inorganic filter modules for PAH sorption from
ater.

.4. Ecological benefits

A comparison of the preparation process (see also Section 2)
ith previous techniques reveals its ecological advantages. The

iomimetic synthesis reaction which takes place in water at ambi-
nt conditions in a one step reaction realizes three purposes: (a)
he manufacturing of the ceramic material (b) the functionaliza-
ion of the hyperbranched polymer, rendering it insoluble in water
nd (c) the binding of the hyperbranched polymer to the ceramic.
ilica preparation by the classical sol–gel method is a time but most
f all energy consuming process and requiring elevated tempera-
ures. Functionalization of the hyperbranched polymer and binding
o the ceramic material takes place in toxic organic solvents such as
hloroform, acetonitrile and methanol while, additionally binding
equires heat. It is thus obvious that by implementing the above
escribed method energy consumption will be spared and consid-
rable quantities of toxic wastes and volatile carbon emissions will
e avoided.

. Conclusions

The biomimetic synthesis of hybrid silica/dendrimeric poly-
er nanoparticles can also be performed with the less expensive

on-symmetric hyperbranched poly(ethylene imine), affording
pherical particles. Sorption experiments indicated that these
anospheres have a tendency to remove toxic substances from
ater such as polycyclic aromatic hydrocarbons and heavy metal

ons. The characterization of these materials led to the conclu-
ion that this sorption is attributed to electrostatic interactions
nd is further enhanced either due to the chelation properties
f the hyperbranched polymer towards the metal ions or due to
he formation of a charge-transfer complex between polycyclic
romatic hydrocarbons and tertiary amino groups, proving that,

lthough incorporated into the silica network, poly(ethylene imine)
etains its chemical properties. The method that has been described
or the preparation of hybrid PEI–silica nanospheres under mild
nvironmental friendly conditions presents an interesting alterna-
ive to the conventional methods of the chemical attachment of

[

[

dous Materials 170 (2009) 35–42 41

dendritic polymers on ceramics or the manufacturing of hybrid
organic/inorganic ceramics by impregnation with the dendritic
polymer. The nanospheres obtained have the potential for pollutant
encapsulation and water remediation.
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