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ABSTRACT: We have demonstrated a novel strategy for the synthesis of
mesoporous silica nanoparticles (MSNPs) using a surfactant-free method
under ambient conditions. By the simple addition of an amine-based
polymer (polyethylenimine; PEI) with a high molecular weight to a silica
nanoparticle (SNP) solution, two types of MSNPs, including rambutan-like
MSNPs (R-MSNPs) and hollow MSNPs (H-MSNPs), were produced. The
structural changes of the MSNPs were systematically studied using various
reaction conditions (reaction time, molar ratio and molecular weight of
PEI, etc.) and were observed using electron microscopic techniques. The
formation mechanisms of both MSNPs were carefully investigated using
XPS, Raman, and IR spectroscopies. Because the synthesized MSNPs are
highly porous materials that contain internal organic/inorganic networks,
we investigated the removal/adsorption properties of these MSNPs with
respect to pollutants toward possible future use in environmental remediation applications. The H-MSNPs exhibited better
environmental remediation capabilities relative to the R-MSNPs because PEI is present between the cobweb-like internal
structures of the H-MSNPs, thereby providing a significant number of reaction sites for the adsorption of pollutants. The
approach presented here can also be used as a direct method for the preparation of intraconnected networks within the
substructures.
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1. INTRODUCTION

Polyelectrolytes (PE) have been extensively investigated over
the past decade because of their potential applications as
micro/nanoreactors for chemical synthesis,1−9 protective coat-
ings against active materials,10,11 containers exhibiting reversible
permeability,12−15 building blocks for nanoengineering,16,17 and
optical materials for antireflection coatings.18,19 Most of these
studies have focused on the PEs as templates or coating
materials because the PEs provide an interesting platform for
the exploitation of micro- and nanostructured materials with
novel properties. Relatively little attention has been directed to
reactions of the polyelectrolytes.
Mesoporous SiO2 nanoparticles (MSNPs) are of continuous

interest because of their unique properties, such as their high
specific surface areas, controllable pore structures, and narrow
pore size distributions.20−23 MSNPs are typically synthesized by
employing a surfactant-templated technique that induces the
formation of porous silica structures by the spontaneous
coassembly of the surfactants and inorganic precursors.24−30 In
this method, the surfactants in the solution play an important
role in guiding the formation of porous inorganic structures
from solubilized inorganic precursors. Thus, the presence of
surfactants is thought to be critical for the formation of porous
structures. However, surfactant removal is key for completing

the formation of MSNPs. The surfactants, which are often toxic
substances, normally must be removed under harsh conditions,
such as calcination (over 500 °C) or solvent extraction through
refluxing in acidic alcohol for a minimum of 24 h.31−36 A
surfactant is necessary for the preparation of mesoporous
structures; however, it can be difficult to avoid the cumbersome
removal process that accompanies such surfactants. Therefore,
there is significant interest in developing novel methods for the
preparation of MSNPs without the use of surfactants, but
relatively little attention has been focused on this area of
research.
The modification of the interiors and exteriors of MSNPs

with organic groups is of particular interest because of the
possibility to combine a variety of functional groups with
MSNPs. Two general methods, both of which involve co-
condensation and postgrafting synthesis, have been used for the
introduction of functional groups onto MSNPs. The former
condensation method involves co-condensing hydrolyzed
alkoxysilanes with inorganic precursors and results in a direct
modification of the interior MSNP pores. The postgrafting
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synthesis method involves modification after MSNP synthesis,
which involves the reaction of alkoxysilanes with surface-
accessible silanol groups in the interior and exterior of the
MSNP.37,38 However, both methods present several disadvan-
tages. The co-condensation approach enables MSNPs to retain
a homogeneous distribution of the functional groups at the
expense of mesoscopic ordering. Thus, the functional groups
embedded within the mesoporous network are restricted from
further interaction with any materials that are subsequently
added. Furthermore, the location and the loading amounts of
the functional groups are not yet known.39,40 Meanwhile, the
postgrafting synthesis method typically results in inhomoge-
neous surface coverage because of the congregation of organic
moieties near the mesopores and the exterior surfaces.41 The
low reactivity of the surface silanols also limits the extent of
surface functionalization.42 To summarize the process of MSNP
synthesis, sacrificial surfactants should be used and removed
when preparing mesoporous structures, and surface treatments
should be performed either during or after the process to
provide functionality of the mesoporous structures. The above-
mentioned issues might be solvable if the existing process for
MSNP synthesis can be simplified or omitted. This idea
inspired us to explore a novel method for synthesizing MSNPs.
In this work, we report an all-in-one approach for the synthesis
of two types of MSNP at room temperature using
polyelectrolytes; additionally, this approach does not include
surfactant templating or surface modification (Scheme 1).

2. EXPERIMENTAL SECTION
Materials. Tetraethyl orthosilicate (TEOS, 99.99%), poly-

(ethylenimine) (PEI, Mw = 750 kDa; 25 kDa and 2 kDa), lead(II)
nitrate (Pb(NO3)2, 99.99%), chloroauric acid (HAuCl4, 99.99%),
mercury(II) nitrate (HgN2O6·H2O, 98%), sodium arsenate (HAs-
Na2O4, 98%), sodium borohydrate (NaBH4), methyl orange, micro-
cystin YR (Mw = 1045), ethyl alcohol, and ammonium hydroxide
solution (28−30%) were purchased from Sigma-Aldrich. All chemicals
were used without further purification. The PEI and metal precursor
solutions were prepared with deionized (DI) water, obtained from a
Millipore Simplicity 185 system.
Synthesis of the Rambutan-like MSNPs (R-MSNPs). The SNPs

were prepared following a literature method, with few modifications:
DI water (2 mL), ammonium hydroxide solution (0.2 mL), TEOS (0.8
mL), and ethanol (8 mL) were consecutively added to a glass vial
while stirring, and milky white colored-SNPs developed following
continued stirring for 6 h. To synthesize the R-MSNPs, an aqueous
PEI solution (Mw = 750 kDa, 1 mg/mL) was added dropwise to the
SNP solution while stirring until the desired mixed volume ratio for

Si/PEI (e.g., 1:1, 1:3, and 1:5) was obtained. Then, the SNP-PEI
mixture was continuously stirred for 6 to 24 h at room temperature.
Finally, the mixture was centrifuged, washed with ethanol to remove
excess, and unbound PEI, and dried at room temperature. The
synthesized Si/PEI was identified as rambutan-like MSNPs. For a
comparison of the morphology change of the R-MSNPs, PEIs with
different molecular weights (Mw = 25 kDa and 2 kDa) were also used
instead of PEI of Mw = 750 kDa.

Synthesis of the Hollow MSNPs (H-MSNPs). An aqueous PEI
solution was added dropwise to the SNP solution while stirring until
the desired mixed volume ratio for Si/PEI (e.g., 1:1, 1:3, and 1:5) was
obtained; the solution was then stirred for 30 min at room
temperature. Afterward, 0.3 M aqueous NaOH solution was added
dropwise to the SNP-PEI solution and stirred for 3 to 24 h. The final
H-MSNPs were obtained by centrifugation, washing with ethanol
several times, and drying the mixture at room temperature.

Characterization. The characterization of the fabricated MSNPs
was carried out performing field-emission transmission electron
microscopy (FE-TEM) on a JEOL JEM 2100F, and a Hitachi S-
5500 was used for ultrahigh-resolution field-emission scanning
electron microscopy (UHR-FESEM) analysis. The XPS studies were
performed on an Axis NOVA (Kratos analytical) spectrometer
operated with an aluminum anode (Al Kα, 1486.6 eV) at 600 W.
The BET surface areas and BJH pore-size distributions were measured
with an accelerated surface area and porosimetry system (Micro-
meritics ASAP2010, USA). The UV−vis absorption spectra were
recorded on a UV−vis−NIR spectrophotometer (Shimadzu UV-
3600). The MALDI-TOF MS analysis used here was performed in
positive ion mode on a 4349 Voyager STR (Applied Biosystems) with
an N2 laser (337 nm), a repetition rate at 200 Hz, and an accelerating
voltage of 20 kV. The heavy metal adsorption capacity was measured
using a 7700s ICP-MS (Agilent Technologies).

3. RESULTS AND DISCUSSION

Panels a and b in Figure 1 present ultrahigh-resolution-scanning
electron microscopy (UHR-SEM) images of SiO2 NPs (SNPs)
that were prepared in the absence of PEI and exhibit very
smooth surfaces. However, at room temperature, the surfaces of
the SNPs were gradually etched and projected only by the
addition of PEI (Figure 1c). This phenomenon was observed
for the high mixing ratio (Si/PEI = 1:5) of PEI, compared with
its low mixing ratio (Si/PEI = 1:1) (Figure 1c1−c3). Similar
results were observed when high-molecular-weight PEI (HMW-
PEI) was used (Mw = 750 kDa), where fewer chains with short
lengths were observed around the SNPs when using the low-
molecular-weight PEI (Mw = 2 kDa) (LMW-PEI) (Figure 1d1−
d3). The resulting SNPs were also produced by varying the
reaction times (Figure 1e1−e3). The N2 adsorption−desorption
isotherm of the resulting NPs exhibited typical type-IV
hysteresis, indicating a mesoporous structure (see Figure S1
in the Supporting Information). The Brunauer−Emmett−
Teller (BET) specific surface area and Barrett−Joyner−
Halenda (BJH) pore size were determined to be 97.2 m2/g
and 17.62 nm, respectively. The growth of the protruding
chains formed using the above-mentioned parameters led to the
formation of rambutan-like mesoporous SNPs (R-MSNP)
(Figure 1f, g). To reveal the formation mechanism of the R-
MSNPs, the reaction solution was collected and analyzed after
the addition of PEI to the SNP solution. After the reaction had
run to completion, the product solution contained R-MSNPs
and short chain-like fragments. The energy-dispersive X-ray
spectrometry (EDS) data revealed that the fragments were
composed of Si and N, which originated from the SiO2 and
PEI, respectively (see Figure S2 in the Supporting Informa-
tion). Thus, the SiO2/PEI complex fragments were obtained
from the etching of the SiO2 surfaces as a result of the PEI

Scheme 1. Schematic Representation Showing Formation of
the Rambutan-like Mesoporous SiO2 NP (R-MSNP) and the
Hollow Mesoporous SiO2 NP (H-MSNP)

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501941c | ACS Appl. Mater. Interfaces 2014, 6, 9563−95719564



addition. Furthermore, images c and d in Figure 1 indicate that
the R-MSNPs were predominantly formed with high fractions
of HMW-PEI. All of these experiments used significant
fractions of ethylenimine units. Branched HMW-PEI possesses
primary, secondary, and tertiary amines within the structures.43

This appears to be a favorable structure for network formation
via H-bonding. The number of networks formed via H-bonding
can be increased with the fraction of ethylenimine units. Thus,
we assumed that the formation of R-MSNPs could be
attributed to H-bond formation between PEI and SNPs, in
addition to PEI and PEI.
Fourier-transform infrared spectroscopy (FT-IR), X-ray

photoelectron spectroscopy (XPS), and Raman spectroscopy
were performed to reveal the formation mechanism of the R-
MSNPs. Si−O−Si (asymmetric), Si−OH, and Si−O stretching
bands were observed at 1058, 886, and 785 cm−1, respectively,
for the bare SNPs (Figure 2a, curve i). However, the Si−OH
and Si−O bands almost completely disappeared (i.e., the

intensity became very weak) after treatment with PEI (curve iii
because the Si−OH groups reacted with the PEI to produce
Si−O−Si linkages.44 In curve iii for R-MSNP, the Si−O−Si
peak was observed, whereas new −CH2 groups were detected
at 2920 (vC−H), 2825 (vC−H), and 1449 (δ C−H) cm−1.
Additionally, N−H stretching and bending vibrations were
detected at 3374 (vN−H), 3290 (vN−H), 1632 (δN−H), and
1554 (δN−H) cm−1, whereas these vibrations were not
observed in the bare SNPs. These results suggest that the
amino organic groups such as PEI were introduced onto the
SNP surfaces.45 It was difficult to observe more distinguishable
peak (vN−H) at 3290 cm−1 for curve ii and iii because of the
broad and strong absorption band above 3000 cm−1 influenced
by −OH groups.46 Among the various amine peaks, the
intensity of the N−H peak detected at 1554 cm−1 was stronger
in the MSNP compared with the PEI (curves iii and iv), which
was attributed to the formation of H-bonding.47

Figure 1. UHR-SEM and TEM images showing the formation process of R-MSNPs. UHR-SEM images of SNPs in (a) SE and (b) TE modes. TEM
images of R-MSNPs prepared by (c) varying the PEI mixture volume ratio with a fixed volume of SNPs for (c1) Si:PEI = 1:1, (c2) Si:PEI = 1:3, and
(c3) Si:PEI = 1:5; by (d) varying theMw of PEI as d1) 2 kDa, (d2) 25 kDa, and (d3) 750 kDa; and by (e) varying the reaction time as (e1) 6 h, (e2) 12
h, and (e3) 24 h. Also shown are (f) SE and (g) TE mode images of the R-MSNPs obtained from the optimized conditions. The asterisk denotes the
main reaction conditions as a 1:5 mixing volume ratio of Si/PEI (Mw = 750 kDa) and a reaction time of 24 h under room temperature (i.e.,
Si:PEI750 kDa = 1:5, 24 h, R.T.)*. Each parameter was changed based on the main reaction condition.
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The formation of H-bonds between the SNPs and PEI was
further confirmed by XPS analysis. The shifting of the Si 2p
peak (101.75−100.6 eV) indicates that interactions occurred
between Si and PEI (see Figure S3 in the Supporting
Information). The deconvoluted XPS spectrum of the N 1s
peak contains a spectral line that is centered at 399.5 eV with an
asymmetric tail extending toward higher binding energies
(Figure 2b). The peaks correspond to the nitrogen atoms
within the bonds of −H2N···O and −NH···O (for SNP−PEI)
or CNH···HN− (for PEI−PEI).44 These groups can readily
form H-bonds and reside at lower ionization energies than free
−NH− or −NH2 groups (red line, <400 eV).44 The presence
of another weak peak at approximately 401.5 eV indicates that
protonated amine groups (NH3

+) are not involved in the
formation of H-bonds (green line).47,48 For R-MSNPs and H-
MSNPs, the difference in binding energies of NH3

+ results from
the degree of asymmetry and broadening of the peak.46 These
results suggest that two types of H-bonds (SNP−PEI and PEI−
PEI) can be formed in the R-MSNPs following PEI reaction
with the SNPs. Because different types of intermolecular H-
bonding can occur, Raman spectroscopy was used to confirm
the degree (assay) of H-bonding of the Si-PEI. Si−O−Si
vibrations were observed in the low frequency region (Figure
2c). The strong Raman bands detected in the region of 2800−
3000 cm−1 were assigned as CH2 stretching vibrations (navy
line). The CH2 peak detected in the base SNPs came from
organic dust. The symmetric and asymmetric stretching bands
of NH2 were observed at 3349 and 3384 cm−1, respectively;
neither of these bands was observed in the bare SNPs (navy
and black lines). After PEI treatment of the SNPs, several new
peaks developed, indicating the formation of H-bonds with the
bare SNPs (Figure 2c, d). The three peaks at 1592, 1629, and

1667 cm−1 were assigned to (i) the N−H bending vibration of
H-bonds of the type SiO···H−NH, (ii) the NH2 scissoring
mode of H-bonds of the type SiO−H···NH2, and (iii) the H-
bonds of the free NH component (PEI) or water molecules,
respectively.49,50 These results further confirmed that two types
of H-bonds, such as that between SNPs-PEI and PEI−PEI, are
involved in the formation of the R-MSNPs. Compared to R-
MSNPs, three peaks at 1602, 1631, and 1674 cm−1 with a blue
shifting tendency were also assigned to the formation of H-
bond as observed in the H-MNSPs (red line). For H-MSNPs,
the surface morphology change caused by varying the pH
conditions or H-bond by water molecules might be the reason
for shifting of the Raman spectrum.51 Furthermore, by
considering the SiO2 etching that occurs upon treatment with
either HMW PEI or significant fractions of PEI, it appears that
the formation of PEI networks via H-bonding affects the SiO2
etching caused by interaction between PEI and SNPs. It is
generally known that H-bonds are significantly weaker than
covalent bonds. However, if HMW polymers form intermo-
lecular networks with each other through H-bonding, the
secondary interaction (H-bond) significantly increases in
strength relative to the primary interaction (covalent bond).52

In polymer science, depolymerization of the main chain can be
accelerated if the side chains form a giant network based on H-
bonding.52 We suggest that the massive and heavy PEI
networks, which are reinforced by a significant number of H-
bonds, alter the balance of SiO2 network conformation and
promote the cleavage of primary covalent bonds (Si−O−Si). As
a result, the PEI gradually etches the SiO2 surface, leading to
the formation of R-MSNPs. In support of this argument, the R-
MSNPs formed predominantly when either a significant
fraction of PEI or HMW-PEI was used, while no R-MSNPs

Figure 2. Comparison of the corresponding (a) FT-IR, (b) XPS, and (c, d) Raman spectroscopy analyses for R-MSNP and H-MSNP. R-MSNPs and
H-MSNPs were prepared under reaction conditions of Si:PEI750 kDa = 1:5 for 24 h at R.T. and Si:PEI750 kDa = 1:5 with 0.3 M NaOH for 24 h at R.T.,
respectively.
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were formed in the case of a low fraction of PEI or LMW-PEI
(Figure 1c, d).
To investigate the possibility of controlling MSNP

morphology, the use of lower and higher pH conditions during
R-MSNP fabrication (vs standard conditions at pH 8.1) was
also investigated. By comparing the smooth surfaces of the bare
SNPs, as shown in Figure 1a, b, hollow SNPs were produced
after stirring the mixture (Si/PEI=1:5) in the presence of
NaOH (0.3 M, pH 11) (Figures 3). All spheres with an average
diameter of 125 nm exhibited pores oriented from the center to
the outer surface. The N2 adsorption−desorption isotherm
shows that the hollow SNPs have a mesoporous structure (see
Figure S4 in the Supporting Information). The BJH pore size
and BET surface area were determined to be 37.56 nm and
53.62 m2/g, respectively. Hollow MSNPs (H-MSNPs) were
remarkably observed when a high mixing ratio of PEI (Si:PEI =
1:5), high molecular weight of PEI (Mw = 750 kDa), and
prolonged reaction times, as shown in the R-MSNP cases
(Figure 3a−c). FT-IR, XPS, and Raman analyses indicated that
the formation of H-MSNPs is also related to H-bonding
between the PEI and SiO2 NPs, as well as between PEI and PEI

(Figure 2). Meanwhile, very interesting phenomena were
observed within the H-MSNPs. To investigate thoroughly the
internal structure of the H-MSNPs, we used electron
tomography (ET); in ET, tomographic approaches are used
to obtain detailed 3D models of substructure objects. A
cobweb-like internal structure was observed within the H-
MSNPs (Figure 4).
Although the density of the internal structure was not high

compared to that of the shell structure, it appeared to connect
each unit from end-to-end. Because these intraconnected
networks consisted of PEI and SiO2, as confirmed by FT-IR,
XPS, and Raman spectroscopy (Figure 2), it was expected that
intraconnected networks had formed within the H-MSNPs due
to the etching of the SNPs following PEI penetration. This
conclusion is further supported by the BET results, before and
after H-MSNP calcination. As shown in the TEM image
(Figures 3 and 4), it was expected that the H-MSNPs would
show high surface areas due to the hollow and cobweb-like
internal structures. However, the surface area was low (53.6
m2/g). After calcination, the surface area of the H-MSNPs
increased to 1025 m2/g, which was approximately 20 times that

Figure 3. UHR-SEM and TEM images displaying the H-MSNP formation process. TEM images of H-MSNPs prepared by (a) varying the PEI
mixing volume ratio with a fixed volume of SNPs as (a1) Si:PEI = 1:1, (a2) Si:PEI = 1:3, and (a3) Si:PEI = 1:5; by (b) varying theMw of PEI as (b1) 2
kDa, (b2) 25 kDa, and (b3) 750 kDa; and by (c) varying the reaction time as (c1) 6 h, (c2) 12 h, and (c3) 24 h. Also shown are (d) SE and (e) TE
mode images of H-MSNPs obtained from the optimized conditions. The main reaction conditions for H-MSNPs were Si:PEI750 kDa =1:5 with 0.3 M
NaOH for 24 h at R.T. Each parameter was changed on the basis of the main reaction condition.
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of its original value before calcination (see Figure S5a in the
Supporting Information). The structure of the H-MSNPs
remained unchanged after calcination (see Figure S5b in the
Supporting Information). This suggests that PEI is present in
the spaces between the cobweb-like internal structures of the
H-MSNPs. Thermogravimetric analysis (TGA) was carried out
to determine the content of PEI within the H-MSNPs (see
Figure S6 in the Supporting Information). Whether on or
within the MSNPs, the PEI fraction should decompose
thermally through two or three distinct steps. The total weight
loss was approximately 20% for R-MSNPs with PEI on the
surface; in contrast, approximately 34% was recorded for the H-
MSNPs, which further supports our interpretation that a
significant fraction of PEI exists within the cobweb-like internal
structures of the H-MSNPs. It demonstrates that intra-
connected networks were formed via SiO2 etching by

interpenetration of PEI. Under low pH conditions, neither R-
nor H-MSNPs were found, even after prolonged reaction times
(see Figure S7 in the Supporting Information). At low pH
values, the protonated fraction of PEI amine groups increased,
whereas the surface charges of the SiO2 decreased. A small
amount of PEI adsorbed onto the SiO2 surfaces due to
increased polymer segment−segment repulsion and the
presence of insufficient surface charges on the SiO2.

43,50 As a
result, the possibility of SiO2 etching was low under low pH
conditions.
To investigate further the formation mechanism of the H-

MSNPs, the XPS fitting curve area, which displays the rate of
H-bonding and the protonation of PEI, was considered (Figure
2b and S8). In the case of the H-MSNPs produced at pH = 11,
50.5% of the amine groups were involved in the formation of
H-bonds, which is lower than the result for R-MSNP (61.5%)
produced at pH 8 (see Figure S8 in the Supporting
Information, curve 1). The contents of the protonated amine
(−NH3

+) were 17.5 and 7.2% for R- and H-MSNPs,
respectively (see Figure S8 in the Supporting Information,
curve 3). At pH 8, both the PEI and SNPs exhibit significant
fractions of positive and negative charge states, respectively.43

Therefore, the PEI loading on the SNP surface increased, and
the PEI was able to etch the SNPs by taking advantage of the
high rate of H-bonding (61.5%). Under these conditions, PEI
favors a stretched form due to the presence of repulsion forces
(protonated amines) within the chain (Scheme 2). Stretched
PEIs mainly etched the SNP surfaces, but these PEI molecules
were unable to penetrate into the SNP cores during the etching
step due to the bulkiness of their stretched structures and the
charge interactions between PEI and SiO2. For this reason,
surface-etched R-MSNPs were formed. However, at pH 11, PEI
favored an entangled form due to the decreased fraction of
protonated amine groups (17.5 to 7.2%) compared with PEI at
pH 8 (see Figure S8 in the Supporting Information, curve 3).
Branched PEI is neutral at pH ≥ 10.5.43 Although the PEI
loading on the SNP surfaces decreased, the PEI was still able to
etch the SNPs as a result of the relatively high rate (50.5%) of
H-bonding. Thus, the PEI was able to penetrate into the core of
the SNPs while the PEI was able to etch the SNPs because of

Figure 4. Electron tomography images of the H-MSNPs. (a−d) 3D
images of the internal structure of the H-MSNPs obtained by varying
the viewing angles.

Scheme 2. Schematic Representation of the Plausible Mechanism for the Formation of (a) the R-MSNPs and (b) the H-MSNPs
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its entangled form and the decreased charge interactions
between the PEI and SiO2 (Scheme 2). Additionally, the
entangled PEI nonuniformly etched the surface of the SNPs
because the ratio of H-bonding of the H-MSNPs was lower
than that of the R-MSNPs. Relatively large pores were formed
as a result of the nonuniform etching process, as observed on
the surfaces of the SNPs at the beginning of the reaction (see
Figure S9 in the Supporting Information). As the reaction
proceeded, the SNPs were gradually etched from their outside
surfaces to the inside, while the PEI progressed into the center
through the pore. For comparison, we tested SNPs at the same
pH condition (pH 11) in the absence of PEI. Almost bare
SNPs were observed, suggesting that the SiO2 etching
phenomena did not occur (see Figure S10 in the Supporting
Information). NaOH seemed to play two roles in the case of
the coexistence of NaOH with PEI. The NaOH increased the
pH of the reaction medium, inducing a decrease in the rate of
H-bonding of PEI and the entangled form of PEI. Thus, PEI
was able to nonuniformly etch the SNPs from outside into the
particle centered through the pores that formed initially.
Furthermore, the reaction gradually progressed because the
NaOH also helped the neutralized and entangled form of PEI
to reach the SNP centers through the Si−O−Si network, which
was swollen with hydroxyl ions.
The feasibility of the use of MSNPs as an environmental

remediation material was explored. A test for the removal of
heavy metal ions was performed using the MSNPs. Lead
(Pb2+), mercury (Hg2+), and arsenate (AsO4

3−) were used as
the heavy metal ion sources. Figure 5a displays a summary of
the heavy metal ion adsorption properties when the MSNPs
were used as the adsorbent. The maximum removal capacities
of the MSNPs were 343.3 mg/g for Pb, 285.8 mg/g for Hg, and
75.0 mg/g for As. These values are significantly higher than

those previously reported for similar systems.53,54 Furthermore,
calcinated H-MSNPs was also tested for the removal of heavy
metal ions. As a representative one, result for the removal of Pb
was 710.1 mg/g, which was doublely increased, compared to
the H-MSNPs before calcination. It can be attributed to
remarkable increase in the surface area (20 folds higher) of the
H-MSNPs after calcination (see Figure S5 in the Supporting
Information). This means that intranetwork SiO2 structures
possess a great active site to capture heavy metal ions even after
elimination of PEI. For comparison, performance of bare SNPs
was only 18.1 mg/g. A test for the removal of environmental
contaminants, such as microcystins, was also performed using
the MSNPs. Microcystins are potently hepatotoxic heptapep-
tides produced by cyanobacterial blooms in eutrophic water.
Microcystin-YR (MC-YR) was used as the target adsorbate to
evaluate the adsorption capability of the MSNPs. Figure 5b
displays the MALDI-TOF mass spectra for the MC-YR before
and after removal with the MSNPs. For comparison, the peak
for the MC-YR is marked with an asterisk and is labeled with
the intensity (S/N ratio). Before the MSNP treatment, the
MC-YR intensity was very strong with an S/N ratio of 8,765.
After the removal process, the MC-YR intensity decreased
significantly, and the S/N ratios of 33.8 and 176.6 were barely
detected for H-MSNPs and R-MSNPs, respectively. Calcu-
lations based on the S/N ratios for H- and R-MSNPs indicate
that 99.7 and 98% of MC-YR were removed in the process. In
another approach for environmental remediation, we also
tested the MSNPs for the efficient disposal of wastewater
containing organic toxic dyes, such as methyl orange (MO).
The percentage of MO adsorption on the MSNPs increased
with increasing exposure time in both cases. After the
adsorption tests, the yellow color of the MO solution turns
almost transparent. The H-MSNPs and R-MSNPs have high

Figure 5. (a) Summary of the maximum removal capacities of heavy metal ions by the R- and H-MSNPs. (b) MALDI-TOF mass spectra of the MC-
YR solution (b1) before and (b2, b3) after the treatment of R- and H-MSNPs, respectively. The peak for the [MC-YR+H]+ ion is marked with an
asterisk (*). The adsorption capacities of (c1) H-MSNPs and (c2) R-MSNPs for MO (methyl orange). The characteristic peak of MO at 465 nm
decreased with increasing reaction time. All tests were performed in a dark room to avoid MO dye photodecomposition.
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adsorption rates (95 and 94%, respectively) for the MO dyes
(Figure 5c). In most of the tests conducted here for the
removal of environmental contaminants, the H-MSNPs
performed better than the R-MSNPs due to the high loading
of PEI within the hollow structure, as confirmed by the BET
and TGA analyses (see Figures S5a and S6 in the Supporting
Information). The above results indicate that PEI-containing
MSNPs may be of potential use as environmental remediation
materials.

4. CONCLUSIONS

We have demonstrated a novel strategy for the synthesis of
MSNPs using a surfactant-free method at room temperature.
By simply adding HMW-PEI to SNPs under different pH
conditions, two types of MSNPs, including R-MSNPs and H-
MSNPs, were produced. During the reaction, PEI forms H-
bond networks between PEI and PEI, as well as between the
PEI and SNPs. Massive and heavy PEI networks, reinforced by
a significant number of H-bonds, alter the balance of the SiO2
network conformation and promote the cleavage of primary
covalent bond (Si−O−Si). The degrees of H-bonding and PEI
protonation can be controlled by pH. With significant amounts
of H-bonding and PEI protonation, PEI favors its stretched
form due to the repulsion force between protonated amines
within the chain. The stretched PEIs mainly etched the surface
of SNPs via H-bonding, but they were unable to penetrate into
the core of the SNPs during the etching process due to the
bulkiness of their structures and the charge interaction between
PEI and SiO2. Consequently, the PEI gradually etched the SiO2
surface and formed the R-MSNPs. With low amounts of H-
bonding and PEI protonation, PEI favors its neutralized
entangled form because of the reduced fraction of protonated
amines. Thus, the PEI was able to penetrate into the SNP cores
while the entangled PEI randomly or nonuniformly etched the
SNPs due to decreased H-bonding and charge interaction.
Finally, the PEI induced the development of H-MSNPs with a
cobweb-like internal structure. The MSNPs exhibited excellent
environmental remediation abilities for the removal/adsorption
of pollutants. Overall, the H-MSNPs exhibited better environ-
mental remediation abilities compared with the R-MSNPs
because PEI was present between all of the cobweb-like internal
structures of the H-MSNPs, thereby providing a significant
number of reaction sites for the adsorption of pollutants. This
approach can also be used as a direct method for the
preparation of intraconnected networks within such sub-
structures. We believe that this novel approach will be useful
for the controlled-structure synthesis of various types of
mesoporous inorganics.
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Micro Reaction Cages with Tailored Properties. J. Am. Chem. Soc.
2001, 123, 5431−5436.
(10) Shchukin, D. G.; Shutava, T.; Shchukina, E.; Sukhorukov, G. B.;
Lvov, Y. M. Modified Polyelectrolyte Microcapsules as Smart Defense
Systems. Chem. Mater. 2004, 16, 3446−3451.
(11) Shchukin, D. G.; Zheludkevich, M.; Yasakau, K.; Lamaka, S.;
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