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Continuous Flow Preparation of Iron Oxide Nanoparticles

Supported on Porous Silicates

Alfonso Yepez,® Frank L. Y. Lam,® Antonio A. Romero,” C. Oliver Kappe,' and

Rafael Luque*™

A simple, innovative, and efficient continuous flow methodolo-
gy for the direct preparation of supported nanoparticles on
porous materials by using metal precursor solution flowing
through heated packed-bed reactors containing the support
material has been developed. The effects of the flow rate of
the precursor solution, temperature, and nature of the support
material and metal loading have been investigated. Results in-
dicated that optimum conditions comprised short residence

Introduction

Heterogeneous metal supported catalysts have been widely
studied for their potential applications in industrial chemical
processes. Metal nanoparticles have attracted much attention
in the past decade not only because of their relatively straight-
forward syntheses but owing to their applications in various
important fields including catalysis.""? Several catalytic systems
with different metal nanoparticles have been reported recently
including supported catalysts containing gold,®* palladium,®®
nickel,” platinum,® silver,” cobalt,"” and copper.""
Conventional preparations of metal nanoparticle catalysts in-
cluding impregnation,®'? coprecipitation,® sol-gel pro-
cesses," and deposition—precipitation” have typically been
conducted in a batch-mode operation. Promising alternative
methodologies were reported in recent years to provide
a number of designer nanomaterials for advanced catalytic ap-
plications under similar batch-mode conditions. These included
protocols such as chemical vapor deposition,'® microwave-as-
sisted synthesis,”"” sonochemistry,"® photochemical deposi-
tion,"” and mechanochemistry (ball-milling).®*” A scale-up
process to streamline the production of nanomaterials and for
whole-system efficiency is highly desirable. In this respect,

[a] A. Yepez, Dr. A. A. Romero, Dr. R. Luque
Departamento de Universidad de Cérdoba
Edificio Marie Curie, Ctra Nnal IV-A, Km 396, 14014, Cérdoba (Spain)
E-mail: g62alsor@uco.es

Dr. F.L. Y. Lam

Department of Chemical and Biomolecular Engineering

Hong Kong University of Science and Technology

Clear water bay, Kowloon (Hong Kong)

Prof. C. O. Kappe

Institute of Chemistry

University of Graz

NAWI Graz, Heinrichstrasse 28, 8010 Graz (Austria)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cctc.201402802.

[b

[c

Wiley Online Library © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

times (with typical flow rates of 0.5 mLmin~' and below) under
mild heating (100 °C) to achieve optimum materials in terms of
nanoparticle size and structure and catalytic activity. The sup-
port was found to have a remarkable effect on both loading
and distribution and agglomeration of nanoparticles in the
system, with a previously reported Fe/Al synergy also observed
in the prepared nanomaterials, which led to optimum results.

a simple and innovative approach that can meet the demands
for high throughput coupled with a reduction in reagents and
solvents involves continuous flow chemistry.

Continuous flow processes can provide a number of signifi-
cant benefits for synthesis and reaction processing of nanoma-
terials compared to batch reactor technologies. Under continu-
ous flow conditions, advantages including simplicity of prepa-
ration and operation, process control, flexibility, higher produc-
tivity, and controllable reaction conditions can be achieved
easily to provide an alternative and comparatively practical ap-
proach for potential industrial scale-up syntheses compared to
traditional protocols.”?"??

In light of the inherent advantages of continuous flow pro-
cesses, particularly if related to nanomaterials syntheses,®*
this work has been aimed at advancing the design of continu-
ous flow synthetic protocols for the development of supported
nanoparticles on porous supports. Herein, we report a simple,
efficient, and innovative continuous flow preparation (CFP) of
versatile Fe,O; nanoparticles supported on porous aluminosili-
cates and their applications in acid (alkylation of toluene with
benzyl chloride) and redox (oxidation of benzyl alcohol) cata-
lyzed processes compared to analogous nanomaterials pre-
pared by using other methods. Results from this work demon-
strate the advantages of continuous-flow-synthesized nanoma-
terials in the selected chemistries over supported nanoparticles
prepared under conventional impregnation deposition, micro-
wave-assisted irradiation, and ball-milling.

Results and Discussion

Textural properties of synthesized materials in this work are
summarized in Table 1. All materials exhibited high surface
areas (>700 m?’g~"), typical of mesoporous SBA-15 materials.
The continuous flow incorporation of Fe into AlZn-SBA in-
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Figure 1. Isotherm profiles of Fe/AIZnSBA-15 materials prepared at different flow rates compared to parent AIZnSBA-15, [Si/(Al4Zn)=20]. (B) denotes the

parent support for this work.

duced a significant reduction in surface area but, interestingly,
had little effect on pore sizes and volumes (Table 1). Pore sizes
were in the range of 6 nm and remained almost unchanged
upon Fe incorporation, particularly with reduced residence
contact times (higher flow rate, 2 mLmin™"). Even at low iron
loadings, these findings indicated a preferential surface deposi-
tion of supported Fe,O; nanoparticles (reduction in surface
area) with minor nanoparticle migration to the pores of the
aluminosilicate support (unchanged pore sizes and volumes,
no pore blocking upon Fe incorporation).?”

Isotherm profiles depicted in Figure 1 clearly illustrate the
typical type IV profiles of mesoporous materials, in which the
curves of CFP materials are almost identical to those of the
parent supports.

The incorporation of Fe,O; nanoparticles into AlZn-SBA did
not significantly influence textural properties in Fe/AlZn-SBA
except for surface areas. Wide-angle X-ray diffraction patterns
show the typical amorphous nature of the aluminosilicate,
with indications of Fe,O; species in the materials (Figure 2).

These Fe,O; species were confirmed by X-ray photoelectron
spectroscopy analysis to be Fe** species (Figure 3), in good
agreement with previous reports from Fe,0; nanoparticles sup-
ported on similar aluminosilicates prepared by using different
methods (e.g., microwave-assisted or mechanochemical depo-
sition).?>2¢

Inductively coupled plasma (ICP)-MS analysis indicated the
stability of both Al and Zn at 100°C upon Fe incorporation
under continuous flow conditions and, most importantly, a gen-
erally good agreement with energy-dispersive X-ray spectros-
copy (EDX) values for Fe content. With EDX considered
a quasi-surface technique (penetration on the nm to 1-2 um-
scale), the results supported the previous observation of Fe
species mostly present on the external surface of AlZn-SBA
supports, with a relatively minor contribution within the pores
evidenced for example in CFP0.1 (see the Experimental Section
for a description of the notation used). In this material contain-
ing a larger Fe content, the differences between ICP-MS and
EDX values for Fe content correlated well with a reduction in
pore size and volume, clearly related to a migration of Fe spe-
cies to the porous framework of the aluminosilicate.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Wide-angle X-ray diffraction pattern of CFP0.1, showing a diffrac-
tion line at 260 = 23° characteristic of amorphous silicates and incipient dif-
fraction lines at 20 =35 and 37° corresponding to the diffraction pattern of
the hematite Fe,0; phase (Crystallography Open Database card number:
9000139).12>2¢)
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Figure 3. X-ray photoelectron spectra of CFPO0.1, showing the distinctive
major Fe** contributions at 710.8 eV (Fe 2p,,,) and 724.0 eV (Fe2p,,).*”

As expected, Fe content in the materials decreased at in-
creasing flow rates (decreasing contact time between catalyst
and ethanolic iron solution) but was generally under 1 wt% Fe,
typically between 0.6 and 0.95 wt%. Fe-containing materials
were highly reproducible between batches, exhibiting almost
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identical textural properties and Fe contents. Although the cat-
alyst structure and composition (e.g., nanoparticle size and dis-
tribution) may have varied spatially between the reactor inlet
and outlet,”””” we do not believe this was an important issue in
the proposed microfluidic system, given the low metal loading
and homogeneity of the synthesized materials. In previously
reported cases, the use of a millifluidic chip could provide an
in situ real-time analysis for a better understanding of the
growth mechanism of gold nanostructures for catalytic appli-
cations.?”

These results confirmed the feasibility of the protocol in pro-
viding reproducible Fe contents in the materials under the in-
vestigated synthetic conditions. Further characterization by
TEM proved the successful incorporation of Fe,O; nanoparti-
cles onto the mesoporous supports, shown clearly in Figure 4
(see also the Supporting Information). Fe,O; nanoparticles
were generally homogeneously dispersed in the aluminosili-
cate support, as clearly shown in TEM mapping of the different
Fe/AlZn-SBA materials (Figure 5, see also the Supporting Infor-
mation).

Figure 4. Representative TEM images at different magnifications of A) AlZn-
SBA-15 support (showing mesopores 6.7 nm in size, see also Table 1),

B) CFPO0.1, C) CFPO0.5, and D) CFP2 Fe,0; nanoparticles supported on AlZn-
SBA-15.

Synthesized Fe,O; nanoparticle were typically spherical and
in the 5-7 nm size range, with no remarkable changes in typi-
cal particle sizes for the majority of Fe,0; nanoparticles at in-
creasing flow rates (Figure 4B-D). The nanoparticle sizes of
these nanomaterials were very similar to those reported previ-
ously.”>?2 Nevertheless, an increasing number of inhomoge-
neities and clusters (nanoparticle aggregates, size >20 nm)
were clearly observed for materials prepared at increasing flow
rates on the external surface of the materials (CFP2, Figures 4D
and 6). These could have resulted partially from the proposed
different compositions and structures of the materials between
reactor inlet and outlet,”” although, as shown in Figures 4 and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. A) TEM image of CFP0.5 and corresponding mapping of B) Si, C) Al,
and D) Fe elements, showing the excellent dispersion of Al and Fe and the
absence of large Fe clusters in CFP supported Fe,O; nanoparticles.

Figure 6. Larger Fe,0; clusters and inhomogeneities in particle size distribu-
tion for selected areas in CFP2 materials.

5, agglomeration could not be considered significant for these
particular systems (Fe and aluminosilicates) at flow rates under
1T mLmin™".

The observation of Fe,0; nanoparticles in the 5-7 nm size
range also supported previous results on textural properties
and consistent Fe content (ICP vs EDX) in a preferential deposi-
tion of Fe,O; nanoparticles on the external surface of the ma-
terials with only minor migration of smaller nanoparticle (size
<6 nm) to the pores of the materials. Comparably, traditional
impregnation-deposition methods resulted in the presence of
nanoparticles both in the pores and on the external surface,
whereas more advanced techniques (e.g., mechanochemical
deposition) provided additional advantages in terms of a more
controllable nanoparticle deposition and stabilization.

In view of the obtained results, flow rates below 1T mLmin™",
in particular between 0.1 and 0.5 mLmin~', seemed to provide
nanomaterials with optimum textural and structural properties.
After characterization, the catalytic activities of the different
CFP Fe-containing nanomaterials were tested in a range of het-
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erogeneously catalyzed processes to illustrate the applicability
and versatility of synthesized materials and to compare such
activities with similar supported Fe,0; nanoparticles prepared
by using other synthetic protocols. Supported Fe,O; nanoparti-
cles were reported previously to be highly active and selective
in oxidations®?® and Lewis acid-catalyzed processes owing to
the inherent Lewis acidity of Fe,0;, nanomaterials.”>?% Results
of the catalytic activity of CFP nanomaterials in the microwave-
assisted selective oxidation of benzyl alcohol are summarized
in Table 2 and compared to previously reported similar Fe/Al-
SBA-15 systems.

CFP iron-containing materials could reach conversions of
45-50% after 5 min of reaction, with high selectivities to ben-
zaldehyde (>75%). Particularly good results were obtained
with CFP2 (Fe/AlZn-SBA, flow rate 2 mLmin~") in terms of con-
version and selectivity to benzaldehyde, which indicated the
reaction was not nanoparticle-size-sensitive. Comparatively,
analogous type of materials synthesized by using the conven-
tional wetness impregnation technique (IMP-Fe/AlZnSBA,
Tables 2 and 3) could reach a maximum conversion of 26%
(98 % selectivity to benzaldehyde) under identical reaction con-
ditions. Even Fe-based systems prepared by using advanced
methodologies including microwave-assisted deposition (MW-
Fe/AlZnSBA, Tables 2 and 3) and mechanochemical dry ball-
milling (BM-Fe/AlZnSBA, Tables 2 and 3) provided comparable
activities under identical conditions (conversions of typically
40-45 %), illustrating the outstanding catalytic activities of the
CFP nanomaterials.

Fe-containing aluminosilicates were subsequently explored
in the microwave-assisted alkylation of toluene with benzyl
chloride (Table 3). For this particular process, results showed
a remarkable increase in activity for CFP nanomaterials (88—
99% conversion) compared to conventional impregnation, mi-
crowave, and even mechanochemical ball-milling-synthesized
catalysts under otherwise identical reaction conditions. Quanti-
tative conversion of starting material was observed for CFPO.1
and CFP2, which was a significant improvement on the typical
40-65% conversion achieved previously for Fe-containing ma-
terials under identical reaction conditions. Although further in-
vestigations are required to better understand the influence of
the electronic structure on catalytic activity in the systems,%3"
the proposed system has potential to provide access to a wide
range of advanced nanomaterials for catalytic applications in
a very simple and straightforward way.

Stability and reusability of CFP nanomaterials were also in-
vestigated in the key microwave-assisted processes. Iron-con-
taining nanomaterials were deactivated gradually after each
use, with improved catalytic activities only after regeneration
of the materials upon calcination (Figure 7). The most plausible
explanation for the quick deactivation relates to the poisoning
of highly accessible active sites on the external surface of the
support. After calcination and surface cleaning, the materials
showed similar catalytic performances to those of the fresh
catalysts. Selectivities in both reactions were similar after each
reuse, with the exception of an increase in selectivity to ben-
zaldehyde (>90%) after two uses in the selective oxidation of
benzyl alcohol. In all cases, no significant Fe leaching into solu-
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Figure 7. Reuses of CFP0.5 in the microwave-assisted A) oxidation of benzyl
alcohol and B) alkylation of toluene with benzyl chloride (for reaction condi-
tions, see Tables 2 and 3, respectively).

tion was observed in most cases, in good agreement with pre-
vious reports.?2?*? Only in the case of the alkylation reaction
(Figure 7B) was significant deactivation observed in the
second and third use that was due partly to the removal of
weakly physisorbed or deposited Fe species (some Fe was ob-
served in solution), owing to the generation of HCl as a byprod-
uct of the reaction of benzyl chloride. Upon regeneration, the
catalytic activity was recovered owing to a combination of the
activity of Fe,O; nanoparticles and oxychloride species gener-
ated in the materials, similar to that reported previously for
analogous Zr-SBA-15 materials.®™

Conclusions

A continuous flow synthesis of supported nanoparticles on
porous materials was reported. Featuring simplicity, efficiency,
better process control, and the possibility of scaling up the
synthesis to the multigram-scale, the synthesized supported
Fe,0; nanomaterials possessed a remarkable activity and versa-
tility in selective oxidation (benzyl alcohol to benzaldehyde)
and acid-catalyzed processes (alkylation of toluene and cetyl
alcohol dehydration). A comparison of these nanomaterials
prepared in continuous flow with previously reported literature
catalysts clearly indicated the comparable, if not superior activ-
ities of the continuous-flow-prepared catalysts compared to
materials prepared by using microwave-assisted or mechano-
chemical techniques, which illustrated the potential of the pro-
posed methodology for the preparation of designer nanocata-
lysts for advanced catalytic processes, including biomass valori-
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zation (i.e., palm oil waste hydrogenation to fatty alcohols and
subsequent dehydration) and room temperature catalysis, cur-
rently under investigation in our laboratories.

Experimental Section
Materials synthesis

Synthesis of AlZn-SBA-15 [Si/(Al+ Zn)=20]

The synthesis of AlZn-SBA-15 materials was reported previously.®?

In brief, the required quantity of zinc acetate (0.443 g) was added
to a typical synthesis gel for an AlI-SBA-15 synthesis protocol to
achieve a theoretical Si/(Al+Zn) ratio of 20 in the final material.
Upon Zn addition, the gel was aged typically at 100°C for 24 h.
The final material was then filtered off, dried overnight at RT, and
calcined in a N, atmosphere at 600 °C for 2 h, then in air for an ad-
ditional 6 h. Zn content in AlZn-SBA was measured to be approxi-
mately 0.2 wt% by using ICP-MS (Table 1).

Continuous flow synthesis of supported Fe,0; nanoparticles
on AlZn-SBA-15

The continuous flow deposition of Fe,O; nanoparticles on AlZn-
SBA was performed under a series of conditions by using an inno-
vative continuous flow setup depicted in Figure 8. A stainless-steel
reactor (1.2 cm® volume) was packed with AlZn-SBA support (typi-
cally 0.5 g) set between two plugs of quartz wool to prevent the
solid support from moving in the reactor upon pumping in the
flow of the solution of the metal precursor. Separately, a 0.5 wt%
Fe solution in ethanol was prepared by using FeCl,-4H,0 (0.89 g in
50 mL ethanol) as the Fe precursor. The solution was filtered off
prior to flowing it through the system to prevent the presence of
any undissolved metal precursor. The system started with pumping
a solution of pure ethanol (0.5 mLmin™", 5 min) through the cata-
lyst bed to wet the catalyst. The temperature of the reactor was

Table 2. Microwave-assisted oxidation of benzyl alcohol with different
mesoporous aluminosilicates.”

©/\OH H202 @o
MW, 5 min
Material Conversion Selectivity [mol %]
[mol %)] Benzaldehyde Benzoic acid

AlZn-SBA (B) <10 100 -
CFPO.1 44 93 7
CFPO.5 51 75 25
CFP2 50 87 13
IMP-Fe/AlZnSBAR> 26 98 2
MW-Fe/AIZnSBA®Z 42 85 15
BM-Fe/AIZnSBA>* 44 90 10

[a] Reaction conditions: 0.2 mL benzyl alcohol, 0.3 mL H,0, 50% (v/v),
2 mL acetonitrile, 0.05 g catalyst, 300 W, 5 min.

Table 3. Microwave-assisted alkylation of toluene with benzyl chloride

with different mesoporous aluminosilicates.®!
| N
/P

©/\ Cl Lewis acid-catalyzed
* >
MW, 3 min

Material Conversion Selectivity [mol %]
[mol %] ortho meta para

AlZn-SBA (B) <5 42 10 48
CFPO.1 >99 44 9 47
CFPO.5 88 44 9 47
CFP2 96 48 5 46
IMP-Fe/Al-SBA2 38 42 10 48
MW-Fe/Al-SBA 60 45 8 47
BM-Fe/Al-SBAR 45 46 5 49

[a] Reaction conditions: 2 mL toluene, 0.2 mL benzyl chloride, 0.025 g cat-
alyst, 300 W, 120°C, 3 min.

thesized in this work.

Table 1. Textural properties and ICP-MS analysis of mesoporous aluminosilicates syn-

the catalyst. Materials were then recovered from the re-
actor, ground with a pestle and mortar, and subsequent-
ly oven-dried at 100°C. Final materials were calcined at
400°C for 4 h under air. Fe/AlZn-SBA materials were de-

Material ~ Surface area®™ Pore size Pore volume®™  Elemental composition' [%]

m’g™"] [nm] mLg™] Feld Al Zn noted as CFPx, in which x represented the flow rates of
AIZnSBA 901 P 037 B 030 002 0.1, 0.5, or 2mLmin~' used during the incorporation
CFPOA 769 62 033 0.95 (0.76) 028 0.02 process over 60, 15, or 8 min, respectively, at 100 °C with
CFPOS 729 6.4 034 065 (0.79) 027 001 a 0.5 wt% theoretical loading of Fe. Samples were highly
CFP2 773 6.6 0.33 0.61 (0.59) 0.24 0.02 reproducible from batch to batch.

[a] BET surface area was estimated by using a multipoint BET method with adsorption
data in the relative pressure range of 0.05-0.30. [b] Mesopore volume was calculated
from the isotherm data by using the DFT method, otherwise pore volume was calcu-
lated from the isotherm data at a relative pressure of 0.95. [c] Based on ICP-MS and
EDX analyses. [d] EDX values in parentheses as an average of three measurements.

Materials characterization

Materials were characterized by using N, physisorption,

then set to 100°C and the system changed to the 0.5 wt% Fe solu-
tion, which was pumped through the system at different flow
rates. The incorporation was conducted at three different flow
rates (0.1, 0.5, and 2 mLmin~") and different times (60, 15, and
10 min, respectively) to compare results and residence times. At
the end of the continuous flow process, the system was switched
to ethanol, which was pumped through the Fe-incorporated cata-
lyst at 100°C to remove physisorbed and unreacted Fe species on

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

powder X-ray diffraction, TEM, and ICP-MS analyses.

N, adsorption measurements were performed at 77 K by

using an Micromeritics ASAP 2000 volumetric adsorption
analyzer. The samples were outgassed for 24 h at 100°C under
vacuum (P,=10"2Pa) and subsequently analyzed. The linear part
of the BET equation (relative pressure 0.05-0.30) was used for the
determination of the specific surface area. Mean pore size diameter
and pore volumes were obtained from porosimetry data by using
the BJH method.

Wide-angle X-ray diffraction experiments were recorded on a Pan-
Analytic/Philips X'pert MRD diffractometer (40 kV, 30 mA) with
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Figure 8. Experimental setup for the continuous flow preparation of
Fe/AlZn-SBA materials.

CuK, (1=0.15418 nm) radiation. Scans were performed over
a 20=10-80° at step size of 0.018° with a counting time per step
of 5s. TEM images of the samples were obtained on JEM
2010F (JEOL) and Phillips Analytical FEI Tecnai 30 microscopes.

X-ray photoelectron spectroscopy was performed with a Kratos An-
alytical AXIS 165 electron spectrometer with a monochromated
AlK, X-ray source run at 100 W. Survey scans were taken with
a 1.0 eV step and 80 eV analyzer pass energy and the high resolu-
tion regional spectra were recorded with a 0.1 eV step and 20 eV
pass energy. The base pressure was typically 133 nPa.

The metal content in the materials was determined by using ICP in
a Philips PU 70000 sequential spectrometer equipped with an
Echelle monochromator (0.0075 nm resolution) and coupled to
a mass spectrometer. Samples were digested in HNO; and subse-
quently analyzed by using ICP-MS at the SCAI of Universidad de
Cordoba.

Catalytic experiments
Microwave-assisted selective oxidation of benzyl alcohol

Typical procedure: benzyl alcohol (0.2 mL), H,0, (50% v/v, 0.3 mL),
acetonitrile (2 mL), and catalyst (25 mol%, 0.15-0.25 mol% Fe,
0.05 g) were added to a Pyrex vial and radiated with microwaves
in a pressure-controlled CEM-Discover microwave reactor for 5 min
at 300 W maximum power output (T,.,=120-125°C, P, .=
1.65 MPa) under continuous stirring. Samples were then withdrawn
from the reaction mixture and analyzed by using GC on an Agi-
lent 6890N fitted with a capillary column HP-5 (30 mx0.32 mm x
0.25 m) and a flame ionization detector. The identity of the prod-
ucts was confirmed by GC-MS. Microwave experiments were con-
ducted in closed-vessel mode, generally temperature-controlled
(by using an infra-red probe), in which the samples were irradiated
with the required power output (maximum power setting: 300 W)
to achieve the desired temperature.

Microwave-assisted alkylation of toluene with benzyl chloride

Typical procedure: toluene (2 mL), benzyl chloride (0.2 mL) and cat-
alyst (11 mol %, 0.07-0.1 mol% Fe, 0.025 g) were added to a Pyrex
vial and microwaved in a pressure-controlled CEM-Discover micro-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

wave reactor for 3 min at 300 W (T,,,,=110-120°C) under continu-
ous stirring. Samples were then withdrawn from the reaction mix-
ture and analyzed in a similar way to that reported above. Micro-
wave experiments were in this case run in open-vessel mode due
to the presence of HCl as reaction by-product.
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Nanoparticles in full flow: Nanoparti-
cles supported on porous materials are
prepared directly in continuous flow by
using a metal precursor solution flowing
through heated packed-bed reactors
that contain the support material. The
support affects nanoparticle loading,
distribution, and agglomeration in the
system, with an Fe/Al synergy that leads
to optimum results.

Continuous Flow Preparation of Iron
Oxide Nanoparticles Supported on
Porous Silicates
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