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a  b  s  t  r  a  c  t

Two  different  reactors,  namely  a  microreactor  with  an  interdigital  micromixer  and  a batch  reactor,  have
been used  to prepare  silica  nanoparticles.  The  effect  of synthesis  variables  was  studied,  and  the  results  are
compared in  terms  of  particle-size  distribution  and  synthesis  reproducibility  for  different  reaction  con-
ditions. The  microreactors  operated  with  shorter  nucleation  times  and  a greater  homogeneity  in  terms  of
eywords:
icromixer

töber silica
ontinuous synthesis
anoparticles

temperature  and  composition.  This  resulted  in  narrower  particle-size  distributions  and  a lower  polydis-
persity.  The  synthesis  reproducibility  and the  reactant  (TEOS)  conversion  were  also  higher  when  using
micromixers  compared  with  batch  reactors  for the  same  synthesis  times.  Because  of  these  characteris-
tics  micromixer–microreactor  systems  appear  as  a  promising  alternative  for the  continuous  synthesis  of
nanoparticles.
icroreactor

. Introduction

Batch reactors still constitute the most frequently used system
n the wet synthesis of nanoparticles. This is so in spite of several
bvious drawbacks such as: (i) heterogeneous distribution of reac-
ants and temperature in the reactor, (ii) insufficient mixing, (iii)
ariations in the physicochemical characteristics of the resulting
roducts among different batches, (iv) inherent discontinuity, (v)
ifficulty of scaling-up, and (vi) frequent need for post-synthesis
urification steps [1].

In order to overcome these disadvantages micro-scale reactors
i.e., micromixers, capillaries, junctions, etc.) have been used in the
ynthesis of nanoparticles to afford a precise control of reaction
emperatures and residence times rendering nanoparticles with
arrow particle-size distributions. This monomodal distribution is
esirable because many physical properties of nanomaterials (e.g.,
ptical band gaps in semiconductors, plasmon band energy in noble
etals, superparamagnetism in metals and metallic oxides, or the

bility to penetrate cells in biological applications) strongly depend
n their size, shape and aspect ratio.

The small channel dimensions in the microreactors lead to

arge surface area-to-volume ratios (10,000–50,000 m2/m3 com-
ared to 100 m2/m3 for batch reactors) and to fast heat and mass
ransport [1].  Other desirable characteristics refer to their inher-

∗ Corresponding authors. Tel.: +34 976 761000x5437; fax: +34 976761879.
E-mail address: arruebom@unizar.es (M. Arruebo).

385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2011.05.019
© 2011 Elsevier B.V. All rights reserved.

ent continuous nature and easy scale-up by replica. Because of this,
microreactors have been proposed for the synthesis of nanopartic-
ulated materials such as quantum dots [2–4], Au [5,6], TiO2 [7],  Co
[8,9], Fe3O4 [10,11], Ag [12], BaSO4 [13,14],  SiO2 [15], Cu [16], NaA
zeolites [17], �-FeO(OH) (goethite) [18], LaF3:Ce,Tb [19], etc., as
well as, core/shell-based nanoparticulated materials such as Au/Ag
[20], CdSe/ZnS [21,22], SiO2/TiO2 [23], �-Fe2O3/SiO2 [24], etc. Other
reports on continuous-flow synthesis of nanoparticles are summa-
rized elsewhere [25]. Other works [26–28] have also demonstrated
the ability of microreactors to provide good control over other crit-
ical factors such as pH, crystallinity and stability against oxidation
of the resulting metallic products.

There are also shortcomings of microreactors: the microfabri-
cation techniques used in their manufacture are expensive, some
of the materials used make it complicated to weld and to achieve a
gas-tight sealing, the connection from the micro to the macroscale
is often not straightforward, modifications in a finished micro-
fabricated microreactor are not economically viable, plugging and
fouling may  occur (thus, a pre-purification, by filtration of the feed
streams is usually advisable), and the stacking of several microreac-
tors for scale-up is not trivial because of the difficulties in achieving
a uniform flow split towards each microreactor from a single feed
stream [29].

In this work we have selected one of the most widely used

nanoparticles (silica) and a well-known synthesis process (Stöber)
to compare the performance of micromixer/microreactor units
against a conventional batch reactor. The comparison follows the
quality of the product obtained in terms of polydispersity (related

dx.doi.org/10.1016/j.cej.2011.05.019
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:arruebom@unizar.es
dx.doi.org/10.1016/j.cej.2011.05.019
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Fig. 1. (A) Experimental set up for the continuous nanoparticle synth

o the width of the particle size distribution) and the synthesis
eproducibility. We  chose silica nanoparticles not only because of
he wide ranging applications of silica nanoparticles in biomedicine
i.e., fluorescent probes for bioanalysis, drug and gene delivery
ectors, in bioseparation, as drug coadjutants, etc.), in the poly-
er  industry (as fillers to improve the mechanical properties of

olymers in nanocomposites or to reduce their thermal conductiv-
ty as heat-insulation fillers; in paints, to control their rheological
roperties, etc.), in catalysis, adsorption storage and so on [30],
ut also because the Stöber synthesis [31] is perhaps the friendli-
st of nanoparticle fabrication processes: under batch conditions
t presents good reproducibility and renders a relatively narrow
anoparticle size distribution. In addition, it takes place at low
emperatures, removing the need for rapid heating or cooling of
eactants. If even in this highly favorable case the advantages of a
imple microreactor design could be demonstrated, it would con-
titute a powerful argument for making microreactors the system
f choice in nanoparticle synthesis.

. Materials and methods

Silica nanoparticles were prepared using a protocol similar to
he one described by Pham et al. [32]. The synthesis was carried out
t different temperatures with TEOS (tetraethyl orthosilicate, 98%,
igma Aldrich, USA) as the silica source and ammonium hydroxide

s catalyst. Two different solvents (ethanol and methanol) were
mployed, as they are known to give rise to different product char-
cteristics. In order to minimize gradients in the batch reactor,
atch synthesis was carried out with a reduced reaction volume
B) Standard slit interdigital microstructured mixer used in this work.

(15 mL)  under continuous stirring at 400 rpm, immersing the reac-
tion vessel in a temperature controlled bath.

The microreactor system comprised a standard slit interdigital
microstructured mixer from IMM  (Institut für Mikrotechnik Mainz
GmbH, Germany) followed by a variable length of capillary (1.3 mm
internal diameter) Tygon® pipe. Continuous synthesis was carried
out by feeding the reactants to the micromixer by means of infusion
syringe pumps from KD Scientific Inc. (model KDS100) (Fig. 1). In
the micromixer the inlet streams was divided in 16 sub-streams and
recombined in order to maximize the contact area. In this way, by
thinning the multilamellar flow the mixing speed increases, and the
exit tube following the micromixer contains a completely mixed
stream. The microreactor feed comprised two  separate stock solu-
tions, one with the TEOS and half of the corresponding solvent and
the other with the ammonia (the amounts used were proportional
to the ones used in the batch synthesis) and the other half of the sol-
vent that were respectively loaded into each feeding syringe. The
exit stream leaving the micromixer was allowed to react further in
the 1.3 mm i.d. Tygon® capillary pipe until the particles reached the
desired size. To this end, the length of the pipe was  adjusted to reach
the requested residence time. The microreactor (micromixer plus
Tygon tubing) were immersed in a thermostatic water bath in order
to control the reaction temperature (Fig. 1). The mean residence
time was calculated as the ratio of the reactor volume (including
the volume of the micromixer and the tubing) to the total volumet-

ric flow rate. The exit stream was  collected in a flask with an excess
of solvent to assure a rapid quenching of the reaction.

The physical characterization of the resulting nanoparticles
either as dry powders or as aqueous dispersions was  carried out by
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Fig. 2. Intensity particle-size distributions obtained for some

canning electron microscopy, SEM (FEI Instruments model Inspect
) and dynamic light scattering, DLS (90 Plus, Brookhaven Instru-
ents Corp.), respectively. FTIR, XPS and X-ray fluorescence were

lso used to evaluate the TEOS conversion into silica at different
esidence times and where possible, Si mass balances were also
arried out. Fourier transform infrared (FTIR) spectroscopy of the
articles was performed with a Bruker Vertex 70 FTIR spectrom-
ter equipped with a DTGS detector and a Golden Gate diamond

TR accessory. Spectra were recorded by averaging 40 scans in the
000–600 cm−1 wave number range at a resolution of 4 cm−1. Data
valuation was carried out by using the OPUS software from Bruker

ig. 3. SEM photographs of the resulting nanoparticles obtained with the same chemical c
nd  residence times. (A) Batch reactor (120 min); (B) microreactor (15 min  residence time
 runs depicted in Table 1 for the batch and the microreactor.

Optics, Inc. X-ray photoelectron analysis (XPS) was  performed with
an Axis Ultra DLD (Kratos Tech.). The spectra were excited by the
monochromatized AlK� source (1486.6 eV) run at 15 kV and 10 mA.
For the individual peak regions, pass energy of 20 eV was  used. Each
survey spectrum was  measured at 160 eV pass energy. Analyses of
the peaks were performed using a weighted sum of Lorentzian and
Gaussian component curves after Shirley background subtraction.
The binding energies were referenced to the internal C 1s (284.9 eV)

standard. X-ray fluorescence using an ADVANT’XP XRF spectrom-
eter from Thermo Electron, Corp. was used to evaluate the total
amount of silicon in the resulting dispersions.

omposition (corresponding to A and B in Table 3), and for different reactor systems
); (C and D) microreactor (30 min residence time).
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Table 2
XPS results for nanoparticles obtained in the interdigital micromixer. Composition
of  the reacting mixture corresponding to system B (see Table 3).

Residence time (reacting system) Binding energy (eV) C/Si O/Si

C 1s O 1s Si 2p

15 min  (microreactor) 284.9 532.8 103.5 1.8 3.5
30  min  (microreactor) 284.9 533.1 103.9 0.4 2.8
imes: (a) 15 min, (b) 30 min and (c) 90 min and (d) nanoparticles obtained with the
atch reactor after 2 h reaction, (B) Comparison of the Si–O–Si asymmetric stretching
and for the prepared samples compared with (e) TEOS Si–O–Si band.

. Results
Table 1 shows the mean hydrodynamic diameter and the
olydispersity obtained for both reactors in 10 independent experi-
ents, together with the mean values and the maximum difference

able 1
ydrodynamic diameters for the resulting silica nanoparticles measured as aqueous
ispersions. Synthesis conditions: temperature: 40 ◦C, composition of the reacting
ixture corresponding to system B (see Table 3).

Microreactor Batch

Hydrodynamic
diameter (nm)

Polydispersitya Hydrodynamic
diameter (nm)

Polydispersitya

Run 1 185 0.005 183 0.005
Run  2 137 0.009 205 0.025
Run  3 169 0.006 204 0.012
Run  4 159 0.030 117 0.005
Run  5 194 0.021 151 0.007
Run  6 185 0.005 148 0.009
Run  7 159 0.015 148 0.025
Run  8 184 0.023 142 0.028
Run  9 157 0.008 160 0.047
Run  10 169 0.005 180 0.009
�Dmax 57 88
Mean 169.8 0.0127 163.8 0.0172
SD  17.4 28.46

a Polydispersity is automatically calculated by the system software from the
umulant analysis as defined in ISO 13321:1996.
90  min  (microreactor) 284.9 532.9 103.6 0.2 2.1
120  min  (batch) 284.9 532.8 103.4 1.2 3.1

in the mean diameter from any two experiments. The results
clearly indicate that, while the average diameters are roughly sim-
ilar (169.8 against 163.8 nm)  the polydispersity is lower (about
26% lower) when using the micromechanized micromixer and the
reproducibility is higher (the maximum difference between any
two  experiments is 35% lower and the standard deviation of the
mean hydrodynamic diameter is 39% lower for the microreac-
tor compared to the batch system). Fig. 2 shows graphically this
narrower particle size distribution obtained for some of the runs
described in Table 1 when using the interdigital micromixer.

Fig. 3 shows the morphology of the silica nanoparticles obtained
from both reactors at different residence times using the same feed
composition. Samples were collected at the exit of the microreac-
tor at different residence times (15, 30 and 90 min) and the size
of those resulting nanoparticles remained unchanged when using
30 and 90 min  as residence times, indicating that, the reaction was
essentially complete for residence times above 30 min. In contrast,
samples collected after a residence time of 15 min  still evolve,
changing their morphology and size in the collection flask indi-
cating that the reaction was  not completed in the microreactor.
In agreement with this, Fig. 3B shows the presence of amorphous
gel-like silica without the characteristic spherical shape of finished
particles (Fig. 3C).

Fig. 4 shows the FTIR spectra of SiO2 nanoparticles synthesized
at different residence times. The strong absorption bands in the
1062–1054 cm−1 range and the shoulders around 1159 cm−1 can
be assigned to the stretching vibration mode of Si–O–Si bond [33].
This peak was used for the intensity normalization of spectra. The
band at 794 cm−1 is related to Si–O–Si symmetric stretching vibra-
tion, while the signal at 940 cm−1 would be related to Si–OH bonds
[34]. FTIR spectra of nanoparticles synthesized in the micromixer
at 15 min  residence times (Fig. 4A, curve a) clearly displays bands
in the 3000–2800 cm−1 range characteristic of the C–H stretching
and deformation vibrations form the ethoxy groups (–OC2H5) due
to the incomplete hydrolysis of TEOS [35]. These bands are still dis-
cernible, though with some difficulties after 30 min  reaction (curve
b) and practically vanish (curve c) at 90 min  residence time. This is
in contrast with the spectra of the nanoparticles prepared in the
batch reactor (curve d in Fig. 4A), where after 120 min  of reac-
tion the C–H stretching bands are still strong, suggesting a high
non-reacted TEOS concentration in this material.

Fig. 4B compares the bands in the range related to Si–O–Si
symmetric stretching mode. TEOS also presents a peak in this
range (1038 cm−1) assigned to Si–O–C vibration [36]. As the
reaction proceeds, the peak shifts to higher wavenumbers, sug-
gesting the decrease of Si–O–C bonds due to non hydrolyzed
TEOS. Fig. 4B shows that the wavenumber increases in the order:
curve e (TEOS) < curve d (batch reactor) < curve a (microreactor,
15 min) < curve b (microreactor, 30 min) ≈ curve c (microreactor,
90 min), which corresponds with the above discussion on the
degree of completion of reaction in the batch and microreactor

systems.

The FTIR results were also confirmed by XPS elemental analysis.
The results are shown in Table 2 for nanoparticles prepared in the
microreactor and the batch reactor, with the same feed composi-
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ion (A, Table 3). The wide scan of all samples consisted of carbon (C
s) peak at 284.9 eV along with the oxygen (O 1s around 533.0 eV)
nd silicon peaks (Si 2p in the 103.4–103.9 eV range). These val-
es are typical for silicon atoms coordinated in SiO2 [34]. Usually
he C 1s peak is related to the presence of atmospheric contamina-
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f reaction time. It can also be observed that the particle size
ecreases as the reaction temperature increases and, for the same
emperature, precursor gels with higher water content produce
anoparticles with larger sizes. Also, in the batch system the period
equired to reach a stable particle size shortens for gels richer in
ater.

Fig. 7 shows the variation of the average particle size as a func-
ion of temperature for both reacting systems and for different feed
ompositions. In the batch reactor the decrease of temperature with
article size is much steeper than for the micromixer. For instance,
or composition A, an increase of temperature from 30 to 60 ◦C
ecreases the average particle size from 425 to 180 nm,  a decrease
f roughly 8 nm per ◦C. For the same composition in the microre-
ctor at 90 min  residence time the average size goes from 335 to

55 nm,  a slope of less than 3 nm/◦C. This difference in tempera-
ure sensitivity may  be important when discussing the different
ehavior of the microreactor and the batch reactor. We  measured
he time necessary to reach the reaction temperature and found
s when using: batch reactor (closed symbols); microreactor (open symbols). �, �:
imental conditions for System A and B are defined in Table 3.

that in the batch reactor 4 min  were necessary to reach 40 ◦C (and
longer times for higher temperatures) when the reactants were fed
at room temperature (24 ◦C) whereas the high surface area to vol-
ume  in the microreactor allowed the reaction temperature to be
reached almost instantaneously.

The effect of introducing methanol instead of ethanol as a sol-
vent is depicted in Fig. 8. With methanol the nanoparticle size
decreases compared to the results obtained when using ethanol
as solvent. With both alcohols, the particle size decreases for
higher temperatures, but the slope is considerably smaller than for
ethanol. It is also interesting to note that when methanol is used as
solvent the average particle size at a given temperature is smaller
for the batch reactor.
4. Discussion

Silica formation involves two  separate steps: hydrolysis of TEOS
and condensation. Hydrolysis is a slow reaction, even when an
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n  the batch reactor the results shown correspond to 48 h of reaction time.

cid or a base is used as a catalyst, and higher ammonia and
ater concentrations can be used to accelerate the process [37].

EOS is hydrolyzed producing siloxane molecules and ethanol.
hose siloxane molecules condense with TEOS molecules releas-
ng ethanol (alcoholic condensation) or with themselves releasing

ater (aqueous condensation). All the chemical reactions involved
re as follows [38]:

i(OR)4−x + xH2O → (OH)xSi(OR)4−x + xROH (TEOS hydrolysis) (1)
OH)ySi(OR)4−y + yNH3 → (OR)4−ySi(O−)y + yNH4
+

× (ionization of hydrolyzed monomers) (2)
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Si(OR)4 + (OH)Si(OR)3 ⇔ (OR)3Si–O–Si(OR)3

+ ROH (alcohol condensation) (4)

(OR)3Si(OH) + (OH)Si(OR)3 ⇔ (OR)3Si–O–Si(OR)3
+ H2O (water condensation) (5)

An overall mass balance indicates that the concentration of H2O
has to be twice that of TEOS to completely exhaust the silica pre-
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ursor. In our case for all the systems tested water was  in excess to
llow the complete conversion of TEOS.

The changes in particle size with water concentration, temper-
ture and solvent follow the expected trends. Thus other authors
ave already reported a larger particle size when adding water to
he reactant mixture in semicontinuous synthesis processes [37].
hey attributed this increase to the higher probability of the par-
icle nuclei to agglomerate by hydrogen bonding when water is
sed in excess [37]. Similarly, the smaller particle size obtained
hen increasing the synthesis temperature is also attributed to a

aster nucleation rate according to the kinetics of homogeneous
ucleation in liquid phases [37]. In this way, more nuclei for the
ame amount of nutrients lead to a smaller mean particle size. Also,
he differences observed when using methanol or ethanol as sol-
ents has been reported by other groups [39,40].  Methanol leads to
maller nanoparticles than ethanol for the same reactant composi-
ion. Also the size of the primary particles is twice as large in ethanol
s in methanol [40]. The differences are attributed to the faster
ydrolysis of TEOS in methanol compared to ethanol and to the
maller size of the primary particles in methanol than in ethanol.
he size dependence has been largely correlated to the decrease in
he polarity of the solvents. Therefore, the general behavior with
egards to the influence of temperature and water concentration
n the mean nanoparticle size is in general agreement with pre-
ious results in the literature. However, the differences obtained
etween the batch reactor and the microreactor are significant, and
ore difficult to explain.
The reactions (1)–(5) given above have different kinetics, i.e. dif-

erent activation energies and dependence on the concentrations of
eactants. This means that small differences of temperature and/or
oncentration in a chemical reactor can favour one reaction at the
xpense of another, affecting the product characteristics (particle
ize distribution in this case). The general result of increased het-
rogeneity in the reactor volume will be a higher polydispersity of
he particle size distribution. Despite the many advantages already

entioned for silica synthesis by means of the Stöber method [31]
t has proven hard to achieve silica nanoparticles with polydis-
ersity lower than 4–5% when the target size is below ca. 120 nm
41]. Usually, short-chain alcohols help to achieve particle distribu-
ions with lower polydispersity and they are therefore commonly
sed. Reproducibility between batches is also difficult to achieve,
eing affected by similar factors. Wang et al. [42] synthesized
olloidal silica in presence of anionic surfactants and estimated
verage particle size and size distribution from different batches
o be within ±10–30% being this polydispersity dependent on the
ifferent surfactant used. Khan et al. [15] compared the standard
eviation (expressed as a percentage of the mean diameter) for
ilica nanoparticles produced in a batch reactor and in a microflu-
dic microreactor fabricated in poly(dimethylsiloxane) (PDMS) by
sing standard soft-lithographic techniques. The narrowest stan-
ard deviation was obtained with the microfluidic reactor only
hen segmented flow (introduction of slugs of an inert gas or

 fluid to create a compartmentalization in the mixing streams)
as used. The standard deviation obtained for the batch reactor
as narrower than the one obtained with the microfluidic reactor
hen segmented flow was not used. This was attributed to the axial
ispersion present in the microreactor. Nozawa et al. [43] demon-
trated that the polydispersity of Stöber silica particles increased
hen the rate of addition of TEOS and ethanol increased in a semi-

atch process composed of a syringe pump feeding a constant flow
ate over a flask containing ammonia and ethanol at room temper-
ture. A fast addition of the silica source led to a heterogeneous

istribution in the reacting environment.

In this work, the main findings are: (i) in the microreactor the
eaction proceeds faster than in the batch reactor; (ii) the product
ize distribution for a given synthesis is narrower and the repro-
ng Journal 171 (2011) 674– 683 681

ducibility between synthesis is higher for the microreactor and (iii)
for the same temperature and feed composition, the batch reactor
consistently gives rise to a somewhat lower average particle size.

To explain the differences observed between the results
obtained in the microreactor and in the batch reactor both the reac-
tion kinetics and the intrinsic characteristics of the reactors have
to be taken into account. Because of its design, where the feed is
divided into 16 sub-streams which are then recombined, mixing is
extremely effective in the micromixer and homogeneity of the reac-
tant mixture is achieved almost instantaneously. However, even
though mixing in the batch system may  be less effective, due to
its small volume (15 mL)  it seems unlikely that large composition
heterogeneities can be generated. Also, it has been demonstrated
that in the semibatch synthesis of Stöber silica nanoparticles the
average particle size is independent of the stirring speed because
when using classical stirring velocities particle growth is domi-
nated by diffusion and hydrodynamic effects can be discarded [43].
This means that the differences between both reactors cannot be
attributed exclusively to differences in composition due to ineffi-
cient initial mixing.

Two other factors that may  contribute to the differences
observed are solvent evaporation and temperature inhomo-
geneities in the batch reactor. Regarding the first, it should be noted
that in the microreactor evaporation of the solvent (ethanol or
methanol) is hindered or completely suppressed. However in the
batch reactor solvents can evaporate, especially at higher reaction
temperatures. Solvent evaporation in this case would create two
types of local inhomogeneity near the solvent surface: on the one
hand, the concentration of reactants in the vicinity of the surface
would increase due to evaporation; on the other, evaporative cool-
ing would cause a local reduction of temperature near the surface.
In addition, in spite of the small size used for the batch reactor its
surface to volume ratio is considerably smaller than for the microre-
actor (2.6 vs. 0.77 m−1 Rt = 1 h) meaning that (independently of the
already noted evaporative cooling near the surface) the develop-
ment of inner temperature gradients is more likely in the batch
reactor.

The classical monomer-addition model proposed by LaMer and
Dinegar [44] is useful here, as it describes a self-nucleation model of
particle production. The first stage is the induction period, in which
growth units of the solid are generated. The concentration in the
surrounding solution builds up until a critical value of supersatura-
tion is reached, at which point supersaturation is relieved through
the formation of particle nuclei. Short nucleation periods occur
when supersaturation is quickly relieved below the critical value,
and further nucleation is prevented. This scenario leads to a nar-
row particle size distribution, since all nuclei grow simultaneously,
incorporating material from the solution (hydrolyzed monomers in
the case of silica) to the particle surface until the equilibrium sol-
ubility is reached and particle growth stops. On the contrary, in a
prolonged nucleation nuclei are formed and start growing through-
out an extended period, and a wide distribution of particle sizes
results.

In the microreactor near-instantaneous mixing and a fast heat-
ing are expected to produce a short nucleation period, preventing
further nucleation and leading to a narrow particle size distribu-
tion and to a faster completion of the reaction; On  the other hand
in the batch reactor longer heating times (several minutes required
to reach the desired reaction temperature) and a poorer mixing
are likely to result in the production of particle nuclei over longer
periods of time, yielding nanoparticles with broader particle-size
distributions. The size dispersion would be further enhanced by

inhomogeneities in the reaction rate caused by local inhomo-
geneities that are more likely in the batch reactor, as discussed
above. Since these inhomogeneities are difficult to control, repro-
ducibility between reaction runs would be expected to be higher
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or the microreactor. Finally, a longer nucleation period in the batch
eactor would result in a larger number of nuclei, and therefore in

 smaller average particle size compared to the microreactor for a
iven set of conditions. All of these predictions are in agreement
ith the results obtained in this work.

The results obtained show that the microreactor affords a bet-
er control of particle size (narrower particle size distribution) and

 better reproducibility compared to the batch reactor, even for a
rocess, like the Stöber synthesis, that is often quoted as “one of
he easiest to control nanoparticle preparation procedures”. This,
ogether with the inherent advantages of continuous processes
gainst batch operations should provide a definitive advantage
n the scaling up of nanoparticle production. In fact, the superior
erformance of micromixers/microreactors has also been reported
or the synthesis of other inorganic nanoparticulated systems. For
nstance, Titanium oxide nanorods were synthesized by Cottam
t al. [45] in microreactors and batch reactors. They observed that
he reaction rate was faster in the microreactor, with anatase TiO2
anorods formed in 10 min  compared to over 90 min  in the batch
ystem. Edel et al. [46] demonstrated an increased monodisper-
ity for the CdS nanoparticles synthesized by using a glass/silicon
icromixer compared with the nanoparticles obtained in the batch

eactor. The same observation was described by Shalom et al. [47] in
he synthesis of Au nanoparticles using an interdigital micromixer
nd by Song et al. [48] in the synthesis of Pd nanoparticles using a
ontinuous flow polymeric microreactor.

Additional advantages are related to the possibility of inte-
rating completely automated systems for the synthesis of
anoparticles. In this way, Lee et al. [49] developed an automated
ystem for the synthesis of magnetic nanoparticles capable of trans-
orting, mixing and controlling reactions on a single chip and again
he particle-size distribution obtained for the resulting nanoparti-
les was narrower than for those obtained in a large-scale system.
imilarly, Toyota et al. [50] have also developed several microreac-
ors combined with an on-line detector as a combinatorial synthesis
ystem to optimize nanoparticle synthesis.

. Conclusions

Micromixer microreactor systems produced narrower particle-
ize distributions compared to batch reactors in the Stöber
ynthesis of silica nanoparticles using the same reactant compo-
itions and experimental conditions. The use of microreactors led
o lower polydispersity, higher inter-run reproducibility and lower
ynthesis times, compared to the batch system. These results can
e explained on the basis of a better mixing and a higher sur-
ace to volume ratio in the microreactor system used, leading to
horter nucleation times and to a higher homogeneity (compo-
ition, temperature) in the reaction mixture. Considering that an
ccurate control of particle size is essential since nanoparticles
how size-dependent properties, and the need for production scale
p given the increasing demand of nanoparticulated materials,
icromixer/microreactors provide an excellent tool for the syn-

hesis of nanoparticles.
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