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a b s t r a c t

In this work titanium dioxide nanoparticle formation and evolution via the sol–gel route is investigated.
Alcoholic solutions of titanium tetra-isopropoxide and water are mixed in a Vortex Reactor, where the
mixing time can be accurately controlled by manipulating the inlet flow rates. Particle synthesis is carried
out in operating conditions ranging from poor to excellent mixing performances and the effect of mixing
on the formation of titanium dioxide nanoparticles and on their evolution is investigated from the mod-
eywords:
ol–gel
itanium dioxide
ixing

itanium alkoxide
omputational fluid dynamics

elling and the experimental view points. Experiments are in fact interpreted by using a simple population
balance model and mixing in the reactor is accurately described by a computational fluid dynamics model
based on the calculation of characteristics mixing times. Results show that particle formation is strongly
influenced by mixing and that particle aggregation/condensation occurs in the reaction limited regime.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Titanium dioxide is widely used as white pigment, and its opti-
al properties are governed by refractive index and grain size. In
act, micrometric particles are generally opaque for visible light,
hereas smaller nano-sized particles are transparent to visible

ight but still UV blocker [1]. Another important property is related
o the fact that titanium dioxide is a super-hydrophilic material,
hank to the almost null contact angle with water. Therefore it can
e used to develop surfaces easy to clean and when a natural source
f water exists, it can be used to develop self-cleaning surfaces.

Titanium dioxide is moreover well know for its ability to gen-
rate, when exposed to light, high mobility electrons and holes,
hat in turn are able to promote chemical reactions, resulting in a

aterial with unique photo-catalytic properties [2,3]. The ability of
itanium dioxide to degrade several organic compounds has been
idely studied and it has been shown that this material can be
rofitably used to treat liquid and gaseous waste streams. Kinetic
tudies have shown that the photo-catalytic activity of titanium

ioxide is greatly influenced by the crystalline form, although con-
roversial results are reported in the literature. For example, some
uthors state that anatase works better than rutile [4,5], others
ound the best photo-catalytic activity for rutile [6–8], and some

∗ Corresponding author.
E-mail address: daniele.marchisio@polito.it (D.L. Marchisio).
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thers detected synergistic effects in the photocatalytic activity
or anatase-rutile mixed phases [9–11]. Besides, recently it was
emonstrated that photo-activity in organics degradation depends
n the phase composition and on the oxidizing agent; for example,
hen the performance of different crystalline forms is compared,

t turns out that rutile shows the highest photo-catalytic activity
ith H2O2 whereas anatase with O2 [12,13]. Naturally the abil-

ty of titanium dioxide particles to degrade organic compounds
epends also on the size of the particles, since small particles offer

arger surface areas [14]. For its properties titanium dioxide has
een recently implemented as filler for inorganic materials (plaster,
ortar, and concrete [15]) and organic polymeric materials [16,17].
lso for these applications particle size is crucial, since only by
sing nano-sized fillers, materials with synergic properties, rather
han compromising ones, are obtained. The improved properties of
ano-composites are due to the large interfacial area offered by the
ano-scale filler that controls the degree of interaction between the
ller and the matrix [18].

Many processes for the production of titanium dioxide particles
xist, namely flame aerosol synthesis [19], hydrothermal synthe-
is [20–23] and sol–gel synthesis [24]. Flame aerosol synthesis
resents the main advantage of being easily scalable to the indus-

rial level, but presents all the disadvantages of high temperature
yntheses. Hydrothermal synthesis is instead particularly interest-
ng for it directly produces a crystalline powder, without the need
f resorting to a final calcination step, which is instead required in
he sol–gel process. However the lack of knowledge of the chemical

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:daniele.marchisio@polito.it
dx.doi.org/10.1016/j.cej.2008.10.031
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quilibria of the species in solution and of the kinetics of nucleation
nd growth of the different phases, makes it difficult to control
he overall process. The sol–gel route is at the moment the most
ommon and promising one at the laboratory scale. It is based on
he reaction between some precursor (e.g., titanium alkoxide) and
ater that are usually mixed as alcoholic solutions, with the addi-

ion of some catalysts to control the reaction (e.g., hydrochloric
cid).

After mixing a fast hydrolysis reaction occurs:

(OR)n + H20 → M(OR)n−1(OH) + ROH

ollowed by de-hydration:

M(OR)n−1(OH) → M2O(OR)2n−2 + H2O

nd de-alcoholation:

(OR)n + M(OR)n−1(OH) → M2O(OR)2n−2 + ROH

esulting in the following overall reaction [25]:

(OR)n + n
2 H2O → MOn/2 + n ROH

ater consumption measurements [26,27] seem to show that in
he case of many titanium alkoxides, hydrolysis is generally faster
han condensation, and that the first hydrolysis step corresponds
o the creation of a supersaturated solution. From this supersatu-
ated solution, after nucleation (i.e., formation of small nuclei of
ydrolysed monomers) and molecular growth (addition of a single
onomer to the nuclei), a colloidal suspension (i.e., sol) is gen-

rated, that subsequently, because of collisions due to Brownian
otions, further condensation, and depending on the inter-particle

otential, aggregates and may be transformed into a gel [28].
lthough generally hydrolysis is faster than condensation their rel-
tive rates still depend on the operating parameters during particle
ormation, and under particular operating conditions (e.g., initial
oncentration of alkoxide in the alcohol solution, water to alkoxide
atio, concentration and nature of the catalyst, pH, etc.) hydrolysis
nd condensation can be almost simultaneous, leading immedi-
tely to the formation of a gel. Generally the formation of the gel
s followed by a drying stage, that usually involves further conden-
ation, and by a calcination step, where the amorphous material
s transformed in crystalline particles. The final calcination step
s crucial, because of the difficulties in controlling the crystalline
orm (anatase versus rutile) and in avoiding undesirable phenom-
na, such as grain growth with reduction of the superficial area
29].

Although the sol–gel process has been known almost for a
entury and some of the most important chemical aspects have
een cleared, there exists room for improvement for individuating
ynthesis conditions that result in a powder with improved prop-
rties, when compared with commercial products available at the
oment. Moreover up-scaling the process from the laboratory to

he industrial scale is still a complex problem of difficult solution.
he main issue stands in the fact that mixing plays a big role but
ts effects are usually underestimated, as proven by the qualita-
ive statements (e.g., add dropwise or mix vigorously) with which
deal mixing conditions are usually identified. Mixing (usually tur-
ulent) plays a very important role in the initial formation of the sol
nd as a consequence in the subsequent gelation process. In order
o evaluate the relative importance of the different phenomena
nvolved, it is crucial to quantify the characteristic time-scales for
ixing, hydrolysis, and condensation/aggregation. Turbulent mix-
ng occurs at several time- and length-scales; it starts on a scale of
he same order of magnitude of the equipment in which the pro-
ess occurs and it ends on a very small scale (Batchelor scale), that
s determined by the fluid transport properties (i.e., viscosity and

2

r
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iffusivity) and by turbulence intensity (i.e., turbulence dissipation
ate) [30]. The characteristic mixing time is therefore given by the
ummation of the time required to reduce the scale of segrega-
ion from the macro-scale (macro-mixing) down to the molecular
cale (micro-mixing) and can be determined by experimental tech-
iques [31] or mathematical models based on computational fluid
ynamics (CFD) [32,33]. The characteristic time for hydrolysis is
sually related to the induction time, namely the time required for
he formation of a visible solid phase [34] whereas the character-
stic time for aggregation/condensation is evaluated based on the
ocal particle concentration and on the aggregation kernel [35].

A number of investigations show that the ratio between these
haracteristic time-scales controls the final characteristics of the
olid product. For example, in many particle formation processes
he initial particle size is determined by the relative values of mix-
ng and particle formation time-scales, and only if mixing is very
ast ultra fine particles are formed [36–39] whereas in the case
f sol–gel processes only some preliminary results were obtained
40]. Moreover, the size of the initial particles and their local
oncentration control the formation of the gel affecting its most
mportant features, such as its rheological and fractal properties.
he aggregation process, leading to the formation of the gel, is often
tudied by resorting to the Smoluchowski theory [41], by adopting
opulation balance models (PBM) [42,43] and is driven by Brownian
otions (i.e., perikinetic aggregation) [28].
The main objective of this work is to quantitatively investigate

he effect of mixing on TiO2 nanoparticles formation and evolu-
ion. To this end a specific sol–gel process is considered, based on
he reaction between titanium tetra-isopropoxide and water in iso-
ropanol. The effect of the different operating parameters on this
ol–gel process was recently studied from the experimental point of
iew [44]. The experimental campaign was conducted by means of
statistical analysis (i.e, Design of Experiment) and results showed

hat the mixing rate strongly affects the final Particle Size Distribu-
ion (PSD). However, a number of issues related to the CFD simula-
ion of mixing dynamics, the quantitative analysis of the resulting

ixing time-scales, as well as the quantitative investigation of
he final aggregation/condensation process were not discussed. All
hese aspects are instead investigated and discussed in details in
his work. In fact, CFD is used here to quantify the mixing time and

oreover the evolution of the formed particles is treated with a
BM in order to extract useful kinetics parameters. This investiga-
ion is carried out in a passive mixer, namely the Vortex Reactor,
here simply changing the inlet flow rates of the reactant solu-

ions the characteristic mixing time can be easily manipulated, as
emonstrated in similar works [45,46]. Different titanium dioxide
amples are prepared under different mixing conditions and their
ime evolution is tracked with time, since some of them result in
table sols, whereas some others aggregate and evolve in bigger
lusters or degenerate into gels. Therefore the effect of mixing is
uantified not only on the nanoparticles immediately formed after
he first stages of hydrolysis and condensation, but also on the final
articulate products obtained from the overall sol–gel process.

The manuscript is structured as follows: firstly the equations
overning mixing dynamics and nanoparticle evolution are pre-
ented and discussed. Then the experimental set up, numerical
etails and operating conditions are described. Eventually the
xperimental and modelling results are presented and some rel-
vant conclusions are drawn.
. Governing equations

Turbulent mixing of two (or more) fluid streams into a chemical
eactor is often described in terms of the mixture fraction �. This
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uantity is a normalized inert scalar concentration that is assumed
qual to one in one feed stream and zero in the other, and therefore
epresents the amount of fluid coming from one inlet with respect
o the other. When the Reynolds-averaged Navier–Stokes (RANS)
pproach is used the problem is described in terms of Reynolds-
veraged mixture fraction 〈�〉 whose transport equation reads as
ollows:

∂〈�〉
∂t

+ 〈uj〉
∂〈�〉
∂xj

− ∂

∂xi

[
(� + �t)

∂〈�〉
∂xi

]
= 0, (1)

here the fluid is assumed to be incompressible (i.e., constant den-
ity flow), where � and �t are the molecular and turbulent diffusion
oefficients, respectively, and where the source term is null since
he mixture fraction is a non-reacting scalar. It is important to high-
ight here that the solution of Eq. (1) and the knowledge of the

ixture fraction values throughout the reactor is very useful, since
t contains information on the mixing efficiency at the macroscopic
evel. Moreover, although the mixture fraction is a non-reacting
calar it is very much used also for the description of reacting sys-
ems. In fact, when the chemical reactions involved are infinitely
ast, mixing is the limiting step for their completion, and there-
ore the mixture fraction alone suffices to completely describe the
eacting systems. Moreover, when the chemical reactions are char-
cterized by finite-rates the reacting system is still described in
erms of the mixture fraction and in terms of additional reaction
rogress variables.

The turbulent diffusion coefficient appearing in Eq. (1) is calcu-
ated as follows:

t = C�

Sct

k2

ε
(2)

here Sct ∼= 0.7/1.0 is the turbulent Schmidt number and C� is a
umeric constant equal to 0.09. The turbulent kinetic energy k and
he turbulent kinetic energy dissipation rate ε are usually calculated
y resorting to a two-equation model (e.g., standard k − ε, RNG
− ε, realizable k − ε, standard and shear-stress-transport k − ω)
r by resorting to more sophisticated closures such as the Reynolds
tress Model (RSM) [47]. It is interesting to highlight that some
f these models appear to be more indicated to the treatment of
wirling flows as in the case of the Vortex Reactor. The Realizable
− ε contains for example a special correction for swirling flows,
nd the RSM is also known to perform well for such flows. However,
n order to discern among the possible modelling choices, detailed
xperimental data on the velocity and turbulent fields are needed.

When mixing in a chemical reactor is very efficient the mixture
raction 〈�〉 will assume almost everywhere in the reactor a constant
alue, corresponding to complete mixing conditions (i.e., �̄). Based
n this quantity, a large-scale variance is defined:

�′2〉L = (〈�〉 − �̄)
2
, (3)

qual to zero where mixing is complete and greater than one in
egions where macro-scale gradients are still present. Although it
s not directly solved, it is useful to derive the transport equation
or this quantity, that reads as follows [32]:

∂〈�′2〉L

∂t
+ 〈uj〉

∂〈�′2〉L

∂xj
− ∂

∂xi

[
(� + �t)

∂〈�′2〉L

∂xi

]
= −2�t

∂〈�〉
∂xi

∂〈�〉
∂xi

,

(4)

here as it is possible to see the large scale variance is dissipated by

urbulent diffusion (negative term on the right-hand side) whereas
t has no generation term, since the large-scale variance is gener-
ted by feeding the reactants in different inlets.

This large-scale variance is transported to smaller time- and
ength-scales thank to turbulent diffusion, and generates what is

t
v
b
w
c
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alled the small-scale variance. This quantity represents the seg-
egation (or variance) at the molecular level and is defined as the
verage mixture fraction fluctuations �′, around the average value
�〉:

�′2〉s = 〈(� − 〈�〉)2〉 = 1
�t

∫ t+�t

t

(� − 〈�〉)2 dt, (5)

nd its transport equation reads as follows [21]:

∂〈�′2〉s

∂t
+ 〈uj〉

∂〈�′2〉s

∂xj
− ∂

∂xi

[
(� + �t)

∂〈�′2〉s

∂xi

]

= 2�t
∂〈�〉
∂xi

∂〈�〉
∂xi

− 2
C	

2
ε

k
〈�′2〉s, (6)

here as it is possible to see the generation of small-scale variance
quals the dissipation of large-scale variance; as already reported,
egregation is generated originally from feeding the reactants in
wo separate feed streams, then is transported to smaller length-
cales, and is finally dissipated at the molecular level through
olecular mixing (see the last term on the right-hand side of

q. (6)). The micro-mixing rate is usually written in terms of the
ntegral time scale of turbulence (i.e., k/ε) and of the scalar-to-
urbulence ratio C	 , that is equal to two for fully turbulent flows, and
an be calculated accurately by using the interpolation formula pro-
osed by Liu and Fox [32], valid for Schmidt numbers much higher
han one.

Based on these equations it is possible to calculate the over-
ll mixing time as the summation of the time required to destroy
acro-scale gradients, also known as macro-mixing time, and the

ime required to destroy micro-scale gradients, also known as
icro-mixing time:

m = 〈�′2〉L

2�t(∂〈�〉/∂xi)(∂〈�〉/∂xi)
+ 1

C	

k

ε
, (7)

here the first and the second term are the macro- and micro-
ixing characteristic times respectively
As far as particle formation and evolution is concerned in sol–gel

rocesses traditionally two steps are identified. In the first step par-
icles are nucleated and grow from addition of single molecules,
orming almost instantaneously a suspension of ultra-fine particles,
eferred to as sol. Then, depending on the operating conditions, this
ol can aggregate evolving into a gel or can remain stable. The first
tep (i.e., particle formation) is very fast and is generally assumed
o coincide with hydrolysis; during this step some water and most
f the precursor are consumed. The second step is instead much
lower and its rate is usually controlled by condensation. Since this
econd step is much slower than mixing, as shown by our previ-
us work [35], the population balance equation can be simplified
s follows:

∂n(v; t)
∂t

= 1
2

∫ v

0

ˇ(v − 
, 
)n(v − 
; t)n(
; t)d


︸ ︷︷ ︸
(1)

− n(v; t)

∫ ∞

0

ˇ(v, 
)n(
; t)d


︸ ︷︷ ︸
(2)

, (8)

here n(v; t) is the number density function in terms of the par-

icle volume (or mass), identifying the number of particles having
olume (or mass) in between v and v + dv; ˇ(v, 
) is the volume-
ased aggregation kernel that describes the frequency that particles
ith volume v and 
 collide to form a particle of volume v + 
. As

oncerns the terms on the right-hand side of Eq. (8) they have the
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ollowing meaning. The first term (1) represents the rate of birth
f particles of volume v due to aggregation of smaller particles,
hereas the second term (2) is the rate of death of particles of

olume v due to aggregation with other particles. The aggregation
ernel, describing the frequency that particle collide and stick, is
sually evaluated by combining two contributions, the first one
aking into account the frequency of aggregation due to Brownian

otions (i.e., diffusion limited aggregation, DLA) and the second
ne taking into account the frequency of aggregation due to con-
ensation (i.e., reaction limited aggregation, RLA). Soloviev et al.
48] has shown that DLA cannot be responsible for the gelation
ime required in many sol–gel processes, because in this range of
perating conditions it would result in very fast aggregation in com-
arison with what is experimentally observed. The RLA regime has
herefore been suggested resulting in the following aggregation
ernel:

(v, 
) = k0cp
W, (9)

here k0 is the kinetic constant of the controlling condensation
eaction, cW is the water residual concentration after hydrolysis,
nd p is an exponent calculated as follows:

= 2n − k + 1, (10)

here n is the number of functional groups available for condensa-
ion (after hydrolysis), whereas k is the controlling condensation
tep, with 1 < k ≤ n. For example, if four functional groups are
vailable and after hydrolysis one group has reacted, n results to
e equal to three; if the condensation of the second group is the
ontrolling one then p = 5 whereas if the condensation of the third
roup is controlling then p = 4, and so on.

As it is seen from Eq. (9) the aggregation kernel does not depend
n particle volume and for this reason this equation can be solved
nalytically by using the method of moments. The final time evolu-
ion of the moment of zero order (the total particle number density,
) results in what follows:

(t) = N0 − k0cp
Wc2

Ti
2

t, (11)

here N(t) represents the time evolution of the total number of
itanium dioxide particles of all size per unit volume, cW is the
ater residual concentration after hydrolysis, N0 is the total par-

icle number density after hydrolysis (before condensation) and cTi
s the titanium concentration is the solution. This model describes
herefore particle formation as instantaneous and resulting in the
ormation of N0 particles per unit volume and it predicts a linear
ecrease with time of the total particle number density N(t) until
elation occurs; the gelling time corresponds to the time required
o aggregate all the primary particles into one single particle, and
herefore can be easily calculated from Eq. (11).

. Operating conditions and numerical details

In this work titanium dioxide particle formation has been inves-
igated from the experimental and modelling viewpoints. Titanium
ioxide was synthesized by mixing a solution of micro-filtered
ater and reagent grade isopropanol with a solution of tita-
ium tetra-isopropoxide (TTIP) in isopropanol. The solutions were
repared separately under nitrogen flux to control the alkoxide
eactivity with humidity and moreover hydrochloric acid (HCl) was
dded at different initial concentrations as a hydrolysis catalyst and

e-agglomeration agent. Equal volumes of reactant solutions (i.e.,
00 ml) were mixed at equal flow rates at 30 ◦ C in a VR and then for
oth configurations the solutions exiting the reactor were collected

n a small vessel thermostated at 30 ◦ C and gently stirred. The VR
sed in this work is constituted by a cylindrical chamber of 12 mm

T
o
b
i
r

Fig. 1. Sketch of the experimental set-up.

n diameter and 3 mm in height; two reactant streams are fed tan-
entially at opposite sides of the reactor through two pipes of 3 mm
f diameter, whereas the mixed solutions leave the reactor from the
ottom through an outlet pipe of 3 mm of diameter. Because of the
ize of the reactor wall effects are very important, as reflected by
he choice of the wall treatment in the CFD simulations.

The reactant solutions were stored in two small identical ves-
els, then pressurized at 3 bar with analytical grade nitrogen; the
nlet flow rates were manipulated with two rotameters in the range
rom 10 to 400 ml/min. A sketch of the experimental apparatus is
eported in Fig. 1.When the inlet flow rates of the two reactant
olutions are varied from 10 to 400 ml/min, the mean residence
ime in the mixer approximately changes from about 5–0.05 s and
he flow field is completely modified, moving from low turbulence
nd very poor mixing performances, to highly turbulent conditions
ith very rapid and efficient mixing dynamics, as it will be shown

ater.
The characterization of the particulate systems obtained in the

ifferent experiments is carried out assuming an instantaneous
ormation of solid particles and a subsequent slow aggrega-
ion/condensation process. The particle size distribution (PSD)
f the sol instantaneously obtained after mixing was measured
mmediately by dynamic light scattering (DLS) with Malvern Nano
S90 providing reliable information in the size range from 1 to
000 nm; the PSD was then used to determine the mean par-
icle size (dmean) and the initial total particle number density
N0) simply assuming that all the TTIP had reacted immediately.
hen the PSD is tracked with time with regular measurements,
pproximately every 3 to 5 min depending on the operating con-
itions. The suspensions were then filtered with a micro-filtration
ystem (Sartorius P.47, 200 ml) using a 0.1 �m membrane, dried
t 120 ◦C, washed with a solution of 0.02 % in weight of iso-
ropanol and poly-acrylic-acid (PAA 2000, Aldrich) and after 15 min
f ultrasonic treatment the suspension was filtered again. The
ltrasonic treatment was carried out in order to break aggre-
ates that might have been formed during filtration. The resulting
owders were eventually calcined at 400 ◦ C for 2 h. Scanning
lectron microscopy (SEM) and field emission scanning electron
icroscopy (FESEM) were carried out before and after thermal

reatments.
Different experiments were carried out by varying the operating

onditions during synthesis and by ranging the initial TTIP concen-
ration in the isopropanol solution (cTi) between 0.1 and 2 mol/l, the
atio between the water and the TTIP concentrations in their initial
olutions (W), also known as hydrolysis ratio, was varied between
and 4, whereas the ratio between the hydrochloric acid and the

TIP concentrations (H) was kept in between 0.25 and 0.5. The FR

f the two solutions were kept at equal values and were varied
etween 10 and 400 ml/min, resulting in Reynolds numbers in the

nlet jets (Rej) ranging between 40 and 1000. Each experiment was
epeated twice (and in some cases three times) to assess the syn-
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Table 1
Summary of the operating conditions of experiments

cTi W H FR

0.1 2 0.25 110
0.5 2 0.25 110
0.5 2 0.5 110
0.5 4 0.25 110
0.5 4 0.5 110
1 2 0.25 3
1 2 0.25 83
1 2 0.25 110
1
1
1
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value, has little effect on the initial mean particle size. In fact, com-
parison of PSDs of titanium dioxide particles obtained at different H
values, showed very similar results. However, a tremendous effect
was detected on particle stability. In fact, as it is clear from Fig. 4

Fig. 3. Volume particle size distributions of titanium dioxide particles synthesized
for H = 0.25, W = 2, FR = 110 ml/min and cTi = 0.1 mol/l (continuous line) and cTi =
1 mol/l (dashed line).
2 0.25 220
2 0.25 330
2 0.5 110

hesis and characterization protocol reproducibility. A summary of
he different experiments performed is reported in Table 1.

Mixing in the reactor was investigated by running CFD
imulations with the commercial code Fluent 6.3.26. Different com-
utational grids were tested, and after subsequent refinements a
rid-independent solution was obtained. The final grid contained
bout 200,000 computational cells. Simulations in turbulent con-
itions were run using the so-called RANS approach, by employing
he realizable k– ε turbulence model and non-equilibrium wall
unctions for the near wall treatment. Other turbulence models and
ear wall treatments were tested, but the use of more sophisticated
pproaches did not affect very much the final predictions. In order
o avoid the insidious effects of numerical diffusion higher order
iscretization schemes were employed (i.e., third order scheme).
ue to the very wide range of operating conditions investigated,

ome of the simulations were run at very low jet Reynolds, corre-
ponding to very low turbulence. Under these conditions the RANS
pproach is well known to fail in predicting accurately the velocity
eld in the reactor and the mixing dynamics. Moreover the lack of
xperimental data concerning the velocity field inside the reactor
oes not allow for a direct validation of CFD predictions. Therefore,
lthough the absolute values of the mixing times extracted should
e treated with great caution, this CFD analysis is still valid and very
seful to estimate trends and orders of magnitude.

The flow field was first simulated assuming that the two reactant
olutions (mainly constituted by isopropanol) were characterized
y identical physical properties, namely a density of 0.785 kg/l and
viscosity of 2 cP. The transport equations for the mean mixture

raction (see Eq. (1)) and for the mixture fraction variance (see
q. (6)) were instead solved by introducing them as user defined
calars. The boundary conditions were such that the mean mixture
raction was equal to one in one inlet and equal to zero in the other
ne, whereas the mixture fraction variance was set equal to zero
n both inlets since it is not defined in pure feed streams. With the
ame subroutines the global mixing time was evaluated by solving
q. (7).

. Results and discussion

As it has been reported each experiment has been repeated
wice (and in some cases three times) to verify the reproducibil-
ty of the synthesis and characterization protocol. In Fig. 2 the PSD
f the three different samples prepared under the same operating
onditions is reported and as it is possible to see the three curves are
uite close. The overall reproducibility of the synthesis and char-
cterization protocol resulted in standard deviation for the mean

article size of about 15 to 20%.

The effect of the initial concentration of titanium alkoxide (cTi)
s reported in Fig. 3; as it is possible to see an increase in the initial
lkoxide concentration results in the formation of bigger particles.

F
f
l

ig. 2. Volume particle size distributions of titanium dioxide particles synthe-
ized under the following operating conditions cTi = 1 mol/l, W = 2, H = 0.25, and
R = 220 ml/min; the three lines correspond to three different measurements carried
ut on three different samples prepared under the same synthesis conditions.

his is probably related to the fact that higher reactant concentra-
ions favour, in this concentration range, the growth of particles
ather than the nucleation of new ones. Also the hydrolysis ratio
W) has the same effect (result not shown here); in fact, the formed
articles get bigger as the hydrolysis ratio is increased, when the
ther parameters are kept at their original values.

The hydrochloric acid content, quantified in this work by the H
ig. 4. Volume particle size distributions of titanium dioxide particles synthesized
or H = 0.5, W = 2, FR = 110 ml/min, cTi = 1 mol/l as soon as synthesized (continuous
ine) and after four days or gentle stirring (dashed line).
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) and small-scale variance (bottom) at different FR values.
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Fig. 5. Contour plots for the large-scale variance (top

he PSD of titanium dioxide particles synthesized at high H values
e.g., H = 0.5) remains constant and after four days it was identical
o what originally measured. When the H factor is lowered down
o 0.25, and therefore less acid is available, aggregation becomes
ery important, and the mean particle size increases with time. The
ffect of the hydrochloric acid content is usually related to the abil-
ty of solid oxides to form in aqueous suspensions electrical charges.
hese charges are caused by the amphoteric dissociation of sur-
ace hydroxyl groups, the adsorption of protons and hydroxyl ions,
r metal hydroxo compounds from the hydrolysis of solid mate-
ial. The strong repulsive force among charged particles reduces
he probability to aggregate and therefore more stable sols can be
ormed in acidic or alkaline media.

The effect of these operating parameters (i.e., cTi, W, H) dur-
ng particle synthesis have been extensively investigated in the
ast and our results are consistent with similar works published
nd available in the specialized literature [44]. However, as already
eported the effect of mixing has received little or no attention. For
his reason it is particularly interesting to analyse the effect of this
arameter on the final PSD of synthesized particles. Mixing can be
uantitatively manipulated in the Vortex Reactor simply changing
he flow rates of the inlet solutions.

As already reported in the previous section mixing can be quan-
ified by the local value of the large- and small-scale variances.
he contour plots of these quantities for the different flow rates
nvestigated in this work are reported in Fig. 5. As expected the
arge-scale variance reaches its maximum value in the inlets and is
hen destroyed by turbulence. Due to the fact that mixing is a cas-
ade process, the small-scale variance is generated in the regions
here the large-scale variance is dissipated, and is instead dissi-
ated afterwards due to molecular mixing. It is interesting to point
ut that the regions of the reactor presenting high values of large-
cale variance are sensibly reduced as the flow rate is increased.
oreover, it is also clearly evident that at low flow rates at the
utlet some macro-scale gradients are still present. The situation
mproves when the flow rate is increased, reducing the regions of
he reactor characterized by macro- and micro-scale gradients.

This is confirmed by the calculations of the volume-averaged
ixing times throughout the entire reactor reported in Fig. 6. In this

a
e
a
d
a

ig. 6. Mean residence time (continuous line), macro-mixing time (dashed line) and
icro-mixing time (dashed–dotted line) versus the reactor flow rate (FR).

gure for the different flow rates investigated, the relevant charac-
eristic times are reported, namely, the mean residence time of the
eactants in the reactor, and the macro- and micro-mixing times. As
xpected increasing the flow rate all these characteristic times are
ensibly reduced. However, at low flow rates, the time required for
he reactant solutions to mix down to the molecular level is quite
arge and very similar to the mean residence time of the reactor,
esulting in very poor mixing and macro- and micro-scale segre-
ation still characterizing the fluids leaving the reactor outlet. At
igher flow rates the mixing time is much smaller than the res-

dence time, and therefore when the fluid leaves the reactor it is
ompletely mixed at the macro- and micro-scale levels.

Fig. 7 compares the PSD obtained at the minimum and the max-
mum flow rate investigated in this work. As it is possible to see
he effect is quite important, since increasing the flow rate from 3
o 330 ml/min the resulting PSD is totally different. For the lowest
ow rate the PSD is very broad, and particles as big as 70 nm are pro-
uced, whereas for the higher flow rate particles are much smaller,
nd the PSD has as higher bound 8 nm. As already mentioned the

ffect of these operating parameter has been carefully investigated,
nd a summary is reported in Fig. 8. As it is seen, there is a steady
ecrease of the mean particle size as the flow rate is increased (and
s mixing becomes more and more efficient) until a constant value
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follows:

cW = c0
W − H0cTi, (12)
ig. 7. Volume particle size distributions of titanium dioxide particles synthesized
or cTi = 1.0 mol/l, W = 2, H = 0.25, and for FR = 3 ml/min (continuous line) and for
R = 330 ml/min (dashed line).

s reached. This decrease is caused by the fact that better mixing
avours nucleation of new particles with respect to particle growth
ntil a constant value is reached. In fact, as soon as the characteris-
ic mixing time becomes smaller than the typical particle formation
ime, a further improvement in mixing does not affect any more the
nal PSD. For the operating conditions reported in Fig. 8 this char-
cteristic particle formation time is about 0.03 s, corresponding to
R ≈ 200 ml/min.

It is also interesting to point out that if the effect of mixing
s significant on the PSD of titanium dioxide particles as soon as
ynthesized, its effect is even greater in terms of their time evolu-
ion. In Fig. 9 the time evolution of two different samples prepared
nder that same operating conditions but at different flow rates
re reported. As it is possible to see when particles are synthesized
t high flow rate, their initial particle size is very small, and their
ydrolysed state is such that they tend to be stable and do not show
ny tendency to aggregate, whereas on the opposite when the flow
ate is very small (and mixing is poor), particles are bigger and
end to aggregate forming bigger particles and eventually under
ome operating conditions form an aggregate of infinite size called
el.

SEM and FESEM observation supported the hypothesis that
nder these operating conditions two distinct steps exist. In the
rst step a burst of particles is produced by nucleation in a very
hort time. Then this sol evolves into different products through
ggregation. In fact the filtered and dried powders observed at the
icroscope (see Fig. 10) showed a structure resembling that of large
ggregates formed by very small primary particles, with about the
ame PSD of the particles analysed immediately after hydrolysis.
his is also supported by specific surface area measurements not
eported in this work for the sake of brevity.

ig. 8. Mean particle size for titanium dioxide particles synthesized for H = 0.25,
= 2, cTi = 1.0 mol/l at different FR values.

F
W

ig. 9. Time evolution of the mean particle size of titanium dioxide particles synthe-
ized for cTi = 1 mol/l, W = 2, H = 0.25 at FR = 3 ml/min (circles) and FR = 330 ml/min
squares).

If for the different cases investigated the total particle number
ensity is plotted versus time (see for example Figs. 11 and 12)

t is possible to observe the linear decay predicted by Eq. (11). As
reviously highlighted, the slope characterizing the decay of the
otal particle number density, is function of a kinetic constant k0,
f the initial titanium concentration cTi and of the residual water
oncentration after hydrolysis cW that can be easily calculated as
ig. 10. Morphology of titanium dioxide aggregates synthesized for cTi = 1 mol/l,
= 2, FR = 110 ml/min and for H = 0.25 (top) and H = 0.5 (bottom).
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Fig. 11. Time evolution of the total particle number density (N) for cTi = 0.5 mol/l,
H = 0.5, FR = 110 ml/min; W = 4 (triangles) and W = 2 (squares).
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Fig. 14. Comparison between the experimental and calculated slope for the time
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ig. 12. Time evolution of the total particle number density (N) for cTi = 0.5 mol/l,
= 0.25, FR = 110 ml/min; W = 4 (triangles) and W = 2 (squares).

here c0
W is the initial water concentration, and H0 = 1.46 is the

verage amount of water consumed immediately after hydrolysis
n the first stages of particle formation; k0 is therefore a kinetic
onstant that does not depend on titanium alkoxide and water

oncentrations, but only on the tendency of the primary parti-
les to stick together and aggregate, namely for this particular
ase the hydrochloric acid content. If for H = 0.5 all the slopes
rom the different time evolutions are calculated a unique value

ig. 13. Comparison between the experimental and calculated slope for the time
volution of total particle number density for all the investigated operating condi-
ions and for H = 0.5.
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volution of total particle number density for all the investigated operating condi-
ions and for H = 0.25.

f the kinetic constant that can fit all the experimental data is
ound. In Fig. 13 the comparison of the calculated and experimen-
al slope for k0 = 6 × 1015 and p = 5 is reported, and as it can be
een the agreement is satisfactory. In Fig. 14 the same compar-
son is reported for H = 0.25, resulting in this case in a bigger
inetic constant value k0 = 6 × 1016 and p = 5; in fact, as previ-
usly observed the smaller is the acid content the faster is the
ggregation process. It is also worth noticing that the value p = 5
s supported by other investigations [40], and can be obtained
nly if n = 3 and k = 2. In other words this result implies that
dhesion between particles requires the condensation between
hree hydroxyl groups on each particle, with the second step being
he kinetically limiting one (irreversible) and the others being at
quilibrium.

These results confirm that during condensation particle aggre-
ation is in the so-called reaction limited regime and therefore its
ate is only affected by reactant concentrations as explained in Eq.
11). Nevertheless, it is worth reminding that the effect of mixing is
till very important because it determines the initial particle size of
he primary particles. Small differences in the primary particle size
esult in order of magnitudes of difference in the total particle num-
er density, resulting therefore in very different time evolutions,
ut same kinetic constants.

. Conclusions

In this work the production of titanium dioxide nanoparticles
ia the sol–gel route in a Vortex Reactor was considered. The main
ovelty of this work stands in the investigation of the effect of many
perating parameters during synthesis including the mixing rate
f the reactants. This investigation was carried out quantitatively
y adopting a special passive mixer, whose characteristic mixing
eatures can be easily tuned by manipulating the flow rate of the
eactants. This analysis is supported by detailed CFD simulations
f the velocity and turbulent fields in the reactor at the different
perating conditions investigated.

The reported results clearly show that mixing plays a very
mportant role: not only it determines the PSD of the particles
ormed immediately after mixing, but it affects also its subsequent
volution. In fact, as demonstrated by the theoretical analysis car-
ied out in this work, after synthesis particles aggregate in the

o-called reaction limited regime, but still since mixing deter-
ines the size, the number density and the hydrolysed state

f the primary particles, it indirectly affects also the aggrega-
ion/condensation process.
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The results seem to support that mixing can be actively used
s one of the operating parameters during synthesis, rather than
e passively accepted as a characteristic of the reactor adopted
or particle synthesis. The use of adaptable mixing devices, such
s the one described in this work, allows to tune the mixing rate
n order to obtain the particulate product (e.g., sol or gel) with
he desired particle size and morphology. Moreover, it should
e highlighted that the CFD calculations, for the global mixing
ime-scale reported in this work, can be effectively used dur-
ng process scale up. In fact, as showed in our previous work
or precipitation and crystallization [36], a few selected experi-

ents in one equipment (performed under different mixing rates)
nd CFD calculations of the characteristic time-scale of mix-
ng, suffice to scale up the particle formation process. In fact,
or the identical chemical recipe, the same particulate product
s obtained in different reactors, if both reactors are operated
nder the same mixing conditions. The mixing conditions can
e considered identical if the global mixing time, calculated
ith Eq. (7), is the same. Because, as showed with the exper-

mental evidence reported in this work, the effect of mixing
n this sol–gel process is very similar to that on standard pre-
ipitation, we can extend this scale up methodology to sol–gel
rocesses.
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