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The influence of the colloidal characteristics of aqueous TiO2

nanoparticle suspensions and of the operating conditions on the
total particle concentration and the particle size distribution of
aerosols generated by nebulization has been studied. A commer-
cial nebulization unit coupled to a diffusion dryer was used to
generate aerosols using two different sources of titanium dioxide
nanoparticles. Stable, concentration-tunable aerosols could be ob-
tained for both types of nanoparticle suspensions. The effect of
operating conditions during nebulization (air flow rate, purity of
water source, nanoparticle concentration, and pH of the precur-
sor suspension) was studied. The results obtained indicate that the
degree of agglomeration in the liquid phase previous to aerosol for-
mation has a direct influence both on the total nanoparticle count
and on the particle size distribution of the generated aerosols.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION
Among the current technologies for producing aerosols,

pneumatic nebulization of colloidal suspensions is one of the
simplest and most convenient. These wet-phase generators pro-
vide a stable stream of aerosolized particles that can be used in
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a wide variety of applications from biomedicine (Henning et al.
2010) to synthetic chemistry (Kodas 1999). In a concise manner,
a nebulizer is a device that uses a gas stream with a sufficiently
high speed to break up a liquid into a cloud of small droplets. The
mist obtained is formed by liquid drops containing the desired
particles and is then subjected to drying. After evaporation of
the liquid in each droplet, an aerosol stream is produced (Hinds
1999). Both droplet size distribution and concentration of liquid
droplets in the aerosol depend on several parameters such as
the gas pressure through the nebulizer, the properties of the liq-
uid, and, ultimately, the design of the nebulizing nozzle (Swift
1993). On the other hand, the particle size distribution and the
concentration of particles in the liquid suspension determine the
characteristics of the aerosol obtained after the drying process.

In view of its relatively easy implementation, nebulization of
colloidal suspensions of nanosized particles is one of the pre-
ferred methods to produce stable nanoparticle aerosol streams.
In this way, nanoparticle suspensions with carefully tailored
characteristics can be prepared and used as the precursor of the
aerosol in a variety of applications. Thus for instance, this con-
cept has been intensely studied in view of its implications on
drug delivery using the upper respiratory ways (Yeo et al. 2010;
Beck-Broichsitter et al. 2013; Verma et al. 2013). Also, given
the possible health and environmental impacts of nanoparticles
(Wiesner et al. 2006), nebulizer-generated nanoparticle aerosols
with a wide range of aerodynamic sizes and mass concentra-
tions are frequently used to test the efficiency of filters against
nanoparticles (Eninger et al. 2009; Shimada et al. 2009) as
well as for the development of deposition samplers (Cena et al.
2011). Inhaled nanoparticles not only may cause direct damage
to lung tissue, but also are able to translocate from the respi-
ratory ways to the bloodstream (Borm et al. 2002; Oberdörster
et al. 2002, 2004). Harmful effects of the inhalation of nanopar-
ticles have been reported, for example, for carbon nanotubes
(Zhang et al. 2010), silicon dioxide (Napierska et al. 2010), or
titanium dioxide nanoparticles (Rossi et al. 2010). Again in this

1383



1384 V. GOMEZ ET AL.

case, nebulizer-generated aerosols are ideally suited for testing
the health impact of nanoparticles. Thus for instance, McJilton
et al. (2009) used pneumatic nebulization of carbon nanotubes
in studies of respiratory toxicology.

The colloidal state of the suspensions prior to and during
nebulization is of paramount importance to determine the
aerosol characteristics. The influence of the agglomeration of
colloidal particles in the size and concentration of nanosized
TiO2 particles upon nebulization (Noël et al. 2012) has been
recently analyzed. The authors showed the importance of a
qualitative and quantitative characterization of the nanoparticles
and their agglomerates on the characteristics of the resulting
aerosols. It has also been reported that the presence of residual
content from the solvent either forms individual particles or
become adhered to the particles in the colloid, effectively
increasing the resulting particle sizes, and possibly changing
the surface chemistry of airborne nanoparticles (Park et al.
2012). The surface charge of particles in the suspension may
also influence aerosol generation, modifying the aggregation
state of particles during the nebulization.

Therefore, there is a need to deeply examine the influence of
the colloidal properties of nanoparticle suspensions on the final
characteristics of aerosols generated through pneumatic nebu-
lization. In this work, we study the colloidal suspensions pro-
duced with TiO2 (anatase) nanoparticles obtained from different
sources. First, commercial anatase nanoparticles were tested, to-
gether with synthetic TiO2 nanoparticles obtained in our labora-
tory through a microwave-assisted method described elsewhere
(Gomez et al. 2012). In this work, we have attempted a com-
prehensive study of the main variables influencing nanoparticle
aerosol generation through nebulization of colloidal nanopar-
ticle suspensions. We have also analyzed the influence of sus-
pended matter in the solvent water to produce pure TiO2 and
stable water-based colloids at different particle concentrations
and pH values. Pneumatic nebulization of TiO2 colloids was
achieved at several flow rates, and the results are discussed in
terms of particle concentrations and size distributions detected
in both colloidal and aerosol phases.

2. EXPERIMENTAL

2.1. Synthesis and Characterization of TiO2

Nanoparticles
The TiO2 nanoparticles were prepared by the microwave-

assisted procedure previously reported (Gomez et al. 2012).
Briefly, 30 ml of absolute ethanol (EtOH, Aldrich, St. Louis,
MO, USA) were mixed with 2.0 ml of titanium tetraisopropox-
ide (TIPO, Aldrich, 97%) under magnetic stirring at 300 rpm.
To this mixture, 3.0 ml of acetic acid (Aldrich) were added as
catalyst for hydrolysis of TIPO. After stirring for 5 min, 5 ml
of Milli-Q water (Millipore, Billerica, MA, USA) were added
and the resulting mixture was stirred for 5 minutes. The result-
ing solution was transferred to a 20-ml vial and subsequently

heated in a microwave oven (Milestone ETHOS 1600) at a max-
imum power of 400W and under rotational stirring. The oven
was heated at 120◦C under a heating rate of 30◦C/min and kept
at this temperature for 15 min. When the reaction was finished,
the precipitates were separated by centrifugation and washed
several times with anhydrous ethanol. The surface composition
was determined by Fourier-transformed infrared spectroscopy
(FTIR) in a Bruker VERTEX70. Details of the FTIR technique
and results are shown in the online supplemental information
(SI). The microwave synthesized TiO2 nanoparticles (MWTiO2)
are compared with commercially available anatase nanoparti-
cles purchased from Aldrich, Inc. (titanium (IV) oxide, anatase
nanopowder, <25-nm particles size), herein after termed TiO2.
The crystalline state of nanomaterials was determined using X-
ray diffraction (XRD) from 10◦ to 60◦ 2θ with a step size of
0.02◦ 2θ at 1◦/s using a Rigaku D/MAX difractometer equipped
with a rotor anode and a CuKα monochromatic source. The
surface area and pore volume were both determined using N2

adsorption in a Micromeritics TriStar3000 analyzer. Details on
these measurements are given in the SI. Scanning electron mi-
croscopy (SEM) and energy dispersive X-ray (EDX) analysis
were performed in an FEI Co. (Hillsboro, OR, USA) Inspect-
F50 microscope together with an Oxford Instruments (Abing-
don, UK) INCA PentaFETX3 EDX probe. Samples for SEM
and EDX analysis were prepared depositing dry nanoparticles
on conductive carbon tape and subsequently sputtered with Au.
Transmission electron microscopy (TEM) images were recorded
in a FEI F20 microscope at 200 kV accelerating voltage. The
average nanoparticle size was estimated using the IMAQ Vision
Builder image processing software.

2.2. Aerosol Generation and Characterization
All the aerosol generation experiments were performed at

room temperature. Gas and aerosol conductions were made
of graphite-lined conductive polycarbonate piping (i.d. 8 mm).
Synthetic air streams for aerosol generation were dried by pass-
ing through a 150-mm column packed with silica gel and then
filtered with a high-efficiency particulate air (HEPA)-cap-150
filter unit (Whatman Plc., Maidstone, UK). The jet nebulization
airflow was controlled with a Bronkhorst (Ruurlo, The Nether-
lands) EL-FLOW mass flow controller. A scheme of the experi-
mental is shown in Figure 1a. Nebulization of the colloidal sus-
pensions of TiO2 nanoparticles in Milli-Q water are performed
using a polypropylene Philips SideStream R© jet nebulizer. De-
tails on the operation of nebulizer are given in the SI. The effect
of nanoparticles in the formation of water droplets upon neb-
ulization was analyzed by optical particle counter (OPC) (see
below). Figure 1b shows the size distribution of filtered milli-Q
water droplets obtained at different flow rates, pointing to the
formation of droplets mostly under 10 μm. Moreover, Figure 1c
shows that particle size distributions are similar for pure water
and TiO2 nanoparticle suspensions.

After removing the excess aerosol through an HEPA fil-
ter, the remaining stream is directed to an annular-cylindrical
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FIG. 1. Scheme of the experimental setup (a) used for nanoparticle nebulization. The system generates liquid droplets with similar sizes for both pure water (b)
and nanoparticle suspensions (c). Droplet size distributions were measured using an OPC without diffusion dryer in the range from 0.3 to 20 μm. (Color figure
available online.)

diffusion dryer packed with silica gel (TSI Model 3062), which
is described in the SI. The adsorption of moisture drives the
droplet evaporation, with a rapid formation of solid particles.
Aerosol nanoparticles were neutralized by directing the gas flow
to an encapsulated 241Am source (3.7 MBq) and then were clas-
sified and quantified using a Grimm-Aerosol Technik, GmbH
(Ainring, Germany) model #5.414 stepping mobility particle
sizer (SMPS+C) formed by a Vienna-type differential mobility
analyzer (DMA, Model #33–900) and a condensation particle
counter (CPC). The reported number size distributions are the
average of two consecutive SMPS+C scans. Results have been
fitted to multimodal lognormal distribution using OriginPro 8.6
software to obtain the geometric mean diameter (GMD) and
geometric standard deviation (GSD) for the different modes. To
determine the fraction of aerosol particles with sizes between
300 nm and 20 μm an eight-channel OPC (OPC, Model #1.108;
Grimm Aerosol Technik) was used. Finally, all exit streams were
HEPA-filtered and the experimental setup was placed inside a
laboratory hood equipped with HEPA filters to avoid release of
aerosol nanoparticles during the experiments. Gloves and respi-
ratory masks were worn, and the analysis area was thoroughly

cleaned before and after experiments with clean room wipes and
filter-equipped vacuum cleaners.

3. RESULTS AND DISCUSSION

3.1. Characterization of TiO2 Nanopowders
The anatase structure of the TiO2 nanoparticles was con-

firmed by XRD analysis, as shown in Figure 2. The diffraction
peaks were positively attributed to the anatase phase of titanium
oxide (JCPDS card 21–1272) and no extra peaks were detected,
although rutile or brookite impurities were specifically searched
for. The broadening of diffraction peaks in the XRD patterns in
MWTiO2 was attributed to the small particle size obtained by
the microwave process. The average crystallite sizes for both
materials were calculated using the Debye–Scherrer formula
for the diffraction peak (101) of the anatase phase identified
in the XRD patterns for both materials, giving an estimated
size of 13 nm for commercial TiO2 and about 7 nm for the
MWTiO2. The Brunauer-Emmet-Teller (BET) surface area
of the TiO2 was 83 m2/g while for the MWTiO2 increased
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FIG. 2. XRD diffraction patterns of the TiO2 and MWTiO2 nanoparticles.
Anatase and rutile peak positions are shown for identification purposes. (Color
figure available online.)

up 239 m2/g. Furthermore, the adsorption isotherms (Figure
S1) indicate that the microwave synthesis gives solids with
a higher pore volume and smaller pore sizes than those of
the TiO2. Also, the SEM images of commercial particles
(Figure 3a) show the presence of large agglomerates, whereas
in the MWTiO2 images (Figure 3b) large agglomerates were not
detected. The smaller crystallite sizes obtained from the XRD
data indicated that the particles consisted of several smaller
crystallites. These results are also in general agreement with
TEM observations. For the commercial TiO2 material (Figures

4a and b), the primary nanoparticles showed a heterogeneous
distribution of shapes and sizes, forming irregular aggregates
with sizes in the tens of nm range. For MWTiO2, TEM images
(Figures 4c and d) indicated considerable less aggregation and
primary nanoparticles with prismatic shape and average size of
15 ± 4 nm (N > 100 particles).

3.2. Colloidal Characterization
The surface charge of TiO2 nanoparticles changed signifi-

cantly with pH due to the amphoteric character of this material
(Suttiponparnit et al. 2011). In the ζ–potential versus pH plot
(Figure S2), the surface charge of TiO2 varied between 15 and
−15 mV, whereas for MWTiO2 the variation occurs between 27
and −33 mV, with a slightly higher isoelectric point (IEP) for
TiO2 (pH 5.8) than for MWTiO2 (pH 5.4). It is interesting to note
that the presence of organic residue chains grafted on the surface
of MWTiO2 nanoparticles, as the FTIR results show (SI), may
account for the higher surface charge for these nanoparticles.
The O/Ti atomic ratio determined by X-ray photoelectron spec-
troscopy (XPS) was 2.3 for TIO2 and 2.5 for MWTiO2, which
suggests a higher surface content of oxygen for MWTiO2, as
could be expected, given its higher surface area, yielding a
larger exposition of OH groups, which also contributed to the
surface charge. The dynamic light scattering (DLS) analysis
(Table 1 and Figure S3) showed that colloids of TiO2 at any
pH have larger hydrodynamic particle sizes than those prepared
with MWTiO2. This is in good agreement with the aggregates
observed in the high-resolution TEM images of the starting ma-
terial (Figure 4). In both cases, as expected, particle sizes were
larger at intermediate pH values, close to the IEP (Figure S2),
whereas at higher or lower pH values electrostatic repulsion
decreased agglomeration.

FIG. 3. SEM images of TiO2 (a) and MWTiO2 (b) nanoparticles.
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TABLE 1
Particle sizes in the colloidal (measured by DLS) and in aerosol state (measured by SMPS) of TiO2 and MWTiO2

at different pH values

MWTiO2 TiO2

pH Da
h (nm) GMDb (nm) GSDc Da

h (nm) GMDb (nm) GSDc

11 166 34.5 106 1.73 1.63 446 59.1 1.67
5 203 14.4 80.8 1.34 1.52 803 54.6 2.08
2 195 10.1 45.6 1.25 1.49 632 37.9 1.65

aHydrodynamic diameter of particles in the suspension. The polydispersity index was always under 0.2 nm; bgeometric mean diameter of
aerosol particles, determined from SMPS measurements; cgeometric standard deviation.

3.3. Influence of Residual Particles from Water Droplets
in the Nebulized Aerosols

The drying of nanoparticle-free water droplets produced in
the nebulization system also generated a certain amount of
residual particles (Krarnes et al. 1991). This is a common fea-
ture in droplet-based aerosol generation procedures, where the
presence of impurities in the liquid leads to the formation of
solids upon evaporation. Although the concentration of such

water-borne impurities was usually much lower than that of the
nanoparticle suspension itself, their presence could introduce
significant deviations in the aerosol particle concentration and
particle size distribution. These deviations became more impor-
tant in relative terms as the nanoparticle concentration in the
precursor suspension was reduced.

To assess and minimize the residual particle generation from
the solvent, water from three different sources were used for

FIG. 4. TEM images of TiO2 (a, b) and MWTiO2 (c, d) nanoparticles. Insets show size histograms for both nanoparticles (N > 100). (Color figure available
online.)
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nebulization under the same conditions as for TiO2 suspensions:
(i) commercial water filtered through a 0.10-μm filter (Sigma
Aldrich termed “molecular biology water,” which is marketed
as free of nucleases and proteases), (ii) Milli-Q water generated
from Advantage A10 Water Purification Systems, that subjects
the source water to filtration using a 0.22-μm filter unit and
deionization to reach a resistivity value of 18.2 M� · cm, and
(iii) tap water from Zaragoza municipal water grid (conduc-
tivity value of 882 μS/cm measured at 20◦C). Figure 5 shows
total residual particle concentration generated by water nebu-
lization and measured using CPC, which was notably higher
for tap water (over 105 #/cm3) than for the filtered “molecular
biology” and “Milli-Q” varieties. The aerosol particle concen-
tration generated from both Milli-Q and molecular biology wa-
ter was similar regardless of the flow rate used for nebulization
and between 103 and 104 #/cm3, with a slightly higher aerosol
particle concentration when molecular biology water was neb-
ulized. The concentration of water-borne nanoparticle aerosol
was high enough to be detected by SMPS+C; however, their
size distributions show GMD values smaller than those found in
aerosols obtained after the nebulization of TiO2 and MWTiO2

suspensions (Figure S6). Although residual nanoparticles were
ubiquitous when generating aerosols by nebulization, their pres-
ence had little effect in the particle size distribution of aerosols
obtained for nanoparticle suspensions using the same water.
Taking into account these results, the nanoparticle suspensions
used as aerosol precursors in the remainder of this work have
been prepared using Milli-Q water.

3.4. Effect of the Air Flow Rate in the Nebulization
of TiO2 Colloidal Dispersions

Different nebulization airflows were used to generate aerosol
from colloidal dispersions (1 mg/ml, pH 5) of TiO2 and
MWTiO2. Figure 6 shows the number particle concentration

FIG. 5. Particle number total concentration (in #/cm3) of residual particles
generated upon nebulization of water of different origins as function of the flow
rate. (Color figure available online.)

FIG. 6. Particle number total concentration (in #/cm3) generated at different
flow rates from the nebulization of colloidal dispersions (1 mg/ml, pH 5) of
TiO2 and MWTiO2 nanoparticles. Particle number concentration from the neb-
ulization of milli-Q water are shown for the sake of comparison. (Color figure
available online.)

obtained with the CPC. At 2.5 l/min flow rate the number of par-
ticles generated from both colloid suspensions and from Milli-Q
water is very low (under 2 × 103 #/cm3 for TiO2, which was
the suspension giving the maximum concentrations). As the
flow rate of the nebulizing air was increased, the number of
droplets entrained also were risen, producing a more concen-
trated aerosol. This allows adjusting the concentration of the
resulting aerosols, by simply changing the entraining airflow
rate. Stable aerosols were obtained, with tunable concentration
levels between 2 × 103 and over 4 × 104 #/cm3. The highest
concentrations were obtained with the more dispersed colloid
(MWTiO2) yielding up to 4.2 × 104 #/cm3 under the conditions
used in this work, while the colloid with TiO2 reached around
2.0 × 104 #/cm3.

Number size distributions from the generated aerosols were
generally well below 200 nm for both materials at all tested air-
flows (Figure 7), although the TiO2 material presented a larger
fraction above 100 nm, compared with the MWTiO2 nanoparti-
cles. Only one peak with GMD of 58 nm is observed for TiO2.
On the other hand, a bimodal distribution with GMDs at 14 and
80 nm were found for the MWTiO2 material. This suggested
that the higher dispersion achieved in the MWTiO2 suspension
allowed the presence of primary particles in the aerosol. No
significant changes in the GMDs of aerosol particles were found
for flows ranging from 3 to 4 L/min (with a pressure drop of
210–360 mbar across the nebulizer). The number of particles
generated from the more dispersed colloidal suspension of the
synthesized nanoparticles reached a value around 104 #/cm3,
more than one order of magnitude higher than the agglomerated
TiO2, indicating the importance of achieving a high degree of
colloidal dispersion in the precursor suspensions.
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FIG. 7. Particle number size distributions (in #/cm3) obtained at different
nebulization flow rates of TiO2 (a) and MWTiO2 (b) from colloidal dispersions
of 1 mg/ml at pH 5. (Color figure available online.)

Figure 8 shows the SEM images of the particles collected
from the gas-phase aerosols (after liquid evaporation) using
polycarbonate filter grids. The presence of pseudo-spherical ag-
gregates with diameters mostly between 100 and 500 nm could
be observed for both TiO2 and MWTiO2 aerosols, although
smaller sizes were generally observed for MWTiO2. The for-
mation of such aggregates was attributed to the drying mecha-
nism: the surface tension of the shrinking droplet maintains a
spherical shape through the drying process while progressively
concentrating the nanoparticles and inducing coalescence. Anal-
ogous descriptions have been previously reported for nanoparti-
cle aerosols with similar chemical composition (Yi et al. 2004;
Widiyastuti et al. 2009). Nevertheless, it has been noted that
the spray drying of preformed nanoparticles may lead to diverse
morphologies of the dry aggregates, depending on the drying
conditions and the physicochemical properties of the dispersion
(Iskandar et al. 2001; Bahadur et al. 2010). Sen et al. (2009)
reported that for highly concentrated colloids the shape of the

aerosol particles generated during the drying process is spher-
ical. The self-assembly of small and well-dispersed MWTiO2

nanoparticles during drying leads to highly packed spherical
aggregates (Bahadur et al. 2010). Lee et al. (2009) found that
generated particles morphology was highly influenced by the
positive or negative surface charge of particles. Moreover, the
formation of tightly packed spheres was observed for spheri-
cal silica nanoparticles (Lee et al. 2010). Although MWTiO2

nanoparticles were not spherical, the homogenous size distri-
bution would lead to the formation of highly packed spherical
aggregates that could be detected in TEM images of particles
collected after nebulization and evaporation (Figure S7). On the
other hand, irregular agglomerates collected from TiO2 aerosols
were already present in the colloidal suspension, as it could be
assessed by the large hydrodynamic diameters found in DLS
analysis (Table 1 and Figure S4).

3.5. Effect of Nanoparticle Concentration
in the Nebulization of TiO2 Colloidal Dispersions

Changing the colloid concentration affected not only the ini-
tial concentration of the solids within the droplet volume but
also essential characteristics of the solid suspension such as
density, viscosity, and surface tension that in turn will affect
the size distribution of the generated droplets and their fluid-
dynamic behavior. To study the effect of the colloid concentra-
tion, suspensions of TiO2 at 0.1 and 1 mg/ml and at pH 5 were
nebulized under airflow of 3 L/min (pressure drop of 210 mbar).
For both colloidal concentrations a similar GMD below 60 nm
was found (Figure S6), although a small increment of GMD
was in fact observed, from 33.7 nm (GSD 1.68) for 0.1 mg/ml
to 54.2 nm (GSD 1.82) for 1 mg/ml. However, at higher TiO2

concentrations the particle size distribution widened, especially
toward larger sizes. This increase, as well as the observed in-
crease in GMD, could be attributed to the formation of larger
aerosol aggregate particles at high concentrations (Hinds 1999).
Besides, the nanoparticle packing in the assembled grains de-
pends on the concentration of the initial dispersion and the
average packing fraction of the particles in the grain reduce
with increasing concentration giving rise to large agglomerates
(Bahadur et al. 2010). The so-called one-drop to one-particle
mechanism is commonly accepted for describing the formation
of agglomerates in aerosols (Wang et al. 2008). This model
assumes that empty droplets do not lead to particles and high-
particulate aerosol concentrations are reached for suspensions
with high concentration, which is in agreement with the parti-
cle size distributions (Figure S5), where the more concentrated
solution produced aerosols with a clearly higher concentration.
Also, Shimada et al. (2009), working with NiO and C60 nanopar-
ticles using a spray drying technique reported that the number
concentration of droplets and, consequently aerosol nanoparti-
cles increased with the suspension concentration, whereas the
sprayed suspension volume per unit time changed little with the
suspension concentration.
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FIG. 8. SEM images of TiO2 (a, b) and MWTiO2 (c, d) nanoparticles collected on a polycarbonate filter grid at 1.2 L/min. Insets show EDX analysis. (Color
figure available online.)

3.6. Effect of pH in the Nebulization of TiO2

Colloidal Dispersions
The value of pH had a strong influence on the charge of

nanoparticles in aqueous suspensions and therefore on the ag-
gregation behavior of nanoparticles within the droplets, pre-
vious to any evaporative process. The effect of pH of colloid
in the aerosol was studied with stable dispersions of 1 mg/ml
of both TiO2 and MWTiO2 in water at pH 2, 5, and 11 and
nebulized at 3 L/min. For both nanomaterials, aerosols with
low concentrations were obtained from suspensions at pH 5,
as shown in Figure 9. This pH value was close to the IEP for
anatase nanoparticles, meaning that significant agglomeration
was already taking place in the liquid phase prior to and dur-
ing the nebulization stage (Sotto et al. 2011). Consequently,
the particles were mainly present as larger-sized agglomerates
leading to a lower count of aerosol nanoparticles. Some pre-
cipitation of the larger agglomerates in the nebulization vessel
was observed, and the precipitated nanoparticles would not be
available for aerosol formation. On the other hand, at pH 11 the
ζ–potential values were around −17 and −32 mV for TiO2 and
MWTiO2, respectively and stable sols are formed (Mohammadi
et al. 2006), which favored both a higher content of nanoparti-
cles in the droplets and a higher particle count in the aerosol.
These results stress the importance of the colloidal particle sizes

on the formation of agglomerates in the resulting aerosol. Fi-
nally, it is also worth mentioning that additional measurements
using the long-range L-DMA column (for sizes 10–1000 nm)
in the SMPS+C corroborate that most nanoparticles in aerosols
are below 100 nm (results not shown).

Despite the differences in hydrodynamic diameters of the
colloidal dispersions of TiO2 and MWTiO2 (Table 1), the aver-
age mobility diameters in the aerosol phase were similar for the
case of the TiO2 nanoparticles, where the effect of a higher pH
seemed to affect the tail of the distribution toward larger particle
diameters. In contrast, for the MWTiO2 suspension (Figure 9)
there was an increase in the GMD with pH for both peaks of
the bimodal particle size distribution. According to Hernandez-
Trejo et al. (2005), the sizes of the nebulized droplets depend
on the design of the nebulizer system and the conditions used.
Therefore, any difference in the particle size distributions can be
attributed to the colloidal characteristics of TiO2 and MWTiO2

suspensions. In particular, it is worth noticing that nebulization
at low pH, the lower peak of the distribution presented a sized
in the range of the primary nanoparticles of the starting material
(17 ± 4 nm). This suggests that the repulsive forces at this pH
value (30 mV) were strong enough to maintain the individuality
of a significant proportion of the nanoparticles, not only in the
suspension, but also during the nebulization evaporation. The
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FIG. 9. Particle number size distributions (in #/cm3) of aerosols generated
from the nebulization of colloidal dispersions of TiO2 (a) and MWTiO2 (b) at
different pH values. (Color figure available online.)

collection of TiO2 and MWTiO2 aerosol nanoparticles in water
at different pH values led to similar particle sizes and surface
charges to those observed before nebulization.

4. CONCLUSIONS
Nanoparticle aerosols with mean diameters below 100 nm

are obtained after nebulization of colloidal suspensions of both
prismatic 15-nm MWTiO2 nanoparticles and irregular 25-nm
TiO2 nanoparticles. Small and homogeneously shaped MWTiO2

leads to more uniform spheres in the aerosol, whereas the irreg-
ular TiO2 forms a wider variety of aerosol aggregates.

Colloidal properties have a direct influence on the aerosol
characteristics. The number concentration of nanoparticles in
the aerosol phase is dependent on colloidal dispersion prop-
erties. When particles are not well dispersed in the colloid
(e.g., when a pH close to the IEP is used), the concentration of
nanoparticles in the aerosol decreases due to liquid-phase pre-
cipitation, which removes particles before droplet formation,
and to aggregation that reduces the total number of particles
in the aerosol while increasing the contribution of the larger
nanoparticles.
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Korting, M. (ed), Springer, Berlin Heidelberg, 197:171–192.

Hernández-Trejo, N., Kayser, O., Steckel, H., and Müller, R. H. (2005). Char-
acterization of Nebulized Buparvaquone Nanosuspensions—Effect of Neb-
ulization Technology. J. Drug Target., 13:499–507.

Hinds, W. C. (1999). Aerosol Technology: Properties, Behavior, and Measure-
ment of Airborne Particles. Wiley, New York.

Iskandar, F., Mikrajuddin, and Okuyama, K. (2001). In Situ Production of
Spherical Silica Particles Containing Self-Organized Mesopores. Nano Lett.,
1:231–234.

Kodas, T. T., and Hampden-Smith, M. J. (1999). Aerosol Processing of Materi-
als. Wiley-VCH, New York.
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