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Abstract
A detailed morphological characterisation is performed on flame synthesised
TiO2 nano-aggregates (number of primaries, N < 10) using transmission electron microscopy (TEM) image analysis and mobility measurements. The sizedependent collection efficiency of the TEM sampling method is accounted for
with a simple correction for particle deposition through impaction and diffusion. The TEM-derived sizes show excellent agreement with electrical mobility
measurements. Primary particle size, aggregate size, and degree of aggregation distributions were obtained for two different flames and varying precursor
loading. The analysis reveals some particle aggregation which is likely to occur only very late in the growth stage, leading to the similarity between the
primary particle and spherical particle size distributions. The degree of aggregation is defined as the ratio of gyration to spherical equivalent sizes from the
projected area analysis, allowing identification of particles with spherical and
non-spherical morphologies. The size distributions are found to be strongly affected by precursor loading but not by flame mixture or maximum temperature.
In all cases, approximately 60–70% particles are spherical while the rest form
small aggregates. The detailed morphological information reported provides
the much-needed experimental data for studying the early stage particle formation of TiO2 from titanium tetraisopropoxide (TTIP) in a well-defined burner
configuration.
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1. Introduction
Combustion synthesis has been increasingly used to prepare functional metal
oxide nanoparticles such as titanium dioxide (TiO2 ) [20, 39]. In order to design
and exploit this process, understanding of the complex chemical and physical processes involved in the conversion of gaseous precursor molecules to solid
particles is required. Such understanding is the motivation behind experimental studies employing well-defined burners to synthesise and characterise TiO2
nanoparticles [43, 29, 44, 16, 27]. These are complemented by the development
of comprehensive computational models of such systems guided by experimental
observations [48, 17].
Premixed stagnation flames have been used to prepare TiO2 nanoparticles
from titanium tetraisopropoxide (TTIP) with particle sizes of 4–15 nm [43,
29, 16, 27]. The small particle size and narrow distribution are a result of a
very short particle residence time, ideal for studying the early stages of particle
formation. Computationally, the pseudo one-dimensional flow in a stagnation
flame reactor enables the coupling between the particle model with the detailed
gas-phase chemistry and flow dynamics at relative ease [50, 26].
Techniques to investigate the nanoparticle formation in such a flame include
electrical mobility sizer [52, 43], mass spectrometry [16], laser diagnostics [35],
electron microscopy [29, 51], and X-ray diffraction [27, 51, 29]. Among these,
electron microscopy imaging (i.e. TEM) is suitable to investigate the particle
morphology [33, 46] as it reveals the actual structure of particles, albeit as 2D
projection. For example, TEM image analysis has been widely used in the
combustion community to measure morphological properties of soot, such as
aggregate size and fractal dimension [10, 2, 6, 15]. The main challenges with
TEM measurements are the sensitivity to the sampling technique [33] and the
difficulty in achieving statistically significant sample size.
Mobility measurements have also been routinely used to characterise particle
morphology as it enables easy and fast data acquisition [52, 9, 47]. However,
the interpretation of mobility sizes is not straightforward [40, 21]. Previous
comparative studies, both for soot and TiO2 , show some discrepancy between
particle sizes measured with TEM and mobility sizer [43, 10]. Tolmachoff et al.
[43], using a premixed stagnation flame setup, showed that TiO2 particle sizes
measured with a mobility sizer overestimate those derived from TEM measurements. The authors attributed this discrepancy to the difference in sampling
conditions based on the assumption that particles are spherical. Nevertheless, it
is likely that some aggregation occured in the gas phase, as evidenced from the
TEM images, resulting in larger mobility sizes. Resolving such morphological
information is essential in order to properly interpret the experimental data and
evaluate computational models [26, 23].
Computational representation of particles often rely on certain simplifications to make the problem solvable [31]. The simplest representation is the
spherical model where a particle is described only by its mass. This allows the
number of population balance equations to be reduced and solved with momentbased methods [26, 11]. This description can be extended in different ways to
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account for non-spherical morphology [44, 45, 49]. However, these often require
making assumptions which are not always justified, such as particle monodispersity or power-law relationships for fractal-like aggregates, leading to additional
uncertainties in the evaluation of the model parameters.
Alternatively, particles can be represented as an aggregate consisting of connected primary particles which can be solved stochastically [31, 30, 38, 4]. This
detailed description resembles the actual structure of particles in experiments
and thus the morphological properties can be derived without making unjustified assumptions. Recently, Lindberg et al. [24] proposed a new detailed particle model where the coordinates of individual primary particles are tracked and
thus the full particle morphology can be resolved. This method has been demonstrated for modelling the particle population dynamics for premixed stagnation
flame experiments [50, 14, 23]. However, the level of details that the model is capable of resolving requires comparison against similarly detailed morphological
measurements which are currently lacking in the literature.
The purpose of this paper is to demonstrate a careful application of
TEM image analysis and mobility measurements to characterise and interpret
the morphology of small flame-synthesised TiO2 nano-aggregates with small
number of primaries (N < 10). The analysis quantifies the degree of aggregation in the nanoparticle prepared which explains the discrepancy between TEM
derived and mobility sizes reported previously [43]. The quantification of aggregation proposed in this paper provides the much-needed morphological data
for computational model evaluation. In this work, varying operating conditions,
including temperature and precursor loading, are chosen to evaluate their effects
on the synthesised particle morphology, such as primary particle size and the
degree of aggregation.
The rest of this paper is structured as follows. Section 2 describes the experimental setup and the sampling procedures. Section 3 outlines the TEM
image analysis algorithms used. Section 4.1 evaluates the sampling dilution ratio and its effect on the measured particle size and number density. Section 4.2
discusses the validation of the TEM sampling methodology by comparison with
the electrical mobility measurements and Section 4.3 presents the morphological
descriptions of the particles. Finally, the conclusions of this work are given.
2. Experimental methods
Figure 1 shows a schematic of the premixed laminar stagnation flame used
in this study. Briefly, an aerodynamic nozzle (1.4 cm exit diameter) generated
a laminar jet of premixed mixture that impinged on a water-cooled stagnation
plate. Upon ignition, a thin flame was formed and stabilised by stretch above
the stagnation plate. The setup used here is similar to that used in previous
studies of titania and soot formation [43, 29, 9].
Two different flames were employed in this study with equivalence ratios of
φ = 0.35 (3.5% C2 H4 –30% O2 –66.5% Ar) and φ = 1.67 (10.3% C2 H4 –18.5% O2 –
71.2% Ar), corresponding to fuel-lean and fuel-rich conditions, respectively. The
two different flames were used to investigate the effect of flame temperature with
3

Figure 1: A schematic of the premixed laminar stagnation flame synthesis and particle sampling method used in this study. The burner-stagnation surface separation distance, H, is 1
cm.

the rich flame being approximately 450 K hotter than the lean flame based on
the calculated adiabatic flame temperature (Tad = 2073 K and 2542 K [27]). The
total gas flowrate was 28 slpm with a N2 sheath flowrate of 20 slpm. The burnersurface separation, H, was 1 cm. The surface temperature, measured with a
K-type thermocouple, was stabilised at 503±20 K (φ = 0.35) and 580±20 K
(φ = 1.67). The flame standing distance was approximately 3.2±0.2 mm (φ =
0.35) and 4.0±0.2 mm (φ = 1.67). For each flame, titanium tetraisopropoxide
(TTIP, Sigma Aldrich, 97%) was injected into the gas line with a syringe pump
(Cole-Parmer) at loading rates of 4, 12, and 30 ml/h (corresponding to 194, 582,
and 1455 ppm of TTIP). The gas line was heated to 150◦ C to prevent precursor
condensation. Previous studies have shown that the particles synthesised in
the lean flame are mainly anatase while particles prepared in the rich flame are
mainly mixtures of rutile and the metastable phase TiO2 -II [27].
Post-flame gas was sampled through a 0.2 mm orifice on a horizontal sampling probe inside the stagnation plate as shown in Fig. 1. The static pressure
drop across the orifice was maintained at 4 ± 0.5 mbar under atmospheric pressure. The pressure drop is calculated as the average between the pressure drops
upstream and downstream from the orifice measured using static pressure taps.
A nitrogen flow of 36 l/min (STP) was used to quench the sampled gas to minimise further reactions after sampling and particle losses due to coagulation and
wall deposition. Dilution tests were performed by varying the dilution (N2 )
flow rate to assess the sensitivity of the measured particle size and number density to the dilution ratio, discussed further in Sec. 4.1. Downstream from the
sampling orifice, a needle valve and vacuum pump system was configured to
allow 8 l/min of the diluted flow to pass to a DMS500 (Cambustion Ltd.) for
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electrical mobility size measurements. Simultaneously, the remaining diluted
gas was passed through a TEM grid (HC400-Cu, Electron Microscopy Sciences)
mounted perpendicular to the flow within the sample line where particles were
deposited and subsequently imaged for analysis. The holey carbon grids were
chosen to allow sufficient particle collection for analysis. The sampling time for
each measurement was 10–15 s. TEM micrographs were obtained with a JEOL
JEM-2100F operating at 200 keV.
3. Image analysis
The image analysis procedures for primary particle size distribution and
aggregate size distributions were performed on images from the same TEM
samples but taken at different magnifications and locations on the grid. The
carbon film on the TEM grid contains holes with varying sizes and densities.
For primary particle analysis, the images are taken at areas with high density of
holes that has the “lacy” appearance. This results in high particle concentration
and better contrast. For aggregate analysis, the images are taken at areas with
low density of holes such that it is possible to have a complete film coverage, i.e.
no holes, on the TEM images. This is to ensure a low particle concentration to
minimise overlap and to allow image processing algorithm as described below.
For primary particle size analysis, approximately 20–30 images with 150,000×
magnification were used (0.13 nm/pixel resolution) with minimum particle count
of approximately 1100 (see Table 5). For aggregate size analysis, magnifications of 80,000× (0.24 nm/pixel), 60,000× (0.32 nm/pixel), and 40,000× (0.47
nm/pixel) were used for 4, 12, and 30 ml/h TTIP loading cases, respectively.
The different magnifications were chosen to maintain a similar pixel count per
particle across the TTIP loadings tested. Approximately 100 images per sample
were used with minimum particle count of approximately 1500 (see Table 6).

20 nm

20 nm

(a) A TEM image with 150,000× magni- (b) An annotated image showing spherification.
cal primary particles.
Figure 2: TEM images showing primary particle size measurement procedure employed (φ =
1.67, 30 ml/h TTIP loading rate).
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Primary particle size analysis. For primary particle size analysis, the measurement of primary particle diameter, dp , was performed using a MATLAB user
interface by specifying the center of the sphere and a point on the circumference
manually. The uncertainty of the measured dp from manual measurement is estimated to be ±2 pixel or ±0.25 nm. Figure 2 shows an example of TEM images
with spherical primary particles annotated. Due to the limited resolution of the
TEM imaging, only particles larger than 3 nm were clearly distinguishable and
measured. The average diameter (dp ), Sauter mean diameter (d32 ), standard
deviation (SD), and geometric standard deviation (GSD) were calculated for
each case as follows,
N

1 X
dp,i
N i=1
PN 3
i=1 dp,i
d32 = PN
2
i=1 dp,i
v
u
N
u 1 X
|dp,i − dp |2
SD = t
N − 1 i=1
v
u
2
N 
u1 X
dp,i
ln
GSD = exp t
,
N i=1
µg
dp =

(1)

(2)

(3)

(4)

where dp,i is the spherical equivalent diameter of an individual primary particle,
N is the total number of primary particles measured, and µg is the geometric
mean of the measured data set {dp,1 , dp,2 , ..., dp,N }.
Aggregate size analysis. For aggregate projected area analysis, the following
semi-automated procedures were employed (see Fig. 3 for illustration) using
built-in functions in MATLAB Image Processing Toolbox [28],
1. Filters: Perform a contrast-limited adaptive histogram equalization (adapthisteq function) on 3×3 pixel tiles followed by a 2-D median filtering (medfilt2
function) on 4 × 4 pixel tiles to enhance image contrast and reduce ”salt
and pepper” noise.
2. Binarization: Create a binary image with adaptive image threshold calculated using local first-order image statistics around each pixel (imbinarize function). A dark foreground polarity and a sensitivity parameter of
0.05 were specified.
3. Rolling ball 1-4: Restructure connected black pixels with four successive
rolling ball transformations (strel function, [12]) with increasing disk size
of 0.6 (rolling ball 1), 0.8 (rolling ball 2), 1.2 (rolling ball 3), and 1.6 nm
(rolling ball 4).
4. Edges removal: Remove pixel blobs that touch the image edges to exclude aggregates that are not completely within the image frame.
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Figure 3: Snapshots of an analysed TEM image (φ = 1.67, 30 ml/h TTIP loading rate) at
different stages of the projected area analysis procedure.

5. Size thresholding: Remove structures with spherical equivalent diameter smaller than a specified threshold (2, 3, and 4 nm for 4, 12, and 30
ml/h loading rates, respectively).
6. Lastly, in the rare instance that the algorithm results in structures that are
not particles (e.g., from clustered noise), these false particles are removed
manually.
From the aggregate analysis, a data set {P1 , P2 , ..., PN } was obtained
where Pi contains a list of coordinates of the constituent pixels of aggregate
i: {(xi,1 , yi,1 ), (xi,2 , yi,2 ), ..., (xi,L , yi,L )}. The projected spherical equivalent
diameter (dsph,i ) and the projected diameter of gyration (dg,i ) of aggregate i
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were calculated as follows,
r

L
dsph,i = 2s
π
v
u
L
u1 X
(|xi,j − xi |2 + |yi,j − yi |2 )
dg,i = st
L j=1

(5)
(6)

L

(xi , yi ) =

1X
(xi,j , yi,j ),
L j=1

(7)

where s is the image scale factor (nm per pixel) and L is the total number of
pixels for aggregate i. Additionally, a parameter αi was defined as the ratio
of dg,i to dsph,i , which is indicative of the degree of aggregation ofpan analysed
particle. A projected sphere, i.e. circle, has a characteristic
α = 1/2 ≈ 0.71,
p
3/4 ≈ 0.87. However,
while for a projected dimer with no overlap, α =
calculation of radius of gyration according to Eq. 6 tends to be an overestimate
for a pixelated circle with less than 100 pixels and thus the value of α is expected
to be slightly larger than 0.71 for a projected sphere (this is discussed further
in Section 4.3). The average aggregate projected area, dsph , and the average
projected aggregate gyration diameter, dg , were calculated as follows,
dsph =

dg =

N
1 X
dsph,i
N i=1

(8)

N
1 X
dg,i ,
N i=1

(9)

where N is the total number of aggregates identified in the analysis.
The projected diameter gyration, dg , calculated in Eq. 6 is not equivalent to
the actual diameter of gyration, d3D
g , typically used in the literature. For fractal
aggregates with fractal dimension, Df > 2, the following relationship applies [8]
d3D
g


=

2Df
Df + 2

1/2
dg .

(10)

This equation implies a correction factor of 1.095 for a compact sphere (number of primary particles, N = 1, Df = 3). For N = 2, assuming no particle
screeningpeffect, both gyration
sizes are exact and can be derived analytically
p
(d3D
=
8/5d, dg =
3/2d, d = primary diameter) resulting in a correcg
tion factor of 1.033, equivalent to Df = 2.3 according to Eq. 10. For mature
aggregates with Df ≤ 2, typical for soot, Sorensen and Feke [41] calculated a
conversion factor of 1.023. In this work, TEM images (as discussed later) show a
significant proportion of particles with N ranging from 1 to 4. As shown above,
the conversion factor shows dramatic change from N = 1 (sphere) to N = 2
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(dimer) while for larger aggregates, this conversion factor is almost constant
[40, 41]. Thus the conversion to the actual gyration diameter would introduce
significant additional uncertainty in this work due to the large variance in the
particle fractal dimension. In addition, for the purpose of defining the particle
morphology, α calculated with the projected diameter of gyration is sufficient
(see Section 4.3). For these reasons, the conversion of the gyration sizes is not
performed here.
4. Results and discussion
4.1. Sampling dilution
Given the large number density of particles sampled from the flame, sample
dilution is necessary to minimise particle losses due to coagulation and deposition on the wall and the orifice. Sample dilution also cools and quenches the
sampled gas to prevent further reactions. A thorough study on the dilution
behaviour of a similar sampling system has been performed by Zhao et al. [53]
who used a dilution flow of 29.5 l/min. The purpose of this section is to evaluate
the sensitivity of the particle size and number density to the dilution ratio for
the measurement conditions used in this work.
Here the dilution ratio is varied by changing the dilution volumetric flow
rate, L = 15–38 l/min (STP), within the sampling line while maintaining a
small static pressure drop, ∆Po = Patm − Po , approximately 4 ± 0.5 mbar across
of the orifice. Each measurement is averaged over 5 seconds (with data acquisition rate of 10 Hz). This pressure drop is sufficiently small to avoid flame
perturbation and large enough to prevent counterflow at the orifice due to pressure fluctuation during measurements. The total pressure drop, ∆P , is thus
∆P = ∆Po −

ρ 2
L ,
2A2

(11)

where the second term represents the dynamic pressure given as a function L,
ρ, the mass density, and A, the flow cross section. For L = 36 l/min (flow
rate used in this this work), the dynamic pressure is approximately 3.7 mbar.
The sampled gas volumetric flow rate, Ls , is calculated using the relation for
pressure loss due to laminar flow in a circular pipe,
Ls =

f πd4o
∆P = k∆P,
lµ

(12)

where f is the friction factor, do is the orifice diameter, l, is the orifice length,
µ is the gas viscosity. Assuming f , do , l, and µ are constant during the measurements, k was obtained from calibration using flow meters (≈ 7.6 ml·min−1 mbar−1 ).
The total dilution ratio, DR, is subsequently calculated similar to [53], i.e. DR
= 3.4L/Ls . The calculated DRs for all dilution flow rates tested are shown in
Fig. 4.
Figure 5(a) shows the measured particle number density measured by the
DMS500 as a function of DR for the φ = 0.35 flame with 12 ml/h TTIP loading.
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Figure 4: The calculated dilution ratio, DR, and standard deviation, SD, as a function of the
dilution flow rate. The errorbar is calculated using the standard deviation of the pressure
drop measurements. The dashed lines represent the range of DR for 36 l/min (STP) dilution
flow rate given a fluctuation in the pressure drop in the range of 3.8–4.5 mbar.

It is clear that the number density increases with DR for low dilution range,
i.e. DR < 104 . For DR > 104 , the number density converges to approximately
1.1×108 cm−3 within the measurement uncertainty (shaded region in Fig. 5(a)),
suggesting that particle losses are sufficiently minimised. Figure 5(b) shows the
change in particle size as a function of DR. Increasing DR results in smaller particle size as particle losses, both through coagulation and deposition, result in a
shift of particle size distributions towards a larger size. The particle size similarly converges to approximately 12.3 ± 0.25 nm at high dilution (DR > 2 × 104 )
as indicated by the shaded region.
Elsewhere this work, a dilution flow rate of 36 l/min and a static pressure
drop fluctuation in the range of 3.8–4.5 mbar (due to the difficulty in controlling
the pressure drop) were used. These conditions correspond to a DR of approximately 0.2–1.2×105 . This range is indicated with the dashed lines in Figs. 4
and 5. Within this range, Fig. 5 suggests that the particle number density and
size are relatively insensitive to the dilution ratio.
4.2. Validation of TEM sampling methodology
The TEM sampling methodology employed in this work is distinct to thermophoretic sampling commonly used for in-situ particle sampling [2, 6, 3]. Instead of thermophoresis, the particle deposition here relies on two main physical
mechanisms, namely inertial impaction and Brownian diffusion as the sample
flow through the holey TEM grid suspended perpendicular to the flow direction.
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(a)

(b)
Figure 5: (a) Particle number density, N , and (b) median particle size, hdm i, and the respective
standard deviations, SD, as a function of dilution ratio, DR, for φ = 0.35 flame and 12 ml/h
TTIP loading. The dashed lines represent the range of DR for 36 l/min (STP) dilution flow
rate given a fluctuation in the pressure drop in the range of 3.8–4.5 mbar. The shaded regions
indicate the converged values of N and Dm and the corresponding experimental uncertainties
at high DR.
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It is assumed that interception can be ignored here given the size of the holes
on TEM grid is typically much larger than the particles [36].
Due to the size dependency of inertial impaction and Brownian diffusion, it
is necessary to perform a correction to the particle size distributions obtained
using this methodology. However, as demonstrated below, the narrow size distribution produced with the stagnation flame configuration combined with the
high sampling flow velocity results in a minimal correction. In this section, the
overall collection efficiency of the holey TEM is estimated using similar approach
used by Ogura et al. [32]. Subsequently, the corrected particle size is validated
by comparison with the electrical mobility diameter measured with the DMS.
4.2.1. Correction for TEM collection efficiency
Taking into account Brownian diffusion and inertial impaction, assuming
both mechanisms act independently, the overall collection efficiency, E, can be
expressed as
E = 1 − (1 − ED )(1 − EI ),

(13)

where ED is the collection efficiency due to Brownian diffusion, and EI is the
collection efficiency due to inertial impaction.
Brownian diffusion. The collection efficiency due to particle diffusion to the
front surface of a filter can be calculated using an expression proposed by Manton [25],
!
−α1 Pe−2/3
(14)
ED = 1 − exp
1 + (α1 /α2 )Pe−7/15
2
α1 = 4.57 − 6.46Pgrid + 4.58Pgrid

(15)

α2 = 4.5,

(16)

where Pe is the Peclet’s number given by Pe = D0 U0 /D, D0 is the grid hole
diameter, U0 is the frontal velocity, Pgrid is the grid porosity, α1 and α2 were
determied from a least-squares fitting for 0.05 < Pgrid < 0.64. D is the particle
diffusion coefficient,
D=

kB T Cc
,
6πµR

(17)

where kB is the Boltzmann constant, T is the temperature, µ is the gas dynamic
viscosity, R is the particle radius. Cc is the Cunningham slip correction factor
given by
Cc = 1 + Kn(1.257 + 0.4 exp(−1.1/Kn)),

(18)

where Kn is the Knudsen number defined as λ/R and λ is the mean free path
of the gas molecules.
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Inertial impaction. The collection efficiency due to particle impaction is calculated using a formulation proposed by Pich [34] as follows,

2
2I
I
EI =
−
1+ξ
1+ξ


p
1
2
√
I = 2Stk ξ + 2Stk ξ exp −
− 2Stk2 ξ
Stk ξ
p
Pgrid
p
ξ=
,
1 − Pgrid

(19)
(20)
(21)

where Stk is the Stokes number given by
Stk =

4ρs R2 U0 Cc
,
9µD0

(22)

and ρs is the particle density.
In this analysis, the particle size is assumed to be equal to the spherical
equivalent size from projected area analysis, i.e. 2R = dsph . This assumption is
a valid approximation given that the particles observed on the TEM are mostly
single primaries with some small aggregates (discussed further in Section 4.3).
The parameters used in the calculation of TEM grid collection efficiency (Eq.
13) are given in Table 1. The face velocity is approximately 14 m/s, estimated
from the total flow rate flowing through the filter (27 lpm) and the tube crosssection area (32 mm2 ). However, the actual face velocity is likely to be lower
due to flow divergence on the TEM surface. As an estimate, two different face
velocities are tested here, 14 and 7 m/s. The hole diameter and grid porosity
are taken from Ref. [36] for a typical holey carbon grid. The density of anatase
is used for particles prepared in φ = 0.35 flames while density of rutile is used
for φ = 1.67 [27, 29].
Table 1: Parameters used for size-dependent collection efficiency calculation.

Parameters
λ
µ
ρs
T
U0
D0
Pgrid

Short description

Value

Notes

Mean free path
Gas dynamic viscosity
Anatase density
Rutile density
Gas temperature
Face velocity
Hole diameter
Grid porosity

70.9 nm
1.85×10−5 kg/m/s
3780 kg/m3
4250 kg/m3
313.15 K
7 and 14 m/s
1.67 µm
0.4

N2 at 313.15 K, 1 atm
N2 at 313.15 K
For φ = 0.35
For φ = 1.67
Experimental condition
Experimental condition
[36]
[36]

The calculated collection efficiency is shown in Fig. 6(a). This correction is
applied to the aggregate size distributions from the TEM image analysis. In
order to demonstrate the effect of this correction across the conditions studied
13

in this work, the median spherical-equivalent particle sizes, hdsph i, for φ = 0.35
flame, before and after correction, are plotted in Fig. 6(b). It is noted that the
correction is relatively small, especially for small TTIP loadings which is due
to narrow particle distributions. In addition, the correction seems to be almost
insensitive to the choice of face velocity. Subsequently, similar correction with
U = 7 m/s is applied to all TEM aggregate particle size distributions presented
in this work. This correction, however, is not applied for primary particle size
distributions as the collection efficiency is a function of the aggregate size.
4.2.2. Comparison with electrical mobility measurements
The DMS500 used in this study was calibrated at the factory against a
differential mobility analyzer (DMA). Here, calibration for spherical particles
with a monomodal distribution was used. The Stokes-Cunningham formula for
electrical mobility, Z, used with the DMA, is given by
Z/q =

Cc
,
6πµR

(23)

where q is the charge in the particle. The empirical Stokes-Cunningham formula is typically consistent with Eipstein’s formula assuming a diffuse scattering
model. However, it has been shown that in the limit of Kn >> 1, the mobility
particle size based on the Stokes-Cunningham formula tends to be over-predicted
by 10–20% compared to particle size from electron microscopy due to increasing
influence of long-range potential forces on particle scattering [37, 18, 22].
Li and Wang [21] suggests a generalised expression that accounts for gasparticle interactions in Kn >> 1 limit,
Z/q =
∗

3
1
∗
√
8 2πmr kB T Ng R2 Ω(1,1)
avg
(1,1) ∗

Ω(1,1)
= ϕΩd
avg

∗

+ (1 − ϕ)Ω(1,1)
,
s

(24)
(25)

where mr is the reduced mass of the gas molecule, mg , and particle, mp , such
that mr = mg mp /(mg + mp ), Ng is the gas number density given by ρg /mg , ρg
is the gas density. ϕ is the empirical momentum-accommodation function given
by
ϕ=

1 + 0.9Kn{1 − 1/[1 + (R/β)15 ]}
,
1 + Kn

(1,1) ∗

(1,1) ∗

(26)

where β = 2.5 nm. Ωd
and Ωs
are reduced collision integrals, parameterised as functions of σ 0 , a non-dimensionalised collision diameter, and T ∗ , a
modified reduced temperature. The parameters σ 0 and T ∗ are related to the
Lennard-Jones 12-6 parameters, i.e. wall depth, , and collision diameter, σ, for
the interaction between a fluid molecule and a constituent atom or molecule of
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Figure 6: (a) The collection efficiencies calculated based on Eqs. 13, 14, and 19 with face
velocities, U , of 7 and 14 m/s (thick and thin lines, respectively), using anatase density. (b)
The median spherical-equivalent particle sizes, hdsph i, before and after collection efficiency
correction for φ = 0.35 flames. The lines are added as a visual aid.
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the particle, as follows,
σ
R
3V kB T
∗
,
T =
2πσ 3
σ0 =

(27)
(28)

where V is the effective volume of the particle per molecule given by M̄ /ρs , M̄
is the mean atomic mass of particle material, and ρs is the mass density of the
particle. The interaction potential parameters, σ and , can be estimated from
√
the combination rules σ = (σg + σs )/2 and  = g s , where subscripts g and s
denote the gas molecule and particle molecule or atom.
The parameters σs and s for TiO2 are estimated using the melting point,
Tm , and the mass p
density at melting point, ρs,Tm , of TiO2 , such that s =
1.92kTm , and σs = 3 1.8M̄ /ρs,Tm [37]. Here the melting point of TiO2 is taken
as 2250 K and the density at melting point is 3210 kg/m3 [1]. The parameters
used in this section are summarised in Table 2. Similar to the TEM collection
efficiency correction, the density of anatase is used for particles prepared in
φ = 0.35 flames while density of rutile is used for φ = 1.67 [27, 29]. The
working pressure and temperature of the DMS500 used in this analysis are 250
mbar and 50◦ C.
Table 2: Parameters used for mobility size correction.

Parameters
µ
λ
g
σg
s
σs
mg
ρg
M̄
ρs
T

Short description
Gas viscosity
Mean free path
L-J 12-6 parameter
L-J 12-6 parameter
L-J 12-6 parameter
L-J 12-6 parameter
Gas molecule mass
Gas density
Particle mass
Anatase density
Rutile density
Temperature

Value

Notes
−5

1.89×10 kg/m/s
294 nm
98.4 K
3.652 Å
4320 K
4.193 Å
28.0 g/mol
0.261 kg/m3
79.9 g/mol
3780 kg/m3
4250 kg/m3
323.15 K

N2 at 323.15 K
N2 at 323.15 K, 250 mbar
N2 [22]
N2 [22]
TiO2
TiO2
N2
N2 at 323.15 K, 250 mbar
TiO2
For φ = 0.35
For φ = 1.67
Experimental condition

The correction to the mobility diameter is performed by firstly calculating
the electrical mobility, Z/q, based on Eqs. 18 and 23 for each size class of the
DMS500 [5]. The calculated Z/q is used to solve for the corrected size classes
according to Eq. 24. The corrected size distribution is then fitted with a lognormal distribution to obtain the median particle size, hdm i, and the geometric
standard deviation, σg .
The uncertainty of the corrected mobility sizes is evaluated here by considering two parameters used in the correction which have the highest uncertainties,
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particle density ρs , and β from Eq. 26. As discussed before, the particle density
was chosen based on the major phase identified with powder diffraction [27] for
the given equivalence ratio. However, this does not take into account mixtures
of phases with different densities or possibility of a size-dependent density which
can result in higher or lower effective density. Here a maximum uncertainty for
ρs is taken as 20%, approximately representing the difference between the densest and the least dense phases observed [27]. The parameter β represents the
crossover size between specular to diffuse scatterings. Li and Wang [22] determined this empirically to be 2.5 nm using the available experimental data for Ag
and Cu while other studies suggested smaller values, i.e. 1–2 nm [42]. Thus the
uncertainty for β is estimated to be ±1 nm. These values are used to calculate
the sensitivity of the median particle sizes for all cases in Table 3. The results
suggest that the median sizes are relatively insensitive to the density (approximately 1% change for all cases). Similar insensitiviy is observed for β except
for the 4 ml/h loading cases with larger β (maximum change of 8%). This is
expected as the particle sizes for the low loading cases are close to the crossover
size. The uncertainties shown in Table 3 are comparable to the average error
calculated by Li and Wang [22], i.e. 7%.
Table 3: Sensitivity of the median mobility size after correction to particle density ρs and
momentum accomodation function parameter β. Reference values for ρs are given in Table 2
while the reference β = 2.5 nm.

φ
0.35
0.35
0.35
1.67
1.67
1.67

Change in hdm i, %

TTIP
(ml/h)

ρs = 0.8ρs

ρs = 1.2ρs

β = 1.5 nm

β = 3.5 nm

4
12
30
4
12
30

1.6
1.1
0.9
1.4
1.1
0.9

-1.2
-0.9
-0.7
-1.1
-1.1
-0.8

-1.4
-0.0
-0.0
-0.4
-0.1
-0.0

7.9
0.8
0.2
4.1
0.7
0.2

Finally, the uncorrected and corrected mobility sizes are compared with the
spherical equivalent sizes for all cases in this work, shown in Fig 7(a). Here the
error bars represent the estimated error of 7% in addition to the measurement
uncertainty of ±0.25 nm (Fig. 5) for the mobility sizes and the uncertainty due to
the resolution of the TEM images (±0.24 nm, ±0.32 nm, ±0.47 nm for the 4, 12,
and 30 ml/h TTIP loading cases, respectively) for the spherical equivalent sizes.
The comparison is further summarised in Table 4. As the DMS500 resolution is
limited, a lower cutoff point of 3.8 nm–equivalent to the smallest DMS500 size
class of 4.9 nm after correction–is applied to the spherical equivalent size data
from the TEM image analysis. The resulting distribution is then fitted with
a truncated log-normal distribution to obtain the median particle size, hdsph i,
and the geometric standard deviation, σg . The TEM-derived sizes are taken as
the reference particle sizes for error calculation as a significant proportion of the
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particles are spherical (discussed further in the next section). As expected, the
discrepancy for uncorrected mobility size is greatest for the smallest particles.
The correction applied reduces the average difference from 19% to 4%, similar to
the average difference reported by Li and Wang [22] for previous experimental
data.
Table 4: Particle sizes from TEM projected area analysis and mobility measurements, before
and after correction, with the DMS.

φ

TTIP
(ml/h)

0.35
0.35
0.35
1.67
1.67
1.67

4
12
30
4
12
30

TEM
hdsph i
(nm)
5.69
9.70
15.37
7.11
9.80
13.85

DMS
hdm i
(nm)
7.25
12.27
15.96
8.81
11.81
15.12

Err.
(%)
27.4
26.5
3.8
23.9
20.5
9.1

Mean absolute error, %

18.5

σg
1.50
1.62
1.58
1.52
1.63
1.61

DMS, corrected
σg
1.30
1.38
1.39
1.34
1.35
1.38

hdm i
(nm)
5.73
10.43
13.99
7.10
9.94
13.12

Err.
(%)
0.8
7.6
-9.0
-0.1
-1.4
-5.3

σg
1.34
1.44
1.45
1.40
1.40
1.43

4.0

Figure 7(b) shows the corrected and uncorrected mobility size distributions
as well as the spherical-equivalent size distribution obtained from the TEM
image analysis for φ = 1.67 and 4 ml/h TTIP loading where the mobility measurement overpredicts the particle size by approximately 24%. This is consistent
with previous studies comparing mobility and microscopy sizes where average
overprediction of 20% was reported [37, 18]. The applied correction results in a
much better agreement between the mobility and spherical equivalent median
sizes.
However, some discrepancies are observed for the distribution widths as indicated by the geometric standard deviations, σg , also tabulated in Table 4. The
TEM-derived size distributions has an average σg of 1.58 compared to 1.36 and
1.41 for uncorrected and corrected mobility size distributions, respectively. The
broadening of the mobility size distributions after correction is a result of the
size-dependent correction (i.e. larger correction for smaller particles). As a comparison, Tolmachoff et al. [43] reported σg of 1.3-1.5 for similar TTIP loading
range. Similar discrepancy between the TEM and DMS distribution widths has
been observed in other comparative studies before [10, 18] although the reason
is unclear. Here, two possible reasons are suggested which will be inverstigated
in further studies. First, the TEM image analysis does not always capture the
projected particle shape precisely due to multiple factors including image quality as discussed in Section 3. For example, the aggregates can be artificially
combined when the projections are too close or fragmented when some parts of
the particles are not on the focus plane. These measurement errors result in
broadening of the actual distributions. Second, the mobility size distributions
measured by the DMS500, especially the widths, are sensitive to the classifier
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(a)

3.5
3
2.5
2
1.5
1
0.5
0
1

10

20

(b)
Figure 7: (a) Comparison between TEM-derived radii, RTEM , and the mobility radii, RDMS ,
corrected and uncorrected. The interpretation of the errorbars is discussed in the text. (b)
Particle size distributions measured using DMS, dm , corrected and uncorrected, and from
TEM image analysis, dsph , for φ = 1.67 and 4 ml/h TTIP condition. The vertical lines
indicate the median values from log-normal fit to the distributions used in the correction.
The geometric standard deviations, σg , are also indicated.
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transfer function used by the DMS500 [5]. This is represented by the internal
calibration matrices generated by the supplier (Cambustion Ltd.) with different
aerosol standards. For example, the same measurements performed with calibration matrix generated with soot agglomerates tends to produce significantly
broader distribution than those with calibration matrix generated with spherical
aerosols although the median sizes are similar (unpublished data). The aggregate particle morphology could also affect the particle charge distribution from
the unipolar diffusion charger [13, 19]. However, this is unlikely to be significant
as the majority of particles are spherical or have low aspect ratio and therefore
well described by the Fuchs’ limiting-sphere theory as employed in the DMS500
charging model [5].
The close agreement between the corrected mobility particle size and TEMderived particle size confirms that the sampling methodology used in this work
can be used to characterise the morphology of small nano-aggregates as discussed in the next section.
4.3. Particle morphology
Table 5 summarises the measured primary particle sizes from the TEM images with high magnification (150,000×). It is important to point out that due
to the resolution limit, poorer contrast, and higher chance of overlap, smaller
particles are harder to measure manually (with only particles larger than approximately 3 nm can be confidently identified). This is likely to result in slight
bias towards larger particles. As such, the Sauter mean diameter, d¯3/2 , is reported here in addition to the averaged mean, d¯p , as it tends to represent data
closer to the right end of the distribution. The primary particle distributions
are relatively narrow as indicated by the geometric standard deviations, σg .
Table 5: Summary of primary particle analysis.

φ
0.35
0.35
0.35
1.67
1.67
1.67

TTIP
(ml/h)
4
12
30
4
12
30

count
1462
1427
1323
1121
1637
1136

Primary particles
dp ± SD, nm
σg
d3/2 , nm
5.9 ± 1.3
1.25
6.5
9.3 ± 2.4
1.29
10.6
11.9 ± 3.7
1.37
14.3
6.2 ± 1.3
1.23
6.8
8.4 ± 2.2
1.30
9.5
12.1 ± 3.3
1.33
13.9

Table 5 suggests that the primary sizes are strongly affected by the TTIP
loading but are relatively insensitive to the flame temperature. This is surprising
as the rich flame (φ = 1.67) is approximately 450 K hotter than the lean flame
(φ = 0.35). This result is consistent with previous measurements which showed
that the primary particle sizes from flames with a wide range of equivalence
ratios with the same TTIP loading are similar [27]. The insensitivity of particle
size to the maximum flame temperature was explained by the reduced particle
residence time in hotter flames due to a higher convective velocity.
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Figure 8 shows the TEM images used for the aggregate projected area analysis (see Section 3). The particle morphology can be described as a mixture
of single spherical particles and small aggregates with small degree of sintering.
High magnification experimental TEM images, not shown here, reveal highly
crystalline primary particles. These observations are in agreement with previous studies [29, 43].

50 nm

50 nm

50 nm

50 nm

50 nm

50 nm

Figure 8: Examples of TEM images used for aggregate size analysis for all conditions tested
in this work. In order to minimise bias from particles overlapping, only TEM images with a
particle coverage of less than 5% were included in the analysis.

In order to describe the particle morphology, α, the ratio of dg to dsph , is used
to characterise the level of particle aggregation. Spherical particles have α close
to 0.7 while aggregates with open structure have a larger α. As α is affected by
the pixel resolution of the particles, the image magnifications were adjusted for
different TTIP loading cases such that the average number of pixels per particle
is conserved. This ensures that the particle morphology as characterised by α
is comparable across all loadings tested.
Figure 9 shows examples of typical aggregates observed in the aggregate size
analysis with their corresponding α. Spherical particles (Fig. 9(a)) are typically
characterised by α around 0.7. As the structure becomes more open and nonspherical, α, increases to a maximum of around 1.3.
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Figure 9: Examples of particles observed in the TEM image analysis and the corresponding
pixel mask at varying degree of aggregation (with α = dg /dsph ranging from 0.7 to 1). A
spherical particle is defined as having α < 0.73 in this work.

Figure 10 shows the bivariate histograms of all particles analysed in this
work characterised by the parameters dsph and α. Two important observations
are made here: First, a significant proportion of particles have α close to 0.7
(shown by the color scale). This is consistent with the qualitative observation
that most particles have spherical morphology. Second, larger particles tend to
have larger α which is expected as larger particles sinter more slowly leading to
the formation of more open structures.
In this work, a condition of α < 0.73 is assumed to define a spherical particle. This is slightly higher than a perfect circle whose α = 0.71 to allow for
some degree of roughness from image analysis algorithm. Table 6 summarises
the important metrics of the particle morphology obtained from the aggregate
image analysis. Taking into account the size-dependent collection efficiency,
E(d) (discussed in Section 4.2.1), an average property, X̄, can be calculated as
follows
PN
Xi /E(dsph,i )
X̄ = Pi N
.
(29)
i 1/E(dsph,i )
In all cases, the value of ᾱ, lies within a narrow range of 0.75–0.77 indicating a
small degree of particle aggregation which is almost insensitive to the conditions
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Figure 10: Bivariate histograms of all particles analysed in this work characterised by their
geometric parameters dsph and α. The color scale represents particle count. The bin sizes are
1 nm and 0.025 for dsph and α, respectively. The horizontal dashed lines indicate α = 0.73.

tested. The degree of aggregation can be further quantified by the proportion
of particles with spherical morphology (α < 0.73), f , which ranges from 57–
68%. This significant proportion of single spherical particles justifies the choice
of using dsph as the particle size for TEM collection efficiency and mobility size
corrections discussed in Section 4.2.
Table 6: Summary of aggregate size analysis (after size-dependent collection efficiency correction).

All aggregates
dsph
dg
α
(nm) (nm)
0.35
4
3016
5.81
4.54 0.76
0.35
12
2601 10.78 8.37 0.75
0.35
30
1582 17.00 13.20 0.75
1.67
4
3823
7.62
6.10 0.77
1.67
12
2676 10.96 8.53 0.76
1.67
30
2633 15.49 12.07 0.75
P
P
a
f = [ αi <0.73 1/E(dsph,i )]/[ all i 1/E(dsph,i )]
b
∆ = (d¯∗sph − d¯p )/d¯p (values of d¯p from Table 5)
φ

TTIP
(ml/h)

count
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Aggregates, α < 0.73
fa
d¯∗
∆b
sph

(%)
68
64
62
57
61
62

(nm)
4.71
8.37
13.27
5.96
8.45
11.89

(%)
-20.2
-10.0
10.75
-5.2
-0.2
-1.3

Further, the primary size distributions are compared to the aggregate size
distributions from the projected area analysis in Fig. 11. The distributions
are represented as non-parametric continuous functions (kernel distributions)
generated using the kernel density estimator function in MATLAB [7] in order
to avoid making any assumptions of the underlying distribution shapes. In
general, the aggregate size distributions, dsph , are broader than the primary
size distributions, dp , but the modes of distributions are similar due to the high
proportion of single primary particles. The size distributions of particles with
α < 0.73, denoted as d∗sph , are also shown. It is interesting to note that d∗sph and
dp distributions show relatively good agreement. This suggests that the use of
α < 0.73 to isolate the spherical particles is appropriate.

Figure 11: The primary diameter, dp , and spherical equivalent diameter from aggregate projected area, dsph , distributions for all conditions tested. d∗sph is the spherical equivalent
diameter of aggregates with α < 0.73 (single primaries). The bin size and the bandwidth for
the density estimation are 1 nm.

A rather significant discrepancy is observed for the 4 ml/h case for φ = 0.35
(20%, Table 6). The disagreement between d¯∗sph from aggregate size analysis
and d¯p from primary particle analysis is likely a result of a bias in the latter
towards large particles. This is due to poor contrast and particle overlap especially when the particles are smaller than 4 nm. The comparison of the Sauter
mean diameters, d¯3/2 , for this case shows a smaller difference of 10% suggesting
that the discrepancy mainly comes from the left tail of the distribution (small
particles).
Lastly, the relatively good agreement between d∗sph and dp over all conditions, except for the φ = 0.35 flames with low loading cases, tested suggests
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that no significant growth through sintering occurs after the aggregation. This
likely means that the aggregation does not occur in flame but near the stagnation plate, i.e. if the aggregation happens earlier in flame, further sintering
would have resulted in larger primary particles in aggregates compared to nonaggregated spherical particles. This is plausible as the gas temperature only
decreases steeply near the stagnation plate [43, 26]. This is supported by the
observation that the primary particles in the aggregates are mostly in point
contact with small degree of sintering (see Fig. 8).
5. Conclusions
In this work, we demonstrated the use of a TEM sampling method that
relies on impaction and diffusion in order to characterise the morphology of
titania nano-aggregates prepared in a stagnation flame reactor. TEM images
were taken and semi-automated image analysis procedures were performed. The
method is validated against electrical mobility measurements taking into account size-dependent collection efficiency of the TEM sampling and mobility
size correction. The excellent agreement between TEM-derived and mobility
sizes suggests that the TEM sampling combined with image analysis can be
used to characterise the particle morphology for the conditions presented here.
The analysis reveals that the primary particle and aggregate sizes are mostly
affected by the precursor loading but not the flame temperature. In contrast,
the degree of aggregation is found to be insensitive to the precursor loading or
the flame temperature. The degree of aggregation is described by α, the ratio of
gyration to spherical-equivalent diameters, where spherical particles are defined
as having α < 0.73. Approximately 60–70% particles analysed have spherical
morphology (single spherical particles) while the rest form small aggregated
structure with α = 0.73–1.3. The aggregation explains the previously observed
discrepancy between TEM and mobility sizes. The primary particle size distributions are similar to the spherical particle size distributions which suggests
that the aggregation only occurs very late in the particle growth stage (i.e. near
the stagnation plate). This is consistent with the qualitative observation of
minimal sintering level in the aggregates.
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