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Summary

In this study the produced particles (TiO,, Fe(NO3),-9H,0, BaCl, and Ni(NO3),) by the IndMeas flow
calibrator device (FCD) directly enter the measurement system (continuous production) or the particles
were collected on the surface of a new filter and removed by a fast and powerful "blow” similar as in
the case of the cyclone (filter collection). In addition to the earlier experiments the concentration of the
feed solutions is further varied and active '*'Ba-tracer is applied as in the normal field measurements.
To study the effect of higher temperature on the size of the tracer particles an additional heater (T=150
°C; of the same order as temperature at the exit of the FCD) was installed after flow calibration device
before the collection filter. Moreover, to simulate possible particle adhesion and retention in systems
containing moisture near or at the inlet point of the tracer particle feed a so called “wet inlet tube”
experiment was carried out. Finally, possible particle adhesion and retention caused by a non-optimal
inlet tube was studied by installing a long spiral-type inlet tube.

The change of reagent concentration did change the number of produced particles but their size
remained basically unchanged (d,=1 pm). Lowering the reagent concentration even more would not
probably be of any use because collection times (to attain high enough activation level of the particles)
would also need to be increased thus increasing the probability for agglomeration on the filter.

The addition of an additional heater clearly improved the collection of particles on the filter by
decreasing thermophoretic losses. The addition of a wet inlet tube to simulate possible particle
adhesion in systems containing moisture near or at the inlet point of the tracer particle was found
effective in trapping the particles: up to 2.5-fold decrease in number concentration was found. Another,
even more efficient particle trap was an addition of a long spiral inlet tube to simulate non-optimal inlet
tube causing particle adhesion and retention: up to 20-fold decrease in number concentration was
found. Thus selecting an optimal inlet and inlet tube is very important to minimise particle losses.

The reentrainment of the particles from the filter during the pressure “blow” may be improved by
selecting another filter material that is less porous. The main problem in finding a suitable filter material
is that it has to withstand the high pressure peak reentraining the particles during the “blow”. One
solution could be a dense metal grid or sintered metal filter. These types of filters withstand pressure

peaks, and the detachment or reentrainment of the collected particles should be easier.
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1. Introduction

This study titled as “Production and dispersion of tracer particles for process flow
measurements” is a part of the CLEEN MMEA (Measurement, monitoring and environmental
efficiency assessment) research program going on during 2010-2014. The aim of the
research program is “to combine the development of new measurement technologies, data
quality assurance methods, modelling and forecasting tools, and information and
communication technology (ICT) infrastructure (CLEEN MMEA factsheet, 2010).”

A measurement (calibration) device designed by the IndMeas company for the calibration of
industrial flow meters with the help of activated particles is studied and characterised. With
this device it is also possible to check/evaluate, e.g. emissions and energy balances of an
industrial facility. The method applies '*'Ba-tracer, whose t41,=153 s. The aim of the
research is to characterise the IndMeas measurement method and to improve its
performance. The main focus is to concentrate on thoroughly charactering the particles
produced by the device with different reagents, and on improving the properties of the
particles, i.e. to reduce their adherence and decrease their size to reduce particle losses by,
e.g. deposition.
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2. Methods

2.1 Principles of measurement devices

In the following section a short description of the experimental techniques and equipment
used in this study is provided. For more thorough information the required references are
provided.

An aspiration electron microscopy sampler (AEM sampler) was used to collect samples
for morphology studies in scanning electron microscope (SEM). The sampler consists of an
EM grid mounting head soldered with silver into 6 mm tubing and Swagelok fittings. The
carbon coated copper grid (Holey carbon, dgit=3.1 mm) is mounted on the grid mounting
head with the help of a hollow screw, and a copper seal is mounted between the screw and
the EM grid. The flow through the aspiration sampler is regulated to approximately 0.1 Nlpm
with a critical orifice (CO). This sampler is designed and manufactured by VTT.

An electrical low-pressure impactor (ELPI) was used to measure the particle number
concentration and number size distribution. The base of the ELPI is a 12 stage cascade low-
pressure impactor with a without a final filter stage. In these measurements the ELPI is
equipped with a filter stage. In ELPI the particles are charged with a unipolar diode charger
to a well-defined charge level prior entering the cascade impactor. Inside the impactor the
particles are classified in to 12 size classes (from 30 nm to 10 um) according to their
aerodynamic diameter. When collected at the different collection stages the particles produce
electric current that is measured with highly sensitive electrometers. The results may then be
recorded to a PC equipped with a control software (Keskinen, et al., 1992; Baltensperger,
Weingartner, Burtscher and Keskinen, 2001).

2.2 Studied process and measurement set-up

The operation principles of IndMeas flow calibrator device (FCD) is described in the research
report (Lyyrdnen, et al., 2011). In this study the cyclone used for the collection of the
produced patrticles is replaced by a filter (Fig. 1a). The collected particles are removed from
the surface of the filter by a fast and powerful pressure pulse, "blow”, similar as in the case of
the cyclone. This process is called filter collection.

-

Figure la Measurement set-up for filter
collection experiments with active tracer particles “blown” from the filter.
particles.

Figure 1b.Sample line for measuring tracer
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Figure 1c. Sample inlet locations for AEM
microscopy sampler and ELPI.

In the previous experiments particle number and mass concentration and number size
distribution has been characterised in detail (Lyyranen, et al., 2011, Lyyranen, et al., 2012).
In these experiments similar reagents are used to produce the particles as in previous
experiments with the exception that the concentration of the feed solutions is further varied
and active “*'Ba-tracer is applied. The tracer particles are used to study the collection
efficiency of the filter and re-entrainment of the collected particles by the pressure “blow” by
measuring the signal intensity generated by the particles as in the field measurements. The
signal generated by the activated tracer particles was monitored by radiation detectors at the
FCD exit, at the filter and outside the sampling tube near sampling point. To find out the size
of the generated tracer particles samples for scanning electron microscopy are collected with
the AEM microscopy sampler. In addition, to monitor the re-entrainment of the particles after
the “blow” particle number concentration and size distribution are measured with an ELPI.
Moreover, to find out the possible size difference between the particles collected on the filter
that are “blown” away (filter collection) and the particles produced by the FCD before filter
collection, microscopy samples were collected directly from the outlet of the flow calibrator
device without the filter (continuous production). During this collection no ELPI
measurement was carried out. Comparison of these particle samples indicates possible
agglomeration/aggregation of the particles during filter collection.

To study the effect of higher temperature on the size of the tracer particles an additional
heater (T=150 °C; of the same order as temperature at the exit of the FCD) was installed
after flow calibration device before the collection filter (Fig. 1a). The function of the heater is
to ensure that the particles arriving to the filter are completely moisture free that may cause
unwanted aggregation/adherence of particles to each other. Moreover, to simulate possible
particle adhesion and retention in systems containing moisture near or at the inlet point of the
tracer particle feed a so called “wet inlet tube” experiment was carried out. Finally, possible
particle adhesion and retention caused by a non-optimal inlet tube was studied by installing a
long spiral-type inlet tube.

The sampling line (Fig. 1b) in these experiments is different from the previous ones: the line
does not have any dilution and the tracer particle inlet is in right angle in relation to the
sampling line (Fig. 1c). This is not optimal for minimising particle losses at the tracer particle
inlet but in field measurements this is the most common case. Therefore, this type of particle
inlet was selected. In the laboratory conditions the particle inlet could have been optimised
by a 90 degree inlet probe extending parallel in to the sampling line. However, the probe was
not used because the application of the probe in the field measurements is seldom possible.
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2.3 Experimental matrix

The experimental matrix is presented in Table 1. The selected reagents were TiO,, TiO, +
silica, Fe(NO3)3-9H,0, Fe(NOs3);-9H,O+silica, Ni(NOs3), + silica and BaCl, in different
concentrations. The eluent solution passing through the activated ion exchange column was
0.005 mol/dm® HCI solution in all cases. As in earlier studies, BaCl, acted as reference
reagent.

Table 1. Measurement matrix for the experiments. Used reagents, processes (filter collection
or continuous production (no filter)) and electron microscopy sample collection times.
Reagent concentration and feed rate are also given (no filter = particle collection directly from
the flow calibrator device without filter collection; heater = additional heater installed at the
exit of the FCD before filter collection; wet inlet tube = to simulate possible particle adhesion
and retention in systems containing moisture near or at the inlet point).

Date Reagent(s) Time Process | SEM
1.7.2013 TiO, + silica 10:20-10:37 | Filter 10:37
20 g/dm?®, 6 ml/min
11:08-11:25 11:13
TiO, + silica 11:50-12:20 | No filter 12:05
20 g/dm?®, 6 ml/min
Fe(NO3)3-9H,0+Si 12:38-12:43 12:42
40 g/dm?®, 6 ml/min
BaCl, 12:50-13:00 12:53
5.5 g/dm®, 6 ml/min
2.7.2013 TiO, + silica 9:00-9:10 No filter 9:03
20 g/dm?®, 3 ml/min
TiO, + silica 9:12-9:20 9:15
10 g/dm?, 3 ml/min
Fe(NO3)3-9H,0 9:22-9:30 9:27
2 g/dm®, 6 ml/min
Background 9:32-9:40 9:35
Fe(NO3)3-9H,0 9:50-10:00 Filter Low activity
2 g/dm?®, 6 ml/min on filter
TiO, + silica 10:10-10:18 Particles
20 g/dm?®, 6 ml/min adhere on
filter
TiO, + silica 11:00-11:13 | Filter + 11:07
20 g/dm®, 6 ml/min heater
TiO, + silica 11:23-11:30 11:30
20 g/dm?®, 3 ml/min
Fe(NOg);-9H,0 11:43-12:00 Low activity
2 g/dm®, 6 ml/min on filter
3.7. 2013 | Fe(NO3);-9H,0+Si 9:20-9:30 Filter + 9:28
40 g/dm?®, 6 ml/min heater
BaCl, 9:41-9:50 9:49
5.5 g/dm®, 6 ml/min
BacCl, 10:14-10:20 | Filter + 10:18
5.5 g/dm®, 6 ml/min heater +
Fe(NO3)3-9H,0+Si 10:27-10:36 | wet inlet 10:35
40 g/dm?®, 6 ml/min tube
TiO, + silica 10:53-11:03 11:02
20 g/dm?®, 6 ml/min
Fe(NO3)3-9H,0+Si 11:10-11:15 11:15
40 g/dm?®, 6 ml/min
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TiO, + silica 11:30-11:40 11:38
20 g/dm?®, 3 ml/min
Fe(NO3)3-9H,0 11:45-11:55 11:51
2 g/dm®, 6 ml/min
4.7.2013 Fe(NO3)3-9H,0 9:40-9:50 Filter + 9:45
2 g/dm®, 6 ml/min heater +
TiO, + silica 9:55-10:05 | spiral 10:00
10 g/dm?, 6 ml/min
TiO, + silica 10:15-10:22 10:21
20 g/dm?®, 6 ml/min
Fe(NO3)3-9H,0+Si 10:30-10:40 10:37
40 g/dm?®, 6 ml/min
BaCl, 10:45-10:55 10:52
5.5 g/dm®, 6 ml/min
Ni(NO3), 11:00-11:10 | Filter + 11:09
2 g/dm?®, 6 ml/min heater
Ni(NO3), + silica 11:15-11:22 11:21
20 g/dm?®, 6 ml/min
Ni(NO2), + silica 11:24-11:27
2 g/dm?®, 6 ml/min
3. Results and discussion
3.1 Filter collection and continuous production of particles for TiO,,

Fe(NOs),-9H,0 and BaCl, with and without silica

3.1.1 Particle number concentration and number size distribution

Typical particle number concentration during the filter collection with TiO, + silica reagent
(20 g/dm®, 6 ml/min) for the first set on 1.7. at 10:20-10:37 varied between 2.8-3.8-10° 1/cm®
and the aerodynamic count median diameter (CMD,¢) of the particles varied from 2 to 6 pum
(Fig. 2a). A SEM sample was also collected. For the second set at 11:08-11:25 the number
concentration varied between 0.7-1.7-10° 1/cm® and the CMD,. varied from 1 to 2 pm. In
addition, the CMD,e of the escaped particles was larger than target size of approximately 0.5
um. For the third set on 2.7. at 10:10-10:18 the number 1.6-5.7-10° 1/cm® and the CMD,,
was approximately 1 pm (Fig. 2b).

The number concentrations seemed to be slightly low thus indicating that only part of the
particles was able to escape from the filter during the “blow”. Thus particles adhered to the
filter. Another cause for a low total number concentration would be thermophoretic losses
after the particles exit the flow calibrator device: The exit line leading to the filter is not
usually insulated or heated.

For Fe(NOs)s-9H,0 reagent (2 g/dm®, 6 ml/min) during filter collection the particle number
concentration on 2.7. at 9:50-10:00 varied between 1.4-3.6-10° 1/cm?® and the CMD,. varied
from 0.1 to 0.3 um (Fig. 2b). The CMD,. in this case was optimal but the activity of the
collected patrticles on the filter was low. Therefore, no SEM sample collection was considered
necessary.
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Figure 2a. Total particle number concentration and aerodynamic count median diameter
(CMDg) of the particles generated from TiO, + silica reagent measured with ELPI on 1.7.
2013, filter collection.
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Figure 2b. Total particle number concentration and aerodynamic count median diameter
(CMDg) of the particles generated from Fe(NO3);-:9H,0 and TiO, + silica reagent measured
with ELPI on 2.7. 2013, filter collection.

3.1.2 Particle morphology

The produced particles with TiO, + silica reagent (20 g/dm®, 6 ml/min) with filter collection
on 1.7. at 10:37 were mainly chain-like aggregates. The length of the aggregates varied a lot
from a few hundred nanometres up to micrometres. This is in congruent with the CMD,,
measured with ELPI. The aggregates consisted of nearly spherical primary particles of
approximately 50 nm in size (Fig. 3).
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The produced particles with TiO, + silica reagent (20 g/dm®, 6 ml/min) with continuous
production on 1.7.at 2013, 12:05 were spheres generally larger than 1 um in diameter. The
large spheres consisted of nearly spherical primary particles of approximately 50 nm in size
(Fig. 4) as in the case of filter collection (Fig. 3).

Mag= 50.00 KX 200 n ignal Date i1 Jul 2013
Meriin-4263 1 EHT = 200 kv ESBGridis= 0V Sample ID = Ti02 + silica 20 g/dm3, F Merlin-42-63 |—1 ENT - 200KV ESBGridis= 0V Sample ID = Ti02 + silica 20 g/dm3, F

Mag= S00KX 1pm WD = 33mm Signal A= InLens Date i1 Jul 2013

Figure 3a. The generated particles with TiO, + Figure 3b. A detailed image of the aggregates
silica (20 g/dm®, 6 ml/min) reagent with filter They consist of spherical primary particles of
collection (1.7.2013, 10:37). Particles are approximately 50 nm in diameter.

chain-like ggregates.

Mag = 1000KX 1pm WD = 3.4 mm Sig

Merlin42-63 EHT = 200 kY Esl is = Samgple ID = Ti

Figure 4a. The ¢ generated partlcles W|th TiO, + Figure 4b. A detailed |mage of the spheres.
silica (20 g/dm®, 6 ml/min) reagent with They consist of spherical primary particles of
continuous  production (1.7.2013, 12:05). approximately 50 nm in diameter.

Particles are spheres generally larger than 1

pum in diameter.

KX
Meriin-42-63 '—‘ EHT = 2.00 kv silica 20 g/dm3, no F

Comparison of SEM images for TiO, + silica reagent (20 g/dm®, 6 ml/min) with filter collection
and continuous production indicated that the large spheres seen during continuous
production (Fig. 4) seemed to disintegrate in to smaller chain-like aggregates with filter
collection. The disintegration most likely occurs during the powerful pressure “blow” when the
collected particles are escaping the filter.

The produced particles with TiO, + silica reagent (20 g/dm®, 3 ml/min; lower concentration
than on 1.7.2013 at 12:05; Fig. 4) with continuous production on 2.7. at 9:03 were mainly
spheres generally larger than 1 um in diameter. The large spheres consisted of nearly
spherical primary particles of approximately up to 50 nm in size (Fig. 4) as in the case of
higher reagent concentration (Fig. 4). Thus the size of the spheres (d,=1 pm) did not change
but the size of the primary particles seemed to decrease slightly.
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Decreasing the reagent concentration further in half with TiO, + silica reagent (10 g/dm®, 3
ml/min) did not have any significant effect on the size of the agglomerated spheres. The size
of the spheres was still generally over 1 um (Fig. 5).

ENT = 200 WY Sample ID = Ti02 9/dm3, 3 mUmin, no

Date 2 Jul 2013
Sample ID = Ti02 + silica 20g/dm3, 3 mUmin, no F

Mag= 5000KX 100 nm
Merlin42-63

WD - 33mm
EHT = 2.00 kV

Signal A= InLens
ESBGridis= OV

Frgure 5a. The generated particles with Troz
silica (20 g/dm®, 3 ml/min) reagent with
continuous  production  (2.7.2013, 9:03).
Particles are spheres generally larger than 1
pm in diameter as in Fig. 4.

WD = 33mm
EHT = 200 kv

Mag= 400KX Zum
Merlin-42-63

Signal A= InLen:
ESB Grid is.

ov Sample ID

Figure 5b. A detailed image of the sphere. They
consist of spherical primary particles of
approximately up to 50 nm in diameter. They
seem to be slightly smaller than in Fig. 4 (lower
concentration).

WD = 33mm

Mag= 3000KX 200 nm i
EHT = 2.00 k¥ Sample ID =

Merlin4263 1

Figure 6a. The generated particles wrth TiO, +

silica (10 g/dm®, 3 ml/min) reagent with
continuous  production  (2.7.2013, 9:15).
Particles are spheres generally larger than 1

Figure 6b. A detarled |mage of the sphere They
consist of spherical primary particles of
approximately up to 50 nm in diameter, similar
size as in Fig 5.

pm in diameter as in Fig. 5.

With Fe(NO3)s-9H,0 + silica reagent (40 g/dm®, 6 ml/min) with continuous production on
1.7. at 12:42 the particles were mainly spheres generally larger than 1 pm in diameter as in
the case of TiO,. The spheres consisted of spherical primary particles of approximately 50
nm in diameter. Larger spheres without any silica on their smooth surface up to
approximately 300-500 nm were also seen (Fig. 7). This was discovered in earlier studies
with different reagents (Lyyranen, et al., 2011 and 2012).

Decreasing the Fe (NO3);-9H,0 reagent (2 g/dm®, 6 ml/min) concentration in to 1/20 did not
seem to have any significant effect on the size of the agglomerated spheres as in the case
for TiO, (Fig. 8). In this case, though, no silica was added. The produced particles, however,
looked similar to those produced with silica addition. It is possible that some remains of silica
was still left in the particle production lines, even though the lines were cleaned, and cleaning
solution was fed through these lines as in all cases when changing the reagent solution. The
most probable cause for silica addition type particles is the filter itself: even though the filter
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was cleaned before and after each experiment the porosity of the filter stores particles from
previous experiment that are nearly impossible to remove completely. This could have been
solved by using a new filter material in each experiment. In this case this was not possible
because there simply was not enough clean filter material.

Mag KX 1pm WD - 34 mm Date -1 Jul 2013
Meriin4263 EHT = 200 KV ESB G ample ID = Fenitrate = silica

WD - 34 mm
EHT = 200 kv

Mag= 000KX 200 nm

Signal A= InLens
Merlin-42-63 ESBGridis= 0V Sample ID - Fenitrate = silica 40 g/dm3, no F

Figure 7a. The generated particles with Fe
(NO3)3-9H,O + silica reagent (40 g/dm® 6
ml/min) with continuous production (1.7.2013,
12:42). The particles are nearly spheres
generally Irger than 1 pm.

sk — | :

Date 2 Jul 2013
Sample ID = Fenitrate 2g/dm3, no F

WD = 3.4 mm
EHT = 2.00 V.

Signal A= InLens
ESB Gridis= 0V

Mag- 300X  10pm
Merlin4263 1

Figure 7b. A detailed image of the spheres.
They consist of spherical primary particles of
approximately 50 nm in diameter. Larger
spheres up to approximately 300-500 nm are
also seen.

15.00 KX 200 nm WD = 34 mm Date :2 Jul 2013

EHT = 200 KV

Mag =

Signal A= InLens
Meriin4263 idis -

Fig. 8a. The generated particles with Fe
(NO3)3-9H,0 reagent (2 g/dm®, 6 ml/min) with
continuous  production  (2.7.2013, 9:27).
Particles are spheres generally larger than 1
pm in diameter.

Fig. 8b. A detailed image of the spheres. They
consist of spherical primary particles of
approximately up to 50 nm in diameter.

With the reference reagent BaCl, (5.5 g/dm®, 6 ml/min) with continuous production the
particles were nearly spheres generally larger than 1 um as in previous cases. However, also
smaller, approximately from 0.1 pm to 0.5 um almost spherical particles were discovered.
The structure of the spheres looked highly sintered without any significant microstructure
(Fig. 9). The structure is similar as found in the earlier studies (Lyyranen, et al., 2011 and

2012).
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WD - 34 mm Signal A= InLens Date -1 Jul 2013 Signal A= InLens Date -1 Jul 2013

Mag= 10.00 KX 1pm
EHT - 200 kV ESB Gridis- 0V Sample ID - BaCI2 5.5 ¢/dm3, no F Meriin4263 1 ENT- 200kv ESB Gridis= 0V Sample ID = BaCI2 5.5 g/dm3, no F

Figure 9a. The generated particles with BaCl, Figure 9b. A detailed image of the spheres. The
(5.5 g/dm®, 6 ml/min) with continuous spheres look sintered. Also smaller spheres are
production (1.7.2013, 12:53). Particles are seen.

nearly spheres generally larger than 1 ym.

WD - 34 mm

3.2 Filter collection of particles with heater for TiO,, Fe(NO3),-9H,0,
BaCl, and Ni (NO3), with and without silica

3.2.1 Particle number concentration and number size distribution

Typical particle number concentration during the filter collection with heater for TiO, +
silica reagent (20 g/dm? 6 ml/min) on 2.7. at 11:00-11:13 was surprisingly steady, 1.9-10’
1/cm?®, and the aerodynamic count median diameter (CMD,,) of the particles varied from 0.5
to 0.7 um (Fig. 10a). A SEM sample was also collected. Comparison to the previous
corresponding cases without the heater the number concentration was up to 10 times higher,
and the produced particles seemed to be smaller in diameter, approximately 0.6 pm vs. a few
micrometres without the heater.

Decreasing the concentration of TiO, + silica reagent (20 g/dm®, 3 ml/min) on at 11:23-11:30
did not seem to have any significant effect on the particle number concentration or the CMD,,
(Fig. 10a).

For Fe(NOs)3-9H,0 (2 g/dm®, 6 ml/min) with filter collection with heater on 2.7. at 11:43-
12:00 the particle number concentration varied between 1.0-1.4-10" 1/cm® and the
aerodynamic count median diameter (CMD,e) varied from 0.1 pm to 0.3 pm (Fig. 10a). The
CMDg in this case was almost equal to case without the heater but the activity of the
collected particles on the filter was again low. Therefore, no SEM sample collection was
considered necessary in this case

Increasing the concentration of Fe(NO3);-9H,O (40 g/dm?® 6 ml/min) to 40 g/dm® on 3.7. at
9:20-9:30 did not increase the value of the highest number concentration but it was more
steady at 1.5-10" 1/cm®. The CMDye varied from 0.4 pm to 1.0 pm. This there was a clear
increase in the CMD,. probably because of agglomeration (Fig. 10b).

For BaCl, (5.5 g/dm® 6 ml/min) with filter collection with heater on 3.7. at 9:41-9:50 the
particle number concentration varied between 0.8-1.4-10" 1/cm?, and the aerodynamic count
median diameter (CMD,e) varied from 0.2 um to 3 um. The largest particle size (CMDge)
appeared with the first pulse, and the CMD,. of the particles of the following pulses was
clearly smaller, on the order of a few hundred nanometres (Fig. 10b).
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Figure 10a. Total particle number concentration and aerodynamic count median diameter
(CMDge) of the particles generated from TiO, + silica and Fe(NOg3);-9H,0 reagent measured

with ELPI on 2.7. 2013, filter collection with heater.
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Figure 10b. Total particle number concentration and aerodynamic count median diameter
(CMDge) of the particles generated from Fe(NO3)3-9H,0O + silica and BaCl, reagent measured

with ELPI on 3.7. 2013, filter collection with heater.

For Ni(NO3), (2 g/dm®, 6 ml/min) with filter collection with heater on 4.7. at 11:00-11:10 the
particle number concentration varied from 4.2:10° 1/cm® to 5.2:10° 1/cm® and the
aerodynamic count median diameter (CMD,e) varied from 0.2 um to 1 pum (Fig. 10c). Thus it

was almost at the optimal range.
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Figure 10c. Total particle number concentration and aerodynamic count median diameter
(CMD,) of the patrticles generated from Ni(NO3), + silica reagent measured with ELPI on 4.7.
2013, filter collection with heater.

Increasing the concentration of Ni(NOs), (20 g/dm® 6 ml/min) to 20 g/dm® on 4.7.at 11:15-
11:22 increased the number concentration to 1.5-10" 1/cm®, approximately 3-three-fold. This
was of the order of magnitude as for TiO2 (1.9-10" 1/cm?®; Fig. 10a). The CMDy, varied from
0.4 um to 1.5 pm. Thus there was only a small increase in the CMD,. probably because of
some agglomeration (Fig. 10c).

3.2.2 Particle morphology

The produced particles with TiO, + silica reagent (20 g/dm®, 6 ml/min) with filter collection
and heater on 2.7. at 11:07 were mainly chain-like aggregates as in the case without heater
(Fig 11a). The length of the aggregates varied a lot from a few hundred nanometres up to
micrometres. This is in congruent with the CMD,. measured with ELPI. The aggregates
consisted of nearly spherical primary particles of approximately 50 nm in size (Fig. 11b).

2pm Mag = 1000KX 1pm WD = 3.3 mm Signal A= InLens Date :2 Jul 2013
1 - 200k ESBGridis- OV Sample 10 - Ti0z 20g/dm3, F h Meriin4263 1 Enm- 200w ESB Gridis= 0V Sample ID = Ti02 + silica 20g/dm3, F heat

Figure 11a. The generated particles with TiO, + Figure 11b. The aggregates consist of spherical
silica reagent (20 g/dm®, 6 ml/min) with filter primary particles of approximately 50 nm in
and heater (2.7.2013, 11:07). The particles are diameter as in the case without heater (Fig. 3).
chain-like aggregates similar to case without

WD = 33mm Signal A= InLens
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heater (Fig. 3)

Signal A= InLens jul 2013
ESB Gridis= 0V Sample ID = Ti02 + silica, dif 0.5, F heat

201
, dil 05, F he:

Mag= 2000KX 200 nm
Meriin4263

WD = 3.6 mm
EHT = 2,00 kv

Figure 12a. The generated particles with TiO, +
silica reagent (20 g/dm®, 3 ml/min) with filter
and heater (2.7.2013, 11:30). The particles are
chain-like aggregates similar to case without

Figure 12b. The aggregates (at smallest
approximately 300-400 nm) consist of spherical
primary particles of approximately 50 nm in
diameter as in the case without heater (Fig. 3).

heater (Fig. 3).

Dilution of TiO, + silica reagent (20 g/dm° 3 ml/min) in to half with filter collection and
heater on 2.7.at 2013, 11:30 did not have any significant effect on the chain-like aggregate
or primary particle size (Fig. 12).

Date :3 Jul 2013
Sample ID = Fe(NO3)3 + silica, 40 g/dm3, heat F

Mag= S000KX 200 nm
Merlin42-63

WD = 4.8 mm
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m
Merlin-42-63 EHT = 200 kv ESBGridis= 0V Sample ID = Fe(NO3)3 + silica, 40 g/dm3, heat F

Figure 13a. The generated particles
Fe(NOs);-9H,0 + silica reagent (40 g/dm°, 6
ml/min) with filter and heater (3.7.2013, 9:28).
Particles are nearly spheres generally larger

Figure 13b. A detailed image of the spheres.
They consist of spherical primary particles of
approximately 50 nm in diameter similar to the
case without the heater (Fig. 7).

than 1 pm as in the case without heater (Fig.
7).

With Fe(NO3)s-9H,0 + silica reagent (40 g/dm®, 6 ml/min) with filter collection and heater
on 3.7. at 9:28 the particles were mainly spheres generally larger than 1 um in diameter as in
the case without the heater for both Fe(NO3);-9H,O and TiO,. The spheres consisted of
spherical primary particles of approximately 50 nm in diameter (Fig. 13).

SEM sample for the 1/20 diluted Fe(NOs)s-9H,O reagent (2 g/dm® 6 ml/min) was not
sampled because the activity of the collected particles was too low. Thus the produced
activity signal would have been difficult to filter out from the background noise.

With the reference reagent BaCl, (5.5 g/dm®, 6 ml/min) with filter collection with heater the
particles were mostly chain-like aggregates up to approximately 1 um size (Fig.14a). The
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aggregates consisted of small spherical primary particles similar to cases with TiO, added
silica (e.g., Fig.3 and 11). Thus it is possible that the sample was contaminated with silica.
However, the sampling line was always cleaned with several powerful pressure “blows” after
each experiment. In addition, TiO, reagent was not used directly before or after BaCl,. Some
spherical particles generally larger than 1 pm in diameter were also seen. The most probable
cause for silica contamination was the filter itself: even though the filter was cleaned before
and after each experiment the porosity of the filter stores particles from previous experiment

that are nearly impossible to remove completely.

For Ni(NOs), reagent (2 g/dm®, 6 ml/min) with filter collection and heater on 4.7. at 11:09
the particles were mainly chain-like aggregates similar to TiO, + silica (Fig. 11 and 12). The
aggregates consisted of spherical primary particles of approximately 50 nm in diameter (Fig.
15).

Signal A~ InLens
ESBGridis= OV

Date :3 Jul 2013
Sample ID = BaCI2 5.5 g/dm3, heat F

Mag= 400KX 1um
Merlin-42-63

WD = 49 mm
EHT = 200 kv

Date 3 Jul 2013
Sample ID = BaCI2 5.3 g/dm3, heat F

Signal A= InLens
ESB Gridis= 0V

Mag= 1000KX 1pm WD = 4.9 mm

Merlin4263 1 Enr- 200k

Figure 14a. The generated particles with BaCl,
(5.5 g/dm®, 6 ml/min) with filter and heater
(3.7.2013, 9:49). Particles are mainly chain-like
aggregates up to 1 pm in size. They are not
sintered as in the case without heater (Fig. 9)

= 500KX2pm WD = 52 mm

Mel | 4260 1 ENT- 200KV E:

Figure 14b. The size of the aggregates is
generally smaller than approximately 1 pm.
Spherical particles larger than 1 pm are also
discovered.

Sig
ENT- 200 kY ESB

Flgure 15a. The generated partlcles with
Ni(NOs), reagent (2 g/dm®, 6 ml/min) with filter
and heater (4.7.2013, 11:09). The particles are
generally chain-like aggregates similar to TiO,
+ silica (Fig. 11 and 12).

Figure 15b. The aggregates conS|st of spherical
primary particles of approximately 50 nm in
diameter as in the case TiO, + silica (Fig. 11
and 12).
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Figure 16a. The generated partlcles ~with  Figure 16b. The aggregates conS|st ofspherlcal
Ni(NOs), + silica reagent (20 g/dm®, 6 ml/min) primary particles of approximately 50 nm in
with filter and heater (4.7.2013, 11:21). The diameter similar to lower concentration case
particles are chain-like aggregates similar to (Fig. 15).

lower concentration case (Fig. 15), though

some spheres larger than 1 pm are also seen.

ag= 500KX 2
_ Meriin42-63 P ENT- 200k

Increasing the concentration of Ni(NOs), reagent (20 g/dm?®, 6 ml/min) to 10-fold and adding
silica with filter collection and heater on 4.7. at 11:21 the morphology of the aggregates
and the size of the primary particles did not change significantly (Fig. 16). Some spheres
larger than 1 pm consisting of the primary particles were, though, seen. The structure
resembled of that found with Fe(NO3);-9H,0 (Fig. 13).

3.3 Filter collection of particles with heater and with wet inlet tube
for TiO,, Fe(NO3),-9H,0 and BaCl, with and without silica

331 Particle number concentration and number size distribution

Adding a wet inlet tube to simulate possible particle adhesion and retention in systems
containing moisture near or at the inlet point for BaCl, (5.5 g/dm® 6 ml/min) with filter
collection and heater caused a clear decrease in total particle number concentration to 3.7-
5.4-10° 1/cm®, approximately 2.5-fold decrease compared to the case without the wet tube.
This was a clear indication of particles being trapped by the wet inlet tube. The CMDge
seemed to slightly increase between 0.7-4 um (Fig. 17).

For Fe(NO3);-9H,0 + silica (40 g/dm®, 6 ml/min) with filter collection with heater and with
a wet inlet tube the number concentration of the pulse on 3.7. at 10:32 was low, 3.4-10°
1/cm?®, but the second at 10:35 was almost equal to case without the wet inlet tube, 1.5-10’
1/cm?® (Fig. 17). It seemed that during the first pulse the filter was not saturated, and the
particles were not able to escape the filter. Another explanation for this would be the
saturation of the wet inlet tube by the patrticles. This, however, is not probable because the
tube was wetted after each experiment. It also possible that the wetting of the tube was
insufficient thus allowing the penetration of large particles (on the order a few micrometres).
The CMD,, varied between 1-3 um (Fig. 17). Thus the particles were clearly larger (0.4-1 pm
vs. 1-3 um) probably because of trapping some moisture and agglomerating when travelling
through the wet inlet tube.

Because of the large variation in the measured particle number concentration of
Fe(NO3);-9H,0 + silica (40 g/dm?® 6 ml/min) with filter collection with heater and with a
wet inlet tube it was measured again at 11:10-11:15. The number concentration was 1.4-10’
1/cm?®, and the CMD,. was 0.2 um (Fig. 17). The number concentration was thus almost



RESEARCH REPORT VTT-R-04832-14

vVIr 18 (28)

equal to the previous measurement at 10:35, but the CMD,, was clearly smaller, 1.4 pm vs.
0.2 um. This would indicate that the surface of the tube was not sufficiently wetted thus
allowing the penetration of the large particles.

Decreasing the Fe(NOs);-9H,0 (2 g/dm® 6 ml/min) reagent concentration at 11:45-11:55
from 40 g/dm® to 2 g/dm® caused the number concentration to decrease to 1.0-10" 1/cm?®
from 1.0-1.4-10" 1/cm?, thus on average less than 20 %. The CMD, was 0.2 um, and was
thus equal to the case with higher reagent concentration (Fig.17).

For TiO, + silica (20 g/dm®, 6 ml/min) with filter collection with heater and with a wet inlet
tube the number concentration on 3.7 at 10:53-11:03 varied between 1.4-1.5-10" 1/cm?, and
CMD,, varied between 0.2-0.6 pm (Fig. 17). Comparison to the case without the wet inlet
tube (Fig. 3) the number concentration decreased slightly, from 1.9-10" 1/cm® to 1.5-10’
1/cm?®. Thus some trapping of the particles by the wet inlet tube was probable.

Decreasing the TiO, + silica (20 g/dm® 3 ml/min) reagent concentration at 11:30-11:40
caused the number concentration to decrease to 1.1-10° 1/cm?®, that is the number
concentration nearly halved (Fig. 17). The CMD, was 0.3 um thus basically the same as
with the higher concentration case.
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Figure 17. Total particle number concentration and aerodynamic count median diameter
(CMD,) of the particles generated from Fe(NO3);-9H,0, TiO, and BaCl, with or without silica
measured with ELPI on 3.7. 2013, filter collection with heater and with an addition of a wet
inlet tube simulating possible particle adhesion and retention in systems containing moisture
near or at the inlet point.

3.3.2 Particle morphology

With a wet inlet tube to simulate possible particle adhesion and retention in systems
containing moisture near or at the inlet point for BaCl, (5.5 g/dm?® 6 ml/min) with filter
collection with heater on 3.7. at 10:18 similar structures as without the wet inlet tube were
discovered (Fig. 18). However, the portion of the almost spherical aggregates generally
larger than 1 um seemed to be higher than without the wet tube (Fig. 14).



&3
Mag= 300KX Zum
Merlin-42-63

Date :3 Jul 2013
Sample ID = BaCI2 5.5 g/dm3, heat F, wet

Signal A= InLens
ESBGridis= OV

WD = 49 mm
EHT = 200 kv

RESEARCH REPORT VTT-R-04832-14
19 (28)

Date :3 Jul 2013

WD = 4.9 mm
EHT = 2,00 kv

Signal A - InLens
ESB Gridis= 0V

Mag= 2000KX 200 nm

Merlin-42-63 Sample ID = BaCI2 5.5 g/dm3, heat F, wet

Figure 18a. The generated particles with BaCl,
(5.5 g/dm?, 6 ml/min) with filter, heater and wet
inlet tube (3.7.2013, 10:18). Particles mainly
chain-like aggregates up to 1 pm in size or

Figure 18b. The size of the aggregates is
generally smaller than approximately 1 pm.
They consist of almost spherical particles
approximately 50 nm in diameter.

almost spheres larger than 1 pm. They are not
sintered as in the case without heater (Fig. 9)

For Fe(NO3)s-9H,0 + silica (40 g/dm®, 6 ml/min) with filter collection, heater and with a
wet inlet tube on 3.7. at 10:35 the particles were mainly spheres generally larger than 1 pum
in diameter as in the case without the wet inlet tube (Fig. 13). The spheres consisted of
spherical primary particles of approximately 50 nm in diameter (Fig. 19a and 19b). This
indicated that that the wetting of the inlet tube may have been insufficient because basically
no trapping of particles had occurred. Therefore, the experiment was repeated at 11:15, and
the size of the penetrated particles was found to be smaller (19c and 19d) as in the case of
ELPI measurement (Fig. 17 at 11:15 vs. 10:35, yellow curve).

Date :3 Jul 2013

Mag= 3000KX 200 nm
Meriin4263

Figure 19b. A detailed image of the spheres.

Mag= 300KX 1pm Date :3 Jul 2013

Merlin-42-63 EHT = 200 kv ESBGridis= 0V Sample ID = Fe(N03)3 + silica 40 g/dmd, heat F, wet

Figure 19a. The generated particles

Signal A= InLens WD = 4.8 mm

EHT = 2,00 kv

Signal A - InLens
ESB Gridis= 0V

WD - 48 mm
Sample ID = Fe(NO3)3 + silica 40 g/dm3, heat F, wet

Fe(NOs)s-9H,0 + silica reagent (40 g/dm°, 6
mi/min) with filter, heater and wet inlet tube
(3.7.2013, 10:35). Particles are nearly spheres
generally larger than 1 pm as in the case
without the wet inlet tube (Fig. 13).

They consist of spherical primary particles of
approximately 50 nm in diameter similar to the
case without the wet inlet tube (Fig. 13).
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Date :3 Jul 2013
Sample ID = Fe(NO3)3 + silica 40g/dm3, F heat, wet2

Mag= 2000KX 200 nm
Merlin-42-63

WD = 5.1mm
EHT = 2,00 kv

Signal A - InLens
ESB Gridis= 0V

Figure 19c. The (generated particles
Fe(NOs)s-9H,0 + silica reagent (40 g/dm°, 6
ml/min) with filter, heater and wet inlet tube
(3.7.2013, 11:15). Particles seemed to be
smaller than in the earlier Fe(NO3)3;-9H,0 case
(Fig. 19).
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Date 3 Jul 2013
Sample ID = Fe(NO3)3 2 g/dm3, F heat, wet

Mag= 3.0 Signal A= InLens
Meriin4z63 1 EHT = 200 kV. ESB Gridis= 0V

Figure 20a. The (generated particles
Fe(NOs);-9H,0 reagent (2 g/dm®, 6 ml/min)
with filter, heater and wet inlet tube (3.7.2013,
11:51). Similar structures as with 40 g/dm® but
in lower concentration are found (Fig. 19).

0KX 2pm WD - 51 mm

Figure 19d. A detailed image of the aggregates.
They consist of spherical primary particles of
approximately 50 nm in diameter similar to the
earlier Fe(NO3)3-9H,0 case (Fig. 19).

Date :3 Jul 2013
Sample ID = Fe(NO3)3 2 g/dm3, F heat, wet

Mag= 10.00 KX 1pm WD - 51 mm
Merlin4263 1 ENT- 200kv

Figure 20b. A detailed image of the aggregates.
They consist of spherical primary particles of
approximately 50 nm in diameter similar to the
earlier Fe(NO3)3-9H,0 case (Fig. 19).

Signal A= InLens
ESBGiidis= 0V

Decreasing the Fe(NO3)s-9H,0 (2 g/dm®, 6 ml/min) reagent concentration at 11:51 from 40
g/dm® to 2 g/dm?® caused a clear decrease in the number of the penetrated particles and their
size (Fig.20). Some larger particles (> 1 pum) were still able to penetrate the wet inlet tube.
The structure of the particles resembled the one with added silica. Thus it would seem that
some silica was left in the wet inlet tube regardless of the cleaning of this tube. Another
cause was that some silica containing particles reentrained from the surfaces of the
measurement line after inlet point (Fig. 1b and 1c). However, the most probable cause for
silica contamination was the filter itself: even though the filter was cleaned before and after
each experiment the porosity of the filter stores particles from previous experiment that are

nearly impossible to remove completely.
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Date :3 Jul 2013
Sample ID = Ti02 + silica 20g/dm3, F heat, wet

WD = 5.1mm
EHT = 2,00 kv

Mag= 3000KX 200 nm

Merlin-42-63 ESB Gridis= 0V

Figure 21a. The generated particles with TiO, +
silica reagent (20 g/dm® 6 ml/min) with filter,
heater and wet inlet tube (3.7.2013, 11:02). The
particles are spherical aggregates similar to
F

e(NO:):-9H,0 _(Fig. 19).
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Mag= 300KX 2um
Merlin-42-63

WD = 5.1mm

EHT = 200 kv ESBGridis= 0V Sample ID = Fe(NO3)3 + silica 40g/dm3, F heat, wet2

Figure 21b. The aggregates consist of spherical
primary particles of approximately 50 nm in
diameter.

Date :3 Jul 2013
Sample ID = Fe(NO3)3 + silica 40g/dm3, F heat, wet2

WD = 5.1mm
EHT = 2,00 kv

Mag= 2000KX 200 nm
Meriin4263

Signal A - InLens
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Figure 22a. The generated particles with TiO, +
silica reagent (20 g/dm® 3 ml/min) with filter,
heater and wet inlet tube (3.7.2013, 11:38). The
particles are similar to high concentration case
(Fig. 21) but maybe slightly smaller.

Figure 22b. The aggregates consist of spherical
primary particles of approximately 50 nm in
diameter as in the high concentration case (Fig.
3).

The produced particles with TiO, + silica reagent (20 g/dm?, 6 ml/min) with filter collection,
heater and wet inlet tube on 3.7. at 11:02 were mainly spherical aggregates larger than
approximately 1 pum in diameter as in the case with Fe(NO3);-9H,O (Fig 19). This is in
contradiction with the case without the wet inlet tube, where the particles were mainly chain-
like aggregates. It possible that remains of the previous experiment Fe(NO3z)3-9H,0 particles
reentrained from the surfaces of the inlet tube or sampling line (Fig. 1b and 1c). The most
probable cause for silica contamination was the filter itself: even though the filter was
cleaned before and after each experiment the porosity of the filter stores particles from
previous experiment that are nearly impossible to remove completely.

Dilution of TiO, + silica reagent (20 g/dm® 3 ml/min) in to half with filter collection and
heater on 3.7.at 2013, 11:38 did not have any significant effect on the size of the aggregates
or primary particle size (Fig. 22). However, the number of penetrated particles seemed to be

lower, and their size slightly smaller.
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3.4 Filter collection of particles with heater and with spriral inlet tube
for TiO,, Fe(NO3),-9H,0 and BaCl, with and without silica

3.4.1 Particle number concentration and number size distribution

Adding a spiral inlet tube to simulate particle adhesion and retention caused by a non-
optimal inlet tube for Fe(NO3)3-9H,0 (2 g/dm®, 6 ml/min) reagent with filter collection and
heater on 4.7. at 9:40-9:50 caused a severe decrease of up to two orders of magnitude in
total particle number concentration down to 1.3-10° 1/cm?® (Fig. 23) compared to the case
without the spiral inlet tube (Fig. 10a). The count median diameter (CMD,.) of the penetrated
particles was 0.4 um (Fig. 23) thus of the same order of magnitude as in the case without the
spiral inlet tube (0.1-0.3 um; Fig. 10a).

Increasing the Fe(NO3);-9H,0 (40 g/dm?®, 6 ml/min) to 20-fold and adding silica at 10:30-
10:40 caused the number concentration to increase from 1.3-10° 1/cm® to 5.4-5.9-10° 1/cm®
thus being up to almost 50-fold (Fig.23). Compared to the case without the spiral tube the
number concentration decreased approximately to 1/3. The (CMD,) was almost the same as
without the spiral tube (Fig. 10a).
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Figure 23. Total particle number concentration and aerodynamic count median diameter
(CMD,) of the particles generated from Fe(NO3);-9H,0, TiO, and BaCl, with or without silica
measured with ELPI on 4.7. 2013, filter collection with heater and with an addition of a spiral
inlet tube simulating particle adhesion and retention caused by a non-optimal inlet tube.

For TiO, + silica (10 g/dm®, 6 ml/min) with filter collection, heater and with a spiral inlet
tube the number concentration on 4.7 at 9:55-10:05 varied from 8.2-10°> 1/cm® to 9.5-10°
1/cm?® being thus nearly 20-fold lower with spiral inlet tube (Fig. 23). Thus severe trapping of
the particles by the spiral inlet tube occurred. The CMD,, varied between 0.2-0.3 pm being
thus slightly smaller than without the spiral tube (0.5-0.7 um, Fig. 10a)

Increasing the TiO, + silica (20 g/dm®, 3 ml/min) reagent concentration by a factor of two at
10:15-10:22 increased the number concentration to 3.3-5.6-10° 1/cm?® thus varying between
3.5- and 7-fold compared with lower TiO, reagent concentration (Fig. 23). Again, significant
trapping of the particles (number concentration without the spiral tube 1.9-10° 1/cm®) by the
spiral inlet tube occurred. The CMD, varied between 0.3-0.4 being thus slightly larger than
with lower concentration.
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For BaCl, (5.5 g/dm®, 6 ml/min) with filter collection, heater and spiral inlet tube on 4.7. at
10:45-10:55 the particle number concentration varied from 5.8-10° 1/cm® to 6.1-10° 1/cm®
being thus approximately 2-fold lower than without the spiral tube, and of the same order with
TiO, + silica (20 g/dm?®, 3 ml/min) reagent (Fig. 23). Thus clear trapping of the particles by the
spiral inlet tube occurred. The (CMD,e) varied from 0.2-0.4 um being thus almost equal with
the case without the spiral tube if the first pulse of this case is ignored (Fig. 10b).

3.4.2 Particle morphology

With a spiral inlet tube for Fe(NO3)s-9H,0O (2 g/dm®, 6 ml/min) with filter collection and
heater on 4.7. at 9:45 the number of the observed particles was really low thus indicating
severe trapping of the spiral inlet tube (Fig. 24). The penetrated particles were of many
different shapes.

Increasing the reagent concentration of Fe(NO3)3-9H,0 (40 g/dm®, 6 ml/min) to 20-fold and
adding silica increased then number of the penetrated particles. The particles were chain-
like and spherical aggregates generally larger than 1 pm in diameter. The aggregates
consisted of small almost spherical primary particles of approximately 50 nm in diameter
(Fig. 25).

The produced particles with TiO, + silica reagent (10 g/dm®, 6 ml/min) with filter collection,
heater and spiral inlet tube on 4.7. at 10:00 were mainly chain-like aggregates generally
smaller than pum in size. Moreover, the number of the particles was low thus indicating severe
trapping by the spiral inlet tube (Fig. 26).

Doubling the reagent concentration of TiO, + silica reagent (20 g/dm°, 6 ml/min) to 20
mg/dm?® increased the number of the penetrated particles. In addition, the particles were no
longer only chain-like aggregates but also almost spherical particles generally larger than 1
pm in diameter were observed (Fig. 27). The morphology was surprisingly similar to that with
Fe(NO3)3-9H,0 and silica (Fig. 25).
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Figure 24a. The (generated particles
Fe(NO;);-9H,O reagent (2 g/dm®, 6 ml/min)
with filter, heater and spiral inlet tube (4.7.2013,
9:45). Only very few particles of different
shapes are seen.

Figure 24b. Amy different shapes of particles
are observed, and the number of particles is
low thus indicating severe trapping by the spiral
inlet tube.
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Figure 25c. The (generated particles
Fe(NO3);-9H,0 + silica reagent (40 g/dm®, 6
ml/min) with filter, heater and spiral inlet tube
(4.7.2013, 10:37). Particles are spherical (>
1pm) or chain-like aggregates.
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Figure 26a. The generated particles with TiO, +
silica reagent (10 g/dm® 6 ml/min) with filter,
heater and spiral inlet tube (4.7.2013, 10:00).
The particles are chain-like aggregates.
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Figure 25d. A detailed image of the aggregates.
They consist of spherical primary particles of
approximately 50 nm in diameter similar to the
earlier Fe(NO3)3-9H,0 case (Fig. 19).
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Figure 26b. The aggregates consist of spherical
primary particles of approximately 50 nm in
diameter.
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Figure 27a. The generated particles with TiO, +
silica reagent (20 g/dm®, 6 ml/min) with filter,
heater and spiral inlet tube (4.7.2013, 10:21).
The particles are chain-like and spherical
aggregates.

Figure 27b. The aggregates consist of spherrcal
primary particles of approximately 50 nm in
diameter.
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For BaCl, (5.5 g/dm®, 6 ml/min) with filter collection, heater and spiral inlet tube on 4.7. at
10:52 the particles were chain-like and nearly spherical aggregates generally larger than 1
pm (Fig. 28). The number of the particles was clearly lower than without the spiral inlet tube
thus indicating once again the efficient particle trapping of the spiral inlet tube.

The morphology of the particles reminded of that for particles with added silica (e.g. Fig. 3
and 11) but not that of pure BaCl2 (Fig. 9). It is possible that some silica containing particles
from previous experiments have reentrained from the spiral tube during the pressure “blow”.
However, this is not very probable because the inlet tube was cleaned by several pressure
“blows” before and after each experiment. The most probable cause for the silica
contamination is the filter itself: even though it was also cleaned by several pressure “blows”
before and after each experiment the porosity of the filter material will store particles from
previous experiments that may escape during the following experiment(s). The change of the
filter material after each experiment would have solved the problem.

= 500KX2pm WD = 5.1 mm

Mag i = InLens WD = 5.1mm
Merlin4263 1 ENT- 200KV ESB Gridis= 0V Ba

EHT = 200 kv

Mag= 5000 K X200 Signal A = InLens
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Figure 28a. The generated particles with BaCl, Figure 28b. An image presenting

(5.5 g/dm®, 6 ml/min) with filter, heater and morphology of 200-300 nm sized aggregates.
spiral inlet tube (4.7.2013, 10:52). Particles They consist of almost spherical particles

mainly chain-like aggregates up to 2 um in size. approximately 50 nm in diameter.
This is typical morphology for particles with
added silica (e.g. Fig. 11).

4. Summary and conclusions

The IndMeas flow calibrator device (FCD) normally using a cyclone for the collection of
produced particles was studied and the produced particles characterised. In this study,
though, the cyclone was either removed completely to allow the produced particles directly
enter the measurement system (continuous production) or the particles were collected on the
surface of a new filter and removed by a fast and powerful "blow” similar as in the case of the
cyclone (filter collection).

In the previous experiments particle number and mass concentration and number size
distribution has been characterised in detail (Lyyrénen, et al., 2011; Lyyrénen, et al., 2012).
In these experiments similar reagents are used to produce the particles as in previous
experiments with the exception that the concentration of the feed solutions is further varied
and active *"Ba-tracer is applied as in the normal field measurements.

To study the effect of higher temperature on the size of the tracer particles an additional
heater (T=150 °C; of the same order as temperature at the exit of the FCD) was installed
after flow calibration device before the collection filter. The function of the heater is to ensure
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that the particles arriving to the filter are completely moisture free that may cause unwanted
aggregation/adherence of particles to each other. Moreover, to simulate possible particle
adhesion and retention in systems containing moisture near or at the inlet point of the tracer
particle feed a so called “wet inlet tube” experiment was carried out. Finally, possible particle
adhesion and retention caused by a non-optimal inlet tube was studied by installing a long
spiral-type inlet tube.

For TiO, + silica reagent with continuous production (20 g/dm® 6 ml/min) the particles
were spheres generally larger than 1 pum in diameter. The large spheres consisted of nearly
spherical primary particles of approximately 50 nm in size. The size of the spheres was
independent of the used reagent concentration.

The produced particles with the TiO, + silica reagent and filter collection (20 g/dm®, 6
ml/min) were mainly chain-like aggregates. The length of the aggregates varied a lot from a
few hundred nanometres up to micrometres. The large spheres seen during continuous
production seemed to disintegrate in to smaller chain-like aggregates with filter collection.
The disintegration most likely occurs during the powerful pressure “blow” when the collected
particles are escaping the filter.

With Fe(NO3);-9H,0 + silica reagent with continuous production (40 g/dm?®, 6 ml/min) the
particles were mainly spheres generally larger than 1 pm in diameter as in the case of TiO,.
Decreasing the Fe(NO3);-9H,0 reagent concentration in to 1/20 did not seem to have any
significant effect on the size of the agglomerated spheres as in the case for TiO,. In this
case, though, no silica was added. The most probable cause for silica addition type particles
is the filter itself: even though the filter was cleaned before and after each experiment the
porosity of the filter stores particles from previous experiment that are nearly impossible to
remove completely.

With the reference reagent BaCl, with continuous production (5.5 g/dm®, 6 ml/min) the
particles were nearly spheres generally larger than 1 pm as in previous cases (Lyyranen, et
al., 2011 and 2012). However, also smaller, approximately from 0.1 pm to 0.5 pum almost
spherical particles were discovered. The structure of the spheres looked highly sintered.

The produced particles with TiO, + silica reagent with filter collection and heater (20
g/dm?, 6 ml/min) were mainly chain-like aggregates as in the case without heater. Dilution of
the reagent concentration in to half did not have any significant effect on the chain-like
aggregate or primary particle size (approximately 50 nm).

With Fe(NO3);-9H,0 + silica (40 g/dm®, 6 ml/min) reagent with filter collection and heater
the particles were mainly spheres generally larger than 1 pm in diameter as in the case
without the heater. SEM sample for the 1/20 diluted Fe(NOs)3;-9H,O reagent was not
sampled because the activity of the collected particles was too low. Thus the produced
activity signal would have been difficult to filter out from the background noise.

With the reference reagent BaCl, (5.5 g/dm?, 6 ml/min) with filter collection with heater the
particles were mostly chain-like aggregates up to approximately 1 pm size. The aggregates
consisted of small spherical primary particles similar to cases with TiO, added silica. Thus it
is possible that the sample was contaminated with silica because BaCl, particles should like
sintered spheres. The most probable cause for silica contamination was the filter itself: even
though the filter was cleaned before and after each experiment the porosity of the filter stores
particles from previous experiment that are nearly impossible to remove completely.

The produced particles with TiO, + silica reagent (20 g/dm?, 6 ml/min) with filter collection,
heater and wet inlet tube were mainly spherical aggregates larger than approximately 1 pm
in diameter. This is in contradiction with the case without the wet inlet tube, where the
particles were mainly chain-like aggregates. The most probable cause for silica
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contamination was the filter itself: even though the filter was cleaned before and after each
experiment the porosity of the filter stores particles from previous experiment that are nearly
impossible to remove completely. Dilution of in to half did not have any significant effect on
the size of the aggregates or primary particle size.

For Fe(NO3);-9H,0 + silica (40 g/dm3, 6 ml/min) with filter collection, heater and with a
wet inlet tube the particles were mainly spheres generally larger than 1 pm in diameter as in
the case without the wet inlet tube. This indicated that that the wetting of the inlet tube may
have been insufficient because basically no trapping of particles had occurred. Therefore, the
experiment was repeated, and the size of the penetrated particles was found to be smaller as
in the case of ELPI measurement (Fig. 17 at 11:15 vs. 10:35, yellow curve. Decreasing the
Fe(NO3)3-9H,0 concentration from 40 g/dm® to 2 g/dm® caused a clear decrease in the
number of the penetrated particles and their size.

For BaCl, (5.5 g/dm3, 6 ml/min) with filter collection, heater and wet inlet tube similar
structures as without the wet inlet tube were discovered. However, the portion of the almost
spherical aggregates generally larger than 1 um seemed to be higher than without the wet
tube. Approximately 3-fold decrease in number concentration compared to the case without
the wet tube was found.

The produced particles with TiO, + silica reagent (10 g/dm?, 6 ml/min) with filter collection,
heater and spiral inlet tube were mainly chain-like aggregates generally smaller than pm in
size. Moreover, the number of the particles was low thus indicating severe trapping by the
spiral inlet tube. This was also verified by ELPI measurement where the number
concentration decreased nearly 1/20 with the spiral inlet tube. Doubling the reagent
concentration increased the number of the penetrated particles to 3.5-7-fold compared to the
lower concentration case. In addition, the particles were no longer only chain-like aggregates
but also almost spherical particles generally larger than 1 pm in diameter were observed.

For Fe(NO3);-9H,0O (2 g/dm®, 6 ml/min) with a spiral inlet tube and with filter collection
and heater the number of the observed particles was really low, up to two orders of
magnitude in total particle number concentration thus indicating severe trapping of the spiral
inlet tube. The penetrated particles were of many different shapes. Increasing the reagent
concentration to 20-fold and adding silica increased then number of the penetrated particles
up to 50-fold. The patrticles were chain-like and spherical aggregates generally larger than 1
pm in diameter.

For BaCl, (5.5 g/dm®, 6 ml/min) with filter collection, heater and spiral inlet tube on the
particles were chain-like and nearly spherical aggregates generally larger than 1 pm. The
most probable cause for the silica contamination is the filter itself: even though it was also
cleaned by several pressure “blows” before and after each experiment the porosity of the
filter material will store particles from previous experiments that may escape during the
following experiment(s). The number of the particles was clearly lower, approximately 2-fold
lower than without the spiral tube thus indicating once again the efficient particle trapping of
the spiral inlet tube.

As found in the earlier studies with the filter collection the IndMeas flow calibrator device
(FCD) is able to produce small particles (<< 1pm). In addition, it seems that the new filter
used to collect them causes some agglomeration of the particles into larger ones. However,
in the case of TiO; + silica with the filter collection the large spheres seen during continuous
production seemed to disintegrate in to smaller chain-like aggregates. The disintegration
most likely occurs during the powerful pressure “blow” when the collected particles are
escaping the filter.

The change of reagent concentration did change the number of produced particles but their
size remained basically unchanged. Lowering the reagent concentration even more would
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not probably be of any use because collection times (to attain high enough activation level of
the particles) would also need to be increased thus increasing the probability for
agglomeration on the filter. The addition of additional heaters/insulation on the particle
collection line may have some effect.

The addition of an additional heater clearly improved the collection of the particles on the
filter by decreasing thermophoretic losses on the walls. The addition of a wet inlet tube to
simulate possible particle adhesion and retention in systems containing moisture near or at
the inlet point of the tracer particle was found effective in trapping the particles: up to 2.5-fold
decrease in number concentration was found The easiest solution to avoid such trapping
would be to make such an inlet probe that could bypass the possible wet spots near actual
inlet. However, that is not always possible. Another, even more efficient particle trap was an
addition of a long spiral inlet tube to simulate non-optimal inlet tube causing particle adhesion
and retention: up to 20-fold decrease in number concentration was found. Thus selecting an
optimal inlet tube is very important to minimise particle losses.

The reentrainment of the particles from the filter during the pressure “blow” may be improved
by selecting another filter material that is less porous. The main problem in finding a suitable
filter material is that it has to withstand the high pressure peak reentraining the particles
during the “blow”. One solution could be a dense metal grid or sintered metal filter. These
types of filters withstand pressure peaks, and the detachment or reentrainment of the
collected particles should be easier.
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