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ABSTRACT

Transmission electron microscopy (TEM) coupled with energy dispersive X-ray (EDX) offers
a very comprehensive tool for individual particle analysis allowing the determination of size,
morphology, specific surface, and elemental composition. This information is needed in
aerosol studies, especially in the field of nanomaterials. However, observations with TEM
require a controlled sampling on an adapted analysis support, namely TEM grid. Techniques
allowing sampling on TEM grids are of great interest to aerosol analysis. Indeed, sample
preparation is not required, thereby gaining time and avoiding a risk for the sample to be

altered.

The present study evaluates the efficiency of a new particle collection technique based on
filtration through one class of TEM dedicated supports, namely TEM porous grids.

Two types of porous grids, considered as the best on the market for this application, have
been put to the testhe “Quantifoil” type porous grid which has a regular structure, and the

“Holey” type (Agar Scientific). A filter holder has been developed specifically for this
application, the MP%(“Mini-Particle Sampler™®).

Experimental tests have been carried out with a flow rate of 0.3}.rfilmey show that the
collection is operational in the 5 nm150 nm size range with a minimum efficiency of 15-
18% around 30 nm. Simulation confirms these results and shows an increased efficiency even

below 5 nm and beyond 150 nm.

The filter holder MP8 designed in this study is a low cost, portable versatile and easy to use

tool.
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APPENDIX

Variable | Description Variable | Description
A, area occupied by the openil Nstage 2 | Number concentratio
of a beam hol®, dowstream  the  holdg
during stage 2 (#.cr})
C. Cunningham slip factor P Porosity of the membrane
D Coefficient of Brownian Pe, Peclet number related to
diffusion pore diameter
Dy pore diameter (cm) P Penetration
d, particle diameter (cm) Q Sampling flow (I/min)
E efficiency of collection R Interception parameter
Eb deposition efficiency due t| Re Reynold’s number
diffusion
Em deposition efficiency due t| Re External radius of the un
impaction hole (cm)
Ein deposition efficiency due t R, pore radius (cm)
interception
Kn Knudsen’s number 7, particle radius (cm)
m particle mass (Q) S Section of filter holde
upstream of the TEM gri
(cn)
Now | Number concentratiol Uy frontal velocity (opposite
downstream a filter (#.ct) membrane)  fluid  flow
(cml/s)
No Number of holes by unit © Pp particle density (g/cf)
surface
Nup Number concentratiof n fluid viscosity (Pa.s)
upstream a filter (#.ct)
Nstage 1 | Number concentratiol Ag Free mean flow of ga
downstream the  holde molecules
during stage 1 (#.cf)
v kinematic fluid viscosity
(cni/s)




1. Introduction

The characterization of the physical and chemical properties of aerosols is a recurrent need in
numerous studies and research projects conducted in occupational health, atmospheric

chemistry and physics, stack emissions, etc.

This need is particularly felt in studies on the risk associated with nanomaterials (NM), as it is
necessary to be able to distinguish particles related to NM from those of the background
(urban background, other nearby sources, etc.).

Transmission electronic microscopy (TEM) coupled with the analysis by Energy Dispersive

X-ray (EDX) is part of the techniques responding to this need for characterisation as it allows
the physical, chemical, morphological and individual analysis of the particles deposited on a
support adapted to it, to be specific, a TEM grid. This is the reason that many studies have
been conducted for many years to enable the effective deposit of particles directly on this
specific support so as to eliminate an additional sample preparation procedure. It is important

to emphasise the fact that, at this stage, it is a qualitative, not a quantitative approach.

The TEM grids available on the market are round metallic grids (copper, nickel, gold or
molybdenum), approx. 3 mm in diameter, divided into several hundred squares (Figure 1).
They are generally provided with a fine, translucent electron beam membrane a few
nanometres thick (often a carbon membrane) which allows the contrast of particles deposited
on their surface to be viewed. These grids exist on the market under many categories and net

size, according to their applicationsgar scientifi€).

The sampling techniques utilizing TEM grids available today are various. Some are based on
the phenomenon of diffusion (Tsai et al. (2009), Cena et al. (2011)), thermophoresi
(Lyyréanen et al. (2009)), electrostatic precipitation (Dikens & Fissan (1999), Fierz et al.
(2007), Li et al. (2010), Miller et al. (2010)), etc.

The sampling technique with TEM grids proposed by Lyyrdnen et al. (2009) called APS-EM
(ASPiration EM grid sampler), consisting of using a porous membrane TEM grid (see Figure

1) to sample particles by filtration is also noted.

Following feasibility studies conducted in a laboratory, this last technique has been applied by

R'mili et al. (2011) during a characterisation study of particles emitted during manipulation of

3



carbon nano-tubes (CNT) powders. It was also applied by Fleury et al. (2011) during a
characterisation study of a work environment around an extruder manufacturing composite
granules (polymer-CNJT and by Bouillard et al. (2010) to characterize exhaust from a
combustion system. These studies have shown that the filtration technique with porous TEM
grids allows the sampling of various types of particles (varied in size, shape, etc.), both in the
laboratory and in the field. From a practical perspective, the technique has turned out to be
easy to use, economical and portable; samples validated for microscopy analysis may be
produced with collection times ranging from a few minutes to 30 minutes, depending on
application. It is important to note that this technique has turned out to be easier to use than a
sampling system by electrostatic precipitation which is more cumbersome and requires prior
electrical charge of particles.

As these tests in realistic conditions are convincing it has seemed necessary to accurately
evaluate the collection efficiency of this technique-&specially as regards the diameter of

the particles, and to identify the mechanisms of filtration. Moreover, it has seemed
important to develop a TEM grid holder that is as versatile as possible and particularly one
that connects easily to sampling lines and size selection systems (e.g. pre-impactors,
differential mobility analysers (DMA)).

The study presented here covers the evaluation of the collection efficiency of the two main
grids available on the market, adapted to the filtration sampling technique through porous
TEM grids. It implements a versatile TEM grid holder developed specifically for this
application, the MP%("Mini-Particle Sampler®).

2. Materials and method

2.1. TEM porous grids

Three types of porous membrane TEM grids are available on the market: "Lacey", "Holey",
and "Quantifoil”, each with a different carbon structure. The Lacey type has verhtdege
(a few micrometres in diameter), the "Holey" type has smaller holes, and the "Quantifoil” type

has holes generally calibrated in diameter, evenly spaced and uniformly distributed.

For this study, we have selected a "Holey" type grid (Figure 1-b) and a "Quanyipalgrid
(Figure 1-c), both fitted with a 400 "mesh" grid (Figure 1-a). These grids are available on the

market with the following references:



o "Holey" type TEM grid (ref. Cu Holey carbon film 400 me#tyar Scientifi€)
o "Quantifoil" type TEM grid ((ref. Cu Quantifoil 1.2/1.3 400 medgar Scientifi€)).
In this reference, 1.2 represents the hole diameter in micrometres, and 1.3 the distance

between holes.

These two TEM grids have been selected for two main reasons. On the one side, their hole
diameter, the smallest of all porous carbon membrane TEM grids which can be found on the
market, promotes effective sampling. On the other, their grid (400 mesh) which is the most
important. Indeed, on a weaker grid, the carbon membrane will present a more important
surface to the air flow and thus risk to yield under the pressure induced by this flow during

sampling.

2.2.  MPS® sampling system

Called MP$ (Mini-Particle Samplét), the sampling system developed in this study appears

as a TEM grid holder measuring 12 cm x 1.5 cm. It is comprised of two connectors, a male
and a female (Figure 2). A TEM grid and a copper joint (the copper joint ensures good air
tightness - ref.: Hole Grid Cu 2000uAgar Scientific, external diameter = 3.05 mm, internal
diameter = 2 mmare respectively placed on the male connector on a support adapted to their
size. The female connector is designed to be attached to the male connector and also to keep
the TEM grid and joint on their support. By aspiration, the air flow goes through the female
connector and the porous TEM grid used via the holes of its membrane and leaves the system

via the male connector.

Unlike the device used by Lyyranen et al. (2009), the ¥igSitted with a tube upstream of

the TEM grid, which allows the connection with an equipment (instrument, reactor, etc.)
This particular feature, on the other hand, has made it easier to evaluate the collection
efficiency of the porous TEM grid used in his study, as the device could be connected directly
to a mono-dispersed aerosol source (see section 2.4).

2.3. Method

The capacity of a filter or membrane to collect particles is characterized by the collection
efficiencyE, determined by (Hinds (1999)):

E=1-P, (1)



with, P; the penetration (also called penetrating fraction) represents the fraction of particles
that goes through the filter medium and is given by:

Npw
Pt=L (2

Nyp

where,Nyp, andNpy represent respectively the concentration in number of particles upstream

and downstream of the filtering medium.

The determination of the working method was based on the works of Heim et al. (2005).
These works take into account several methods of assessing the efficacy of a filtering

medium, available in the literature.

In certain approaches, the upstream and downstream filter concentration is measured by two
different particle counters, which requires the use of a correction factor to take into account
the counters' own intrinsic differences. Certain approaches avoid this constraint by using a

single counter.

It is also interesting to set aside the losses by deposition due to the filter holder, in order to
focus on the losses due to the filtering medium only. This may be done for example by setting

up two devices in parallel: one fitted with filtering medium, the other one not.

From these observations, the method carried out for this study has been based on a single
counter and has been focused on the TEM grid efficiency

The selected method is based on the use of a monodisperse aerosol, neutralised, stable over
time for the duration of approximately 15 minutes. To ensure counting, a single counter is
placed downstream of the filter holder, namely the fP®e test comprises of three stages:

the second stage fitted with a filtering medium whereas the first and the third ones are not.

Each step lasts approximately 2.5 minutes and produces a result in the form of a total number
concentration. These steps are separated by a pause of approximately 2 minutes, required for
the removal and installation of the TEM grid.

The validation of the data is based on an aerosol stability criterion which rests on a maximum

concentration difference of 5% between the results of the first and last step.

The tests have been conducted for a 0.3 I'nilow rate within the MP$®. This value is

recommended by Lyyrdnen et al. (2009) in order to avoid the deterioration of the cabon



membrane of the TEM grid studiedThis valuewas also selected based upon previous
experiments(e.g. R’mili (2011), Bouillard (2010), Fleury (2011)); this flow rate requires
collection times of a few minutes and is compatible with different applications (measurement
in the workplace, in room air, etc.) and microscopy needs (non agglomeration of particles on

the sampling surface).

Collection efficiency is calculated on the basis of the ratio of the concentrationNagiffaX
and without Nstage) the TEM grid. Thus Eq. (2) becomes:

Pt — Nstagez (3)

Nstage 1

This process has been repeated three times for each diameter and composition of particles in
order to have an average efficiency and a standard deviation (cf. Jable 2

2.4. Experimental setup

The experimental set-up is shown in Figure 3.

An atomiser (TSI, model 3076) followed by a dryer has been used to generate polydisperse
sodium chloride (NaCl) aerosol from solutions of NaCl concentration of approximately
0.01 g/I. This configuration has allowed the creation in a stable manner over time of a NaCl
aerosol in a range of sizes between approximately 15 and 200 nm.

The range of sizes between approximately 5 nm and 15 nm has been considered thanks to a
copper aerosol produced by a spark type generator (Schwyn (1988) - GFG-108), palas
technique which has been demonstrated (Roth (2004), Evans (2003)) that it can generate

metallic aerosols in a stable manner with an average diameter of approximately 10 to 30 nm.

For both sources, a platform (TSI, model 3080), fitted with a Nano-DMA column (TSI, model
3085) was used for size selection. By using this platform, NaCl aerosol particles were
monodispersed between 15 and 150 nm and copper aerosol particles between 5 and 20 nm.

The monodisperse aerosol thus produced has been neutralised by a radioactive source
(Krypton 85).

Measurement of the number concentration at the outlet of thé dBctor was determined
using a CNC (TSI, model 3775).



3. Theory

The TEM grids selected in this study are comparable to a microporous membrane. Given their
geometric characteristics, the "capillary tube model" was chosen (Rubow et Liu, 1986), an
approach started by J. Pich (1964). This model consists in assimilating the structure of a
microporous membrane to a group of capillary holes, with the same section, uniformly
distributed, equally distant, and perpendicular to its surface in a way as to consider the system
(flow of carrier fluid and behaviour of particles) starting from a unitary hole.

The collection efficiency by filtration of a membrane depends on many physical mechanisms.
In the absence of any external field of energy other than gravity, the most important ones are
inertial impaction, interception and Brownian diffusion ((K. L. Rubow & B. Y. H. Liu
(1986)). The existing theoretical models are generally formulated starting from the
expressions of efficiency of each of these mechanisms supposed to act independently from
each other.

It is essential to take into account the potential role of the thickness of the filtering media:
Cyrs et al. (2010) have noted the predominant character of this parameter for membranes
which are only 10 pum thick. In the case of the selected TEM grids, the carbon membrane is of
a particularly low thickness (L< 20 nm). This allows the hypothesis that the deposit of
particles in the internal walls of the holes is negligible, indeed, non-existent. In this case, it's
solely a surface deposit. As a result, our theoretical approach consists in considering only
expressions of the fraction of surface deposit, that is, by impaction, by interception and by

surface diffusion.

As for the capillary tube model, the microporous carbon membrane of a TEM grid may be
characterised by a characteristic hole diamBtea surface hole density, (number of holes

per surface unit) and a porosi® The latter parameter represents the fraction of the total
membrane surface occupied by the opening of the holes. It may be given by the following
equation (adapted from Manton (1978, 1979):

P = AONO = T[RgNO (4)

where, A, is the area occupied by the opening of a beammple



The unitary hole (Figure 4) may be considered as a ring of the internalRyeand of the
external beani.. The latter is given by the following equation (adapted from Manton (1978,
1979):

R, (5)
R, =—
*TVP
The flow of carrier fluid may be characterised by the noted frontal velogitit is the speed
at which the carrying fluid approaches the membrane. It depends on the geometry of the filter
holder of the flowrate of the samplify As the MPS is a cylinder tube with a secti@ the
frontal velocity may be obtained by the following equation:

5y=2 (6)

Moreover, the existing theoretical expressions are developed based on an approach according
to which the flow of the carrying fluid as it approaches a hole is considered like the flow into
the cylinder tube of a bearR. (Figure 4. As the latter is generally of the order of
micrometers, the flow is supposed to be laminar in the Stokes' regime, i.e., with a low
Reynolds numberRe < 1). In fact, this allows a simplification of the system studied.

Reynolds number is given in this case by the following equation:

Re = R, Uy /v (7)

where,v is the kinematic fluid viscosity(= 0.15 cm?/s for air).

Thus, the collection efficiencyE(,) due to inertial impaction takes on the following
expression (Pich (1964)):

— 2Eim_ €im
1+¢ 1+¢

Eim )2 ®

with,

- Emthe collection efficiency due to the impaction mechanism,

- & . a parameter that takes into account membrane porosity and is expressed as:

VP 9)
1-+P

E:



€;m @n impaction parameter given by:
1 10
€Eim = ZStk\/E + ZStszexp [—— — ZSthE (10)

Stky[E

- StokesStknumber is expressed:

_ ppdzz,U()CC _ mUOCC (11)
~ 9yD, 6N, R,

Stk

The Cunningham correction factor takes into account the discontinuity of the medium and is

expressed:

C. =1+ Kn[a + bexp(—c/Kn)] (12)

a, b, c are experimentally determined coefficients. Numerous values are attributed to these
coefficients. For this study, we have considered those proposed by Kim et al. (2005): a =
1.165, b = 0.483 and c = 0.997, determined with the help of a nano-DMA.

Kn, Knudsen's number, is a dimensionless number defined as the relationship between the
free mean flow of gas molecules carryigand the physical diameter of the partidle, and

is expressed:

Kn = 22,/d, (13)

In the case of the collection efficiency by filtration due to intercept), (nany expressions

have been proposed (Spurny et al. (1969), T. N. Smith et al. (1976), Smith and C. R. Phillips
(1975), Happel and Berner (1973), W. John and G. Reischl (1978), Marre and Palmeri (2001))
out of which the one proposed by John and G. Reischl (1978) has been considered the most
appropriate in case of a porous TEM grid:

3
E, = (2R —R?): (14)
with R a dimensionless interception parameter giveR by, /R,

For collection efficiency due to Brownian diffusion, most of these existing models only take

into account transfers by particle diffusion toward the internal walls of the holes (Twomey
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(1962), Gormley (1949), Marre (2001, 20P4This assumes that the transfers by particle
diffusion toward the membrane surface are negligible. However, Smith et al. (1976) and
recently Cyrs et al. (2010) have shown that these transfers may also be very important.

Manton (1979) had already studied the issue and proposed an expression to this effect; yet he
did not consider it to be satisfying, putting forth a likely problem at the level of definition of
the diffusion parameter. It actually happens that this expression does not agree with the
experimental results of this study, as it does not agree with the results obtained by Kirsch &
Spurny (1969), Liu & Lee (1976) and Smith et al. (1976),

As a result, it has been necessary to search for different approach. Specifically, this work
proposes an adaptation of the model developed by Stechkina and Fuchs (1966), Kirsch and

Fuchs (1969) starting from Kuwabara's cell flow model Kuwabara (1959):

Eps = 2,9Ku~3pe,?/? (15)

2
where  Ku = —In(%/,) — % +a-— “T (e = 1—P), represents the solid fraction of the

membrane,

DoUp
D

In fact, in our casePe, = represents Péclet's number related to the characteristic hole

diameterD, of the membrane.

In the absence of interactions of streamline flows in the inter-pore space, the total fraction of
the penetrating particles is equal to the product of penetration efficiency attributed to each
mechanism. Therefore, the total collection efficiency can be expressed as (Hinds 1999)

E=1_HPt=1_(1_E1m)(1_EIn)(1_ED) (16)

4. Characteristics of grids and flow
To use the above models, the following is required:

1. To characterise the structure of the TEM grids examined by determining the following

parameters: the characteristic hole diameter of memiidgnthe surface density of
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holes Ny (number of holes per surface unit) and membrane pordiit{fhese
parameters are required for the calculations.
2. Verify that the flow of carrying fluid when it approaches a hole is laminar, in the

Stokes' regime, in which case the above expressions are valid.

4.1. Characteristics of TEM grids examined

The characteristics of the TEM grids selected have been determined experimentally by
processing images taken by TEM with the help of a library of algorithms integrated to

image processing software (Visifdg

Table 1 collects the characteristics recorded on a dozen grids, for each of the two types of
TEM grids studied.

One may notice that the characteristic parameters of "Quantifoil 1.2/1.3" TEM grids do not
change between grids. The same does not apply to "Holey" TEM grids, whose characteristic

parameters may differ between grids and sometimes significantly.

4.2. Nature of carrier fluid flow

On the one side, the TEM grid is placed within a cylinder measuring 2 mm in diameter
(Figure 2). On the other, the flowrate selected for this study is 0.3 I/min (see 2.3). This
parametering makes the mean fluid velocity in this conduit rise to 1.6 m/s (Equation 6). This
velocity is considered in our case as the frontal velocity of the carryingUlu{dee. Section

3).

In the capillary tube model, the carrying fluid flow when it approaches a hole of the
membrane is considered as being a flow into a cylinder beanRfuleguation 5). Its nature
is given by the Reynolds number (equation 7). In our case and according to the characteristics

of the TEM grids studied, the values obtained are presented in Table 1.

As Reis <1, the flow is therefore laminar, the Stokes’ regime. The above models would
therefore be valid in our conditions (sampling flowrate, geometry of sampling systems and

characteristics of the two TEM grids studied).
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5. Results

Figures 5 and 6 present the collection efficiency of TEM grids "Quantifoil 1.2/1.3" and
"Holey", respectively, data also available in Table 2. In both cases, the values presented are an

average of results of at least three tests.

A theoretical estimate is also presented for both cases of grids. In the case of "Holey" grids,
three theoretical curves are proposed according to hole diameter: the high curve and the low
curve corresponding to the extreme diameter values (high and low respectively) shown in

Table 1; the central simulation (solid line) corresponds to the average diameter.

For both types of grid, a very good theory-experiment convergence is observed, on the entire
5 nm- 150 nm range. A minimum collection efficiency is obtained for particles with a

diameter between 20 and 40 nm (diameter of electrical mobility).

This minimum efficiency is evaluated at approximately 15% for "Quantifoil 1.2/1.3" type
grids and approximately 18% for "Holey" type grids. This diameter range corresponds, in our
conditions (sampling speed equal to 1.6 m/s and characteristics of TEM grids studied), to the

particles least sensitive to the different collection mechanisms.

The collection efficiency of both TEM grids is all the more important as the diameter of the
particles reaches the area-200 nm, simultaneously toward the higher or lower diameters.

In the case of "Quantifoil 1.2/1.3", the relative standard deviation of the experiment remains
lower than or equal to 10%, which shows a very good reproducibility of the collection system
(Table 2).

In the case of "Holey" grids (Table 2), the relative standard deviation of the experiment is
less satisfying, between 5 and 15%. This would be due to the main difference existing
between both types of grid, in particular the shape and diameter of the holes. Indeed, if the
"Quantifoil” type has holes of constant shape and size (see. Figure 1-c), this is nsétfoe ca

the "Holey" type, which shows a significant variation of the shape (see. Figure 1-b) and size
of its holes (see. Table 1). Figure 6 shows the simulations obtained for the extreme values of
the diameter: the difference between them in absolute values varies from 10% toward 30 nm,
up to 30% at 150 nm.

Whatever the grid, the total collection efficiency turns out to be more important than by

electrostatic precipitator, which, not mathematically corrected, is lower than 1% (Li et al.
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(2010), Bau et al. (2010), Le Bihan et al. (2011)). Indeed, in this system, the surface of the
TEM grid represents only a very minor part of the totality of particles collected on the surface
deposition (electrode).

6. Behaviour of particles

This part lies only on the "Quantifoil 1.2/1.3" TEM grid, on account of its well defined
structure (shape and size of holes) and reduced standard deviation (< 10%) obtained in the
experimental section of the study.

Figure 7 shows experimental results as well as a theoretical estimate obtained for the
collection efficiency with a "Quantifoil 1.2/1.3" TEM grid. The theoretical estimate
distinguishes the impact of different collection mechanisms, i.e., inertial impaction,

interception and diffusion.

The simulation shows that impaction and diffusion are the prevailing mechanisms, with
impaction dominating the collection of particles above 30 nm, and diffusion dominating the
collection of particles under 30 nm. The contribution of the interception mechanism to the

collection only becomes significant for the particles whose diameter is above 200 nm.

This interpretation seems to be confirmed by observations of the grids studied by TEM
(Figure 8) for which, it may be noted that most of the particles collected seems to be

deposited on the surface of the membrane.

Moreover, it should be noted that the general appearance and dimensions of collection
efficiency observed here show strong similarities with the experimental results obtained by
Cyrs et al. (2010) for the surface collection efficiency, despite a relatively different membrane

porosity and frontal velocity.

7. Conclusion and perspectives

Filtration on porous TEM grid is a new particle sampling technique in view of an analysis by

transmission electron microscopy.
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A TEM grid holder has been especially developed to allow the implementation of this
technique in the simplest, fastest, and most versatile manner possible: it is tAigNVRAS
Particle Samplé&.

The study described here on the implementation of this filtration technique, with the help of
MPS® and both market products most often adapted today, in particular Quantifoil TEM
(1.2/1.3) and Holey TEM porous TEM grids.

The collection efficiency of these two grids has been tested experimentally on a generation
bed of mono-dispersed copper and sodium chloride aerosol. Tests show that the collection is
operational in the 5 nm - 150 nm size range, with a minimum efficiency around 30 nm of 15-
18%.

The collection efficiency has also been simulated, by relying on the studies done on porous
membrane. The results obtained are consistent with the experimental results and show the
prevailing character of the mechanisms of diffusional deposition by diffusion, under 30 nm

and of impaction deposition, above 30 nm.
The simulation shows an increased efficiency around the small and large sizes.
This study shows therefore the validity of the filtration concept by porous TEM grid.

This technique is particularly simple when compared with other TEM grid collection
techniques. Indeed, in addition to a filter holder and a pump, most of these techniques must
implement supplementary and energy consuming tools with the aim of having an active

element such as an electric field or a thermal gradient.

The modest size of the filter holder makes it a very good tool for individual collections
(R’mili (2011), Fleury (2010)). It could also be easily integrated in experimental devices:

measurement downstream of a DMA, collection at reactor outlet (Bouillard (2010)), etc.

The filter holder designed in this study is now commercially available as a low cost, portable

and easy to use tool.
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Figure 1: examples of TEM porous gridsase of a “Holey” type and ‘Quantifoil” type
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Figure 2: concept diagram of the filter holder
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Figure 3: Concept diagram of the experimental set-up
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Figure 4: characteristics of a unitary hole

Figure 5: Particle collection efficiency by size for the Quantifoil 1.2/1.3 TEM grid. The
theoretical collection efficiency has been calculated using the parameters related to the

operation conditions and characteristics of the TEM grid (cf. Table 1).
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Figure 6: Particle collection efficiency by size for the Holey TEM grid. The theoretical
collection efficiency has been calculated using the parameters related to the operation
conditions and characteristics of the TEM grid (cf. Table 1).
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Figure 7: Comparison of experimental and theoretical approaches to assessing collection
efficiency of the Quantifoil 1.2/1.3 TEM grid.
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Figure 8: Examples TEM images of NaCl and Cu collected particles from a polydisperse

aerosol.
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Table 1: Structural characteristics of the Quantifoil 1.2/1.3TEM grid 400 mesh carbon
membrane and of the Holey membrane. The characteristic parameters of "Holey" TEM grids
are given indicatively, as they concern only the grids used in this study. The Reynolds number
is calculated according to the characteristics of the two TEM grids studied for a sampling
speed Y= 1.6 m/s.

Characteristic parameters Holey Quantifoil 1.2/1.3
Pore diameteD, (um) 08 _1.6* 1 3*
Density of poredV, (# /cnf

v of poresto (/e 20.10-1,1.16 1,3.10
PorosityP (%) 40 - 65 17
Re(Equation 7) 0.05-0.11 0.16

*domain of recorded average hole diameters. The actual recorded hole dianeetegvaen approximately
0.15and 5 um

**according to supplieb, = 1.2 pum and for measurements for TElI= 1.3 um is found
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Table 2: Measured overall collection efficiencies for each mean diameter of mono-disperse

aerosol and each porous grid.

Holey Quantifoll
Particle Overall Standard Overall Standard
diameter collection deviation collection  deviation
(nm) efficiency (%) (%) efficiency (%)
(%)

5 Cu 74 12 70 10

6 Cu 62 9 56 9

7 Cu 54 8 42 8

8 Cu 47 7 32 7

10 Cu 36 6 23 6

20 Cu 19 8 16 8

15 NaCl 18 6 17 4

20 NaCl 19 4 15 4

30 NaCl 21 4 15 3

40 NaCl 24 5 16 3

50 NaCl 26 5 17 3

60 NaCl 28 7 20 3

80 NaCl 33 8 27 3
100 NacCl 35 11 34 4
150 NacCl 44 15 49 5
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