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particles.
In order to deposit individual particles from ap agglomerate or
conglom i

membrane, which hasg A pore size of about 0, 007um, The concentration of
Particles in the dispersion ig adjusted to yield a powder loading of less than

1.0 pg/em?2 of filter area. At this surface concentration leve?. re-agglomeration
of the particles during washing is minimized, The deposited , . :icles are

then washed Sequen..ally with two other fluoriiated liquids, FC 43 ang

Freon C51-12, to remove'the dispersing medium, and dried, The particles
adhere to the filter as a result of the same forces responsible for agglomerate

The deposited particles can now be examined and analyzed by a variety
of methods, including the analysis of individual particles,
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SUMMARY

Technical Problem

Often the analysis of particles released to the environment from industrial
facilities is hindered because these particles are combined with others in
the form of agglomerates or conglomerates. If the particle(s) of interest
are small in comparison to the others as,is usually the case, useful and
necessary information will be lost due to a present lacik of capability for
selectively analyzing single particles within an agglomerate /conglomerate.

The objective of this program was te develop to a routine procedure the
capability for using a perfluorinated surfactant as an agent in bringing about
the dispersion in fluorinated liquids of particles in an agglomerate/conglomerate.
The dispersion would be of such a nature as to allow subsequent analytical
measurements to be made on the separated particles. As a result of the
advent of new instrumentation which potentially permits chemical analysis
of particles much smaller than 1 micrometer in diameter, and because such
particles are usually present as agglomerates, emphasis was directed toward
developing a capability for dispersion of agglomerates/conglomerates
comprised of particles in the size range of 0. 005 to 5 micrometers releaced
to the environment from industrial facilities,

The goals of the program were to develop a dispersion technique that
had the following desirable characteristics:

1. No physical or chemical change in original particles due to
the dispersion procass (mandatory),

2. No sample loss.

3. Complete dispersion (100% efficiency).

4. No re-agglomeration of dispersed particles.

5. Final state of each individual dispersed particle
compatible with analysis by various techniques (electron
microprobe, scanning and transmission electron

microscopas, ion microprobe, mass spectrometer, otc.).

Tlie great ease with which fine powders can be dispersed in a liquid phase
as compared to the gas phase formed the basis of the approach to the problem.

The requircmeont that the suspension mothod developed must disperse the
agglomerated materials into separate particles without physical or chemical
changes, placed stringent limitations on the choice of liqut!hs that ¢an be used

-to disperse the particles. The components of the candidate dispersing liquid
.mixtures must, therefore, not react nor combine irreversibly with any particle

in the matrix. For these reasons fluorinated liquids, which are stable,
chemically inert, and furthermore, not found in nature, were the disporsion media
of choice. '
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Technical Results

The following preparative procedure was developed. The agglomerated
powder sample, typically 50 mg or less, is first dispersed ultrasonically
in a 1% solution of Krytox 157, a fluorinated surfactant, in Freon E-3, a
fluorinated liquid. It is recommended that a high intensity ultrasonic probe,
be used to carry out the dispersion and that the dispersion process be
monitored with a nephelometer, In order to insure complete dispersion, the
sample should be sonolated until no further change in turbidity is observed.
An aliquot sample of the above dispersion is removed and diluted with
additional dispersing solution. The size of the aliquot is adjusted to obtain
a particle loading on the deposition filter of 0,1 )1g/crnZ or less, depending
on the particle size.

This dilute dispersion is then filtercd through an Amicon XM-100A
ultrafiltration membrane at an applied pressure of about 1 psig. The
dispersing liquid passes through membranes which retains particles larger
than 0. 007 pm in size. The deposited particlies are then washed with a
second fluorinated liquid, FC 43, to remove the dispersing medium and
adsorbed surfactant. Finally a very volatile fluorinated liquid, Freon C-51-12,
is then added to remove the non-volatile FC 43. The Freon C-51-12 wet
filter is easily air dried. The product is an assembly of individual particles,
deposited on a flat laboratory filter,that could be reacily examined on this
filter by a variety of microanalytical tools,

DOD Implications

The major goals of the program have been met in that a preparative
procedure has been developed which will permit normally agglomerated or
conglomerated particles less than | pm in size, down to at least 0. 02 pm in
size, (which is the limit of resolution of a gscanning electron microscope) to
be analyzed individuz:ly. The procedure was tested with four powders ‘

~ represeatative of many classes of sub=micron partic)ss found in the atmosphere.

The method required that the agglomerates be initially well dispersed and
deposited at a low surface concentration. Just as the analysis of individual

particles becames ivcreasingly more difficult to perforny with decreasing particle

size, the method of preparati.n becomes more difficult as the size of the
particles decreases. As the size of particlos decreases, the acoustic energy

" required for dispersion increases and the permissible surface concemtration

of deposited particles decraases. With very small (~,.007 pm), .o retention
of particles bacames a prablem, _ . '

‘Recommendad Further Research

- The preparative procedure was tested with known samples only. The
technique should now be applied tO samipies of natural origin. Within the scope
of ths present program, it was not possible to carry out any detailed, indepth
analysis of the deposited sampies, This should be performed t> obtain 3 sound
statistical basis of deposited sample uniformity,
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1.0 INTRODUCTION AND BACKGROUND

1.1 Technical Ob jLectives

Often the analysis of particles released to the environment from
industrial facilities is hindered because these particles ar2 combined with
others in the form of agglomerates or conglomerates. If the particle(s) of
interest are small in comparison to the others, as is usually the case, useful
and necessary information will be lost because of a present lack of capability
for gselectively analyzing single particles within an agglomerate/conglomerate.
The objective of this program was to develop to a routine procedure the
capability for using a perfluorinated surfactant as an agent in bringing about
the dispersion of particles in an agglomerate/conglomerate. The dispersion
would be of such a nature as to allow subsequent analytical measurements to
be made on the separated particles. As a result of the advent of new
instrumentation which potentially permits chemical analysis of parti-les much
smaller than | micrometer in diameter, and because such particles are

. usually present as agglomerates, emphasis was directed toward developing
a capability for dispersion of aggli nerates/conglomerates comprised of
particles in the size range of 0.005 to 5 micrometers, (pm) such as those
released to the environment from industrial facilities.

The goals of the program were to develop a dispersion technique
that had the following desirabie characteristics:

a. No physicai or chemical change in original particles due to
the dispersion process (mandatory).

b. No sample loss,

e, Cormplete dispersion (100% efficiency). -

d. No re-agglomeration of dispersed particles.

e. Final state of sach individual dispersed particle
compatible with analysis by various tachniques
{electron microprobe, scanning and transmission
elactron microscopes, ion microprobe, mass
spectrometer, ete. ).

1.2  Definition of Terme

a. Particle of [nterest ~A§ individual particie in the sarme
physical and chemical state in which it was first released
to the eoviroament. This inay include aggregates.

b. Aggpegate - A collaction of particles bound together by
strong chemical boads. ’

¢. Agglomerate - A collection of parti. ‘es or aggregates of

the same element or “ompeund bound together by physical
forces as opposed to chemical bonds.

1.2
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d. Conglomerate ~ Similar to an agglomerate but including
different eleruents and/or compounds.

e. Dispersion - Separation of an agglomerate »r conglomerate
into its individual component particles or aggregates.

1.3 Theoretical Background -

1.3.1 Mechanisms of Powder Agglomeration/Conglomeration in Air

Ultrafine powders in air, with a particle size less than
10 , exhibit cohesive characteristics, even inthe dry state, which are not
exhibited by macroscopic objects. Microscopic examination of these powders
reveais that they consist of particles of characteristic geometry that adhere
to form firm assemblies. Two types of assemblies are observed: aggregates
and agglomerates. Groups of particles can be fused together to form aggregates
bonded by primary valence (chemical) bonds. There is no distinguishable
surface between the particles forming the primary aggregates, These aggregates
are usually formed daring the deposition of the ultimate particles.

These aggregates in turn are found to adhere by physical
forces (Van der Waals forces) to form agglorerat<s. (The term conglomerate
is used in the case where all the particles in the agglomerate do not have the
same composition and origin,) This agglomerate formation becomes increasingly
morc apparent as the size of the ultimate particles or aggregates decreases.
Agglomeration of fine powders becomes especially significant when the particles
are smaller than 1 micrometer in diameter,

Agglomerates differ from aggregates in that there is a
discontinuous surface zone between the constituting particles or aggregates.
Actual contact of two adjacent particles is prevented by the presence of layers
of adsorbed molecules on the particle surfaces. Such layers will always be
present under atmospheric conditions, and they arise from either physical or
chemical adsorption. These adsorbed films can greatly alter the magnitude
of the interaction between fine particles since any interaction between two
solids decays rapidly with increasing distance of separation of their surfaces.

Difierent mechanisms which can lead to an agglomerated/
aggregated matrix have been recently reviewed by Davies et all Mechanisms
of part1c1e ag,%lommatmn have also been discussed by Meissner et alll-=2) ang
R.ump Fine particle agglomeration is considered to result primarily from
secondary valence interaction between the particles. The oncept ol an
attraction between two neutral atoms or molecules was introduced in 1873 by
Van der Waais(1-5) in order to explain deviations of real gases from the perfect
gas law, In 1932, in order to take into a.ccount the coagulation of colloidal
dispersions., Kallmann and Willstatter(1-6) suggested that secondary valence
forces or Van der Waals forces could also be an effective and universal force
of attraction Letween macroscopic solids. This idea has since been expanded,
developed and tested by various workers. At the present time, it is generally
considerad that these forces are responsible for the so-called "spontaneons"
adhesions of finely divided solids.

1.2




General explanations for the nature of Van der Waals
forces were first proposed by London{!-7) in 1930 and more recently by
Lifschitz(1-8), These explanations were both based on quantum theory which
considers that all atoms, even in their ground state, possess rapidly
fluctuating dipole moments which lead to an attraction between these atoms.
The force between two solid objects, which are viewed as assemblies of many
atoms, is obtained from the summation of the individual interactions of zll
the atoms in the two bodies with the force between any two atoms being
considered independent of the presence of cther atoms., According to Lifschitz,
the secondary valence force, F, between two spheres of diameter, d, whose
surfaces are separated by a distance, a, can be expressed as follows:

-Bd . v 7
F = 56-53_ ' . (l*l)

In the above equation, B is a characteristic material constant whose value will
depend on composition of the particles and the surrounding phase. According
to Dejongh(l"‘}?, the value of B is approximately 109 ergs/cm for particles
of polar materials in a vacuum. It is to be noted that interaction decreases

as the cube of the separation distance.

In air, agglomerate formation occurs in fine particle
systems because the thickness of the adsorbed layers is small, of the order
of 10 A, Under these conditions, the Van der Waals interaction between two
particles separated by this distance is significantly higher than the potential
energy of disruptive mechanisms, namely thermal energy, kT, where k is
Boltzmann's constant and T is the absolute temperature, or inertial effects
which are proportional to the volume of the particles. Thus, although the
attractive force between two solids increases with diameter, the effect of
Van der Waals forces becomes insignificant with macroscopic objects (e.g.
particles greater than 10 pm - 20 um) in air since inertial effects increase
with mass and are thus proportional to the third power of particle diameter,

Other factors may also lead to particie-particle interactions.
Electrostatic charges can be induced in many powders and can result in
significant transient forces. However, because of either bulk or surface
conductivity due to moisture, the electrostatic potential will leak away and
hence will have no lasting effect, An exception is the case of the electret,
such as aminoazobenzene, where there is a charge retention. In a similar
manner, magnetic dipole-dipole interaction is important only in materials
that have a significant magnetic coercitivity, such as magnetic iron oxide.
Mechanical interlocking occurs in systems which contain very irregularly
shaped particles, Liquid particle bridging due to surface tension forces may
also occur as a result of capillary condensation of a liquid (water). Solid
particle bridging is a reflection of the origin of the particles and is
representative of aggregation rather than agglomeration.

1.3.2 Particle Dispersion Mechanisms in a Liquid Phase

As in the gas phase, solid particles in a liquid are also
subject to secondary valence forces which lead to agglomeration. While
there are no obvious techniques of dispersing sub-micyon particles in the
gas phase, it is standard technology to disperse particles in the liquid phase.
It is possible to d.sperse sub-micron particles in liquid system first, by
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breaking the agglomerates through application of disruptive forces, and,
second, by subsequently generating repulsion forces which prevent close
approach. of two particles and therefore prevent or minimize re-agglomeration.

Two repulsive mechanisms exist which result in
stabilization of aliquid phase colloid:

a. Double layer electrostatic repulsion, and

b. entropic repalsion of interacting molecules
adsorbed on the particle surfaces(1-10),

The first mechanism results from the adsorption of charged species on and
around the particle surfaces to form the well-known electrostatic deuble-layer.
Stabilization occurs because of the electrostatic repulsion of two charged
particles. The stability of hydrosols (aqueous colloidal dispersions) is usually
due to electrostatic stabilization.

The second mechanism of entropic repulsion results from
the adsor?tion on the particle surface of large molecules that solvate with
the liquid{1-11), This results in the formation of thick film of essentially
oound liquid., When two particles collide, the particle-particle interaction
becomes negligible in comparison to the thermal energy of these particles at
the distance of separation equal to about twice the solvated film thickness.
The mechanism of entropic repulsion predominates in colloid suspensions in
non-polar media which are poor electrical conductors, Inthese liquids, it
is possible to stably suspend solid particles by adding polar molecules wherein
one end can adsorb at the particle surfaces and the other end of the molecule
can be solvated by the carrier liquid, Carbon black is a typical example of
a finely divided solid material with a characteristic particle size of less than
1 pm. The particles will uol disperse in the gas phase, but they can be made
to form stable suspensions in an immiscible liquid phase. Similar statements
can be made for many other materials of widely diverse chemical structure
and origin (titanium dioxide, zinc oxide, bentonite, organic dyes, etc.).

1.4 Proposed Method of Sample Preparation

The great ease with which fine powders can be dispersed in a
liquid phase, as compared to the gas phase formed the basis of Avco's approach
to the problem; this is outlined in Figure 1-1, The agglomerated matrix is
first dispersed in a fluorinated organic liquid which is unlikely to dissolve
or react irreversibly with any of the solid particles that form the matrix. The
dispersed solid particles in suspension are then partitioned from the liquid phase
by filtration, using a filtering membrane such as an ultrafilter, that has pores
smaller than the smallest particles in suspension. By making the concentration
of particles small enough and the area of the filter large enough for a given
volume of suspension, not only will the particles be separated from the liquid
phase, but the individual particles will also be separated from each other on
a statistical basis when deposited on the filter, After removing the residual
dispersing liquid adhering to the particles on the filter, by evaporation for
example, a system of dry, isolated solid particles is obtained on the filter
membrane. These particles can then be examined individually.

1=k
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1.5 §geé§ﬁc Problems éfudie‘d in this Investigation

The purpoae of the 1nvest1gat10n was to develop and demonstrate
the sarupls preparation techniquas described in Section 1.4 and outlined in
Figure 1-1, The goal was to develop to a routine procedure a method of
preparing agglomerated powders for analysis that made use only of commercially
available materials and labora.tory eqmpment ~The principal factors that '
reqm ,‘ed study were:

1.5.1 Powder Dispersion

Define and determine the parameters which affect the
de~agglomaration and dispsrsion of various agglomerated powder samples
in a fluorinated liquid in order to specify processing conditions which will
result in a well dispersed sample, irrespective of the initial degree of

-agglomeratiol of the powder sample to ke treated.

e 1,5.2 . Solid/Liquid Interaction

Determine the extent and reversibility of the interaction of
- fluorinated chemical compounds that could be used in the process with various
powder samples cf interést. While solid/liquid interaction is required in
order to disperse the powder, this interaction has to be reversible in order
to prevent contamination of the prepared particles by these fluorinated agents
which might interfere with their subsequent analysis,

1.5.3 Ultrafiltration System

Determme which commercmlly available ultrafiltration
membranes and “iitration systems can be used in this technique., As outlined
in more detail ;n Section 2. %, desirable filter characteristics include retention
of the smallest particles of interest, inertness in fluorinated liquid media
- used to prepare the powder samples, high permeability and stability, and lack
of interference with different methods of analysis,

1.5.4 Deposition and Characterization of Dispersed Particles

Utilizing the information obtained as described above,
d~*ermine the conditions required to provide well-dizpersed particles on
a stable substrate, Denionstrate the effectiveness of the method by suitable
comparative analyses of a variety of prepared samples and of the initial
powders.

1.6 Assignment of Project Responsibility

The partticle dispersion program was conducted in the Chemical
Processes Department of Avco Systems Division, Lowell, Mass. 01851.
Dr. Robert Kaiser, Leader of the Ferrofluid Group at Avco, was the principal
investigator and Avco project manager, He reported to Dr. Val Krukonis,
Manager, Chemical Processes Daopartment. In addition the following Avco
personnel contributed significantly to the technical effort:

Without the enthusiastic and diligent support of Mr, Richard Brown,
Eizineering Aide, it would not have been possible to obtain experimental
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- ddta of sufficient quality to develop “aeaningful conclusions. His special
_ contribution should not go unnoticed.

Dr. Clark K. Colton, Assistant Professor of Chemical Engineering
at M.I,T. and Avco Consultant, provided guidance and expertise in the areas
-of ultrafiltration and ultrasonic dispersion. Both Dr, Colton and Dr, Leon Mir,
Senior Consulting Scientist, wh: acted as in-house consultant, willingly

contributed their time to review and co:ament on the technical reports prenared
during the course of the program,

: Analytical measurements were performed by the Chemical Properties
Group headed by Mr, W,S. Port. Transmission electron micrographs were
taken by Mr. Charles Houck of the Ceramics R&D Section.

Examination of the deposited samples was sub-contracted to .
Advanced Metals Research, Inc. {AMR) of Burlington, Mass, 01803. The work
at AMR was performed by Mr, George Bruno. -

Through the courtesy of Mr, John K, Swift, of Joyce Loebl and
Company, Burlington, Mass., 01803, access to a Joyce Loebl Disc Centrifuge
MK III was obtained. Without Mr, Swift's cooperation, it would not have been
possible to carry out meaningful sedimentation measurements on some of the
dispersions of interest.
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2.0 PROPERTIES OF MATERIALS USED IN STUDY

2.1 Candidate Powders used in Experimertal Studies

The experimental work was performed with well characterized
powders considered to be representative of those normally found in an airborne
dust sample, The powders examined are listed in Table 2-1., These powders
varied widely in source of origin, chemical composition, and particle shape.

All had a characteristic size smaller than 1 , they were normally agglomerated
in the dry state, and were insoluble in water. These powders were chosen to
simulate a variety of solid effluents, as well as dust of natural origin which

would also be present in a sample collected from the atmosphere.

A most commnion industrial effluent is soot which results from the
intensive use of coal, petroleum and natural gas by our energy intensive
technological society, Since soot is generated by myriads of industrial sources,
it is quite likely that any airborne sample collected for analysis will contain
some fine carbon particles, It was deemed imperative therefore that one of
the powders studied be a well characterized grade of carbon black, or commercially
produced soot. In order to minimize the effects of aggregation on the interpreta~
tion and evaluation of the data obtained, it was decided to study a thermal black.

‘Medallia and co-workers (2-1, 2-2) have extensively studied the morphology of
carbon black. The particles of commenrcial blacks consist of chains of fused
spheres of different chain lengths and degree of branching. Thermal blacks
have been found to be less aggregated than other types of commercial black.
Thermal blacks are prepared under conditions which favor the formation of
relatively discrete spherical particles, ranging from 0,1 to 1} in diameter.
Through the courtesy of Dr. Medallia, experimental samples of two thermal
blacks, Sterling MT and Sterling FT were obtained from the Cabot Corporation
for further examination. Sterling MT was used as the carbon black of choice
for the program on the basis of the .esults of the extraction studies discussed
further below.

Metal oxides, as a class, are another common component of
airborne effluents from industrial complexes, Metal oxides smokes are vented
into the atmosphere, to varying degrees, not only by the matallurgical industry
in the course of winning a metal from its ore, but by other manufacturers that
make or use metal oxide powders for a variety of other commercial purposes:
pigments for paints, memory elements for magnetic tapes, the fabrication of
ceramic ware, etc. Because of the commercial importance of metal oxides,
there were many weli cuaracterized candidate materials that could have been
included in this study. A sinterable grade of natural uranium dioxide, UO
(Powder ENL-1 manufactured by Eldorado Nuclear Ltd, of Port Arthur, Canada)
was used as a candidate powder on the basis of the following factors: size
range, density, color, and the unlikely probability that uranium would be present
in any of the system components (e. g. tanks, filters, glassware, otc.). ENL-1
uranium dioxide was also one of the few commexrcially available metal oxide
powders that contained a significant number of particles smaller than 0. 1 jum.

A combination of the small particle size, the rarity of uranium compounds in
commerciai laboratory ware or ultrafiltration membranes, and the deep
coloration of even very dilute uranium dioxide suspensions, madec this powdcet an
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excellent test material with which to determine the retentivity of various ultra-
filtration membranes. As further discusszed in the report, dispersions of ENL-1
uranium dioxide proved to be excellent tracer materials, The high density of
uranium dioxide (10.9 gr/cm3) was another attractive property of this material,
because d:spersxons of this powder would be amenable to study by sedimentation
techniques in spite of the small particle size and the relatwely hggh density of
the fluorinated liquids used in the program (¢ = 1.7 - 1.9 gr/cm

Any airborne effluent sample would also be contaminated with dust
of natural origin, such as silicates or aluminosilicates. A well characterized
grade of refined Kaolinite (Peerless No. 2 Clay marketed by R. T. Vanderbilt
Company, Inc., New York, N.Y.), was included in the studv program as
characteristic of this type of dust. This grade of Kaolinite has been subjected
to extensive prior study because of its common industrial use. A large sample
of Peerless No, 2 Clay was obta.med through the courtesy of R. T. Vanderbilt
and Company.

There is the possibility that the presence of fluorine in the dispersed
particles might not be detected if there is any significant residue on the
fluorinated carrier liquid or fluorinated dispersing agent on these particles or
on the filter substrate. Any residue of the dispersing medium would result in
a background signal for fluorine analysis. It was therefore decided to include
powdered calcium fluoride among the materials to be examined as a representa-
tive fluorine - containing material. The particular powder used was precipitated
reagent grade calcium fluoride sold by J. T, Baker Company, Inc.

2.2 Initial Characterization of Candidate Powders
2.2.1 Introduction

The principal pronerty of candidate powders of interest are
listed in Table 2-1. The great advantage of using powders of industrial intorest
is that such materials are usually well characterized by their manufacturers.
The manufacturers' published values were used for chemical composition and
intrinsic physical propertics of the candidate powders. Additional information
was obtained at Avco related to the structure of the dry powder as received.
This characterization included measurement of surface area by nitvogen
adsoxption, and of bnlk density, as well as examination of the powder by trans-
mission and scanning electron microscony. Agglomerated mixtures of powders
were also prepared. The solubility of the individual powders in the various
liquids of interost was also sxamined,

2.2,2 Powder Structure

$pecific surface area of the different candidate powders was
measured by mtrogen adsorption in a Perkin Elmer Sorptometer (Model 212C).
Duplicate single point surface area measurements were made on powder samples
_prev:ously dried to 105°C and stored in a dessicator. The resulis are presented
in Table 2«1. These measuroments are accurate to within +5%.
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The measurement of specific surface area by adsorption
is independent of the degree of powder agglomeration. It is one of the few
ways by which one can obtain an estimate of the ultimate particle size of an
agglomerated powder without having to disperse it. The equivalent spherical -
average particle diameter, d, g, is related to specific surface area, Agand
the density of the particles, @ p» by the following equation:

5. - b (2-1)

Values of g. vs are also presented in Table 2~-1. This estimate is valid for all
powders where the particles are not porous. It is to be noted that d, g is less
than 1 pm for all the candidate powders.

The void volume. which is one minus the ratio of bulk powder
density to particle densxty, is usually much higher for agglomerated powders
than for powder beds in which there ar= no interparticle forzes. In the absence
of interparticle forces, the volume fraction void in a powder is usually less
- than 0.50. With agglomerated powder, void volumes in excess of @, 90 are not
uncommon. The bulk density of each candidate powder was measured by filling . -
a 25 ml graduate with a known weight of powder, and gently tapping the graduate
on a desk top until there was no further significant change in the bulk volume
{usually about 20 taps) of the powder. This value was then used to calculate
the bulk density. The void fraction in the powder bed ¢y, is derived from the
bulk density, €p, and the particle density, ¢ p bY the following equation:

) o
(o= logm | ey
As shown in Table 2-1, the measured bed void fraction is 0. 70 or higher

for all the candidate powders. This is a good indication that these powdars
have a tendency to agglomerate.

The powder samples were also exarnined by transmission
and scanning electron microscopy. Transmission electron micrographs were
obtainaed with Aveo's 100 KV Seimens Elmiskep 1. This microscope has a
useful magnification range of 200 « 200, 000X with a resolution of 10K, Avco's
standayd preparation method was used to obtain micrographs such as the
onas shown in Figure -1 to 2-7. This method is described in more detail in
Appendix A, No specific instructions beyond the procedure described i the
Appendix were given as to the presence of agslamaratss in the original powder
or the degree of dispersion desired.

Scanning elestron ¢ -mc:oskcep y (SEM) work was done under
sub-contract at Advanced Metals Research, Inc. (AMR) in Burlington, Mass.
Scanning electron micrographs were obtained with an ALIR Model 300 high
resolution scanning clectropn microgscope. This instrument has a3 resolution
of the order of 100A to i 30A with a useful magaification range of from about
16X up to about 50,000X. Powder sample preparation consisted in sprinkling
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'some dry powder on a piece of transparent, double backed adhesive tape,

which was already placed on a SEM target knob, and then blowing away excess

- powder, A thin gold-palladum coating estimated to be about 0. 0] thick

~ was then deposited on the samples to make them conductive. Striking photo-
Erazp!;ss oj well agglomerated powders were obtained as shown in Figures 2-8

-to 2-15, _

' As can be seen from these pictures, the powders are not

well dispersed. In the SEM photographs, where there was no preliminary

- preparation, there are very large agglomerates. The various powders all

look remarkably alike at 450X due to similarities in appearance of agglomerates,

It becomes possibie to identify particles to a greater or lesser degree, depending

. on the powder, at 4500X, Sterling MT appears to consist of bunches of grapes
haphazardly thrown together. Calcium fluoride and uranium dioxide are fuzzy

mosses. It is possible to identify individual particles of CaF, and UO; only

at the edges of the agglomerates. It is possible to identify inSividuai platelets

of Kaolin within the agglomerated jumble represented by Figure 2-15.

The powders in the transmission electromicrographs are
not as badly agglomerated because of their pretreatmernt. Therc is some degree
of particle separation, and at higher magnifications it is possible to oktain
some information on the geometry of primary particles, but these photographs
-are not very useful for quantitative analytical measurements because of the
degree of agglomeration present. However, these photographs will serve as
a basis of comparison, characteristic of the existing state of the art, against
which electron micrographs of samples prepared by the proposed dispersion
technique can be compared. '

2.2.3 Conglomerate Formation

Birary and quartenary mixtures of the various powders v
‘required for deposition studies were prepared in 2 inanner designed to promote
good mixing and the formation of conglomerates. The technigue invelved small
quantities of material and was very simpla. As listed in Table 2+2, equal
weights of various powders (60 mg totsl) were cach added to a 50 ml screwcap
- polycarbonate centrifuge tube. The tubes and their contents were then agitated
for 6 hours with a standard laboratory wrist shaker at abou? | escillation/second.
The various powders became mixed and also started to peliitize, much in the
rranner of a bed of ziue oxide or carbon black when tummbled in & cylindrical
vesscl for a loog peried of time (2<3). Small samples of powder mixtures after
agitation were exdunined by SEM. Some ropresentative electron micrographs
-ave shown in Figeres 2«16 to 2-22. These samples were prepared for micrescopy
“in the same manrer as the powder samiples discussed in the previons section.
A3 can be seen s, heriodsl reassos are formed which ave significantly larger than
the individual particles, Examination of the micrographs taken at higher
magnification indicate that varisus particles appear to be well mixed within these
masses or conglomerates, The pavticles adhere to ather type particles ac .
weil as to their own kind. This result is a further indication that the particles
adhere to each other by a noa-spacifit mechanissi as discussed in the introduction.

BENI Photomicrographs presented in this report azve 80% reductivas of oviginal
photomicrographs. Quoted magnificaticas refer to original values.
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Figate 2-8 SEM REPRESENTATION OF EML | URANIUM UIOXIDE . F;gum 2.9 SEM REPRESENTATION OF ENL.Y URANILM OEDX&D
. POWDER AS RECEIVED : . POWDER AS RECEIVED.

g 2 10 $EN REBRESERTATION OF PRECHITATE} CALEIUN Bigure 2 11 SEM REFRESENTATION OF PRECIMTATRD C
SLLIORIDE PONDER A% RECEIVED ‘ _ FLUDRIDE ROMBER A% RECENVED
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Figure 2-12 SEM REPRESENTATION OF STERLING MT CARBON Figure 2-13 SEM REPRESEIITATION OF > TERLING MT CARBON
3_ACK POWDER AS RECEIVED BLACK PO.DER AS RECEIVED

: Figure 2 14 SEM REPRESENTATION OF PRECIPITATED Figure 2.16 SEM PRESENTATION OF PRECIPITATED
X PEERLESS WO, 7 KAOLIN AS RECEIVED i PEERLESS NO.2 KAOLIN AS RECEIVED
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TABLE 2-2

COMPOSITION OF CONGLOMERATED POWDER MIXTURES

Weight of Powders ia Mixture, mg

Mixture No. U0p Cgfo Kaolin Sterling MT Total

E BFB-1 30 | 30 60
" BFB-2 30 30 60
= EFB-3 30 30 60
BFB-4 30 30 60
BFB-5 30 30 60
BFQ~6 15 15 15 15 60

i:‘!v -
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2.3 Fluorinated Liquids

2.3.1 Description of Candidate Fiuorocarbons »

The requirement that the suspension method developed must
disperse the agglomerated materials into separate particles without pthical
or chemical changes places stringent limitations on the choice of liquids that
can be used to disperse the particles. The components of the candidate
dispersing liquid mixtures must, therefore, not react nor combine irreversibly
with any particie in the matrix. Ideal candidate materials are the perfluorinated
hydrocarbon liquids. They are fluorocarbhons which are an unusually stable
family of co™pounds (viz., teflon), They shcw as a class a remarkable degree
of inertness and resistance to chemical attack. Furthermore, they are not
found in nature so that the presence of any residual material is readily detectable.

A variety of perfluorinated or highly fluorinated organic liquids
are available from different chemical manufacturers (e.g. E.I. Dupunt de Nemours
and Company, Inc. (Dupont), 3M Cempany, Inc., Allied Chemical Corporation,
and Peninsular Chem Research, Inc.). These liquids have found industrial
applications as heat transfer media, lubricants, electrical insulators, optical
media, etc. They are presently being investigated for many other purposes.

For example, a promising application is their use as a component of a synthetic
blood (2-4).

The candidate fluorinated liquids used during the program are

listed in Table 2-3. These liquids are all commercially available, The bulk

of the experimental work involved dispersion in Freon E-3 (E-3), Freon C-51-12
(C-51-12) and FC-43, While these liquids are all generally highly fluorinated
compounds, they differ in their molecular structure, and they do vary in their
physical and chemical properties to a certain extent. E-3 is a highly fluorinated
ether, C-51-12 is a perfluorinated cycloalkane, and FC-43 is a perfluorinated
tertiaryamine. The nitrogen atom in FC-43 does not behave in the same
manner as the nitrogen atom in an ordinary tertiary amine. FC-43 is quite
inert and behaves as an alkane, E-3 is essentially a linear molecule, C-51-12
has a ring structure, and FC-43 is highly branched. These liquids are mutually
soluble.

In addition to the above liquids, the fourth fluorinated liquid listed
in Table 2-3, FC-77, was used in the program as a preliminary rinse liquid
because of its lower cost. It was not used in the bulk of the studies because
it was found to have an effect on various candidate filters and to interact more
with certain candidate powders than the other three liquids as discussed in the
next section.

2.3,2 Sclubility of Candidate Powders in Fluorinated Liquids

A key requirement of the study is that there be no interaction
between the various fluorinated liquids and the powders under consideration.
In order to determine the extent of interaction, each powder was systematically
extracted by different fluorinated liquids in a standard Soxhlet extractor, as
shown in Figure 2-23, In each test, about 10 gr of powder, dried overnight

2=13
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in a 110°C oven, was placed in a tared, porous paper extraction thimble. The
initial powder weight was measured to 0.1 mg on an analytical balance, After
adding 50 ml of a given fluorinated liquid, tlic thimbie was placed in the
extraction tube and extracted for 6 hours. During the extraction process, the
fluorinated liquid in the flask is heated to boiling, The rasulting vapors flow
through the by-pass in the extraction tube to a condenser where they are
condensed. The resulting liquid drops into the thimble whera it comes into
contact with the powder sample, Liquid leve! builds up in the extractor until
it exceeds the height of the syphon tube, at which time it syphons back into

the reboiler flask, The process then repeats itself automatically. In this
manner, the powder is continuously contacted with fresh liquid and any non-
volatile dissolved material would be concentrated in the liquid in the extraction
flagsk, At the end of each test, the thimble was dried to constant weight at
110°C, and the change in powder weight recorded (see Table 2-4). The
appearance of the extractant was also noted. In addition, for the inorganic
compounds, samples of the extraction liquids were sent to the Avco analytical
laboratory to determine the concentration of a characteristic substance in
each liquid by atomic adsorption (uranium for uranium dioxide, calcium for
calcium fluoride, aluminum for kaolin).

The percent weight loss was less than 1% for the five powders

studied, with the exception of the Sterling FT carbon black. In particular,

for uranium dioxide the weight loss was less than 0.2%. For the inorganic
compounds, the extraction liquid was clear after each test with one exception
(CaF,/Freon E-3). The weight losses observed are believed to result mainly
fromzloss of adsorbed water (especially with FC-43 and Freon E-3 which boil -

at 345°F and 306°F, respectively), and to passage of some of the particles
through the filter (Kaolin/C-51-12 and CaF,/Freon E-3).

The extraction liquids from the Kaolin, uranium dioxide
and calecium fluoride tests were analyzed for aluminum, calcium and uranium,
respectively, None of these metals were detected in these liquids by atomic
adsorption, This technique can detect trace quantities of calcium and aluminum
(less than | ppm). Due to the low sensitivity of this methed to uranium
(2000 ppm detection limit), the presence of uranium in the UC2 extracts was
also analyzed by x-ray fluorescence which can detect 10 ppm uranium in the
fluorinated liquids. These tests indicated that there was no uraniuwm present
in these fluorinated liquids.

There is some interaction betwean the fluorinate? liguids
and the carbon black samples, especially Serling FT, where weight losses
of about 1% and discoleration of the extraction liguid were noted. With Sterling MT
welgnt losses were less than 1%. In this case, while some material was
removaed from the carbon black matrix, this material was ap;mrently immiscible
in the {luorinated liquids. These results are not unexpected in that Sterling MT
and Sterling F'T are both thermal blacks that exhibit a relatively high
concentration of toluene axtractable material. These materials are mainly
hydrocarbons which would exhibit a limited solubility ir the fluorinated liquids.
However, even with these powders, the observed weight change was small.
Since tha weight losses were less for Sterling MT than for Steriing FT, and since
the materials extracted from Sterling MT were not soluble in the {ivorinated
liquids used, this grade of carbon black was used in ali further adsorption and
dispersion studies,

2-16

e gt Tt et e



T R T Ayt s ot - e

Powder

Uo

Sterling MT

~ Storling FT

TABRLE 2
INDEX OF POWDFR SOIUBILITY IN FLUORDNATED LIQUIDS

(Weight Loss after 6 hours of Soxhlet Extraction)

Liquid

Freon C-51-12
Freon E=3
FC=lt3

FC=-TT

Freon C=5l-12
Freon E=3
FC=43

Freon 0-51=12

Freon E=3
FC-43

Frean C-51-12

Freon E=3
FC=U3

Freon («S5le12
Freon E=3
FCTT

Comments on

Initial Powder AW Powder Percent Liquid After
Weight, gr Grams Weight Loss Extraction
9.0018 «0.0032 0.03 Clear
T.4287 =0,0125 Q.17 Clear
8 . 8872 "O . 0121 0 -l!" Clear
16.8369 =0,0178 0.11 Clear
9.9846 «0,0542 0.54 Clear
9.9820 “Oo%h? 0065 Slight Haze
9.7789 =0.0555 0.56 Clear
. 1005932 “000601‘ 0.57 Clear
9.9829 -0;0315 0032 Clear
8.9057 -0 .0320 0036 Clear
10,0529 =0.0568 0.56 Same yellow
drops in ldquid
10,0044 =0,0736 0.T0 Cleaxr
10.0138 =0.0705 0.70 Yellow line on
: glass at liquid
surface
10 0061‘8 =0.1170 7 1 16 Clear
909793 ‘0-1-356 - 1036 Yallowish
10.0309 «0.1553 Yellowish

2=17
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2.4 Fluorinated Dispersing Agent

2.4.1 Choice of Dispersing Agent

Different surfactants will be needed for different fluids.
A surfactant that stabilizes a dispersion in one fluid system will not usually
stabiiiz2 it in any other fluid system. It is necessary to tailor the surfactant
in eac’s specific case in order to have proper transition irom particle surface
to bulk liquid properties. Numerous additives have been developed to stabilize
suspensions in aqueous and hydrocarbon media. A typical example is oleic
acid which is used to peptize suspensions in aliphatic and aromatic hydrocarbons.
In this case the carboxylic acid "head' adsorbs at the particle surface and the
organic "tail" interacts with the carrier liquid molecules to form a solvated
sheath. While there exist many surface active agents which may be used to
prepare stable colloidal sols in a hydrocarton liquid or in water, this is
not the case for perfluorinated liquid media where only a limited number of
chemicals have baen synthesized which are capable of stabilizing a suspension.
Most commercially available fluorinated surfactants, such as perfluorooctanoic

acid, do not have a molecular weight high enough to form the desired solvated
film, : : , _

For a number of years, it had been desired to prepare
colloidal disparsions in perfluorinated media (fluorosols) in order to take
agvantage of their inertness, In 1968, Kaiser recognized that chemical inter-
mediates in the manufacture of hexaflucropropylene oxide (HFPO) polymers
had the desired characteristics (2-10). These compound have the following
general chemical formula:

CF3

F {CF »CF3 « Q) -CF3 - COOH

CF3

where n can vary betwesn fram | to more than 20.

, Stable fluorocarbon dispersions of such diverse solids as
silica, magnetite, carbon black, and sulfur have been prepared with HF PO acids
that have a sufficient degree of polymerization (n >6). In particular, dispersions
of superparamagnetic magnetite particles stabilized by poly (HFPO) acid ira
variety of fluorinated liguids have been extensively investigated at Aveo S/D,
These dispersions are a class of Magneco!TM ferrofluids and behave as
magoetizesble lquids (2-5). It has aleo been found that it is easier to disperse
- a given powder, and that the stability of the resulting dispersion is higher,
when a high molecular weight poly (HF PO) acid is used as a stabilizer. These
fiuorosol ¢ have exhibited & shelf 1ils in axcess of one year. The particle size

in these suspensions range from less than 50 A 10%4 i }xm)

v
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: Based on this prior experience, a high molecular weight
mixture (15< n< 20) of HFPO polymer acids, Krytox 157, was considered the
surfactant of choice for the proposed program. It was expected that Krytox 157
would be a non-specific dispersant suvitable for powders varying widely in size
and compesition. All the experimental work was performed with material drawn
from one batch of Krytox 157 {(Lots No. 2 and 3) obtained from the Petroloum
Division of Dupont.

¢
2.4.2 Properties of Krytox 157 Solutions

The following physical properties of solutions of Krytox 157
in the various fluorinated liquids were measured in order to carry out varicus
subsequent experimants during the course of the program. These were density,
viscosity, and adsorption in the near infrared. These solutions werc prepared.
by adding a known amount of fluorinated liquid te a known amount of Krytox 157
in a tared containaxr and then mixing these liquids in this container. The
weights were determined to within 0.1 mg on a Mettler HT6 analytical balance,

The densities of various solutions of Krytox 157 and
Krytox 157 alone were mexsured at 259C m a jacketted cell by weight displace-
ment, using toluene{ ¢ = 0.86230 gm/cm at 259C (2~11)) as the liguid of
reference, These results are presented in Table 2-5. The mcasured densities
of the base liquids agree closely with available manufacturers published data.

Viscosity measurements are presented in Table 2-6. These
values wers required for the sedimentation studies. The vizcosities of the
solutions were measured on a Wells-Brookfield cone and plate viscosimeter at
a shear rate of 230 sec~). The viscosity of pure Krytox 157 was measured at
a lower shear rate of 1.1 sec™}). These rneasurements are accurate to 1%.

. Infrared analysis is the simplest method of analyzing the
concentration of Krytox 157 HFPO acid in various fluorinated liquids of interest,
Measuremants were made with & Miran I infrared analyzer shown in Figure 2-24,

which is a single beam infrared spectrameter that can be used with a variety

of sampling systems, This instrument is particularly suited for quantitative
analysis through the accurate measuromont of sample absorbance at 3 paniculir
wave length:

g = cada lwglor = HPhy o @
where
| I & gigoal with sample

i o u signal withk no sample

19,0 (.x.?.) e gample absorbance |

A = ol pathlength

- = Sample cohcantration expressed i any
convenient units
. = Absorbance coetiicient. a coastant

characteristic of the camplie and the
upite choien for comventration and
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DENSITY OF SOLUTIORS OF KRYTOX 157
I VARIOUS FLUCRINACED LIQUIDS AT 25°c

Liguid Frecn E-3 C-51-12 -h3 FC-TT
Krytox 157 '
Concentration . Density, gr/cmd
Waeight-Fercent , ~
o 1.727 1.886 1.768
0.01 1.72T 1.674
0.10 1.727 1.673
© 1.00 . 1.729 1.675 1.893 1.769
5.00 ,A 1.735 1.688 1.TTh

Irytox 15T (2004) 1.89%2
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TAKLE 246
VISCOSITY GF FLUORINATED SOIUTIONS

Liguid Yiscoeity, cp®

I FC-43 5.53 4,78
.8 : FC-h3 - 1% Xz tox 157° 5.72 5.57
- BE-3 2.37 2.17
B-3 - 1% Krytox 157° 3.05 2.57

b - By veight.

: , - Krytox 157 . 1700 13co

‘ a - Measured at a shear rate of 230 sec'l, except for
3 Krytox 1i7 vhich was measured at a chear rate of
- 1. see™=. '
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By proper choice of cell pathlength, signal intensity and
wave length, it is possible to 'btain conditions which are sensitive to the
concentration of the unknown species one wishes t¢c measure.

After preliminary examination of the adsorption spectrum
in the near infrared of various fluorinated liquids and solutions of Krytox 157
in these liquids, all measurements were made in the near infrared at a wave
length of 3.18 pm where Krytox 157 shows a significant absorbance peak
(See Figure 2-25), The peak at 3.18 pm was used in preference to the very
strong peak at 5,58 pm because the measurements were easier to perform.
Measurements at 5.58 um would have required the use of NaCl cells and a path
length of 0.1 cm or less, whereas a standard 1 cm quartz cell could be used
at 3,18 um, The quartz cell could be cleaned easily and not have to he stored
in a dessicator. The Miran I could be adjusted to measure the concentration
of Krytox 157 over any desired range of concentrations. A series of reference
samples that contained known concentrations of Krytox 157 in a given fluorinated
liquid were used to establish calibration curves from which the concentration
of an unknown sample was obtained. A typical calibration curve for a broad
concentration range of Krytox 157 in Freon E-3 is shown in Figure 2-26. The
minimum detectable concentration of Krytox 157 was 0,.01% in Freon E-3, which
was the least sensitive measurement. The error in each measurement was less
than 1% of the full scale réeading.

2.5 Filtration Membranes

2.5.1 Requirements

" In terms of the primary goals the present program, where
it was planned to filter a dispersed powder from a solution of relatively high
molecular weight surfactant in a carrier liquid, the allowable pore size of
the membrane had to he large enough to allow passage of the high molecular
component but not of the smallest particles one wished to retain. It was felt
that a suitable membrane should have the following general properties:

a. The minimum pore size should be large enough
to allow the surfactant in solution to permeate.

b. The maximum pore size should be smaller than
the diameter of the smallest particle one wishes
to examine.

c. There should be minimum interaction between the
membrane and any of the components of the solutions
of perfluorinated liquids used to disperse and deposit
the particles to be examined.

d. The permeability should be high enough to carry out
the filtration within the constraints of equipment size,
operating pressure and available time characteristic
of good laboratory practice. As an index, it was felt
that the structure of the membzrane should be such as
to obtain a permeability of 10~% ml/min ~cm? =psi
with the various solutions used in the present particle
dispersion study.
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e. The membrane should be a stable platform for
scanning electron microscopy, It should not decompose
when subjected to the intense electron bombardment
characteristic of high magnification for the period of
time necessary to focus on the particles of interest
and to record the information by photography., Ideally
the membrane should be able to withstand the effects
of 50, 000X magnification for 5 minutes or more,

f, The membrane should be able to accept and be compatible
with the conductive metal coatings (typically gold-palladium
alloys) used in the preparation of samples for examination
under a scanning electron microscope.

g. . The membrane suvrface should be flat. The membrane
should have no contours or features whose relief would
interfere with analysis of photomicrographs. This sets
a critical requirement on the size of the membrane pores.
These pores should be smaller than the limit of resolution
of the scanning electron microscope. With exi. ting
equipment, this implies a pore size of less than 2004,
The membrane should also be clean, uniform, free of
cracks,and gross structural defects.

As no previous studies had been reported in the literature in
which perfluorinated liquids were processed with microporous or ultrafiltration
membranes, a search was first made among various membrane manufacturers
to find suitable candidates of appropriate pore size or molecular weight cutoff
which would likely be compatible with petrfluorinated liquids. The candidate
membranes selected for further study are given in Table 2-7. These materials
are representative of all the types of filters available, with the exception of
the Nuclepore filters manufactured by General Electric Company. These were
not included as candidate filters since the smallest pore size available at
the start of this program was 0.1 , a value larger than the primary particle
size for some of the candidate powders.

Studies in three areas were carried out to provide a basis
for selecting the most suitable hydraulic filter: permeability, surfactant
retention, and surface smoothness and stability during microscopic examination.,
Results of these studies are described below. The permeability and retention
studies were performed at the outset of the program and led to a preliminary
selection of membranes for further study. Roughly midway through the program,
leakage of dispersed uranium dioxide through the membranes then being employed
and the SEM observation of surface characteristics of the various membranes led
to selection of a new material for further studies.

2.5.2 Hydraulic Permeability

Filtration tests were conducted to screen candidate filters,
In these tests, the hydraulic permeability, P (cm”/cm®-min-psig), of a given
fluorocarbon liquid or of a solution of Krytox 157 fluorinated surfactant in
a fluorocarbon liquid, was measured as a function of time and applied pressure
for a number of different commercial membranes.
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Manufacturer

W1lipore Corp.

Amicon Corp.

{Schleicher &
Schuell, Inc.

'Celanese Plgstics Co.

TABLE 2=T

FILTER MEMBRANES INVESTIGATED IN THIS STUDY

Type

Millipore Virus
Filter

Pellicon
Ultrafiltration
Membrane

Diaflo
Ultrafiltration
Membrane

Selectron
Membrane

Celgard
Microporous
Propylens Fllnm

Designation

VMWP
VSWP

PSAC

XM 300
XM 100A
XM 50
PM 30

B 1k
0T

2400

Nominal Pore Nominal Molecular
Size, jm Weight Cutoff
0.05
0,025
156,000 ( 95%)
35,000 ( 93%)
13,000 ( 90%)
300,000
100,000
50,000
30,000
0.01
0.01
0.02 x 0.1
(E11ipsoidal)




The experimental apparatus censisted of a liquid reservoir
fitted with a. 13 mm filter holder at its outlet, capable of being pressurized
with comprazssed air. The filter membrane to be tested was first inserted in
the filter holder (80 mm? area available for filtration). Prefiltered candidate
liquid was then added to the reservoir which was then connected to the compressed
air lige, causing liquid to flow. The volume of filtrate collected as a function
of time was then determined and the hydraulic permeability calculated. Experi-
ments were carried out at different pressure levels (25 psi, 50 psi, 75 psi).
Samples of filtrate and feed were saved for analysis of Krytox 157 concentration.
Permeability was calculated and plotted as a function of filtration time. To
determine long term compatability, filter membranes were contacted with a
given carrier liquid for long periods of time (overnight to two weeks).

The various filter memburanes listed in Table 2-7 were
contacted with at least one of the following fluorinated liquids: Freon ©-51-12,
Freon E-3, Fluorinert Ligquid FC=43 and Fluorinert Liquid FC-77.

The initial permeability of these different filtration membranes
with different carrier liquids are summarized in Table 2-8, Millipore filters
MF-VM, MF-VS and Pellicon PSIM were found to be compatible with {luorinated
liquids C~51-~12, E-3 and FC-43. Some variation in permeability was found with
FC-77. Long term (two weeks) interaction of FC~43 with Pellicon PSIM
membranes was noted. However, after a short soak (overnight) permeability
remainzd constant to within 20%. Pellicon Filters PSED and PSAC were
compatible with C~51=12 and FC-43, but apparently swelled after two weeks
contact with Freon E~3, These filters also had a much smaller permeability
than the previous filters mentioned.

The various Amicon filters tested all showed undesirable
variations in permeability with time. A relaxation effect was noted in all
cases, which appears to be a characteristic of these membranes even with water,

The permeability of the S&3 Selectron B-14 Filter, which
was test:d later in the program, was slightly lower than the competitive
Millipore VM and VS filters, The hydrauiic permeability of the Selectron S&S
0-7 filter was less than 1 x 10=3 ml/min - psi = cm¢é with Freon E-3, which
was considered to be too low a value for the present application, The S&S 0-7
Selectron filter was also unsatisfactory from another standpoint. It was
packaged wet (20% methanol) and could only be used wet after solvent exchange
(isopropanol, then di-isopropanol ether, then Freon E-3), If the {filter was
allowed to dry, it wrinkled badly and irreversibly. It was totaliy unsatisfactory
therefore as a substrate for electron microscope determinations which are
carried out in a vacuum,

The permeability d the fluorinated liquids through Celgard
microporous polypropylene film was very low, In spite of the fact that this
film had relatively large ellipsoidal pores (short axis - 2004, long axis = 500 -
1000&), the liquids permeated through this inaterial very slowly (less than
103 ml/cmé - psi « min).




_ TARIE 2-8
INTITAL PERMEABILITY OF SURFACTANT FREE
FLUORINATED LIQUIDS THROUGH CANDIDATE FILTERS

Fluorinated Iigquid
Filter Membrare C-51-12  E-3 . Fcl3 FC-TT
o Permaability (ml/em@-psi-min) x 103

Miliipore MF-VM 50 26 20 Lo
Millipore MF-VS 60 27 13 L3*
Pellicon PSIM 120 Ly 22 T9%
Pellicon PSED 33 16% 18 - 10 Lo*
Pellicon PSAC ' 2 3.5 1 1o%
Celgard 2400 1 1 1 i
Amicon XM-300 30% 368% Sh#

Amlcon XM-100A 8 B 1% 1
Amicon XM—SO Be5¥% 2.3 - 1.7
Amicon PM-30 No Flow N.M.
S%S Selectron B-lh 18

S&S Selectron 0-7 h

#Noticeable reduction in P with filtration time 2r after 2 week
soak test.

Blank - Not Tested
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On the basis of these studies, it was decided not to use
Fluorinert Liquid FC=-77 in further characterization work., This liquid
appeared to have a noticeable effect on the permeability of the majority of
the membranes examined, whereas the other liquids did not. It is possible

ﬂ?pt‘ (t;here might have been some swelling of the porous matrix in the presence
0. "77.

Millipore VM, VS and Pellicon PSJM appeared to be the
most suitable membranes for this work on the basis uf hydraulic characteristics,
and since they did not retain Krytox 157 to any significant extent as discussed
in the subsequent section, these membranes were used during the first phase
of the program, especially for partition studies. As discussed below, these
membranes were not optimum deposition substrates and also did not have the
expected retentivity for very fine particles, especially UO,.

2.5.3 Surfactant Retention

Experiments were also carried out to assess the retention
of Krytox 157 by the candidate filters from solutions in FC=43 and Freon E-3
perfluorinated liquids. Samples of the feed solutions and filtrates were
collected from a series of filtration experiments and were analyzed for Krytox 157
concentration by IR absorbance measurements as described. Surfactant
retention was quantitated in terms of the measured rejection, defined by

concentration in filtrate

Rejection = 1 - concentration in feed

A rejection of zero indicates that surfactant traverses the membrane freely
and is not impeded. A rejection of unity, on the other hand, indicates that the
membrane is completely impermeable to the surfactant.

Results are presented in Table 2-9 for filtration of
FC-43/Krytox 157 and E=3/Krytox 157 solutions. Selute rejection was very
close to zero with all membranes except the S&S selectren 9-7 membrane.
The other drawbacks of this membrane have already been discussed.

From these results, it was concluded that Krytox 157 was not
significantly retained by the remaining candidate filters and that, on the basis
of this criterion, these were all suitable for the planned partition and dispersion
studies, '

2.5.4 Surface Characteristics and Stability for Microscopic Evaluation

In order to assess the suitability of the various candidate
filters as a platform support for microscopic examination, scanning electron
microphotographs (SEMj were made of the clean filter surfaces. As previcusly
mentioned, SEM work was done under subcontract at Advanced Metals Research,
Inc., Burlington, Mass. The inetrument used in these studies wac an AMR 900
scanning electromicroscope. These initial evaluations were performed at the
same time that the partition and early dispersion studies were being carried out.
A thin gold/paladium coating, approximately 0. 0! pm thick, also was deposited
on the surface of each membrane to make the sample conductive.

2-30
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TABIE 2-9

REJECTION OF KRYIOX 157 BY CANDIDATE FLLTERS

Manufacturer

In FC-b3 Solution

Millipore

Amicon

In Freon BE-3 S Solution

Millipore

Amnicon
Schleicher & Schuel

Filter Designation

v3wp

IN-100A

VSWp

XM-1C0A

B-14
0-7T

Measured Relection

0.01
0.0%
2.01

0.02

0.0%
0.01
0.00

- C.03

0,04
0.33
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Selected representative photomicrographs of untrecated
filters as received are shown in Figures 2-27 to 2-31. Several important
conclusions were drawn from this work. First, none of the filter substrates
used, except the Amicon XM membranes, were considered satisfactory as
deposxtion substrates. The poorest substrates was the Schleicher and Schuell
Selection B-14 Filter (Figure 2-27). This filter had a granular structure with
a network of pores ranging from 0,1 um to about ! pm in diameter. This would
mask the system with some particles being caught within the filter and others
being camouflaged by the structure of the filter. Furthermore, this filter broke
down when the SEM was run at high magnification. At 18000X the filter broke
down in less than 1 miaute. Even at 4500X, the electron beam had a noticeable

effect on the structure within the time needed to focus on the particles (~1-2 min).

The Millipore VSWP filter behaved in a similar manner, but to a lesser degree.
The surface of this filter looked like a flat sheet with many non-contiguous
circular holes present. Thesc holes were apprusimately 0. 1 pm in diameter,
larger than some of the particles which were expocted to be deposited on the
filter. The VSWP filters were fairly stablc at magnifications up to 4500X,
marginally stable at 9000X and unsuitable at 18000X (Figure 2-28). At this
magnification, there were significant sample vibrations, believed due to
decomposition of the membrane. There was little difference noted in the
appearance and behavior of the Pellicon PSED and PSJM filters (kigure 2-29).
Both were quite stable under the electron beam. These filters could be exposed
to a beam at 18000X for 4 minutes with only a slight change in the surface
structure, This is a long enough period of time to allow critical focusing.

The major drawback to the Pellicon filters it their surface structure. There is
little difference in the appearance of the surface of the Pellicon filters and

the Millipore VF filters. Based on the manufacturer's literatyrg, it was
presumed that these filters consisted of a thin surface film with an ultrafine
structure supported on a normal filter substrate. Based on the (SEM)

taken, it appears that this film is either transparent or below the immediats
surface of the filter, i.e.. somewhere within the bulk of the filter. These
results are in agreement with work recently published by Preusser (2-13. 2-14).

Examination of alectren miero graphs obtained during this
study, (Figure 2-30) as well as transmigssion micrographs examined 3t Armicon
{see below), indicated that Amicon ‘(M membranes have a sponge like open
structure with pores ranging from ¢0A « 50X for the XM 50, to abeut 10
1304 for the XM 300. The XM 100 appcars to have pores abeut 708 . &’SQX
in diametar. Scanning electron micrographs at 20, Q00X of the XM 30 and
XM 109A showed very Little structural rolief, Théy appeared te he 3 preyish
fil with slight undulations and it was barely possible to dotect what appeared
to be little pinholes, the micropores of the mambranas, SEM's of the XM 300
had a similar appearance, LBt with a much meore visible micropore structure.

2.5.5 Final Seloction of Filters for Deposition Work

It was earlior mentioned that the Amicon XM membranes
failed a number of scraeaing tosts in that they exhibited a hydraulic peraeability
that decreased with tirme at prossures of 2% psi and above. In view of their
superiority for SEM work, these materials were re-evaluated after discussions
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: Figure 2 30 SEM REPRESENTATION OF AMICON XM-HKIA
g . MEMBRANE (CENTER ZONE PREVIOUSLY EXPOSED AT
E: 18000X FOR 4 MUN) -

. 3 Bipse ? 31 SEM REFREIENTATION OF SCRATOHED ANICON
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with an Amicon techniczl representative. The Amicon representative explained
that they have found that the XM memkzanes are best used at what are very low
pressures for ultrafiltration work, 10 psi or less (a detaii only mentioned

in their latest product information catalogue), since the sponge structure of
the membrane is fairly fragile. Application of a compressive load, as occuss
when one tries to filter a liquid through a membrane supported on a rigid plate,
results in compression of the sponge structure and a reduction in the available
pore area for flow. Since this collapse is time dependent, the permeability

of the membrane will also be time dependent. Bubble pressures for these
membranes are low because the sponge like matrix has a low tensile strength
and rapidly tears under the applied stress.

The permeability of a 1.04% Krytox 157 solution in Freon E-3
through a 25 nun XM-100A Amicon filter, and retention of Krytox 157 fromre this
solution, were measured at different filtration pressures (4 psi, 8 psi, 14 psi
and 20 psi). In all cases the Krytox 157 concentzation in the filtrate was not
measurably different from the concentration in the feed. However, the permeability
varied with applied pressure. At 4 psi, a fairly constant value of 0, 11 ml/em2 o
psig - min was chserved for 30 minutes. At 20 psi, the permeabiii?; was lower
and decreased with time, from an initial value of 8.2 x 10~3 ml/cm® - psig -
min to 6. 7 x 10~4 mlfem psig - min at 30 minutas. Operation below 10 psi
therefore appeared desirabie.

These results confirm the postulated model of the Amicon XM~100A
describeg abova. The constant permeability at low pressure and the lack of
retention of Krytox 157 indicates that there are no changes in the membrane due
to the presence of the fluorinated liquids being used. It was decided to use the
bur icon XM«100A mervbrane in all subsequent work,

The packaging of the Amicon XM-|00A proved to be an
important detail. Initial lots of 20 mm Amicon XM-100A filters were packaged -
in Amicon's old-style box, In this box, which had a remevable cover, filteyvs
ware removed by Lifting tham individually. Thewe filters were usually frae
o major defects {Figure 2-30). A subsequent lot avrived in a totally different
package in which fillers were removed by sliding them through a slit in the side
of the bex. The tap microporous surface of these filters invariably had precves
visibie to naked eve. Az shown in Figure 2-31, these groaves greatly lowered
the suitability of the filter for this application. There ave vizible heles and
debris. This lot was returned to the manufacturer in exchange for filters
gachaged in the old-style cantainers, and this problem did not present itseld
again, Since Amicon XM membraves are now being shipped ia the new-style boyg,
potantial users of the dispersion tachniyue doveloped in this study should ascertain
tive asence o groove « and holes in the membrane surface by SEM examination
of as=roceved membranes.




3.0 SURFACTANT PARTITION STUDIES

3.1 Introducti_o_x_x_

- The object of the surfactant partition studies was to determine
the extent and reversibility of adsorption of Krytox 157 on the surface of the
candidate powders from Krytox 157/fluorinated liquid solutions., Conditions
which favor adsorption are required in order to initisllv disperse the powders,
whereas conditions which favor desorption are required (o removc the surfactant
from the dispersed, deposited particles. The retention of the finer powders on
filter membranes was also investigated as pa.rt of these studies.

3.2 Experimental Procedure

3.2.1 Adsorption of Krytox 157 from Solution

The procedure consists of contacting a predetermined weight
of a given powder with a fluorinated liquid solution of Krytox 157 of known
compositior for a sufficientlv long peried of time to achieve equilibrium. The
solid and liquid phases are then separated by ultrafiltration and the residual
concentration of Krytox 157 in the liquid is determined. The candidate powders
contained particles that were too small to be effectively removed from solution
with standard centrifuges. Since the amount and concentration of Krytox 157
initially added, the weight, and thus the surface area, of the powdar are known,
the concentration measurement also provides the information rcqmreu to ,
calculate the amount of Krytox 157 adsorbed per unit surface area of the powder.
By varying the initial concentration of Krytox 157 and the amount of powder
added, it is possible to generate the data required for an adsorption isotherm,

In the majority of these tests, 25 mim diameter Millipore ultrafiltration cells
{sce Figure 3-1} wore used as contacting vessels in order to eliminate all
in-process transfer aperations. The powder and liquid were added to an inverted
cell, sealed at the top with a Luer cap. Typically, .5 grto 1.0 gr of pawder
was added to 15 ml of fluorinated !:qmci The fluorinated liquids used were
solutions of Krytox 157 in Freon E-3, Froon C«51-12 and FC-43, which contained
up to |4 weight-percent Krytox 157, A 25 mun filter and the filler suppart
assembly ware then inserted into the cell, Millipore ¥§ filters. Pellicon PSIM
ansd Pellicon PSED ultrafilters weve used in these tests. Adter capping the liguid
outlet tube witk another Luev cap, the sealed witrafiltration cell was then
fiunersed in a thermostated ultrasanic bath, o d subjected to ulirasenic
agiation for at least 24 hourz. & smll Some’ aster 00 ultvasonic bath {shown
in Figure 3-2) was used until a lavgdr Brangson A‘E‘H 886 ultrasonic bath,
described in the following chapter (see Soctios 3. 3. 4} was received. Figure 32
shows a cell boing placed in the bath.

Aidar 24 hours the cell vas remwved {rom the ultrasenic
bath, snd inverted. The cans then wer& temoved, and the inlet side of the cell
was attached to compressad air (p = 23 peig) manifold, thus fnmmg Haguid ot
of the cell inte 2 collssiion vessol. &s shoey in Fipure 3.3, during filtralion
the call was bumersed in a vonstant teinperatere bath maintained at the same
tempcramre as the uitrasonic bath. :
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- Figure 3-2 ADSORPTION MEASUREMENTS — SEALED 25 mn.
MILLIPORE FILTRATION CELL BEING INTRODUCED
IN ULTRASONIC BATH (FILTER IS AT TOP OF CELL}
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The residual concentration of Krytox 157 on the filtrate
was then measured by infrared analysis, as discussed in the previous chapter.

3.2.2 Adsorption Studies in 90 mm Cell

Additional adsorption studies were carried out in which
the particles were separated from the liquid in a Millipore 90 mm Ultrafiltration
cell, as shown in Figure 3-4 and Figure 3-5. In these tests, the powder and
liquid were initially added to a 50 ml screw cap Oak Centrifuge tube which was
then immersed in an ultrasonic bath for 24 hours, The contents of the tube
were then transferred to the pre~assembled ultrafiltration cell which was then
pressurized to initiate filtration. The filtrate collected was then analyzed for
Krytox 157 content.

The principal purpose of using the large cell was to increase
surface area available for filtration so as to be able to filter at low pressure
(less than 10 psig), required for properutilization of the Amicon XM-100A
membrane. All adsorption data obtained with the 90 mm cell were obtained
at ambient { emperature, which was approximately 25°C.

3.2.3 DParticle Retention

Particle retention characteristics of various filters were
examined by preparing dispersions of a given powder in a solution of fluorinated
liquid as described above, filtering the suspension through a 90 mm filter in the
Millipore 90 mm filtration cell, By analyzing the feed suspension and the
filtrate for a characteristic element, a measure of the retention characteristics
of a filter was obtained, The retention characteristics of the following filters
were examined: Millipore VS, S&S Selectron Bl14, Pellicon PSIM and PSED,
and Amicon XM=~100A, The tests were focused on the retention of ENL-1 uranium
diox.de dispersed in a 1% Krytox 157-Freon E-3 solution, This was the most
severe test of the retention of a filter in that the specific fluorinated solution was
the best dispersion medium for UO,, which was the finest powder used. Uranium
concentration down to 10 ppm was measured by x-ray fluorescence. Limited
tests were also carried out with Ca¥, dispersions in the above solution, CaF;
being the next finest powder examined. In these tests, calcium concentration
wa.s measured by atomic adsorption which could detect 0.1 ppm Ca,

3.2.4 Desorption of Krylox 157

Desorption of Krytox 157 was measured in washing experiments.
In these tests, a given powder is first dispersed ultrasonically in a given
fluorinated liquid that contained a known amount of Krytox 157 HF PO acid. The
dispersion is then filtered and the filtrate collected in sequential samples. After
removing the dispersing liquid, the deposited powder is washed with purc fluorinated
liquid., The resulting filtrate is also collected in sequential samples. The
Krytox 157 concentration of the various filtrate samples is measured by I. R, Wash
liquid is added and samples collected until the presence of Krytox 157 cannot
be detected.
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Figure 3-5 MILLIPORE 90 mm ULTRAFILTRATION CELL AFTER
ASSEMBLY FOR A FREQON & 3 WASHING RUN
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Typically in these washing tests, 1 gram of powder was
added to 50 g (25 ml) of a 1% Krytox 157 solution in a tared 50 ml centrifuge
tube. The weights of the materials were measured to 0, 1 mg on an analytical
balance. The feed solutions typically contained about 400 mg of Krytox 157
in either Freon E-3 or FC-43, The suspension was then agitated in an ultrasonic
bath for at least 24 hours before filtering and washing,

The tests were all conducted in a 90 mm diameter Millipore
ultrafiltration cell, Washing runs were carried out with a variety of filters
(Pellicon PSJM, Millipore VS, S&S Selectron B-14, Amicon XM-100A), With
filters other than the Amicon XM~100A, poor experimental results were obtained
with the finer particle powders, UO, and sometimes CaF,, due to particle
leakage. Test results reported were principally obtained with the Amicon XM-100
filter as the partition membrane. To remove dirt the filters were usually washed
before a run with fluorinated liquid free of Krytox 157, Filtrate samples were
collected sequentially in graduated 15 ml centrifuge tubes. The volume of a
sample varied from 3 ml to 6 ml, Foi careful determination of the amount of
Krytox 157 collected, the filtrate samples were weighed. Because the
different fluorinated liquids had different IR adsorption characteristics, the wash
liquid and the base of initial dispersion were always the same (e.g. suspensions
prepared in a Freon E~3-1% Krytox 157 solutions were always washed with
Freon E-3).

The effectiveness of the washing step is determined from a
Krytox 157 material balance. Fcr complete washing, the total amount of
Krytox 157 collected in the filtrate samples should be equal to the amount of
Krytox 157 initially added to the system.

3.3 Experimental Results

3.3.1 Adsorption Measurements

Experiments were carried out in the 25 mm ultrafiltration
cells to measure the adsorption of Krytox 157 on each of the four candidate pcwders
(Peerless No. 2 Kaolin, ENL~1 Uranium Dioxide, Sterling MT Carbon Black and
Precipitated Calcium Fluoride) from solution in each of three different fluorinated
liquids (Freon E-3, FC-43 and Freon C-51-12), at two temperatures: at 25°C
and 50°C, for the first two liquids; at 16°C and 22°C for the volatile Freon C=51-12,

Typical results are presented in Figure 3-6. Detailed results
are presented in Appendix B. In this figure, the sutrface concentration of
Krytox 157 on Peerless No. 2 Kaolin is plotted against concentration of Krytox 157
in solution, for different fluorinated liquids and at different temperatures. In
each instance, the surface coverage of Krytox 157 rapidly rises from zero to a
constant value, as the Krytox 157 concentration increases from zero to about
0.2 wt %. A further increase in the liquid concentration of Krytox 157 does not
result in a further increase in the surface concentration, indicating saturation.
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The saturation surface coverage is dependent on temperature
and on the composition of the carrier liquid., For Freon E-3 solutions the surface
coverage at 25°C is higher than at 500C, Substituting FC-43 for Frecn E-3 has
no noticeable affect on the adsorption of Krytox 157 on Kaolin. Data for adsorption
of Krytox 157 from FC-43 solution at 25°C are omitted from Figure 3-6 for the
sake of clarity. There is significantly less adsorption from Freon C-i1-12
solutions at 16°C.

Summary results for the various powders obtained in tests
are presented in Table 3-1. This table presents the saturation coverage of
Krytox 157 absorbed on the different powders examined from various fluoriv-ated
solutions at different temperatures. No data are presented for UQO, powders because
leakage of fine particles interfered with the analytical results as further discussed
below, Adsorption isotherms similar to the ones presented in Figure 3-6 could
be generated. '

Adsorption measurements on ENL-1 uranium dioxide powder
were sensitive to the filter used to separate the particles from the filtrate
subjected to IR analysis. With the Millipore VS, Pellicon PSJM and to a lesser
extent Pellicon PSED membrane, the specific surface coverage first increased,
reached a maximum, and then decreased with increasing concentration of :
Krytox 157. This effect was suppressed if the test dispersion was filtered through
an Amicon XM-100A ultrafilter. The effect of the membrane on the apparent
adsorption of Krytox 157 from Freon E-3 solution on ENL-1 uranium dioxide
is shown in Figure 3-7. The apparent decrease in adsorption with increasing
concentration is most marked with the Pellicon PSJM membrane, less noticeable
with the PSED membrane and suppressed with the Amicon XM-100A ultrafilter.

3.3.2 Particle Retentiqn

It was also observed that the filtrates of runs which showed
a suppressed adsorption of Krytox 157 on uranium had a yellow color, characteristic
of uranyl compounds. These data correlate with retention d2ta obtained. The
retention of ENL=1 dioxide on different filters is present~d in Table 32, The
retention of CaF; on Millipore VS and Amicon XM~1004 filters is presented iv
Table 3-3.

3.3.3 Washing Tests

Summary test reaults of washing experiments on different
powders with Freon E-3 and FC~43 are presented in Tables 3-4 and 3-5. From
these tests it can be seen that FC-43 is a much more effective wash liquid than
Freon E-3, Results for a typical washing test are presented in Figure 3-8 which
presents the data for Run W42, the washing of Kavlin with FC-43,

3.4 Discussion of Results

3.4.1 Effects of Partition Filters

The particle retention characteristics of the filter membranes
used to separate the particles from the surrounding liquid can influence the
adsorption and washing measurements. Ideaily, the filter should completely

3-10




TABLE 3-1
APPARENT ADSORPTION OF KRYTOX 157 FROM
FLUORINATED LIQUIDS ON CANDIDATE POWDERS*

Peerless No. 2 Sterling MT  Precipitated ENL-!
Powder Kaolin Carbon Black CaF2 Uoz
Temp. | '
Liquid oC Saturation Coverage Krytox 157, mﬂm?’
FC-43 25 7.8 ' - 7.9 i3. ¢
FC-43 50 _ 5.4 6.6 9.5 U
Freon E-3 25 82 5.6 9.2 s
Freon E-} 50 5.2 3.5 6.5 w
Freon C~51-12 16 4.0 ' 3.2 . 6.8 %
Freon C-51-12 22 NM 3.2 b.6& | o5

@ BExpariments carried out in 25 mun cells.

35 No results presented hecause of interfesence due to leakage of UO;
particles past filter membrane.
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TARLE 3-2

RETENTION OF ENL-1 URANIUM DIOXIDE DISPFRSIONS ON ULTRAFILTERS

Run No,

W=5

Wel

u-10
W-12
u-13
We23
W-30

Wl T

Filter

B-1k
B-lk

VSuP

2 vEwp
PGED
XM~1004
X4-1004
XM-100A

Dispersion Liquid:

- Dispersion

RT
BT
50°%

50%C

Sun

46,000
35,600
37,000
36,100
36,800
35,400
35,400

36,000

Q out
—2E_

380
k50
480
260
280
100
&

226G

1,128 Keytax 157 in Frean Be3

cU out[% in |

.008
012

013

Dispersion prepared by agitating in ultrasonic bath for 24 hours except
for We27, dispersed wityi ultrasonle prove,




TABLE 3-3
FXLTER RETENTION OF DISPERSED CALCTUM FLUORIDE

v oin Ce ut Ca gyt/Ca in
Run No, Filter ops ppn Leakage
Wolk VSWP 21,200 26 L0012
W2l X4~1004 20,500 18 .0007.

Powder &ispersed in 1% Krytax 157 - Freon B-3 solution for 2k hours
in ultrasonic bath at 50°C, riltered at room temperature.




TABLE 3-4

RESULTS OF FC-43 WASHING EXPERIMENTS AT AMBIANT WITH AMICON XM-100 FILTER

W Adeorbed
Weight of Tnitially
Run No. Powder Po;ier, 5 wﬁ\_ Yout win"' wout A V¥ mfi 111-“‘::2;1112
Filter - - keo  L37 23 0 - -
W-lh CaF,, 0.8886 Lah 379 Lsg 20 50 G.3
W-h2 Kaolin 0.9769 426 403 23 - T 5.9
W-40 Uo, 0.8275 398 37 o7 L 56 11.3
W-35 ' ST MT 0.9924 k30 UWho (10) (33) 91 10.8

*Wf - amount of Krytox 157 retained in blank filter test.

TABLE 3-5

RESULTS OF FREON E-3 WASHING EXPERIMENTS AT AMBIANT

W Adsorped

Weight of Initially
Run No. Filter Powder POW%;:‘, & Vinﬂ Wout  Yin = Yout a- Wi"f ;2_ Dgrl:zz'ﬁ
Filter Amicon XM-100 - - Lok Wbt 17 0 0 -
w-46 Amicon XM-100 ST MT 1.0225 500 Lis 55 38 87 ' 10.0
W-15 Millipore VS ST MT 1.0003 L2 386 56 39 63 Tk
w-23 Amicon XM-100 UO, 1.0004 L82 Loo 82 65 T3 2.0
- W-16 Millipore VS Clsy 1.0411 bsh 342 112 85 96 7.3
W-14A Millipore VE  CaF, 1.0223 k55 309 146 129 137 13.2
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retain all solid particles. The presence of particles in the filtrate would result
in erronsous partition measurements because:

a. The particles would change the optical characteristics
of the filtrate which would influence the IR measurements.

b. Ewven if the particles had no optical activity, the apparent
surfactant concentration in the filtrate would be higher
than the dissolved surfactant concentration because of
the surfactant molecules adsorbed on the suriace of
the particles in suspension.

The reported value of adsorbed surfactant would be too low. Referring to

Table 3-2 and 3-3, leakage of UO, particles through the partition membranes
was a much more significant prcblem than leakage of calcium fluoride. There
was no evidence of leakage of either carbon black or kaolin in the various
partition tests and thus these powders were not examined. Calcium fluoride
leakage through an XM-100A membrane was 7 x 10-4. It was approximately
twice as high on a Millipore VS filter. Leakage of uranium dioxide particles
ranged from 2 x 10-3 to 1.3 x 10-2 depending on the filter and the dispersing
conditions. Conditions which favored dispersion of the UO} particles (dispersing
at 56°C, Freon E-3 as the dispersing liquid, use of the ultrasonic probe, as
discussed in more detail in the next chapter), tend to increase particle leakage.
The best retention results were obtained with the Amicon XM~100A membrane.
'nder comparable conditions, UO, leakage though on Amicon 100A was then
3x 10-3 as compared values about 10 x 10-3 for the other membranes tested.
As shown in Figure 3 -9, the uranium present in the fiitrate is due to very fine
suspended particies rather than to a dissolved uranyl soap. Some of the
uranium in these particles is most probably oxidized te +6 uranium, which
would account for the yellowish cclor of filtrates. Very fine particles less than
1004 in diameter are clearly shown in this electron micrograph of a UO;
suspension filtered through a VSWP filter. The particles are smaller than the
limit of resolution of the scanning electron microscope used to examine deposited
particles (Chapter 5). '

Further experiments were carried out to determine if
extensive chemical reaction could be occurrins, (with negative results - e.g.
no reaction). The test consisted in trying to cissolve uranium in a more
concentrated solution of Krytox 157 in FC-43 at an elevated temperature, It
was through that increasing the temperature and the surfactant concentration
and having an excess of surfactant over stoichiometric (two moles of Krytox 157
per mole of UO;), would favor chemical reaction and accentuate any alteration,
Io this test, a known amount (0.1145 gr) of ENL-1 uranium dioxide was added
to 190 grams of 4, 8% weight solutien of Krytox 157 in FC-43, in a boiling flask
fitted with a reflux condenser. Using a molecular weight of 3500 for Krytox 157,
6.1 moles of Krytox 157 were present per mole of UO,. The system was heated
to boiling (172°C) and refluxed for six hours. After allowing the flask and its
contents to cooul overnight to room temperature, the contents were filtered through
a tared ultrafiltzation cell. To prevent loss of powder the flask was rinsed with
fresh FC~43 which was also filtered. Sequential samples of the initial and wash
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Figure 3-9 ELECTRON MICROGRAPH OF SUSPENSION 70
{UOy —~ FC-43 — KRYTOX 167) FILTERED THROUGH
MILLIPORE VSWP FILTER

23-1285
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filtrate were collected. The ultrafiltration cell was allowed to dry until it

reached a constant weight., The filter cake collected in the filtration was black,

like the original uranium oxide. A slight weight gain was observed (AW = 0,0166 gr),
corresponding to an increase of 15% based on the original powder weight. This
weight gain is considered to be adsorbed Krytox 157 and any associated I"C-43.

3.4.2 Adsorption Measurements

The results presented indicate that Krytox 157 is adsorbed on
the surfaces of all the candidate powders from fluorinated solutions over the
range of temperatures examined. The amount of Krytox 157 per unit powder
area adsorbed at saturation is approximately 5 mg/m2 to 10 mg/m2, Assuming
an average molecular weight % 3500 for Krytox 157, a molecule of this surfactant
will cover approximately 184 “ to 35 A. These are not unusual values.

For clay and carbon, adscrption decreases with increasing
temperature, the adsorption of CaF , appears less sensitive to temperature.
Because of experimental difficulties, data obtained with UO, at 50°C are
questionable so that the effect of temperature could not be determined in these
tests. Within the accuracy of the data, it does not appear as though the specific
nature of t' ¢ fluorinated liquid has an effect on the extent of adsorption.

Experimental difficulties which influenced the data included
evaporation of fluorinated carrier liquid during test, viz., C-51-12, as well
as leakage of fine particles, especially UO; through the filters.

Accurate measurements of the adsorption of Krytox 157 on
the four different candidate powders were difficult to obtain because of the
volarility of Freon C-51~12 at operating temperatures. According to the
manufacturer, Freon C-51-12 has a vapor pressure of 5.1 psia at 16°C and
6.5 psia at 220C, Evaporation of C-51=12 from the filtrates during their
collection and during analysis occurred to an observable, however, unknown
extent, Simply transferring the solutions from one vessel to another or even
into I. R, cells always resulted in some evaporation, even though care was
taken to minimize this loss, As a result, the reported adsorption data are
believed to be lower than actual data. This is especially true of the data
obtained at 22°C. A 10% solvent loss would depress the measured coverage, with
the Krytox concentrations and amount of powder used, by | mg/m2 to 3 mg/m?2,
Thus even a small amount of evaporation could greatly influence the measurements,.

Leakage of particles was a significant problem with all
uranium dioxide rmeasurements, except for the limited data obtained by filtering
the samples through Amicon XM~100A membranes. This includes the room
ternperature data presented in Figure 3-7 as well as the single point adsorption
measurements presented in Tables 3-4 and 3-5 obtained as part of washing
tests., With this powder, even a small amount of leakage of UO; can have a
disproportionately large effect on the measured adsorption. Since the particles
present in the filtrate have a much higher specific area than those retained on
the filter. The particles in the micrograph in Figure 3-9 are smaller than 100A
and thus have a specific surface area larger than 60 m2/gr, whereas the
particles retained by the filter have a specific surface area smaller than 6 mé/gr,
the specific area of the original feed powder. JThe presence of 1% of the
original powder in the filtrate as particles 100A in diameter or less would
dacrease the measured surface average by at least 10%, not including their
effect on the transmission of light in the cell, The presence of particles would




decrease light transmission to the IR detector, which would indicate a higher
Krytox 157 concentration than actually present. This would be given an even
lower value for the specific adsorption of Krytox 157 on the powder.

Based on the scattering of the Krytox 157 data, particle
leakage was less of a problem with calcium fluoride suspensions, except for
samples used to obtain adsorption data at 50°C from Freon E-3 solutions.
The adscrption data for this condition are presented in Table B-12 of Appendix B.
In this table, results are presented for the filtrates obtained after initial
clarification of the liquid through a Pellicon PSED filter, and again after the
refiltration through a second PSED filter., Refiltration reduced the measured
residual surfactant concentration and increased the surface coverage but did
not eliminate the scatter in the data. Samples of the powder dispersed under
other conditions showed significantly less scatter especially if they were refiltered.

There was little scatter in the data for the adsorption of
Krytox 157 from Freon E~3 solution at 250C and 50°C on Sterling MT. There
was less adsorption at 50°C than at 25°C, which correlates with the dispersion
data presented in the following chapter. There is more scatter in the adsorption
data from FC-43 solutions. There was apparently little adsorption at 250C
based on the data presented in Table B-~'8 of Appendix B, These data are
believed to be erroneous, These data are in error because there was evidence
of carbon leakage through the Millipore filters used to remove the particles
from the filtrate. The filtering helped but did not totally eliminate a slight haze,
These were also among the initial adsorption measurements made and maximum
use was not made of the IR instrument. There could have been an error in
analysis as well,

An independent measurement of the adsorption of Kt ytox 157
on carbon black from FC-43 solution at 250C was made during one of the washing
runs (Run W35), As shown in Table 3-4, 91 mg of Krytox 157 were initially
adsorbed on 0. 9924 gr of Sterling MT from a Krytox 157 solution. This
corresponds to a surface coverage of Krytox 157 of about 10 mg/m?2,

The easiest adsorption measurements to obtain were those
for the adsorption of Krytox 157 on Kaolin, which were described in Section 3. 3,
There is good agreement between the data obtained for adsorption from FC-43
and Freon E-3 solution at 259C and 50°C, as obtained in the 25 mm cells. There
is even reasonable agreement between these data and the room temperature
adsorption measurement present for this powder in Tables 3-4 and 3-5,

3.4,3 Washin& Tests

Figure 3-8 presents the results of Run W42, the washing of
Kaolin with FC-43, In this figure, the cumulative amount of Krytox 157 collected
in the filtrate as well as the concentration of Krytox 157 are presented as a
function of the volume of filtrate collected. The first points correspond to the
filtration of the dispersion liquid, in which the Krytox 157 in solution is presumably
in equilibrium with Krytox 157 adsorbed on the particles. The filtrate concentration
should be lower than the feed concentration and constant. As can be seen in
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Figure 3-8, this is the case except for the first datum point. The lower
Krytox 157 concentration of the filtrate sample is due to the dilution of .
Krytox 157 containing filtered solution by the Krytox 157 free fluorinated
liquid used to rinse the filter, and not to any retention of Krytox 157 by the
filter, which was found to be very small (see Section 2.5. 3).

The amount of Krytox 157 adsorbed on the Kaolin is
obtained frem the amount of dispersing liquid and the difference in Krytox 157
concentration between the filtrate at the plateau in Figure 3-8 and the initial
Krytox 157 concentration. It is calculated that 72 mg of Krytox 157 are
adsorbed by the 0,9769 gr of Kaolin, which has a specific surface area of
12.5 m2/gr. This corresponds to a specific adsorption of 5.9 mg/m2; which
is in general accord with the adsorption results presented in Table 3-1.

The concentration of Krytox 157 drops off rapidly as the first

15 ml of the wash liquid are added. With subsequent additions of wash liquid

the Krytox 157 concentration decreases with each sample collected until it
"is not possible to detect its presence. The first wash samples collected
correspond to displacement of bulk liquid held up in the filtration cell by the
wash, diluted with some wash liquid. The adsorbed layer around the particles

is removed only afterwards. Washing the powder with 65 ml of FC-43 resulted
in the recovery of 403 mg of Krytox 157 out of a total of 426 mg., This

difference is much smaller than the amount of Krytox 157 adsorbed on the powder.
The difference of 23 mg happens to the same value as the difference in the amount
of Krytox 157 in the feed and filtrate of the blank run with no powder, Within

the accuracy of the experiment, it is concluded that Krytox 157 was removed
from the surface of the clay particles.

As shown in Table 3-4, similar results were obtained with
the different powders dispersed in 1% FC-43 solutions and then washed with
FC-43. In all cases it appears that washing removes the surfactant,

These results are quite different than the results obtained
when the powders are first dispersed ina 1% Freon E-3 solution and then washed
with Freon E-3. Inthis instance it appears that the wash does not remove the
b' 'k of the Krytox 157 adsovrbed on the particles (see last two columns of
Table 3-5). To account for these Jifferences, one can only postulate that there
may be differences in solvation of the adsorbed film which results in differences
in the stability of the adsorbed layer.

The experimental technique used did not permit the evaluation
of the effectiveness of FC-43 washing of dispersions prepared in 1% Krytox/
Freon E-3 solutions, The differences in the I.R. adsorption of the two liquids
would have interfered with the measurements of Krytox 157 in the filtrates. It
is presumed that FC-43 would rapidly displace any residual Freon E-3 when
added as a wash.
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4.0 POWDER DISPERSION IN FLUORINATED LIQUIDS

4.1 Introduction

The purpose of the dispersion studies was to determine the processing
conditions such as time, temperature, and dispersion energy input that result
in well dispersed suspensions of the various candidatz powders in fluorinated
liquids of interest. The process of dispersing a dry powder into a liquid can be
visualized as consisting of three stages: wetting of the powder by the liquid,
disruption of agglomerates into primary particles, and maintenance of the
particles in a dispersed state. These stages overlap in practice since conditions
which lead to wetting may also favor dispersion and prevent re-agglomeration.

With the powders presently being studied, it is presumed that
maintenance of dispersion will be achieved when there is adsorption of
Krytox 157 HFPO acid on the surface of the powder particles and a resulting
solvation of the adsorbed surfactant layer, It is also assumed that mechanical
energy will be required to disrupt the agglomerates in a reasonable period of
time. This energy should be sufficiently high to break down agglomerates
held together by relatively weak forces, but not high enough to break the particles
themselves., This energy should also be introduced in such a manner as not
to result in particle contamination. It should also be amenable to operating on
small quantities of material. These constraints limited the means of disruption
to ultrasonic techniques which are further discussed below.

4.2 Ultrasonic Dispersion

Prior to carrying out the ultrasonic dispersion phase of this study,
a literature survey was carried out in the field of ultrasonic technology. The
purpose of this survey was to provide background on the physizal basis for the
interaction of matter with ultrasonic acoustic energy, the important physical
parameters which characterize this interaction, and previous work on ultrasonic
dispersion,

Acoustic energy interacts with matter in various ways, and the
mechanism of primary importance in any given case depends upon the physical
and chemical state of the system and the parameters which characterize the
energy(4-1). The latter are the frequency and the power intensity delivered to
the material of interest. The frequency is determined by the properties of
the transducer. Radiation of acoustic energy follows laws similar to that for
light optics, Thus, acoustic energy may be absorbed within a given phase and
reflected at phase boundaries. Consequently, the power intensity delivered,
for example, to a solid situated within a liquid in an ultrasonic field can be related
to the power output of the surrounding transducer{s; only through very complex
calculations (and then only for highly idealized geometries) or through direct
experimental measurement, The latter can be carried out with a suitably -
designed thermocouple probe or a radiation pressure meter. While the.e
techniques are not terribly difficult with proper equipment, the important
parameter of delivered power intensity has only rarely been reported in the
literature, indicative of the wide chaim between theory and practice in the
ultrasonic field.




Several mechanisms are known to operate in ultrasonic fields,
including acoustic streaming, cavitation, and production of free radicals.
Acoustic streaming results from local instabilities in flow, resulting in
circulation patterns over small regions which can generate shear forces at
solid surfaces large enough to disrupt weak intermolecular forces. At low
frequency (40-500 kHz), large amounts of cavitational energy are present while
above about 500 kHz vaporous cavitation may exist but is an insignificant factor
until the power intensity level reaches values far in excess of 50 watts/cm*,
Since most of the ultrasonic irradiating systems commercial].gr available in
the past generally delivered a maximum of 10 to 25 watts/cm%, it can be safely
assumed that in the majority of experiments reported to date, cavitation
phenomena had a predominant role only in the lower frequency range. At
sufficient power density level and low enough frequency, cavitation bubbles
will oscillate and collapse as rarefaction and compression waves pass through
liquid media. In addition, hydraulic shock waves are released after collapse
of the cavitation bubble. Under adiabatic collapse, instantaneous pressures in
the tens of thousands of atmospheres can be obtained(4-2), The magnitude of
these effects falls off sharply with increasing frequency.

Studies on the dispersion of solids in the presence of an ultrasonic
field are few in number. The earliest studies(4-3, 4-4) showed qualitatively
that colloidal suspensions were formed only when cavitation occurred. More
recent work, {e.g.,4=5) however, indicated that optimum dispersion may occur
at frequencies in excess of 103 kHz where there is presumably no cavitation.
The effect of non-ionic surfactanis on the ultrasonic dispersion of pthalocyanine
blue dye in water was the subject of a recent article(‘i'ég

4.3 Experimental Method

4.3.1 Introduction

Given the paucity of applicable quantitative information on
the use of ultrasonic energy to sperse powders in a liquid, a series of tests
were carried out to determine the effect of sonolation on tie degree of
dispe.sion of an agglomerated powder suspended in a fluorinated liquid. The
goal was to define a set of operating conditions that would resnit in the complete
dispersion of all the candidate powders used in the study, as well as mixtures of
these powders, with minimum particle breakage. The ability to disperse uranium
dioxide, carbon black, clay, and calcium fluoride would indicate that the technique
developed is not sensitive as to the nature of the powder to be dispersed and :
would most likely be effective with many other powders and dusts.

In order to carry out a meaningful particle dispersion study,
the effect of numerous parameters had to be investigated. These included the
nature of the powder, powder concentration in the dispersing liquid, the
composition of the dispersing liquid, temperature, the characteristics of the
ultrasonic energy source and its coupling to the material to be dispersed,
sonolation time, etc. This study therefore involved a large number of tests
which had to be simple and rapid.
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The effect of sonolation on the degree of dispersion of a
powder processed under a given set of condition was determined as a function
time. The influence of different processing parameters were determined by
comparing their effect on the kinetics of the dispersion process. The following
procedure was used. A constant volume (25 ml) of fluorinated liquid was added
to a 50 ml screwcap centrifuge tube that contained a small, known amount of
powder. The tube and its contents were then subjected to ultrasonic agitation.
Periodically a small sample (typically 20 Pl to 50 pl) of the contents of the tube
were withdrawn for analysis of the size of the suspended particles.

4.3.2 Turbidity Measurements

The purpose of the tests was to obtain a measure of the size
distribution of the agglomerates in a given suspension. In order to minimize
any alteraction of the agglomerate size distribution, the possible methods if
analysis were limited to those that could measure the size distribution of
suspended objects in a fluorinated liquid directly. The technique had to be
rapid, avoeid conditions which could alter the size distribution ot the suspended
material, and be able to operate with a small sample volume. Nephelometry and
centrifugal sedimentation met these requirements.

Nephelometry was used as an index of changes in the agglomerate
size distribution for the majority of the dispersion tests reported in this section.
For a limited number of dispersion tests, the size distribution of the suspended
material was also measured by sedimentation in a Joyce Loebl Disc Centrifuge
in order to obtain a precise quantitative evaluation of the actual size distribution
of the suspended material,

Nephelometry is the measurement of light «cattered by
particulate matter in suspension. It is commonly used {or the detection and
quantitation of unwanted particles in liquids, and, with careful application, it
may yield valuable information about the state of dispersion of a suspension.
The detection and measurement of particulate matter by nephelometry is orders
of magnitude more sensitive than measurements by loss of transmitted light,

It is a sensitive technique at particulate concentrations of 1 ppm or less.

The use of nephelometry or turbidity in this study is based

on the fact that the scattered light is a function of the size distribution and
concentration of the particles in suspension. For any given suspension of
particulate solid, A, in liquid B, at constant particle concentration, the turbidity
measurement with a given optical detection system should be only a function
of the size distribution of the particles in suspension. If an agglomerated
o system is dispersed, the turbidity of the system will change until the dispersion
Y. T reaches steady state. Thus, the changes in the state of dispersion of a su¢pension
;. - . 3 can be readily indexed by turbidity techniques. This technique is especially

5 useful if one wishes to monitor changes in a given suspension with time by
g removing small aliquots in that the determination may be carried out with small
. samples. To measure turbidity, samples were withdrawn from the suspension
- . - with Eppendor{ volumetric pipettes, and diluted with 5.0 ml of the fluorinated
3 liguid used to disperse the powder. The turbidity ot the diluted sample was
= ;. measured in a Model 110 Fluorometer/Nephelometer raade by G, K. Turner

- Associates of Palo Alto, California, in a one square centimeter cuvette. This
instrument is described in more detail in Appendix D. These measuremaents
were carried out at constant powder concentrations of 3.2 x 10-3 mg ‘ml for

T
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suspensions of calcivin fluoride and 10-3 mg /ml for suspensions of all other
powders., The concentrations were chosen to yield turbidity readings on one
of the less sensitive scales of the instrument (scaln 1 or scale 3) in order to
minimize spurious instrument effects. When the concentration of powder in
the dispersion sample was varied, the concentration of powder in the final
turbidity sample was kept constant by adjusting the volume (typically 20 ,.11 or
50 Pl) of sample withdrawn from the suspension undergoing sonolation.

The major drawback to this method of analysis is that
turbidity measurements are only a relative index of the state of dispersion of
a given powder, The relation between turbidity readings and the state cf sub-
division of the suspension is extremely complex. In order te correlate the
size distribution of the suspension, it is necessary to take into account such
factors as the refractive indices of the suspended material and of the continuous
liquid phase, the wave length of incident light, the ratio of the size of the
particles to the wave length of light, and the shape of the particles. Nephelometry
deoes not provide quantitative information on the size distribution of a suspended
system because of the complex and non-linear relationship between turbidity
and particle size distribution. Such information was obtained in a limited number
of tests by sedimentation analysis, This alternate technique suffers from the
fact that the experimental procedure is more difficult and it takes longer to
obtain the required information. Particle size distribution measurement by
sedimentation for particles smaller than 1 pra requires the use of specialized
equipment which was not available for any extensive period of time. In the
present studies, where one wished to compare different suspensions of a giver
particulate material in similar liquids in order to determine the dispersion
conditions required to obtain good electron micrographs, the advantages of the
turbidity measurements greatly outweighed their disadvantages.

4.3.3 Centrifugal Sedimentation

Sedimentation is another common method of measuring the size
distribution of a dispersed system. In a given system the rate of settling of
a susperded object is a function of its diameter. While there are several possible
methods of sizing particles larger than a fow micrometers in diameter, it is
extremoly difficult to measure the size distribution of smaller particles. The
Joyce-L.aebl Disc Centrifuge shown in Figure 3-1 is an instrument specifically
designed to carry out th ise measurements. Through the courtesy of
Mr. John Swift of the Joyce Loebl Company, access was obtained to a demonstration
model for two days. During this time it was possible to characterize a limited
number of dispersions by sedimentation as well as by turbidity.

The instrument basically consists »f a hollow lucite disk
that is rotated at a pre-seclected speed (1000-8000 RPM), The disk is partially
filled to a radius R, with a clear liquid called the spin liquid and a sinall amount
of buffer liquid, The suspension to be anal,zed is then introduced into the disk.
The particles in tha suspension are more dense than the iiquids, and the
particlus will migrate radially outwards. The equation of motion for particles
in the sedimentation fluid is Stokes Law modified for centrifugal action. Ina
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period of time, t, a particle of equivalent hydrodynamic diameter, d, will
have migrated from a position defined by the radivs R} to a new position
defined by a larger radius, R,, according to the following equation:

R
- 181 2 -
W d (ep-€1)
where
1 = viscosity of the spin fluid
W = rotational speed of the disk

€p = density of the particles

QL = density of the spin fluid

This simple relationship is applicable only if the system is hydrodynamically
stable, i.e., no ''streaming occurs". To eliminate streaming, a small quantity
of a buffer liquid is introduced into the anulus of the spin liquid and partially
mixed with the spin liquid t5 establish a narrow density gradient zone instead

of the sharp interface which normally exists when the sample suspension is
introduced.

Thae Joyce Lioabl Disc Centrifuge is based on the principle
that all the parameters in the Stokes equation are ezither known or precisely
measurad. The rotation of the disc is exactly controlled by a solid state feed
back system to ensure both absolute and rotational disc stebility, The sample
is introduced into the disc after it has reached congtant speed so that transient
acceleration effects ave eliminated. The settling of the particles within the
transparent disc can be observed for instabilitier with an automatically
synchronized stroboscope. The radius R, is defined by the position of a
sampling probe or of a photocell detactorJurther discussed below, The radivs
R) is determined by the amount of spin fluid used. The time, t, is the time
clapsed after ti.e injection of the sample. The other terms in the above
equation, other than d, are properties of the spinfluid {2, # | ) and of the
particles { @) which can be measured independently.

With the Joyce Loebl Disc Centrifuge, two types of
particle size distribution measurements can b2 c¢btained:

a. Curves of absolute cumulative weight against particle
diameter whick are obtained by removing and
collecting an inner annulas of liquid of external
radius R, after a proset time with a special sampling
probe, Yhe collected fraction wiil contain ali
particles smaller than preselected particle diameter
D,. Quantitative anaiysis of the cut fraction gives
one point of a size distribution curve. Aa abseclute
cumulative weight curve is obtairad by repeating

o
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the measurement at different preselected sampling times
and rotational speed chosen to spar the range of particle
sizes of interest.

b. Size distribution curves of comparative frequency against
particle size diameter obtained rapidly by the use of
a photosedimentometer attachment. Photosedimentometer
size distributions are produced by measuring the attenuation
of 2 beam of light passed through the disc cavity at the
same radius as the probe final collection point. The
attenuated signal is displayed on a chart recorder which
produces a curve of light intensity versus time, which
is representative of the size distiibution of the sample
under test.. The photosedimentation curves do not give
the true particle size distribution curve because the
intensity of the transmitted light signal transmitted through
the suspansion depands on the size as well as the concentra-
tion of the particles, i.e., the parameter one wishes to
measure affects the measurement. However, the optical
trace has the great advantage of providing instantaneous
information on the presence of particles of a certain
size range in a given suspension. These optical traces
canalso be used to compare variations in parucle
distribution in a family of closely related samples. In
order to obtain absolute particle size distribution
information in this manner, the photosedimentoieter
traces have to be calibrated sgainst resuits obtained
by using the absolute size distribution technique described
above.

4.3,4 Ultrasonic Disparsion Equipment

Two ultrasonic generators wers used in the study) an
ultrasonic cleaning bath and a high intensity ultrasonic prebe.

. A first series of t@sts ware carriad oyt in the ultrasanic
cleaning system shown in Figure 4-2. The system, made by Sranson Instruments
Company (Samford, Connecticut %?m} consisted of an F-Madule powar supply
(‘&iadel BEMA 3Q) and a stainless steel transducerized slearning tank {Medel ATH 558.3).
The power supply bad an outpul of 450 waits of sonic powes 3t an operating :
frequency of 40 kHz, The internal dimensions of t!‘e tank wore ¥ 5 &7 % T
Uitrasonic power in the tank was distributed over 2 4% square inch transducer
through approsimately ! gallon of contained working heg,sw {watar). Thic power
level (~ 2 watts/cm:‘) is sufficiant to cause cavitation when the tank is {illed
with water, as was verified by vizuval and oral ahaervition. Te carsy out the
dispersion tests in this tank, as shown in Figure $-2, 2 irst tube ns.k survoundad
by a coil of plastic tubing was= placed in the ultrasenic tank. With th. rack 25:
piace, it was possibie te position eight 50 mil centrifuge tubes in the ultrasoni
tank. Temperature of the tank contents could be controlled between 35°C arw%
80°C, ei‘her by circulating an sthvlsne glycol/water mixtuse from a constant
temperature bath through the plastiv coil fthis way needad to romove heat), cor
by using 250 watt heaters buiit into the ultrasonic tank.
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g In subsequent dispersion tests, the ultrasonic transducer
: was a Branson Sonifier Model S-75 Ultrasonic Probe (now distributed by Heat

Systems Ultrasonics, Inc,, Plainview, New York). This instrument has an
eiectrostrictive ceramic transducer operating at 20 kHz. In these tests, the
probe was placed inside a 50 ml centrifuge tube that contained the suspension
to be dispersed as shown in Figure 4-3, In this figure, the test tube is shown
: above a jacketted copper cup used to remove heat from the agitated sample.
& In operation, cooling water was passed through the coils surrounding the cup,
the test tube containing the sample was placed in the cup (which also contained
some water to promote heat transfer), and the ultrasonic probe was positioned.
The sonifier was then turned on and tuned so as to obtain maximum output of
sonic energy as indicated by an ammeter on the instrument which was steady to
within 10%. Although the sonifier has less than 100 watts output, according to
the manufacturer it is possible to obtain a power density of over 80 watts/cm?
at the tip of the probe (A, = 1.2 cm?). The average power density throughout
the sample tube is less because of the larger cross-sectional area (8 cmé) in
the tube and because the acoustic energy is damped in the liquid as the distance
from the probe tip increased, It is estimated that the average power density in
the tube is of the order of 10 watts/cm2 or less. In comparison, the power
density of the Branson bath previously used was approximately 2 watts/cm*.
Since there is circulation and agitation in the tube during sonolation, as shown
in Figure 4-4, the dispersion is exposed to much higher power densities with
this arrangement than in the bath,

4.4 Experimental Results

The results of various dispersion experiments are presented in this
sectinrn. These tésts include a preliminary series of experiments in which the
source of dispersive energy was the ultrasonic bath., Further tests were carried
out with the ultrasonic probe as the transducer in which the rate of dispersion
was measured by turbidity and by sedimentation.

The appearance of typical suspensions, before (Top Row) and after
ultrasonic dispersion (Bottom: Row) is shown in Figure 4-5. The carrier liquids
are shown for reference. '

4.4.1 Dispersion Tests in the Ultrasonic Bath

A first series of tests were carwied out in the ultrasonic
bath in order to screen the effects of major process parameters, such as
composition of the dispersing liquid, temperature, and powder concentration
- on the rate of dispersion (as measured by turbidity), of various candidate powders
and their mixtures. The bath was well suited for these tests since as many as
eight samples could be dispersed simultaneously.

The effects of the following parameters were investigated,
using turbidity as an index of the degree of dispersion.

a, Position of test samples in ultrasonic bath
(preliminary study).

b. Type of Powder:

Uranium Dioxide, ENL-1
Precipitated Calcium Fluoride
Sterling MT Carbon Black

4-9
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Peerless No. 2 Kaolin
Binary Mixtures of Above
Ternary Mixtures of Above
Quaternary Mixture of Above
c. Powder Concentration: 2 levels at less than 10 mg/ml.
d. Carrier Liquid: Freon E-3 and FC-43,
e, Krytox 157 Concentration: 0 to 1.0%.
f. Temperature: 35°C, 5(°C, and 80°C.
g. Re=dispersion
Test results are summarized in Tables 4-1 to 4-6. The best dispersion results
for the various candidate powders were obtained with a 1% solutior. of Krytox 157

in Freon E-3 at 500C, These data are also presented in Figures 4-6 to 4-9,

4.4.2 Dispersion Tests with the Ultrasonic Probe

Subsequent series of dispersion tests were run in which the
transducer was the S~75 ultrasonic probe. This probe was operated at maximum
power output (dial setting of 8), The output current oscillated between 7 amps
and 9 amps during a run because of temporal variations in acoustical coupling.
The temperature was controlled to a nominal 500C, It was observed that the
temperature in the upper strata of the dispersion near the tip of the probe
was 10-150C higher than near the bottom of the test tube where heat was removed.

Based on the results obtained in the ultrasonic bath, a 1%
Krytox 157 solution in Freon E~3 was used as the dispersing liquid in all tests
with the ultrasonic probe. Test results with the different candidate powders
are presented in Figures 4-6 to #-9., These include a number of repetitive
measurements. As before, the degree of dispersion was measured by turbidity.

The test procedure used with the probe was slightly
different than the one used in the bath. First, power to the probe was shut
off and the probe lifted out of the sample tube everytime a turbidity sample was
removed, Secondly, the probe was never operated unattended. Samples subjected
to long dispe~sion times were irradiated incrementally with intermediate
quiescent periods such as nights and week-ends. It was found that the sample
undergoing dispersion did not change significantly in turbidity during these
periods of rest, e.g., re-agglomeration did not take place. Once a sample
was dispersed in the presence of surfactant, it remained dispersed.

4,4,3 Characterization of Dispersions by Sedimentation

A limited number of dispersions were prepared in which the
degree of dispersion was examined by sedimentation or the Joyce Loebl
Centrifuge and by turbidity, Tests were limited to determining the effects of
ultrasonic agitation time, using the sonolator probe, on the size distribution
of uraniura dioxide and calcium fluoride suspensions in a 1% Krytox 157 -

4-13
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TABLE L5
ULTRASCNIC BATH DISPERSION OF BINARY POWDER MIXTURES IN
FLIUORINATED LIQUIDS AS INDEXED BY TURBIDITY MEASUREMENTS

mmaiw(l) of Diluted
) for Various

Sample
Powder Length of Pispersion Times End of

Run No. Povders Conc, mg/ml Run, Min 1 Min - 10 Min 100 Min Run

BD-46 U0, 1.0 NG} 57 68 80 8L
Sterling MT 1.0

BD-44 V0o 1.0 - 367 18 29 Lo 47
CaF, L.0

HD-52 U0, 1.0 316 12 18 31 39
CaFy 1.0

BD-U45 U0, 1.0 339 20 30 45 48
Kaolin 1.0

BD-L7 Koolin 1.0 391 23 26 30 32
CaF, 4,0

BD~53 Kaolin 1.0 397 19 20 22 21
C&Fa l.Q

BD-43 Kaclin 1.0 koS 62 75 g2 108
Sterliag KT 1.0

Temperature: 50°C
- Liquid: Freon E-3
Krytox 157 Come: 1.0 wieperceat

1) Scale: W |
2} Dispersion dtlsted 230 *2ld for turbidity aessuraseat.

48
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TABLE 4=-6

ULTRASONIC BATH DISPERSTION OF MULTI-POWDER MIXTURES Inf
FLUORINATED L. UIDS AS INDEXED BY TURBIDITY MRASUREMENTS

Turbidi?ggl) of Diluted

Sample for Various
Powder Lengtn of Dispereton Pimes Ent of
Run No. Powders Cone, mg/ml Run, Min 1Min 10 Min 100 Min R
Sterling MT 0.68 385 k5 52 63 65
Kaolin 0.68
TD-50 Kaolia 0.68
C&?Q 0.68 378 Lg 54 60
Sterling MT 0.68
Q-51 U0, 0.68 \
Kaolin 0.68 %0 46 5T 69 iz
Sterling T 0.63 - '

Texperature: SQQC
. Liquid: Freon B3
Krytox 15T Coac: 1.0 vtspurtent

1) Scale: 33X \
2} Dispevsion dtluted 230 fold for turdldity neasurensat.

4=19
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Freon E-3 solution. Carbon black and clay were not suited for these experiments,
carbon black because its density coincides with those of the fluorinated liquids
used, clay because of its unusual particle shape which would make interpretation
of the data difficult.

The spin fluid in these tests was a 1% solution of Krytox 157
in FC-43 which had a density of 1.88 gm/cm3 and a viscosity of 5 cp at 25°C,
the operating temperature of the centrifuge. A 1% solution of Krytox 157 in
Freon E-3 was used as the buffer liquid. In these tests a 5 ml sample was
added to 20 ml of spin fluid and 1.0 ml of buffer liquid, establishing a starting
radius, Ry, of 3.90 cm. The detector and the sampling probe were placed at
a radius of 4. 8Z cm. By varying the speed of the instrument from 1000 RPM to
8000 RPM and operating for various periods of time ranging from 36 seconds
(minimum cycle time) to 75 minutes, it was possible to examine the particle
size distribution in the range of 0.03 to over 2 , based on Equation 4-1.

- This equation was used to calculate equivalent particle diameter from the
operational parameters for the systems studied, These resulis are precented
in Figure 4-10. '

Uranium Dioxide Suspensions: Two uranium dioxide
suspenions, eacu containing 50 mg of UOZ/ 25 ml of solution, were examined
on the -‘ayce Loebl instrument. Dispersion EAl was prepared and dispersed
at the Joyce Loebl Applications Laboratory. Samples removed after 3 min,
10 min, 41 min amd 106 min of ultrasonic irradiation were examined on the
centrifuge. In addition, dispersion DA-1, of similar composition, was examined
afte r it had been exposad to a total cf 718 min of irradiation with the ultrasonic
probe.

Typical photosedimentation curves are presented in Figure 4-11.
These are plots of the signal of the optical detector placed at 4. 82 cm radius
versus sedimentation time at two operating speeds. The abrupt end of the curve
represents reruoval of the iner annuulus of spinning fluid by the sample probe.
Photosedimentation curves were obtained for all the uranium dioxide samples,
The resulting particle si.e distribution curves and the corresponding turbidity
measurements are prasented in Firure 4-12. The measurements for the EA=~]
suspension after 106 min dispersion time, and for the DA-1 suspension, were
repeated six times at different centrifuge speeds and cvcle times and were then
sampled in order tc generate an absolute particle size distribution curve based
on chemical analysiz. The oplical traces were -quite reproducible as shown in
Figure 4-13 for suspension DA-!,

These samples were submitted for analysis of uranium content
by x~-ray {luorescence, Unfortunately, the analytical results were not -
sufficiently accurate to be used to generate a particle size distribution curve.

The reported uranium content ranged from less than 5 ppm (the detection
limit) to 30 pprm maximum concentration with an error band of about 20 ppm.

Calcium Fluoride Suspensions: A represantative calcium
fluoride suspension EC-1 powder containing 206 mg/25 mi fluorinated solution
was also prepared, dispersed, and analyzed at Joyca Loebl. The samples,
removed after 12 min, 40 min and 71 min of sonolation were examinaod by
turbidity and sedimentation. Photosedimentation curves were obtained for the

4m24




IONJIMINID 11 W 78307 3DA0T NI SHIAMOJ
40 NOILV.INIWIA3S 804 JAHUND NOILVHIITIVD Gl 2unbry

295 ‘3WI L IDNFIYLINID 882128

g0t 0t Pull Z0t oL
MITTT T 1 mrirT T T T T 1 MITTT T 1 MITTT T 1 e

-

!
|

T 7T

/

!/

/

/ .

/ /
/

/

Y

:

Ll

m
3
<
3 <
: z
2
3 4 S
o~ N ™~ % 4
: - o~ ~ ™~ ~ wagoooz-%on N\ ~ ] a
. — ~ ~ + I 3
] _ [ ~ ~ T- /// — 2
g - Wd¥ 000Z — C4e3 — 9
m | — ~ 0z / . / = m
] ~ o~ T~ - -
: WdH 0001 — “320 // // m
k- . / / -
m\ . ~ // : // — o
m | — ™~ ~ ™~ ~ ]
% . P~
1 | g2 12 3STINDIT ¥344NG B NIdS IWNTON ~ ~ ~ —]
4 — NOILNTOS £ O4/L5L XOLAUN %L :QINDIT NIdS ~ ~ =
. o & N O 1 N I T T N [TV T R N [T S =




J9NFIYLNID 18307 IDA0F HLIM
Q3NIYL80 GINDIT A3LVYNIHONTY NI NOISH34SIO
20N HOd SIAHND NOLLVANIWIGISOLOHY |14 ambig

S3LNNIW ‘3WIL 68zi€8
8 L 9 S v £ z i °
0
/ ]
2
& s
3 S
\\ = N ! ® mﬂu $ ‘”.
wdy cS.W\ 2 ;
— Wdd 0008 m
/ 3 \
€ g :

EFO4/LSL XOLAHN %t IWOZ GINDIT NidS
€-3 NO3IYI/L58 XOLAYN %L QINDIT ONISHIISIG
F—- ¥& SALIQISENL or
(3qosg) utts gL L :IWIL NOILVYTONOS

1—Vv0 :NOISH3dSIC

it ol




QINDI" G3.LVYNIBON1d
NI @3asy3dsIa on JO0NOLLNBIY 1SIa
3ZIS NO IWIL NOILVYTIONOS 40 193543 Z1-p nbrg

w ‘g “CON AIAN3JSNS 40 IZIS LNIUV IV

0oL 01 00

MTTT T T 1 1

>

— ot M

7 2

- m

o

— —oz S

0

B —lee %
d d
S (o]

2

B vz

: oz i £ m

& o ¢ 38044 DINOSYHLIN m

S € ‘ 2603 IUNLVHIAWIL NOISYIESIO o

_ ALIQISHNL | NINIWIL | JAHND NOILNTOS £-3 NOIY - £51 XOLAYN %1 M

NOISH3dSIO -0V m
IR it 4 Lt 1

:




U e s A e

T eI A, s R s

PRV AR e

B

L. 1% KRYTOX 157 IN FREON E-3
OISPERSION TIME = 718 MIN.

I TTTIT 1T TTTI l

T T

RUN NO.
1o
1M
12
13
14

1156

Bep»Op>oO

29

OPTICAL DENSITY

a OO

10

0.01
831200

| L1] R
Q : 1.0

SEDIMENTATION DIAMETER, D, um

1

Figure 4:13 REPRODUCIBILITY OF SIZE DISTRIBUTION CURVE
'FORUO; DISPERSION .

4-28

L1l

0



three samples, These results are presented in Figure 4~14. The curve for

the 71 min sample is an average of the five photosedimentation curves generated
by the samples used to develop an absolute particle size distribution curve,

The samples removed were analyzed for calcium by atomic adsorption, These
results are presented in Table 4-7, The resulting particle size distribution
curve is plotted on log normal paper in Figure 4-15. According to these results
the dispersion has a geometric weight average diameter of 0,22 i with a
geometric standard deviation of 2.3, '

4.5 Discussion of Results

4.5.1- Correlation of Turbidity with Size of Suspended Material

In general it was observed that the turbidity of irradiated
suspension increased with increasing sonolation time. After sufficient time,
the turbidity of a given suspension attained a constant value, The results
presented in Figures 4-12 and 4-14, for uranium dioxide and calcium fluoride
dispersions, show a correlation between the turbidity of a suspension and the
size distribution of suspended material. For a given powder, a higher turbidity
index is commensurate with a smaller average size of the suspended material.

Large changes in the turbidity index indicate a significant
change in the size distribution, as noted with the results for uranium dioxide
presented in Figure 4-12. Conversely, if the turbidity of a sonolated suspension
attains a constant value that does not change significantly with further sonolation
time, it can be presumed that there is no significant change in the distribution
of the suspended material. It is noted for calcium fluoride, as shown in
Figure 4-14, thzt both the optical size distribution curves and the turbidity
measurements do not change markedly with further sonolation time. Furthermore,
the results presented in Figure 4-15 indicate that the calcium fluoride suspension
analyzed was well dispersed. Since the data plot as a straight line on log-
probability paper, the material in suspension has a log normal size distribution.
Kapteyn's law{4-7) can thus be used to calculate other average particle diameters.
According to this law, if the basic distribution (of particle diameter d; for
instance) is log normal with mean u and-standsrd deviation ¢ , then the jth
moment distribution is again log normal with the same standsrd deviation ¢ and
mean u, such that '

Iny = Inu+ jInle | (4-2)
Accordingly a value for the arithmetic volume/surface

mean particle diameter, d,, can be estimated from Figure 4-15 by the

- following equation: - 8

. 2
nd, =T, -0.5mPc | (4-3)

where
I"g = geometric dismeter by weight
¢ = standand deviation of dug
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TABLE ke

PARTICLE SIZE DISTRIBUTION OF CaF, DISPERSION T 1%

KRYTOX-FREON E-3 SOIUTION BY SEDIMENTATION ANALYSIS

Sample Ho. 122 1=3 124 125 126
~ Centrifuge Speed, RPM 2000 8000 2000 8000 1600

Iength of Run,

in Centrifuge, Secs 1200 1200 L4oo 2ko 90

Equivalent CaFa Particle

Diameter, D, Jom 0.52 0.13 0.90 6.29 3.8

Volume of Undersize .
Sample, ml 20.5 17.8 15.5 17.5 16.8

Calcium Concentration in
Unders <. Sample pm (w/v) 89 28 130 86 155

Caleium (iotent of Undersize
Lample, ug 1.83 0.50 2.0 1.5 2.60

Caleiun Sontent ia Feed

Weight Praction Particles _
Smaller than D 0.85 0.23 093 oT¢
- Dispersion Ho. ECWL
Dispession Phme: T nin
Turbidity: 26,5 |
CaF, Coatumt: 202Iwg CaF,/41.3001 gr/soluticus8.42 o CaF,fad = 4.32 5 Calid
Sasple Sise: 0.5 md |
Busfer: 1.0 ol 1§ Erytox 157-Freoa B3 Soclution
Spin Liguid: 20 &l 1$ Drvtax 157-P0-43 Salutien
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From Figure 4-15, d,o = 0, 22 and ¢, =2.3 . sothatdyg=0.16 pm,

This estimate of avs does not diifer signiﬁcantly aso1a the value of 0.19 pm
obtained by B.E.T. measurements for the equivalent spherical particle

diameter of the ultimate calcium fluoride particles (see Table 2-1), which

is also a volume to surface mean particle diameter. The implication of these
results is that the calcium fluoride suspension analyzed was completely dispersed
and that the resulting primary particles were not significantly reduced from

their true size. The objects in suspension were essentially ultimate CaF,
particles rather than agglomerates of these particles.

4.5.2 Effect of Process Parameters on Particle Dispersion

The resuilts of the dispersion studies based on the turbidity
measurements are sunmarized in Table 4-8. The rate of increase of turbidity,
or the rate of dispersion of each suspension prepared, and the time needed to
attain a constant turbidity were found to be influenced by the following parameters:

a. Composition of the Dispersing Liquid: Solutions of
Krytox 157 in yreon & -; are much more effective media
for dispersion than solutions of Krytox 187 in FC-43,
With both liquids, there is litt'e or no dispersion in
tho absence of Krytox 157.

b. Ultrasonic Power Intensity: Increasing the ultrasconic
power intensity increases both the rate and extent of
the dispersion process, aspecially as the size of the
ultimate particle decreases.

c. Size of the Ultimate Particles: The smaller the size of
the ultimate particles in the agglomerate or conglomerate,
the rorea difficult it becames to disperse these particles,
The most difficult powder to disperse was ENL~l uranivm
diaxide which was the finest particle sized powder studied.
This powder contained a large fraction of particles smalley
than 0.1 jm, with particles as small a5 0.0+ pre beiay
definitoly presant. :

d. Time: The rate of disparsion decreases with increasing
sonclation time. At a low power density (e.g. in the
ultragonic bath), when dispersion cccurred it was noted
that the turbidity of the suspensions increased as the log
af the time of ultrasonic ir-adiation. Even though some of
the tests careied out lasted ovar 5400 minwtes (Y0 hours),
it was not poszible to detormine from the turbidity data
whether the system had reached a steady state in which
the size distrthution of the suspended material did not
change further with titne. At bigh power deunsity {e, g.
with the uitrasonic probe), all the powders ultinvuately
reached 2 steady state value of turbidity. The time
required to attain the plateau increased with decreasing
particle size. It took approximately 680 min te attaina
constant turbidily index with ENL-1 UQ, dispersions.
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The dispersion tests with the probe could be interrupted
without noticeable reagglomeration taking place. It

was noted that powders once disversed always stayed
dispersed, The reported sonolation time for a given
run was the cumulative time of a series of separate runs
on one sample., :

e. Temperature: The effect of temperature on the rate of
_ ) dispersion depends on the composition of the particles
e - .. to be dispersed. All the powders studied could be -
a effectively dispersed at 350C or 50°C. Increasing the
temperature to 80°C had an adverse effect on the
dispersion of kaolin and carbon black.

f. Particle Concentration: There was no noticeable effect
of particla concentration at the concentration levels
examined;

g. Mixtures of Powders: Mixtures of powders did not behave
in a significantly different manner than individual powders.

4.5.3 Postulated Dispersion Mechanism

These results can be explained in terms of a simple model
which considers that an agglomerate or conglemerate is broken into smaller
agglomerates and/or individual particles if stresses of sonic origin exceed the
strength of the agglomerate. The dispersion process is enhanced by the presence
of Krvtox 157, which adsorbs at the surface of the particles.

The adsorbed Krytox 157 reduces attractive particle-to-
particle fozces in the agglomerate, thus facilitating agglomerate breakdown and
also prevents dispersed particles from reagglomerating after they have been
liberated from an agglomerated matrix. It is assumed and substantiated by
our results that there is not sufficient ultrasonic energy to break primary bonds,
i.e. reduce the size of the ultimate particles,

It is not possible to precisely define either the cohesive or
disruptive forces acting on a sonolated agglomerate because there are too many
unknown parameters, However, it is possible to obtain an order of magnitude
estimats of the effectiveness of the dispersion process by considering:

a. The crushing strength of an agglomerate as a useful
index of the resistance of an agg >merate to dispersion,
and

b. {he product of the mass of an agglomerate times the
acceleration amplitude due to the propagation of sound
through the dispersion liquid as a measure of the
{orcus which could result in dispersion.




-

According to Hertz(4-8) the crushing strengtu of a Hrittle
sphere tan be expressed by the following equatmn'

>

S S -4

where
P = applied compi essive load at failure
D = sphere diameter (
E = modulus of elasticity
v = Poisson's ratio

¢ = maximum tensile stress in the sphere due
to the applied compresszve load :

Kaiser{4~?) combined the above equation with Rumpf’s expression(4“10) for

the tensile strength of an agglomerate:

0, =g - ‘fz) (4-5)
where

¢, = tensile strength of an agglomerate

volume fraction voils

-~
i

11

d diameter of uitimate particles
H = mean particle to particle bonding force

to obtain the following expression for the crushing strength of a spherical
agglornerate:

r 3 -
3 (% (l-¢€y (H D2
Pellrm B W 2 2 (4-6)
8 3
P =l (29 & 9271 (4-7)
=5 2| ;
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If the particles adhere because of secondary valence forces,
then H can be expressed by Equation 1-1,

Bd
H = 363 (4-8)
where
a = particle to particle surface separation distance.
B = Lifschitz constant
so that

- 13
(5.5\ d-€y ¢ B D

P = ) ¢ } ) et
I-ZV € - 36a3d EZ

(4-9)

The disruptive forces on an agglomerate are considered
to be proportional to an inertial force Fi’ defined by the followihg equation:

F; = ml (4-10)
where m is the mass of the agglomerate and I' i: the acceleration amptitude
due to the applicat ion of acoustic energy through the medium of propagation.
The acceleration is given by the following equation:

21
= 2nf (4-11)
T=2mt ¥ ome
where
¢ = velocity of sound in the medium

f = vibration frequency

[
"

applied ultrasonic energy/unit area

u

€ density of the propagation medium

The mass of an agglomerate is simply:
D3
m = e 91:!1-6) (4-13)

where €pis the density of the particles.
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According to the above, agglomerates will be dispersed
in an ultrasonic bath as long as: '

P
i 4.14
r> ( )

or after substituting and cancelling terms:

3

S 2

21 ( 5.5) (. B fl=-€) )y 6 y (4-15)

Zﬂf > \ v ! \ '
‘/ emC { 1ulv 13633(1 63 Q:J"DE7

The above predicts that it becomes more difficult to disperse an agglomerated
powder with an ultrasonic source as:

a, The size of the agglomerates, D, decreases, For
a given powder, the largest agglomerates will disappear
first with smaller agglomerates being progressively
more difficult to disperse. The rate of dispersion
will decrease with time.

b. The volume fraction voids decreases. Everything
else being equal, open structured agglomerates
will be easier to disperse than compacted agglomerates.
This parameter was not investigated in this study.
The effect of compaction on the dispersibility of
pigments is a well known phenomenon in the paint industry(4‘11).

¢. The size of the primary particles, d, decreases. As
the size of the ultimate particles decreases significantly,
more power input will be required. Such an effect was
clearly noted in this study. The powder with the largest
particles (kaolin) was the easiest to disperse and the
one with the smallest particles (FNL-1 uranium dioxide)
was the most difficult to disperse.

d. The distance between particles decreases. The term (B/a3)
increases to the third power. This is a measure of the
secondary valence forces between the particles. The
ability to disperse a powder in a surfactant solution
reflects this effect, Since the dispersibility varies
inversely as the ninth power of a, zccording to this
model, this is a dominating effect. Immersing a powder
in a wetting liquid increases particle to particle separation.
Immersing the powder in a solution of a surfactant which
can adsorb on the surface of the particles and form a thick
solvated layer increases a even more. A solution of
Krytox 157 in Freon £-3 was a much more effective
dispersing medium then a solution of Krytox 157 in F'C=-43,

4-38
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This reflects the possibility that the surfactant is

more firmly bound to the particle surface in Freon E-3
than in FC-43, as discussed in the previous chapter.

The solvated layer around a particle is most probably
thicker in Freon E-3 than in FC-43. The thickness

of a Frexn E-3 solvated film of Krytox 157 is estimated
to be 75A. This estimate is based on values at 30°C

of the thickness of Freon E-3 sclvated filins of HF PO
hexamer acid (304) and HFPQ qeci mer acid (454)
reported in a previous study( =12} The effect of
temperature on the dispersion process reflects the
stability of the stabilizing film, The lowered dispersibility
of kaolin and carbon black at 80°C is most probably due
to the desorption of Krytox 157 from the surface of

these powders at that temperature. The sensitivity of
dispersion of Sterling MT to the Krytox 157 concentration
reflects the adsorption characteristics of Krytox 157 on
this powder.

According to the above expression, there is a critical acoustic
acceleration threshold required to overcome the forces holding particles together
in an agglomerate. The results obtained with the uranium dioxide dispersions are a
striking indication that this is so. The acoustic acceleration in the ultrasonic
bath was insufficient to disrupt UO, agglomerates below a certain size. Increasing
the acoustic acceleration by using the probe resulted in a significant improvement
in the degree of dispersion.

Numerical values of ' for Freon E-3 suspensions in the
ultrasonic bath and in the ultrasonic probe can be astimated from the properties
of Freon E-3 listed in Table 2-3 and from information provided by the manufacturer
of the ultrasonic sources. In the ultrasonic bath, for whjich f = 40 Khz and
I1~2 watts/cmz. I' is approximately equal to 4.5 x 10 cm/secz, or 4500 times
the acceleration due to gravity, When the probe is used, the power density
decreases with increasing distance from the tip. The maximum acceleration
level which controls the dispersion process, corresponds to the maximum power
density which is estimated to be 80 watts/cm2, With this source, for which
f=20Khz, I __  isapproximately 107 cm/sec? or 104 times gravity.

4.5.4 Conditions for Powder Dispefsions

Based on the above measurements, it is concluded that the
candidate powders are best dispersed when suspended in a 1% solution of
Krytox 157 in Freon E-3 at 50°C. The ultrasonic probe is a better transducer
than the bath. With this source of acoustic energy, the powders should be
sonolated for at least 600 min to disperse powders as small as the ENL-1
uranium dioxide. Measuring the turbidity of the suspension is a useful method
of monitoring the dispersion process,

The scope of the present dispersion study was limited by the
characteristics of available ultrasonic sources. The results obtained indicated
that it is posasible to disperse a powder sample in a reasonable period of time.
The dispersion process may be significantly improved however. The time
required to disperse a fine powder may be significantly reduced by using acoustic
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transducers optimized for this application., Increasing the frequency and

power density should significantly improve the rate of dispersion. Mathieu-Sicaud
and Levavaseur\4-5) have indicated that barium sulphate particles 0, 1 in
dia,mgter. are most easily dispersed in water when a transducer oscillating

at 10° Khz is used. The use of a variable frequency generatox may improve the
dispersion process of a random powder. With such equipment it would also be
possible to carry out more focused experiments which would lead to better
scientific understanding of ultrasonic dispersion.
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5,0 PARTICLE DEPOSITION STUDIES

Information obtained from each of the previous studies was integrated
in the particle deposition studies which are the culmination of the program.
D.ring this phase of the program, samples of the candidate powders and their
mixtures dispersed in a fluorinated liquid were deposited on an ultrafiltration
membrane which was then washed and dried. The deposited powder samples
were all examined by scanning electron microscopy. The micrographs were
examined visually and with an automated particle counter to obtain qualitative
and quantitative information on the degree and quality of dispersion of the
deposited samples. In addition, selected samples were submitted for elemental
analysis, using either an electron probe microanalyzer or a non-dispersive
X-ray analyzer.

5.1 Basic Method of Saraple Preparation

¥ The basic preparative procedure used consisted of the following
o steps:

a. Preparation of a primary concentrated dispersion.

: g b. Preparation of a dilute secondary dispersion with
. ; a desired particle concentration.

c. Ultrafiltration of the dilute secondary dispersion.

d. Washing of the particles deposited on the
ultrafiltration membrane.

e. Drying of the membrane.

5.1.1 Preparation of Primary Particle Dispersions

The experimental procedure described in Section 4.4.2
was used to prepare the primary dispersions. A known weight of powder
{(usually 50 mg or 60 mg) was added to 25 ml of a 1% Krytox 157 - Freon E-3
solution in a water cooled 50 ml polycarbonate centrifuge tube. The mixture was
then sonolated with the S-75 ultrasonic probe. Periodically, the sonclation
process was interrusted and the probe temporarily withdrawn in order to
remove one .~ more aliquot samples of the dispersion.

These aliquots, which ranged from 10 pl to as much as
350 pl in volume, ware then diluted with additional 1% Krytox 157 « Freon E-3
solution to form the secondary dispersions used to prepare the deposited
- samples, Ianitially, ore of these aliquot samples was also used to measure
the turbidity of the suspensions with the Turncr fluorometer. as described
in Section 4,3.2. The fluorometer became inoperative mid-way during the
course of these studies. Turbidity measurements were thus not obtained for
all runs. Fortunately, turbidity measurements as well as limited centrifugal
sedimented measurements were at least obtained for the critical uranium oxide
dispersion studied in this phase (sample series DA~}). These measurements
were already discussed in Section 4.5,
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5.1.2 Secondary Particle Dispersions

A secondary dispersion was prepared by adding an aliquot
of the primary dispersion to 25 ml of 1% Krytox 157 - Freon E-3 solution,
contained in a 50 ml screwcap polycarbonate centrifuge tube. The tube and
its contents were then placed in the Branson Ultrasonic Bath until the suspension
was to be filtered. The temperature of the bath was 50°C. The ultrasonic
bath was used to insure good mixing and dispersion of the aliquot in the bulk
fluorinated liquid, but at a much lower power intensity level than in the probe.

Secondary dispersions were used for a number of reasons.
First, it was possible to prepare many samples from a given master batch.
The effect of sonolation time on a given primary dispersion could thus be
monitored. The amount of powder deposited on the filter could be controlled
by the size of the aliquot sample; the greater the volume nf the sample removed,
the larger the surface concentration of particles deposited on the filter
membrane., The effect of powder loading after a given period of ultrasonic
agitation could thus be monitored. The volume of the diluent liquid was not
critical and was chosen for convenience. With this volume, the initial height
of liquid in the cell was 7 mm. A further advantage of using secondary
dispersions was that these could be stored in the ultrasonic bath for a given
period of time since only one 90 mm filtration system was available. A
number of samples could be withdrawn simultaneously and kept in limbo until
they could be filtered. Finally, dilution of the dispersion prepared with the
probe minimized cross-sample contamination, as further discussed in Section 5. 3.

5.1.3 Particle Deposition

After being well mixed in the ultrasonic bath, the secondary
dispersions were filtered through an ultrafiltration membrane in a 90 mm
Millipore Laboratory Ultrafiltration cell. This is the same cell that was used
in the washing studies as described in Section 3.2 and shown in Figures 3-5 and
3-6, Based on the results and experience obtained in the previous phases of
the study, Amicon's XM-100A ultrafiltration membrane was the deposition
membrane of choice in this phase of the program.

' After the membrane was placed in the cell and the cell
assembled (as shown in Figure 3-6), the dispersion was added to the cell threugh
a funnel consisting of the body of a 30 ml disposable plastic syringe attached to
the cell's retentate port. The latter was a tube with a Luer fitting leading to

the bottom of the cell through which liquids may be added or withdravm. The
syringe body was removed and replaced with a Luer cap., The cell was then
pressurized to approximately 1 psig ($0.3 psig) with compressed air and the
dispersion filtered. The particles were deposited on the membrane, and the
dispersion liquid was collected in a receptacle below the cell. This initial
deposition step usually took betweaen 10 min and 20 min to carry out, depending
on the filtration pressure and the effective permeability of the actual membrane
used. The permeabilities of the various membranes tn the dilute dispersions
were within 30% of 0.1 ml/cm?2 « psig - min, the initial permeability of
XM-100A membrans to a 1% Krytox 157 - Freon E~3 solution, as reported

in Section 2.5.5.




5.1.4 Washing of Deposited Particles

The particles were washed first with FC-43 and then with
Freon C=51-12, After the initial dispersion liquid was removed, the air line
leading to the cell was shut off and the pressure in the system relieved. Aiter
removing the cap, 25 ml of FC-43 was added to the cell directly through the
retentate port, with a plastic syringe. As before, the syringe was removed,
the cap replaced, and the cell repressurized. The FC-43 wash liquid filtered
through the membrane, displacing the residual dispersion medium and removing
Krytox 157 from the deposited material.

The amount of FC-43 wash liquid used was based on the
results of the washing experiments presented in Section 3.3. It was shown that
in the absence of powder, essentially all the Krytox 157 was removed by the
first 15 ml of FC-43 wash liquid from a filter previously exposed to 25 ml of
a 1% Krytox 157 - FC-43 solution. If the solution contained 1.0 gr of powder,
the bulk of the Krytox 157 was removed by the first 15 ml of FC-43 wash, and
by the time 60 ml of wash liquid was used, Krytox 157 could not be detected
in the effluent. In the deposition studies under consideration in this section, the
amount of powder deposited normally varied from 0,02 mg to 0.4 mg (with one
run containing 0. 7 mg of powder). In all these runs, the amount of powder was
less than 0. 1% of the amount of powder used in the washing tests. It was
considered that the washing characteristics of the deposited particle/filter
system would be essentially those of the blank filter, in that essentially all
the Krytox 157 would be removed by the first 15 ml of wash FC-43. An extra
10 m]l were used as 2. margin of safety. :

After the FC-43 wash liquid had filtered through, the
deposited material was then washed with 25 ml of Freon C-51-12 repeating
the above procedure. The reason for using a Freon C-51-12 wash was to
displace a non-volatile liquid, FC-43, with a very volatile one. It will be
recalled that Freon C«51-12 which boils at 459C, evaporates readilx under
ambiant conditions. - It has a vapor pressure of about 0.5 atm at 25°C and a
low heat of vaporization (about 21 cal/gm (2-6)). The amount of C-51~12
was not considered critical as long as it displaced FC-43. The volume of ,
wash C-51-12 was arbitrarily chosen to be equal to the volume of FC-43 used
in the initial washing step. : ' :

The washing of the deposited particles with FC-43 was
the slowest filtration step because of the lower permeability of FC+43 through
the XM-100A membrane. It normally took twice as long to ilter the FC-43
wash {20 min - 40 min) as it did to filter the initial secondary dispersion.

- The effective permeability of FC-43 in these tasts was about 0. 05 ml/min-psi-cm
Washing with C251+12 was very rapid, occurring within 2o 5 min. This _
corresponds to an sffective permeability for C-51-12 of about 0.5 ml/min-psi-cme
in this system.




5.1.5 Drying of the Membrane

At the end of the wash cycle the particles are deposited
on a filter wet with C-51-12 which had to be removed. Air pressure to the
cell was first raised to 10 psig. This resulted in the immediate initial
removal of 2~3 ml of liquid C-~51-12, The air stream also contained C-51-12
vapor. The presence of the vapor was easily detected by visual observation,
Air was allowed to pass through the filter until C-51-12 vapor could not be
detected (usually about 5 min). At this point, the air supply was shut off,
the pressure lowered and the cell disassembled. The filtration membrane was
then transferred, glossy side up, to the bottom half of a 100 mm plastic '
Petri dish and allowed to stand over night at the rear of the laminar flow
hood which is described in a subsequent section. The following morning,
the filter was covered with the top half of the Petri dish. The covered
container which contained the prepared sample was then labelled and sealed
with plastic tape.

5.2 OQOther Methods of Sample Preparation

The majority of powder samples which were examined were prepared
according to the procedure outlined above.. A number of samples were also
prepared in which specific steps in the procedure were varied. These included
alternate methods of preparing secondary dispersions and alternate washing
methods as well as preliminary experiments with other membranes as {ilter
substrates.

- In a series of tests, secondary dispersions of samples obtained
from the same primary dispersion were prepared by three different dispersion
techniques: dispersion in the ultrasonic bath as described before, dispersicn
with the ultrasonic probe, and dispersion by simply shaking the dispersion

by hand. '

A number of alternate washing procedures were also tried with
samples deposited on XM-100A membranes, These included no washing at all,
washing of "sandwichked" particles and "pousse-cafe" washing. The alternate
mathods were examined as possible means of avoiding horizontal flow of wash
liquid on the membrane. ' _

‘ . In the sandwich technique, the particles were duposited by filtering
- a secondary dispersion on a XM=100A membrane, as cutlined in Section 5.1.3,
- The ultrafiltration cell was then opened and a second XM«100A membrane was
-placed on top of the first mammbrane. The top membrane was placed upside
down so that the particles were sandwiched between two uitrafiltration films.
The cell was then reassembled. The filter agsembly was then washad with
FC-43 and C-51-12 and air dried in the manner described in Sections 5.1, 4 and
5.1.5. The washing time was, however, clower bocause of the greater
hydraulic resistance of two membranes. The particles vere sandwiched
between the two filters which could be peeled apart and azgamined individually.

The "pousse-cafe” washing technigue involved the layering of the
wash lijeid above the secondary dispersion. Since the deasity of FC-43
{¢=1.88 gr/cm3) is greater then the density of the 1% Krytox 157 « Freon E-3
solution used as the dispersion medium {2 1. 73 gr/cm’). an alternate to
FC-43 was required. Freon E-1, which has a relatively low density of

Sl




1.54 gr/cm3 for a fluorinated ligquid and is also volatile {B. P. 40, 8°C), was

used as the wash liquid. Freon E- 1 is the lowe st molecular weight homologue
of Freon Ly,

Preliminary deposition tests with and without washing werz also
carried out with other 90 mm diameter filters as substrates. These included

the PSIM and PSED Pellicon nltraixlters. the Millipore VSW P fiiter and the
S&S Bl4 fiiter,

5.3 Precuations Taken to Prevent Sample Contaminaeinn

A difficulty encountered in trymg to prepare samples of carefully
selected dust (e.g. pa.rticles of intcrest) is the ubzquitons presence of
unwanted dust particles in the atmosphere. By using a number of simple
precautions, sample contamination by unwanted foreign particles proved to be
no problem, even though the work was performed in'a standard industrial
laboratory,not a special clean room. The following precautions were taken:

a. All key preparation steps were carried out in a
Horizontal Flow Clean Bench {made by Pure Aire Corp.
of America) shown in Figure 5-1. This laminar flow
work station is rated to deliver Class 100 (Federal
Spec, 209) performance.

b. All the liguids used in the study that came inte contact
with the powders during any sample preparation step
were filtered just before use. Compresseé air was
fil:ered through a 30 wun filter.

c. Al the pieces of equipment that would come into contact
with eithes the powders or dispersions of these powders
wara first carefully cleaned by standard methaods to
remove gross contaminants and then wers always rinsed
with {iltered 1% Krytax 157 « Freon E-3 solution, with
some mecharical er (if possible). ultrasonic agitation.

By rticuiar cire was taken to cleap the glosey side of the
ultgafiliers on which the particles were deposited. the
polecarbonate centrifuge bubes used to prepare and contain
the &sspereicms} and the yitrssonic probe. The ultrasonic
probe, which came into contact «ith all the dispereions
that ware progaved, was clraned after sach run by firet
rinsing it »ith 1% Krytox 157 solution in Freon E«3, then
cl«samng the probe ultrasonically {i.e. turning i os} with
2% mi of clean 1% Krytox 157 - Froon E-3 solution in 52 sl
test tubwe {e.g. 2 blank run), and finaily rinsing the probe
again with more 1% Keytox 157 « Freon E-J solution after
sanclation was stopped azz& it was removed from its
cleaning bath.

d. Even with the precautions outlined above, it was aot possible
to cowmplotely clean the ultrasonic probe. To preveat any
significant level of cross contamination of powder wamples
from the probe, particles of inderest wore #irst dispersed
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with the probe in a 1% Krytox 157 - Freon E-3 solution
at a high solids concentration and then diluted with clean

1% Krytox 157 -~ Freon E~3 solution, as previously
described,

e. All samples of powder deposited on the ultrafilters were
kept in 100 mm plastic petri dishes which were normally
covered and stored in standard 1 lb coffee cans filled
with a polyethylene cover. This humble container proved
to be the best storage vessel that we found for the deposited
samples. It has the proper geornetry, it is rigid, it is
air tight when capped, but yet it can be easily opened and
is of a convenient size.

5.4 Examination of Deposited Particles

The samples prepared at Avco were taken to Advanced Metals
Research, Inc., (AMR) for S E. M. examination and micruchemical analysis,

5.4.1 S.E.M. _Eszamina:ion

A small segment approximately 0.5 cm x 0.5 em, was cut
from each {ilter with a scalpel. The shape of these segments was varied for
identification. Up to five different segments were then mounted on a sample
knob and coated with a thin gold-palladivm film to mike them: conductive.
Scanning electron micrographs waere then taken on the AMR 900 high resclution
scanmng electron microscope, Each sample was usually examined by photo-
micrography at increasing magnification levels, typically 450X, 4500X and
18000X. This range of magnification was sufficient to examine the extent of
agglomeration in the sample and identify individual particles with satisfactory
resolutien. A low magmfx«.a:ien mtcmgraph of a typical segment is shown in
Figure 5-2

The gh@mmicmgraphﬁ were 4% % in Pelaroid 3000 prints.
There wax no distortion in the magnification in the horizental axis of the
photograph {§ in side). Because of the tilt angle of samiple holder with referoncs
to the electron beam, magnification along the vertical axis of the photegraph
(4 in side) was less than true magnifieation by a factor equal to the sine of the
tiit angle. The tilt angle was approximately 45°.

The photemicrographs ware labellied and then filed. They
wore subsequently exansived at Avco with a Millipore »MC Particle
Measurement and Computer Systemt.  With this device. the total number of
particles in t/e photograph. the length mean particle diameter, Dy ., and the
fraciional surface cuvarage of the particles were measured. D}, was measured
along the korizontal axis {5 in side} of the photomicrograph where the
magniiication was accurately known. Because of the distortion in the other axis,
meaeummena of B, . the surface mwean particle diameter, wauld not have been
meaningful. Howex er, this does not apgly to fractiosal xurface coverage
meassnm'ngr.ts sinc¢e the projected intage of surface coverage is indepondent
of the angle of ur—~jection.
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5.4.2 Analysis of Individual Particles

The AMR microscope had a Princeton Gamma Tech (PGT)
x-ray element analyzer accessory., This non-dispersive x-ray probe was

‘used fto obtain the elemental analysis of selected individual particles viewed
" by the microscope. Wit this device the x-ray spectra of various elements

of Z >9 in the sample are accumulated and displayed in a manner which permits
rapid elemental identification.

5.4.3 Electron Microprobe Analysis

The average composition of various deposited samples was
also obtained. A number of deposited samples were examined with a Norelco
AMR/3 electron probe microanalyzer. Small segments of the ultrafiltration
filter were cut out and coated with a light carbon deposit. A blank XM-100A
filter was included in the samples studied. ' '

After preliminary tests with focused beam of high intensity,
the samples were examined with a 15 KV non-focused beam, approximately 2n0
in diameter. Because it was possible to place as many as 15 different samples
in the instrument at one time, by setting the spectrometer to analyze for one
element at a time, it was possible to analyze the samples very quick!-

Two spots of a given sample were examined for ranium
(uranium dioxide), aluminum (Kaolin), calcium (calcium fluoride), fluorine
(for residual organic fluorine and calcium fluoride) and carbon (fcr Sterling MT
carbon black). Reference materials used for each of these elements were
uranium metal, aluminum metal, calcium carbonate, lithium fluoride and graphite,
respectively, Because of the carbon coating used in the sample preparation and
because the filter is an organic polymer, the carbon measurements were made
by difference, correcting for the carbon content of the blaak filter. An
additional correction is also required for the carbon content associated with
residual dispersing media, which can be estimated from fluorine measurements,
in the absence of calcium fluoride in the samples.

5.5 Experimental Results

5.5.1 Introduction

Deposited samples of each of the following powders were
prepared and analyzed: ENL-1 Uranium Dioxide, Sterling MT Carbon Black,
Peerless No. 2 Kaolin, Calcium Fluoride; five equal weight binary mixtures
(UOZ/Carbon Black, Kaolin/Carbon Black, CaF,/Carbon Black, UO,/Kaolin,
UO,/CaF,); two equal weight ternary mixtures (ZUOZ/Carbon Black/CaF and
UO,/Carbon Black/Kaolin), and one equal weight quartenary mixture of these
powders.

The results are presented in selected scanning electron
micrographs and in the tables which follow, Information relating to sample
preparation, dispersion time, turbidity readings (where measured}, powder
loading, and expected surface coverage, (based on the powder content of the
secondary dispersion and specific cress-sectional area of the deposited powder
ad discussed at the end of Appendix C), is presented for each powder or mixture
in a specific table, as are the quantitative results obtained from the various



photomicrogranbs at different magnification levels. The results of micro-
chemical analysis are summarized separately. Only limi.ed turbidity data
are reported because malfunctior-of the equipment precluded measurement
of turbidity at the end of the test program.

All the-data presented in these tables were obtained with
washed powder samples deposited on Amicon XM=-100A ultrafiltration membranes.
it was not pcssible to examine unwashed Zamples deposited on the XM-100A
membranes because these did not accept the gold/palladium coating. In the
SEM, these samples accumulated charge and thus could not be examined, No
quantitative data are presented for samples deposited on the other filters used
as substrates because of the significantly lower quality of the results and the
resulting difficulties in data interpretation.

Dispersions with a single powder component were made with
powders that were not subjected to ar.y pretreatment. In these runs, the primary
dispersion normally contained 5¢ mg of powder in 25 ml of dispersing liquids,
except for a few CaF, dispersions which contained 200 mg CaF  in 125 ml
- fluorinated liquid. Dispersions of binary, ternary, and quaternary mixtures
were made with powders that were agitated dry for 6 hours as described in
Section 2.2.3. In these tests tne primary dispersions contained 60 mg of total
powder weight per 25 ml of dispersing liquid. The binary mixtures contained
30 mg of each of two powders, the ternary mixtures contained 20 mg of each
of three powders and the quaternary mixture contained 15 mg of each of the
four caadidate powders.

5.5.2 SEM Examination of Deposited Sampies

The experimental runs carried out are summarized in
Table 5-1, which lists the various powders examined and the corresponding
tables (Table 5-2 to 5~13), and figures (Figures 5-3 to 5-56). Samples were
prepared in the standard manner described above except as specifically noted.
All figures refer to scanning electron photomicrographs except where noted.

5.5.3 Analysis of Individual Particles

For a selerted number of samples, individual particles were
also examined with the PGT x-ray analyzer. These measurements were performed
on the samc filter fraction as the SEM results presented in the previous section,
but a month later, The photomicrographs represent a different region of the
sample,

Figure 5-57 is a photomicrograph of sample FQ1-10, It
was probed at points A, B and C. The corresponding spectra are presented
in Figures 5-58 and 5-59, There is a common chlorine peak for all points
examined. Point B is an area uevoid of particles. The resulting spectrum
is due to the composition of the XM~100A membrane. It indicates a high chlorine
concentration, a:d the manufacturer was called to confirm this finding, According
to Amicon, chlorine-containing material is used in the manufacture of the
XM=-100A membrane and analysis of the membran: would indicate the presence
of chlorine. In addition to chlorine, the spéctrum shown for A shows that the
particle contains Al, Si and Au, The particle in question is evidently gold
coated Kaolin, The spectrum for Point C shows peaks for Au, Cl and Ca; this
would correspond to the presence of a small gold coated calcium fluoride
particle.




TABLE 5-1
SUMMARY OF DEPOSITED SAMPLES EXAMINED RY SEM

Powder Table Figures* Commen L
UO2 Sel 5«3 to 5-13 Runs DAl-l to DAL-17 prepared

in standard manner. Runs DAl-~18S
to DA1-21S are sandwich runs,

Figures 4=3 and %=k are pacro-
photographs of t'illers on which
powder samples were deposited,

Sterling MT Sm3 Telle to 520

Carbon Black

Calcium Fluoride St 5«21 to -2k

Peerless No. 2 Kaolin 5=5 5«25 to 5=28

Carbon Black/Kaolin 5-6 529 to 5e34

Binary Mixture

UOp/Carbon Black Sep 535 to 5~41  The method of agitating the
Binary Mixture secondary dispersion was varied

vith samples FB1-8 and FRl-9,

kor sample FB1-8, the secondary
dispersion was prepared by shaking
the aliquot of primary dispersion
with diluent fluorinated liquid.
Por sample FBR1-Q, the ultrasonic
probe wag used to prepare the
secondary dispersion. ‘'The secondary
dispersion was sonolated for

20 minutes with the probe. The
reference is sample FB1-10 which
wes prepared in the standard
manner, The secondary dispersion
was sonolated in the bath for

50 min before filtration.

CaFp/Carbon Black 5«8 5ul2
Binary Mixture
U0, /CaF, 59 343
Binary ﬁixture
Uc,/Kaolin 5~10 Salily
Bidary Mixture
U0,/CaF,/Carbon G=ll 545
Black Térnary Mixture
f U0, /Kaolin/Carbon 5-12 5-46
; Black Ternary Mixture
E UOQ/Kaolin/CaFe/ 5-13 5=47 to 5=56 Run FPQL-10 prepared by "pousse
Caxbon Black Quarternary cafe" wash method with Freon E-1
Mixture a8 wash liquid,

*Flgures are scanning electron photomicrographs unless otherwise specified,
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Figure 6-11 SEM PHOTOMICROGRAPH OF DEPQSITED U0, Figure 512 SEM PHOTOMICROGRAPH OF DEPOSITED UD2
"SAMPLE DAY-16 ‘

SAMPLE DA1-16
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{UO2>-CARBON BLACK) SAMPLE FB1-9

Figure 5-39 SEM PHCTOMICROGRAPH OF BINARY
{UO2>-CARBON BLACK) SAMPLE FB1-11

Figure 6-41 SEM PHOTOMICROGRAPH OF BINARY

Figure 5-38 SEM PHCTOMICROGRAPH OF TINARY
{UO»-CARBON BLACK]) SAMPLE FB1-4
Figure 540 SEM PHOTOMICROGRAPH OF BINARY
(UO,-CARBON BLACK) SAMPLE FB1-8
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Figure 5-45 SEM PHOTOMICROGRAPH OF TERNARY
{UO»-CARBON BLACK-CaF5) SAMPLE FT1-5

Figure 5-49 StM PHOTOMICROGRAPH OF TERNARY
(UO»-CARBON BLACK-KAOLIN) SAMPLE FT2-5
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Figure 5-60 is a photomicrograph of sample FQ1-8, which
contains a large clay particle., The corresponding spectrum is shown in
Figure 5-61.

Figure 5-62 is a photornicrograph of sample FB5-4, This
sample contains uranium dioxide and Kaolin particles. The sample was
probed at Points D and E, The particle at Point D is Kaolin, the particle at
Point E is uranium dioxide (Figures 5-63 and 5-64).

5.5.4 Electron Microprobe Analysis

The results of electron microprobe analysis of different
deposited samples are presented in Table 5-14. These measurements were
made with a defocused, 200 pm diameter, 15 KYV electron beam. The beam
current was 0.1 micro amp under these conditions. It was noted that sample
FQ1-10 had greater tendency to accumulate charg+s than the other samples.
Beams of higher intensity resulted in wrinkling or destruction of the XM-100A
filter substrate as shown in Table 5-15. The bracketed values in the first
column represent the error due to variations in background intensity level,

5.6 Discussion of Results

5.6.1 Introduction

, The goal of the proposed sample preparation method is to
transform an agglomerated powder into discrete primary particles that are
uniformly deposited on a suitable filter surface and that can then be used for
subsequent analysis. The success of the technique requires that;

a. The substrate used is stable and does not interfere
with the analytical measurements.

b. The agglomerated powder mixture in the fluorinated
liquid is completely dispersed into primary particles
befo-e deposition.

¢. The particles do not re-agglomerate during deposition
or washing.

d. The particles are uniformly deposited on the filter
and once deposited, are not disturbed by subsequent
treatment such as washing.

e. There is minimal contamination of the deposited
particles due to the prescence of any residual
dispersing liquid or the introductior of foreign
materials,

The results presented in the previous section will be
discusged within the context of the above re-juirements. Other points to be
discussed include the apparent variation in average particle size of a given
sample with the scale of magnification, the statistical limitations of the
present study, and sorne qualitative comments on specific scanning electron
photomicrogruphs.
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Figure 540 PHOTOMICROGRAPH OF GOLD COATED KAGQLIN
PARTICLE FROM QUARTERNARY SAMPLE FQ1-8

KEV
Eigyre S 81 SPECTAUVFOR 1115 GOLD COATFO R AOLIN

CPARTICLE SHOWING CHARALTI ST M % AND Ay
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TABLE §5-15
EFFECT OF ELECTRON PROBE INTENSITY QN AMICON X4-1004 ULTRAFILIER

Beam Voltage Beam Current Beam Diameter

KV A amp amn Results

30 0.3 25 Hole in Pilter

25 . 0.3 200 Hole in Filter

20 0.2 200 Marginal Wrinkling of Pilter
15 0.1 25 Pilter Unstuble

15 0.1 200 No Destruction of Filter Naoted
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5.6.2 Suitability of the XM-100A Ultrafilter as a Deposition Substrate

The Amicon XM-100A ultrafiltration membrane is considered
to be superior, for the purposes of this study, to any other ultrafiltration membranes
that are presently commercially available. The XM-100A membrane is very
stable in a scanning electron microscope. A given deposited particle can be
examined at magnifications as high . 3 45000X for many minutes without noticeable
decompositien of the membrane. For purposes of comparison, Figure 5-65 presents
an eiectron micrograph of clay particles deposited from a 1% Krytox - Freon E-3
solution on a V§ Millipore filter after examination at 18000X. Thae filter around
the target particle has been destroyed.

The pores of the XM~100A membrane are sufficiently small
to be unchservable at the magnifications used in this study. In SEM microscopy
of properly prepared samples, the Amicon XM-120A membrane appears as a
blank dzrk gray background that has no relief. This greatly facilitates the
examination of individual particle and the measurement of particle size distribu-
tion curves. There was no interforence in the measurement of particle distriby-
tion with the Millipore »MC system due to surface structure of the XM-100A
membrane. This was not the case with other membranes examined (Pellicon
Ultrafilters, Millipore VS, S&S Selection B-14) where signals from the structure
of the membrane interefered with signals from the deposited particies.

A further advantage of the XM-100A membrane is that all
observable particles will be retained on the surface of the membrane as shown
in Figure 5-67. Thi: is in significant contrast to the other membranes examined,
even the comnpeiitive Pellicon Ultrafilters. Figure 5-66 is an electron micrograph
of UQ, particles deposited from a 1% Krytox 157 - Freon E-3 solution on a
Pellicon PSJM filter, at a nominal powder loading of | pg/cm2. The pores at
the surface of the membrane are larger than some of the particles retained.

It iz to be furthar noted that the gold-palladiug coating en
sample QDE-10, which was washad with Freon E«1, had a different appearance
than the gold-palladium coating of samples washed in the nermal manner. The
coating appeared to be much lighter. While the sample could be examined in
the SEM, it was difficult to obtain high contrast images because the sample had
a tondency to accumulate 2 charge. As shown in Table 5-14, this sample had a
much higher residual fluovine content than any of the other samples examined.

For the majority of the depasited samples, the goldpalladiun
coating was applicd just prior to their suamination by SEM. Mest of the micrographs
were taken within one or two days after the samples were coated.

The micrographs shown in Figures %-37. 3-89, and 3-62
ware taken approximately two menths after the camples were coated, The
original coated samples. which were stored in a dessicator, were re-examined
in the SEM in order to photograph samples in which individual partic’ s« were
simmullaneously deing analysed by PGT non-dispersive x-zay probe. These
sarmiples were much more difficult to examine in the SEM. Afler 2 few minutes
in the microscope, each sample had & tendancy to sccwnulate charge which
made it difiicuit to keep the sample in focus for a long pericd of iime. Cracks
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were also ohserved to form in the sample substrate under these conditions
(see Figure 5-62), The above detericration of the sample is believed due
to alterations, such as oxidation of the gold-palladium film thus rer = =ing
it less conductive, during the few months that transpired between the initial
coating of the sample and examination in the microscope.

The elapsed time between sample preparation on the
filter and depusition of the gold-pallaiinum coating is not believed to have an
effect on the quality of the photographs. It took much longer to prepare the
deposited powder samples at Avco than it took to examine them at AMR, In
order to efficiently use AMR's facilities, samples were prepared and accumulated
until there were a sufficier® number such that their examination would require
at least one working day. The time between prepa . ation and examination varied
between 2 and 20 days.

The occurrence of the defects noted above was totally
independent of the use of the non-~dispersive x-ray probe. During the initial
series of electron micrographs, a few samples were also examired with the
PGT probe which was observed to have no effect on the sample. During the
final series of tests, on aged samples, deterioration occurred after a few
minutes at high magnificatizr ‘hether or not the x-ray vrobe was used
- Fortunately the sample was : stable enough to perform meaningful
measuremonts. ' : '

A key conclusior from the :sesults is that suinples deposited
on an XM-100A can be examined for elemental compositicn by a non-dispersive
x~-ray probe. The only interference due to the f{ilter is a very noticeable chlorine
" peak which results from the composition cof the filter itself, This chlorine peak
did not interfere with measurement and interpretation of the spectrum of the
deposited inorganic particles. In each case the spectrum expected of the
characteristic clements was observed.

The Amicen XM-~100A membrane could also be used as a
substrate for electron microprobe work by using low ene - gy deunsity levels,
as shown ir, Table 5~15, It was necessary to work with a defocus=d beam of
relatively low energy. Use of high intensity focused beams resulted in the
destruction of the filter, This places limitations on the size of the sample
that can be examined aud the sensitivity of th» measurement for elements
such as uranium. In order to overcoms these limitations, the substrate
must be made more resgistant to thermal degradation. This could be readily
accomplished on blank membyranes by using different coatings (for example,
aluminum, possibly gold}, or heavier coatings of these materials or possibly
carbon, which would protect and dissipate heat away from the point of the
filter surface being examined. Another possibility would be to use a different
ultrafiltration membrane than XM-100A as a deposition substrate. For
reasons already mentioned, there are not many suitable candidate materials,
The only possible alternative to the XM-100A membrane is a new ultrafilter,
type SM, presently undergoing development at Amicon, which should be
commercially available by summer, 1973,
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Examination of electron micrographs taken by Amicon,
of development samples of the Type SM memhrane, indicated that this
material had the same general structural characteristics as the type XM
membrane and would thus be expected to offer the advantages of the type
XM membrane as discussed above, A key difference is the composition of
the membrane. Amicon's representative disclosed that the surface of the
type SM membrane was made with polymers that had a melting point a few
hundred degrees higher than the materials used to make the type XM membrane.
The type SM membrane should thus be even more stzble than the type XM
membran~. It is recommended that the suitability of these membranes far
the pres:at application be examined when they become commercially available.

5.6.3 Effect of Scale of Measurement on Apparent Size of -
Deposited Particles

The average apparent particle size of a given powder sample
as determined by examination of scanning electron micrographs, decreased
with increasing magnification of the micrograph. This variation is due to
the bias introduced by the microscope and the automatic particle counter. At
any magnification, a particle has to have an image at least 0.5 mm in diameter
on the photcmicrograph to be seen and measured. Particles with smaller
images will escape detection, Similarly, it will not be possible to size
particle whose image is larger than the photomicrograph which is 11.5 ¢m
long., At any magnification it is possible to measure particles only within a
certain size range. With these constraints at 450X, it is possible to examine
particles ranging in size from about 0.6 pm to 220 pm. At 4500X, the range
~of examination is about 0.06 um to 22 pm. At 18000X, the range is about
0.02 pm (the resolution of the microscope) to 5 um. The upper limit of the
size range is reduced by at least a factor of teu if the micrographs are used
to obtain particle size distribution measurements which require the presence
of many particles on the phoi ugra.phs. :

The BET spherical average diameters of the ultimate
particles of the powders examined in this study ranged from 0. O9£x_m to 0.39 pm
It was observed microscopically that these mainly ranged in size irom 0.05 m
to 0.5 pm. Kaolin countained some larger particles while UO, contained some
smaller particles. These conclusions are based on examination of the various
photomicrographs as well as other tests (e.g. sedimentation studies).

With the powders of interest, the micrographs at 450X do
not give any information regarding tie ultimate particle size. These micrographs
can only be used to determine the presence of large agglomerates and major
variations in the appearance of the deposited sample. For nearly all the samples
examined that did not contain Kaolin, the average apparent size measured at
450X was less than 1.6 pm. This corresponds to one length unit in automatic
particle size measurements, The average apparent particle size at 450X of the
Kaolin containing samples was larger because of the presence of large Kaolin
particles.

Micrographs taken at 4500X yielded the maximun. amount
of information on the state of dispersion of the powders of interest. Thore was
a good matching of size range. It was possible to examine & reasonably large
number of particles and still detect the majority of the individual particles
and the presence of small agglomerates.
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. Micrographs taken at 18000X were rnainly used to obtain
details as tv :he size and stru~ture of particles and agglomerates. At this
magnification, the sample unde > examination ;s too small to be representative
of the sample population. This is especially true of deposited powder mixtures
containing Kaolin. This is well brought in Figure 5-44.

5.6.4 Degree of Dispersion of Deposited Powders

, £11 runs for which the deposited powdexr sample was dispersed
for only a short period of time were badly agglomerated because the particles
in suspension were still igglomerated before deposition. As discussed in
the previous section, there is a minimum time of sonolation needed to attain
a high level of dispersion. Minimum sonolation times required to satisfactorily
disperse e powders were about 10 minutes for Kaolin, 30 minutes for carbon
black, 100 minutes for calcium flucride, and over 400 minutes for uranium
dioxide. All deposited samples which contained a given powder and which were
sonolated for a shorter pericd of time than the minimnum cited above were
invariabiy agglomerated. '

For all the powders and powder mixtures examined, it was
noted that deposited samples which contained a high powder loading were always
miore agglomerated than those with low powder loadings. This was true even
with samples which came from the same primary batch after long sonolation
times sufficient to apparently completely disperse the suspensoid. The average
particle size of material Geposited on a filter increased as the amount of powder
in the sample increased, as shown in Figure 5-68, In this figure the abcissa
is the fraction of the surface novered by powder, K, and the ordinate is the
ratic of the length average particle diameter, Dy, to the B.E.T. equivalent
particle diameter, dys. The points represent experimental values of K;, and
Dy, obtained from. electron micrographs at 4500X, The data for UO, include
rung DAl~7 to DaAl-17, listed in Table 5-2; for carbon black, all runs listed
in Table 5-3 except run DBl-1; for calcium fluoride, all runs in Table 5-4
except run DD1-1; and for ksolin, all runs listed in Table 5-5 except runs
DC1-1 and DC1-2. Data were not presented for runs in which there were
indications that initial dispersion had not taken place.

The specific surface area measured by nitrogen adsorption,

4ig, is a good mensure of the average size of the ultimate particies for a given
powder and is independent of the degree of agglomeration. This average size,

8

- dy,4» can be expressed as , o
E = I—-—'B l | (5"'1)
vs e

wher: @ is the density of the particles and 2 is a shape factor, Values

of B and the interpretation of %v ., for differevt simple geometries are presented
in Table 5-16. Accurate vailues of A_ and ¢ can be obtained with agglomeratced
powders. The only assuruption required to determine a value of d..  concerns
the share of the particles. Such information cant e obtained {+om micrographs
of agglomerated powders, such as the ones shown in Section 2,2. Sterling MT
carbon black consists of partizles that are clearly spheres. Uranium dioxide
and calcium fluoride particles appear to b2 irrejgular polyhedrons, which were
considered to be quasi-spherical in shape.
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TABIE5-16

EFFECT OF PARTICLE SHAPE ON INTERPRETATION OF

Specific
Surface 8

Particle Shape Surface Area Weight Area, Ao
Sphere ' * D° eqégi 6/e D 6
Cube 6 a2 9&3 6/e 6
Flat Plate 2ab gabe 2/pc 2

(a,b 7 c)

5«55

od

VS

N S




The particles of kaolin are thin, squarish platelets with
a large aspect ratio, In Figure 5-68, for the first three powders (UO,, CaF,
and Carbon Black), D; /d_ is the ratio of mean agglomerate diameter to the
equivalent spherical particie diameter. For clay, %Il' represents the ratio
of agglomerate diameter to the average length of kaolin pfatelet. In calculating
this dimension it was assumed that kaolin had an average aspect ratio of about
7:1 (aspect ratio = length/thickness) which, while arbitrary, appeared to be
realistic for this material. .

The results presented in Figure 5-68 can be summarized
as follows: :

a. The average size of the deposited powder increases
with increasing surface coverage of the powder.

b. For any given surface concentration, the degree of
agglomeration increases with decreasing particle
size. For all powders except UO,, Dj is smaller
than the BET particle diameter at apparent surface
loading of 0.02 or less. For UO,, Dy, is twice the
BET particle diameter at a surface loading of 0, 008,
the lowest value examined. -

c. For carbon black and calcium fluoride samples
(D /ch ) appears to increase as Ktl 3 over an
oré‘er of magnitude variation in K;. For uranium
oxide, (Dy /d) initially increases as K. 0- ! over
the rangeLb. 08 £ K¢ £ 0.10 and then very rapidly
with increasing K; for values of K, > 0.15. For
kaolin, (D; /d ) also increases with K, apparently
at a value Intermediate between those found for UO
and the other two powders. The few data points for
kaolin are sufficiently scattered to prevent more
precise definition of the slope of the line.

d. Values of D; /d__ < 1 are noted for clay and one point
each for ca.II"bo Black and CaF,. This reflects the
meaning and accuracy with which this ratio can be
obtained, rather than breakage of primary particles.

The measurements of A_ were accurate to within +6%.
The absolute value of d,, depends on the shape assumed
and is therefore subject to systematic error. In the

case of the powders other than kaolin, the shape

assumed is not critical, since the shape factor is same
for a cube as it is for sphere, It is important for kaolin,
however, because it is highly anisotropic. With the
assumptions chosen, d__=a = 0.44 um. This value

of d__ is more 'han twice the equivalent spherical diameter
for this powder which is 0,18 ym. The true value of

d, for this powder may well be between thesu two values.
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Another factor which influences the numerical value of the
:gglomeration index is the fact that ﬁL is a length mean agglomerate diameter,
.e.

n, D;
B, = ‘Y‘Z‘ni‘ | (5-2)

whereas dvs is a volume to surfa.ce mean diameter

I = Zni di3
ve = 3m; &7 (5-3)

EL is a first moment average whereas d__ is a higher moment average of
order 2.5. A more correct agglomerate index would have been either the
ratio of Dy /d; or of D__/d . It was not possible to obtain D¢ or a measure
of the stax{'aar!a deviation in'the size of the deposited powder from the electron
micrographs, since the Millipore ™ MC particle size analyzer available at
Avco did not have the attachment needed to measure particle size distribution
and deviations about the mean. With the exception of CaF;, the size
distribution of the ultimate particles was not known either so that d; could
not be calculated. For CaF,, a value of H'L can be calculated, using Kapteyn's
transformation (5-1), from the values of dwg and ¢ g obtained from the
sedimentation data presented in Figure 4-15.

Indp, = Indwg -2.5Wn% g

since awg =0.22pmand 9g=2.3 dy, = 0,04 pm. For this powder

EL avs

A similar correction could also be applied to the other powders,

The experimental observations discussed above can best
be explained in terms of particle reagglomeration, on or near the filter surface,
during the FC-43 washing step. The physical picture is as follows, It is
assumed that the secondary dispersion of particles in 1% Krytox 157 - Freon E-3
contains no agglomerates, only primary particles. The particles do not interact
or flocculate because each particle is surrounded by an adsorbed solvated layer
of Krytox 157, As the suspension is filtered, the particles are concentrated
on or near the surface of the ultrafiltration membrane. At the end of the initial
filtration step, not all the 1% Krytox 157 - Freon E-3 solution is removed. The
region near the filter surface may be viewed as a thin liquid film in which the
particles are suspended. These particles are not stationary, but are subject
to Brownian motion and are free to move lateraily across the filter or vertically
throughout the height of the film. This will result in particle/particle collision
as well as collisions with the filter. As in the dispersion before filtering, the
particles (and all the other solid - urfaces) ar. coated with a solvated film of
adsorbed Krytox 157 which presents agglomeration.
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An excess of wash liquid, FC-43 is now introduced and
forced past the particles through the ultrafiltration membrane as shown in
F1gure 5-69., The film of the initial dispersing medium bathing the particles
is first displaced. Krytox 157 then desorbs from the surface of the ultra-
filtration membrane the particles adhering to the membrane as a result of
the same forces responsible for the formation of the initial agglomerate. In
practice, there can also be reagglomeration due to interparticle contact as a
result of Brownian motion in the liquid volume near the membrane surface,

According to the calculations in Appendix C,

1/3
o) 1 ( 16 vt Ko)
== 1 + — (5-4)
-a' il-éi ,a,
or
= 1/3 ' w |1/3
D, 1 . D 2, 5.5
3 T-¢) 1+vt(§)(1-e)16(-a_—; (5-5)

In the above equations:
)5

d = particle average diameter

agglomerate average diameter

¢ = volume fraction voids in the agglomerate

v = superficial velocity of wash liquid

ct+
1]

effective time of washing
K = surface coverage of dispersed particles

K = surface coverage of agglomerated particles

t

Equations 5-4 and 5«5 are equivalent. In equation 5-4, D/d
is expressed in terms of K , the surface coverage which would be obtained if
the deposited sample were completely dispersed. In equation 5-5, /T is
expressed in terms of K;, the actual surface_coverage which presumes the
pre sence of a.gglomerates. In the limit, as D/d —=1, K, —=K,.

Two terms in the above equations, ¢ and vt, are not
amenable to experimental observation, which is a limitation in trying to apply
these equations numerically to the data obtained. In the limit, at K§

¢ >0, The product, vt, has dimensions of volume ox wash liqu d/uni?
area of filter surface. The effactive time of wash, or corresponding volume
of wash during which the particles are subject to reagglomeration, is not known.
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The most conservative assumption is to assume that the particles are free
to reagglomerate during the complete wash cycle. In this case, the term vt
is equal to the volume of wash liquid divided by the filter area of 37 cm*”
since all the surfactant is apparent%v removed during the 25 ml FC-43 wash, the
corresponding value of vt =~25cm?/37 cm? ~ 0.7 cm. Another limitation
in the theory developed is that the presence of the filter and collisions of the
particles with the filter are not taken into account in the above equations.
Particles which collide with the membranes will adhere to it as a vesult of
the same forces reponsible for agglomerate formation, so that the {ilter
surface acts as a particle sink which removes particles from suspension and
prevents their further interaction with particles in the bulk, This could
effectively limit t to very short periods of time.

Equation 5-4 can be used to develop a criterion for the powder
loading that may be deposited on a filter with minimal reagglomeration,
b/d—1, d (D/d)/dt—> 0and ¢ —>0, i.e., there is virtually no change in
agglomeration size with time, I D/d = 1, then 16 VtK_ /d << 1, so that
equation 5-4 may be rewritten as:

16vtK0

D (5-6)
d 33
and
D
d (%) 16 v K
d Y %o + ... (5-7)

T T

An order-of-magnitude criterion for miniinal
reagglomeration is that the particle loading be such that 16 v 1\0/3d << 1.
This suggests definition of a "critical" surface coverage, K,

(5-3)

Minimization of reagglomeration requires K << K %, Values of K% are
presented in Table 5-17 for each of the candxdate p‘:)WdeI'b. From the
permeability of FC«43 (0,05 ml/min - psig - cm~), and for an operating
pressure of 1 ps.g, a constant value of v = 8,3 x 10°4 ecm/sec was used

in these calculations. The cormsponding values of critical powder loading,
wa (Pg/cm ), are also presented in Table 5-17, where Wo = a Ko%/As,
where As is the specific surface area of the powder and a it a shape factor,
as outlined in more detail in Appendix C. These calculations are based on
the assumption that d = d,q which may give a hagh estimate for K o and W,

From the values calculated in Table 5-17, it can be seen
that the minimury powder loadings used in the experiments were close to the
values of W*, In order to have obtained samples with minimal agglomeration,
surface loadings lower by one order of magnitude should have been uged in the
deposition studies.
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TABLE 5-17
CRITICAL SURFACE LOADING OF CANDIDATE POWDERS

dygr €M w,

Powder (x 10%5) 4Ag cmé/gr _c_tj_ Ko* ugm/cm?
ENL UO, 0,92 6.0x10% 4 2.1x10°3 o0.14
CaF, 1.9 10.1x10%4 4  43x107%  o0.17
Sterling MT Carbon Black 3.9  8.5x10% 4  s.8x10°® 0.4

Peerless No. 2 Clay 4.4 12.5x10f 2 10x10°3  0.16

#EK

3d 2 a K,
= TEV S 2.27x 10 H;s WB = —x—

S

= superficial velocity of wash liquid =~ 8.3 x 10~4 ¢m/sec.

shape factor defined in Table C-].
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The actual minimum powder loading used for each of the
powders in these studies was Wy, = 0.5 pg/cm2. This value of W, is higher
than W» for UQ,, CaF; and clay, and approximatzly equal to W* for carbon
black. It is interesting to note that the UO, and CaF, samples at this loading
were much more agglomerated than the carbon black and clay samples.
Kaolin was quite well dispersed even though it had a low value of W%, This
may reflect the very different shape of the Kaolin partic'es which makes the
interpretation of d,,;, and thus Ko*, difficult. Further experimentation is
still required at lower powder loadings to determine the maximum value that
should be used so as to insure minimwn reagglomeration of an arbitrary
sample. For the worst case in these studies, namely uranium dioxide, an
upper-bound estimate of the maximum powder loading would be 0.1 P8 cm?,
A more conservative estimate would assume that W = 0,05 W=,

5.6.5 Comparison of Agglomerated and Conglomerated Mixtures

" Samples prepared from mixed powders were siniilar to
samples prepared from a single powder component. In order to ubtain a good
- deposited sample from a multicomponent powder mixture, it is necessary

., " that each individual component in the mixture be well dispersed during the
E - dispersion process. For example, all multicomponent mixtures containing

uranium dioxide and ultrasonically dispersed for less than 600 minutes were
agglomerated, Usually, well-dispersed deposited samples were observed
with those mixtures which were subjected to a sufficiently long dispersion
time (viz samples FQI1-8, FB1-10).

.2 As with individual powders discussed above, reagglomeration

3 becamne more significant as powder Inading on the deposited sample increased.

No attempt was made to calculate critical loading values for multicomponent

powder mixtures, This is a much more complex problem than the analysis. of

R : reagglomeration of similayr particles. However, it is expected that Mueller's

. 8 extension (5+3) of the Smoeluchowski (5-2) theory to polydisperse eolloidal

B suspensions should be applicable. It is well establishad that, in a fleculating
colloidal sol, the rate of coagulation of small purticles in the presence of

large paxticles is groater than the rate of coagulation the srmall particles alonae.
g Consaequently, the critical loading for a multicompanent mixture is probably

E smaller than the values calculated for the individual powders {Table 3-17).

§ - 3

An interesting observation is that there was significantly less
conglomeration than aggloameration in deposited samples prepared from mulg-
component powders. In trying to asseus the effectiveness of dispersion of a
; : single powder, it ix difficult to differentiate betwoen an agglomerate and an
L aggregate. For example are the carbon black particles n Figure 3-16 aggregates
3 : or agglomerates? Thix confusion dogx not occur with conglomerated powdars
that are physically mixed together. Individual particles of two difforent
powders can only be associated by secondary valence forces. They cannot be
aggrogated. For example, lo Figares 5<30 ard 3233, there are no Kaolin-
Carbon Rlack congloruerates. In both these photomicrographs there are 2 fou
double and triplet carbon black particles which could be either agyregates or
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agglomerates. The latter were probably present before the washing and
deposition steps. Similarly, in Figures 5-35 and 5-36 there are no UQ)-
carbon black conglomerates, even though some of the UO; and carbon
particles appear agglomerated (or is it aggregated?).

5.6.6 Elemental Composition of Deposited Samples

- Results of elemental analysis by electron microprobe on
3 selected samples are presented in Table 5-14. With the exception of Run FQ1-10,
there is good agreement between the reported value of the surface concentration
of aluminum and the expected value in thoss samples containing Peerless No. 2
. 4 Clay (aluminum assay of 20.7 wt %). With the exception of Run FQ1-10, there
is also good agreement hetween reported values of Ca surface coverage and

expected Ca surface coverage. While uranium is detaected only in those samples
¢ 3 whers uranium dioxide was deposited, there is poor agreagment between the
k expected and measured values of uranium. There is little correlation between
.: the reported valu~, of carbon surface coverage and the expected values based
on the deposited sample composition.

Qs i e

The concentration of a given element in a sample was
calculated according to the following equation:

E le 1
E T C0A
E:.
3 wheve
E 3 i : . R >
B« Ca = concentration of element A in sample. mg/eme
e~ ¥ lga = radiation intensity of sampla
o EBA z background radiation intensity due te filter
g™ 3 lga = radiation intensity of reforonte material
3 & A ¢ groportionality factor = |
2 . % P
’A:‘ : N ) 3 o a
kT Values of lgg and I eve prevented in Table 3-18, ,
R . TABLE 3-12 |
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For Al and Ca in which Igs 5»> Ig,, there is good
agreement between the measured and m.pa.c.e values of Ca. These results
indicated that the sambples tested were uniformly depositad. '

The lack of quantitative agreement for uranium is due
mainly to the low sensitivity for uranium of the electron microprobe with o
15 KV beam rather than to gross dviation in sample uniformity. As noted
in t;e table, pure uranium has a count rate of only 132 count/min which is

only about twenty times higher than tie background count rate.

The poor correlat ion hetween expected and measured valuw:
of carbon is due to the high background :signal for this element. The backgrouad
reflects the deposited carbon used to prepare the sample as wul as carbon in

. the polymer mwatrix of the Amicon XM-100A membrane.

Samiple FQ1-10 is different {rom the other :-:unplas in that
it was prepared v ith a ";wusse-cafe’” wash, This sample should be w lormly
deposited. The high Al concent and low Ca content would »-fiec. L&em
inhomegenicties due to the p:gserce of a large Kaolin'te particle in gne of two
examined samples which would bizs th/. measurements. The measured fluorine
content for this sarmple was 16 Pg/cma which is much higher than for any of
the other samples which weye washed with FC-43 and Freon C-51~12 {these had
an average fluorine background of 2.9 By feme). The net 2amount of carbon on

‘this samiple was ilso very hx§,§1 This is an indivation that there was rare

residial fluorocarbon im this sample. Freun Ee=l is pat as effective a wasking.
agont as FC-¢3 and Freon C-31-12,

The range of residual fluorine centcnf in “‘he a:am;:h: far

runs net ccmtammg - al¢ium ﬂuande ranged from .8 pg! ‘et 1o & g/ emé,
twofuld varpistion, This is signiticantly less than the range of powdsr loading,

which wa s varied twenty-{old, and indt stes that the majerity of the rosidusl
fluervcarhon must have baen asiociated with the Hilter rather than with the
particies. Theve are two poss.ele umi.matisnw for this., ' 13 mest likely
that not all the Keytox 197 was samove i with 25 01 of FU 43 Deubling the
apount of wash ¥U-43 should peault in a further iawerm: ol ?Q‘iéiial fluories
content by an order 2f ;nagnitude, Anothar pessibillty might be the presence
of trace ameunts of Freon Ue31-12 e Froeon Bt wash liguid in the filter

structure because of capiliary condansation in spite of the high velatilivy

of these liquids. This doos not appear tikely since Freoy E= is more volatile

thas Freou C-31<12 and yot sample FQI- ‘i had & nlhor residual fleorige © Tontent,.

3.6.7 Further Evaluation of Unileranity of a Deposited Sunple

In addition te elownental dnalysis. the unlionmnity of a
deposiled sample wie dssessed by

Ca. Drarsining the filter an whick the pewdey was deposifed
by oy and neling any varisdions in the chading or hue
of the fiiter dun to the depesited ﬂwée . Thix
tec‘mnuo wa e Hadted ¢ ; camﬂﬁv* which contained high
conzentrations of 2 desply ;aﬁn.ﬁd gowder (N0, BT
tarhoc black) and to grirs  inhom ogeveities. It
also veguired woll dispersed somples 3s shuwn in

L2
’

o
S




g3 P VL L S g AR SRR N T 1 R

Figures 5-3 and 5-4. There is a correlation
between the color of the deposit on the filter and
the photomicrographs shown in Figures 5-5to 5-13.

b. Examining electron micrographs of the deposited
sample. A measure of the degree of uniformity of
the sample could be obtained by examining many
different areas of a filter under a microscope and

comparing the variation in the observed values of

! the surface coverage, K_, obtained from different

photomicrographs. ’

A measure of the degree of sample uniformity can also be
obtained by comparing the experimentally observed value of surface coverage,
. K¢, in a given photomicrograph to the expected value (based on powder content),
which wouid be obtained, if the particles were completely dispersed and uniformly
deposited. The limitations of this measurement arc:

a. The visibility of the particles in the micrograph.
If the particles are much smaller than the limit
of resolution of the photomicrograph the apparent
measured surface coverage will be too low. As
previously discussed, photomicrographs at 4500X
would provide the best measure of K.

»
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b. The degree of agglomeration of the deposited
sample. Since Kt = K, (d/D ¢}, Ky may be different
than X _ even if the sample is uniformly deposited,
if it significantly agglomerated. For well dispersed
_ samples where %/g-b land e~ () , K; may be
3 equal to Ky . For agglomerated samples, with values
of D/d >1, Kt may be &arger or smaller than K,
dep_tndmg on the value of ¢ . If ¢ — O, K < K since
d/D< 1. However if ¢ —1, as would occur with an
open structured agzlomerate, then K could be larger
than K .

o
S ot

I TS

3 Examination of Tables 5-2 to 5-5 for deposition tests with
. individual powders, indicates that for most of the runs, especially the final

& test samples after a long dispersion time indicated that ths ratio Ky /Kexp< 1.5.
R For uranium, for runs DAl-14 to DAl-17, K, increasec with increasing
i powder as expected. There are dlscrepanmes for some of ihie earlier runs in

- particular DAl -] and DA1-10, DAl-11 and DAl-12. These results will be
. discussed later. For carbon black (Table 5-3) there is excellent agreement,
For runs Fl-1 to F1-14 K; /Kexp < 1.5.

There is also good agreement for calcium fluoride (Table 5-4)
except for run F3-1 where K is large. The values of Kt are lower than K for clay
basged on 3' g+ This reflects the assumptions used in arriving at dys (i.e., flat
plate with an aspect ratio of 7:1) and the assumption that the clay particles shall
lie flat on the filter.
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For the powder mixtures (Tables 5-6 to 5-13) there is
general agreement between K, and K, (the total surface coverage of the
individual deposited powders). With the exception of the runs containing
Kaolin, and samples FB1-8 and FBl-9, where secondary dispersion was
prepared by shaking and with the probe.

There can be significant variations in sample uniformity
if the powder is not well dispersed in the suspension being filtered. Sample
DAl-1 (UOZ dispersed for one minute only) is an example of a sample where
the initial particles (following dispersion) are not well dispersed. There is
still significant gross agglomeration. Any deposited material is probatly
present as scattered lumps of agglomerated powder. There is also the
possibility with this sample that, because the material was not well dispersed
in the primary dispersion, the aliquot withdrawn from the dispersion was uot
a representative sample. Sample FB1-8 is represeatative of a sample where
the secondary dispersion, prepared by shaking by hand, was raost probably not
uniform. K, and Dj were both higher for sample FB1-8 than for sample F¥B1-10
prepared in the standard way. High vulues of K; and Dy, were also found for
sample FB1-9, where the secondary dispersion was prepared with the ultra-
sonic probe. As can be clearly seen in Figure 5-41, this is due to contamination

- of the sarnple by residual material adhering to the ultrasonic probe. Therefore,

if one wishes to use a probe with a dilute sample, special care has to be taknn
to assure iis complete cleanliness.

There can aiso be significant variations in samgle uniformity
if the sample is disturbed during the washing step., This can occur if great care
is not taken in introducing the wash liquid. A: stown i1 Figure 5-70, liquids

~ are introduced into the filtration cell through a canaula which extends from the

top of the cell to within a few nillimeters above the filter surface. The main
disadvantage of adding wash liquid to the cell via this cannula is that wash
liquid is added from a point source and flows horizontally across the bottom of
the cell, e.g. the filter on which the particles are deposited. If the wash
liquid is added quickly, a wave front is formed, within a height approximately
equal to the distance between the tip of the cannula and the filter surface. The
horizontal velocity of the liquid traversing the filter is not small, Assuming a
height of 3 mm, the wash liquid added at a rate of 1 ml/sec will have a velocity
of about 0,5 ¢m/sec at a point 1 cm from the outlet of the cannula, This wave
can disturb the deposited particles, Particles will be removed from the filter
region near the cannula, where liquid velocity is higher, and be deposited near
the far wall of the cell {in relation to the cannula) as the horizontal velocity of
the liquid decreases and approaches zero,

This phenomenon was observed quite clearly with run DAl-11.
The FC-43 wash was added quickly, The wave front of the wash was visibly darker
as it moved across the filter and previously deposited particles were being picked
up. About 5 mm from the cell wall, the velocity of the wash decreased perceptibly
and resulted in the formation of a dark line of material on the filter, A direct
analogy is an ocean wave picking up and redepositing sand on a beach., Figure 5-71
shows a photomicrograph taken at the center of the filter sample, and Figure 5-72
is a photomicrograph taken at the edge region where the line of dark material
was form~d, resulting in a local region with a high particle loading. The degree
of reagglomeration in this zone is significantly higher than in the central region
for reasons already discussed in Section 5.6. 4,
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Figure 5-71 SEM PHOTOMICROGRAPH OF DEPOSITED UOy
SAMPLE DA1-11 (NEAR CENTER OF FILTER)

Figure 572 SEM PHOTOMICROGRAPH OF DEPOSITED UO,
SAMPLE DA1-11 (NEAR EDGE OF FILTER}
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To circumvent this problem, the wash liquid has to be
introduced in such a manner that it has a minimum horizontal velocity relative
to the particles deposited on the filter. One way of cccomplishing this is to
add the wash liquid very slowly in dropwise fashion, This was the procedure
used for the bulk of the runs presented in the study. Based on the results
obtained, it appears that this is a satisfactory way of proceeding. even though
the wash liquid still has a finit horizontal velocity. The sandwich and the
"pousse cafe' techniques were conceived as two alternate methods of completely
eliminating the problem.

In the sandwich runs, the wash liquid would flow horizontally
across the top filter which would act as a diffuser. The wash liquid would only
flow vertically past the particles deposited between the two filters. The sandwich
method was not satisfactory because:

a. The filters did not separate cleanly when pulled
apart, Part of the surface layer of one filter
sometimes remained attached to the other filter,
thus masking the particles deposited in the region.

b. From electron micrographs, it was observed that
the deposited particles did not adhere preferentially
or uniformly to one or the other filter. The samples
did not appear as uniform as those obtained with
direct but careful addition of the wash liquid.,

c. The technique was slow., Because of the increase in
hydraulic resistance of two filters in series, the time
needed to filter the wash was much greater than by
drop-wise addition, Furthermore, two {ilters doubles
the time needed for analysis of the sample.

This method was abandoned after the preliminary tests presented in Table 5-2.

In the "pousse=cafe'' wash technique, the wash liquid is
layered above the dispersion before the particles are deposited. This also
prevents the problem of wash liquid flowing horizontally past deposited
particles. This method was only tried on one sample at the end of the program,
Sample FQ1-10. The deposited sample appeared te be quite uniform in
photomicrographs, However, because it is a multicomponent sample, it is
hard to quantify the results. The major drawback of this method was the high
residual fluorine content of the deposited material as discussed in the previous
section. This occurred because Freon E-1, which has a density of 1.54 gm/cm3,
was used as the wash liquid.

Since the density of FC-43 (¢ = 1, 88 gm/cm3) is higher than
the density of a 1% Krytox 157 - Freon E-3 solution ( ¢ = 1. 73 gr/cm3) used to
disperse the particles, ¥C-43 could not be layered directly above the suspension
before deposition. The following subterfuges might result in improved washing:

a. Pousse Cafe Wash with Freon E-1 Buffer Layer

The concept is to introduce the dispersion into the
cell and then float on this dispersion a layer of Freon E-1 or other fluorinated
liquid of lower density than the dispersion. Pressure is applied to the cell
and the particles are deposited while the dispersion is filtered. FC-43 is
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slowly added to the floating wash liquid after the particles are deposited.

The low density wash liquid acts as a diffuser for the FC-43. After sufficie
FC-43 has been added to result in an effective wash, but before it has been
completely filtered, Freon E-1 or Freon C-«51-12 is layered above the FC-43,
The final addition displaces the non-volatile ¥C-43 with volatile liquid which
is readily dried.

b. Upward Flow During Washing

Another way of eliminating the motion of wash liquid
across the interface would be to deposit the particles on the {filter as before.
After the particles were depodsited, the cell would be turned upside down
so that the filter is now at the top of the cell, The FC-43 wash would be
introduced at the bottom of the cell and pumped upward against the filter, After
a sufficient amount of FC=43 was made to flow past the particles to remove the
bulk of the residual Krytox 157, and thus obtain particle adherence to the filter,
the ultrafiltration cell, filled with FC=43, would be returned to its original
position (the filter is now at the bottom of the cell). The remaining FC-43 in
the cell would be filtered through the membrane. A low density volatile wash
liquid would be added on top of the FC-43 layer as before.

The second approach appears as though it would be more
cumbersome than the first. It would also be limited to dispersion containing
submicron particles. At an applied pressure of 1 psi, the superficial velocity
of FC-43 through an Amicon XM~100A membrane is approximately 10-3 em/sec.
This is equal to the terminal settling velocity of a 3 um uranium dioxide particle in
the liquid due to the acceleration of gravity. Suspensions containing larger
‘particles could not be filtered unless the filtering pressure were increased.

This would present other drawback with the XM-100A membrane, as discussed
in Section 2. 5.5,
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6.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

6.1.1 Technical Problem

Often the analysis of particles released to the environment
irom indusirial facilities is hindered because these particles are combined with
others in the form of agglomerates or conglomerates., If tae particle(s) of
interest are small in comparison to the others as is usually the case, useful
and necessary information will be lost due to a present lack of capability for
selectively analyzing single particles within an agglomerate/conglomerate.

The "spontaneous'' agglomeration/conglomeration of finely
divided solids (below | micrometer in size) is believed to be essentially due to
secondary valence forces or Van der Waal forces. These forces have a universal
character and have to be taken into account with any finely dispersed system
of solid particles, irrespective of the composition of the solid materials or of
surrounding fluid phase. While there are no obvious techniques of dispersing
sub-micron particles in the gas phase, it is standard technology to disperse
sub-micron particles in liquid systems which contain surface active agents.

The requirement that the suspension method developed must
disperse the agglomerated materials into separate particles without physical or
chemical changes places stringent limitations on the choice of liquids that can
Be used to disperse the particles. The components of the candidate liquid
dispersing mixtures must, therefore, neither react nor combine irreversibly
with any particle in the matrix. Ideal candidate materials are the fluorinated
hydrocarbon liquids, which are stable, chemically inert, and furthermozre, not
found in nature so that the presence of any residual material is readily detectable.
It has becsn demonstrated that colloidal dispersions can be prepared in these
inert media by using poly (hexafluoropropylene oxide) carboxylic acids as a
stabilizing agent.

The objective of this program was to develop to a routine
procedure the capability for using a perfluorinated surfactant as an agent in
bringing about the dispersion of particles in an agglomerate/conglomerate. The
dispersion would be of such a nature as to allow subsequent analytical measure-
ments to be made on the separated particles. As a :esult of the advent of new
instrumentation which potentially permits chemical analysis cf particles much
smaller than 1 micrometer in diameter, and because such particles are usually
present as agglomerates, einphasis was directed toward developing a capability
for dispersion of agglomerates,’conglomerates comprised of particles in the
size rang~ of 0,005 to 5 micrometers released to the environment from industrial
facilities.

The goals of the program were to develop a dispersion
technique that had the following desirable characteristics:

a. No physical or chemical change in original
particles due the dispersion process (mandatory).

b. No sample loss,
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c. Complete dispersion (100% efficiency!,
d. No reagglomeration of dispersed particles.

e. Final state of each individual dispersed particle
compatible with analysis by various techniques
(electron microprobe, scanning and transmission
electron microscopes, ion microprobe, mass
spectrometer, etc.).

6.1.2 General Methodology

The great ease with which fine powders can be dispersed
in a liquid phase as compared to the gas phase formed the basis of the approach
which is outlined in Figure 6~1. The agglomerated matrix is first dispersed
in a flu>rinated organic 'iquid which is unlikely to dissolve or react irreversibly
with any of the solid particles that form the matrix, The dispersed solid particles
in suspension are then partitioned from the liquid phase by filtration, using
a filtering membrane such as an ultrafilter, that has pores srnaller than the
smallest particles in suspension. By making the concentration of particles
small enough and the area of the filter large enough for a gi- = volume of
suspension, the pa.ticles will be separated from each other vn 4 statistical
basis when deposited on the filter. After reraoving the residual dispersing liquid
adhering to the particles on the filter, by evaporation for example, a system of
dry, isolated solid particle; is obtained on the filter membrane. These particles
can then be examined individually,

The purpose of the investigation was to develop this sample
preparation technique, and demonstrate that it could be used as a routine
procedure of preparing agglomerated/conglomerated powders for analysis,
using commercially available materials and equipment.

6.1.3 Technical Results

The experimental investigations were carried out with the
four powders described in Table 6-1. These powders are considered to be
representative of many classes of sub-micron particles found in the avtmosphere.
The properties and function of the fluorinated liquids used in the study are listed
in Table 6-2.

The principal factors investigated were:

a. Solid/liquid interaction.

b, Powder dispersion.

c. Choice of ultrafiltration membrane.

d. Deposition and characterization of dispersed particles.
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Solid~l.iquid Interaction: Determine the extent and
veversibility of the interaction ol lluorinated chemical compounds that could
be used in the process with various powder samples of interest. While solid/
liquid interaction is required in crder to disperse the powder, this interactic:
has to be reversible in order to prevent contamination of the prepared partict -
by these fiuorinated agents which might interfere with their subsequent analy s,

It was found that Krytox 157 was adsorbed on the surf- - {
all the candidate powders. Depending on the powder and temperature, the .iount
of Krytox 157 adsorbed per unit area of powder at saturation ranged fro:.. ubout
5 mg/m2 to 10 mg/mé, Surface saturation was attained at bulk liqui- arytox 157
concentrations of less than 0, 5% weight-percent, Adsorbec Krytox 1./ was
effectively removed from the surface of the particles by washing with §C-43
fluorinated liquid.

, Powder Dispersion: Determine the processing conditions
such as time, temperature, and dispersion energy input that result in well
dispersed suspeusion of agglomerated/conglomerated powders in fluorinated liquids
of interest. ‘

The effect of two ultrasonic transducers on the dispersion
of candidate powders and their mixtures in various fluorinated liguids {Freon E«3
- and FC-43) was studied as a function of irradiation time (up to 5400 min), at
different temperatures (359 - 809C), surfactant concentration (0 - 1. 0% by
weight in carrier liquid) and powder concentrations (0.8 to 8.0 mg/ml). The
two ultrasonic generators used on this study were a Pranson E ultrasonjc
cleaning bath irradiating at 40 Khz, with a power density of 2 watts/cm¢; and
a Branson Sonifier Model 5-75 ultrasonic probe, irradiating at 20 Khz, with a
smaximum powder density of over 80 watts/cmé. In these tests, the size of the
suspended solids (e.g., the dogree of dispersion) was monitored as a function
of disparsion time, principally by measuring the turbidity of aliquots diluted
to & constant powder concentration. Additional data on surpensoid size distribution
was obtained by centrifugal sedimentation. :

It was found that the candidate péwders could Le ultrasonically
?ispérscci in fluorinatad solutions of Krytox 157, The principal results were as
ollows: '

Gomposition of the Dispersing Liguid: Solutions of Krytox 137
in Freon E«3 are much more eflective wmedia for disnersion than solutions af
Keytox 157 in FC«43. With both liguids, theve is little or ne dispersion in the
absance of Krytox 157, A one waight percent Kreytox [37/Frean £-3 solution
effectively disporsed 4l the candidate powders and their mixtures.

Ultrasonic Power Intensity: Dwreasing the alfrasonic power
intensily increases both tic rate anc extent of the dispe cxion precess, especially
ase the size of the ultimate particle decreases. The powders were much more
eflectively dispersed with the ultrasonic probe than wilh ths citrasonic bath.

Time: The rate of dispersion decreases with increasing
sonolatisn tirne, indicaling that the dispersion process depends on ihe sise of
the aggiomerates present. '
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Size of the Ultimate Particles: The smaller the size of
the ultimate particles In the agglomerate or conglomerate, the more difficult
it becomes to disperse these particles, The most difficult powder to disperse
was ENL~]1 uranium dioxide which was the finest par*icle sized powder studied.
This powder contained a large i1raction of particles smaller than 0.1 , with
particles as small as 0. 04 um being definitely present. It took approximately
600 min to disperse this powder with the ultrasonic probe. It was not
dispersged after 5400 min in the ultrasonic bath,

"Temperature: The effect of temperature on the rate of
dispersion depends Of the composition of the particles to be dispersed. All
the powders studied could be effectively dispersed at 35°C or 50°C. Increasing
the temperature to 80°C had an adverse effect on the dispersion of kaolin and
carbor black.

Paiticle Ccncentration: There was no noticeable effect of
particle concentration at the concentration levels examined.

Mixture of Powders: Mixtures of powders did not behave
in a significantly ditfferent manner than individual powders.

Re-agglomeration: It was noted that powders once dispersed
stay:d dispersed. The dispersion tests with the probe could be interrupted
witLout noticeable re-agglomeration taking place.

These results can be explained in terms of a simple model which
considers that an agglomerate or conglomerate is broken into smaller agglomerates
and/or individual particles if stresses of sonic origin sxceed the strength of the

ragglomerate. The dispersion process is enhanced by the presence of Krytox 157,

which adsorbs at the surface of the particles, The adsorbed Krytox 157 reduces
attractive particle-to-particle forces inthe agglomerate, thus facilitating
agglomerate breakdown and also prevents dispersed particles from re-agglomerating
after they have been liberated from an agglomerated matrix. It appears from

the results that there is not sufficient ultrasonic energy to break primary bonds,
i.e., reduce the size of the ultimate particles.

Ultrafilters: Determine which commercially available ultra~-
filtration membranes can be used in this technique. Desirable filter characteristics
include retention of the smallest particles of interest, inertness in fluorinated
liquid media used to prepare the powder samples, high permeability and stability,
and lack of interference with different methods of analysis.

The major manufacturers of the ultrafiltration membranes
were cortacted, Of the many membranes available, twleve commercial
imernbranes were selected for further study. The Amicon XM-100A ultrafiltration
membrane is considered to be superior to any other ultrafiltration membzranes
that are presently commercially available. The XM-100A membrane is very
stable in a scanning electron microscope. A given deposited particle can be
examined at magnifications as high as 45000X for many minutes without noticeable
decomposition of the membrane. The pores of the XM-100A membrane are
sufficiently small to be unobservable at the magnifications used in this study.

In SEM examination of properly prepared samples, the Amicon XM=~100A
membrane appears as a blank dark grey background that has no relief with all
observable particles retained on the surface of the membrane. This greatly
facilitates the examination of individual particies and the measurement of particle
size distribution curves.
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Samples deposited on an XM~-100A can be examined for
elemental composition by a non-dispersive x-ray probe, The only interference
due to the filter is @ very noticeable chlorine penak due to the composition of the
filter itself. This chlorine peak did not interfere with interpretation of the
spectra of the deposited inorganic particles studied. The Amicon XM-100A
membrane could also be used as a substrate for electron microprobe work by
using a defocused 15 Kv electron beam. Use of high intensity focused beams
resuited in the destruction of the fiiter,

The Amicon XM~100A membrane was stable when brought in
contact with the fluorinated liquids used to disperse the particles. It showed
negligible retention for Krytox 157, the dispersing agent used in these studies.
The hydraulic permeability of the fluorinated liquids through this membrane
was sufficiently high (~ 0.1 ml/min - em“-psig) to permit rapid filtration at
filtration pressures of less than 10 psig-the maximum operating pressure for
this membrane.

The minimum size of particle retained by this membrane is
estimated to be equal to the pore size of the membrane which is approximately
0.007 um. Smaller particles could be captured by using finer pored membranes,
but at the expense of a lower hydraulic permeability and increased retention of
Krytox 157 micelles, which would interfere with the sample preparation
technique and the subsequent measurements.

Deposition and Characterization of Dispersed Particles:
Utilizing tne information obtained as described above, determine the conditions
required to provide well-dispersed particles on a stable substrate, Demonstrate
the effectiveness of the method by suitable comparative analyses of a variety
of prepared samples and of the initial powders.

Information obtained from each of the previous studies was
integrated in the particle deposition studies which are the culmination of the

. ,_; program ., During this phase of the program, samples of the candidate powders

and their mixtures dispersed in a fluorinated liquid were deposited on an

B ultrafiltration membrane which was then washed and dried. The effects of

dispersion time and powder loading on the filter were systematically investigated.
The deposited powder samples were all examined by scanning electron

- raicroscopy. The micrographs were examined visually and with an automated

o particle counter to obtain qualitative and quantitative information on the degree
T and quality of dispersion of the deposited samples. In addition, the elemental

composition of selected samples was determined, using either an electron probe
microanalyzer or a non-dispersive x-ray element analyzer.

6.1,4 Preparative Method Developed

The basic preparative procedure developed consists of the
following steps:

a. Preparation of a primary concentrated dispersion: The
powder sample, typically 50 mg or less, is dispersed
ultrasonically in a centrifuge tube containing 25 ml of
a 1% Krytox 157 - Freon E-3 solution at 50°C, Itis
recommended that a high intensity probe, suchasa

8 Sonifier, be used to carry out the dispersion and that

the dispersion process be monitored with a nephelometer,
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In order to insure complete dispersion, the sample
should be sonolated until no further change in turbidity
is observed, which could require in excess of 600 min,

b. Preparation of a dilute secondary dispersion with a
desired particle concentration: An aliquot sample of the
above dispersion is removed and diluted with an additional
25 ml of 1% Krytox 157 - Freon E~3 solution. It is
necessary that diluted samples be well mixed. The size
of the liquot is adjusted to obtain a particle loading on
the deposition filter of 1}1g/cm2 or less, depending on
the particle size.

c. Ultrafiltration of the dilute secondary dispersion: The
secondary dispersion is filtered through an Amicon XM-100A
ultrafiltration membrare at an applied pressure of about
1 psig, resulting in the deposition of particles larger than
0. 007 am on the membrane.

d. Washing and Drying of Deposited Particles: About 25 ml
of fluorinated liquid FFC~43 are slowly added to the cell
and allowed to pecrmeate past the deposited particles to
remove the dispersing medium and adsorbed surfactant.
About 25 ml of a very volatile fluorinated liquid, Freon C-
Freon C~51-12, are then added to remove the non-volatile
FC~43. The Freon C~51-12 wet filter is easily air
dried.

The product is an assembly of individual particles deposited
on a flat laboratory filter, Individual particles or sub-
assemblies of particles can be readily examined on this
filter by a variety of microanalytical tools,

6.2 Conclusions

The major goals of the program have been met in that a preparative
procedure has been developed which will permit normally agglomerated or
conglomerated particles less than | pm in size, down to at least 0.02 pm in
" size, (which is the limit of resolution of a scanning electron microscope) to be
analyzed individually.

The method requires that the agglomerates be initially well dispersed
and deposited at a low surface concentration. Just as the analysis of individual
particles becomes increasingly more difficult to perform with decreasing particle
size, the method of preparation becomes more difficult as the size of the particles
decreases. As the size of particles decreas:s, the acoustic energy required
for dispersion increases and the permissible surface concentration of deposited
particles decreases, With very small (< ,01 p.m), particle retention becomes a
problem,




6.3 Recommended Further Research

The preparative procedure was tested with known samples only,
The technique should now be applied to samples of natural origin. Within
the scope of the present program, it was not possible to carry out any detailed,
indepth analysis of the daposited samples, This should be performed to obtain -
a sound statistical basis of deposited sampie uniformity. ‘

The preparative technique and the quality of the camples may be

improved by:

a.

Examining the suitability of the Amicon SM ultrafiltration
membrane when it becomes commenrcially available. This
membrane, which is presently under development, would

be more resistant to high energy beams than the Amicon XM-100A
membrane, while still retaining the other desirable characteristics
of the latter.

Examine the effect of improved ultrasonic dispersion equipment.
Tne time required for dispersion, especially of small particles
less than 0, 1 pm in size, could be significantly reduced by
developing an ultrasonic transducer optimized for this application.

Examine deposition of low particle loadings: The degree of
re-agglorneration decreases markedly with powder loading, but
80 does the number of particles per unit area. In these studies
the minimum loading examined was 0. 5 pg/cmé. Examinations
of samples with a lower powder loading is believed warranted,
especially if the sample contains a significant concentration of
particles smaller than 0. 1 pm in size.
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Standard Aveco Method of

Preparation of Powder Support Films

General techniques using parlcdian and evaporated carbon support films(A'l)
have been used for the various powders,

l. A large petri dish ( ~15 to 20 cm diareter), fitted with a drain
tube and tap, is filled with distilled water.

2. A large circle of fine wire gauze (about 100 mesh/in) is placed
on the bottom of the dish.

3. Any number of grids are placed on the wire gauze.

L, Two drops of a 4% solution of parlodian in amyl acetate are
allowed to fall on the surface at the center of the dich from
a dropping pipetta.

5. When the solvent has evaporated to leave a solid film, it is
removed from the surface with a needle; its purpose is to
clean the water surface,

6. A second film is now formed in the same way and this can be
mounted on grids. Neither film will reach the edge of the dish
because, as the parlodion solution moves across the water surface,
it sweeps a layer of contaminunt molecules from the center to the
edge. This layer eventually beccies resistant to compressina,
preventing further expansion of the parlodian film,

T. When the second film is solid, the tap is opened and the swurface
layer allowed to slowly settlée onto the grids,

8. The petri dish is partly covered and the wire gauze and grid
allcwed to dry in pluce,

9. Each plastic film is broken with a fine needle point a% the
grid 0.D., then the coated grids can be picked up.

This method permits the coating of a large number of grids in oue operetion
and £iims are of relatively uniform thickuess and uabroken over the whole area of the
grid.

An alternate technicue vhich produces extremely unifora plastic filme consists
of £illing a clear glass dish (~20 cm dismeter) wvith distilled water., The surface
of the water can be c¢leaned by placing a drop or tvo of 4¢ solution of parlodisn on
the water, then lifting the fila vhile collecting the dust particles, Place another
drop of parlodian on the vater surface and allow $o0 dry lo thin plastic fila, When
dry, grids are placed on selected areas of the fllm contalning best dispersiocan and
thinness, With a round-hole loop, center and pick wp a grid vith £ila vhile cutting
£ilm at ¢.D. of loop. Iavert and place on specimen peg driers,
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Carbon is evaporated cnto the plastic films prepared by elther of the above
techniques, These carbon-parlodion support films are generally used as is; however,
the parlodian can be dissolved with amyl acetate after the powder is dispersed on
the £ilm,

Powder Dispersion

The various powders are mixed with ethyl eicohol until a slightly cloudy
solution exists, The solutions are ultrasonically dispersed (~5 min in ultrasonic
vibrator) and a sample immediately tak-.. with an eye dropper. One drop is placed on
a carbon-parlodian support f£ilm end allowed to dry under cover, Several specimens
vere made to insure random sampling of each powder, The sauples are theu placed
in the electron microscope and photographed.

Reference
A

A-l, Drummond, D.G., J., Roy. Micr. Sce,, 70, 1 (1950).
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ADSORPTION OF KRYTOX 157 FROM

FLUORINATED SOLUTIONS ON CANDIDATE POWDERS
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SURFACE RE-ACGLOMERATION OF DEPOSITED PARTIOLMD

The agglomeratioun volume Lo defined by the surfnee aren of Lhe Pilter oo
n height X The latter quantity may be estimnted by the following simplipied
analysis, The flux of particles towards the membrane will be n function ol bhe
diffucion coefficient, &, and the flow rale ol Lhe wnsh Liquld, vy aecording o
the following equation:

Joos %g-c- + vC - )
dx
whore
J = flux of particles to the surfnce,
¢ = particle concentration, particles/unit volume,

A lower bound on ¥ may be obtained by assuming that o poeudo stendy ntab
prevails dwring washing and that the rate at which particles within the agglomerntion
volume adhere to the membrane ls small compared to the magnitude of elther trrm
on the rvighthand side of equation (1}, In which easc J= O.

The concentration decreases from (i near the fllter to zero at a helpnt
cqual to ®  As a first upproximation, therefore, equation (1) becomes:

C

% -x-‘!-'.'vcw:O 7 ,)

Thus

or

within the agglomeration volume, particle collisions take place which
lead to re-sgglomeration, The rate of agglomeration can be expressed in rerss
of Von Smoluchkowski's theory of rapid coagulation of colloidal suspension (l-1).
iccording %o this theory the rate of disappearance of prisary particles, ¢3rde
is given by the following equatioun:

:29‘ = Rca ::7\
3 s D




oo

where
R = distance of approach for coasgulstion,

In the simplest case, R 1s equal to twice the particle radius, or particle
diameter, d.

The total number of particles in suspension decreases with time according
to the second order xinetic equation which can be integrated to yield the following:

¢ 1
& TV (6)

where

Cy, Total number of particles in suspension/unit volume at time, t.

This includes the sum of primary particles, as well as binary,
ternary, etc., agglomerates. ,

c Initial number of particles in suspensionfunit volume,

o

The parameter r 1is called the time of ccagulation, It is the time in
which the number of particles is halved. This coagulation half-life is expressed
as follows:

T = 1 (1)

4 dCo

Von Smoluchkowski's model was developed for flocculation in bulk soluticns.
It can be applied to the problem of re-agglomeration near a surface of unit area by
considering that the ratio n/X is an =ffective bulk concentration, where n is the
nuber of particles per unit area of filter surface and X is defined by equation &
above,

Substituting
c = 8% (8)

into equations 5, 6, and T yleld the following equations:

B S 2 {3
- 8% vd o (9)
and
By . ) 10)
2, 1+t)y (20)
1 ,
vr = !'dv% (11)




It is possible to e /_press equations 10 and 1l in terms of the parameters presented

in Figure 5-67, \D/d) and Ky
The average muber of pa~ticles, B;, in an agglomerate is by definition:
ng (12
L S )

The volume, V¥, of a mean average spherical agglomerate can be expressed
as follows:

V-3 P - fEE (13)
where
D = avergge agglomerate diameter
d = average particle diameter
¢ = volume fraction voids in the agglomerate
or
uy = :% (L -¢) (14)
Thus
g.:; a l L. (d)3 (15)
The values of surface coverage are related to n, as follows. For
_ spherical ultimate particles,
k= ow 3T (16)
where .
K o = surface coverage due ts) ultinate particles
or
B © b:d?% (17)

."fj"




Equation 11 can thus be rewritten as follows:

T =

e 2 (18)
lévxo/E 16vx° _

Substituting equation 15 and equation 18 into equation 10, yields the following
relation beiween D/E and Kg:

L [@]3 i} 1 (19)
-t -
P 1+16 vt o
3
or
D . 1 16 (vt) Koy 3
MR Rl xn By

An expression equivalent to Equation 19 can be written in terms of
the surface coverage of cgglomerated particles on the filter, which is the measured
value reported in Pigure 5«67, Using the aume principles as above, it can be shown
that:

k= (-8
° d

K, {20)

so that equaticn 19 can be writtan as follows:

, /3
e} 2 + 16 B 2L
Ry Lovt.,g}}, K, (21)

S i

Byuation 19 can also be yritlen iu tevss of W , the powder loading per unit ares
of rilter surface (gnfcs®). V¥, is proportional to &, the mmber of particles per
uwit area:

¥, = a,@® 122)

Cej




where
€@ = particle density
vV = average particle volume

By generalizing equation 16, the following relation betveen Ko and n, is obtained:
Ko = 8,8 (23)

where a, is the average particle crossesectional area. By eliminating n, the
folloving relation between W, and K, 13 cbtained: '

ev '
W o= K = (24)
Q o ap
For a given shape, there is a correlation between the crosg-sectionsl area and
external surface area of a particle. Fur a given snaps
a, =@ 8 (25)
where Zs = average surface ares of 2 particle and a is a shape factor as
defined in Table C-). By substitution the following expression is obtajined:
€% .
WQ .3 K\) e (-'-5;) (?6 i

The teym 93[;5 is equal to the veciprocal of the speeific surface ares, Ag, for
the poxder. Thus

L %—w (27)
As
or
g e w2 | | {28)
) o e
Sebstituting equaticn 28 iato equation 19 resulte in the felloviag equation:
i 15 vt (29}

Cel. Eruyt, .2, Biitor, "Collotd fuofence”, vVolume I, Chapter VII, "Witeties of
Flocoulation”, by J.Th.0. Overtesk, p. £78-283, Blsevier Publiasblag Compuny,
fasterdan, 1352, '

C=6
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A new concept in fluorometer design...

The ever-widening field of fluorometry has excited the imagination of researchers,
laboratory analysts, and technicians in many areas of application, This is especially
true where trace analyses in the range of parts per million or parts per billion are en-
countered, Yet, many of these same people have been waiting for moderately priced
equipment which would provide the accuracy, repeatability, and stability which are so
esscential for an fmportant laboratory tool,

We feel that the Turner Fluorometer will do much to assist today's scientists as they advance the state of the
-art of fluorometry, It will allow maximum time to be devoted to other phases of research or testing -- with minimum
time required for actual measurements. Why ? Because the device does not require recalibration and readjustment
for each sample, and because the temperature and ultraviolet light levels in the sample compartment are unlquely
low, ensuring minimum sample deterioration. Qur users report that they no longer resort to timing the length of
sample exposure to ultraviolet light,

Clinical laboratorics are presently using fluorometers for determining adrenalin and noradrenalin (catechol-
amines) in urine and blood ina screening test for tumor of the adrenal glands. They also utilize fluorometry in measur-
ing transaminase and lactic dehydrogenase. Many tests now in the research phase are certain to become standard clin-
fcal procedures.

Medical and biochemical reasearch laboratorics use fluorometers for a host of routine analyses, including de-
termination of DPN, DPNH, steroids, porphyrins, serotonin, DNA, histamine, etc.

Irdustrial health laboratorics use fluorometers for routine determination of beryllium and uranium.

Agricultural and food chemists use fluorometers for vitamin and insecticide residue studies.

Water, air pollution and sanitation engincers find the fluorometer the moat cffective tool available for study-
ing flow and diffusion of air and water,

An excellent review article appears in ANALYTICAL CHEMISTRY Magazine's Analytical Reviews lssue for
April, 1860, In this six-page discussion, Dr, C. E, White summarizes recent developments in fluorometric techniques,
covering the period from November 1957 to November 1050, His bibllography contains 238 references of especial sig-
nificance in fields raanging from metallurgy to agricultural chem{stry,

D=2



SIMPLE OPERATION DESCRIBED

How to turn the fluorometer ON

1. Turn ZERO knob full ¢, w, t10'START for a few sec-
onds, then release. The lucite button next to the
FLUORESCENCE dial should illuminate to indicate
that power is on. Allow two minutes warmup.

2. Open the sample holder door, Check that the u,v,
source is operating by observing tarough the door-
latch opening. Zero tne meter to its balanced or "O"
center position with the ZERO knob. QOccasionally
check this setting between samples (with door open).

How to operate the fluorometer

1. Using a standard test tube for a cuvette, place a
reagent blank into the sample holder, Close the duor.
2, Set the FLUORESCENCE dial at zero, then bai-
ance the meter with the BLLANK knob,

3. Turn the FLUQORESCENCE dial two divigions
above zero, Adjust ‘*he meter SENSITIVITY knob so
tnat the meter deflects 1/2 to one division to the right
of null. Reiurn the FLUORESCENCE dial 1o zero, Not
a critical adjustment, this siep need be repeated here-
after only when there are major line-voltage changes.
This adjustment does rot affect the measurement of
fluorescence.

*#*4, Insert a known sample and close the door, Balance

the meter by turning the FLUORESCENCE dial. Note
the reading which you obtain,

5. Open the door, take out the known sample, and re-
place it with the unknown, Close the door. Balance the
meter with the FLUORESCENCE dial. Note the read-
ing,

6. Concentration of the unknown can be detrrmined
by a simple ratio of the readings obtained in 4 and 5.
Fluorescent light intensity is proportional to conzen-
tration aver a very wide range.

7. To turn the instrument off, turn ZERO knob to OFF.

*3NOTE; Step 4 need only be accomplished when
chauges in your chemical processes make
this desirable, Tests indicate that step 4
need be done only once a week, or even less
frequently, Where chemical processes do
causge var:ability of the sample and standard,
the stability of the {luorometer provides an
tnvaluable check on standard preparation,

ULTRAVIOLET SOURCES:

Because some zamples deteciornte rapidly
when exposed to large dosages of u, v, w.nd/or heat,
we use a four-watt u, v. source to eliminate such
problems, Standard Turner Fluorometers are sup-
plied for 36C0A° operation, complete with primary
and secondary {ilters, ultraviolet lamp and spare, and
five matched 12 « 75 mm. round Pyrex cuvettes,

Filters are available for operation at 405,
436, and 546 mu with the lamp normaliy supplied, A
number o. secondary filters are available, Jesigned to
isolute specific partions of the emissicn spectrum of
the sumple.

A uuique feature of the Turner {luorometer
i the uvailability of a quartz ultraviolet (254 mu) light
source, fiiters, and inexpensive non-fluorescent grade

Guariz cuvettes. Interchange with the general-purpose
light source tukes about two minutes. This accessory
7} particularly useful for ‘he measurement of low con-
centrations of serolonin, a::d for manv msecticides,

L

SAMPLE HANDLING

The standard sample holder door pictured
here will accept ordinary test tubes as cuvettes.
These can be from 10 to 15 mm. diameter, and from
75 10 100 mm. in height. It will also accept square
cuvettes, 10 mm. inside and 756 mm, high,

Your Turner fluorometer wiil always allow
vou to use the latest techniques, The cuvette holder
door is instantaneously interchangeable with doors
mounted with continuous flow cuveties, or solid sam-
ple holders such as for uranium fusion peilets, plas-
tic samples or paper chromatograph strips. Your
inquiry, detailing your requirements, will be appre-
clated.

SINGLE PACKAGE CONVENIENCE

This fluorometer is a single unit, supplied
ready to plug in and operate. You are freed from
the necessity of attaching several units in series, or
of supplying any external regulating transformers,
galvanometers, light sources, or batteries.

D=3




DETAILS OF THE OPTICAL DESIGN

PHOTOMULTIPLIER

LIGHT INTERRUPTER

MOUNTING BLOCK

LUCITE L:iGHT

FILTER SAMPLE
N~ Passes no u.v,

umon%écoom FAN

RANGE SELECTOR
Four apertures

FILTER
Paases only u.v.

PRINCIPLE OF OPERATION

This {luorometer is basically an optical bridge which is analogous to the accurate Wheatstone Bridge uscd
in measuring electrical resistance, The optica) bridge measures the difference between light emitted by the sample
and that from a celibrated rear light path, A single photomultiplier surrounded by a ruechanical light interrupter
sees light alternately from the sampie and the rear light path, Photomultiplier output is alternating current, per-
mitting a drift-free A-C amplifier to be used for the first electronic stages. The second stage i8 a phase-sensitive
detector whose output is either positive or negative, depending on whether there is an excess of iight in the forward
(sample) or rear light path, respectively, Output of the phase detector drives a meter amplif.er which is in turn
connected to a null meter, A balanced condition, i.e., equal light from the sample and from the rear light path, is
indicated by the null position of the meier. The quantity of light required in the rear path to ba'ance that from the
sample is indicated by the FLUORESCENCE dial. Each of this dial's 100 divisions adds equal increments of light
to the rear path by means of a light cam. Note that polarizing filters are not used for light adjustment.

Light in the rear path may also be operator-adjusted with the BLANK control wiich sets rear-path light
to be equal to the residual fluorescence of a solvent blank with the FLUORESC,INCT dial set at zero,

Light-source variations do not affect the light balance, Such variatio.s are cuused by aging of the ultra-
violet source and by line-voltage and [requency changes. Because these affect both the light on the sample ¢1d light
in the rear path proportionately, light balance is not changed, Variations in photomultiplier sensitivity cancei for
the same reason,

Dark current is not a problem because the photomultiplier sees interrupted light and the electronic cir-
cuitry detects only the difference in light from the rear path and from the sample,

Persistence of fluorescence does not affect the unit because the light falling on the sample ia steady. Only
the (dght emitted from the fluoreacent sample is interrupted.

lull-meter sensitivity is always the same, even when high-concentration work is being done with neutral-
density filters in tne secondary-filter holdsr,

There is no zero-point error, sven with a non-fluorescent blank. This desirable feature is pruvided by an
extra forward light path, Light in the rear path can always be adjusted to be either more or less than that in the for-
ward path, The nul: :aeter moves in both directions as the FLUORESCENCE dial {8 rotated about zero, insuring
positive establishment of a true zero,
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CONTROLS

Operational controls of the Turner Fluoro-
meter have been human engineered to provide maxi-
mum operator convenience. Those controls used dur-
ing a single seriea of ansiyses are on the top and
meter panels of the instrument. The range-selector
knob and filters, normally changed only when 2 new
analysis is atarted, are conveniently accessible when
the sample holder deor is open. The ZERO knob has
a START position to insure positive starting of the
ultreviolet aource. In addition, the pointer for the
FLUORESCENCE dial contains 2 small neon lamp to
provide an indication that power {s on, Operation of
the ultraviolet source may be checked through the
door-latch opening,

Althorzh not immediately apparent to the
casual observer, the knob used to latch the sample
holder door alsc de-energizes the photomultiplier as
the door is npened. Thus the cell cannot be fatigued
because it {3 prot:cted automatically from excess

light.
CONSTRLCTION

Long, trouble-free life has been designed in-
o this instrument. Component and material selections
have been made with reliability and sturdiness as
prime considerations,

Highest quality commercial electronic cora-
ponents have been used wherever suitable. Where
these would not handle the requirements, industrial-
Guality components have been <ustom made to our
rigid specifications.

All circuits have been carefully analyzed and
t{ested to wnsure reliability, and to eliminate any ne-
cessity for special eelection of electronic tubes.

Cabinet and structural construction is of
carefully reinforced extra-heavy (16 gauge) steel. 4il
critical components, such as the light-interrupter
housing, light cam, and the optical-mounting blocks
are precision machined {rom aluminum, They are
then black-anodized, No detail has heen overlooked;
for example, the latch mechanism i8 made of stain-
less steel -- and the painted surfaces are solvent-
resistant baked enamel,

SERVICE

This instrument is very straightforward in
its electromechanical design..,...and in its opera-
tion as well, An easy-to-understand operation and
roaintenance manual containing schematics and dia-
grams of both the electronic and mechanical assem-
blies is supplied with each unit,

With minor exceptions, atandard parts are
used throughout. Those parts not standard are con-
sidered as essentially not subject to wear for the life
of the instrument, These and all other parts are al-
ways available for same-day Air-Express shipment.

Spare parts kits can be supplied in those
cases where the instrument is {0 be used in an area
where parts availability may be questionable, Such
kits are tailored to the specific needs of the user.
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APPLICATION INFORMATION

We are carrying out a vigorous program of
application research, Qur records of pertinent ar-
ticles, proredures, and uses of {luorescent analysis
ere expanding continually, A letter detailing your
analysis problem will bring a summary of the refer-
ences available in our files, In some cases, we will
make mueasurements of relative fluorescence on an
experimental bagis, Write,

NEPHELOMETRY

May be used to resolve as little ag 0.01
APHA standard turbidity units (about 0.01 ppm silica}.
Only accessory required is 10 mm L D. x 75 mm.
high square cuvette.

SPECIFICATIONS

Range: About 2 parts per billion quinine sulfate is

full scale {100 divisions) on most sensitive range,
Range multiplier has approximately 3:1 steps (1:3:10:
30). Additional rnnge expansion is easily accomplished
through use of neutral density filters.

Resgolution: Linear to 1%, readable o 0.5% or better.

Stability: Line voltage variation of 105 to 130 volts

¢« - line frequency variation from 50 to 60 c. p. s. cause
less than + 2% of {ull scale variation. These figures
assume consistant samgle temperatures,

Cuvettie: Normally supplied for use with standard
test tubes 10 to 15 mm, in diameter, and 75 to 100
mm, in height, For all but the most sensitive ranges
with 360 mu filters, ordinary test tubes having no
visible striations or air bubbles are satisfactory cu-
vettes, For low concentrations, five cuvettes 12 x 75
mm,, selected and matched for similar residual
fluorescence are supplied,

Sample Size: 2.5 cc. ina 10 mm, or 4 cc, ina 12
mm. O,D. test tube,

Filter Holders: Accepts any combination of standard
2 x 2 inch filters up to 3/8 inch thick, in both primary
and secondary positions.

Finish; Two tones of green baked enamel combine
with black knobs and meter to provide a pleasing ap-
pearance, FLUORESCENCE dial of precision photo-
etched aluminum.

Power Requirements: 50-60 cycle, 117-volt AC,
100 watts,

Size and Weight: 10-1/2 inches dcep, 12 inches wide,
and 12-1/2 inches high, Net weight, 28 pounds, ship-
ping weight, 34 pounds.

Price; $985.00, complete with general purpose filters,
matched cuvettes, dummy cuvette, dust cover, spare
lamp and Operating and Service Manual.

makers of medical and technical instruments

Pulgas Avenue, Palo Alto, California
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