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Application of Vélocity-Seléctive Free;e—Pushing to the

Separation and Characterization of Air-Bornme Solid
« Particulate Matter in Air Pollution Samples

T.iThdmas Shih and L. F. Donéghey

Inorganic Materials Research Division,
Lawrence Berkeley Laboratory, and
Department of Chemical Engineering;
University of California, Berkeley 94720

Deceuber, 1973
Abstract
A ﬁewlmethod for sampling and characterizing air-borne solid

~

particulate matter in air pollution samples is-described.’ The method

‘utilizes the phenomenon of7ve10city—selective fréeze-pushing of
particulate matter during controlled solidification of organic °

' 1liquids to selectively separéte particles by differences in their

interfacial physical properties. The theoretical basis of this

- . ' . *
phenomenon is discussed with respect to the separation factor, k

An analytical"sambling and characterization apparatus is described
for particulate matter separation. Experimental results of the

separation  of graphité,and hematite pafticles with thymol using zone

chromatographic separation is described.:“r B ,



Introduction

The increasing public 'concern for eavivoomental pollution has
. :

led té-intensive research on pollution\manitoring and control.
" Problems associated with particﬁlate pollutants in atmosphere are
mary. Procedures for the identification of spetific compounds

contributing to air pollution are largely tedious and expensive. The

-

4

developmené of new methods for idéntifying»the chemidal éomposition
vaﬁd physical stage in which éif pollutants occur is of paramoﬁﬁt
importanée,-ésvthese prbperties rélate to particulate foxicity,
retention_within the lung, visability'apd to the mbdifigation'of

weather through cloud nucleation(l—3){

Much current research has been applied to the determinatien and

analysis of particle size of air-borne particulate matter in air

pollﬁtion sampies(4). The measurement of the distribution of"

Ehémically disparatevcomponents‘in air pollution samples hasvreceivgd_
felétivély’littie attention Bedause of thé~compiexity of the problem.
In this éaper,,én analytical-téchnique_for separating solid
particﬁlaté matter. on therBaSis of surface proﬁerties is présénteé.
Tﬁé method ﬁtilizes the phenomenon of veldcity-éeléctive‘freezev'
pﬁshipg Qf/particulafe matter éy a éolid—liquid iﬁterfaée during
controlled.solidification. ‘The method of zone chromatography
utilized.by this aﬁélytical technique is described and tested

experimentally. The method is applied to the freeée—pushing prOpertiés

and separation of iron oxide from graphite particles.
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Sources of Particulate Pollutants

The sampling of particulate matter from air pollution sourcés

is based primarily on filtration methods which‘détect solid‘particles

by capture on porous filters. The size rangé of the particles

‘depends on the porosity of the filter. The mass of pérficleé'collected
is easily measured by a number of techniques, but the phaée identification,

chemical composition and size distribution of the particles require

cémpléx labqfatory methods usu;lly involving expensive and complicated
équippent, Thus, a heed exists for relatively:éimple‘separation
ﬁechniques‘which are sensitive to the/chemicai and physical properties
oé a'heterogeﬁeous particulate sample, From Iaﬁle I, which_summarizes
the major pollutant éou;ces of'particulate métfef, it can Ee épp;eciated

that such separation techniques miist be applicable to a wide range

_of particulate materials. : ' T

A principle function of air pollution control teéhnology_ié the
monitoring and collection of-particulaté matter from particulate
pollution sources. Sampling methods may be divided into two

functional groups: (i) those which capture and collect the sample

in sufficient bulk for convenient transport to the analytical
laboratory, and (ii) those instruments which &uring collection bring
ébout an initialvseparation or classification which simplifies

subsequent analytical evaluation. The analytical technique described

—
'

in this paper falls into the second grdup,'in that separation of

-

particles is based on surface properties rather than on size.

Altérnately, samples collected by a method from the first group can
. : p

be subjected to the breeze-pushing separation process.

\



Table I

'‘Major Pollutant Sources of Particulate Matter

-Chémical Process Industries

- .Carbon black

Charcoal .

EXplqéivgs (TINT and nitrocellulose)
Paint‘and varnish manufacturing'
‘Plastics manufaéturing

Priq;ing ink manufacturing

Sodium carbonate
Food and Agricultural Industries

Alfalfa dehydration .

Cdffee roasting

Cotton grindihg

Feedvaﬁd grain processing

Feftilizer processing and distribution
Meat.smokehouse operation

Starch manufad%uring'

Sugar cane procegsing
Metallurgical Industries

Primary metals
Aluminum ore reduction
Coke manufacturing -
Copper and lead smelling
Ferfous alloy producfion‘
Iron and steel milling
Zinc refining

Secondary metals

" . Aluminum processing
- Bronze, brass, lead, and magnesium smeltiﬁg

Ferrous alloy processing
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Table I (continued)

' Steel and cast iron foundary operation

Zinc processing
Mineral Products Industries

Asphalt roofing
Asphalt and concrete preparation
Brick, céramics, and cléy_products manufacture
Calcium carbide processing
Cement making
.Clay, and fly ash sintering
Coal cleaning |
FiBerglassumanufacture
Glass and frit manufacture
-'Gyﬁsum and limé manufacture
Mineral wool manufacture
~ Phosphate. rock preparation
f , Réfractory castihg

Ropk;'graﬁel and sand quarrying
- J

Petrochemical Industries™ ’ .

Petrochemical manufacture

, Petroleum refining
Power Induétries .
Steam electric power stations
. Waste Disposal Iﬁdustries
Municipai incinerators
~ Wood Indﬁstrieé

fibreboard manufacture
Forest products manufacture
Paperboard manufacture

Saw mill operation



r : Velocity-Selective Freeze Pushing

The phenomenon of the diﬁplacement of solid_p&rticles in a
liquid by the motion of a solid-liquid interfacé has been known for -
some time(5’6) (6)

. From experimental studies it is known that a

critical fréezing velocity existskfgr this effeét,.for each type of
’particuiate matter.v At freezing rates below the critical ffeezihg
velocity;'the ba£tiéles are rejected by thé_solidfliquidIinterface
and re;ained in'thé liquid phase. At velocitiés‘above the critical
kvelocity, ghe‘paéticles are(pértially trapped iﬁ the solid, with
the gnffapbment probability inéreasiqg with freeziﬂg rate.

The distributioﬁ of particle.density between the solid and
iiquid phaées in the vicinity of solid-iiquid interface depeﬁds on
the inter%écial properties'of the suspended particﬁlate matter
relative to the suspensién,meAium; as well as on the freezing rate.
Since thé'distribution of particles betwgen phases is different fqr a
giveﬁ f:eezing rate in organic medi;, there is‘a theoretical bases
for sepérating_particulate mi%tufes in an appropriate orgaﬁic

'medium by f;eeziﬁé this medium at a fate where'Qifferent ﬁarticulate

4

materials have different'entrappment probabilitiés, orAdifférent liquid-

solid distribution coefficients. | | \
The pérficle_distribqtién coefficienﬁs.can:be defined as the

ratio of tﬁe paf%icle.concentration in the solid t§ ﬁhat in the

liquid phaseé near the Solid-liquid interface during solidifiéationt

If -all the particle materials are all pushed by the interface, the

distribution coefficient is equal to zero, whereas if all are entrapped,



the coefficient is equal to unity. The pérticulére distribution
coefficient is freéging velocity dependent and fundameﬁtally
different from the chemical diétribUtion coefficient which,describes.
the ratio of solubilities*in tﬁe_solid and\liquid phaées;

’

Theory of Freeze Pushing - -

The phenomenon of particle pushing, by a féeezing interface is
attriéutable to the force exerted Qy.the crystal on the particle
duriﬁg crystallization; When a particle is in intimate contact
with the crystal surface, an'ambunt of work is fequirea to separate -
'fhe\?afticle from the crystal and prdduce increased solid—iiquid
-andvparticlefliqﬁid intéffacial areag, while the briginal'particle-solid!

interfacial area decreases.

If the interfacial energy between‘solid and particle, Osp s

is greater than the sum between solid~liquid interfacial energy,

Osl » and between particle-liquid interfacial energy, sz , 1.e.,
s + » , . - . .

csp osl Gpl » then the crystal will g;splace the particle 1nto.\

the liquid by freezing. On the othér hand, wheﬁ Ogp < O0gg t O

: P Pl
the particle simply adheres to the crystal and continued freezing
enfraps the particle. The magnitudes of interfacial energies
thefefore.provide a basis for predicting whethef or not it is possible
for the gfowing crystal to}push the external partiéie. ‘

A theory déveloped by Uhlmann, Chalmer and Jaékson(s) is based
on Ehevassumption of short-raﬁéé particle;interfade répulsion due \

to the difference of interfacial energies. This effect is combined

with diffusion of the melt into the contact region between the crystal



and particle. The'relatioa between these proceSSeé.is assumed to be
a funétion of particle surface roughness. However, their theory
predictfno difference ip the pushing force for differe&t types of
par;iclés as long as their sizes are the same.

(7,8)

Bolliné and:éisse combined flhid—flow; viscous drag and
differsion effects to modify the basic théory. The& also considered
the indentation of the interface.shape formed by tﬁe.intéraction :

‘between the particle and. the interface, té derive theorétigal.
felatio;s for the critical velocity. Wﬁen the bééic theory was
treated injmore detail to include the effectsbof particle roughness,v
gravity and therﬁal condﬁctivities, their éxperimentgl resulté were

e

found to‘suﬁport very well the modified theory. However, the assumption
. \ K -

that there is preferentialiwetting of so@; typeé of particles by the
éqlid interfaéé is séiil obscure. It is-belieVed‘that in order to
understand and pfedict the discrimiﬁatory pushing of the particles,
all the f;rées acting on the parﬁicles by the solid:liquid interfacé;
such as surface energies,'vi5¢ous,drag, electricsfatic forces aﬁd
exte?nal fdrces-have to'bé taken into considerafion._

_rThé critical velocity for particle trapping b§ the freezipg
inteffacejcan be calculated by eéuatiﬂg the-liquidlphase diffusion :
forcé broducéd by liquid floﬁ,into the confact region td‘the gradient
in differentiél intérfaqial energy Qith respect to pérticle sepafation
from ;ﬁe intérface. For.an atomically smooth pgrticlefand a‘pianar‘

‘freezing‘interface, the critical velocity is
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This theoretical expression is somewhat\uﬁéatisfactory, however, .

because anomalously high diffusiop_qoefficienf; are needed for
compafison with theory. If the interface is assumed to be indented
in the:viSCinity of the particie, then’ the interfacial area of
contact is increased, as is the'fgrce gradient, and agreement of
theory and experime&t is improyed. Also, if the particle is
atomically rough, the channel width for diffusiﬁn is‘increased,

also leading to improved agreement.

Distribution Coefficients for Freeze-Pushing

There is limited experiméntal data‘in>thevliferatﬁfe on the
physical disfribution ;oefficient for.freeze—puéhiﬁg. Corte(g)
investigated'the(freezing velocity, and pérticle size dependence,

\ ’ .
of particle displacement by an ice-water interface_for particles of
calcite? rutile, shale aﬁd'quartz in the size range of 149 to 590 um,
The.fraction of particles retained in £he liquid:phase by displacement
of the freezing int;rface was measured at differént ffeeziﬁg rates
in the vertical direction. In this study the freezing rates were
in the range from'lO-5 to 10-4‘cm/sec because bf tHe large partiéle
sizé‘rangé studied.

The data 65 particle fraction pushed at a given velqcity éan
be converted to data on distribﬁtion coefficients.fér fréeZe—pushing k*
by normalizing with respect to Fhe dénsity of coverage of the freezing

interface. The reduced data is shown as a function‘of'freezing rate

in Fig. 1. This figure shows that the distribution coefficients are
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significantly different fer the four'minerals‘studiea for.a constant
-freezing rate withih a relatively wide range. - Those hatertals which
exhibit‘a small physical distributioh coefficient.tehd to be pushed'
bfartherhby the freezing interface,before trapping'within the solid.
Because the freeze-pushing phenomenon is very sensitive to
the properties of the interface between the partlculate matter and
the liquid or SOlld phase of the separatlon medlum, the physical
dlstribution coeff1c1ents has a speclflc value for a given partlculate
,material and separation medium. This fact suggests severalvalternative
methods for applying the freeze—pushlng phenomenon to partlculate
separation. Since those partlcles with small dlstributiontcoeff1c1ente
. tend to be pushed ferther before trapping in the:sol;d, the different
ﬁaterials can be identified from the average distghce'those particles
" are displaeed by directienal freezing. Iﬁithis mode of separat?on, the
particulate pollution saﬁple'shouldihe-initially concentrated at
the'freezing-interface, as in zone'chromatogréphy; The wide range ,.f
of.freezing velocity over which the éistributieh coefficient is
velocity-dependent suggests a second separationAma&e in which the
. / : :
kfreezing rate is programmed to fise with time. In this mode, the
particle matter is again identified by the length of displacement
of a band of the material along the sample. rThls latter mode is
capeble of identifying a broader rangé of materials with widely different
initial velocities., Particle\sepération by constant-velocity freezing
1s easier expetimentally, however, andie cbhvenienteconstent freezing-
veloeity process,rthat'of:zone chrqmatogréphy is explored in the

following section.
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Figure 1. Dependence of the physical distribution coefficient

for particle freeze pushing on free21ng velocity’
for calcite, rutile, slate and quartz.



,412—L

Particle Separation by.Zone Chromatographv

If there is a finite difference between physical distribution

coefficients for different.types of'particles, then velocity-dependent -

freezing can br%ng\about separation’of compbnent particles. The
efficiency of separation will dgpend on faétors"such as particulate
conceﬁtrétion, the particle interfacial ﬁropertiéé and the interactions
among the pérticles in the liqdid‘medium: Here the liquia medium
will be assumed aﬂ organic compound; |

Consider a infinite column of solid extending in>fhe x-direction
from x = -2 to x = ;m . The differential equétion determining

the distribution of- solute in the solid after nth pass of a

- solidifying interface is

2 an'(x) o N v N
('1'(—*) ——?x—-— + Cn(x)‘= Cn-l(x + 52,) . (@2

On the assumption that the initial distribution of particle is a

(9

delta (6) function centered at x = % ; Reiss ‘and Helf solved

this equatidh by using Fouier Transformations and 6btained,

1 (20 SR FR

Equation 3 is a modified Poisson distribution function.

(10)

Pfann has defined the approximate criterion for zone ‘
chromatographic & separation and gave the number of zon&-passes of

the freezing interface required as
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* . : :
where ki is the physical distribution coefficients for component i .

Thus, the nuﬁbef-of zone-passes required to»brihgvabout a given degree
ofvsepération depends only on the ratio of'distrib;tion coefficiént.
" The estimation of the length of column required>to separate. two
types ofbparticles is given by
L. = ﬁ ——;—;*; L. (5)
k2k1< : |

The time required for a given separation is expressed by | ,

% o
t* L + (nv— 1) &d . . ) (6)

These equations‘can Be used to deduce thg zone chroﬁgfogréphig
conditions required fpf particle éeparation. |

The application of zone Chromatographic tecﬁniéhe to thew'
separation of the minerals of Fig. 1 is explored a;\different-freezing
velocities and zone passes. The results aré shown in Figs. 2, 3 and 4
fgr free;ing velocities of 5x10—5 , 8x10_5 ‘and 1;2);10_4 respectively;
Less than twenfy zone passes are>required to reéol&e the sépafation
of the different minerals at the lowest velocity,.while a larger

number of zone passes is required at the higher velocities. The

time required to bring aboutvan'average separation of particulate
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Figure 2. Zone chromatograpﬁic sepération of _ -
* Sk
(A) calcite with k = 0.79, (B) rutile with k = 0.53,
. * . ) . *
(C) slate with k = 0.45 and (D) quartz with k = 0.23,

at 5x10—5 cm/sec.
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Figure 3;

Zone chromatographic separation of
. * *
(A) calcite with k = 0.93, (B) rutile with k = 0.81,

* . *
(C) slate with k = 0.68 and (D) quartz with k = 0.51,
at 8x107° cm/sec.



-16-

. - N ) . i ) ] l. . .
- x/2 | »
XBL 741-5472
Figure 4. Zone chromatographic separation of .
= Y v . N
(A) calcite with 'k = 1.0, (B) rutile with k = 0.98,

* : . %
(C) slate with k = 0.86, and (D) quartz with k = 0.75,
at 1.2x10-4 cm/sec.
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matter peaks by zone chromatography is shown in Fig. 5. The figure
shows that a minimum separatién time is required- at 8x10-5 cm/sec.
At this freezing veloéity the distribution coefficients for the

different components have the most widely separated values.

Experimental Studies

The displacement length produced by freeze pgshiﬁg.at a épecifiq
freeéing Qelocity can be utilized to characteriiejdifferen;'particulate
materialé in Air pollution. samples provided that the distribution |
coéffigieﬁt is known' or meaéured. Because zone'ﬁhfomatog£a§hy'tends.
to separafe the sample into bands of materials with distinct
~distribution coefficients, the displaceménf distapce L* can be
easily.standardized for-identifiable partiCulat§~mé;erials. For a
given air pollgtion sample, an appropriate, low melting liquid must
ye found which Qill affect separation of the’cdﬁpbﬂents by freeze"

pushing. In the following, a method is described for determining

the freezing velocity-dependence of the distribution coefficient.

[

Apparatus

The apparatus required fo? particle separation is shown
'schématically in Fig. 6. The charge column is.avlpng qylindericél
glass tube. A.organic.éubstance of f;irly'low\mélting point is
placed into the tube and_soli@ified. A small zéne_bf”the o;ganic is
melted_aﬁd'p;rticles are then placed in this zone. fhis charged
Vcolﬁmn is plécéd horizontally and rotated aBoutAitS own axis to
distribute heat from a ring heater which maintaipé a ﬁagrow liquid

A N

zone of length & .
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- Figure 5. Dependence “of the zone chromatography time versus

‘freezing velocity to bring about an average particulate
peak separation of 0 5 cm.
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Figure 6. ‘Schematic of apparatus for zone chrorﬁatégraphic
separation by freeze-pushing.
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Matgrials

‘The freezing veloqit& dependence of the physiéél'distribution
coefficient'in'éir.pollution samples was studied with fefric oxidg
and graphite powders and tﬂymal used.as the separation medium. A
Qixture of 1 gm each of ferric oxidev (Fe203) and\gfaphi;é po&dérs ]
were ﬁixed with pure; liquid thymol.(melting poinf;'49.5°c) to
form a 20 weight % mixture; This sample was then placed into‘the
~end of a cylindrical pyrex tube, ofyléngth 45 cm aﬁd interior
diame;ef.of 1l cm, a@d‘solidifiea; The rémain@er éf the tube was
tﬁeﬁ filled with pure ‘thymol, and the dppe? tube end closed. A
Fisher Zone Refinep; type 5-712-100 was used‘to cafry.out_zone

chromatographic separation. The molten zone was heated by a

circular wire heater adjacent to an air cooling unit which maintaired

-a planar solid—liquidvinterface'during zone displacement.
_Although Fe,0, and gréphite powders both héfé densitiés much .

higher than that of‘thymol; the zone chromatoéréphic'sepgration

displaced the graphite particles.é,distance éf'35 cﬁ by seven zone

passes..~ The resulting sample showed coiored bands aiéng the column: '/

re@ -Fe203 near the source end, andvﬁlack graphite near thg\top

of the column}\ The two types of powders were véry effectively

separated by this pfocess.

: *
Determination of k

The distribution coefficients for both ferric oxide and graphite
powders in thymol were measured by carrying out zone'chromatogréphic

separation for each component separately’at‘diffe:ent?velocities. After
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a'single zone pass the sample was séctiohed, and the powder was
recoyered,from each séction by vaporizing tﬁe‘organic] The wéights
of pow&er in different sgqtibns was then fitted to the zone
chr&mgtographic distribution function valid f§r one zone p;ss. The

results showed that the optimum freezing velocity for separation

“to be»l.OiclO-z' cm/sec for which,

A - - 0.81 : .
' , kFe203 _
| 7

* ’ .
k -= 0.25 .
c

The large difference in these coefficients explains the relative

ease of complete separation by a limited number of zone passes.

Discussion
The particle‘freeze—pﬁshing phenomenon is effective in separating
?articulate components.  To carry out analytical characterization by
this method, the particulate matter in air pollution samples is
first scrubbed by an organié medium and subsequéntly subjected ;to
zone melting aé described above with thé soived pafticles-initially
‘concentrated at one end of a column of pure organic solid;‘ Particles
are pushed selectiveiy by the solid—lidﬁid interface as the molten
zone moves aldng the column. The degree of efficienéf ofldisplacement
. , ‘ v
by freeze-pushing depends on the particle distribution coefficients
and on the opefatioﬁ cohdi;ions, Since the freezing interface is the
only effective surface tq’affect thevseparation,.many molten zones

.

may be required, and several can be incorporated to move simultaneously.

N

A
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A spectrum of particulate bands are then obtained, eacﬁ’&isplaced a
distance dépendent on interfacial properties wigh respect tq'thé‘
organic phase. The bands of particles then can be sepérated by
mechénical means for subsequent chemical analysis. The factors that
affect the particle pushing are the éhysical properties of the
suspendéd_particles and orgénic medium such as in;erfacial energies,
thermal coﬁductivity, pérticle size and shépe,_viécosity'electrostatic
forces, and éurface morphology; AT N o

Parﬁicles distribution coefficienté are shown to be‘easily

determined experimentally. The zone chromotograph theory can

qualitatively and semi-quantative predict the particle separation

1 .
on the basis of measured distribution coefficients.- This analytical

method should be vefy useful in\Sampling and chafacterizing air-borne
particulate magfer in air pollution sample.> Additibnal fundamental
research i$ needed, However, for\better ugderstanding the discriminatory
pushing of»pgrticles>by solidlliquid intérfaces.and for implementing

| equipment design for sampling and rapid analytical determinapibn of

particﬁlate tqmponeﬁts'in air pollution samples. .
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List of Symbols

.

molecular diameter of the liquid phase, cm

. C . -3
particle concentration, c¢m

particle coﬁcentration after n passes, cm—3

self diffusion coefficient of the liquid phase, cmz/seé
zone chrométographic separation constant

Boltzmann constant

physical distribution coefficient

liquid zone leﬁgth, cm

latent heat of quibn, ergs/cm3

length of column required for sgparation,. cm h
‘separation constant ; K ' '
éartiqle fa&ius

separatioﬁ time

freézing'velééity, cm/sec

initial ffeezing velocity, cm/seé

atdmic VOlﬁme of the liquid phase, cm3

distance along the freezing direction, cm
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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