tical'Se

izatien and m¢asurement has cxporienced a rennis-
sance over the past 40 voars, These changes havehoon
driven by advances in electronica, computer technology,
and sensor technology in conjunction with the marke pull
for 150 methods vmbodied in cost-effcetive, user-friendly
instrumentation. These changes can be characierized by
at lenst four aclivities: ([ End yser innovation exempli-
fied by Lo chniques such ws hrdrodynamic chromalography
fHC), capillury hydrodynamic fravtenation {CHDEF), and
feld Muw fractionation methods (sedimenialion, Sew, and
thermal fields, respectively SdTFFE, FLEUT, and ThEFFY
{23 Revitalization of older instrumencal methods such as
pravitational und centrifugs] sedimentation: (2 Traluiion of
remenreh-grade instrumentation into lnw-cost, routine, user-
friendly i nstrumentation exemplified by dyaamie lghr scal-
rering {LLA); and (4) The attempt to megl cxtremedy difficult
technical chullenges such as: éa) providing a single hyhrid
inslrument with high resolution over a very brosd dynamic
range {4+ Jueeades in sive; e, Fravunhofer; Mie; phobisar:

The field of particle sine Jdistribucion (P5D) characror-

Reprinted fram Prograss i Organic Coatings, 32 /-4, Theodore Pravder,
Challanges in particla size dlstribution measurement past, preseat and fos the
215t centiry, Pages 143453, Copyright 11997), with permission fram Elzevier.
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Particlé Size Distribution,

STORE RARTAMLE Y

LIALGE

Measurement,
and Assessment: Principles, Features,
Limitations, and Benefits

Theodore Provder, Polpmer and Cootings Consuliants, 110

sensing/DLSY: (b PSTh meysurement of conesntrated dis-
persions acoistophorerie, diclecrie measurcmeni s, Bher
apric DLE (FOOLLEY () in-situ process partele size sensors
(in-line or al-line, &g, FOQET.SY () routine messare-

meni of particle shape and strueture (0, image analysis),
lostrumental methods resu?l ing from these aclivitics are dis-
cusaud in terms of rmeasurernent principles and the strengths
and weaknesses of these methods for characierizing P91,
Tusiness and sociclal driving forces will impact customer
perceived instrumencatinn and knowledge recds for the
lutwre and the alwlity to meet the speeific difficult techni-

cal challenges in particle size distribution characterization
mentioned abwve, Anticipated progross toward mecting | hese
technical challenges in particle size disiriburion characteri-
zation mentiongd ghove is discussed,

INTRODUCTION

{ver the Tast 40-plus voa rs, oewer coatings lechnologies, such
as high solids, poweder, waterhorng, and radiation-curalde coal-
ingshawe had significan market share growih, These coatings
lwchnologies have been developed 1o meet the challenges of:
fay prvernmental regulalionys i the areas of coology (volatile
wrganic compoynds (VOO emission): (B long-term inorgasing



casts of energy and perroliu based sulvents; () more active
rublic consumerism; mad {d) the comtinual need for cosl-
effective high-perfarmance coatings na highly compericive
and global business enviranment. These now rostings tech-
nologies requirte the use of water s the major selvent with
water-soluble or higl melecnla e woighr latex polymers or the
vse ol = e cgicn v desipned low-molecular weight polymers,
alizomers, and reactive addilives which, when further reacted,
preduce hizh molecalar weight and crosselinked polyowrs. This
las led o a necd for improved methods of materials charactor-
ization in diverse areas, which inclide molecular weiglt distri-
bucion analysis, purticle size disteibution (PETH messuoement
anndd assessment and eharsgierizution, theology of coarings, Alm
leawtrigtion and cure process characterization, morphological
surtace and bulk cha raelerization, and spectroscopic analyais,
s well s o need for improved medhaods for modeling and pre-
dicring malerials properties and processes.

Conenerent with che major 1echnolssdgeal changes in the coat
ings ingdustey was the siamificanc increase in the e ol change in
mstrumentation tochnology, This chaoere was driven by zignifi-
canl wdvanees in electronios and computer gnd sensor technolo-
gies to producs compuler-gded, more weer-friendiy, reliable, and
cost-etfectine instramentadion. Tl wdvaness ininstumentation
and coampatter weehnologs are filling che need far fmproved poly-
mer and coatings cha raceriza ion methods i the contest of the
e e codlEs teclinologies.

The nevwer coatings eehnologies have driven che meed or
imprived methods of FSD assessmoent ane chataererizacion for
eaclh of che enatings lwehnologies terms of size ranges and
commponent particolates ag fllmaes
Walerborne coatings (0.01-30 n)

LR IEIE

# Pigimenls (aizc and shape;

v Trnulsionns gnd Jispersions
Poveder coatings (0.1-1080 [um)

+ Wesin plgment composile particle:

(' dry poweder;
(b} wet concent el dispersions

+ High solids

= Memment grind pariicle sbor analyvais (0.1-100 um)

The particle siee assessoient and characterization necds
resultims from the challenges prosenied by the qewer cont-
inpgs technobopios and their companent macerials leads o e
following measurement regquiremengs;

= Wide dynamic particle siee ranpo

= Improved resolution

= Weusurements made in che concent rgled dispersion

regime

+ Asgezsment ol dispersion stubilicy

= Diszeriprion of acructiesl snd tetural morphologs

The changes in Lhe fiell of 'S0 characterization and mea-
surement, aided by the advances in olectronics computer
and sensor technologies, ean be characteriaed Ty al leas)
fonr sctivices:

= Enc user innovation

= Rovitalization of older inscraments

= BvolyLien of tesearch zrads insrrumaentacion inte

loww eoat, user-Teicndly instrumentation
s Attempts to meet exremely difficuls technical challenges

The advances in PET measuranent methaods will be dis-
cugsed in the eontexe nf the o above-mentioned aciivilios
in terms of measurement prineiples and the sitengths and
weaknessaes of these methods for characterizing P,

END USER INNOVATION—
COMMERCIAL DEVELOPMENT

Tl first netivicy in the changes in PST characicrization and
measuremenl is Lhe commereial development of fnsreumental
methods orizinally developed in & few acudemic and industriat
lubrglerics by mdividuals with high levels ol skill sl exper-
tize. Inmesations in ins rumentation and methods wsually e
clriven by the enstomers who are the tech inlowieal and selentific
leaders and peated vpe developers, while the inatro mem vemcors
are the technolngical followers who have the engineering skills
tir el cosl-clective comnmerceial development. Eramples of such
methods ave rd rody namis chromatography (00, capillary
Trycdeaclyriamie fractonation (CITET), amd figld Aow fractonarion
methods inwndving | he ybe of sedimentation, flosy, and therems]
ficidly {epn, SAUFE, FITTT, and ThFFF),

Rydrodyramic Chiromatography {HDC)

HC, fivst reported in 1976, was Tmvenned 1o an industrial
fabovatory by TTamish Small to fulfill ;o avalysis need of The
Trrw Chemical Company. Te toek W yours o be transterred

from a lahoratory method requiring a high degree of skill into
acommercial jnstrument regiting y moderate degree af skill.
Thi commureinlization was carried out by Wicromerities
Comoration. TTovweser, e commercialization Failed inthe mar-
ket place becsmse of technological Timitalions inherent in the
methad and because of conpetitive market press res,

HIKM instrumentacion is comprised of a liguid chro
matagraph wille s nuceurate and precize pumping system,
Diteotion was accomplished with g sensitive fived wavelengrh
wlerawiole:l {TI¥) Jotectorn bractionacion and separation of par-
ticles oeourred ina eolumn packed with uniform, non-poroas
brads. Thie separation of particles by =i touk phace in the
intersrices herween the beads and was primarily a linciion
ol he bewd size and the fonie strengih of the mediom. The
separarion mechanism s shown in Simee I The nterstices
bt weeen the beads can ke created s cupillaries of varying

FIGURE 1—S¢hematic of hydrodynamic chromatography separation
mechanfstn and aperative forces.

® Excluded Streamiine Effect
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sizes, Lavger parcicles ride highoer up

a 1he parabolic low profile and are
-eluted fivar while some smmaller particles
hug the walls of the capillary expori-
encing sloveer o streamlines and exic
fater, Other contribucing Moy Lo the
sepatation mechanism include electrical
double laver eMeels ancd Van der Waals
allraction. The fatal technical [law in
the methndaloyy wus the unpredicred
oeourrenee and ameu b ol particle
depiozilon, which wol: piace in the
paclked columing. The gverall feahures,
henefits, and limitations of this merhod-
ology are showa in Figure 2,

Capiliary Hydredynamic
Fracticnation (CHDF)

The “Lubular Pineh TRzct” mechanism
operative in CHDE waz first discoversd
by Segre and Silberherg? in 1062wl
applivad toy particle size analyais in 1979
b ltegnier and Ball. TTeowecyer, i did
vl develep into aviable commereial
inatrument eoil inngvaiive experimen-
tal and theoretical worlt was carried
oot Ty St ard Tos Bamos U The
commetcial embodiment of CITDE had
T sewiluble from MATIEEC Applied
sciences. CITTIT instrummeniylion is
Quite araloyous to HDC in thaea liguid

FIGURE 2—Features, baneflts, and limkatons of
hydrodynamic chromalography ler PSE anabysls.

Features and Benafits
« Large Represcatativs Sampls {sed [10°
P rtl i)
o Sarnptes Measurad T Dispecsion (Ha Particle
Shapr Changs|

- Resuits arc Indapendent of Ba-tlle Danshy
+ paarant PE0 Dir2ctly Dbtained
» Risutine Methads tar Plant Quality Saniel
ran he Geveloped [Equipniaat s Basy t
Settp
| Lirmnftatlpns
« Farticle Dopositicn in Peckad Columrs,
Prabakle
- Ooerasing Conditlons Stiewhat Speific b
| Type uf Sama.cs Bring Ana vzerd
» eliu-atior of Size Scale with Steada<is
Rermirad
« Dietector Rasagnga Cor-ectlons Needad (Miz
Seallaring]
v Biard Broadeniry Correctiors Hooded

+ Corplex Malharalics fequiced far fnsa ot
Pa0 Aralusiz
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chommiopraph witls procise, scearate,
and reprodueible Howr is required. Tn
thiz instrument, the sepacation does
take place in capillaries ol defined
dimension nsing splic-tow injection.
The meclanism of this separalion
mechaod is essentially the same as thar
pestulutod Towe AT, Foseg e, now the
coliwmn is an empty capillary, sothere is
muely less propensity for the particles to
clepeosit o e columin. The laciors infla-
encing the particle size fracdanation are
shoven in Fieure 5, and Lhe associated
[catures, henefitz, and limitations of
CHIE are shown in Figre 4.

Fiefd Fiow Fractionation (FFF)

Field Flow Fractionation methods were
ineenoed e T Calvin Ciddings amn
co-wiorkers und reported 1 19674 7 The
rechnnlepy tranafer ol FFF mcthads foom
an acadermnie laboratory method to viahle
cornmercial instromenl has laben @ min-
imum af 20 vears to ocenr The DouPont
Trsiramend Company commuereialized a
sedimentation FOT instrument (SAFFF
in 1844 based opoen the pioneering worl:
of T Calvin Giddings and the subee-
guent researeh of Kirkland and Yao®
TTnieetu naocly, the TiwPant Tnsiromen
Company’s SOEFE instrumenc was a
cormmerci] Tailure and unavailable by
1991, Hewrever, 4 small entreprencr-

il cornpaae kncan as Fractionation,

FIGURE 3—Cperational fachors and data analysis
consideralions influenting CHOF P50 anatysis.

|
| Caniliary
= Particle Radius Tube Radit. s
= Tuba Length
Fluznt
» Linuid Viscosity |Tamparatn-a)
Surfacta i Type fArioric, lonic}
« Molecalar Weighlo® Surfaceart
« lime S1eagch
+H
+ Temperature
+ Flniw Rata
—ACCLrEcy
=Ganstanry
Uakaction
= U [Turbdity)
= Viscornster
Dain Aneiysis
+ Resporse Fackor Car e tlan
= Banid Braadening Corractlons

Inc. began making SAFFF instvsmenes
curarwerelally available in 1988, followed
b FIFTT (Nrw FPF) instruments in 15991
ar, more recently, ThTTE (thermal FOT)
inatrumenisy,

Field owr fractionacicom s a feem ol
e -pliase chromatography. The instro-
ment is o ligoid chromalographic syslem
in whichthe separation takes place na
Hat, narrow channed Gypleally 10ty
tew lmndred miceameices in widrlh, A
prarabolic flow profile is ereated in this
narrow channe by (he mobile phase, An
crutermal field is applied across the face of
the channel such thar the field extends
ot the clianmels thin dimensions
ancd iz porpendicular to the fow fleld,
Particles are deiven tomrard Thye aecou-
mulation wall of the channel and form a
difuse clowd, which has an capoenential
concentration diacribution az a resalt of
Trnw nian motion acting against the fold,
For particles less than -2 wm, smaller
farticles are displaced father from

FIGURE 4—Features, banelits, and limilations af CHDF
1or P51 characterization.

Featieres atd Benehiis

« larna Bag-ecenlaiive Sarnple Deed (10
Porticlos)

= Sample Moasurcd in Tispersinn U Particle
Shape Chiange)

« dpparent PED Direc Ly Cletain ed

+ Routing Massads for #2090 Tor Spacifle
Produrts Easy to Develap

« Higt. Resolusion

« Wiy Litt e Sampic Informaticn is Regirad

« Results are Independant of Particle Density

v falysis Tome is Undar & Minwtes

« Higl* 5a: ple Thraughput with Unattended
futematic Saripla Injaction

= Soparation, nn Basis of Par rle Surface |
Chenistry is Pogsiz e bl Mot hnplemanges

Limitatios

= Possiaility of Particle D2pasition and
PLwing o Capillary

+ (pargting Coniticns Somamhzl 5 e o

[ype at Sample

= Calibration of Sizc Scala with Stancarcs is
Renjiirad

+ Datacto” Resprnze Coclectians Heeded {3e
Sratteriag)

« Band Braadening Cor-zctions Neaded

» Corna’ex Mathematics kegsired fa-
fbsolube FR0Aralusis

= Dynamic dize Range ~ 1.3 Derades for
Partichas Less Than .00




the aecmulation wall. When the flow
field is eurned an, the saller peeticles,
which ride higher on the parabaolic flow
preediles elute Nirsl, The ficlhds that hasve
been used inelude SAFFEF, ThIFE con
sisling of o temperarure gradion: actoss
the channel walls, cross Aosy (FTTTT),
clectric (EIEFE), and magnetic (RFEE).
Commercial instrameanlsare availablom
pertorm Sdf e, T ErE, and IFLEFFE

A schernadiy of Lhe instrumentation
separation mechanism and some channel
coanfigurations are shown in F e 5,
When the paricles arcgrealer than
um, etfects of Brownian motion becone
selipibale, und Lhe larger particles dde
higher ri1 the parabolic Aow streamlines
beesnse the veloribe-dependent it forces
increase relacive mo cthe debving oreee,
procduzed b the perpendicular external
k3. Trovhe -1=1000 prr st vampe, Lhie
lavger partictes ehite first, analogmis
v CHTF, This mechynism s termed

the steric mo:ls of FEF (SIFFF)L T the
commmercially available nstrumentation,
field progrramniing options arc available
fur vx lemeding the size separvation range,
reducing the analysis Hfme and opri-
mizing the resolulion por unil ol time,
Feamples of separation by 8dFTF, TIFTE,
ThIBY, and EtFFF are shown in Fipare d.
The {estures, beneins, and Timitations of
TFT chromatngraphy roethads are shown
i Frsere 7 For o rovicw of FEF applicd

o particle: charaeterization, the reader is
reterred w0 the many papers ancl review
arlicles of Giddings and en-sworkers”

The commercialization of the instro-
mental echnigues ol TG, CTTR, and
TFF herve attennpted to address the market
pull by many imdusirics for PSR analysis
mcthods, primarily in the G-10um
size rooge, The coatings incdustoy material
churaelerization needs, o5 a result ol the
growth of waterborne coatings teclmel-
ey for improwe] particle st disi el iom

FHGURE 5—Schemalic al FFF instrumentslion, separation mechanisms, and chamnel configurations for SFFF, FIFFF.
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analysis of latex, pimments, and emul sions,
iz a component of the overall marker pull
fur these techniques.

REVITALIZATION OF OLDER
INSTRUMENTAL METHODS

Gravitationa! and Centrifugal
Sedimentation

The second actvitr in the renaissance
ol PET characlorizylinn and measure-
ment is characterized by the revitaliza-
tion of older instrumental methods such
as gravitational and contefugal sodi-
mentation methods, Redesizn, modern-
Peatinn wilh advaneed clectrenies, and
user-friendly compruter-aided analysis
huve catended the instrument product
life epcle. A gond example is dise con-
trifugs photosedimentometry {1 F), 52
The: brasic technology kas been araund
since the late 19505 and was embndied
intn a commereinl instrument in the
15a0s by the Jovee Loehel Company.
Truring the 19705, the Jovee Loebl Dizc
Centrifuge Photosedimentomerer was
the ¢nly commercially available instru-
ment for olaining BST informea o
bw the DI technique. This technique
was particiulaly well swited for che
particle size analysis requirements of
the contings industry for the analysis
oflatexes, pigments, and cimulsions 24
Huwever, it had deficiencies that
made itunsuitahle ag a plantquality
control instrument, Over a period of
about 10 years, industrial seicnlisls
at ‘Lhe Glidden Company developed
an fmproved inslrument”, method of
nze’™t and user-friendly data analy-
sis syslem. The Glidden Compuny's
DCE techuology was licensed to the
Froukhaven Instruments Corporation
in 1784, which made additional engi-
neeriay Improvernents and successfully
commereialized the enhanced and revi-
talized BCE rechnology, Uhe current
imatruiment can aperate in bolh the line
start aml homogeneonus start modes,

T addition, Teowmkhaven Tastrymenis
Curporation extended the technology
bre developing an ¥-ray delcelion systcm
that facilivated the analysis of heavy
atmall inorganic particles, The K-ray
dise centritieze photosedimencomerer
CH-TO P Boca e cormroarein v available
in 199 andl was based apon a prototype
developed by Torey Allen at Dulent. The
X121 ean operate both in che gravita-
tecrria ] wmd sedirneniurion medes,
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FIGURE E—FFF saparatlon of mixtures of menodisperse istex beads. a) Field pragrammed ‘The range of varistions in sedimenta-

SelFFF witt rpm = 10,000 at ¢= . by FIFFF With polypropylens membrane at 42.9 mimin. tivwy inat rommentation mode, dobection, and
c) THEFF In acelenitrile with 4T =134 V€. d) StFFF 2t 38 mlimin and 100 rpm. caperimental melhod 1s show i fimmre

B Alsu shiown Dn Figere 9 gre Slokes ey
fo grencitaliomal and cencrifugal sedimen -
Laliom, which gewern the fruetjonalion
aof prarticles by size i a gravitational or
centrifagal fores Neld, The line stact
monde: - cun produce very high resolu-
tion separations, An exaniple of sucha
ceparation is shown in Bt 1 fura
mixrure of nine Diike polysterene latex
standards eovering g size range of [O7-403
nrm i ypproximacely 00-num e remenls,
Bazeline resnlidion was achiveed in seven
el of the nine scanda rds, Anochor msjor
e 4 T advaner: in The method of operation iz
TIME trmky protecting the adquens meniseus from

bl FIFFF Sepuratisn evapiralive cooling and disrupcion of the
clensity gradient in The Aokl by sealing the
steiace with a small amount ol dedecans
fsnally | ml ol n-dodecane. ijected a few
ninwres after the density pracdicm has
formed, in shout 15-20 ml of 211 aqueons
spin fuid). The sealing of Lhe fluid surface
inhililz cyvaporacive conling and therchy
mmainraing a stable densicy pradient for
el bonrs and extends chie a nalvais
size vange. The homogeneonus start mode
is Master covers o wider dv pmic sioe

DETBCTOR RESPONEE

il

DETESTOR RESPONSE
BAPLITUIDE

o o F — r : g separatinn range, but has less res,_n]utmn
TRIE mim} ) T e an than the line starr mody Tor roolti-meedal
TEME [min) fena ratims, The features. henefits, and
[imitaticns of sedimenlgtion methods are

sheraen in Pigae 11
= I p—————— = An nstrimaent designed for particle
st anulysiz by sedinientation ina geay-

itatiomal Neld wus patented b Oliver,
FIGURE 7—Fealures, benclits, and Nmilatians of FFF (SAFFF, FIFFF, ThEFF, Micken, and Ove and commercially

‘ & THFFF Separaiion 4 SIFFF Scpambion

and StFFF} for PSD characterization. J— N embodicd, in 19049, by Micromeritics

' ipte an instrument known gs e

‘ Featores ang Senefits Sedigraph, This instrument produces a
« Linge Reprosentative Sample Usad {10 Pavticlas) cummlarive disiritalion of particle sizes
+ Sainples Measurad in Dispersicn |Ho Particle S1ape Chaaga| and less been used heavily for the anals-
« Partlels Density tan ba = or < Mabi'c Phase Dansity 515 {Jf_pigl_w:nl s aapch s titaniwm dioxide,
» Aparerd Pertcle Sine Distributian Obtaincd Dircctly Slarting in 1988, che Sedigrap's design

and funetion were revitalized by adding
At LTt sample incradnclion sys-
tem for unsiended operation as well as
improving the data analvais seslem,

= Retertlon (Partcle Size) iz Fred ctable

= Wida Dyrarmic ParCule Sice Baoge Achievzble (07 10r dar
SUFFF, FIFFF, TRFFF, ~1-100)m: Fgr 51FFF)

« P50 Caltulztions are Simpla

Lirsikatlon s EVOLUTION OF A RESEARCH

= FEF €aanmel Difficull 1 Canstruct wish Precise Lantrel Qver INSTRUMENT INTO A ROUTINE
E"‘”“'E[_r"' . , USER-FRIENDLY INSTRUMENT

» [orraction for Dotectas UY Response Heerrd [Me-Scatiaing
Corractlon) Dynamic Light Scattering

- Uaper Lirnit tg Parcle $1ee Ratge =1 wn Do ess Seriz FEE Mode (DLS, PCS, QEL S}
[5 Trviked ' _ ’ L _

» Parficles Must B2 Spherical far Accurate Data dnalysis The third activity is the veolution of

a vesed rely inshament into a low-cost
Imstrurment chat redguires 4 ninimn
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degree ol ckill oouse, An excellent cxarn-
ple of this process s the transformation
nl rescarch-grade photan coerelalion
spectroImclors it lows- cost, easy to ke,
limired-funetion instrusments for s ine
analysisapplications.

Drvpamic lighe seat lering (TTS) was
sl kpown as quasielostic light scatree-
ing (TS derived Troem Lhe fact that
when pluotons are seatcered Ty mihil
particles, the provess s guasielastic. This
gave rise to the acranym TITS, sinve QELS
gave imlonmnution oo the dynamics olhe
scarterer. & nee mvysurerents are made
wilh a digital corvelator, the acrmym
PCS {phaten correlulion spectroscops)
1s witkehy tised. The Arsc QTT.S migasure-
Mg wer: macde o 1964 by Cuming
et al ¥ The firstoommencial inslraments
weere available cirea 1976 and onlv suiahl
for use Ty o perts The carly measure-
mens were coteerned with olwaind e
translativina ] diMsion coetficisnts of
macromolerules and particlos. The tech-
nigue was wsad o pain nformarion abour
paticle size b relacing the Jilfusion coef-
ficienl v parricle size thrmygh the Srekes
Finstein equation lorspheres, ¥

Ry Lhe carly 1970s, the funda menials
hiad heen catabliched, From the mid
19 70s prvenrd, mprovements geaurred in
choe technedmey for dizital autocorvelacors
as well ns in automation and indewra-
Cicr el advances in Micyoprocessors
and laser technalopy. From The carly
19805 nraurel. the MCS instrumentacion
was nereasingly usmd Tor purticls size
anglysis, B 19835, low-cost rauting 90@
inatruments were commnwereially available
lep- Tonatine analyses. The POS inslro-
mentarion was made more autematc and

FIGURE 10—Line start separalion of a nine-component mirtre of pokysiyrena latex slandards

{107, 220, 208, 436, 537, 705, 895, 393 pm. )

Bl-Dre
DATA STSTEM

FIGURE 8—Yarizlions in sedimentation Insirumentation and operational factors.
Gravilation =)  Centrifogation
Tamge sipes, high damgdty emall giEs, low density
X-Ray Detectisn =)  Lighi Detection
na ofical comrections aptieal eomections
Seanning Tieteclor =3 Fixed Dwatector
Fagter yun, legs molution abower mon, high resolubion
Liae Stact =% Howdgitssas St

shower run, high resaluticn

Fatiee ructy, lesy resolaticn

FIGURE 9—Equakions of motion and Siokes' furfar gravitational and cemrifuget sadimamalion.
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FIGURE T—Fealures, henefits, and limitations of
sedimenlation matheds lor P50 characterization.
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FIGURE 12—5Simplified represantation of scatterng intensky ift] and corresponding

aptacorredation function Cfg.
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wselul fneihe analysis of particle size and
egtimaring PED with 1he commmercial-
Txmation ol an sutermatic sample dilution
syzte invented Ty Micoli and Elings
The: ILS method utilizes che Auelua-
tions in Hght sealiering mtenzity observed
s g raree of thne incervals, The aue-
correlarion linction of lizht scattering
intensity attime  is cormpared to Gme
mern, O = (UE-EY, for aranpe of At
intervals. The autocardation functon
can b deseribed by oo exponential deeay
function nf At This process is sehemar-
ically shown in Fgare 12, For a mofi-
disperse aphere, Lhe correlation tunetion
is reprosersved by an exponenlial decay
funcrion as shown in Fgwe 12 where I,
is the transtarional diffusion cowMicicni, o
i5 The scarlering wive vector, The particle

FIGURE 13—5chemati; dlagram of a DLS partlele sizing Instrument, including awto-

size d is related to £ through the Stokos-
Finatein eaquarion as shown in Figure

I2. 1t has been shown that particls sihoes
obilained on rmemoedisperse spheres are

accurate, precise, and ipghty repeoducible,

In abdlition, the PCS Instrament is fast
and haz high theoglgsul .

A schematie of a PCH insorwment sl
atto-dilutiom is shewn in Figagwe 13, This
trpe of mstrument alao haz hean shown
I haver potenlial for online measure
ment of particle size for an cimnlsion
pelymerization reaetarn ™

LFor polydisperse distributions, an
v st anel cutimate of disperaite
can he obtained fram the melhiod of
cupulants, Inversion of corretagrams
trr obtain PSDa for mulrimedal distribo-
tions has had limited success. IF particle

sige modes are ina ratiool 3 o0 prealoer,

then i1 shunld be possible to extroct

the pealt medes Neam the data, Thisis

a Inwe-resolution mechod enmpared o

teehnigues sichas CHLIW, FEE, orsedi-

mentation in o eentrilugal foeee Neld.
The lemalures, benefics, and lmitations

of LiLY5 are sunumaeie in Figtoe 14

ATTEMPTS TO MEET EXTREMELY
DIFFICULT TECHNICAL CHALEENGES

Thi: lirarth activity characcerizing che
changes in PAT) characterization amd
raedgurement wechads invilse actem)ts
o et oxlremedy difiendt technologi-
cal challenges as a resull ol advaneres in
clecivenies and computng and sensor
technolngies. These lechpologica] chal-
lenpos will be discussed below and can
be cataloged ws fillows:
+ Rleasurcimenty in comecntrated
dispersions
* Witle dynamic particle size range
measureiment capability ins single
Instriment
+ On-line and at Tine analvses
= Structural and textural marphology
charavicrizalion of particle shape

Concentroted Dispersion Measurenients

Fiber Optic Quasi-Elastic Light Scattering
{FOQELS)

Thie needl to measure particles in con-
centrated dispersions hus led o the
development of filer apties QRLS, given
the aerony i FOQELS by Brookhaven
TnsEnments, for maling measueemenes
i concedl Fadcd dispersions up to 40% by

FIGURE 'W-Feamres, bepefits, and limitalions of

ditution (NICOMP Madel 370). ULS far FSD characterization,
@ e Features and Benefits |
» Fast and Autamatic
LAZER g;[ﬁﬁmﬁ » Reproduibility
EEHE \\ _— « o Calibrakion
.-"'\ {/ « large Size Range {3 nm—3 pmj
Ao / « Versatlliy
& .
BILERT DILUTER Limitatlons
IMaTER) + Leviw Resolulian {31 Madal Scparatian|
« Intensity-Wighlad
m:_mm B sevvat SaeLEs + Mat Caurting Raricles [Ensemblz Method]
SaeLE T—I 1 - Dust in Hydl |
. sy e « Limited Shape [nforntlan
ke COMPUTER / e sl  munnT | —
WITCCORAELATCR iy CIMTROLLER
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welght. Thiz commercial developrment s
bused vnthe work of Dhadwal o gl -2
Viaille Hight Mrom o laser diode is focuszed
inio the sample by a monnimods: [her, and
e scatiored lighr is collected by a 2econd
monomede fber atan angle 1325 The
Muactuationy in scartered Heghrars ana-
Tezed by rhe plholon corpelaton techinigi,
As longas the dispersion has observable
Muidity, Lruwslational diffusion cocMeints
can be measured and Lranstormed intn
putlicle size nformacion. The Gher optics
technnlogy crables remote measurement
of processes. For amall purlicles less than
I, weenrate measurements ol s in
concencraced diapersion can be shtained,
Agihe particle size increases, deviations
from abanluce sic are obserecad as the
concentratien ereases due tn muleipl;
acatceri ng el s, The precision, repro-
ducibility, and size range ol meseuremanl
assncialed with POS measurements
applies oo the FOOTELE moasn roments,
TOORLS applications reported include
particle size groveth i etaolston polym-
vriztion, nucleation processes in maalli
oncide ra rd faclure snd monitoringe pro-
tein crystad provwth

Laser Light Diffraction

Over th las| 30 yours, there has been
imtense activicy en revitalizg Fraunhotor
liggh oli fEraction technology to measure
conceiatrared disparsions ey o wide
dynamie particle size range (0.1 800
paty by comhining Frgunhofir diffraction
Lechmeogy with lght scattering derec-
tars to gencrace » hybrid instrument,
There are at least 10 instrament vemdors
inwnlved in vhis murketplace, 'The market
pull for this trpe af inscroment has been

the neod w1 provide particle sxe disirilw-
i informacion aloee amd belows Lo um
wilh y single mstnument. Fravnbfiofer dif-
fraction phesics Jales back 1o 1840, The
ailvent of laser technalozy coupled with
advances in computer technology has
made this a viable commercial method

of measuring particle size since 19732,

The measuramenl is fasl g cun b ased
with div powders and often the instro-
trieetnl Gl choice for poveder coatioes 150
measurements. Comhining Fraanholor
diffrgelion with lighr seattering detection
via hiie theary has enabled messure-
mremis Lo b made down to 006 pa, as
reported by some vendors. The fechnigue
iz w moderyte lo dowresolntion techinique
for extracting mmultimadal discribgtion
infurmalivm, Below 2 wm, one has to
carefully check the validicy ol he spocific
instrurnet vendor's software to extract
rnclee e disteilations,

Eleclroacoustlc Efforts

There have been atleast three vendars
(Wale Apphed Sciences, Sy mpatee, a1d
AMalwern Instunients) that have produced
inslruments which take advantage of elec-
troaconatic techinigues in concenl ralcd
ilispersion to messure both the particle
aize and the elecormnphoreie mobilive
distriburions. These techniques are well
siited G diense, increanic muterials sach
as titnnium dioxide # Lxploratory experi-
rmcetdation has been pnderway to evaluate
the technique for ovganis (ow-density)
dispersions, The technigue is mited with
respect to biteodal o multimadal disiei-
bution analysis inthe same way as is the
DLY techiigue.

FIGURE 15—Schematic diagram of 1he auto-dilulion apparatus and oplical

particie sensor [light blockage).
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Other Methads

Liiglaetrie specrrmsaagy bys some pronise
N purticle size characterization in
eoncancraced collimds, ss reported by
Sauer et al.# The authors showaecd 1ha
unique Cole-Cole plots could be obtained
as a funetion of coneenlralien gnd jonic
strvnplh for monodisperse latex particles.,

Rheadogical Mlow curve analysis using
the Crozs equarion for concenl taled
disporsions shuws correlations of one of
the rhealogical paramolers 1o particly
size and distribution.

Toath Jiclect e spectoscopy and rheo-
logical B curve analysis merit Turther
sludy as possible methods for characteriz-
ing the PAT ol concenirated divpersions,

Wide Dynamic Partide 5ize Range
Measurament Capabillty

Thare hus been a lot of activity T devel-
oping this capabilily nuanifestsd by the
dewclopmment of hybrid instromens o
cover a broad particle size range. some of
which haz been previously monlionel,
= Prannhofer Lvffraction M ic
Scattering (OL0G-80010 unt}

o TTigh resolulion geavitacionals
eentrifugal sedimentation
[T CH5— 10K 2rmy

o Combinaion of FEE modes (22,
StHFE with TITTF ar SdTFF)

= Single-particle optical sensing TS
(0.1 300 )

'The cumbination of ai ngle-particl:
apcical senging (S00&) with DLS offers
the possibility of analeeing 3 broud
parricle sive runge congervatively from
0.1-300 wm. The single parlicle optical
aensing method is a photezone sensing
methnd inwhich paricles are connted
Ty Vheir ability to obscure light as they
morve chirouph s nori fee, This techinique
i gutnated through an auo-dilucer.
The senaing siee range of 5040 is from
abour 1-300 pm. The SPOS technigue
is a high-resclulion technique with
rezpect to extraccing moltirmodal dis-
tribucinms il 5 extremely sensitive to
lovwe lewels of lavge particlos in Che pros-
cnee of small particles (contaminane
analvsia) A schemacic ol the aulo-dilu-
i SPOE apparatus s shown in Figume
15 with a separation of a hexamodal
s Lure of monodisperse particles
shewn in Figure 18 Lo demonstrate the
vesolution of the method. When coupled
with DL&, this hyhrid ingtrumenr can
charucrerize the tull P50 of particulate
syatemns i nwhich the main contributer to
thi: PEIr arw small particles.
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DLS provides characterization of the
srmall particles while SPOS charasier-
izes the small level of larper particles,
barely discernible in the 1DLS size
distribution. An gxamplo of this type of
analysis is shown in Figuere 17

Dn-Ling, At-line Arialysis

The main technigues availalble for on-line
and at-line analysis of particle size dis-
eributions bave been discussed o some
degree, These technigues are:

+ Fiber optic QELS (FHIELS} for con-

centrated dispersions

= Aytemartic dilution TS

= Anlomatic diluton turbidity analesis

= Taser sensor-backseatter

Measurements

Angular scattering and ahsnrhance
messureneats as 4 function of wave-
length with phoen dicde array Instro-
ments and automatic dilution coupled
with sophisticated malhematical analvais
of PSDs is revitalizing the classica)
rarhidily messurement sol has been cthe
subject of research by Prof. Luis Garcia-
Rabic ar the University of South Floreida
ar Tampa.*™ =k

Luscntech has developed a laser back-
seatter instrument to measure effective
partivle size (chord lenpth across a partele)
in eomeentrated dispersion lrom several
nuicrons to larger sizes and has found prac-
tieal application [oF monitor ng particle
size changes in many processes.

Strusctural and Textural Morphology
Characterization of Particle Shape

The need for structural and textural
rrrphology information has led o cosg/
performance improverments in automated
image analyzers that now provide shape
informatinn using signacitre wave form
characterization and fractal dimension
characterization of shape and texture

CONCLUSIONS

As e ool forwrard towrard the future, we
can crpect further advanees in PSD charag-
terization and measurement. It is antci-
prared Lhat additional hybeid trpe instra-
ments will ke produced to cover a wide
dyrami: particle wze ranee with imprewsd
resolution. The quest oe PST analysis
mthads for concentrated dispersions

with good resolution gwer o wide dynamic
vanEs will contimae and will be extremely
difficult to achiesve. TTonsever, advances will
conliml to b made In providing stooc-
tural and textural informotion as o regult of
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FIGURE 16—5%aparatian of a hexamadal mivture of monedisperse panicle size standards by SPOS.
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advances in computer technolopy, Another
majier (echnical challeng: whick will preh-
ably be met is the development ofin-line or
io-sitw prarlich: st moniloering icechnology
for latex reactors,

Imadditinn, we czpeal Lhe instro-
ments to be more user-friendly, easier to
e, mere automated and smarter with
respect to programmed intelligence.
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