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IXTHCDUCTION

The objective in thie work hzs been to determine,
through a critical literature survey, the possible apnlica-~
tion of ultrafiltration, and other rela ted technioues,
towards the solution of certain orobleme encountered in %he
research and testing of various pigments,

Among these nrobleme may be mentioned the following:

1. The determination of water-zoluble salts in
piguwents, which when dispersed in water to leach out the
salts, tend to pepvtize, thus being unfilterzble through the
usual filter pacer. Among these pigrents ere the following:
iron blue, certaln chrome yellows, pigment green B, copper
maroon, and severel others. It may be added that these
pigmente do not give a clear supernatant liquld when
subjected 10 ordinary centrifugation.

2. The deteruination of "bleed” tests in water,
alcohol, and other solvents on the above mentioned pigrents,
a8 well as several others. In the normal "blesd" test on
pigwents, the ‘igment is shakén in the solvent snd then fil-
tered through ordinary filter paver. The filtrate is com-
pared with that of & standard 1o determine the intensity of
the "bleed”. If the vigment tends to gceovtize at =11, the
filtrate will contain some of the prigrment, giving zn errone-
ous test.

$. The deternwination of particle size of vigments.
Among the various methods of determining particle gize may

be mentioned the foilowing: ultracentrifugation, ultra~
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wicroscopy, light microscopy, electron microscopy, light
gcattering, x-ray scattering nitrogen adsoxrption, and sev-
ergel others. All of these tee&niquﬁs are either very tediu
ous or requlre the use of éxpensiva gauipment. In addition,
most give only average values for narticle size.

4. The determinmtion of "over-size" particles.

In many «pplications of pigments it is undesirable tc have
present, particles or aggregates larger than a certain size
clags. Such over-s :ze perticles may present such problemsn
a8 poor texture in printing inke and enamels, poor tinting
strength, and leass tx&nag&&ancy in inks and metallic fin-
isghes.

5. The separatiom of piguent from a vehlele, such
a8 in a paint,; h&a'alw&ya @aen & problen for the analyst.
Other techniques rsrely effect a complete separation of the
pigment from the vehicle or of the vehicle from the pigment.

6. The separstion of one pigrment from enother in
£ mizture. Many pigmente are gold as miztures, either as &
blend of two or more related colors ox of a color extended
with 2 white. A notable example would be 2z "chrome' green,
which is & mixture of & chrome yellow and an iron blue.
Ultrafil tration may be spolicable in cases where the differw
ent components of a mizture are of widely different particle

gizes,

In order to fully evaluate the posgibilities in apply-
ing ultrafiltration Yo these problems, the following aspeocts

of the technicue are covered: terminology, historicsl

iy



background, preparation of the various types of ultrafilters,
mec - anisms involved in ultrafiliration, and spvlications in
various flelds. Only those aprlications and technicues used
in other fields, which may pozsibly»apply to the oigment field,
are included, and it is not intended that this should be
considered ag & comprehensive survey of the entire field of

ultrafiltration.
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I. femdnology

A ultrafilier may be defined (38) zo o filter vwhose
pores or interstices are of colloldol ox moleculer dimensions.
Filtration through 1%, with the objeect of ~ortizl or complate

ratention of the colloidal or maleculsy suaclien present in

For a conmparison of ultrafilters with other filtering
mecic, the following table shows the covproximete spplicable

rences (85).

mioronsg
Dizater of pores of hardensd filter paper 1.5 - 2.8
Dizmeter of pores of Chambeziand filter 0, - 0.4
Lover limit of ultwafiltars 0.001
Dieneter of bagteria 0.5 - 1.3

Dianoter of pigment particles (svprox. range) 3 - 0,005

It is desirable, at this point, o distinguish between
ultrafiltration and other elcsaiy related techniques, guch
w8, diffuaiocn, dlalyels, osmosig, snd electroul txofiltration,
This distinction has been illustrated by the following fame-
ilisr model (39). A vesszel iz 2ivided by z membrane into
two compnrtments, OF which one iv occupied by an agueous 50l
ution, moleculor or colloidal, and the other by -ure water.
Owing to the concentration gredient zeroscs the membyene the
woter will tend to diifuse into the solution, snd the 80l-
utes into the water com srteent, If the nmenbrane pores are

lurge comoured with the dlumeters of zll solute puartlicles



present, 80 that no epecific steric hindrance is offered to
the latter, both processes take place 2t relstive rates the
pame a8 in free diffuesion. The only effect of the presence
of the membrane is &« reduction of the srea through whieh
diffusion can cocur, and, in cazse the pores 4o nod run pele
pendicular to the membrans surface, & prolongation of the
path traversad by the diffusing molecules. 1If, however,

the poxre sizes zre of the same order of magnitude ap the
solutes partiocle sizes, the solute encounters s preferential
resistance; this =may in#lu&e 8 simple vigoous drag 88 rep~
resented by the Ladeaburg sorrection %0 Stoke's law, apeo-
ific molscular interaotion, or electrovisoous effects,

Such diffusion may be termed impsded. Dialyels is a dif.-
ferential dlffusion, employing s membrans impermeable to
the colloldal sclutes but permeable to the orystalloidal.
The latter diffuee into the water, while the water diffuses
into the solution, In dialysis under pressure, the solu-
tion is undey sufficient pressure sc that the hydrodynamioal
flow of water ou$ of the solution balances the molacular
diffusion in%to 1t, and the voncentration of the colleidal
golutes remainse unehémge;}, while the diffusible solutes ase
oape. If the membrane is lmpermesble to all solutes, 80
that the only dlffusion occourring is that of wadter into the
golution, the process is ordinary ocsmosia. A4t cemotio squil-~
ibrium, the solution is under a hydrostatic pressure (the
eemotic pressure) whioh osuses sufficlent flow out of the

gsolution %0 balance the molecoulsy diffusion of water into



1%. Xow, Af the hydrostatic pressure 1s incressed bheyond
the osmotic pressure, there is s net flow of watexr out of
the solution compartment, #ith = aanaantraﬁing of the s80l-
ute, and we have ultrafiltration. Similarly, in diclysis
under pressure, i1f the pressure ie increzsed so0 that both
water and 41ffusible solutes flow out of the solution, the
process becomes one of ultrafiliration. Under zotual cone
ditions of ultrafiltration, the hydrodynamicel flow through
the menmbrane dus %o the spnlled pressure is wsually ¢ much
greater than any diffusion sffeouts that the latter may be
considered negligible. In eleetroultrarfiltration, the re-
moval of sleotrolytes is hastened by the uss of eleotrodes
under the filtration medium, thue effesting a more complete
and efficlent removal of elecizolytes from disperss sysieme,

It is sleo deslirables %o dlstingulsh Letiween poroelity
and permesblility (39). The texm "permeability® hos been
frequently used to eharaateris& ultrafiliers, as & nmeasure
of the size of ths pores or interatices in the filter struc-
ture. The terminology sugpested for general use designates
fporoeity”’ to desoribs the Filter structure, snd *perxmeabil-
ity? for reference to 1te behavior in diffusion or filiree
tion of & digsperse sysiem. For example, a membrane of glven
porosity will show varving degress of permecbility to a oey-
tain proteln depending on whether the experiment ic one of
diffusion or ultrafiltration, and, in the latter case, on a
hoat of physical faotors inoluding the PH, the rate of fil-
tration, and the concentration of the solutiom,



The study of ultrafiliration hus invarisbly been sapoo-
iated with that of dislysis, osmosis, and the problem of the
seui~Darmesble membrans.

Exparimentsg in dislysis through artificisl membranee of
collodion weve recorded as early as 1855 (40), The first
mention of the process now known 28 ultrafiliration apvears
40 have bheen by Sohmidt in 1888 (77), who found that, when
g golution of proteisn or gum arablic wes flliered through an
snimal membyane, the Filtrute wae less concentrated than the
original solution, In 1860, Sohumeoker {79) desoribed the
collodion see for dlalyels, and Hamarelll (78) introduced
it in 1881 for hactericlogionl work, inciuding ultzafilira.
tion of blood plasme fm vive, NMar¥in (83) in 1896, used a
bacterislogioal candle impregiated with gelatin or siliclic
acid 28 an ultrafilter to separate colloide from oryotal-~
loids. In 1805, Levy (84) ultrefiltered enzymes and showed
that dialysig and ulivafiltration 41d not mrrive a2t the same
reault, ‘

The classic work of Beckbold (9), who coined the term
ultrafiliration® in 1808, repressents the first syetematio
study of this subjeet. Ly impregnating filter psper with

branes of graded porosities; he wae the first %o estimate
eritioally the pore sizes in hisg filters, znd first pointed
out the role of adsorption and other physical faotors in the

filtration procese. In the next twenty years or 50, nuperous



workera experimented in wltrafiltration and introduced var-
fous types of ultrafiltars and methods for grading the por-
coity. among these may be mentioned Bigelow and Cemberling
(14) who prepared flat collodion membranee from ether-aloo-
hol solution, snd Zaeigmondy and RBachman (98) who putented a
graded seriee of membranes to be manufactured by o elmilar
process. Kesnwhile, ulirafiltration {echnigue had been
adonted by bactericlogiets and physiologistas, whoe employed
it in attempie 10 estimate the particle size of enzymes,
toxine, and viruses, aad {0 conatzust models of vital prow
cecaes involving memblanes,

Ultrafilier membranes were regarded by come early authe
ors s& mechanical sieveas, so that permesbility was = function
only of particle dimwmsiamm-aﬁ& pors dimensions. The OnDOw
pite oxtrems in explaining semiparmesbility was reached by
the capillary attrection theory (13,83,89) which represents
the solvent as stxongly adsorbed inm the pore und tranemitied
by surfsce mobility of the adsorbed molscules; ond by the
theory o partisl salubiiity {85), which represents the £o0lw
vent &8 dissolving into the membrane »n one side and out on
the other. These theorles would predict specific effects
devendeént on the nzture of solute =2nd solvent, whereas other
workers {28) demonstrated the sieve-~like behavior of meme
brones in the flow of various liguids through them, and 1t
wes aleo shown {23) that the rate of impeded diffusion of
crystallolidal molecules through membrznes depsnded prin.

eipally on the molecular volume and not on the nature of



the diffusing solute. On the whole, there is adeguate sup-
port for the viewpoint that the fundawental mechenism in
ultrafil tration is sieving, modified by adscrpiion, bicok.
ing, and other effeots arizing from the very large ratio of
pore length to pore width and of pore surfsce 40 GXoT®-
ssotion area in sll ultrafilters (38).

The moet significant recent developments in ulirafilire-
tion have been the extensive study by Manegold and ocllabora-
tors (58) of the structure of collodion membranes, and the
introduction by riford {(33) of the woat satisfuotory graded
series of eollodion membrines yeou developed which were suo-
ceasfully used to estimate the sizee of particles in a2 nume
ber of disperas syatensd.

The application of ultrafiltration to chemlcal and bio-
logical problems are twofeld: fyaotionation and atudy of the
composition of dispsree pystens, end estigation of the parte
icle mizes in disperse systens.

The simnlest examnle of the firset type of problem ie the
preparation of a collold-free ultrafiltrate from = sol. This
is of value in $he study of lyophobic colloids (68) and lyo-
philic colloids (84) alike, and especially in blologiosl in-
vestigations, where much attention, has been given to pro=
tein-free ultrafilirates of blood serun and plasms, Thie
type would be of interest to the pigment snalyst. Ultraw
£iltzation aleo permits obtaining the Adisperss vhase in



golid form, 1f desired. in exauple of the removal of parte
icles of a different order Of magnitude 18 the sterilizastion
of bsoteriologlionl syatems by ultrafiliration, whose methods
are often superior to those involving the use of porcelain
gandle Ffilters (38). Water and solutions of inorganic and
orgasnic orystalleids may Le ultrafiltered to remove stray'
forelgn partioles, ylelding optically clear filtrates (84).
4 lesssimple example of freeticmation i the sagax&%icn of
colleidal particles of different esizes. Thus, in 2 suepenw
sion cooteining baoteria, bacteriephege, and products of bao-
texiolysis, suitable filters have served for guantitative
separation of the different constituente {20). In the ocase
of a polydisperse colleld, successive filtration through menm
braner of ﬁixgsra#% poroaities &ay fractionate the largs
particles fyom the mmall (8).

The sesond type of problem, whieh may alse have appli-
cation to plgmenta, is the satizatien of pertiole zize,
This is much more difficult andAzﬁguixdﬂ & more oriticsl
selection of filters and a myatem of calibration and sten.
dardization.

In any application of ultxaﬁiltratian, certaln sped-
$fications muet De et for the filter employed {(39), The
phenomens which couse the Lshevior of an ultrafilier %o
differ from thet of an 1deal mechsniosl sieve arise from the



high ratio of pore length to pore diameter; and, while it

is seldom »oesible to reduce thiairatia below & thousand,

it should be limited by ohoosing the filter =& thin 28 pPoss-
ible. On the other hand, the filter mus$ be mechanically
gtrong enough to withetznd the pressure applied in filtra.
tion without distortion or rupture. It must be reasonably
isoporoua, and free from cceasional pores whioh are much
larger than ths average. 0f course, i%t muet not react with
or dissolve in any oomponent of the systew which ie filtered
through 1%, For & frsotionation emperiment, rigorous oone
trol of filter porocity 4e unnecessary, 80 long a8 the pores
are large snough to pasé the comoonents desired in the fil~
trate and small eneugh o retain thoae éﬁsl?&d in the resi-~
due., It ia for this resson that 80 many oun sarly experiw
ment, in which no regulation or callbration of filter porow
glty w»as made, sucoeeded in the desired fractionstion, 1%
is deelrabls, howaver, t0 ¢alibrate filters rigorcuasly and
to have a2 wide ssries of poresities availeble, in order to
attain best efilciency by saleoting for a given experiment
the most highly porous filtexr which will yet perform the
regquired separation. For estimation of partiocle sizes, a
series of carefully calitrated filters covering z wide

range of poroaities is an aeazsential reguirement. For come
parative experiments, groupe of filters of exwuctly ocompar-
able porosities must be avallable. It may be mentioned

here that high quality, carefully graded membrenss are
available commercially from at least one American source.



Most ultrafilter membrunes are gelatinous, end in the
great nmajority of csces the gel consists of collodion, i.e.,
nitrocelluloss containing sbout 11 vper cent of nitrogen (39).
This gel is produced from a solution of ocolloedion either in
gleeolal acetio aoid or in & mixture of volatile solvents in-
cluding orincipally ether and ethyl alechol. Preparation of
artificial gel membranes of repwocducidle chiracteristios re~
guires striot sdherence to empirdeal rulee in the minor dee
taiia of teohnique, sud iz partioularly true of ether-sleohol
collodion membranes, but the latter are the moct satisfact-
ory if vrepared with the required Q&@é.

Gelatinous membranes m&y bs classified spoording teo
whether the gel ls fmpregnated is & supportiang strusiure or
forms ite own suppprd. Membranes way also be prepared from
non-gelatinous matexriale,

gollodion membranes impregneted inm filter paper were
introduced Ly Bechhold (9), in 1807, and his simple techw
nicue 8%ill represents the eaaient method of precaring a
groded series of ultrafilters. A pleoe of hardened filtey
peper is soaked in a soludlon of Antrocelluloze in glaolal
acetic a0id. The excess soclutlon in drained from the paper,
and the membrane is gelled by immersion in water. The acetic
seid is removed by prolonged washing, leaving o £1lm of nitro.
cellulose {with nerhapo some cellulose scetate) imbedded 4n
the filter parer. The higher the ooncentrztiun of nitro-
eeliulose in the originsl sclution, the lowey the porosity
of the membrane., FHetention of air by the paper, which



might’re%ulﬁ in wmlorosgopic pinholes in the finsl sewmbrans,
is diminished by preliminery soanking in pux@ soetio acld,
and practieally eliminated by conducting the oollodion ime
pregnation in & vacuum, Uraining off the oxocess galuﬁion
from the peper may leave o layer of irrepulsar and excesslive
thicknesg, especially in the cuse of the more concentrated
and hence more vigcous solultions,.

The chief wdvantsge of these menbranes lies in the relw
etive eimplicity of preperction and the wide range of pazﬁ%
sities obtaimable. Dore dlametexs may bve obtiained from 1 $0 5
p down to lems than 10 mp.. However, in & given filter, the
pore gizes vary over o considerable range, and the 1llmited
reprodugidiliity in avemags pore dizmeler from one nembraone
0 the next makes eomparative experiments difficult, even
with the rigorous oontyol of sxperimsntal technique. Fure
ther, thesé fil%ers sre thicker then self-supporting colle
odion memvranes, an%, in contyast to the latter, their
thickness 1nsxeaataﬂwi$h ﬂaéraaning porosity, thus making
the ratio of coré length ¥ dlameter doubly excessive for
the denseet membrunes,

imgregnati@n of e¢nlledion in & oloth support has been
patented by Duclaux (88), who hzs slso impregnated cloth with
gellivliose acetate, forming o gel sulteble for filtrations
with some organic solvents like benzene {38). It may be
possible that this iype of membrane would be acplicable in
the separstion of a plgeent from 2 peint system.

Bargues (8) prevsred membranes by dissolving

10
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soetyloellulose in & 75 per cent solution of mupnesium Pele
chlorate, coagulating by dilutlon with water or dilute mage
nesium cerchlorate solution, wnd veshing out the selt, Withe
in wide limite, the porosity of the precipitated fililer iz
proporficnal t0 the thickness. The mechoniesl strength of
these filters osn be ineressed by Sorming them on filter
poper, clotly or metal fsbrics,

In some cofeg, & wove rigld suspoxrt for the ultrafilter
pel is employes, such &8 voweelain, alundux, or wetsl., The
carlicst tmpregneted filters of this type were those prom
sered by dHartin (83), in 13098, by filling the pores of &
Chumberlend sandle of ungl&geﬁ'pgrcelﬁin with gelotin ox
5ilicio acid. Laperis (63} impregncied Cherberlind filters
by immersing them in 4 per cent oollodion. e claseical
“wamiﬁaxmﬁﬁﬁia“ nembranes for ospotic experiments, inteo-
duced in 1877 by Pfeffer (72}, consist of copper forzoey~
anide devosited in unglazed poreelsain, and hove a very low
HOTOELEY.

The moat p@pular’gamgélain impregnoted ilter is thet
of pechhold wnd rFonig (11}, which is & Pechhold memhrane
with poreelain subeitituted fox filter puser. ULxucibies,
evaporoting dishes, znd other vessels, with unglezed botioms,
are impregnszited with scoetic collodion in the usual way (39},
After use, the niitroce lulose uuy e bureed off, The DOrge
sity i@ varied, 28 cbove, by varying the concentration of
gollodion in the imuvregnoting solution, This type of filterx

way wleo bo used with noneaqgueous solutions,



Ultrafilters impregnated in porcelain snd the like have
the sdvantege of mechanicsl conveniencs and strength, They
ars, however excaeseively thick, and can remove lurgs Qﬁaﬁw__
titles of materisul from flltratee by adsorption, They should
be used only for filtration of large volumes of material,
where rigid control of membrane porosity is not requived,
sinos soourate oalibration is difficult (38).

While aoetice collodion membranes must be of the ip~
pregnated type, owing to the fragility of the ucetic coll-
edion gel, membrancs mads from ethepeslodhol collodion have
gufficient styength to be selfwsupporting. These are made
in the fomm of eithey sacs or dison,

Gollodion saes wers the first ardificial membranes to
be generally adooted {78), and have best used Tery extense
ively, sspesially is blologlesl research. The porosity of
collodion sacs 48 varied by aﬁﬁuﬁaing'tha ¥atio of alechol
to ether in the solvent, and varying the time of draining and
the duration of evaporation; slso by zdding emell quantities
of other reagents te the molution, Thess added substances
mey sloo effect the mechanies) properties of the mewbrane (38).

The collodion cmo is particulerly populor bvecause of
esse of preperation and the lurge area avallsble for £il-
tration, and becauze it constitutes Lt& cwn container and,
unliike the dlse, does not requlre o« mechauieal holder with-
glamp and geskets (39). It i3, however, nulte unauited for
work reguiring uniform und reproducible wltrafilters. In
the first place, the poroeity of a given sua is diffexent
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at different voints, tending to be greater at the closed
end than =% the open end, and it is very diffioult %o nmake
successive szes of similar porosities, on account of the
high viscosity of the colledion and the rapidity with which
the solvente evaporate.

These difficulties may be overcome by forming the
collodion into diso membranee (14,33). & thin layer of
collodion solution is poured on s caxefully levelled glass
‘plote, & surface of merpury, or 4 glase vlate floated on
meroury. Hegulated svaporation procesds, sither by diffus~
jon of the zolvent vepore into & fairly large draft-free
enclosure, or the slow passage of known guwaniities of alr
of regulated humidity paet the glass plate. Convection
ghields prevent irregular sir ourrents. The temperature is
carxefully controllsd and maintalined comsteant, After suffi-
olent of the sclvents has evaporated, the collodion seis fo
8 gel. The ewaporation is prolenged o opeoified time, and
ig then ended by suddenly covering the collodion film with
water. The resaining solvente are washed free, and the
film ie out by dies into small dises. ¥hen proper attention
ig given to consistency of zll detzils in techuique, it ls
posgibls to prepsre {rom the same sheet forty disce; whioh
diffexr in porosity by less than 3 per cent from one another,
while suocesgive sheeta poursd from the same solution of
- ¢ollodion agree in porosity within 10 per ocent. The slzes
of porss in a given dize vary within comparstively small
limite.



14

It is customary %to keep a pressrvative, such ss thymol,
or form:lin, in the wstier which covers such membranes during
wash and storage, =zince the collodion is partioularly favore
able to the growth of 3 mold which enters the pores and oow-
pletely slters the porosity. GCome procedurss {33), however,
involve sterile technigues throughout, avoiding the presence
of pressrvotives which might have some effeect in subseguent
filtratione,

The porosity of collodien dise membrianes i varied by
the sane general methods employed {03 saes. Hembranes of a
very low porosity srs prepared by allowlng the solvents to
evaporate completely from & £ilm of ethez~aloohol collodion
{71). Suoch *dry osolledion® filme demonsirate even s differ-
ential permesbility %0 ions.

Duelaux and Amat (37),. prepured membranes by pouring s
solution of cellulése sceiate in satureisd acuBous magnes.
fum perchlorate on glase, plunging iato water, and removing
the salts by washing with watey. The porosity of these men~
braznes veries as 111000 scoording as the concentration of
the solution varies from 3 o 30 per cent. The asoitusl thick-
ness of the film mey vary between 0.08 znd 8 mm, These filme
undergo very slipght and very slow chonges in humidity. The
faot that magnesium perchlorate solution diseolves other
gubstanoes suoh &8 stareh, gelatin, ete. enables mixed films
tc be prepared. & similer procedurs is desoribed by Baue
douin and lewin {8}, who add 5 to 16 per cent of dry cellu~
lose mostats to & saturated agueocus solution of magnesium
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perchlorats and the mixdure kept in an incubator until sol-
ution iz complete. This siruvpy solution is poured on glaes
plates surroundsd by low rims and, aftar 14 hee leveled off,
distilled water is floated over the surface. The flime obe
tained are stored under water and the pore size does not ohange
with age.

Commereisl cellophune iy & membrane of pure cellulose,
with & trace of glycerol. 1% was formerly possibls o obe-
tain grades of ocelilopheng whish, when swelled in water, had
& porosity of about 4 mn, snd formed very convenlent ultra-
filters for many purposee (88). It iz possible to replace
the watear, proceeding by way of mutuslly miscible liguids,
by verious organie solvents to yleld mnembranes for f1lirae
tion of nom~figueous solutions, Cellophane of recent nmanuw
facture is less poroue, and sven partlally retszinse materials
guch as sugrose in ultrafiltration., I4s poroeity may be in-
creaged by swelling with congentyaitsd solutione of sodium
hydroxids or zino ¢hloride, but only with @iffioulty to an
axtent sufficient t0 pasg sucross in undiminished concentra-
tion (B3). Beveral reoent authors desoribe the use of cello-
phane tubing, such as thet used for ssusage casings (23,48,
90). The perszeability of this tubing and the rate of filtra-
tion are determined by the cellulose content of the membrene.

Various animal menbranes have besn suployed for purposes
of dlalysis wnd ultrafilirstion, Among these may be mentioned
figh bladder, pig's bDludder, and goldbezter's skin {9,14),

A Tew types of ultrafilter membranes whose struscture is



not gelatinous way be mentioned. Nemning (82) plated niokel
on 200-mesh wire gauze of nickel, znd thus deoreased the
gizes of the interstices o give pore diammeters of from B0
mp to 300 mp.  ¥arrick and Mack (B8) distilled the zine oud
of strips of brase, leaving porous ocopper wenbranes whioh
ghowed differentiel permeability to gases snd could servé
g8 semipearmesble membrunes in the cemosis of agueous 801w
utiona of suerose. The porosity was evidently very small,
Prauenites (74) prepsred witrafilters of sintersd glass, with
mean pore diameters of 1.8 u, |

Filters heving the qualities of an ideal sieve have
been prepared (41) by plereimg the pores in n thin colledion
or metallic shest of & thickuness renging from 1 to 100
by means of & pencil of oathode rayse.

3ilicen carbids filters have been preparsd (1,3,8)
which zre olaimed to hove better defimed conetltutions than
cellulosic filters and they sie nonsbeorbent snd nonzssotive.
By sording varticles as %o size, pores ze #mall es 0.02 p
can be obitained, The volume of the pores s a constant
freetion of the total volume. After separating & suspension
of silicon verblde in amwoniazcel water by ﬁﬁ@&ﬂ%&%ﬁ@n, ulirse.
filtration, snd fractionzl centrifugstion into fresotions of
uniform partiole aine, an ulitrafilter was conatructed by
depositing on filter parer from sguecus guspensicis SUCCw
essive layers of particles of progressively dearsasing slze.
Filters of thig type permitted determinstion of micelle nizes
aceording to the grelin size of the zilicon caxbide used for

18
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the filters.

An adequate method for grading the porosities of
ultrafilter nenbranss must be capable of varying the poros-
sty continucusly, maindaining satisfasotory mechznical prop-
erties throughout the range.

The vrincipal method fox grading scetio collodion mem-
branes is that originally used by Bechhold (8}, - variation
in the goncentration of eollodion im the impregnating sol-
ution. Haﬂxann&‘the membrane porosity %¢ be relsted anti-
batically with the concentyation of cellodion, but rasulis
were not reproducible from ome solution of collodion to the
next. In later work, hnvwaa atle %0 ashieve & certaln dew
gree of reproducibdility (38).

In the garly experiments on ethapealoshol oollodion
membranes,; where the porogity was graded by varying the
evaporation time#, no guaniitative date were reported (12,14).
However, it was shown that this method is incapeble of pro-
ducing porosities of greater then sbout 60 mp. The shorter
the evaporation time, the more highly porous the membrane,
but the eveporation must proveed at least long esnough to
allow the collodion to met to & gel.

Brown {(18) @repafea & graded series of collodion sses
by allowing them to Gry coumpletely and then swﬁlking them
in aleohol-water mixtures of varying concentration. The

higher the proportion of aloohol in the awelling solutiom,
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the higher the porosity of the resulting membrane, but the
range of varistion was lirmited, sinoce & concentration of
gver 98 per cent of aloohol in the srelling solution would
dissolve the oollodion, The most highly porous menmbrane
obtained was revorted imcermeable fo filtration of Night
Blue and Conge red.

Addi tion of various non-nolvents or orecipltating
agent® to & oollodion solution was found to incresse, to e
1imited degree, the poyosity of membranes prepared from it;
among these reagents weve glyocerol {(78), water {70}, lzotle
selid (29), and ethylene glyool (73). The porosity incresse
was limited by the sffsct on the strength of the membrane,
which beocams fraglle 1f too mush reagent was added, and 1t
was impossible to prepare membranes of high enough porosity
for some purposes,

ie the result of a gystematic study of the effset of
many resgents on the porosity of membranes prersred from
eollodion solutisns, Elford {30) found thet, in general,
addition of good solvents caused s deorsaee in membrane
porosity, and nonesolvents or precipitating agents, en in-
crense in poxosity. Amyl sloochol or acetone alone wag a
good solvent, but in the presence of each othexr there was
an sntagonistic effect which resulted in a porosity inoresse.
On thig vesis, 1t wae possibles to compose cmizxtures of ether,
ethyl alcohol, amyl sleohel, and acetone, %0 which were
added emall gquantities of other reegents, for vreparing &

graded series of membranes of optimus meohanioal propexrties
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and with porosities covering = very wide range (2 p to 2 mp).
Poreosities were incorezeed in steps by addition of water o
awyl aleohol, and deoresased by addition of acetic acid oy
(38) ethylene glycol monceihyl ether (Cellosolve). Finme ad-
Justments in porosity were made by sltering the eveporation
time. This permitied grading of porosity on & continuous
scale.,

The results of adding various reagents to ethexr-aleohol
collodion sclutlons; a8 influeneing the membranes prepsred
from the latter, may be summarised as follows: ether-azloohol
pizture (3} dilutes the colliodion and muakes mewbranes thinner,
more porous, and rather britile; ather (32) dilutes the coll.
odion, mekling membrengs thinner without muoh slterction in
porosity; ethyl aloochol (38) makes wembranes thicker and
wecker, and deoreases the poropity; methyl aleohol (32) de-
oTeases porosity; emyl alochol (3,32) decresses porosity,
but, in the presence of acetone, increases the porosity;
water (32,70) inevezses porvelty; if esdded in too great
smounts, makes membranes h&itéle and sone-uniforn; agetie
acid (298,33) decrssses porosity markedly; lzetie acid (28)
increases porosity; ethyl zoetate (3) lnorezees porosity
markedlyy ethyl formute (3) increasesm porosity; glycerol
{20,78) increases porosity; castor oil (78) incresses poro-
sity and toughness; ethylene plycol {73) increases porosity;
Cellomolve (38) decrsases porosity markedly.

Some model of the structure of ultrafilter



membranes must be essumed forx the quantitative oaloulation
of porosity from calibration data (38). The limited means
for studying membrane structure expsrimentally must be em-
ployed in order to selecot the most sultable model,

The most simple model of an ultrafilter is a sheet
plerced by _right olreular oylindere, so that the affect in
filtration ie thut of 2 bundle of cylindricul ocapillaries.
This wae the assunpiion made by Bechhold (10) in calibrating
hig acetio colledion memtyanss.

UYanegold (57,58) has diseussed possible srrangements of
porous ammi in some detsil, di‘sﬁmiamng betseen
canal strugbhires where the solid phase is continuous, and
branching structures wheps $4 is no%. The latter type seems
0 be the more likely in #he occse of ihe gel membrene, bul
it 1a mok mare A1fficuld o treat., As for canal structures,
Kansgold speeifiss six eryangsmentel

(a) Pores {ociroulsy oruss segtion), #£11 running perpen-

dicular tc the wembrane surface,

{b) Pores, a third of the toital number rununing in each

| of three mutusily perpendicular dizectione, withe

out any intersestions.

{e¢) rores, oriented in haphazard direetions, without any

interscotione.

{4} Cracks or slits {rectangulsr crose section, &ll run~

ning perpendicular to the membrane surface,

{e) Slite, a third of the total number rumning in each

of three mutuslly perpendicular directions,

20
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without any intersections. | ,
(£) $li¥s, oriented in haphazard directions, without
any interssotions. o

As far as rate of flow of water thrbugh the membrane 1g
concerned, it is impossible to distinguish between any of
these etructures. Nanegold, after varied experimentsl stude
iss on ether-alcohol membrsnes, concluded that structure (f£)
iz the most likely. This was not, however, the only inter-
pretation of his dute phmsible (39). Most evidence nointa
to struoture (&), with slight modifisations, as & satiafao-
tory working baeis, Perhaps even more iumportant than the
shape and orientation of the interstices of an ultrafilter
is the degree of wnifarmity of theiy dimensions,

Fiford {31) empleyed films from aceilc oolledion and
ether~alonbel colledion, prepared undex verious conditions,
for studies of their sivusiures with the miasroscope and ultzo-
mloxomcops, Two types of gtructure sers distinguished. The
microgel structure bas interatioes of microscopic dimensions,
and i3 highly irwzeguler; offering pores of differsnt dime
meters. This type of gel is formed when nembranes sre pre-
pared from dilubte zoetic collodion coagulsted in water, ox
ether-aloohol collodion vhich is cosgulated in water befors
the svaporation has proceeded long enough $0 set the film to
2 gel., It results from diffusion of water, & nyrecipitating
agent, into the colledion solution while the latter 1z fluig
end the micelles are mobile. "m the other hand, the ultregel
has 2 very fine, unifomm, granuler structure, reveazled only



vy the uliremioroscope This gel it formed when etherealoo-
hol eollodion 1s allowed to *set® before immersion in water,
or when Tilms of soetic collodion of high viscosity or axne
treme thinness are treated with water. It results from the
replasgment of solvent by woter in o structure which is large-
1y immobile while the xeplacement proceeds, the colledion mis-
a&i&ea»haiﬁg heid fTesd in & previouely st gel, or oriented
by éurf&ss forees in & very ihin film, or behaving 28 1f ime
mobile in a eclutdon of high vissosity. In ether-alcohol
gollodion membpunes, whioh afe in srsotioe prepcred by ime
mersing in water only after the gel hes set; the ulirsgel
structure prevails. In aoetlo collodion wembyanes, the
structure grades between mierogel snd wlivsgel socording 4o
the visgosity of the impregaating solution and the thickness
of the impyegnatsd fiim, This expleins the leek of wniform
porosity in the lstter meabranes. The wlivegel structure i
the desizable ons} unfortunaiely, the ultramicroscops ocun
give no iuféxmaﬁiwn cvmcerning 142 peomeitricel detsils. Yon
Axdenne {88), however, has shown alegiron photomiorographs
of ultrafilter membranes fyom whioh he wee able to caloulate
their nore diomeveXs quite zoocurately.

grabar and de Louvelro (44) prevared histologicsl sedw
tions of various =clliodiom filters. The more powous filtevs
showed, under the light microscope, clusters smd chaine of
granules, the fineness of which determines the dlameter of
the pores., With filiters of 2 smeller mesn pore dlameter
then 100 mp, which cannot be studied with the ordinary light



mioroscupe, but may be with the polarizing microscope, there
is birefringence due to & change in siructure.

fne of the eazllest netheds of characterizing a membrane
was by the proporiion of empty spsce in 1ts etructarse (8?),]v
This may be determined by obtsining the “speoific mater con-
tent®, which is defined (35) as the relutive lose of welght
by rzemoval ¢f water from the filter pores, snd is ldentified
with the total volume of sii the pores.

The speelific watér vontent 6f ethsr-aloohol collodion
membranes is remarkably high and conetant for porosities from
30 mp to over I p {38). The proportion of free cpace averages
abau§ 0.8¥ wnd ie vever less then 0.80 fox zll theme wembrenes.
Very close packing of pores in etructure (#) would be requized
%o provide this free mpacs; hezagonsl gloss psoking, which
gives a maximum of 0.80 for the oireular eyliuﬁéra in tangen~
t1:1 contact, would barely suffiece. Siruotures (b), (o), (e),
and {f} are impoasible for lmék of yoom for non-intersecting
pores. If pores are to be postuloted running in three mu-
$uzlly perpendiculay dirsotions, they must be considered #o
intersect 0 an sxtent devendent on the value of the speoifiec
water content.

Eetimetion of the porosity of = membrane by meagurement
of the rate of flow 0 water through it was first sugpested
by Guerout (48) in 1872. The rate of flow through membranes,
as & means of characterizing them, was applied by various
workers, whe studied its dependence on experimantal condi-

tione, Jt was found 0 be propordionzl to the pressure for



pther-alcohol collodion membyanes (12,14,28,88), demonciéraes
ting that the flow is viecous. However, devistions from the
proportionality low hive been observed in both &irsationﬁg

the increase in rate of flow with increasing presaure may be
greater than lineay (58), which is attributed to distortion

of the wmenmbrans at bigh preasure, or to bringlng impoblle aure

face luyers of water into motion at high prezeures; or 1t may
ve lese than linear (24), which is attributed to restriction
of the area through whieh flg¢w osmgurs when the memtiune is .
forced zpainat & perforeted mupport at ﬁigh pressures. This
- lust effeot vhowe that when rate of flow ﬁaauureﬁen%a,are
mnsde for the purpose of porosity celoulations, the membrane
pust not be supported spalinet o wire gauze or perforated
plate, #ince the caleulations yequirs ascurate definition of
the arsa through a&i&h £f1on is ooourring, In the case of &
mechaniocal suppert, the arss effective in filtrstion varies
from the tetal wrem of membyans, 8% low pressures (24), to
the limited area aetually opposite the pexforations, at high
pregeure (33), Vhen the sffepiive ares is olearly defined,
and the premsures employed do not dimtort the membrane, the
rate of flow is simost striotly propordionsl o the nresauze.
The devendence of rute of flow on temperature has been fﬂﬂ&d
for collodion membranes o be non~linear, and may be entirely
attributed %o the tempexsture varistion of the viscoslily of
the flowing liguid (28},

1% is remarkable thet membrines of colledion mey bhe préw
pared govering a porosity range of & thousand fold, and
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- partioularly that, in the greater part of this range, the
total space occupied by the pores is independent of the eize
of the latter (39). Incresse in norosity is evidently accome
piished by redistribution of the nitrosellulose partioles so
thaet the pores become lerger but slso less numerous, This ise
probably a result of a reversidble, gradual ageregation of the
nitroosllulose, giving progrecseively larger particles (35) «
particies which are not spherical, but elongated, as showmn
by stresming double refvactiom (80). Such gradusl sgrregse
tion ie exceotionslly favoved by 2 solvent conteining eamyl
alochol and scetene, explaining how the method of Flford can
give such highly porous mesbganes with wnifoxmity and adew
quate tensile strengid. Pressscs of watey fevors sggrege-
tion, but 1% ig not gredual; 1t produses Llowking and cosgu~
lation, and the reaul ting membrans may e fragile and none
uniform. The diffexence veiwsen the action of water and that
of anyl alechel and acetons 16 clearly shown by titxating
collodion solutions with thess veapgents (3@).

The vpreparatien of an etheresloshol collodion membrane
coneglates essentially in the evaporation of solvents until
the film sete 1o a gel (39). The degree of aggregstion of
ocllodion at any point in the »rocess depends in a highly
specific masnner on the composition of the solution. The
composition of the smoludion dernends in turn on the 4ime
slapsed and on the original nrovortions and volatili ties of
the various zolvents and non~golvents in the solution., Two

processes probably occur during the evaporation {38): s
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gradual aggregetion as the proportions of polvents znd none
golvente change, aund & suddsn galling when the aeneeatration
of collodion becomes sufficiently high for the agpragates o
lock into = rigid strueture. The membrane porosity iz deter
sined, largely, by the extent to which the aggregation has
proceeded by the time gelation ooocurs. Continued evaporation
from the set gel, zceompunied by shrinkage of the gel when
it is 1lumersed in water, will decoYease the eventual porosity.
sooording to Graber and de Loureiro (45), the mtructure
of the nitrocellulose membranes obtained by evoporation de-
pendg on the compozsition of the sysiem at the moment of gel~
iffcation. The porosity of the membrane depends on (a) its
ewslling {ratiom liquid/sclid) emd {v) the dimensione of the
nitrocellulose sgpregates, The fwalling of the gel i2 equal
to the ratio gelifier/nitrocellulees in the initial solution
the inflation of the iaghea wenbrans ig propordional to the
gwelling of the geia The dimenaions of the nitrocellulose
aggregates depend on the nature and proportion of the eolvent
preassnt in the aystem &t the moment of gelation. |

D

Two fundamental questione must e angwersed in the
charsoterization of an ultrafilter (39). One concerns 1¢s

average pore aize snd disfribution oi sizes, and the other,
ite vehavior in filtering partioculate eyastems, The first

gquestion is answered by messurements of speoific water cone

tent, rates of flow, and bubble pressurcs, while the segond

38
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involves consideration of the complex mechaniem of filtraw
tion. The sepond guestion is the wmore impordant in the
atudy of ultrafiltretion, up distingulshed from that of the
merbranes themselves, but i¢ is not convenient to charsoters
.iza wliralilters in terma of filtration of disperse systeme
glone. In the first place, the behevier of g filter toward
one 80l may differ from 14s behavicr toward another of eimi~
i1zr particle size. In the second pluace, characterization by
filtration of vavticles of known size doss not provides 2 oone
tinuvous sosle of grading. Oiven an ultrafilter, it e hardly
possible to sowmand a wide eeries of gole of different purpte
16le sizes o clossly speosd es to Dexmit gdleoting one whioh
the filfer retains and antther, oaly elightly finexr, which
the filter passes. Ouz the other hand, calibration by rate of
flow of water sseigns & seeific amarﬁgu‘pera &ia@a%sr 0 the
filtexr, Values of sverage pore ﬁiaMﬁtazyéxﬁvxﬁs 8 gontine
wous soale, and, for sther-aloghol sHllodlon membranes, are
eclose to represeniing the true dimensions of the pores.
The relationahip between the dismmter of the most highly
porous filter which retaine 14 18 of = specifio nature.
Jaloulation of the eversge oorve dlameter reguires nease-
urgment of the membrane {hickness, the sreolfio waler cob~
tent, and the rate of flow of weter through the membrane {39},
The membrane thickness may be nessured Ly & micronmeter
gauge controlled by a fine spring (39), with orecaution that
the mesbrene ie not compressed or deformed, or by cutting a
thin strip of membrane, bending it in the form of a Z to



stend on edge, and obgerving 1% in s light sicroscope equipped
with & miorometer ooulsr, ¥nre refined methods may smploy an
optical lever or interferometry (B51),

The speeific water content, 8, may be datermined in the
following three ways {38):

{a) By the diffsrence in welghts of the membrane with
its porea full of water (W,)} and then dried by heating to
80%0. or over sulfuric acid {Wg):

where 4 18 the mesmbyrans thickness and 4 $he erss.
(b) By considexation of the density ef solid colledien,

p; then Ty
A

{e) In mostie e@laaaiéa mamﬁxsnea, by sskamptisn that
the caagulaﬁgan does not aﬁaﬁga tha‘zpecifiﬁlvaiame of tha
collodion, ﬁa‘that 8 equils the percentage of soetio scid in
the impregnating solutien. |

For & convenlent messure of the rate of flow of water,
plford defined en suxiliary quantity, the "R.F.%." (F), in
serme whlch lead to the formulation

¥ ‘-3%§A x 80,000

where d le the menbrane thickness in millimeters, V is the

volume of water which flows through an ares A of the mem.

brane in time T under a pressure P {in centimeters of wmater).
The average oore diameter (J) may be oaloulatsd from ¥



{at 209%0) and 8, after introduction of dlmensional constante,

by the slimple ezpression

§ {in microns) * 0.334 \[iéj

trafilization spparatus requires n liquid-tight
olamp for the ultrafilber mesbrane, with a vessel for the
filtering system undér prescu¥e and s reveiver for the £il-
trate. For speeific cases, t&awa are wsauy individual features
of the spparatud %0 be considared. | o

For witrefiltration at very high pressurss the vessel
rmust be aaaﬁttusﬁed of ma%ai* For goryosive golutions glass
is more Gesirsble, but limite the useble preswure (43). In
sacs and filters of the Bechhold-Xonig type, m filter forme
its own vasaél, whieh is closed st s top By & stooper sealed
with calla&ian; or left open o %&g ntaaﬁphaxﬁ for £iltxation
under negative praagure (30},

The filter membrane may be supperied on & perforated
metal pl.te (42), a fine wire gause (19}, perforated glazed
poreelain (85), or other supporte. Fillter paper may be used
to increase the eifective srea by intergpersing it hetween
the menbrane and the rigid supvord, |

The filter membrane must be held ssourely in place in
the apparatus. T0 effsot & llould-tight Joint around the
membyrane, & gesket of rubber or‘ather compressikle, non-

permeable madterial may be used.



A ciroulay thrended ring maéy be used for clamping the
membrane in oloce, ag it produces an even preseurs around the
entire nexinhezy; Shesring of the membrane must Le avaxded
when assembling the apparatus. When very high pressures’ ara
usad, this may not give @ tight seal, zp 4 series of indiviw
dual bolts around the perivhery is employ~d (18). |

Fiitr&tica under prossures lowesr than simospheric is not
to be reo.mmended for quaniitative work, since the filtrate
tende to concenirate by repid evaperation (4). It is also
difficult 4o collect successive sanmples of filtrets, 2 prosed-
ure née@aeaty’gax adequnte @ﬁa&yﬁga of resulis, It iz conven-
ient, howsver, for filtration of large volumes of material
through highly porcus filters, whers the upper yessel may be
more easily veplenighed. '%ﬁx filtwation through zenbranes of
low porosidy, 1% 1s pore desireble 1o use very high pressuves
a8 the filt&n$iaa rede 1s such slowey.

In the more regent 11%&&&&&%#; various modifications of
apparatus for ultrafiliration have beén desoribed and will be
mentioned at this point, |

4 simole type of ultrafilter was éggerlbed by Greenstelin,
Turner, and Jenrette (48). The framewcrk conelgte of a glass
tuba of 1 inch inside diameter, zealed st one én& angd fitted
with a sidoarm 3 inches from the open end, The sidesrm is
connected through & trap 10 =n oil pusp,. The closed ends of
gevexral Soxhlet extraction thimbles of 1 inch diemster are out
off and the paper oylinders insexrted ona on top of the other
into the glass tube, reaching from the bottom of the glaas |
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tube to well bevond the sidearm. Two or 3 glase yrodse, care~
fully poliched on the ends, are insevted between ithe paper
#alle and the glass 20 38 W cover the aperture leading %o

the slde tube aond prevent drawing the pacer into the side

tube when suction is applied, Then o wetted plecs of 38/33
Visking cellophene tublng is tied off at one end end insgrted
witﬁiﬁ the y@pernlineﬁ;glaﬁa tube, Into the open end of the
cellophane tube a Ho. B double~holed rubber stopper Lo ine
gerted and open end of the plavs twbe sealed with the celloe
phane-goversd atoppery., B spall gloes funnel 18 set into one
of the two boles of the stopper. A protein solution is then
pourad through the funnel %ﬁ%@ the bag and the suction started.
After ¢ hours of ultrafiliration of & golutieon containing

i.4 gr%&a of protein in ]

00 o0. at 13 am. Hg presoure, BO co.
of wate®, completely free of proteln, hed psesed through the
mamhw&n@a‘ ‘ '

An ultrefilter wee designed by Xuyper; Andrews and Fidd
(563) which pexmiie the volleetion of sbous 20 oe, of proteine
free ultrafiltrate fom B6 06, ss¥um during 8 hours of ultra-
filtration, The filter compiate of four yrinaiyél parte én
upper seotion, & centrel eylinder, & funnel-pghaped bottom
geotion, and & atainless steel disk whish is the support for
the filtration membrans. Hitrogen at = pressure of about
100 ped, 18 used as the filling. ALl surfaces sre cozted
- with paraffin ic prevent corrospion., The ultrafilter is placed
in = tripod and oagillates about 148 vertival axis by means
of sn eceoentric drive,
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Bandouin and Lewin (7) desoribved an apparatus in whioh
a funnel provided with a fritted glass filter disk covered
with & oollodion membrane is placed in an inverted position
in = besker containing the solution to be filtered. The
beeker im placed in & closed chamber with the stem of the
funnel paselng through a rubber stovver or stuffing box in
the cover of. the shamber. Compressed siy oOr othey gas ieo ad-
mitted to the chamber, forxcing the 1iguld through the filter
and up through the steas of Ba funmel to the exterior. Memw
branes for this acperatus are prevared by disping the filter
plate into a sedutdon of sﬁliaézgn diapolved in glscisl age-
tic acid and then hung in 4istilled watew.

Clark {21) described an spparatus whioh oconsiste of a
series bf rutber gaskets and eellophane shests clamped tow
gether to pxa&ié& cshanbers for filtration and scllection of
the ultxefiitrate. The fluld 1s oconducted into the lumens
of alternate gzskets through 1B~gauge needlies, and the file
trate eecepeg through simlilary needles, Filtretion ig con~
ducted st sbout 1 ainﬁqphggelngsauze, and the filiration
rate for water is about 76 ca, per hour per 1000 &g, om, of
filtering surface. |

The centrifuge wez used by %ennesland (980) who employed
cellophane tubes which are plmced In speclal wire~net baskets

to give them necessery suprori, and slso by Clegg (23a) who

used a cellophane sac enclosed in a nylon bag.

%hen a disverse system is forogd through an



ultrafilter the dieperge phose may be lezs concentrated in
the filtrate becsuse of several reasons (39). It may be {a)
adsorbed on the surface of the filter and its vorea (primary
adsorption), {b) retsined within the porse or excluded from
such bloocked pores (bloecking), or (o) mechunlcally zetained
on tor of the filisr (eleving). fleve eotion may result from
heterodispersion in the filtered system or hetercrorosity in
the filter. The principal problem in selecting conditions
for caxrying out ulttafiitza%&#ns 45 t0 elirinate effects
(a) snd (b) a5 completely es pessidle, ¢ thot sieving, the
desired effees, 4¢ fhe contrelling faetor, The operation of
thege thres meghanices may g&ﬁngalwith_ﬁims &8 the filtrae
tion sroeceeds, 80 that, in the firetd place, erxaminztion of
the course of filt¥ation throws light upon the probtlenm.

The ideal methed for following an wltrafiliration
axperiment would imvolve continuous pepeaurement of the cone
centration of filtrate cud wés&ﬁws during the whole nrocess,
without recuiring the withdrawal of sarples, Thiz is poe-
sible in some cases by measurement of refrumotion or light
sbhoorption {81}, but irroses gerious limitations on the fil-
tration a paratus. It is usually possible, however, 10 sepw
arate the flltrate into successive smill samoles 0T ine
dividusl analysis, and $o withdraw smell ssmoles from the
residue frbm tize to tize if desired., Yhenever feasidble, =z

physical anslytical method ie oreferasbls.



The relutive congentretion of filtrate ic defined se
the ratio of the ooncentration of a momentary small sample
of filtrate to that of the original solution (34). “hen thie
is followed through the course of & filtration, & curve of
one of the forms ghown $n Tigures ) and 2 resulta. Curves I
arige from Filerztion through membrsnes whose poeres are fay
widery than the solute particles, Fhen the pore slzes are of
the same order of magnitude ze the pardicle gizes, the curves
moke teke the form of either IX - IV im figure 1, or IX » IV
in figure 3, In cach oase, the initially low values of fll-
trats conocentretion are attriduted 1o a primary adsorpsion
of the solude in the membrane pores, This, howsver, baoomes
satisfied as eoon a2 & sufficient volume has Yeen Tiltered
through. Alter this, the solule or desperss phane spoears
in the filltrate in preotically undiminighed concentyation
{curves L1}i ory if the pores are noy large enough 4o permit
this, the filtrate concantvation levels off or slowly in-
crepzes {figure 1), attributed %o sieve sstion; or reaches
& maximum end falls off mere or lese repidly (figure 2),
sttrituted to bloeking.

The ebémga with time of the concentrstion of the regid-
ual solution sbove the filter is ulso charaseteristic, %hen
the solute cppecys in the filtrate In praetisally undismine
izhed concentration {curves 1), the concentration of the
regidus {2 also proecticrlly unchanged, True sieve motion
{figure 1} iz aveomounied by an increagse in the concentras
tion of the residue, which may be menyfold if the proportion
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Relative Conotn, of Filtrate

Relative Cono¥n, of Flltrate

Typical Filtration Cuxves (34)

Figure 1, Normal Plitration

Total Velume of Tiltrate

Figure 3, Awmnormal Filtrakion

Total Volume of Filtrate
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of solute pessing the filter is small and & large fractiom
of the original volume 19 fildered. Hlocking (figure 3) is
aocomoanisd by an incorease in the concentration of the resi-
due to some extent, but it elweys involves colloidal instabe
11ity of the diaperse phase znd a tendsney to fiaﬁwﬁi&txaa
znd precipitation, s0 that the latter processeg ofien ooour
in the residusl solution, and the dieperse phase, instead of
eoncentrating, is cregipiiated on the mesbrane. Fiaally,

in the case of zayked primary adscrpiion from s limited
quantity of a dilube solublon, the comcentration of the resi.
due way be donsiderably diminished,

To obtain s guantliiative meassure of fllierebility of &
given dimperss system, equal volumes of the eysvem (voliwes
several times that required to satisfy primary sdsorption)
are filtered through membrenss of Sifferent porosities.

The maximem relative concenization of fildrate obiained in
esch experiment is plotied against the membrans porosity

and curvee of the type shown in figaxavg resuls (34). The
interseotion of suoh an "end-point eurve® with the porosity
axis {a D) determines the end~point porosity, i.e., the
highest poresity which completely retains the disperse phase.
By adjusting experimental conditions, 1t ie poseible to
isclate sffeotively the factors of sdsorption snd blooking,

gnd to study meanag of thelr elininstion.

The effect of orimary adsorpiion in Liltrstion way

3B



Meximum Relative Cenctn, of Filtrate

Figure 3. End-Point Curves (34)
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be studled separabely by employing fllters with pores wery
mugh wideyr than the solube particles, se that ne sleving -
nor bloeking ean cscurj or by employing extremely dilube sus-
pansions, ax is possible in biologleal syesbetun, ss thet a
large volume i8 reguired to satiasfy the sdserbing capseity
of the membrans (39).

The more dilute the filtering solution, the greater the
volume which must psss through the membrane before sdsorption
is #atia:?ia& and the diaspsrse phuse begine to appear in the
filtrate, Elfsrd's experiments with dyes (33) shewsd thet,
5#%»ra‘t#a£§x¢sv%r&uﬁ&aﬁ>§n initial cencexbration, the re
lationship was eme of #lightly less than inverse proportione
ality.

Increasing the pressure in the wlteafilber nerrovs the
zone of primsry adserptlien, presusably by éafiaﬁag'mara |
slosely againgt the filbter support the areas through which
flow can teke plese and by & Sendensy to shewr sway sdsorbed

layers in the pores {33).

The thickness of the membrane slso effeets the sdaurpe
ing sapueity, As the thleskneas inoresses, so doer ths vole
ums which must be filtered before the disperse phase appears
in the filtrate (81},

The presence of & caplilery~sotive substance in the dise
- perse system muarkedly dsoreeses the zons of primary adserpe
tion {33). Tim effoot is presumably dus te prefarentiel ade
gorpbion of the ¢splllery-astive agent,

In summeyy, 1t is clesr that the effect of primery
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sdserption can always be eventually elimineted by filtering

a sufficlent volume tiwough the filter membrane, The adsorb-
ing capaeity is am%iaﬁaﬁ most quiokly for (a} high initial
eonoentration of the filtering selution, {n) high filtration
prossures, {(¢) thin mma, and {d)} W#&Mﬁ of seplilleayy-

active substances,

The effect of blocking mey be studied separately
by employing solutieons of ammm safficlently high to
aat&a:f‘y the primery c&&m%m uﬁ-m sarly stage in the pro-
cess, Bloeking of ultrafilters is elesely releted to cole
loidal instebility, and may be best studied in filtration of
sols of a lysphobis tendeney (39).

% mere conoenteated the filvering sclutien, the soone
or blocking mﬁm in, so m&; i amﬁiﬁm of pavere
blocking, 2.# fw pessible te find the maximm relative £il-
trate amm#&m w&aﬁeﬂ mﬁ‘hﬂ&uny 0 ths absolube
initial conseniration, muu in pressurs alse favers
blooking, In the extwome case, redustion of the spplied
Progaurs 50 2600 « 1.0, m’fm%ﬂ&ms@zg d&@wls for ultra-
filtration - apparently sliminates the effects of blscking
enbirely.(33)

A the thiokness ¢f the membrane Inoreases, so does the
ration of pore length %o pore diameber, and eonpoequently, the
more faverable are the senditions for dlooking (3%). ,

The presense of & cspillaryeactive substenee: suppresses
blooking, presumebly by pmfwmm sdgorpiion with resultant
"xmiuﬂm“, enabling the Mﬁ.ﬁna %o slip ﬁzrweugh the
fiiter pores more resdily (34), Foreign particles, lsrger than




those of the prineipal disperse phase, may also cause serw
lous blooking of the peres by mechaniesl obsbructlon, even
under sonditions where the prineipal disperse phase 1tmelf
dees net tend to block beesuse of colleidel instability (37)..
When blooking is ecessioned by forelgn partisles, accompsne
iad by no flessulation of the disperss phess, the concentra-
tion of the residus should insrease an in true sieve action,

In swmery, the effest of blecking ean be diminished by
 {®) low initiel comsentrations of the filtering solukion,
(b} low filtration presesure, (o} thin mmmbwrsnes, (d4) the
proranee of sapillary-active substanees, and {#) absence ef
 EroRs ?mi@& pm&alam

m #M#im fw Wm of aMpt&m and

e enanding the W of & onplilarye
aotive mubabance, haﬂ ons waleh depresses the surface tene
sion of the sslution and ik strongly adesrbded in intexrfaces,
in particular, on the pore walls and on the surfeces of cole
leidal gm:t%};ea {35} The sffeot of B prodective volleld
in faolilitating filteebion of lyepheblio oolloids wes pointed
out by Beohhold (9). |

The rirst systematlie study of the offect of capillaryw

aotlve subsiances on membrane permeebllity was that of
Brinkman snd Szent-Gyorgyl 1n 1923 (17). They employed -
collodion sass which wore ordinarily lmpermeable to. hemeglobin
in a}.@mfﬂmﬁm &t 3 stmospheres pressure, Such & mems
brane bessme permeable Yo thiz protein when a dilute




solution of sodium oleate was Lirst pagsed through 1t. That
the hemoglobin was unchanged was shown by filtrablon of the
flltrate from & *sosped® membrane t?:xmugh an "unscaped”™ one.
Tha pm&&in was rotuined by tha lsabter in the usual nsnner,
*geapsd” and "unsoeped” membaanes had practically the same
gwasiéy, as shown by rate of flow of waber, in aplte of the .
differense in permesdility to hemoglobin, Treatment of e
sesped membrane with ealolum chloride rendered 1% agein lu-
permeable, Other ospillaryssctive substancss ¢ould be sube
stituted for sodivm oleabes with wapying effectivensss, - sode
fum linslabe, sedinm glysecholate; asd glyserel memowoleinate
(39) .

The meahandsm of lubrleatisn in filtratien with & eapile
lary-aotive mwm L8 ususlly intarproted as & ocomting of
the latier ou both puwra wmlils and particles surfaces, Elford
found evidenes of sugh sdamrpiien in fine-pored membranes by
neans of rate of flow exportments (33},

¥
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While the cendiSions foe asuppression of primary ade

sorption and bloeking agree in demanding thin membranes and
the presence of & capillary-sctive substsnce, they disagres
in thelr requivemente for concentration and pressure, Opti-
mum values of the latter must ascordingly be chosen {3i).

When blesking is affectively muwppressed, so that the
fi1tration curves have the forme of figure 1, the filtration
has been termed “nopmml™ by Elford and Ferry (34).

»



Piltration with blooking, giving ourves like those of figire
2y 48 "sbnermal®, The latter is inveriably assoelated with
an abnermally high end peint, so that filtars impermeabls te
& given disperse phase under émdi’eam of adbnermal riivectlon
may under notmal riltvation beseme pormsable, |

Soowrroncs of abnmmal fltration apparently depends on
the tendency of the particles of ths disperse phase %o age
gregate and precipitabe when they are crowded together, sas
whon they sre forgced intn the membesane pores. If the tendens
6y to aggregation exists, multiple sdserbed layers will be
bullt up within the pores, snd pores ten ¥imes as wide as the
partieles way booows cempletsly bloecked, Wilheut this instabe
1118y « 1,8, vhen novmsl filtvation obtains « the adsorption
may be limited to a single laysr, aud, by selestive adsorptien
of & sapiliarywsctive agenty even that may bc muppressed (33),

F. Thasry of Slexing <
The desired mechanims for retaining the disperse
phase in ultrafiltration 15 & mmn{m sleving, The theos
retioal consequences of an idealized mleving operatlion are
sonsidered hers,

Hegleoting adeerption and blooking, Manegold and Hofw
nemm (60) sgmumed the sleving to be expressible by the aquation

b o

where
Cr » gonceniration of & nementary small volume of filtrate

0g » simzltaneous concentration of the filiering solution

¢ & "sieve conatant™, independent of O



The value of Cg, and concentrabtion of the total Fil.
trate et any peint, are obtainable by inbegration of apprope
riate differentlsl equations, PFer filtration in & closed
gysten, where m%hiag is added or removed, Phe concentrabions
of both residue and tetal filitrete should inorease with time,
when the sieve oonstant is nelther O nor 1, BSuch 8 concons
tration inoresse in both residue and riltrabe has baen vow
ported by Cox and Hyde (2) for riltretlion of colloldal dyes

1gh Bechhold membranes, |

The sigaificante of the sieve senstant in terms of
slzes of gm and solite partioles wemaing to be dlsoussed
{39}, Tor & perfootly momodisperse seliike and a perfestly
1seporous filter, {4 has usally been Implicitly assumed
that the solube would elther szm in undinintshed concentoae
tion, or be subirely retained, neding on the relative
sizes of poves and W‘Msﬁu; Trds viewp :

Ve, CrTONOLUS ] spoportions of w;zm and solvent which
pags the membrans depend on stadtistical consliderations, even
when the solute particles aie so Large that the water can be
oonsidered centinueus by coupsrisen, The sieve oenstant should
increase graduslly from O So 1 as the pore sisze is progressively
increased sbove the endepolnt velue,

O the basis of several aivplifying assumptions, 1t is
possible to caloulabe £ 8 & funtion of the ratic of pore
#ize to pardicle slze (39}, Ib 1s ssmmed thaty

(1) The membrane structure is represented by strusturs
{8} on page 26 and iz ideslly isoporous,
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{2) Adserption and blosking are absent. -

(3} Every solute particle is tWravelling vertleslly dewn.
werda when 1ts emitm' pagges the plane of the surface of the
membrane, and, in order te psnetrate a pare, 1% mnat be m&}x
within the wRlls of the latter] l.e., its center must lle
within a oircle of radiug r « R, where r is the radius of the
pore and R that of the particle,

(4} At the mouth of the pore thepe s mo radisl sompow
nent of the hydrodyveesiosl veloslty of flow, and vertleal
velaoity has & parabalisc distritmtien umt the capillary
in toserdance with Pelesullle flew, |

~ {5) Thw solutien above the mewlrame is hemogonsous,
thermal wotion proventing suy seswmdabion of particles &t
the mouth af the pave,

In Sids snse the 4

evalusted as

rssien fer the sleve coustent iz

2 '

f*-‘é '(1' %) - (1"%)

wheve .

£ = sleve conmbent

R * rediue of the partiele

r = radiue a.f;' the pore ‘

A plot of the sieve constant g as & funetion of the
logarithm of the reilen r/R slomely resesbles tha experi.
mental endepoint ourves for nermal filtratien (figure 3),

A sleving sffect = 1,9,, the partisl transmission of
the solubs, to an exbent uhich warles with ths menbrane



poresity ~ aan thus be antfeipabded on purely atetistical
grounds, This Indloates, as Snvalild, an essusption that s
sieving éi’faet nust be due aiﬁw» te polydisperaion in tha
systan Liltered or to hederoparcsity in the filters suployed,
In practice idesl isoporoslty is never abbained, and
probably colloldal solubions ars nsver perfectly monodisperse,
although some proteins approsch this conditien closely (39).
When the statistlicsl frequency of peres (o particles) of
different sizes iz given ?.43‘ 8 axmmmm fmntim wiideh 18
- not & sharp peaky the swryes of ﬂw 3 are less ateep, and
sieving cocowrs ever a grezier range of fliter porosities than
12 the sase fpr isspoarwsity And moenodigpersiery, whlle the

- mm:.m MM imnwt&m {9) ine
aluded mwnmum o;f BYAP RS m}.aiaal systoms, Hotoros

dispersion of partieles in & silver ss) was wated by
iltretion of two {rastions m& had been prepared by cen-
trifugation; & filter was found which passed the particles of
ene fraction and ratained those of the sther. End points of
sols investigated wers arranged in descending order as lollowal

Coarge puspensions 1 % hemeglebin
Prussian blue Sermm albamin
Plabinum (Bredig) Dipittheria toxin
Ferrio hydroxide Frotalbumones

Cusolin 8i1%0ic agid



Aprsenie trisulflde Lysalbumin

Gold (L0 mp) Deutere albumsses

3lver (20 mpa) Litmus

Gold (1 e & mp) Dezfedn

1 £ gelatin Crystalloids

Selutions made up in other ways would give different
results, becanse colloldal pold solutioms, for imw,
be made with particles of very differsnt sizes, depending
upon the technique dsed, |

Vith a suitable ultracilter 1% is pessible to filter
ordinsry water s that 1t is sbsolubely sterile (5), I3 is
%#lso possibls to ebbaln in this way water wiok oan be nssd
for work with the ultveniepsscspe, The behavicr of mixbtures
is dlstinetly interesting, If nsither of ithe bwe substances
adsorbs the o¥her, axnd I the pertisles sre of Alilerent sizes,
a separatien oan be effsotad, e goesn mixbure of Frussian
blue and hemeglobin filters red with s sulteble filter, the

amoglobin gofng threugh and the coarse Prussian blue
remeining behind, Ta a mixture of Pruosslan blue with araenw
fous sulphide or ferric oxide, there is sdsopption, and overye
thing is atopped by a filter which would let threugh either
the arsenieus sulphids alone or the ferric oxids alons, By
&dding & pretecting ocolleid, sodium lysalbinade, o Prussian
blue,; further dispersion takes placse and the FPyrussisn blue
will pasa through a filter which jumt stopped 1% before, I1If
s elbumin ia added b Prussish blue and then oxalle scld,
the Prussian blue partisles ave feund te be smmller than balore,




If oxalic acld 1s added and then the serum albumin, no marked
change in the size of particles takes plase, Undoubltedly,
the oxalic aold is adsorbed by Whe Prussisn bl and prevents
the aéémtlm of the albumin o & considerable extent,
’ Halfltens (56) studied ths camposition of selloldal
- ferric bydrexids, stabilized with hydrochlorio aald, by
ultrafiliration, The ultrafilisates {1.e., collsoldefyee
Tiltrates) conbained snly hydrachlerie sold, and repesated
ultrafiltoations (adding water to make up the volume above
the fiiter) vesnlted in continmued hydwelysis, with eventasl
cosgulation of the collold, the sasgulation being te some
exbont reversible by additien of mere hydreschleric aold,
MoBain snd MoClatohie (68), using meubranes of celloe
phane, showwd that the W&Mm of ulteafilirates from a
farrio hydroxide sed) varied greatly with the »ate of filtrag-

tiony the esucentrasion of Mh elestrolytes in the fllirate

(msasured by sonductivity) Ffell aff feurfeld for a pixfeld
inorease in rate, This 1s thes result to be expected from &
bloking effest, dus it iz pelmbed eut thab the mutusl roe
pulsion of the solloidal pmmln wonld prevent blecking
{the particles boing assumably too laprgs actually to enter
the peres), and attribute the results to un inbernal Doman
effest, The consentration of the intermiecellsr fluid varies
frem point to point being the least in the immediate neigh~
barhsod of the nicelles, The ultrafilirabte ab zero pressure,
or dialy=ate of the mol, gives the camposition of the dise
persing medium far from the influence of the micelles, and
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18 the mest concentrated nibrafllirate obtalnable. In file
trations at inoressingly high pressuves,; ths mlicellar demains
ave drained 6o an inoressing extent, and the niirafiltrates
correspondingly dilubed,

HMoBein snd Jenkine {64) maing Beghhold membaeanss, nle
trafiltered sosp solublens, whose collsldal and erysislicidal
composition had been previcusly deduced frim ommotle and oone
duotivity measuremsnis, The concentrations of ultrafiltrates
through very dense membeanes {maximim pore size less then

mp) represented the soncemtwrabions of the orystalloldal some
penents, which mgreed with the previuns dabe for solutions
of medfum lauwade mxw 5,8 ¥ and sedlum sleats below 0.5 X,
over a wide yenges M of pressuye
tion by sbepping up She peres) with inseffisient prossure,
ultrafllipasion besomos mm}.y slew o cemses albogether,
It 1a enly with suldably shosen Inbersediate pressures that
deliberately planned ﬁMﬁlmﬁ&m gan beo sarrded out with
trustworthy infermation sbtaimed pegarding dlemeters of poves
or filtersd particles. Vary dilube, fresh sslublens (0,01 W)
of the sosps were cumpletely ultrafilberables, showing sbsence
of oelleidal compenenbs. In sodium oleate, & fraciiomation
was effested by membrenss of maximum pore size from 15 mu to
75 mp, the sieving being independent of porosity over this
renge. This was abiributed Yo separetion of ionio nicelles
from seutvel cellelds, the fermer passing the filters and the
1atter being rebtained, The dlemeter of the lonic micelle is
oxly & few times the length of the molecube, whereas, partivles




L7
of neutral colloid of potassium lawrate sre slightly less

than 15 mp in dismeter and those of sodium eleate ars ebout
ten times larger, The concentrations of lenic micelle and
mutyal colleid thus galoulated frem ultrafiltration were iIn

gresmont with conductivity and freesing-po! |
alkalinity of colloldefree ultrariltrates wes a mezsure of bhe
degres of hydrolysis of asoap solublons, : :
‘MpBain and m {éﬁé fi‘i%’mé mé N modium pﬁmm%

_ i riteats wes 0,2 N,
pe b agraed wigh the conwentration of
gimple Wmmm posp ab w:g Al il Senrantrie
then dedused Lrom Wﬂtﬁ.‘wm and Sewpodnt Towering.

~ Wintgen end Lewenthal {93) sltwafiltered oolloidal
hromiun hydroxide sols and foupd thet Ghe greater the Clilr
reabion ﬁaz ‘the miselles, the more rendily f1iltarable were bhe
latber. In & glivex sol, the 7@%&&&%&1%} ration remained
the same even yhen the suspenmion medlum was Hltrafiltered
0fl and the residue mnmm
Beohheld and Sziden (11}, msing Lupregnated membranes,
altrafiltered colloddsl sine suifide, ‘eadminn sulfide, fer~
rio kydroxide, and collargel (silver), dispersed in benmens,
tuluene, petrolenm sther, or linsced ofl, The mombranes

{greded rouphly in terms of the consenbration of vollodlen
in the impregnating solution) were calitrsted by weehing out
the cosgulating liguid (teluens) with aslechol end wsber and
then determining ths end pointe in fiiration of hydrosols.
The end poinbts of the crgancsols {org,) snd the celibrating
hydrosols (sge) are arranged in descending ardert




‘Zino suifide (org.) -  Hemoglobin (ag)
Cadmitm sulride {org,) - Collargol {orge)
Prussian blue {(ags) = Ferrle oles’s {org,)
Pervic hydroxide (org.) Copper oleate (org.)
Collargol (ag.) |

Barguss (6), using graded stllcon sarbide filbers, due

terminsd miosllo sizes of the following |
| Avoenio sulftde 0,20 p

Ferric hydrexide 0,08 p

Gold O 0k p

GW oobalt oyanlde 0,25 p
Ho &lﬁﬁ\ sxmum w e snents &m ai" m arable
and egg amm Yor Wm” M&Mﬂ“ welght ?ﬁﬁ.M)
he found that the rate M mm&m e izxﬂm&}; prwwﬁiml
to the visoewliy, aiiﬁaw@z a mmm w vmmxm mau@a
in dloxene 4id not filter seourding to this ruls, prebably
bacause of the shave of mmzmlw Thae & fraction of
aslecular weight ST7,000 41d et mm through pores az‘ 0.1 ,u,
-awmm the saloulated mlmlw di&mm is a»%w P

m w:iiw%s wl&mﬁim mm:ms 6?‘5;?54»??) wore
of low porosity, and appesyed o separatc colleids from
orystallolds efbobively, The faot that cellodion membranes
do not always perferm this separatien wfmﬁ? wRs noted as
sarly as 1903 by Goraline (47), who used whinh .'
pernitied diffusion of peplune, albumcse, atarch, dextrin,
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slbumin, aod gertain mﬁ Applioskion of sultable neme
branes, however, mfmbly under conditlons of normal filw
tration, will permit the desired fractiomition,

Wild {91) ultvafilversd 0,2 % olay suspensions in &
study of the retention of phosphete by clay, The 'snspm%m
were foroed through collodisn membrenss undsr pressures of
60 to 80 psl. The membranes retained 3 o 4 % of the ym’s
phate depending upon pH but Indepondent  the presence of the
slay, Consequontly, mesll odprestion faotors, oblained with
the use of standard mﬁt&m, mast be spplied.

:m'&. mammber of Wlhﬁ wlth

Al oourse of mm&m by Zaigmendy?

using colledien membranss with pmmm filbey 1@1&%3* Bven
in the nermel senrse, senolusioms sdout the coposition of the
intermicellar liquid osn be dvsus from he semposltion of the
ultrafiltrate mlw with ohublom, The uncewbainty arises beosuse
erdinary electrolybes may undergs chenges in compositlon during
filtration through thls spparatuss Fer example, during file
tration of dilute hycroshlerte moid solutlon the acld scouse
ulates in the deposit on the filter and the filtrate is corwe
eapandingly 3.aas mamm‘&gﬁ than the cm.giml golution. In
addition; part of the hydrogen lons aﬁ.’l the sol o8n be replaced
by ealoium fons during ultrafiltration, the cAleium ooming
from the filiter plate of kthe apparatus, These complioavions
are avoldsd if sollodion ssos are used, It was shown with o
ferric oxide sel that the condustivity of its ulteafiltrabe by
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the san method can bs oaleulated on bthe basis of the Donnan
equilibrion fram the potenticmetrically determined astivitdes
of the hydrogen and cloride iens in the sol. Fram theso acte
ivities and the welositlen of trensport of the lons in the sel,
the specifin conduetivity of the sol ean be caleulated, An
a-valent micellar ion fs dealt with in the caleulations us
aquivalent o neundvalent fons, In egualized nltraliltras
ahion, in which the a&wmwam stands in contact with the
g0l residue sRurosm m mm m several days Lo sfford
opportunity to peach squiltioefum, , the sol may behave Aifferw
enbly, Popr sssaple; in w&&im& witeafiitsatlion of & olirome
lum oxide sol the conduckivify of the pel oum be orloulated
by the rule of miztures frem the volimes and ¢anductivities
of the wWitrgliltrate and sol Posidus, and the remixing of the
ultrafiltrate and s8) pesidns glves s sol with omductivity
oquel to that of the originmel sel, With & ferric oclde sol
there ave Gisbinet, Shoogh small, depariwres from edditivivy,
probably beomuse of & giving up of NG from the ferric oxide
micellar fonsg. |

MoBain (6}) hae advesabed sellophans for the separatien
of oolleide from crystallofds and has employsd i1t in the
study of verious colloidel systoms,

Boesolton and Meyer {16}, not succeeding iu px*#gax’ws
solledlon membranes suffiolently tight to retain dextrin,
used membwansg of copper ferrosyanide Wﬁaﬁ in colloe
dleng these permibbed reducing sugars to dlalyze, but almest
completely vebalned dextein of mlaauw wolght 5500,
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For . more rapnid seccration of eryatalloiiel sleotro-

| lytes from colloidal sols than can be effeoted by dlalysis,
gleetrediclysis, o2 ultrafiltration, elsotroultrafiliration
may be employed ().

gollunder (23) studied the impeded diffusion of

nany organic aelds snd othey compounds through flat collodion
membranes, prepered in three porosity gradea. The rate of
diffusion was related antibatically %o the moleculax size
ag measursd hy the moleoular refraetivities. Fxoceprtions
ware phenol end menitvophenel, which diffused abmormally
rapidly and wers thought %o be soluble in the membranes. To
¢z20h mambmaaa'gz&dn gorresponded & maximum sive of diffue-
ivle molecules. |

Ershlsr (38), using rether thisk ethez-alochol collodion
membranes, reported thet, under Sha game conditions of ultre
filiration, orystalleidel elsetrolytes might be retoined to
a much grester extent than nem-slectrolytes. The relative
eoncentration of filtrate from & solution of a non-electro-
lyte wa® practically independent of the sbsolute concentrse
tion of the latter, and for electrolytes, the relziive cone
centration of filtrate incoreased markedly with incressing
absoluie concentration of the original golution, The degree
of retention of an electrolyte was the greater, the higher
the valence of the ion charged unlike the membrune. Thie
supported the explanation that the gresnter retention of
elegtrolytes was due %o repulsion of similarly charged ilons



from the oore walls, resulting in a2 dlminution of the sffeo~
tive pore diameter. FHe olaimed that the failure to obtain
coamplete filtration of an slectrolyis with a mewmbrane which

would filter g non-eleotrolyle com:letely is not z test for
| eolloidal conetitusnts, as postulated by KeBain (87).
Acaording to ¥eBain, 1t wag demonstrated, with cellophane
membranen, that colloidal constituents are sommonly present
in nen-agueocus solutioms of the electrolytes silver nitrate,
ammonivm iodide, cadmium lodide, ete., which exhibit enoma~
lies in elestrical conductivity and camotic behavioz.

Heoker {48) determined the filtsring effeet of a col-
lodion membrang for diluts squeous solutions of hydrochlorle
acid, 1ithiom chloride, sodiump chloride, potassium chlorids,
amsonivm chloride, magnesium chloride, and bayium chloride.
His a-caratus was fitied with & otirring pechanism in order
to keep in motion the layers of solublion next o the mem
brane. The shanges in concentration of the electrolyte dus
to the filtering effest of the mesbrans were deternined by
changes in conductivity of #he solutions, The filtering -
effect of the membrane wag o0 small to be measured with
1ithium chloride, megnesium ohloride, and barium chioride.
For the remaining eleoirolytes the messurable effeot in-
orsssed with the intensity of agitetion of the aeiutian'aa
the filter. With hydrochloric seid solutions the filtering
effsot increased with decreasing concentration of the slegtrow
1yte. In & latter paper (50) ke repcrted that the changes
in apeeifie conductivity of the wltzafilirate ssamples during



the ultrariltiration of & ferric oxide sol zre attributed to
the joint effects of the Donnun equilibrium and the screening
effect of the collodion membrane,

Trautmann (84) filtered 0.0017 M agueous solutions
through cellophunse, using c ovreesure ultrafilier, snd he
found thut potaesium sulfadte und disodium phosphute were re-
tained to o marked extent by the filter: ootessium iodate
was retzined to a lesser degree; votassium chloride, sodium
ghloride, and potzesium iodide sbout one-third zs much ae
potassium sulfate; meagnesium chloride and caloium chloride
wore held Dack 40 a very siight extent); and urea end glucoss
not &t all. Where there was retentlon of & salt, the fil-
trate began to have the asme concentration as the original
uBfiltered solution only after about two-thirds of the solu~
tion had filtered through.

I% is poesible %o deter=mine the degree of hydration
of sclute particles by ulirafilération by using 2 reference
substance which pssges a fllter reteining the solute in
quegtion (38). It must be aesumed that the reference sube
stance does not effeet the polvation squilibrivm and is $t-
self not solvated, and that the ultrafiltirate reprasents the
interparticulate fluld fuar from the influence of solvation.
Then the flltrate apcears to have been concentrated in the
rsfarénee substance because of relention of solvated solvent.

In this way, MoBain and Jenkins (84) using potassium
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ghloride as & reference substance, detercined the hydration
of potassium laurate to be apuroximetely twelve water molew
cules per soep molecule. The extensive study of HoBain,
Fawakemi, and Lucas (88} showed that %his walue wmas indepene
dent of the oconcentration of acap or galt at high ionic cone
gentrations; internal Donnan effeot was shown to be then sup~
prepsed. Ag low ilonlo concentrations the Donnan effect
entexs, end osuses the apparent hydration to be two to three
timsa as gread.

¥iI. Quantliative Estiza nf Partiole 3isa
fhe remazke in the preseding sscticas have been confined
4o the wohavior of ultwafiliere in the fildration of differ-
ent disperse syaggaﬁ; fil%#atiaa'aadgaaiaka have been menw
tioned, expressed in #&?&ﬁ of gverage pore éiametér, wiﬁhaat
any attempt to deduce txaﬁ ﬁhﬁ#ﬁ fignxaa the sizes of the |
particle retained,

There are more direot proceduree than ultrafiliration
for detersinging perticle sizes (39). Among these methods, the
rost powerful at present is provably that of ultzaﬂaﬁtiia-
fugation, which ig arplicable to both monodisperse &hd p@lé&
disperee oystems. Acourate applicstion of that method, howe
ever, demands elaborate apparatus and & means of analyzing
the zyatez while in the process of centrifuging (82). The
opticel meihods employed for analyeis vegulire z substantial
ocongentration of the disperse phase end the absence of
foreign constitudnts of a2imilay apt&eal proeperties. Theoe
conditions are in some cases difficult to fulfill., The most



direct method of measuring the alzes of psriicles is by
miocromcopy, with either the light microscope, which is ap-
plicable down to diameters of 0.3 p, or the eleotron nloro-
soope which is applicable down to diametere of about 3 my.
In sither case, the proosss of messuring and counting
individusl psritloles is very tediocus, especlally in voly-
disperse pystems.

M trafiltration will slways be & moet valuable technicue
for preparing homogensous and homodisperme systems to which
the more elaborate wethods of particle size estimotion oan
te applied, and may alsc be applied 1o esetimation of particle
rizes in ocases where other methods are unsuited(38), Ultze~
filtration mey slso bDe used to dstermine the percentage of
partlcles above a ¢eridsln zizs range. This would be a very
desirable applicastion in ithe pigment field.

The procedure, ueed for the estimation of particle size
by means of Wltrafiliration, conaiste of deterrining the
filtration end-point poromity snd spplying to that figure
an expirical correetion feotor representing the ratio,
dlameter of particle/end-point aversge vore dismeter. The
corregtion fagtor, which is itself z functlion of the end-
point porosity, 1g determined by filiration of sysiems of

known particle size.

In order that the correction fzotoxr (for & given
end-point porosity) be the same for the system whose
particle size i to be determined ze fox that whose paxticle
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gize is known, ezperiments must be ocsrried out under compar-
able conditions (39), It is especially important that noxmal
filtration 1s obtsined. For example, a comparison of the end
pointes of serum albumin {81), with the known partiole size
{5.,4 mu) shows that, in the center of the PH rone of abnormsl
filsration, the correction fuctor has the very low value of
0.13; while on either eide, with nozmal filtration, it 1s &8
high a8 0.5. Abnormal filtration is invarizbly associated
with an abnormally low eorregtion faotor, and one which is
more sensiiive to slight modificomtione in experimental con-
ditiong, snd uwngulted for cuantitative comparisons., The
oriterion of normal Filiration, in terme of filtrstion euivg%
{(figures 1 and 3), wust be established, In selecting uniform
exverimental conditions, it is convenient %o employ a
capillary-aotive substance in the suspsuelione, Hariley's
brother at pH 7.4 to 7.8 has proved to be & sultoble standard
for vroteins snd 31l protelin-liks systenms, while for lyce.
phobice collioids, inorganic stabllizing egents are cerhaps
bvetter. The membranss ussd for guantitative comparantive
work must have high reproducibility and bve highly isoporous,

The emplirical corrsotion factor for converiting
the snd-point poreosity (average pore dismeter}, for filtra-
tion in a wiandsrd solvent, to the particle diemeter of the
disperse phose was determined by Elford (87) for various
sugpengions of known par%iﬁla slice. His results showed
that the empirical correction factor, when plotied sgainet
the end-polint porosity, rzased through 2 minimum ot aboud
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€5 mp sverage pove diameter., Also, the ratio - pertlole
size/true size of vores retaining verticles - decressed
uniformly with decreasing pére elize. On the other hund, the
ratio of the wverage core size, ze determined by the calibrs-~
tion methods of page 28, to the true pore size, fell off

only elightly down fo wbout 20 mp, snd then rapidly. The
ratic of these two cuantitieszs thus estimated gives valuess for
the ratio - purticle size/end-point cvercpe Hore dlameter -
which fell on the eXperimental ocurve, showling s minimum.

The averuge powe dizmeter of calibrakion is zlways smallsy
than the txﬁﬁ;ﬁﬁ&a diameter, and the slze of particles re-
jained is~§$§§§ﬁ gmeller 94ill., Since the c¢orrection fuetor
includes aﬁiiéixﬁﬂﬁﬁansy hetween the calibration norosity

and the trus dmensions of the Dores, euc& disprepaney 16~
troduces no erzoy in the estimetion of yaxtiéle sizes by

application of the faotor.

The nerdicle sizes of various viruses, baocterio-
phuges, and spirochetes have been deterzined by Elf:yd snd
other workers, using Flfordts correotion fagotors (359). The
sizes of corticlies of bocteriologiczl systems were estimzted
by correction fictors whioh were determined, =t the top of
the porosity range, by filtrstion of other bacterislogicsl
ayctems, and, =t the bottom of this range, by flltration of
chemicul syastens.

The particle eizes obtalined, using this method, were

practically identical to those obisined by other methods of
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measuyrerent, such as, ulirsvioclet microscopy and ultracentri-
fugetion. These particles covered the size range of 10 to
175 mp.

In the future, it is likely that other phyeical methods
will be developed to the point where they will yiélﬁ nors
relizble determinations of particle size than untrafiltra-
tion. Ultrafilirzticn will orobebly remaln  the most valuabls
technicque for precuring homogeneous and homodisperse ayetems
to which the more elsborate methode can be applied (39).

VIII. gonclueione '_

After & eriticsl investigation of the liternture of
ul%rafilﬁrgﬁien, the following conclusions may be drawn:

-1, Although there is & wealth of litercture Jealw
ing with uldrafiltration and its applications, very little
mention is made of zpplicationse in the pigeent field., Of
course, Prusslan Dlue, =n iron blue pigment, has zlways been
& clagsic example of & ¢olloidal sol and ig mentioned widely
in the literature, in some cases a8 a standard for particle
size determinations (acprozimate size 1s 40 mp). ‘g far as
the problems concerning the anaslysis and sevaluation of
Prussian blue znd other collolidsl pigments zre concermed,
no dirveot reference wus found,

2. The use of ultrafiltration in the determinution
of water-soluble salte in @allqiﬁal pigments wmuld.ﬁnvaiva
& critioal experimental study of &1l the fzctors which may in-
fluence the smeparation of the weter-soluble materizls from the

colloidal pigment osrticles. Acong these are the following:
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adsorption or blaﬁxiag‘by the flltering medium, adsorption of
the watsr-soluble materiazl by the pigment, conventration of the
aguecus phase, and the presgure and rate of filtvation.

Any of these factors could prevent a compleie separsation of

the water-soluble material from the vigument, but it may be
posgitie, through cereful control of the techunloues involved,
to elisinate them or use gorrection faotors obtained in 2
control experiment. Jn cases whers the water-soluble materw
iale arve sesentially sll elestrolytes, it is voesible that
electroul trafiliration would be mueh more effective,

3. In the determination of "bleed" tests of col-
loidal pigwents in wsnter, aloohol, and other solvente, the
sane cobentisl difficuliies as thoas mantioned sbove would
pertain, Here too, a critical investigation of the tech~
nigues would be reguired.

4., The detsruination of the pardlicle size of pig-
menig by means of ultrafiltration alune would be derirabls
in cuses wheXe the ;axa&nt&@a of paréie"aa in each of sev-
ersl zize ranges is sufficient. (In most pigvente, the
partiole sizs varies over a rather broad range). Thiz could
be Jdone by the use of commerelslly aveilshble, carefully
graded membranes having pore sives in the ﬁéeu@r ranges.. It
would be comparatively simple and rapid to filter a dig-
pers on of & oigoment in water ax-mthér liguid throwh &
polumn 4ype filler, containing s seriez of membranes having
progresaively smaller poxe sizes, much 1ike & oieve

oglaesifier. From the weight of nigment retained on =ach



graded membrane, the pariticle size dlstribution could be
obtzined. The pergentage of ”a§ar*siza” particles could be
deternined by using & Zingi@ membrane having voree in the
proper size range.

. For the separation of pigment from & vehicle,
such as in an oil paint or ensmel, the following types of
ultrafilters may be applicsble: clolh impregnated with cellue
loge soetate, unglazed poreelain impregnated with acetic
ocllodion, specislly treated ocellephans, end graded esilicon
carblde. It would probebly be nscessary to d lute the paint
system with & sultable solyent to effeet s more rapid rate
of fildration. In cases where water-disperdible pipgments
are used, such a® in &uﬁhgg ladex and resin emulpion painte,
most any type of cavefully graded £filisr may he used.

8. In the acpa:a&iua of pigments of different
Particle sipes iz & mizture 1% would be nepeesary to prevare
& aispersion in a suitable 1iquid and pass 1% through a
carefully graded filter having pore sizes small enough to
remove the larger partiocle sipe codponent and large enough 1o

pesg the smaller nerticle size componsnt,
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