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SUMMARY

Conflicting reports occur about the role of adsorbate polymolecularity in
the adsorption of high polymers at the liquid-solid interface. The object of
the present investigation was to make a critical examination of this .molecular

weight inhomogeneity under carefully selected conditions.

To avoid unnecessary complications, a system was selected which is believed
to involve only molecular teractions of the van der Waals type, i.e., physical
adsorption. 1In addition, a nonporous adsorbent was chosen so that each of the

solute components had essentially equal access to the interfacial region.

Polyst&rene, 1,2-dichlorocethane, and a graphitized carbon black were
selected as the adsorbate, solvent, and adsofbent, respectively. Polystyrene
samples of broad and narrow molecular weight distribution were employed. The
adsorbent had a specific surface area of 12.4 sq. m./g., determined by nitrogen

gas adsorption.

. Solutions of polystyrene were mixed with the adsorbent for sﬁecified
periods of time, and the resulting supernatant solutions were isolated and
analyzed for changes in intrinsic viscosity and concentration. The weight of
adsorbed polymer was determined from the change in solution concentration.
Fractionation aﬁd preferential adsorption of the polymer were adjudged by the
change in intrinsic viscosity. Tﬁe system required approximately thfee days

to reach equilibrium.

For selected equilibrium adsorption experiments, the distribution of
sedimentation coefficient  was determined for the polymer in each of the super-
natant solutions. The distributions were obtained from sedimentation velocity
experiments with an ultracentrifuge and were corrected for the effects of

diffusion and concentration.
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At equilibrium, the system exhibited Iangmuir behavior over a wide range
of surface coverage and nearly four decades of solution concentration. The
polymer was very strongly adsorbed, nearly saturating the adsorbent surfaces

at equilibrium concentrations as low as 0.0S% by weight.

The polymer samples were fractionated significantly by the édsorption
process, the higher molecular weight species being adsorbed preferentially for
all the equilibrium conditions investigated. For polystyrene samples of broad
molecular weight distribution, the equilibrium fractionation depended only on
the percehtage of polymer adsorbed, irrespective of the ratio of adsorbent to
solution or concentration employed. The observed fractionation was not complete,
and the equilibrium adsorption procéss could not be used to predict the molecular

weight distribution or its equivalent by the methods employed.

Knowing the sediméntation coefficient distributions of the polymer before
and after adsorption, the distribution of polymer in the surface phase was
calculated. 1In each case, the equilibrium distributions for the bulk and
surface phases were related by a partitioning expression which differed sub-
stantially from that describing phase separation. Although a strong fractiona-
tion was obtained, the equilibrium adsorption process was not an efficient
analytical'tool for molecular separations — the polymer in either phase was

distributed broadly with respect to molecular~weight.

For a polystyrene sample of broad molecular weight distribution, the
smaller molecules were preferentially adsorbed initially and were displaced
gradually by larger ones as equilibrium was approached. The exchange of differ-
ent molecular. weight species was verified with narrow fractions of polystyrene —

previously adsorbed small molecules were displaced by larger ones and vice versa.




The length of time spent by adsorbed molecules in contact with the adsorbent did
not alter the ability of these molecules to be displaced, indicating that the

adsorptive forces in the system Vere only physical in nature.

From the exchange and partitioning phenomena encountered, -it is believed
that the exchange process made it possible for the adsorption system to attain
a distinct partitioning condition at equilibrium — one which conceivably mini-

mized the Gibbs free energy of the system.
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. INTRODUCTION

The adsorption of polyme?ic adsorbates on so%id.éuﬁstrates i%.é phencmenon
of widespread importance in'biglogical g&steﬁs; fpr é#ample,.aé weiiA;s inh— A
industrial applications such as rubber réinforcemeht,"papermaking,-and protective
coatings. 'Comprehensidﬁ‘ef tlis phenomenon, however, has progréssed: slowly ‘due *-
to the number and complexity of the variables involved and the'lack of experi-
mental techniques. Recently, important information pertaining to the‘structure-
of the surface layer was obtalned with infrared épectrometry (l); ellipsometry
(g), and surface potential measurements (é). These investigations served to

complement the present study.
LITERATURE REVIEW

Although an exhaustive review of the literature is not included here, an
attempt is made to present the background information.pertinent to the present
study whose obJject is to investigate the importance of adsorbate polymolecular-

ity in the adsorption of high polymers at the liquid-solid interface.

Hughes and von Frankenberg (4) have reviewed the literature related to the
physical adsorption of macromolecules at the liquid-solid interface. Silberberg
(2) made an extensive tabulation of experimental observations reported for poly-

meric adsorbates at the gas-liquid and liquid-solid interfaces.

Extensive studies of polymer adsorption at the liquid~solid interface were
made by Koral (6), Perkel (7), and Ellerstein (8). (I am indebted to Prof. R.
Ullman of the Polytechnic Institute of Brooklyn for providing a copy of the
dissertation by Ellerstein.) These investigators examined the importance éf
adsorbent characteristics, chemical and physical structures of the polymer,

adsorbate molecular weight, nature of the solvent, and temperature.
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Mark and Saito (2) were first to apply chromatographic adsorption to
fractionation of a high polymer. They found that the low molecular weight
species of cellulosé acetate were preferentially adsorbed on blood carbon.
Ievi and Giera (lg) confirmed this result but were unsuccessful in fraction-

ating elastomers by that method.

Goldfinger-and co-workers (11-13) investigated the adsorption of butadiene-
styrene copolymers (GR-S) from xylene solution onto carbon blacks and found that
the low ﬁolecular weight species were preferentially adsorbed. They detected
no preferential retention correlated with the chemical composition of the co-
polymer. . Landler (l&)'also found synthetic elastomers to be fractionated by
adsorption chromatography, the lower molecular weight species being preferen-

tially retained.

. Claesson and co-workers (li,.lé) fractionated a variety of polymers;
including polyvinyl acetate, nitrocellulose, and synthetic rubber by chromato-
graphic adsorption and found the lower molecular weight species to be prefer-

entially adsorbed.

Kolthoff and co-workers (EZfEQ) concluded from intrinsic viscosity data
that the low molecular weight species of GR-S were preferéntially adsorbed
initially on carbon blacks and were replaced gradually by species of higher
molecular weight. At equilibrium, the higher molecular weight species were
strongly preferentially adsorbed. Gilliland and Gutoff (20) found the adsorp-
tion of polyisobutylene — isoprene copolymer and polyiscbutylene on various
carbon blacks to be so preferential with respect to molecular weight that the
fractionation curves compared favorably with the mostAprobable distributions

for those polymers.
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Frisch and co-workers (21) cited additional molecular weight effects on
polymer -adsorption and suggested that sufficient time was not allowed in many
earlier investigations for the establishment of equilibrium. For the adsorp-
tion of polystyrene from toluene onto carbon black, they found that the intrinsic
viscosity of the solution increased initially over that of the original solution
and gradually decreased, thereafter, until equilibrium was attained. They, like
Kolthoff, suggested that the low molecular weight species were preferentially
adsorbed initially and were displaced gradually by ;arger molecules over a-period

of several days.

- Using charcoal and relatively short adsorption times, Swenson (gg) found
that the lower molecular weigﬁt species of cellulose acetate were selectively
adsorbed. This preferéntial adsorption was attributed to differences in the
ability of the various species to diffuse into the porous charcoal. Miller
and Pacsu (gi), using a similar adsorption system, concludea that the process
depended primarily on the diffusion of polymer molecules into the carbon
matrix and that no displacement of previously>adsorbed molecules was effected

by other species.

Gilliland and Gutoff (g&) derived an equilibrium expression for the par-
titioning of solute ccmponents between the bulk and surface phases. Using
Flory's lattice treatment, they obtained equations for the partial free energy
of solute species in either phase. By equating the partial free energies of

dissolved and adsorbed solutes, they found that

= {u/ae)) {0 0)0,/8,° e @y X X0 - e} )

*Exp is used in this thesis to denote the power of e, the base of Naperian
logarithms, i.e., exp(x) = eX.



where
g; = number of molecules of degree of polymerization (D.P.) =X
= in the surface phase
E& = number of molecules of'D,P, = x in the Dbulk phase
E; = number of adsorption sites (each site being large enough to
= accommodate one segment )
Ho = number of . solvent molecules in the bulk phase
gf~ = probability that a given segment of an adsorbed molecule is
itself adsorbed at the interface
@ = fraction of adsorption sites occupied by polymer
ia‘ = partition function (vibrational,'fotatiohal, and translationai’
- motions) perimer.for the adsorbed molecule
iu-.= partition fuﬁction per mer for the dissolved moleculg
E— = heat of adsorption in energy per segment
k = Boltzmann's constant
T = absolute temperature
jfi = inte?action pafameéef for the bulk phase
;(’ = interactioh.parameter fdr the sﬁrface phase.

1

The above relationship is limited to adsorption from dilute solutions at

their theta temperatures. Furthermore, the relationship was derived under the

assumptions (a) that the same lattice treatment holds for the polymer, .the. -
solvent, and the adsorption sites, (b) that the adsorbed segments are not
mobile, (c) that the adsorbed layer may be represented by a lattice of such a
thickness that the average polymer densit& is eqﬁal to the density on the

surface, and (d) that. the polymer distribution is uniform within this lattice.

The treatment assumes, of course, that equilibrium thermodynamics can be applied

to polymer adsorption.
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Since Equation (1) describes the fractionation or partitioning of the solute
species at equilibrium, it will be possible to apply this relationship to the

experimental results obtained in the present study.
SCOPE AND APPROACH

It is evident that the object of the present study, i.e., the role of ad-
sorbate polymolecularity in the adsorption of high polymers at liquid-solid
interfaces, is not well established. Many of the discrepancies found in reported
adsorption data can be explained because of differences in adsorption times,
adsorbent porosities, and specific adsorbate-adsorbent interactions. To avoid
unnecessary complications, the present investigation was limited to adsorbate-
adsorbent interactions of the van der Waals type and the use of nonporous ad-

sorbents.

Since one of the prime requisites was to make a guantitative evaluation of
the fractiocnation effect, techniques which provided information concerning
molecular weight effects were used wherever possible, and emphasis was placed
on a quantitative interpretation of that information., The requirement that the
adsorbent be nonporous is particularly important, since fractionation resulting

from differences in surface accessibility would be difficult to evaluate.

Since polymer adsorption is a surface-chemical phenomenon, precautions

were taken to minimize contaminating influences.

A single adsorbate-solvent-adsorbent system which is believed to be
representative of the physical adsorption process was employed. Only the
quantity of system components, adsorption time, and molecular weight character-
istics of the adsorbate were varied in order to minimize the variables encoun-

tered.
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The adsorption experiments were.of. the batch type.: Alternative chromato-
graphic techniques are difficult to control and involve variables which must

be treated as distributions.
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SELECTION OF THE ADSORPTION SYSTEM
ADSORRATE

Polystyrene was particularly suitable as the polymeric adsorbate because
it satisfied the following requirements: (a) it is chemically stable over a
wide range of temperature, (b) it has a linear chain structure, (c) it is sol-
uble and stable in a variety of organic solvents, (d) it is available in a wide
range of average molecular weights and in a variety of molecular weight distribu-
tions, (e) it can be easily purified, (f) it has no chemiéal groups likely to
form chemical or hydrogen bonds with adsorbent surfaces, Published data on
solution. properties and on sedimentation velocity analysis of polystyrene also

favored its selection.

The requirement concerning the stability of the polymer is essential in

order to (a) maintain uniform adsorptive properties, (b) prevent changes in the
molecular weight distribution from degradation, and (c) permit accurate deter-

mination of solution concentrations by gravimetric analysis.
SOLVENT

It was demonstrated (Q) that strong interactions bhetween solvent and
adsorbent or between solvent and polymer seriously retard the adsorption process,
particularly if the interactions between polymer and adsorbent are limited to
van der Waals' forces. However, the solvent-polymer interactions must be
sufficient to prevent phase separation in the solution for any experimental

conditions employed.

1,2-Dichloroethane (DCE) was selected as the solvent because it fulfilled

the following requirements: (a) it is easy to obtain consistent and adequate
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purification,. (b) it has no chemical groups likely to.promote strong interactions
or the formation of chemical or hydrogen bonds with_adsorbent surfaces,u(c) it is
not such a strong solvent for polystyrene that interactions between solvent and
polymer seriously limit the amount of adsorption, (d) it has sufficient affinity
for polystyrene to prevent phase separation (gi) under any conditions likely to
be encountered, and (e) it is a favorable solvent for use in ultraviolet absorp-
tion spectrophotometry. Information available from.the literature for the poly-

étyrene — DCE system also favored the selection of DCE.
ADSORBENT

A graphitized carbon black was selected as the adsorbent after a number of
materials had been tested experimentally. The following requirements were met
by this adsorbent: (a) it is a solid, nonporous material with surfaces acces-
sible to polymer molecules, (b) it is inert and exhibits no appreciable swelling
in solvent, (c) it has adequate specific surface area, (d) it is readily dis-
persed in solvent by mild agitation, and (e) it is stable and is easily and
reproducibly purified. The above requirements are not easily fulfilled. " The
irregular and porous nature of most commercial adsorbents would conceivably
favor adsorption of low molecular weight materials in areas completely inacces-
sible to larger molecules. Several materials which satisfied the nonporous
requirement were tested experimentally and found to be entirely unsuitable. In
some cases the material could not be adequately dispersed in the solvent by
agitation. . In many cases where the dispersion was adequate, the amount of

adsorption was too limited.

These problems were not encountered with graphitized carbon blacks obtained

from the Cabot Corporation, Boston,.Massachusetts. Two grades were tested ‘




-12-

experimentally: Spheron 6 and Sterling FT, possessing high and low specific’
surface areas, respectively. The latter,.Sterling FT, chosen.in the present

study appeared to have several advantages which will be discussed later.
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EXPERIMENTAL EQUIPMENT,. MATERTALS, AND PROCEDURES

DESCRIPTION, PURIFICATION, AND CHARACTERIZATION
OF MATERIAIS

POLYSTYRENE

Samples

The polystyrene samples were purified prior to use with the exception of
Sample B6. This material, of very broad molecular weight distribution, was
provided by Dr. H. W..McCormick~bf the Dow Chemical Company,‘Midiand,:Michigan.
Only a portion 6f this sample was purified; and both the purified and original

materials were employed.

A commercial sample of broad molecular weight distribution, Dylene Poly-

styréne type 8, was furnished by the Koppers Company , Pittsburgh,'Pennsylvania.

Two samples of narrow molecular weight distribution,. Polystyrene S26 and
S3k4, were kindly provided by Dr. J. F. Rudd of the Dow Chemical Company, .Midland,

.Michigan.

The molecular weight characteristics of the polymer samples are given in

Table I. The number- and weight-average molecular weights, E; and ﬁ;; respec-

tively, were determined by the suppliers (26, 27) using an ultracentrifugal

technique. Considerable information regarding physical characteristics of the

Dow samples has been reported (26-29).

TABLE T
ORIGINAL POLYSTYRENE SAMPLES )

Sample Method of Preparatiop E; x 1077 E;/ﬁ;
B6 Isothermal | b by 2.85
S3L ' Anionic ‘ 3.62 1.06
526 Anionic 1.59 1.08

Dylene Type 8 (Commercial) - -
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Purification

‘Reagent grades of benzene and methanol, employed in the polymer purifica-
tion as solvent and nonsolvent, respectively, were.filtered through type 27B
- (0.25.u) Polypore membrane filters prior to use. (Only solvent-resistant Poly-
pore filters, manufactured by the Gelman Instrument Company, Chelsea, Michigan,

were utilized in this work. )

Benzene was added to the polystyrene sample to yield a solution concentra-
tion of approximately. 0.5% (on a weight basis). The solvent was allowed to
swell the polymer overnight, after which very mild agitation was employed for

a few hours.

The solution .was filtered successively through type 2T7A (0.45 p) and type
27B (0.25 i) membrane filters under-a slight positive pressure. The resulting
-solution was precipitated by dropwise addition.into two volumes of ice-cold
methanol. At least one day. was allowed for the polymer residue to settle be-

fore the liquid was decanted.

The polymer was redissolved in.benzene, filtered, and precipitated as be-
fore. This dissolution-precipitation .procedure was repeated a minimum of
three times before the residue was allowgd to air dry. The sample was then
dried to the minimum pressure attainable on an N.R.C. type 3505-2 dehydration
unit (NRC Equipment Corporation,.NewtohiHighlands,.Massachusetts). From the
appearance and behavior of the purified samples, it is believed that they were

essentially free of occluded solvents.

Characterization

Intrinsic viscosities, [n], were determined (see Table II) in 1,2-dichloro-

ethane at 30.0°C., and the viscosity-average molecular'weights,.ﬁ;, were calcu-

lated from Equation (42).
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TABLE II

CHARACTERIZATTION - OF POLYSTYRENE SAMPLES
(ql1,

Sample  Description a1. /s. STaES 1077 M x 1077 /M
B6 °  Original : 1.090 L. 26 L. L7 2.85
PB6 © Purified B6 1.078 k.19 5.12 .. 2.43
PS3L Purified S3U 0.8%2 3.1k 3.62% 1.06%
PSe6. .. . Purified 526 © 0.501 1.51 1.59% 1.08%
DRT8 ~ Purified Dylene : . :

Type 8 0.760 2.L6 -- -

&Values reported (26) for original samples.

McCormick (27) and Taylor (29) independently determined the molecular weight
distribution of the original B6 sample, using sedimentation velocity methods.
A similar procedure was used in the present work to determine the distribution

of sedimentation coefficient for Sample PB6, i.e.z purified B6.

. Knowing the diéﬁribution function, molecular weight averages can be calcu-
lated from their defining equations. Such calculations have been -reported by
Rudd (26) for -Samples B6, S26, and S34. The molecular weight averages for
Sample PB6 were calculated with Equations (71) and (72). The results of these

calculations are shown in Table II.

1,2-DICHLOROETHANE

. Purification

The procedure used to purify l,2-dichlor§ethane is a modification of thét
employed by Barton and Howlett (30). Reagent-gréde solvent (Ma£heson, Coiemén,
and Bell Company, b.p. 84-85°C.) was shaken thoroughly with concentrated sulfuric

acid. Following decantation, the solvent was washed successively with one volume
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of 1N sodium hydroxide and approximately 3 volumes of a saturated aqueous solu-
tion of sodium bicarbonate. The solvent was then rinsed thoroughly with approxi-

mately 6 volumes of distilled water and dried over anhydrous calcium chloride.

Extracted solvent was refluxed with reagent-grade phosphorus pentoxide for
several hours in an atmosphere of dry nitrogen. Following refluxing, the solvent
was twice fractionally distilled from phosphorus pentoxide in a.3-ft. column
packed with 6 by 6 mm. Raschig rings. The initial reflux ratio was maintained
at approximately 20:1. The desired fraction, constituting the middle 80% of

the starting material, was collected at a reflux ratio of approximately 3:1.

Solvent Quality .

Maclean, et al. (é;) demonstrated that ultraviolet spectrophotometry. is
widely applicable as a criterion. of solvent uniformity and is sometimes a more
sensitive method thaﬁ.detérminations of density, refractive index, or other .
physical quantities.' ThisnféchniQue was used in the present study for detection
.of impurities originally present and for evaluating the effectiveness of purifi-

cation procedures.

A substantial reduction in the ultraviolet absorbance¥* of the solvent was
obtained with the purification procedure. Reagent-grade 1,2-dichloroethane
could be reproducibly purified to a level superior to spectrogquality grade, as
adjudged by spectrophotometric methods. Typical absorbance values are given
.in Table IIT for reagent and spectroquality grades_(Matheson, Coleman, and Bell

" Company ) and purified material. The absorbance measurements were obtained with

a Beckman model DU spectrophotometer, using distilled water as a reference.

*The term, absorbance, is used in accordance with the recommended definition
of the American Society [of Testing and Materials (32) as follows:

. A = log(1/T)
where A and T are the absorbance and relative transmittance, respectively.




-17-

TABLE IIT

ULTRAVIOLET ABSORBANCE ‘OF 1,2-DICHLOROETHANE
SAMPLES AGAINST BISTILLED WATER

Waveléngth, Absorbance

: my Reagent “Spectroquality — Purified
225 -- 1.08 0.962.
226 1.07 0.909 0.794
228 0.778 0.620 0.53%3
230 C 0.569 :’ 0.431 | 0.348
235 0.286 » 0.193 o 0.117
240  0.150 0.109 ' 0.039
2hs5 .0.072 0. 066 0.011
250 0.023 0.041 0. 00k
255 0.004 0.028 0.000
260 | 0.003% | 0.019 0.000

The density of a typical sample of. purified solvent was determined by a
pycnometric technique. The average of six determinations at 30.0°C. was 1.23903
g./ml. (A1l determinations were within + 0.00023 g./ml.) This value is in
_excellent agreement with the value of 1.2383 g./ml. reported by Timmermans and

Martin (33).

CYCLOHEXANE

Reagent-grade cyclohexane; obtained from the Mathesbn, Coleman, and Bell
Company (m.p. 5-6°C.), was treated with an acidic solution of potassium per-
manganate and passed through a column of activated silica gel, as described
elsewhere (2&). The purifi;ation.procedure was selected for its ability to

)

remove any unsaturated or oxygenated impurities.
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A substantial improvement in the optical properties of the solvent was
obtained with this treatment, presumably due to the removal of unsaturated im-
purities. The ultraviolet absorption characteristics of the resulting solvent
are compared with the briginal solvent in Table IV, using distilled water as a

reference.

TABLE IV

ULTRAVIOLET ABSORPTION CHARACTERISTICS
OF CYCLOHEXANE SAMPLES AGAINST DISTILLED WATER

Wavelength, Absorbance

mp Original Purified
220 2+ | 0.302
225 2+ 0.176
230 2+ 0.100
235 .1.70 0.057
240 0.651 0.032
245 0.419 0.017
250 0.386 0.010

255 0.391 0. 007
260 0.363 0.006
270 0.240 0. 00k

Just prior to use, the treated solvent was further purified by distilla-

tion in which the middle 40% of the starting material was collected.
GRAPHITIZED CARBON BLACK

Samples
Samples of graphitized carbon black, known as Spheron 6 (commonly referred

to as graphon) and Sterling FT, were kindly provided by Mr. W..J.. McNeil of the
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Cabot.Corporation, Boston,. Massachusetts.. Some of the properties of these mater-

ials were provided by the supplier and are shown in Table V. .

TABLE V

PROPERTTES OF GRAPHITIZED CARBON BLACKS™

Spheron 6 - Sterling FT
Surface area, sq. m./g. - .

(electron microscope ) 117.0 13.3
Surface area, sq. m. /g.

(nitrogen adsorption) , - 89.h 10.3
Average particle diameter, mp - -

(nitrogen adsorption) 36.1 322
Moisture, % - 0.00 ©.0.00
Volatile content®, % 0.085 0. 066
Ash, % 0.01 0.02

aPertain to blacks from lot D3.

PPetermined by loss of weight. on heating at 1000°C. in .vacuo.

Graphitized carbon blacks are prepared by heating regular blacks in an
inert atmosphere for -2-hr. periods at temperatures ranging from 2700 to 3100°C.

(éé). Spheron 6 and Sterling FT are prepared from a medium processing channel

black and a fine thermal black, respectively.

All carbon blacks yield the same general x-ray powder pattern, consisting
of two rathér diffuse bands corresponding to the 002 and 100 (Miller.indices) .
reflections of graphite (é_). Upon heating at temperatures in excess of 1000<C, =
these diffuse bands.sharpen and additional reflections appear. .The nature.of
these reflections led Biscoe and Warren (ééj to conclude thaf carbon black‘ig

made up of individual graphite layers stacked roughly parallel to one another

but in random orientation about the layer normal. - The dimensions of these
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parallel layer groups have frequently been estimated from the breadth of appro-
priate diffraction bands, indicating that they are generally less than a tenth
the diameter of a carbon black particle (35).  Changes in the x-ray diffraction
pattern during heating (graphitization) indicate that these quasicrystallites

become more ordered and increase in size.

Beebe and co-workers (21) found that the differential heats of adsorption
of reinforcing blacks exhibited large variations as successive fractions of
surface were covered. Partial "graphitization" of the blacks greatly reduced
the activity of the more active sites, yielding a much more homogeneous surface.
Considerable evidence (QQTEE) has established that graphitized carbon blacks
consist of nonporous particles with exceptionally uniform surface character-

istics.

Purification

Although the graphitized carbon blacks were able to adsorb sufficient
quantities of polymer for the present study, it was found that polymer solu-
tions were contaminated during exposure to these adsorbents. To investigate
this difficulty, quantities of solvent and adsorbent were mixed for a 2l-hr.
period. The solvents were then decanted and analyzed for changes in bptical
characteristics. Absorbance measurements were obtained with a Beckman model
DU spectrophotometer, using distilled water as a reference. As shown in Table
VI, solvent absorbances were substantially increased by exposure to the adsorb-

\

ents.

Believing that the blacks had adsorbed contaminating impurities during
storage or upon shipment, samples were heated in a muffle furnace at 1200°F.

for 24 hours. [This temperature was too low to modify the structure of the
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blacks (35, 46) but sufficient to remove contaminating organic constituents.]
The results of this furnace treatment .are evident from Table VII. . Note that
absorbance values for the expéséd solvents are nearly idenfical;to those of
the control solvent. Apparent;y, the furnace treatment eliminated most of the
contaminating materials. Consequently, this treatment (24 hr. at .1200°F, ) was

employed for purification of the adsorbents.

TABLE VI

- ULTRAVIOLET ABSORBANCE bF SOLVENT BEFORE AND AFTER EXPOSURE
TO GRAPHITIZED CARBON BLACKS FROM LOT D3

Wavelength, , Ultra,violet‘Absorbancea
mp A B ' C D
230 : 0.362 1.06 1.01 1.02
232 _ 0.237. 0.958 0.900 0.870
234 0.154 0.852 0.812 0.7kh9
240 0.046 0.577 0.567 0. 462
2L2 0.030 0. 497 0.488 0.396
245 0.018 0.421 0. 406 --
250 0.011 0.375 0.353 0.291
255 0.009 .0.371 0.352 0.273
260 0. 009 0.342 0.323 0.252
265 0.009 0.277 0.266 0.226
270 ' : 0.010 0.227 . 0.215 0.200
280 -~ 0.174 . 0.165 0.157
290 - 0.1h2 0.133 0.127
300 o -- : 0.106 L 0.098 0.099
320 -- 0.046 0.041 0.055

BCode

A - control solvent.

B - 15 ml. of solvent exposed to 5 g. of Sterling FT-D3 black.

C - 25 ml. of solvent exposed to 2 g. of Sterling FT-D5 black.

D

- 15 ml. of solvent exposed to 5 g. of Spheron 6-D3 black.
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TABLE VII

ULTRAVIOLET ABSORBANCE OF SOLVENT BEFORE
AND AFTER" EXPOSURE TO FURNACE-TREATED
GRAPHITIZED CARBON BLACKS FROM LOT D3

Wavelength, Ultraviolet. Absorbance
M A B C
225 1.0k 1.03 1.01
226 0.852 0.845 0.838
227 0.694 0.694 0.681
228 0. 566 0.571 0.559
229 0.452 0. 462 0.451
230 0.369 - 0.379 0.367
232 _ 0.2L0 0.254 0.243 |
236 : 0.10k4 0.119 0.108
240 0.046 0.049 0.059
24l 0.022 0.023 0.034
250 0.009 0.011 0.023%
260 0.008 0.009 0.024
270 : 0.009 0.009 0.023%
280 0.010 0.011 0.017
300 0.007 0.010 0.012

8Code

A - Control solvent.
B - 20 ml. of solvent exposed to 2 g. of furnace-treated
FT-D3 graphitized carbon black,
C - 25 ml. of solvent exposed to 2 g. of furnace-treated
S6-D3 graphitized carbon black.
Upon removal from the furnace, the adsorbent was placed (over PQOS) in a
vacuum desiccator which was immediately evacuated and refilled with prepurified

nitrogen.(Matheson, Coleman, and Bell Company). . Adsorbents were stored in this

manner until needed.

It should be noted that different lots of Sterling FT graphitized carbon
black were involved in this study. Because the supplier's stock from lot D3

was depleted, it was necessary to obtain material from lot D4. According to
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the supplier, these materials are prepared in the same manner but vary slightly
from one lot to another, presumably because of small differences in the starting

materials and the time-temperature cycle during graphitization.

Enough Sterling FT-D4 graphitized carbon black was obtained for the entire
experimental program. Preliminary tests revealed that this material also con-
taminated the solvent upon exposure (although not as severely as the previous

samples ). Consequently, the furnace treatment was used on this material also.

Characterization

Electron Microscopy

Several electron micrographs were obtained at various degrees of magnifica-
tion on the following samples of graphitized carbon black:

1. Sterling FT-D4, as received from the supplier.

2. Sterling FT-DL4, furnace treated for 24 hours at 1200°F.

3, Spheron 6-D3, furnace treated for 24 hours at 1200°F,

Specimens were prepared for electron microscopy by dusting the adsorbent
onto collodion film. ZEach specimen was shadowed by directing palladium vapor
at an angle of 30° with respect to the specimen plane. Sterling FT-D4 samples
were dispersed by dusting directly onto the film, but the S6-D3 material was in
a pelletized form and could not be suitably dispersed in that manner. . It was
necessary to grind the S6-D3 sample in order to obtain any separation of individ-

ual particles.

Electron micrographs of the carbon black samples are shown in Fig. 1-3.
As seen in the figures, Sterling FT-D4 particles resembled nearly symmetrical
polyhedra as frequently noted in the literature. There was no perceptible

change in the Sterling FT-D4 material from the furnace treatment. Apparently,



Figure 1. Electron Micrograph of Sterling FT-Dk4
Graphitized Carbon.Black as Received

Figure 2. Electron: Micrograph of Sterling FT-DL4 Graphitized
Carbon Black- After Furnace Treatment




. Figure 3. Electron Micrograph of Spheron 6-D3 Graphitized
' Carbon Black After Furnace Treatment
these samples were easily dispersed as individual particles, and there is no
reason to suspect that the specific surface area -presented to polymer molecules
in solution was significantly lower than that determined by the gas adsorption

method.

On the other hand, the S6-D3 sample was entirely unsuited for the present
study. Even after substantial grinding, this pelletized material was highly
aggregated as shown in Fig. 3, and the surface area available for polymer
adsorption was indefinite. The "structure" of such an adsorbent would likely
result ;n an undesirable-contribution to polymer fractionation. Consequently,

the use of this material was considered no further.
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Nitrogen Gas Adsorption Measurements

Surface area determinations were made by the nitrogen gas adsorption tech-
nique on both the furnace-treated and untreated Sterling FT-DL4 samples. The
nitrogen adsorption measurements were performed at the temperature of liquid
nitrogen (-195.8°C.). The dead space determinations were carried out with helium

at the same temperature.

The data obtained from different runs were combined for each sample and
plotted in accordance with the theory of Brunauer, Emmett, and Teller (B.E.T.)
for multilayer adsorption (47), as shown in Fig. 4. The quantities indicated
in the figure are defined as follows: P = equilibrium pressure, Eo = saturation

pressure (liquefaction pressure of the adsorbate), and z'= total volume of ad-

sorbed nitrogen corrected to S.T.P.

The slope and intercept of each B.E.T. plot were evaluated statistically
(least sum of the squares) using only data below relative pressures of 0.18
and 0.25 for the furnace-treated and untreated samples, respectively. The
volume of gas adsorbed (corrected to S.T.P.) when the entire adsorbent is
covered with a complete unimolecular layer is given by the reciprocal sum of
the slope and intercept from the B.E.T.. plot. .Knowing the unimolecular: volumes
and adsorbent weights, specific surface areas were calculated by assuming that
an adsorbed nitrogen molecule occupies a cross-sectional area of 16.2 A.2 at
-195.8°C.. (48,  49). Values of 12.4k and 11.91 sq. m./g. were obtained for the

furnace-treated and untreated samples, respectively.

The difference in specific surface area for the furnace-treated and un-
treated samples is rather small but may be significant. Oxidation of the

carbon black surfaces probably occurred during the furnace treatment (50,.51).
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Smith and Polley (39) found that specific surface areas of graphitized carbon
blacks can be increased substantially by oxidation, the increase being relafed
to a decrease in particle size as a result of carbon burned away. These investi-
gators demonstrated-that oxidation occurs uniformly over the surfaces with no
development of porosity. This appeared to be true in the preéent study — elec-
~tron micrographs indicated that the adsorbent particles retained their polyhedral

shape following the furnace treatment.

Since polystyrene should have little tendency to form hydrogen bonds with

oxygen, the presence of a surface oxide was not regarded as detrimental.
DETERMINATION' OF SOLUTION CONCENTRATIONS
GRAVIMETRIC ANALYSIS

To evaluate the drying procedure used 1in gravimetric concentration deter-
minations, two quantitative solutions were'prepared with Polystyrene PB6.
Three known weights of solution were employed from each of the solutions.
Following solvent evaporation, the weight of residue was obtained (with an

-Ainsworth semimicro balance) for successive periods of drying in vacuo at 106°C.

For -the more concentrated solution (0.58055%), deviations between the
apparent and actual concentrations did not exceed 0.16% for any of the deter-
minations between.37 ahd 103.8 hours of drying, as shown in Table VIII. . Devia-
"~ tions between the apparent and actual concentrations for the less concentrated
solution (0.23773%) were less than 0.3% over this same drying period. From
these findings, drying times between 80 and 105 hours in vacuo at 106°C. were

employed for gravimetric ‘concentration determinations.
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TABLE VIII

EVALUATION OF DRYING PROCEDURE FOR CONCENERATION
DETERMINATIONS BY GRAVIMETRIC METHOD

Total, Drying Apparent Concentration, %

Time," hr. Sample 59 “Sample 9k Sample L3
0 0.61791 0.61590 0.62152
1.25 0. 59076 0.59019 0. 59370
3.42 0. 58597 0.58519 0.5863u-
7.08 ' 0. 58428 0.58%26 B 0. 58349

10.2 0.58155 0.58229 0.58151
37.0 0. 58079 0. 58148 0. 58086
60.0 0. 58079 0. 58089 0. 58070
82.0 0.57997 0.58024 0. 58006
103.8 0. 58068 0. 58078 0.5809;

aConcentration of starting solution: 0.58055% by weight polystyrene
PB6 in 1,2-dichloroethane.

bDrying time in vacuo at 106°C.
SPECTROPHOTOMETRIC ANALYSIS

Ultraviolet absorption spectrophotometry. provides a sensitive means of
determining concentrations in the dilute solution region. Typical absorption
spectra of polystyrene in 1,2-dichloroethane are shown in Fig. 5 for various
concentrations of polymer. These spectra were obtained with a Beckman model

DK~2 spectrophotometer using purified solvent as a reference.

The absorption spectra for two purified polymer preparations, obtained
from solutions of nearly identical concentration, are compared in Fig. 5. . Note

that the spectra for these different Preparations are essentially identical.
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(The spectra for these samples prior to purification were vastly different from

those shown in the figure.)

Several quantitative solutions of Polystyrene DRT8 in 1,2-dichloroethane
were employed for obtaining concentration-absorbance calibration curves. Using
a Beckman model DU spectrophotometer and purified solvent as a reference, absorb-
ance measurements were made on the solutions at selected wavelengths, as shown

in Fig. 6.

Whenever the spectrophotometric method was employed, every precaution was .
taken to insure that the absorption characteristics of the reference solvent

matched those of the solvent in the solution.
- INTRINSIC VISCOSITY DETERMINATIONS
GENERAL METHOD

Intrinsic viscosities were determined in 1,2-dichloroethane with a Cannon-
Ubbelohde semimicro viscometef.(size 25) having a solvent efflux time of 255 éec.
Cannon, g§"§£.A(§g) demonstrated that the kinetic energy.correction for this
type of viscometer is less than 0.05% for the conditions employed. The effect
of rate of shear on the observed specific viscosity, nsp’ is negligible for
polymers having intrinsic viscosities in the range of those employed (gi, 22).

Consequently, no corrections for kinetic energy or rate of shear effects were

applied to the viscosity measurements.

When kinetic energy effects are negligible, the solution viscosity is
directly proportional to efflux time. In this case, the specific viscosity,

sp’ is given by
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ngp = (8=t )/t (2)

vhere t and Eo are the respective solution and solvent efflux times. The relative

viscosity, N5 is given by

N, = t/tg (3).

r

The viscometric data were plotted as nsp/g and [ln(nr)]/g (where C is the
volumetric concentration) against concentration, as shown in Fig. T for Poly-
styrene B6. The intrinsic viscosity, [n], was taken as the common ordinate

intercept (intercepts averaged when not identical) in accordance with the mutu-

ally related equations (54, 55):

n,/C = [n] + k [n]°C, ana ()

5P

]2

[1a(n,)]/c = [n] - kglnlc (5),

where Ea and Eﬁ are constants characteristic of a given solvent-polymer pair and

temperature. These constants are independent of the molecular. weight of the

polymer and are related as follows:

k, + kg = 0.5 (6).

In actual practice, the determination of efflux times demand considerable
care. Cleanliness was of the utmost importance. Fach solution was filtered
through a type AA (0.8 p) Millipore filter (Millipore Filter Corporation, Bedford,

. Massachusetts ) directly into the viscometer. Efflux times were recorded to the
nearest tenth of a second, and a minimum of four readings were taken. In all
cases, dilution techniques were avoided;(éach solution was prepared on a weight

basis and measured individually.,
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The intrinsic viscosity of each pelymer sample was determined in 1,2-di-
chloroethane at 30.0 + 0.01 and 25.0 + 0.05. The data from these determinations

are shown in Fig. 42 and L3 of Appendix I.
ONE-POINT METHOD

Because of the time and quantity. of solution required by the above method,
it was necessary to employ a one-point method for solutions obtained from adsorp-
tion experiments. It has been demonstrated (éé, gi) for a variety of solvents
and a wide range of ﬁelecular<weights that polystyrene solutions behave in
accordance with Equations (4) and (5). .Maron (57) combined these equetions to

obtain the following expression for direct calculation of intrinsic'viscesify:

() = {n,, + 7lm(a )] /LQ + 5)c] )
where y = ka/kB o _ (8).
The constants, k and k LYy were determined for each polymer sample and were

found to be in good agreement (see Appendlx I) with the values obtalned for
Polystyrene B6 (Fig. 7), i.e., Ea = 0.330 and 56 = 0,157. Because of the exten-
sive .data obtained with Sample B6, these latter values were employed in Equations
(7) and (8) to calculate intrinsic viscosity from efflux time determinations at

a single concentration. The resultlng one-point relationship for polystyrene in

1,2-dichloroethane at 30.0°C. is given as follows:
[n] = 0.321(n /C) + 0.679(1n(n )]/C (9).
CONVERSION OF GRAVIMETRIC CONCENTRATION TO VOLUMETRIC CONCENTRATION

Because of need for accurate volumetric concentrations in viscometry, a

means of converting concentrations from gravimetric to volumetric quantities
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was developed. The apparent specific volume of polymer -in solution, @, can be

obtained from the following:

g = (3/o,) + (100/Cc )[(1/0) - (1/p,)] (10)

where p and po are the respective densities of solution and solvent, and gw is

the solution concentration in weight per cent. The above equation is equivalent

to similar relationships of other investigators (58-60).

Solution (C = 0.585%) and solvent densities were determined at 30.0°C.,

C
v
yielding respective averages of 1.2382L and 1.2390% g./ml. . Employing these
quantities in.Equation (10), a value of 0.89 ml./g. was obtained for @, which

is in excellent agreement with those reported (é;) for -polystyrene in a variety

of solvents at 25°C.

Assuming that @ is independent of concentration, solution . densities at
30.0°C. can be obtained from Equation (10). With the solution density avail-
able, gravimetric concentrations can be accurately converted to volumetric

terms with the following relationship:
_ -3
c, = (1.239 Cw)/[l + (1.05 x 10 )cw] (11)

Where‘g.V is the volumetric concentration at 30.0°C. in g./dl.. Equation (11)
was employed for .conversions needed at 30°C. At other temperatures, solution
~and solvent densities were assumed to be equal. At 25°C., the solvent or solu-

tion density was taken as 1.2u6 g./ml., obtained from interpolation of reported

- results (33).
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ADSORPTION RUNS
CLEANING PROCEDURE

Because of the importance of contaminating impurities in adsorption
bPhenomena, considerable care was taken to clean equipment coming into direct
contact with system components. Cleaning procedures are described in Appendix

IT.
APPARATUS

Adsorption experiments. were conducted in 50-ml. centrifuge tubes provided

with screw caps which had an inner cushion of rubber and a teflon liner.

During an adsorption run, tubes were mounted on an apparatus designed to
control the degree of agitation and temperature. ..The gpparatus. was provided
with several disks (12 inches in diameter) which were centrally mounted on a
shaft (perpendicular to the plane of the disk). V-shaped cutouts were located
at regular- intervals along the periphery of each disk. An adsorption tube was

mounted by locating the tube in appropriate cutouts of adjacent disks.

The disks could be radially displaced on the shaft, making it possible
to set the angle between the adsorption tubes and the shaft at any desired
interval. The apparatus was provided with a variable speed control so-that
the shaft speed could be maintained at any level below 120 r.p.m. Control of
the angle and speed made it possible to vary the nature and degree of agitation
over a wide range. On the other hand, by maintaining a constan£ rétational

speed and fixed angle, the agitation was readily controlled.
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- The shaker apparatus was mounted in a constant temperature bath which

provided control within + 0.03°C,
PROCEDURE

‘Preliminéry Preparations

“Enough solvent was purified before each adsorption run to satisfy the sol-
vent needs for an entire run, thereby keeping solvent quality constant. A
portion of the purified solvent was used to prepare a stock solution whose
concentration was determined gravimetrically. . Solutions of lower concentration

were made up on a. weight basis from the stock solution and purified solvent.

Furnace-treated adsorbent was weighed to the nearest 0.3 mg. on an
analytical balance and added to previously cleaned and tared adsorption tubes.
The tubes containing adsorbent were heated in an oven overnight at 118°C. and

subsequently stored in a vacuum desiccator filled with prepurified nitrogen.

Initiation of the Adsorption Run

Prior to each run, the adsorption tubes (containing adsorbent) and polymer
- solutions were thermostated at 25.0 + 0.03°C., the temperature used in all
adsorption work. Solution additions were made subsequently from volumetric
pipets, and the tubes were sealed by stretching teflon film across the mouth
of each tube. The loaded tubes were sealed further with paraffin wax before

mounting on the shaker apparatus.

. Equilibration Period

Frequently, investigators have judged the time required for equilibration
by observing the weight of polymer adsorbed as a function of time. . In the

present. study, both the welght of adsorbed polymer and the intrinsic viscosity
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of the bulk: phase, [n]B, were observed as a:function of time. (The term bulk
phase is used throughogé this thesis to indicate the .solution phase or region
containing dissolved solute as differéntiated from the surface phase or region
.containing adsorbed polyher.) Data for Polystyrene PB6 and a mixture of Poly-
styrenes PS26 and PS3k4. are shown.in Tables IX.and X, respectively. Note that
very little change was observed in the weight of adsorbed~polym¢rvafter-15 or

-1k hours; however, [n], continued to decrease sharply. Since there were no

B

significant changes in [n]B for either run after.3 days, that period was re-

garded as the minimum requirement for equilibration. (In most cases, equilib-

rium runs were continued for L4 days.)

TABLE IX

ADSORPTION OF POLYSTYRENE PB6 AS A FUNCTION' OF TIMEa

.Contact Time, Weight Adsorbed
hr. .[n]B, al./e. "Polymer, mg.
1.28 0.995 e
6.18 . 0.861 : 46,4
13.0 . 0.798 47.0
23. 4 : 0;775 47.3
48.1 0.7L7 _47.8
72.% . 0.731 . - - 7.6
96. 4 0.731 - . - L47.6

®pata from adsorption. run ‘No. L4S1-TCB.

The fact that [n]B remained constant for 24 hours in one case and essen-

tially constant for 47 hours in the other indicates that the rate of polymér

degradation from agitation was negligible. (Other evidence will be presented

later-indicating that polymer degradation was negligible. )
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TABLE X

ADSORPTION OF POLYSTYRENE M%XTURE
AS" A FUNCTION OF TIME

Contact Time, . Weight Adsorbed
hr. [n]B, ai./e. Polymer, mg.
1.03 0.59 T 27.5
4.15 0.571 28.1
14,1 0.567 29.0
25.4 0. 559 29.0
49.9 0. 554 29.1 |
Th.1 0.551 29.1
87.2 0.551 28.9 |
120.8 | 0.550 29.0

aData from adsorption run No. 5S2-TCB.

Separation of Adsorbent and Solution

In adsorption experiments of long contact time, i.e., > 12 hr., the
adsorbent and solution were separated by centrifuging the adsorption tubes,
intact, under a force of approximately 3000 g for 20 min. The supernatant
liquid was decanted, transferred to a clean centrifuge tube, and centrifuged
as before. The resulting solution was filtered through a type AA (0.8 p)

- Millipore membrane to remove any suspended carbon black.

For adsorption experiments of short durétion, the initial separation of
adsorbent and solution.was obtained by filtration through a combined glass
fiber prefilter and a type AM-3 (2.0 p) Polypore membrane. The resulting

filtrate was passed through a type AA (0.8 p) Millipore filter.
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Using the spectrophotometric method for concentration determinations, it
was found that filtration of polymer solutions through membranes with average
pore sizes as low as 0.45 p (type HA, Millipore filter) did not remove any

measurable quantities of polymer from solution.

Solvent which had been'mixed with furnace-treated adsorbent for several
days was tested for a. . possible increase in viscometric efflux time. The solvent
was separated from the adsorbent by. centrifugation and filtered through a type
AA (0.8 p) Millipore filter. The observed efflux time was identical to that of
purified solvent (to the nearest tenth of a second), indicating that the final
filtration removed suspended carbon black particles to the degree where there
was ho intefference with viscosity determinations. There was no detectable

~resildue obtained from evaporation of the exposed‘solvent.
CANALYSTS

"A one-point intrinsic viscosity determination generally was made on each
of the solutions obtained from adsorption experiments. Immediately following
the efflux time determination, solution concentration was evaluated gravimetric-

ally and converted to Volumetric terms.

The-weight of adsorbed  polymer was calculated from the original solution
volume and the concentration decrease resulting from adsorption. This method
of calculation assumes that the bulk phase volume is equal to the original
volume of solution em@loyed. The error involved in that assumption is not
likely to be serious. .if all thé.solvent within 200 A. of the adsorbent sur-
faces.iévregarded as part of‘the surface phase, the‘total volume of solvent
therein forleach gram of adsorbent is only about 1.6% of the original volume

usually employed (15.0 ml.).
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DETERMINATION OF SEDIMENTATION COEFFICIENT DISTRIBUTIONS FROM
SEDIMENTATION VELOCITY EXPERIMENTS WITH AN ULTRACENTRIFUGE

INTRODUCTION

In cases where it was necessary to know the molecular weight distribution
of polymer or.-its equivalent, sedimentation velocity experiments were conducted
with an ultracentrifuge. Determination of polymer heterogeneity, specifically
distributions of sedimentation coefficient, has been thoroughly reviewed (62-65).
Recent studies (27, 29) with polystyrene contributed heavily to procedures

employed in.the present work. . i

The sedimentation. velocity method used in the present work involves the
transport of an initially sharp boundary between solvent and solution. Broaden-
-ing or spreading of the boundary, which occurs during sedimentation,.is influ-
enced mainly by four factors: (1) polymolecularity, (2) diffusion,. (3) concen-
tration effects, and (4) pressure dependence of the sedimentation coefficient.
Under appropriate conditions, the effect of polymolecularity is large in
comparison to other factors. In that case, differential distribution functions
can.be calculated directly from sedimentation velocity data, as suggested by
Baldwin and Williams (66), by assuming that observed behavior. is only the
résult of differences in solute sedimentation rates (polymolecularity). Such
. determinations are regarded only as apparenf distributions and are corrected

gubsequently for other. influences.

The solvent employed in sedimentation velocity runs was selected because
it minimized corrections needed. Corrections for -diffusional transport were
made by an appropriate extrapolation procedure. The effects of concentration

were eliminated by using an analytical expression describing the dependence of
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sedimentation coefficient,. S, on concentration. Corrections for the dependence

of S on pressure were neglected.

EXPERIMENTAL

Choice 9£>Solvent

fﬁe ﬁltraéentrifﬁgé wéfk Wés conaucted in cyclohexane Just above the theta
temperafure. The fior& or thefa temperature implies é temperature charaéteristic
of a»péfticular éolvént-pélymer~system at which second virial coefficients in
osmotic virial expansions (or in light-scattering expansions) become zero (67).
At that temperature'solute-sbiute and sol&ent-solute interactions are essen-
tially balaﬁced,-and py working at sufficiently dilute concentrations, only
interactions of a hydrodynamic nature are significant. The importance of using
a theta system -in sedimentation velocity experiments was discussed by Fﬁjita
(64) and demonstrated by McCormick (27) and Cantow (68). The theta temperature
for the polystyrene — cyclohexane system has been determined by several experi-

mental methods (69-71) which yielded temperatures in the range of 34.0 to 3L.5°C.

Preparation of Samples

Since the adsorption‘experiments were conducted in.l,2-dichloroethane, a
standard procedure was adopted for preparing ultfacentrifuge samples in cyclo-
hexane. Initially, dichloroethane solutions of polystyrene were placed in
aluminum weighing dishes, and solvent wéé evaporated at room temperature. The
resulting residues were dried in vacuo at 60°C. for at least 24 hours. The
welghing dishes, containing the residues as thin films, were cut: into strips
and transferred to volumetric flasks. Every effort was made to keep the trans-
fers quantitative, thereby preventing any possibility of fractionation. The
flasks were then filled with purified cyclohexane and thermostated overnight

at 37°C.
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At temperatures below the theta point, polymeric species precipitate from
solution. Consequently, at each point involving a transfer of solution or
reduction in sample size, care was taken to insure that all species present
were in solution. This was accomplished by thermostating the solution at a

temperature slightly above the theta point for several hours.

Equipment and Procedures

Sedimentation velocity.experiments were conducted in a Spinco Model ﬁ
ultracentrifuge equipped with a temperature-controlling unit. Schlieren optics
and a single-sector synthetic-boundary cell were employed. Prior to the cell
loading, the cell components and loading accessories were thermostated at 50°C.
for approximately one hour to prevent phase separation in the solution during
the loading operation. The rotor, an ordinary An-D analytical head, was pre-

heated to approximately 35°C.

Following the loading operation, the rotor and contents were allowed to
equilibrate in the chamber at 35°C. for two hours before the run was started.
Centrifugations were conducted at the maximum speed permitted for the cell
components, i.e., 56,100 r.p.m., in order to minimize the contribution of
diffusion to the Boundary spreading. Speed-time data were recorded dﬁring the
period of angular acceleration to permit an accurate calculation of the equiv-
alent time at top speed. Schlieren photos were recorded automatically at two-
minute intervals. The temperature of the rotor was maintained at 35 + 0.1°C.

The equipment and typical operating conditions are summarized in Taeble XI.

A modified Wilder microccomparator- providing an optically projected image
of 20X magnification was used in the plate measurements. That instrument was
-provided with micrometers which were read to the nearest 0.0001 inch. Further

experimental details are given elsewhere (éi).
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TABLE XTI

SUMMARY  OF EQUIPMENT ANP TYPICAL OPERATING CONDITIONS

Ultracentrifuge: Spinco Analytical Model E

Rotor: +type An-D

Cell: single-sectorvsynthétic-bouﬁdary capillary type

Cell windows: sapphire

Light source: type A-H6 mercury arc lamp

“Wavelength: 546 mp (mercury green line)

Optics: schlieren with phase plate

Schlieren blade angle range: 60 to 70°

Rotor and cell temperature: 35°C.

High range heater voltage: 20

‘Refrigerant temperature: 10°F. (35°F. during angular acceleration.period)
Top speed: 56,100 r.p.m.

. Maximum angular acceleration: 13.5 rad./sec.2

" Elapsed fime to top speed: 12 min.

Duration of run: 30 min.

Volume of solution: 0.3 ml.

Volume of solvent: 0.1 ml.

Photographic’ plates: : Kodak Spectroscopic II-G (2 x 10 .in.)
Exposure time: 5 sec.

Automatic photo interval: 2 min.
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CAICULATION OF APPARENT DISTRIBUTION

To account for sedimentational transport during the period of angular
acceleration, an equivalent time of sedimentation, Ee,.at the final angular
velocity, w,, was employed (63). The equivalent time can be accurately evalu-

ated from the following:
t
t = (1/a>2) fwgdt (12)
e T
0

where o is the angular velocity at time, t.
The sedimentation coefficient, S, is readily given by (65):
5, = (1/62¢_) In(r,/r) O w)
i fe i"7o

where r; and r, are the distances from the center of rotation to the sediment-
ing species and the original boundary location, respectively. The apparent

differential weight distribution function of §, i.e., gf(g), is given by the

well-known relationship (62-64):
g*(s,) = oSt _x (3m/ar), / (B0) 7 (14)

where An is the refractive index increment at time, t, and position, Tis and

(ZE)O is the refractive index increment of the original solution.

Equation (14) can be used to calculate the apparent differential weight
distribution function of 8 if (1) the refractive index of the solution is a
linear function of concentration, and (2) the specific refractive index incre-
ment is the samé for -all solute components. ﬁegarding the first condition, it
has been reported (g) for the polystyrene — cyclohexane system that the refrac-

tive index of solution (at A = 546 mp) is a linear function of concentration
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" up to concentrations as high as 9% by weight. The second condition geheralLy is
regarded as an excellent assumption for -polymers that are heterogeneous with

respect to chain.lehgth only.

Trautmen and Schumaker (72) demonstrated that the initial solution concen-

tration, 90’ can be calculated from the'following relationship:

e - f (x/x )P (3¢/3r)ar (15)
0

where C is the solution concentration at time, t, and position, r. From the
linear relationship between refractive index and solution concentration, it is

evident that

(8n), = RC_ (16)
where R is the specific refractive index increment.

By combining Equations (14), (15), and (16), the following is readily

.obtained:

(s,) = ofe 2 (aW/or),/ | P (a/ar)ar (7).
‘ 0

The above relationship is in a form which facilitates direct use of the plate
meaéurements. The gradient term, 835/83, is directly proportional to the height

of the boundary curve (after subtraction for a reference base line) (73).
Equations (13) and (17) were used to calculate the apparent distributions.

Location of Original Boundary

Immediately following the boundary formation, the refractive index gradient

at the boundary was so high that light was deviated completely out of the optical
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system. This behavior appeared on the photographic plates as a sharp vertical
line which could be located with considerable accuracy. These early photos
were used to determine the original boundary location. Employing the micro-
comparator technique, the distance between a known reference edge and the
vertical line, AXL, was determined for several photos. These quantities were
extrapolated agai;;t equivalent time, as shown in Fig. 8. The resulting inter-
cept was employed to calculate the original boundary location, I by an

appropriate conversion from optical to actual radial distance.
DIFFUSION CORRECTION

As previously indicated, distributions obtained from Equations (13) and

(17) are regarded only as apparent distribution curves. By extrapolating the

distributions to infinite time, the contribution from diffusion spreading be-

comes vanishingly small compared to the effect of polymolecularity (§£, Z&, Zi).

Several methods for performing the extrapolation to infinite time have
been suggested. A method suggested by Baldwin (Zé) although not recommended

strongly by him was found quite satisfactory for -the present work. This method
2 -1
)1,

involves the extrapolation of § against a reciprocal time function [Ee eXP(§§Df39

for fixed values of 5%(§)/5%(§)max. The mean sedimentation coefficient for an
apparent distribution, Ef, is appropriately defined by (6L4):

[ee]

=]

—f = Sg*(S)dS/fg*(S)dS (18).
0 0

The term, 5%(§)max’ is used to designate the maximum value of g*(8).

Typical extrapolation curves are shown in Fig. 9 and 10 for the trailing

and leading sides of the boundary, respectively. Note that the extrapolations
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are essentially linear over the entire range of S, which is particularly desir-
able for quantitative evaluation. The extrapolations yield the diffusion-free
distribution of g(s)/g(8) ,, versus 8. The ordinate of the distribution, i.e.,
g(8)/g(s) oy’ 1S then multiplied by 5(§)max to obtain the diffusion-free distribu~
tion of g(8) versus S. The value of g(8) ., can be accurately evaluated from

the following:

-1

68 ) =| | {6(8)/a(8) )00 (19).
J |

This extrapolation. procedure is actually a modification of a method employed
successfully by Eriksson (Iz) for diffusion corrections for polymethyl metha-

crylate.
CONCENTRATION CORRECTION

Because of the extensive work (both experimental and computational)
required for concentration corrections by extrapolation techniques, it is
desirable to use an analytical concentration correction whenever possiblé.
The method of correcting the S-g(S) distribution to infinite dilution from
a single experiment at concentration 90 requires knowledge of the concentra-
tion dependence of S. The method alsoﬂinvolves certain assuﬁptions, the most

serious being that sedimentation coefficient depends only on the total concen-

tration of the mixture (73).

The Johnston-Ogston and boundary sharpening effects both disappear at
infinite dilution and, thereby, are eliminated simultaneously by extrapolating
the diffusion-free distributions to infinite dilution (64). However, when
the condition, (8/8°) > 0.9, is satisfied (where S is the sedimentation coef-

ficient at some finite concentration and §9 is the corresponding value at
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infinite dilution), there is very little difference in distributions obtained
with and without correction for the Johnston-Ogston effect (Zz). Hence,
concentration effects can be adequately accounted for by an analytical correc-

tion when the above condition is satisfied.

A photo taken hear thé-ﬁiddle of the run is used for the hecessary correc-
tion information. The quantity,_gg/gg, is calculated from the following

equation due to Baldwin (78):
(ac/as), = e*(s,)c_lexp(-203ts, )] (20)

The above relationship facilitates determination of the actual concentration,

gsi’ at the level in the cell where the sedimentation coefficient (uncorrected

for concentration) is given as §i' This concentration is readily obtained from

the following:
S,

cC . = Jﬁl (ac/as)as (21).

S1

-co
The dependence of S on concentration in the polystyrene — cyclohexahe
system at 35°C. was reported by Cantow (§§) for the concentration range from

0.2 to 1.5 g./d1.:

s = s°/(1 + 0.0068%°¢?) (22)
where
S = concentration dependent sedimentation coefficient in svedbergs
‘§é = sedimentation coefficient at infinite dilution in évedbergs
c = concentration in g./dl.

Knowing the relationship between Qsi and §i’ i.e.,. Equation (21), values

of §§ corresponding  to §i can be obtained from Equation (22) by a trial and
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error method. A plot of corresponding §i and §§ values yields the slope,

(§§/dso). at each value of S,. The differential weight distribution function
—_— l) -1 ’

already corrected for diffusion, i.e., 5(§), can now be corrected to infinite

dilution according to:
o o
g(8;) = g(5;)(as/as™), (23).

The fully corrected distribution is given as 5(§?) versus §?.

The magnitude of the boundary sharpening correction is demonstrated in
Fig. 11 with ultracentrifuge Sample 101l. Since that sample possessed the
highest average molecular weights and was the most concentrated of any employed,

the correction shown represents a maximum.
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EXPERIMENTAL DATA AND DISCUSSION OF RESULTS

EQUILIBRIUM ADSORPTION AND FRACTIONATION OF POLYSTYRENES
OF BROAD MOLECULAR WEIGHT DISTRIBUTION

INTRINSIC VISCOSITY AND RELATED STUDIES

"Experimental

‘Equilibrium adsorption experiments were conducted for different ratios of
adsorbent weight to solution volume over a wide range of solution concentration.
Polystyrene B6 was used both as received and purified. Solution volumes of
15.0 ml. were employed in each adsorption tube, and the weight of furnace-
treated FT-D4 graphitized carbon black was varied from 0.5 to 6.0 g. The
adsorption tubes were agitated for several days at 25.0 + 0.03°C. Following
equilibration, the tubes were centrifuged, and the resulting supernatant solu-
tions were filtered to remove any suspended carbon black. The experimental

conditions employed in these equilibrium runs are summarized in Table XII.

TABLE XII

SUMMARY OF EXPERIMENTAL CONDITIONS FOR
EQUILIBRIUM ADSORPTICN RUNS

Adsorption Polystyrene Equilibration Shaker Speed, Shaker
Run No. Sample Period, days ©.or.)p.m. ‘ Angle

3S-ECB B6 3 2k.0 15°
4S4-ECB PBR6 L 24,0 15°

One-point intrinsic viscosity determinations were made on supernatant
solutions having concentrations sufficiently high for accurate efflux time

determinations.
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-Langmuir Behavior

Silberberg (5, 79) has demonstrated theoretically that polymer-adsorption
should conform to the Iangmuir isotherm, although not for the reasons usually
associated with such behavior. Langmuir behavior also has been observed experi-

mentally (1, 80).
The Langmuir isotherm can be written as follows:
r= xrc/(1+xc) (24)

where [' is the specific adsorption, i.e., the weight of adsorbed polymer per

unit weight of adsorbent, K

1 is an equilibrium constant, :m is the maximum or

-1limiting specificladsorption, and C is the equilibrium con;éntration.

To test the conformance of an adsorption system to the Langmuir isotherm,
it is necessary (5, 80) to include data in the dilute solution.region over a
wide range of surface coverage. Equilibrium adsorption data were obtained in
that region from Adsorption Run no. 3S-ECB, employing Polystyrene B6. These
data pertain to concentrations from 0,009 to 0.80 mg./cc. Because of the
limited amount of polymer.in solution in this region, concentrations had to
be determined spectrophotometrically. However, unpurified Polystyrene B6 had
a.significantly different ultraviolet spectrum than the highly purified poly-
styrenes, meking it impossible to use the éoncentration—calibration~curves in

the usual manner.

. It was found, however, that the decrease in spectrophotometric absorbance
between the initial and final solutions could be used quite satisfactorily.
Apparently, the impurities present were nét adsorbed to any significant degree.
This was established iﬁ two ways. First, the highest concentration employed

was determined both gravimetrically and spectrophotometrically, and excellent
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agreement was obtained. Second, the use of different wavelengths (those previ-
ously calibrated) gave essentially the same results. It is very unlikely that

impurities were adsorbed in the same spectrophotometric ratios as polymer.

The results obtained from the ultraviolet analysis are summarized in Table
XIII. Using the average concentration decrease obtained from three wavelengths

(A = 260, 262, and 269 mu), the results shown in Table XIV were calculateéd.

TABLE XITI

. " “RESULTS FROM ULTRAVIOLET 'ANALYSIS'IOF: DILUTE
SOLUTIONS FROM ADSORPTION RUN NO. 3S-ECB

Initial a
Concentration, Concentration Decrease , weight %
weight % | R B C D
0.1430 0.0798 0.0785 0.0776 0.0793
0.1027 0.0735 0.0731 0.0721
0.07196 0. 0600 0.0598 0.0595
0. 05804 0.0499 _ 0.0506 0.0505
0. 04041 0.0390 0.0389 0.0387
0.02325 0.0211 0.0213 0.0212
0.01193 0.0112 0.0112 0.0111
#Code
A - Results using only a single wavelength, A = 269 myu.
B - Results using \ = 260, 262, and 269 mp.
C - Results using A = 255, 260, 262, &nd 269 my.
D - Gravimetric determination.

The Iangmuir isotherm can be written in its linear form as follows:

c/r= ¢/t +1/(¥r,) (25).
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The adsorption data obtained from the dilute solution region (Table XIV) were

plotted in accordance with the above equation, as shown in Fig. 12.

RESULTS FROM DILUTE SOLUTION REGION
OF ADSORPTION RUN NO: 3S-ECB

TABLE XIV

Initial Equilibrium
Concentration, Concentration,
weight % mg. /cc.
0.1430 0.803
0.1027 0.370
0.07196 0.152
0. 05804 0.0923
0.040k1 § 0.0189
0.02325 0.02k41

0.01193 0. 00926

Specific
Adsorption,
ng. /8.
b7
13.7
11.2
9. L6
.27
5.99

2.09

‘A statistical analysis of the data (method of least squares) yielded a

correlation coefficient of 0.9986, I = 15.63 mg./g., and = 18.L45 cc. /mg.
m- ’ =

It has been pointed out (2, QQ) that a plot of adsorption data is not a very

sensitive test of ILangmuir behavior in regions of nearly constant surface cover-

age, l.e., regions of nearly constant [.

can be calculated according to:

6 = r/rm

The fraction of surface covered, 6,

~ (e6).

The above relationship assumes with no justification that the fraction of sur-

face covered is directly proportional to the weight of adsorbed polymer. Con-

sequently, the surface coverage quantities should not be interpreted literally.
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Surface coverage values were calculated with Equation (26) and compared
with ILangmuir quantities, as shown in Fig. 12. .Note that Iangmuir behavior was
observed over a.wide range of surface coverage, i.e., over a wide range of

specific adsorption.

Data from the high concentration region of Adsorption Run no. 3S-ECB indi-
cate that the system exhibited Iangmuir behavior at substantially higher equil-
ibrium concentrétions. These adsorption data were plotted in accordance with
‘Equation (25), as shown in Fig. 13. A statistical analysis of the data yielded
a corrglation coefficient of 0.9988 and r, = 15.66 mg./g. The limits of the

dilute solution region are indicated in Fig. 15 to emphasize the wide range of

concentration over which Langmuir behavior was observed.

The combined data obtained from Adsorption Run no. 3S-ECB also was analyzed
statistically, yielding a correlation coefficient of 0.9995 and Fm = 15.93 mg./g.
The latterlvalue was used in Equation (26) to calculate the surfa;é coverage’
shoﬁn in Fig. 12. The solid curve passing through the surface coverage points

in that figure was obtained by combining Equations (24) and (26) as follows:

6 = KC¢/(1 +KC) e7).

The equilibrium constant,.gl,,was taken as 18.45 cc./mg., obtained from the

dilute solution data.

The Iangmuir isotherm obtained from the combined adsorption data is com-
pared in Fig. 1k wiﬁh that obtained from the dilute solution data. .Note that
the constants,.gi and Fm’ obtained from the dilute solution data can predict
the adsorption iéotherm—gver the entire concentration range With a high degfee

of accuracy.
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-Additional evidence of ILangmuir behavior was obtained from Adsorption Run
no. U4SU-ECB, employing Polystyrene PB6. The adsorption data.were plotted in
accordance with Equation (25), as shown in Fig. 15. . It is not known whether
the deviations from linearity at the higher concentrations are significant or
not. The relative decreases in concentration which resulted from adsorption
were much lower for these determinations than for those at lower equilibrium
concentrations, making the determination of " much less certain. On the other
hand, the deviations may represent a change in the adsorption.process, althoggh
the data are too limited to support such a conclusion. A linear regression of
the adsorption data in the concentration range, 0 < C < 6.0 mg./cc., yielded a

correlation coefficient of 0.9977 and Fm = 15.36 mg./g.

Fractionation Behavior in the Bulk Phase

The intrinsic viscosity data obtained from Adsorption Run no. 3S-ECB
(Polystyrene B6) are shown in Fig. 16. It appears that the fractionation (as
measured by intrinsic viscosity) of Polystyrene B6 was strongly dependent on
the ratio of adsorbent to solution and the equilibrium concentration. However,
. the viscosity data can be described by a single parameter, irrespective of the
ratio of adsorbent to solution or equilibrium concentration. This is demon-
strated. in Fig. 17 in which intrinsic viscosity was plotted against the weight

fraction of polymer adsorbed, ZA'

On first consideration, the variables which seemed important in Fig. 16,
i.e., the ratio of adsorbent to solution and equilibrium concentration, appear
to be unnecessary to describe the fractionations obtained. However, it must
be emphasized that the quantity, XA’ actually is related to these variables

according to:
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X, = rwa/cov =1 - c/cO (28)

where T is the specific adsorption, Ea is the weight of adsorbent, 90 is the

initial solution concentration, V is the volume of solution, and C is the

equilibrium concentration.

The intrinsic viscosity determinations were limited to the plateau region
(see Fig. 14) where solution concentrations were high enough for accurate efflux

time determinations. Because of the near constancy of T' in that region, varia-

/

tions in wa andﬁgo for fixed values of and V would not change the value of

W /C
~e/ %o

X,. However, it is evident from Equation (28) that such variations would change

the level of C in each case.

Experimentally, both Ea andngo were varied for fixed values of V. In

effect, this produced different levels of C at each value of KA' In other

-words, different ratios of adsorbent to solution at a fixed value of KA actually
represent different levels of C. Consequently, that ratio was included on all
the appropriate plots to indicate the effect of 'C on the quantity under investi-

gation.

Note that the viscosity reéults shown in Fig. 17 depended only on the
weight fraction of polymer adsorbed, irrespective of the ratio of adsorbent
to solution or final equilibrium concentration. It must be emphasized that the
viscosity data were limited to the region of nearly complete surface coverage,

thereby limiting the validity of the observed relationship to that region.

The viscosity results shown in Fig. 17 were evaluated statistically, using
a curvilinear regression with a prescribed constant term. It is obvious that

the intrinsic viscosity of the bulk phase, [n]B, is equal to that of the
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original: solution, [n]o,.when X, = 0.  In-that case, since'[n]o'is known with

more certainty than the [n]B Observations, the use of a regression . with a .

prescribed constant term appears to be justified. The prescribed constant

term forces the regression through the point [n]O at XA = 0. . From analysis

of variance, it was found that the results in Fig. 17 (for the regression of

B on-XA) are best fitted by a«farabolic relationship:

[n]y = 1.090 - 0.2794(X,) - o.658o(xA)2 (29)

From the sum of the squares removed by regressions with and without a prescribed
constant term, it was found that the restriction imposed on the curve by the
prescribed constant did not élter-significantly the goodness-of the fit. Byv
including the prescribed constant term the regression is more reliaﬁle in the

low XA—rangec

The order of the regression was adjudged from an analysis of the variance;
the significance of each successive term was tested by the F-ratio (§;), This
procedure was employed throughout this work, using the 0.05 probability level .

as the criterion for significance.

The curves representing no fractionation and '"perfect! fractionation are
also-included in Fig. 17. . If no fractionation occurred during the .adsorption
process, the molecular weight distribution would remain unchanged and indepen-

dent of X,.  In this case, [q]

" B would have to be constant and equal to [n]

o

Hence, the straight line located at [’n]O represents the no-fractionation curve.

(The perfect fractionation curve will be discussed in the next section. )

Equilibrium adsorption experiments were conducted with Polystyrene PB6

(Run no. U4Sh-ECB) to substantiate the behavior shown in-FPig. 17. . A minimum
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of four days was allowed for equilibration. The viscosity data were plotted
against the weight fraction of polymer adsorbed, as shown in Fig. 18. These
results clearly support the behavior originally observed for Polystyrene B6,
namely that [n]B depended only on XA' A curvilinear regression of [n]B on

KA yielded the following relationship:

[n]g = 1.070 - 0.3055(X,) - 0.6069(, )° (30).

B

The regression was not restricted by the inclusion of a prescribed constant

term because of the data available in the low XA-range.

The intrinsic viscosity of the bulk phase was used to detect any polymer
fractionation resulting from adsorption. . Intrinsic viscosity, [n], can be
related empirically to the viscosity — average molecular weight, E;, by the

Mark-Houwink relationship as follows:
——\a
[n] = k() (31)
where K and a are constants for a given polymer-solvent pair and temperature.

- The viscosity — average molecular weight, unlike the fundamental number-
and weight-average molecular weights, generally is not constant for a given
polymer sample but varies from one solvent system to another (depending on the
degree of polymolecularity and the change in magnitude -of the solvent-polymer
interactions ) and also exhibits a slight variation with temperature (depending
on how far removed from the theta temperature). In spite of these character-
istics, intrinsic viscosity was superior to the use of other average molecular
-welght methods because of the coﬁparative ease and precision of the determina-

tions.




-71-

(d0oE-tSH "ON unyg uotTydIospy) oseyd rng ut gdd
ouaIL1sLTOJ JO JOTABUSH UOTFBUCTFOBRIL UNTIQTTINDY el 2InIT g

VX ‘@38Y05AV H3IWAIOd 40 NOILDOVYHd LHOI3IM

80 L0 '9'0 S0 %0’ €0 20 1'0 0 .
. 40
_ _ o _ _ _ _

"IN 0G1 OL © 09 [ o

N OGI OL © 0§ -

. "W OGSl OL © 0% O

- W O0'GI OL D 0E ¥

e TN 061 OL 9 02 O
INOSIOLD 01 O —90

"IN O'GL OL O G0 O

< -

v, 8,

NOILN10S OL

IN3940sdyv Ollvy

(6€) NOIlVND3
‘NOI LYNOILDOVY S —
193443d

80

K O

C»

(0€) NOILVNDI “IVLNIWIYIdX3

SINdANVS
3ONJIHINIDVELIN ¥

°[4] ALISODSIA DISNIMLNI 40 T3A3T TVNIOIHO —

Q

9/ 10 ®[4] IsvHd WING 40 ALISODSIA DISNIYLNI



-T2~

The main objection to intrinsic visecosity as a measure of fractionation is
one commonly encountered wherever an average quantity is used to describe a
distribution. Unless the mathematical form of the diétribution is known, a
single parameter (or even several parameters) is not sufficient to characterize
the distribution. However, in cases where one. of the tails is reduced substan-
tially while the other remains essentially unchanged, average quantities yield

valuable information about the change that has occurred.

Perfect Fractionation

The results shown in Fig. 17 and 18 indicate that the higher molecular
weight species were adsorbed preferentially at equilibrium, irrespective of
the weight fraction of polymer adsorbed. To judge the extent of the fraction-

ations obtained, the "perfect fractionation" concept was employed.

For perfect fractionation, the highest molecular weight molecules in the
bulk phase must be removed successively via adsorption as XA_is increased.
To obtain the perfect fractionation curve, knowledge of the complete molecular

weight distribution or its equivalent is required.

Assuming that the polymer molecules are continuously distributed with
respect to molecular weight, the viscosity — average molecular weight (§g)

can be written as:

a

- <) ]_/
M= f M (M)aM /f £(M)aM (32)
0 0

where E(M) is the differential weight distribution function of M, the molecular
weight, and a is the exponential constant in-Equation (31). The differential

weight distribution function is given by:
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£(M) = aw(M)/aM (33)

where W(M) is the integral weight distribution function. At a given molecular
weight, Mi’ the integral distribution function, H(Mi), yields the weight frac-
tion of t;é sample containing all the species ﬁith ;5lecular weights equal to

or less than M. The function, f(M), is normalized in the range 0 < M < w.-

This féct is expressed readily by the following:

<]

f f(M)aM = 1 - (3L).

o

By combining Equations (31) and (32), one finds that

[q] = K f MF (M)aM /j‘ £(M)aM - (35).
0 0 . '

The above relationship can be written in terms of the distribution of sedimenta-
tion coefficient, S-g(S), which is related to the molecular weight distribution

according to (6k):

g(s)as = £(M)am | (36)

where S is the sedimentation coefficient and g(S) is the differential weight
. distribution function of S. The function, g(é), is a normalized function in
the range O < § < ». Generally, the sedimentation coefficient can be related

empirically to molecular weight according to (éz)f

S = P (37)

where k and b are constants which depend on the solvent-polymer pair-and tem-
perature. By combining Equations (35), (36), and (37), the following is

obtained:
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oo

o
(n) = K(x)™/® f 5%/g(s)as /f g(s)as (38).
0 0] /

Equation (38) permits a direct calculation of [n] from the distribution
of sedimentation coefficient when the empirical constants are known. Note that
K and a pertain to the solvent system for which the intrinsic viscosity calcu-
lation is desired. On the other hand, k and b refer to the solvent system in
which the distribution, §¢5(§), was determined. In other words, the distribu-
tion can be determined in one solvent and the intrinsic viscosity calculated

for another.

To determine the perfect fractionation curve for the bulk phase, Equation

(38) need only be integrated to the level of S for which [n]B is desired:

S, S,

i i

[nlg, = K(x)™®/® f 5%/ g (s )as /f g(s)as (39).
0 0

This relationship yields the value of [n]B which the solution would exhibit if

all the species with~§_z §i were removed from the sample (via adsorption in this

case). The corresponding weight fraction of polymer adsorbed is given by:

Xp; = f g(s)as : (40).
S,

In this way, mutually related pairs, [n]Bi and ZAi’ can be evaluated for various

levels of S, yielding the perfect fractionation curve.

The perfect fractionation curve shown in Fig. 17 was calculated with
Equations (39) and (40), using the distribution of sedimentation coefficient
determined by Taylor (gg) for Polystyrene B6. The constants, k and b, were

taken from the following relationship reported by McCormick (27) for the
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polystyrene — cyclohexane system at 35°C.:

-2y 0.48

S = (1.69 x 10°°)M (41)

13

where S is given in svedberg units (10” sec. ). The constants in the Mark-
Houwink equation, i.e., K and a, were obtained from the following relationship
reported by Outer, et al. (Qé) for the polystyrene — dichlorocethane system at

25°C, :

M)MQ.66

[q] = (2.1 x 107 (42)

where [n] is given in dl./g. Equation (42) was used throughout this work for
calculations needed at 30°C. (It is demonsfrated in Appendix I that the change

in. [n] from 25 to 30°C. for the polystyrene — dichloroethane system is negligible. )

The perfect fractionation curve shown in Fig. 18 was cdlculated from the
distribution of sedimentation coefficient for Polystyrene PB6, which is shown
in Fig. 11 as the concentration-corrected distribution. The accuracy of empirical
constants employed in the calculation of perfect fractionation curves is dis- |

cussed in Appendix III.

Behavior 32 the Surface Phase

From the weight additivity of intrinsic viscosity quantities (éz, §g), the
intrinsic viscosity of polymer in the surface phase, [n]A, can be calculated

according to:

[nl, = ([n], - x5[nl5)/x, - o (13)
where
[n]o = intrinsic viscosity of original solution
[n]; = intrinsic viscosity of solution, i.e., the bulk phase, following

= adsorption
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X = weight fraction of polymer remaining in solution following
adsorption
ZA = weight fraction of polymer in the surface phase.

The above relationship is valid irrespective of the polymolecularity involved.
The gquantity, [n]A, is thg intrinsic viscosity that the polymer in the surface
phase would exhibit if completely desorbed (with no changes in its molecular

weight distribution) and redissolved in pure solvent.

Using Equation (43), the [n]A quantities were calculated for equilibrium
Adsorption Runs no. 3S-ECB and MSM-ECB, as shown in Fig. 19 and 20, respectively.
The solid curve passing the experimental points in Fig. 19 was obtained by com-

bining Equations (29) and (L3) as follows:
[”]A = [nl  + o.279h(xB) + o.658o(xAxB) (4k).

This procedure was favored over a direct regression on the [n]A quantities be-

cause Equation (29) was guided in the low KA-range by the prescribed constant

term, [n]o. The solid curve passing through the experimental points in Fig.
20 was obtained from a curvilinear regression of the [n]A quantities on X,,

yielding:
,[n]A = 1.495 - 0.06055(XA) - O.3lQ9(XA)2 (45).

The perfect fractionation curves shown in Fig. 19 and 20 for the surface
phase were calculated with Equations (39) and (40), replacing the integration

limits, 0 € S < 8., in the former with limits, 5; S S < =, as follows:

[n]Ai = K(k)‘a/b f Sa/bg(S)dS /I g(s)ds (46).
S.

i i
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-Degree of Fractionation

Before discussing the fractionations obtained at equilibrium, it is neces~-
sary to define fractionation and to examine intrinsic viscosity as a measure of
fracticnation. The subsequent development présumes that the ﬁigher molecular
weight species are adsorbed preferentially under all equilibrium éonditions, in

accordance with the results shown in Fig. 19 and 20.

The differential weight distribution function of molecular -weight for the

polymer in the original solution is given by EO(M). "Following adsorption, the

distribution function for the bulk phase (based on the weight of polymer origin-

ally present) can be represented by gé(M). Since the. function, Eb(M)’ is normal-

ized in the range O < M < », the following relationships are evident:

= 1, and (47)

Oy
h
o/-\
=
&
|

f £ (0)an = X | (48).
o .

In order to renormalize the distribution following adsorption, KB is

employed as a common divisor over the range of species:

o0

f (£5(M)/X, )am =f fo(M)am = 1 (49)
0 ) _

0

where EB(M) is the distribution function for the bulk phase following adsorp-

tion, a normalized function in the range 0 < M < o,

A guantity represented by Mo can be defined as the molecular weight at
which the weight fraction containing all of the original species with M< MO

‘is equal té ZB' This is readily expressed by the following:
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M
)
Jﬁ fO(M)dM = Xg (50).
0
By comparing Equations (47) and (50), it is evident that
J‘ £ (M)am = X, (51).
.M

e}

For perfect fractionation, all species with M > Mo must be adsorbed from
the solution. In this case, the differential distribution functions before and

after -adsorption, EO(M) and f£! (M), respectively, are identical in the range

Bp

0<M< Mo' In the molecular weight range above Mb’ the distribution function

representing perfect fractionation for the bulk phase, £ (M), must be zero

Bp

because all of these species supposedly have been removed from the solution by

adsorption.

The function, f. (M), can be renormalized as follows:

Bp

f(f]gp(M)/xB)dM = f fp,(M)AM = 1, and (52)
0 0 ’

MO
Of £y, (M = 1 (53)

where ng(M) is the normalized distribution function for the bulk phase follow-

ing adsorpticn with perfect fractionation. Finally, the resulting molecular

weight distribution functions can be represented by the curves shown in Fig. 21.

With the assumption that adsorption of higher molecular weight species is

always preferred, the degree of fractionation, DF, can be defined by the following:
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DF = (A-A_ )/(A -4 ) (54) -

min max min

where A is the area of displacement between the distribution curves, and
A and A . represent the respective maximum and minimum displacement areas
—max -min

possible.

(M)

oy

M——

Figure 21. Normalized Molecular Weight Distributions Before
and After Adsorption with Perfect and Real Fractionation

The displacement area, A, represented by the lined section in Fig. 21,

is given by:

au ' (55).

A
0

The minimum displacement area possible, émin’ is obtained only when there is

fO(M) - ~fB(M)

no change in the molecular weight distribution via adsorption, i.e., when

gB(M) = EO(M)- In this case, A=A . =0
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The maxdimum displacement area, A < is obtaihed only when perfect fraction-

ation occurs and is given by:
=<}

Ao = |
max

‘fO(M) - pr(M)‘dM (56).
0

The integral in Equation (56) can be broken up as follows:

Mo ®
Ay = I £ (M) - pr(M) ‘dM + f fO(M) - pr(M) aM. - (57).
0] M
o)
From knowledge of the relationship between EBP(M) and EO(M), i.e.,
;1_32(1\_4) = gg(m)/_x@_ for 0 <M< 1\_49 and 21_32(1\_/1) = 0 for »_/19 < M < », Rguation
(57) can be rewritten as follows:
M ®
o
Ay = (1 - XB) f fBP(M)dM + f fO(M)d_M (58).
0 M
o
By combining Equations (51), (53), and (58), it is seen that Ay = E(KA).

The degree of fractionation defined by Equation (54) can now be written

as follows:

£(M) - £,(M) | am / 2(x,) (59).

=]
ey - |
0

The degree of fractionation is defined so that it ranges from zero to unity,

being zero for no fractionation and unity for perfect fractionation. A’QEB

of zero implies that the molecular weight distribution is uﬂchanged by adsorp-

tion.

Equation (59) requires the molecular weight distribution for the bulk phase

following adsorption, i.e., f. M). Using a similar approach, the degree of

g
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fractionation can be defined in terms of the molecular .weight distribution in

the surface phase as follows:

©
DFA = br
0]

~where EA(M) is the normalized distribution function of molecular weight for the

£,(M) - £,(M) jau / 2(Xp) - (60)

adsorbed polymer. . It is easily demonstrated that Equations (59) and (60) are

equivalent and yield the same DF values for a given condition.

" Intrinsic Viscosity as a Measure of Fractionation

Ideally, the molecular- -weight distribution function following adsorption
would be known for the polymer-in either the bulk or surface phase. This would
permit galculation of‘PEA or PEB, and the molecular~weight distribution for
-either phase would be un;éuely,géfined. However, the determination of molecu-

lar weight distributions 1s quite involved, and time considerations seriously

limit the number of observations which cah be made.

Since intrinsic viscosity was used as a convenient measure of fractionation,
it is important to understand the nature of that information,.particularly in

reference to the degree of fractionation.

Any method which defermines an average molecular weight (or a.property
which depends on some average molecular weight) involves the entire moleéular
weight distribution. The measured.property or average is actually the result
of an integration of a particular function §ver the entire molecular weight
range (more exactly, the summation of a particular weighting function over all

the species present).
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The degree of fractionation defined by Equations (59) and (60) cannot be
determined from average measurements; however, an alternative procedure is
available, requiring only the molecular weight distribution of the original

polymer and a few empirical constants.

For intrinsic viscosity methods, the degree of fractionation, PFV, can be

defined Dby:
DF_ = ([ﬂ]o - [n]B)/([n]o - [n]Bp) (61)

where
[n]o = intrinsic viscosity of the original solution
(n]

[n] = intrinsic viscosity that the solution would exhibit if perfect
fractionation had occurred for the same quantity of polymer
adsorbed.

intrinsic viscosity of the solution following adsorption

It

Rev}

By substituting Equations (31) and (32) into Equation (61), the latter

relationship can be written in a more revealing manner as follows:

DF. - f Wle (M) - £ ()]au / f WPLe (W) - £, (0)]ay (62).
0 0]

Since the distribution functions are normalized in the range O < M < «, it is

apparent that the following equations are valid:

bf [fO(M) - fB(M)]dM = 0, and
0

erJM-fmmHm=o.
0
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By comparing Equations (62) and (63) it is evident that the degree of fraction-
‘ation obtained from an averaging method (Viscometry, osmometry, light scattering,
etc. ) relies on a weighting function to reveal any changes in the molecular
-weight diétribution. For viscometry aﬁd light scattéring, the respéctiVe
weighting functions are M? and M. 'The situation is more complex for osmometry,
but the effective weighting function is M:l; The;degree of fractionation deter-

mined by an averaging method is strongly biased by the weighting function.

The degree of fractionation defined by Equations (59) and (60) uses a
weighting function of unity; each increment of molecular weight is weighted
only according to its weight fraction, making a much more preferable definition.

The viscosity degree of fractionaﬁioﬁ,”DF , is quite séﬁsitive to fractionation
of higher ﬁolecular welght species but to_é lesser extent thén tﬁat obtainéd.
from light scattering, dependiné on the magnitude of é; The degree of fraétion~
ation which can be determined from osmotic measuremeﬁts probably would be un-
acceptable for these studies; this quantity would be extremely sensitive to
fractionation of lower molecular weight species. In addition to the convenience

and precision offered by viscometry, its weighting function is preferable to

those of osmometry and light scattering. '

The degree of fractionation determined by viscosity also can be defined

in terms of the surface phase as follows:
DR, = ((nl, - [n1,)/([n], - [nl) (64)

where [q]A is the intrinsic viscosity of polymer in the surface phase, and

[n]AP is the intrinsic viscosity that the polymer in the: surface phase would

possess if perfect fractionation had occurred for the same quantity of polymer

adsorbed. It is demonstrated easily that Equations (61) and (64) are equivalent
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and that the resulting PFV values are identical irrespective of the phase

employed.

The QEV values were determined for Adsorption Runs no. 3S-ECB and 4SL-ECR

using Equations (61) and (64) and are shown in Fig. 22. (Some additional re-

sults included in this figure will be discussed later.) Values of [n] and

Bp

[n]Ap needed in these calculations were determined previously with-Equation§

(39) and (L6) in connection with the perfect fractionation curves.

Summary

The polystyrene — dichloroethane — carbon black adsorption system employed
in this work exhibited ILangmuir behavior over nearly: four decades of concentra-
tion and for a wide range of surface coverage. The polymer was strongly adsorbed
in the system, nearly saturating the adsérbent surfaces at solution concentra-

tions as low as 0.05% by weight.

The polystyrene samples employed in this portion of the work were -of broad
molecular weight distribution and were fractionated significantly by the adsorp-
tion process, the higher molecular weight species being preferentially adsorbed
for all the equilibrium conditions investigated. Both the fractionation and

preferential adsorption were adjudged by intrinsic viscosity methods.

The intrinsic viscosity and degree of fractionation at equilibrium depended
only on the weight fraction of polymer adsorbed. The viscometric results were
limited, howéver, to the region of nearly complete surface coverage because of
the strong affinity of polymer for the adsorbent surfaces. The surface coverage
was in excess of 85% for equilibrium solution concentrations of only 0.02% poly-

styrene by weight.
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— —DF,, EQUATIONS (61) AND (64),
RUN NO. 3S-ECB ‘
—— DF,, EQUATIONS (61) AND (64)‘,'
RUN NO. 4S4-ECB . _ ' L
O DFy, EQUATION (99), RUN NO. 455- ECB
A DFB, EQUATION (98), RUN NO.°4S5-ECB -

1|||||‘|

0.1 0.2 0.3 04 0.5 0.6 0.7 - 0.8
WEIGHT FRACTION, OF POLYMER ADSORBED, X,

Figure 22. Effect of the Weight Fraction of Polymer
Adsorbed on the Degree of Fractionation
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The fact that the adsorption and fractionation results are independent of
the ratio of adsorbent to solution indicates that the adsorbent was dispersed
readily in the solutions and that a consistent fraction of the surface area was

available for adsorption.

The degree of fractionation determined by intrinsic viscosity methods, i.e.,

PEV, exhibited a nearly linear relationship with the weight fraction of polymer -

adsorbed. The ng results should not be associated with the fractionation

efficiency of the adsorption process, because this quantity is strongly biased
by the weighting function and is thereby strongly influenced by any fractionation

of higher molecular weight species. Ihe’PEV results shown in Fig. 22 indicate

that the higher molecular weight species were essentially completely adsorbed

at high levels of KA' At lower levels of XA’

the higher molecular weight species

were preferentially adsorbed but were not depleted to a significant extent.

The intrinsic viscosity results, i.e., [n] and PEV, depended only on the
weight fraction of polymer adsorbed, irrespective of tgé solution concentrations
involved. 1In the region of low KA the ratio of polymer in the bulk phase to
that in the surface phase was qui;é high, yielding large excesses of adsorbable
species. In this region, [n]A increased only slowly with increased excesses of
adsorbable species éven thougg the limiting values, i.e., the values given by
the perfect fractionation curve, increased sharply. This behavior suggests that
the bu;k phase contained an excess of nearly all the. species originally present
and that the distribution‘in the surface phase had become fairly well established

at low values of X,, changing very little with further excesses.

A

This point is made clearer by observing the intrinsic viscosity as a func-

tion of the weight ratio of polymer to adsorbent, as shown in Fig. 23 and 2k
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for the bulk and surface phases, respectively. Note that,[n]A was fairly con-
stant above a certain ratio of polymer to adsorbent and chang;é very little
beyond that point regardless of the excess of species available for adsorption.
It appears that the distribution in the surface phase had become fairly well

established at that point and, thereafter, remained nearly independent of further

excesses,

This interpretation of the adsorption.process, based entirely on the response
of viscometric quantities, must be regarded as tentative. In order to explore
the fractionation behavior more fully, complete distributions were determined

before and after adsorption.
SEDIMENTATION VELOCITY STUDIES

" Experimental

In preparing samples for-sedimentation velocity studies, the adsorption
work (Run no. LS5-ECB) was conducted in.1,2-dichloroethane with Polystyrene
PB6, allowing four days for equilibration. Each adsorption tube contained 25.0
‘ml. of solution, and the shaker speed and ahgle were fixed at 24.0 r.p.m. and
15°, respectively. Following equilibration, the tubes were centrifuged and
the supernatant solutions were filtered to remove the adsorbent. A portion
of the adsorption solution was used fof a one-point intrinsic viscosity deter-

mination at 30°C.

The adsorption.work was carried out in 1,2-dichloroethane at 25°C. whereas
the sedimentation velocity experiments were performed in cyclohexane at 35°C.
Caution was taken to prevent changes in the molecular weight distributions

following adsorption.
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Sedimentation Coefficient Distributions

Distributions of sedimentation coefficient were determined for Polystyrene
PB6 before and after adsorption had occurred and were corrected for the effects
of diffusion and concentration. The distribution shown in Fig. 11 for Poly-
styrene PB6 is the original distribution, and its differential weight distribu-~

(s).

tion function is represented by g,

Distributions for the bulk phase were determined from three samples for
-which equilibrium adsorption had occurred. The adsorption data for these samples
are given in Table XV. The intrinsic viscosity of each sample was plotted in i
Fig. 18, 20, and 23 to illustrate the relationship between the samples and

Adsorption Run no. 4SL-ECB (Polystyrene PB6 in both cases). ‘

TABLE XV

RESULTS OF ADSORPTION.RUN NO. L4S5-ECB FOR SAMPLES
EMPLOYED IN SEDIMENTATION VELOCITY STUDIES

Adsorbtent® Tnitial Equilibri
Sample Weight, g. Concentration , % Concentration , % X,
3 8.200 0. 5990 0.2070 0.654
i 3,760 0.3761 0.1909 0.493
5 6.000 ‘ 0.5990 0.2975 0.503

Weight Polymer

Sample [n], da1./e.© Adsorbed, mg. T, mg./g.
3 0.624 122.1 14.9
b 0.769 57.7 15.3
5 0.776 9.9 15.7

.

®Furnace-treated FT-DL graphitized carbon black.

Weight per cent of Polystyrene PB6 in 1,2-dichloroethane.

Intrinsic viscosity in 1,2-dichloroethane at 30°C. compared with original
level of 1.078 dl./g.
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The distribution of polymer-in the surface phase can be determined from
knowledge of the bulk phase distributions before and after adsorption has taken
place. It can bé demonstrated from a material balance that the differential
weight distribution function of sedimentation coefficient for the surface phase,

i.e., 5A(§), is giﬁen by the following:
5a(5,) = [,(5,) - 158,(5,)1 / [ [,(8) - Xy (s)las (65)
0 .

where 5B(§) is the distribution function for the bulk phase.

The distribﬁtion functions for the surface phase were calculated with
Equation (65) and are compared with the bulk phase distributions in Fig. 25, 26,
and 27 for»Sampléé 3, h; and 5, respeétively. Some smoothing of the resulting
surface-phase distributions was2necessary,.particularly in regions where the
first derivatives of either the ofiginal or bulk.phase distribution were rather

high, and is indicated by broken lines-in the figures.

'Two determinations of the sedimentatidh coefficient distgibution were made
for the original polystyrene, using Samples 100 and ;Ol. Since the diffusion
extrapolations were considerably better for Sample lOi, the distribution func-
tion obtained from that sample was used in Equation (65) to éalbulate the

surface-phase distributions.

Distributions of sedimentation coefficient can be transformed to molecuiar
weight disfributions if the relationship between the sedimentation coefficient
and molecular weight is known. Equations (36) and (37) can be combined to

obtain the differential weight distribution function of molecular weight:

e - oY - W) T e,




-9h-

(¢ oTdweg) .uoT3dIOSPY UNTIQTEINDE -BUTMOTTON 9dd SuaIA}sATOg

J0J QUSTOTIJS0) UOTIBIUSWIPSS JCO SUOTANGTIALSTQ PSZTTBWICN = (g 2an3tJd -

SOY38QA3AS ‘s
ol 8 9 4

3SVHd M1Ng

00

800

2o

910

020

|-SOH38d3Ns ()6




_95-

A: o1dureg

)

uoT3dIospy umtaqITTInby . SutMoTTOd 9dd suaxLysATod

I0J JUSTOTJIS0) UOTFBIUSUIPSG. JO SUOTINQTIFSTC POZTTBUION 9z 9INITJ
SOY39Aa3Ns ‘s
02 8l Y vl rd ol 8 v o
[ | I 1

ASVYHd 3oV4dNS

3dSVHd MNg

200
00

900

-180°0

oro

210

v1°0

|-SOU38a3As (5)6



(6 oTdureg) qoﬁm.HOme,cSﬂ.Hor..nHHﬁdm SutmoTTOod 9dg susakysATog
d0J JUSTOTIFO0) UOTHBIUSWIPSG . JO SUOTINQTLISTQ POZITEBUION -~ *)2 2InSTq

SOY39A3AS ‘s
8l ] 14| 4| (0] 8 )

-96-

14 .
I _ _ _ T i °

-—200

—{voo
ISYHd 3DV4UNS
—900
—is00

—OoI'0

—<cio

—10

—191°0

|-SOY38A3NS S)6



-97-
The molecular weight is obtained readily from Equation (37):
1/b ,
M= (8/k) / (67).

Using-Equations (66) and (67), the molecular weight distributions were calculated
for the original polymer (Polystyrene PB6) and for the polymer in the correspond-

ing bulk and surface phases for4§A = 0.493 (Sample 4), as shown in Fig. 28.

The defining equations for the number-, wéight-, and z-average mo;ecﬁlar

-weights are given, respectively, as follows:

M = f £(M)am /f[f(M)/M]dM (68),
0 0 '

@ = f Mf (M)aM /If(M)dM, and (69)
0 0 .

M'z' = f M2f(M)dM /fo(M)dM (70).
0 0

By combining Equations (36) and (67) with Equations (68), (69), and (70), the
defining relationshipé for the molecular weight averages can be written in

terms of the sedimentation coefficient distribution as follows:

T f g(s)as /JS'l/bg(sms (71),.
.0 oF |
M - "1/, J"Sl/b'g(S)dS /fg(S_)dS, and (72)
0 0]
M- kP fse/bg(s)ds /fsl/bg(s)"ds ().
0 0 . :
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Using the above relationships, the average molecular weights were calculated

for each of the distributions and are shown in Table XVI along with the first and

second moments. The first and second moments, g;'and , respectively, are de-

S5

fined.as follows:

w0
Il

—1 ISg(S)dS /f g(s)as, and (74)
0 0

1/2

5= | [ saeres / 6[ g(s)as (75).

o)

©

92}
Il

Note that each of the molecular weight averages for corresponding bulk and
surface phases (Table XVI) differ by approximately a factor of two. That differ-

ence was anticipated, of course, from the intrinsic viscosity results.

Molecular .weight distributions determined by sedimentation velocity. analy-
sis compare favorably with determinations by other methods. Using the system
employed in the présent study, i.e.,. polystyrene in cyclohexane atv35°C.,
Cantow (68) found that distributions obtained from sedimentation velocity and
fractional precipitation methods were in excellent agreement. . McCormick (27)
demonstrated that mixtures of narrow polystyrene fractions in cyclohexane at
35°C. can be separated almost completely by sedimentation. A more severe test
of the sedimentation velocity method was provided recently. Using a synthetic
mixture of high and low molecular weight fractions of polyethylene in @-bromo-
naphthalene at 110°C., McCormick (Q&) found that. distributions obtained from
sedimentation velocity and fractional precipitation methods were in good agree-

ment.
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Concentration Dependence of the Fractionation Process

Samples 4 and 5 (Table XV) had nearly the same weight fractions of polymer
adsorbed (and like ratios of polymer to adsorbent) but differed in their final
equilibrium concentrations. Intrinsic viscosity studies had indicated that
solution concentration.probably-yas not important in the fractionation process;
however, those studies were limited to average measurements, and the actual
behavior of the distributions was not established. It was believed>£hat the
resulting distributions were not affected by concentration but depended only
on the weight fraction of polymer adsorbed. ‘Although the concentration range
represeﬁted by Samples U4 and 5 is limited,tthe sﬁrface-phase distributions
compared in Fig. 29 indicate that solution concenfration did not affect the
fractiénation process significantly. The surface—phése distributions were
chosen for the comparison rather tﬁan the bulk-phase distributions because the
former appearéd to be less sensitive to small differences inAgA, és indicated
by intrinsic viscosity studies. (This was particularly true i; the region

‘X, = 0.5, as seen in Fig. 18 and 20.)

The distributions shown in Fig. 29 also demonstrate the'excellent repro-
ducibility of the sedimentation velocity method. . In spite of high reproduci-
bility, irregularities present in the distribution curves probably are not
accurate, i.e., do not represent actua} flu;tuations in the polymer distribu-
tions, because these curves reflect any,irregularities or errors present in
the original distribution as well as their respective bulk-phase distributions.

Partitioning of Polymer Homologs Between the Bulk
and Surface Phases

Because of the similarities in phase separation.in polymer solutions and
polymer adsorption, the fractionation resulis were compared with the well-known

behavior encountered in phase separation.
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The fractionation obtained in phase separation (67) is described by:

' ~ :
ln(vx/vx) = 0X (76)
where
x = degree of polymerization (D.P.)
X% = volume fraction of the "precipitated" or concentrated phase
- occupied by polymer of D.P. = x
v = volume fraction of the dilute phase occuﬁied by polymer of
= ‘D.P. = x K
o = a constant dependent on the volume fraction of polymer and the

number-average molecular weight in each of the two phases and
on the interaction between the solvent and polymer homologs.

Assuming that the partial specific volume of the polymer is independent of

concentration and molecular weight, Equation (76) can be written as:

n(W!/W ) = ox + 1n(R) (77)
where -
H% = welght of species of" D.P. = x in the concentrated phase
;— = weight of species of D.P. = X in the dilute phase

= ratio of total volume of concentrated phase to total volume
of dilute phase.
Assuming that the polymer molecules are continuously distributed with

respect to molecular weight, the weight ratio, E;/HX, for the adsorption system

is given by the following:

WM = X fy (M)/XF (M) | (78).

Since distribution functions of molecular -weight and sedimentation coefficient
are related by Equation (36), it is evident that ratios of the distribution

functions are related by the following:
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£,(M)/T5(M) = g,(8)/g4(S) (79).
The corresponding value of x can be obtained from Equation (67) as follows:
x = [(8/)Y/°1/m_ | (80)

where m is the molecular weight of a mer (QO = 10L4.1L4 for polystyrene). Investi-
gation of these variables revealed the relationships shown in Fig. 30. The
partitioning of species between the bulk and surface phases was described by

the following equation:
ln[XAfA(M)/XBfB(M)] = B[In(x)] + 1n(I) (81)
where B and I are constants for a given equilibrium condition.

Earlier studies indicated that the fractionation behavior depended only
on the weight fraction of polymer adsorbed, being independent of solution con-
centration. Consequently, it is anticipated that the constants, B and I, for

a given system depend only on,KA.

Other functional relationships were investigated for the partitioning

behavior, and equally good regressions were obtained for the following:

B[1n(x)] + 1n(I), and (82)

In(g,(5)/g5(8)]

1nlg, (8)/e4(8)] = Bl1n(s)) + n(T) (83).

The results of the partitioning regressions are summarized in Table XVIT,
Note that the slopes can be reduced to a constant for .each regression by the
factor, (l/zA). On this basis, the general equation describing the partition-

ing behavior can be written as follows:
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Figure 30. Partitioning of Polystyrene PB6 Homologs
Between the Bulk and Surface Phases
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ln[gA(S)/gB(S)] = BOXA[ln(s)] + ln[I(XA)] (8L4)

. where B_ is a constant for the system and E(KA),is a function of X,. The data

are too limited to determine the functional relationship for the intercept,

ie., I(X,).

From .a material balance of the polymer in the adsorption system, it can be

demonstrated that

8,(8) = X,8,(8). + Xpg,(8) (85).

By combining Equations (84) and (85), the equilibrium distributions for the bulk
and surface phases can be predicted from the original distribution. . In this case,

<

the distribution for the bulk phase is given by:

g5(8) = £,(8)/[x,(1 + Q)] (86)

BOXA

'Whepé Q= [X,/x;1s 11(x,) (87).

Similarly, the distribution for the surface phase is given by:

g,(8) = lag (s)1/[x,(1 + Q)] - (88),

Equations (86) and (87) were used to calculate the distribution for the

bulk. phase at‘)_(A = 0.5. The value of B_, taken as 3.62k, was obtained by

.averaging the results from the partitioning regressions. The value of
ln[E(ZA)], taken as -3.836, was obtained by linear interpolation of the results
from S;ﬁples u»ahd 5. The distribﬁtions obtained from Samples 101 and 100 were
each employed as the original distribution, 5O(§). The calculated distributions

(XA_=_O.5) are compared in-Fig. 31 with the experimental distributions obtained

from Samples 4 (X, = 0.493) and.s (X, = 0.503). " '
—A =A \
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Note that the partitioning relationship given by Equation (84) accurately
describes the bulk-phase distribution over the entire range of S with the excep-
tion of the high molecular weight region. . In that region, a finite and measur~
able distributidnggf species is predicted for both the bulk and surface phases.
Although the re;ults obtained from Sample 100 for the original distribution were
not particularly satisfactory (because of scatter in the diffusion extrapolations),

they do provide a possible explanation for the discrepancy.

The original distributions obtained from Samples 100 and 101 exhibit a
substantial difference in the high molecular,weight region, as shown. in Fig.. 32.
The distribution determined at the higher solution concentration, i.e., Sample
101 (Table XVIII), possesses a very regular shape in that region, whereas the
diétribution determined at the lower concentration, i.e., Sample 100, exhibits
a rather abru?t change. In fact, all of the distributions determined at low

concentrations (Table XVIII) exhibited an abrupt change in the same regionm,

(
i.e., 0.2 < g(8)/e(s) < 0.4 on the leading side of the boundary.

max

TABLE XVIII

ORIGINAL SOLUTION CONCENTRATIONS EMPLOYED
IN SEDIMENTATION VELOCITY RUNS

Ultracentrifuge o
Sample dl./g.
101 0.2220
100 0.1159
3 0.1197 '
L 0.1289

> 0.1341
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This behavior is likely the result of localized convective disturbances
which frequently occur in regions of low concentration gradient (65). Signifi-
cantly, abrupt changes occurred in the same region of the boundary, i.e., 0.2
< g(8)/g(8) ., < 0.4, and not at similar levels of S. When boundaries were
allowed to sediment for sufficiently long periods, distinct peaks appeared in

that‘region and eventually resulted in a complete breakup of the boundary.

Additional support in favor of a gradually dissipating tail as predicted
by the partitioning relationship is provided by thermodynamics. The chemical
potential of a given solute is identical for the bulk-and surface phases when
species of that type are found in both phases at equilibrium. There is no
reason to suspect that the chemical potential of a given polymer -homolog in
either phase can change abfuptly enough with increasing chain lengtﬁ to explain
the behavior observed in the tail region for the bulk phase. There is probably
more depleticon of high molecular weight species from the bulk phase than pre-
dicted by th¢ partitioning relationship (complete depletion of a solute type
will occur -when the chemical potential of the solute is higher under:all
conditions in the bulk phase than in the surface phase), but the transition
from some finite level of partitioning to complete depletion is expected to

be more regular .with respect to the original distribution.

Accurate determination of a distribution function in the tail regions is
not readily accomplished experimentally. A simultaneous determination of a
reference base line would be extremely helpful; however, the necessary experi-
mental components are not available for.conditions employed in sedimentation
velocity experiments. Although evidence is rathe?-limited, improvements might
be obtained by using higher.solution concentrations for sedimentation. Other

.considerations are discussed in Appendix III.
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Comparison of Partitioning Relationship with Recent
Theoretical Developments

The probability,.p, that a given segment of an adsorbed molecule is located
Precisely at the interface has been discussed extensively by Frisch and co-
workers (85-89). Using a statistical approach, the following relationship was

derived for very weak attractive forces:

p - 20 (1 - )/ (xex)/2 (89)
where
ao = the probability of a successful contact between an active
- site on the surface and a segment
@ = fraction of adsorption sites occupied by. polymer
f = segment "diffusion” coefficient which includes the effects of

valence angles and bond rotation on the molecular configuration

Gilliland and Gutoff (24) combined Equation (1) on page 6 with Equation

(89) to obtain the following relationship:

{(Nsxl/g)/(Noq)} {(1 - #) exe[X - X5 (1 - 2525)1}"- {(Ja/ju) exp(H/kT)}‘ﬁ
(90)

N/

where g = 2ao(l - ﬂ)/(ng)l/e.

The above equation can be.used to predict the partitioning behavior with
respect to x. Assuming that the variables are independent of x, Equation (90)

can be written as follows:

/N, = clxl/r“)(cg)x(%)‘ﬁZ (91)

where 91, 22’ and C, are constants for a particular equilibrium condition and

5

are given by:
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-Cl = NS/(NOq) - ) (92))
¢, = {1 - 9 el -A;(1 - 29)]} , ena (95)
C5 = [(3,/3,) exe(B/kT)]® : (94).

The quantity, (N /N ), represents the welght ratio and is given by Equatlon

(78) if the polymer is assumed to be contlnuously distributed with respect to x:
NI /N = X, £fM)/XpE (M) (95).

By combining Equations (91) and (95),-the following can be obtained:

n[XAfA(M)/XBfB(M)] = (1/2)[1n(x)] + ln(Cl) + x[ln(CE)] + l/2[1n(c )1 (96).

Note that the above expression.is considerably more complicated than that observed

experimentally, i.e., Equation (81) on page 10.4.

Silberberg's treatment (2) 12), based on lattice statistics, has been quite
successful in describing many essentiai features of polymer adsorption. = In
particular, his analysis predicts Langmﬁir behavior but not for the reasons
usually associated with that behavior. The probability, p, was fdund to be
nearly independent of x for several models considered (12). If the proﬁability
is represented by g, the partitioning relationship of Gilliland and Gutoff (g&),

i.e., Equation (1) on page 6, takes the form:

1n[X,f, (M)/Xf5(M)] = x[1n(C,C ;)] + 1n(c,) (97)

275

where C,, C,, and C are defined by'Equations (92), (93), and (9&)? respectively,

1.’ =3
with g taken as the probability, p (a constant). Note that the above expression

has the same functional relationship as Equation (77) describing phase separation.
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The applicability of Silberberg's treatment or at least his choice of
lattice co-ordination numbers and restrictive parameters must be questioned for
the system employed in the present study. For very low adsorption energies, his
theory. predicts values of p in the vicinity of 0.3. For adsorption energies of
(1/2)kT, the theory predicts that more than half of the segments of an adsorbed
molecule will be adsorbed at the interface, restricting the adsorbed.polymer

film thickness to the combined length of a few mers, e.g.,~20 A.

The thickness of adsorbed polystyrene layers was investigated recently by
Stromberg, et al. (g) using ellipsometry. These workers reported an average
film thickness of 210 A. for polystyrene adsorbed from cyclohexane onto chrome
ferrotype plates. The average thickness remained constant over a wide range
of concentration (corresponding to the plateau region of the Iangmiir isotherm)

and was independent of time soon after adsorption was initiated.

The lack of agreement between experimentally measured film thicknesses
and values predicted from the theory of Silberberg is believed to be the result
of excessive steric hindrance. Before discussing this point more fully, a

digression on the statistical theories seems in order.

In early statistical theories describing the adsorption of flexible macro-
molecules, Frisch, et al. (85, 87) considered the equilibrium of an isolated
macromolecule at a surface and derived parameters characterizing its shape.

The probability, P, was derived from lattice models and Gaussian chain statistics.
The surface was treated as a perfectly reflecting wall, and polymer segments were
placed at random in the lattice, neglecting interactions from other adsorbing
chains and the surface proximity. The thermodynamics of adsorption also were

derived, but the shape of the polymer molecule was not allowed to vary in the
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process. In subsequent treatments (§§) §§), improvements were introduced by
considerations for short range chain interference near the surface and by the
use of attractive surface forces. Corrections to the foregoing treatments were
made for overcounting the number of possible configurations at the interface
(89). This approach was extended recently by Higuchi (90) to cover a wide

range of adsorption energies; however, the treatment still utilized the reflect-

ing wall statistics.

According to Silberberg (12), a real surface does not reflect the random
-walk:-placement of segments but. promotes continuance of the random walk.in two
out of three dimensions, i.e., along the surface, with a small reduction in
internal energy per segment compensating largely for the loss of entropy.in
the third dimension. This concept of chain behavior at the interface is much
more realistic than the reflecting wall statistics, and the agreement between-
well-established experimental observations and Silberberg's treatment apparently -
bears this out. Unlike earlier statistical theories, Silberberg treated the
configuration of the polymer molecule at the interface as a variable and
derived pertinent equilibrium quantities from the partition. function for the
entire system. The treatment, employing an hexagonal lattice ﬁith a minimum
of restrictive parameters,. predicts short loops of unadsorbed segments extending
into the_bulk phase with interim short stretches of successively adsorbed seg-
ments on the surface. As indicated earlier, his choice of lattice co~ordinaticn
numbers and restrictive parameters does nof predict satisfactorily the fiim
thickness, i.e., thé length of the unadsorﬁed loops'for-polystyrene. Examina--
tion of the‘pol&styrene configuration in solution aﬁd the probable configura-

tion at the surface is useful in explaining this difficulty.
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Polystyrene exhibits a configuration in solution which is considerably
extended over that which free rotation about the vinyl backbone carbon atoms
would permit. Even in solvent systems at their theta temperatures, the potential
energy. assoclated with bond rotation is sufficient to extend the chain as much as
2.4 times over the free rotation length (67). The potential functions restrict-
ing rotation about the backbone atoms in polystyrene have been discussed by Outer,
et al. (83) and Flory (67). The potential functions for polystyrene are particu-

larly restrictive because the bulky phenyl groups exhibit large steric interactions.

The phenyl group of an adsorbed polystyrene segment probably is nearly flat-
tened at the interface. Because of the relatively high polarizability and low
dipole moment of a polystyrene mer, the van der Waals' adsorption forces should
be dominated by the London dispersion effect. According to de Boer (91), the
additivity of such nonpolar van der Waals' forces tends to flatten polyatomic
molecules on adsorbent surfaces in spite of the anisotropy of polarizability
which ten@s to align the axis of greatest polarizability perpendicular to the
surface. Flat configurations resulting from conjugated double bonds or aromatic
rings enable such structures to approach the surface more closely and to take
particular advantage of this additive effect. Conseguently, an adsorbed phenyl

group probably is nearly flattened at the interface.

An atomic model of the polystyrene chain was constructed and examined for
steric considerations. It was found that no more than two successive segments
could be adsorbed with the phenyl groups essentially flattened at the interface
without imposing what appeared to be unreasonable restraint on the chain con-
figuration. The phenyl group was responsible for this behavior because of (1)

the extensive area occupied by an adsorbed.phenyl group, and (2) the steric
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hindrance exhibited by phenyl groups belonging to unadsorbed segments. If the
adsorption of additional successive segments gives rise to. unfavorable chain
configuratiocns, the effective decrease in the internal energy. of the system

will be lessened considerably because of potential energy .stored in the chain.

In fact, if. the rotational potentials (potential energy associated with bond
rotation) are sufficiently restrictive, additional segments are likely not to

be adsorbed at the expense of overcoming these rotational barriers and associated

entropy - losses.

) For~polystyrene,-it is quite cbncéiVable that not more than'one or twol"
successively adsorbed segmentsCare ?ossible for a siﬁgle adsorbed stféﬁéh.
Such a restriction corresponds closély to several situationé examined by Silber-
berg (Zg). Although the complete thermodynamics of adsorption were not derived,
the configuration of an isoclated macromolecule at the interface was.inve;tigated_
for several restrictive conditions. For each of the restrictions considered,
the size of unadsorbed loops and adsorbed stretches were independent of molecu-
lar -weight. The restrictions tended to increase the size of the unadsorbed
loops and the polymer film thickness and easily accounted for the experimental

Tilm thicknesses reported (2) for polystyrene.

Although the fraction of segments adsorbed, i.e., the probability, p, was
substantially affected by structural,resﬁrictions, this quantity was, neverthe-
less, found to be independent of molecular weight. The dependence of p on
molecular weight, derived by Frisch, et al. (85, 87), apparently resulted from
the physically unrealistic condition of a perfect%y reflecting wall. Conse-
quently, with p taken as a constant independent of molecular weight, the treat-
ment of Gilliland and Gutoff (24), i.e., Equation (97), should describe the

partitioning behavior.
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The failure of Equation (97) to predict the observed partitioning. relation-
ship is believed to be the result of an admittedly crude lattice treatment used
by Gilliland and Gutoff in their derivation of Equation (1) on page 6. For
example, no restrictions on placement of polymer in the surface lattice were
-included in the treatment. In fact, none of the segments of a molecule in the
surfaceFPhase lattice actually have to be in physical contact with the surface
even though the molecule is considered to be adsorbed. From the treatment of
Silberberg (2, zg), the absence of such restrictive conditions must be regarded
as a serious oversimplification of the polymer adsorption process, It must be
noted,vhowever, that one of the conditions imposed by Gilliland and Gutoff (g&)

vas not satisfied by the system employed in the study, namely a theta solvent.

With the probability, p, taken as a constant, i.e., independent of molecu-
lar weight, it is not surprising that the relationship derived by Gilliland and
Gutoff, i.e., Equation (i), reduces to the same functional relationship derived
by Flory (él) for phase separation. The only difference in these treatments
is the addition of a free energy term (for the adsorption case) to account for
the heat of adsorption and the additional entropy loss incurred for each of the

segments actually adsorbed.

Degree of Fractionation

'The degree of fractionation can be written in terms of the distribution
of sedimentation coefficient by substituting Equation (36) into Equations (59)

and (60), respectively, as follows:

DF_ = f fo(M) - fB(M) am / 2(xA), and (98)
0

DF, = aM / 2(xp) (99).
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Using Equations (98) and (99), the degree of fractionation was calculated
for .each of the distributions obtained in this work, and the results are compared
in Fig. 22 (p. 87) with those obtained from intrinsic viscosity methods, i.e., .

PEV. Note that the DF, and DF, values are considerably lower than the corre-

sponding PFV values and are less dependent on the weight fraction of polymer

adsorbed.

The degree of fractionation given by Equations (98) and (99) is not biased
by a weighting function; each solute type - -is weighted in.proportion to its

welght fraction. Consequently, the PEA and“PgB quantities can be taken as a

measure of the fractionation efficiency. The results shown in Fig. 22 indicate

that the efficiency of the adsorption process as a means of fractionation was

not particularly high (~35%). Although the range of X, was limited, it appears

that the efficilency, i.e., PEA or PEB’

was not strongly dependent on XA (at

least, not nearly as dependent as the ng guantities ).

Summary

Distributions of sedimentation coefficient were determined for Polystyrene
PB6-before and after adsorption had taken place. Assuming'thaf nokﬁolymer
-degradation had occurred, the distribution of polymer in the surface phase was
calculated. At equilibrium, the corresponding distributions for:the-bulk énd
surface phases were related by a partitioning equation which differéd substan-
tially from that describing phase separation. The observed-partitiéﬁing relétion-
ship was not in agreement with a recent theoretical developmént (g&); however,
this discrepancy is believed to be the result of a serious Qversimplification

of the polymer adsorption problem in the statistical treatment.

The partitioning relationship obtained for the adsorptioﬁ systeﬁ failed to

-describe the results in the high molecular weight regions. It is not known just
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how much of this difficulty can be attributed to complete depletion (adsorption)
of the higher molecular weight speciles or to convective effects in the sedimen-
tation velocity experiments. The PEV gquantities obtained from intrinsic viscos-

ity studies do indicate, however, that the higher molecular weight species were

extensively if not completely depleted (adsorbed) at high levels of XA‘

In the region of low X, (see Fig. 20), the intrinsic viscosity of the

A

surface phase,. [n],, changed very slowly. In that region, the amount of polymer

A

removed from the original solution via adsorption was quite limited,.permitting
only small changes in the bulk-phase distribution. With only minor changes in
the bulk-phase distribution because of its much greater weight fraction, the
partitioning phenomenén probably reflected a nearly constant distribution in
the surface phase. This would explain the near constancy of [n]A when large

excesses of adsorbable species were present.

Changes in the solution concentration did not significantly affect the

fractionation process over a limited range of concentration.

The polymer samples were fractionated significantly by the adsorption A
process. Each of the molecular weight averages for corresponding bulk and
surface phéses differed by approximately a factor of two, the éverage being
higher for the surface phase. Although a strong fractionation was observed,
the adsorption process was not an efficient analytical tool for molecular
separations. The polymer in either phase was broadly distributed with respect

to molecular weight following equilibrium adsorption.

In future studies, knowledge of the slope, B, and intercept, ;(XA), as

a function of X, should make it possible to predict the intrinsic viscosity

A

fractionation curves.
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- ADSORPTION AND FRACTIONATION OF POLYSTYRENES
OF BROAD MOLECUIAR WEIGHT DISTRIBUTION
DURING THE APPROACH TO EQUILIBRIUM

EXPERIMENTAL

Nonequilibrium adsorption runs, employing- polystyrene sémples of broad
molecular weight distribution, were conducted according to the experimental
conditions summarized in Table XIX. Each adsorption tube employed 25.0 ml. of

solution and 3.0 g. of furnace-treated FT-D4 graphitized carbon black.

TABLE XIX

SUMMARY OF EXPERIMENTAL CONDITIONS FOR
- NONEQUILIBRIUM ADSORPTION RUNS

Initial

Adsorption * Polystyrene Concentration, Shaker Shaker Speed,
-Run No. Sample wt. % Angle, ° r.p.m.
481-TCB PB6 0.2972 JiYe) 36
452-TCB PB6 0.2972 40 36
483-TCB - PES 0.2972 10 20
251-TCB " DRT8 0.2650 30 24
252-TCB DRTS 0.2650 30 25.5

In experiments employing Polystyrene PB6, an attempt was made to vary the
fluid film resistance to diffusional transport by changing the degree of agita-
tion. This was accomplished by varying the rotational speed of the shaker and

the shaker angle.

Immediately follcowing the loading and sealing operations, the adsorption
tubes were shaken vigorously by hand for a few seconds to aid the adsorbent
dispersion. For runs of short duration, the adsorbent and solution were separated

by filtration. For runs of 24 hours or longer, the separation was made by
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centrifugation. Following the initial separation, the solutions were filtered
through type AA (0.8 u) Millipore filters. The resulting solutions were analyzed
for changes in intrinsic viscosity and concentration. The time of contact be-
tween the solution and adsorbent, i.e., the adsorption time,,ﬁas measured from
the instant of first contact between the solution and adsorbent to completion of

the initial separation.
RESULTS

The intpinsic viscosity results for the nonequilibrium runs employing PRbly-
styrene PB6 are shown in Fig. 33. Note that the intrinsic viscosity of the bulk
‘pPhase increased very rapidly. with contact time, reaching a maximum in approxi-
mately two minutes. Thereafter, the intrinsic viscosity decreased nearly linearly

with the logarithm of contact time until equilibrium was nearly attained.

The intrinsic viscosity results for the surface phase were calculated with
Equation (4%) and are shown in Fig. 3L, These results indicate that the lower
molecular weight species were preferentially adsorbed. initially, which was
anticipated because of their greater mobility. Both diffusion through the fluid
film adjacent to the adsorbing surfaces and molecular adsorption rates fgvor the

adsorption of smaller molecules.

Comparison of the intrinsic viscosity results from Adsorption Run no.
48%-TCB -with Runs no. L4S1-TCB and 452-TCB indicates that the degree of agitation
influenced the fracticnation behavior. It appears that the effective fluid-film
resistance adjacent to the adsorbing surfaces was altered by the degree.of
égitation; however, it must be cautioned that there are many complex factors
involved in such a nonequilibrium adsorption.process. Note.that the experimental

scatter in the results’is higher for Adsorption Run no. 4S3-TCB (mild agitation)
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than the runs with vigorous agitation. The likely cause was the varying degree

of adsorbent dispersicn.

Further evidence of a dispersion effect can be found by examination of the
specific adsorpfion as a function of time, as shown in Pig. 35. DNote that the
baths followed by the respective runs depended on the degree of agitation. This
behavior could be attributed to differences in diffusional transport rates;
however, it is demonstrated in a subsequent section that diffusion is not an

important factor in the time range over which this effect was observed.

The fractionation observed for short contact times (Fig. 33 and 3h) is
caused by differences in the relative rates of adsorption which may result from
differences in availability or concentration at the interface (as influenced by
transport steps), differences in the mobilities of available molecules at the

interface, or some combination of such factors.

Although the total surface area available for adsorption has a direct
effect upon the over-all rate of adsorption, small changes in the effective
surface area (caused by differences in. adsorbent dispersion) should not affect
the relative rates of adsorption for different species if diffusion is unimpor-
tant. Consequently, the fractionation behavior for short contact times should
be independent of the degree of agitation when compared for similar extents of
adsorption, i.e., similar weight fractions of polymer -adsorbed. (At longer
contact times, this may not be true because of the exchange phenomenon which

will be discussed subsequently.)

The adsorption results for the bulk phase were plotted according to the
above concept, i.e., against KA’ and are shown in Fig. 36. As expected, the

observations corresponding to the shorter contact time region are in much
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PERFECT
FRACTIONATION,

EQUATION (100)

INTRINSIC VISCOSITY, [’7]0

RUN NO.
O 4SI1-TCB (VIGOROUS AGITATION)
0O 4S2-TCB (VIGOROUS AGITATION)
A 453-TCB (VERY MILD AGITATION)

0.1 0.2 0.3 0.4 0.5
WEIGHT FRACTION OF POLYMER ADSORBED, Xa

Figure 36. Fractionation Behavior of Polystyrene PE6
in Bulk Phase During Approach to Equilibrium
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better agreement, i.e., independent of the degree of agitation, than they were

in the previous figures.

The fractionation observed initially was well below the maximum limit given
by the perfect fractionation curve as shown in Fig. 36. The perfect fractiona-
tion curve was obtained by assuming that the lowest molecular weight species
Present in the original sample were removed successively (via adsorption) with

increases in the weight fraction of polymer adsorbed. In this case, the maximum

intrinsic viscosity possible for the bulk phase, [n]Bi’ is given by:

[n]Bi = K(k)'a/b k[ Sa/bgo(s)dS/quo(S)dS (100)
S, S,
1 1

where the lower limit of integration, Ei’ corresponds to the weight fraction of

polymer adsorbed, ZAi’ according to:

S.
X,. =Jﬁ go(S)dS (101).

Al
0
The intrinsic viscosity results for the surface phase are shown in Fig. 37.

" A curvilinear regression of [n]A on X, yielded the following:

[n]A = 1.100 - 2.467(X,) + 5.871(XA)2 (102).

Similar fractionation behavior was observed for Polystyrene DRTS in
Adsorption Runs no. 2S1-TCB and 2S2~TCB, as shown in Fig. 38. (According to
the supplier, DRT8 is a commercial grade of high molecular weight polystyrene
having a broad, nearly Gaussian molecular weight distribution. ) Although the
molecular weight distribution of Polystyrene DRTB is not known accurately, it
is of interest to noteAthat the fractionation behavior observed during the

approach to equilibrium is of the same general nature.




90

UT odd SsuaIL31sAT0d JO JOTARYUSH UOTIBUOTIOBII

umtIqITINDg 09 yowoxddy Butang 9sevyJ 208IING

Lg samBty

Vx ‘g3g40Sav "3IWAIOd 4O NOILOVHA LHOI3IM
S0 0 €0 20 10

-129-

I A _

(col) NOlLvNO3
“IVLN3WIN3dX3

o C
[&] ALISODSIA DISNIYLNI
40 13A37 IVNIDIHO

(NOILVLIOV QN AY3A) 8D1-€SP V

v (NOILVLIOV SNOYHODIA) 821-2S¥ O

(NOILVLI9VY SNOYODIA) 82L-ISt O
"ON NNY

80

|
ot
o

|
C

|
X

|
“

'9/-1a ' [4] ‘3svHd IDvHHNS 40 ALISOISIA DISNIYLNI



INTRINSIC VISCOSITY, (7], oL./G.

0.88 RUN NO.
. A A 2S51-TCB
O ® 2s2-TcB
0.84}—
0.80}—
/‘-— ‘\
/
~
N
yd
o4 N
ORIGINAL LEVEL/
OF INTRINSIC VISCOSITY
OJE!-—
SURFACE PHASE
S ) E?ﬂA
0.68}— .
o
064— | BULK PHASE, [7] 5
[ l | |
0.603 0.1 0.2 0.3 0.4 0.5

-130-

WEIGHT FRACTION OF POLYMER ADSORBED, Xa

Figure 38. Fractionation Behavior of Polystyrene
DRT8 During Approach to Equilibrium
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EXCHANGE PHENOMENA

Kolthoff and co-workers (llflg) observed intrinsic viscosity behavior
similar to that shown in Fig. 33 during the sorption of rubber on a series of
carbon blacks. These investigators suggested that the low molecular weight
species were preferentially adsorbed initially and were disPlaced gradually by

larger molecules.

Other investigators (gi, gg) have reported similar viscosity behavior for
-different systems and also have suggested that such an exchange was responsible.
On the basis of viscosity behavior alone, it cannot be established that an ex-
change of high for low molecular.weight species occurred unless the molecular

-weight distribution is known.

The intrinsic viscosity of the surface phase increased very rapidly with
correspondingly small increases in the weight fraction of polymer adsorbed, as

shown in.Fig. 37. Such a sharp increase in [q] can occur eithér'by (1) the

A
adsorption of very high molecular weight specie; (if available) from the bﬁlk
phase, (2) the displacement of initially, adsorbed small‘molecules by larger
ones, or (3) combinations of (1) and (2). With knowledge of the molecular
-weight distribution, the possibility of mechanism (1) being solely responsible

for the observed increase can be determined.

From the weight additivity of intrinsic viscosity quantities, the final

intrinsic viscosity of the surface phase, [n]AE’ can be written as follows:

[nl,p = (X [n],0) + (%,(al)) (103)

where [n] is an earlier observation of'[n]A during the approach to equilibrium,

A1

and 51 is the corresponding weight fraction; [n] is the intrinsic viscosity

4
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necessary to raise the level of [n]A from [n]Al £0 [n]AQ’ and X, is the corre-

sponding weight fraction. These weight fractions were defined on the basis of

the weight of polymer in the surface phase, i.e., such that X +

1 KA =1, and

can be written in terms of the total weight of polymer in the system according
to:

X, =

1 xAl/xAg, and (104)

X, = (X, - XAl)/XA2 (105)

where the subscript A indicates that the quantities refer to the usual weight
fraction of polymer adsorbed. Equations (10%), (104), and (105) can be combined

to obtain the following:

(n], ={(XA2[T]]A2> - (xAl[n]AlgmxAg - %,)) (106).

Using Equations (102) and (106), it can be demonstrated that an exchange
of small molecules on the surface by larger ones was in part responsible for

the sharp increase of [n], shown in Fig. 37. For example, in order to proceed

A

from the point XAl = 0.32 to X,, = 0.52 solely by additional adsorption, the

A2

minimum intrinsic viscosity, [n],, for the upper 20% of the original sample

AJ
would have to be 2.195 dl./g. (The 20% value comes from the difference,

X ) However, the upper 20% of the original sample yields an intrinsic

I

viscosity of only 2.065 dl./g. [This information was calculated previously for

the perfect fractionation curves with Equations (40) and (46).]

Because of experimental errors, the deficit in [n]A is not sufficient to
conclude that an exchange of molecules must have occurred. However, the fact
that the entire upper 20% of the sample would have to be adsorbed in the range

X X,, to satisfy Equation (105) is too restrictive. First, this means

A

2N
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that only a negligible weight of the higher molecular wéight species, i.e.,
species with molecular weights placing them .in the upper 20% by weight, could

be adsorbed in the range O < ZA < gAl' Second, this demands complete adsorp-

A A2

tion of the upper 20% of the original sample at X, = X,,- In this particular

case, the observations at ZAE

hence, it is possible to compare these demands with the equilibrium results

= 0.52 correspond to equilibrium quantities;

from Adsorption Run No. 4S5-ECB. (All of these runs employed Polystyrene PB6.)

The equilibrium distributions shown in Fig. 31 (§A¢50.5) should represent

closely the condition of the bulk.phase for X = 0.52. To satisfy the demand

AR

that the upper 20% of the original sample be adsorbed, all of the species with
S-values greater than 11.6 svedbergs must be removed (adsorbed) from the bulk
‘phase. It is evident from Fig. 31 that this demand was not satisfied experi-

mentally.

The argument can be continued by analysis of the situation for zAl = 0.27

and KAE

= 0.52. In this case the value of [n]A necessary to increase [n]A

from:[q],, to [n] according to Equations (102) and (106), is 1.991 dl./g.

Al

and corresponds to 25% of the original sample. The maximum intrinsic viscosity

A2)

for the upper 25% of the original sample is 1.956 dl./g. Although closer to

satisfying the demand for-[q] all species with,gfvalues greater than 10.9

A)
svedbergs would have to be removed from the bulk-phase. Consequently, it
appears that the displacement of initially adsorbed small molecules by larger

ones was in-part responsible for the fractionation behavior observed during the

approach to equilibrium.

IMPORTANCE OF DIFFUSIONAL TRANSPORT IN THE ADSORPTION PROCESS

In order to estimate the importance of diffusion in the adsorption process

a simplified analysis was undertaken. It was assumed that the adsorbing surfaces
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are planar and that the fluid-film resistance adjacent to the adsorbing surfaces
can Be approximated by a thickness, L. The term, fluid-film resistance, implies
a stagnant or laminar layer of fluid adjacent to'the adsorbing surfaces, and the
mechanism of transport across the film is limited to diffusion. The physical

situation can be schematically represented by Fig. 39.

BULK PHASE

—— —— — — — — — t— o— — v e e e 7= |

|

z FLUID FILM RESISTANCE

i |
Wil

Figure 39. BSchematic Representation of Fluid
Film Resistance

Substitution of Fick's first law into the continuity equation yields the

usual expression for one-dimensional diffusion in a two-component system (22):
¢/t = a[D(oc/dz)1/dz (107)

where C is the concentration at any position, z, and time, t, and D is the
diffusion coefficient of the solute component. Equation (107) can describe the
diffusional transport of a monodisperse polymer solute across a fluid film when

the proper boundary conditions are employed.

The boundary condition at z = L can be simplified by assuming infinite bath

conditions and perfect mixing in the bulk phase. However, the boundary condition
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at the adsorbing surface, i.e., at z = O, depends on the rate expression for
‘polymer adsorption. Although there is not sufficient information available to
formulate a general mathematical expression for the rate of adsorption, an
estimate of the time requirements for the completely diffusion-controlled case
can be made. By assuming that the polymer.is adsorbed so rapidly and irfevers-
ibly at the interface that the effective concentration at z = O is zero, the
initial and boundary conditions éan be described as follows:

-C=C atz>0Tfor t =0,
~ Tk 2 =

il

C =0 at g = 0 for t > 0, and

c-gc atz

nv

C I, for t > O.
-—9 —_— —

By assuming that the diffusion coefficient is independent of concentration,

Equation (107) can be written as:
2. 2
/ot = p(a7¢/az") (108).

Solving: Equation (108) for the above conditions, the concentration distribution
across the fluid film can be Written.(gi) as a function of time, t, and position,

z, according to:

C = c_z/L ' (109)
+ (2C0/ﬂ) z: {}l/n) cos(nxn) sin(ngrz/L) exp(-ngn?Dt/L?i}
n=1 )
+ (he_/x) Z {[l/(Qm + 1)1[sin{(2m + 1)xz/L})+expl-(2m + 1)2ﬂ2Dt/L2ﬂ
m=0

where n and m represent successively ascending integers in the summations.
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The mass flux, J, defined as a positive quantity when directed in the nega-
tive z-direction, i.e., toward the adsorbing surface, is given by Fick's first

law as follows:
= D(ac/9dz) ' (110).

To find the quantity of solute at the interface, the mass flux, J, must be

evaluated at z = O and integrated over the elapsed time interval according to:

% A
Q, = f J at’ (111)
0 z=0

where g% is the total mass of diffusing solute having arrived at unit area of

the plane located at z = O in elapsed time, t.

Equations (109), (110), and (111) can be combined to obtain the following

relationship:

Q,/1C, = Dt/ 1 | (112)

n=cw

/) Y DR/ - exp(-?aPoe/1)])

n=1 :

+ (b/x°) Z{[:L/(em +1)°1[1 - exp{ 2m + 1)°7°Dt/L }]}

m=0
With the above relationship, the importance of diffusion can be assessed under

the conditions for which, Equation (108) was solved.

The diffusion coefficient of polystyrene in dichloroethane has been re-

ported by Tsvetkov and Klenin (95) as follows:
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M)M-o.51

D= (1.12 x 10° (113).

Using the weight-average molecular weight for the original distribution, i.e.,

= 5.12 x 105, the corresponding average diffusion coefficient from Equation

=]

(115) is 1.37 x ]_O_7 sq. cm./sec. The surface concentration, gt’ is given by:

Q= T/A (114)
Whe?e [ is the specific adsorption, and és is the specific surface area. Using
the specific surface area obtained from n;£rogen gas adsorption (12.44 sq. m./g.)
and the approximate maximum specific adsorption (15.9 mg./g.), the maximum sur-
face concentration obtained-from.Equation (114) is 1.28 x lO_u mg./sq. cm. The
initial concentration of solution employed in Adsorption Runs No. 4S1-TCB, L4S2-

TCB, and 4S3-TCB was 7.46L4 mg./cc.

Using the above values for the designated quantities in Equation (112), the
time requirements for maximum adsorption were determined for a wide range of
fluid-film thicknesses as shown in Table XX. Assuming that the adsorbent was
completely . and uniformly dispersed, it can be demonstrated that the average fluld-
film thickness associated with an individual particle was less than 1.0 x lO"LL cm.
for the experimental conditions employed. It is evident that diffusional trans-
port was probably not an important rate-controlling mechanism.in the time range

over which the experimental observations were made.

. This does not imply that diffusion is unimportant in the adsorption process.
On the contrary, differences in solute diffusion rates may be responsible for
the initial fractionation observed. Note that the initial fractionation for_the
surface phase (Fig. 34) already was well established by the time the earliest

measurements were made. Just how extensive the fractionation might have been
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for shorter contact times is not known. (Experimental conditions made it im-

possible to obtain data for contact times of less than a minute.)

TABLE XX

TIME REQUIREMENTS FOR DIFFUSIONAL TRANSPORT
ACROGSS A FLUID FILM

Fluid Film

Thickness, cm. gt/ggo ‘PP/L? t, sec.
1.0 x 1072 1.71k x 107 3.8 x 107 0.25L

1.0 x 10’” 0.171 b2k x 1072 3.09 x 107
1.0 x 10‘6 17,1 16.8 1.2% x 107k

Recent experimental studies have indicated that diffusion is not important
at any period in adsorption systems with limited fluid-film thicknesses. Petersen
and Kweil (gé) studied the rate of adsorption of radicactive polyvinyl acetate
from dilute benzene solutions onto surfaces of chromeplate. The rate of stirring
did not affect the rate of adsorption until the solution concentration was re-
duced below 5 x lO-3 mg./cc. However, in a bulk system the fluid-film resistance
is not readily controlled, particularly in the early stages of contact between
the adsorbent and solution. Consequently, it is not known whether the initial
fractionation observed in the present study was the result of relative diffusion
rates, molecular adsorption rates, or some combination of these factors. On the
basis of the work by Peterson and Kweil (gé), it is the author's belief that dif-

ferences in solute mobilities at the interface, i.e., differences in molecular

-adsorption rates, -were more important.

SUMMARY

During the approach to equilibrium, the intrinsic viscosity of the bulk

phase increased very rapidly with contact time, reaching a maximum in just a
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little over two minutes. - The fractionation observed initially was well below
the maximum 1limit given by the perfect fractionation curve. Thereafter, the
intrinsic viscosity of the bulk phase decreased nearly. linearly with the log-
arithm of contact time until equilibrium was approached. Thg system required
approximately 3 days to reach equilibrium (no further decreases in intrinsic

viscosity occurred over an additional period of 24 hours).

The intrinsic viscosity results for the surface phase indicated that smaller
molecules were preferentially adsorbed initially. From analysis of fractionation
curves, 1t was found that the displacement of initially adsorbed small molecules
by larger ones was in.part responsible for the fractionation behavior observed
during the approach to equilibrium. Similar fractionation behavior: was observed
for two samples of polystyrene of broad molecular weight distribution, indicat-

ing that the fractionation process was of the same general nature.

From a simplified analysis of diffusional transport across a fluid film,
it was found that diffusion of the solutes was not an important rate-controlling
factor in the time range over which the experimental observations were made.
Howelver, the initial fractionation obtained for the surface phase already. was
well established by the time the earliest measurements were made, and differ-
ential diffusion rates cculd have been responsible for that behavior. Whether
the initial fractionation was caused by differences in solute diffusion rates,
molecular adsorption rates, or.some combination of these factors, is not known,
but it is the author's belief that differences in solute mobilities at the

interface, i.e., differences in molecular adsorption rates, were more important.

Fractionation differences which were cbserved for the nonequilibrium adsorp-

tion runs as a result of different degrees of agitation are believed to have
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resulted from incomplete dispersion of the adsorbent and not from varying fluid
film thicknesses, i.e., differences in diffusional transport.

EXCHANGE EXPERIMENTS USING POLYSTYRENES OF NARROW
MOLECULAR WEIGHT DISTRIBUTION

. EXPERIMENTAL

Two polymer samples of narrow molecular weight distribution, Polystyrenes
PS26 and PS34 (see Table 11, p. 15), were combined in nearly equal weight ratios
to prepare a stock solution for the ekchange experiments. The adsorption experi-
ments (Run No. ESE;TCB) were similar to previous nonequilibrium runs and employed
the conditions summarized in Table XXI. The volume of solution, weight of ad-
sorbent, and solution concentration were maintained constant throughout the run
whereés the contact time was varied from one minute to five days. For experi-
ments of short duration, i.e., for contact times of less than 14 hours, the.
initial separation of adsorbent and solution was made by filtration. For runs
of longer duration, the initial separation was made by centrifugation. The
resulting solutions were filtered and analyzed for changes in . intrinsic viscosity

and solution concentration.

TABLE XXI

SUMMARY OF EXPERIMENTAL CONDITIONS
FOR ADSORPTION RUN NO. 552-TCB

Weight fraction of Polystyrene PS26 in mixture: 0.5072
Weight fraction of Polystyrene PS3L4 in mixture: 0.4928
Volume of solution: 15.0 ml. }
Concentration of stock solution: 0,3567 weight %
Weight of adsorbent: 2.0 g.

Shaker speed: 24.0 r.p.m.

Shaker angle: 15°
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The intrinsic viscosity of the original stock solution, [n]o, was calcu-

lated with the following relationship:

[T]]o = (X26'[T]]26) + (XB)-F[T]]BL’*) , (115)

where X,  and Kah'are‘the weight fractions of Polystyrenes PS26 and PS3L,

2
respectively, and [nJE6 (0.501 d1./g.) and [nJ5u (0.892 d1./g. ) are the' corre-
sponding intrinsic viscosities for the individual polymer samples. (Plots of
the intrinsic viscosity data for Sampies‘PSQG and PS34 are shown in Appendix I.)
An approximate check of the intrinsic viscosity was made directly on the stock

_solution mixture, yielding 0.687 dl./g. which compares favorably with 0.693

.dl./g. obtained from-Equation (115).
RESULTS AND BISCUSSION

‘The fractionation behavior shown in Fig. 40 was observed for the mixture of
narrow polymer fractions. The intrinsic viscosity of the polymer mixture in the
surface phase, [n]A, was calculated with Equation (43). The fractionation be-
havior- was similar—to that found for samples of broad molecular.weight‘disfribu~
tion. during the approach to equilibrium excgpt that no preferential adsorption
of the low molecular weight species was observed in the early stages. This was
p;obably the result of two factors: (1) the average molecular weights of the
narrow polymer fractions differed only by a factor of two, restricting the ulti-
mate preferential adsorption, and (2) the exchange process may have been extremely

rapid because of the low molecular weights involved.

The  weight of each of the narrow polymer fractions in the surface phase can
be calculated by assuming that no fractionation occurred within the narrow

fractions during adsorption. For this purpose, the intrinsic viscosity of the
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surface phase, [n]A, can be written as:

[nly = Rppglnlpg) + (Xyz,Inls)) _ (116)

where §A26 and ZABM are the weight fractions of adsorbed polymer made up of .
Polystyrenes PS26 and PS34, respectively. The sum of these weight fractions

obviously is given by:

'XA26‘+'XA5M =1 (117).

By combining- Equations (116) and (117), the following relationships can be

obtained:

Fypg = (Inlgy = [n1,)/([nly,, - [nlyg), ana (118)
Xp5y = (Inl, - [n]26)/([n]54 - [nle) (119)
The weights of Polystyrenes PS26 and PS3L4 in the surface phase, Eé?6 and wéih’
respectively, are given by:
Woog = xAgéwp, and (120)
Waz) = XpzMy (121).

where EP is the total weight of adsorbed polymer.

The weights of each of the narrow polymer fractions in the surface phase
were calculated with Equations (118), (119), (120), and (121) and are shown
in Fig. L4l. According to these results, the weight of the lower molecular
.welght fraction, i.e., Polystyrene PS26, in the surface phase decreased with
time (following an initially rapid adsorption) even though the total weight of

adsorbed polymer continued to increase sharply. This appears to be direct
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evidence of an exchange phenomenon, the lower molecular weight material having

been displaced by the higher molecular weight species.

The results shown in Fig. 41 indicate that the exchange process was impor-
tant even in the early stages where the rate of adsorption was quite high. It
is now evident that the fractionation:behavior-of a-polymolecular sample during
the approach to equilibrium is the result of several complex rate phenomena.which
may include differential diffusion rates, differential fates of adsorption, and

exchange phenomena.

The continued increase in total weight of adsorbed-polymer over long periods
of time as shown in.Fig. 41 should not be associated necessarily with the rate of
adsorption. Part of the increase'probably\résulted from the exchange phenomenon!

Increases in specific adsorption with'inéreasing molecular -weight have been re-
portedv(z, 20, 80, 217;99) for a variety of systems. This behavior also was
observed .in the present study, obtaining specific adsorption values of 12.90
and 15.75 mg./g. for ?olystyrenes PS26 and .PS3L4, respectively. These determina-
tions were made at sufficiently high equilibrium concentrations, i.e., C > 2.5:

mg./cc., to be regarded as approximations to the limiting values,.i.e., Fmv

The results shown in Fig. 41 for long contact times, i.e., greater than 3
.days, correspond to.equilibrium quantities and indicate that a .partitioning of
the species was obtained. Species from each of the narrOW'polymer fractions
were present in both of the phases at equilibrium-.with species from the higher
molecular weight fraction being adsorbed preferentially. Both the partitioning
behavior-and preferential adsorption at equilibrium were in agreement with be-

havior observed earlier for samples of broad molecular weight distribution.
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Although the original polystyrene samples (S26 and 834) were of narrow
molecular-weight distribution as indicated by their ratios of weight- to number-
>average molecular weights (see Table I, p. 13), the purified samples (PS26 and
PS34) were fractionated significantly when employed individually in adsorption
experiments, as shown in Table XXII. Note that the intrinsic viscosity of the
bulk phase, [n]B, exhibited a substantial decrease from the original level,

[n]o, after four days of contact with the adsorbent.

TABLE XXII

FRACTIONATION WITHIN NARROW
POLYMER FRACTIONS

Polystyrene M2 Mgs x Concentration,
Sample dl./g. al.”/g. =A mg. /cc.
PS26 0.501 0. 467 0.381 2.79%

PS3h 0.89 0.783 0. 45k 2.526

From the low fractionation efficiency found for polystyrenes of broad
molecular weight distribution, no significant fractionation within the narrow
polymer fractions was anticipated. The results in Table XXII suggest that the
partitioning parameters, i.e., B and E(EA), varied with the molecular weight

digtribution (as well as KA), which is not surprising. Flory (67) has demon-
strated by thermodynamic cgﬁsiderations that the partitioning parameter in
phase separation, i.e., ¢ in Equation (76), varies with the number-average D.P.
for each phase along with several other variables. Whether the fractionation

within these narrow polymer fractions was as great when the samples were com-

bined is not known. Consequently, these results must be regarded as qualitative.

Since fractionation within the individual samples favored the adsorption of .

higher molecular weight species, at least in the-longer contact time region, the
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effective intrinsic viscosities to be used in place of [n]26 and [n]BM in
Equations (118) and (119) would have to be larger (and would vary with time).

A2
the actual weight of Polystyrene PS26 greater and that for PS3L4 smaller than

This would decrease the differences between W, . and HA5M (Fig. 41), making

those calculated.

The exchange experiments were helpful in assessing the conditions needed
for a quantitative study of the exchange process. In principle, the exchange
experiments make it possible to follow the concentration of each solute type
in the bulk. phase and the weight of each type in the surface phase. It is
evident that the molecular weight distributions of the samples must be extremely
narrow. The rate of adsorption of each solute type, needed for a quantitative
study of the exchange phenomenon, can be obtained (in the absence of diffusion
effects) from the method of Peterson and Kwei (96). . By accounting for the rate
of concentration decrease for each solute type in the bulk‘phaée due to adsorp-~
tion, the rate of accumulation or depletion from the exchange phenoﬁenon can
be assessed. In this way, the exchange kinetics for two narrow polymer fractions

can be studied.
. SUMMARY

The fractionation behavior observed for a mixture of two narrow polymer
fractions during the approach to equilibrium was similar to that found earlier
for samples of broad molecular weight distribution except that no preferential
adsorption of the low molecular weight material was obtained initially. The
weight of each of the narrow polymer fractions in the surface phase was calcu-
lated by assuming that no fractionation cccurred within the polymer fractions.

The results indicated that the weight of the lower molecular weight fraction,
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i.e., Polystyrene PS26, in the surface phasé decreased (following an initially
rapid adsorption) even though the total weight of adsorbed polymer continued to
.increase sharply. This behavior appeared to be direct evidence of an exchange

Phencmenon and suggested that the exchange process was important even in the

early stages where the rate of adsorption was high.

The results for long contact times, i.e., greater than 3 days, indicated
that the solutes were partitioned between the phases at equilibriuﬁ with species
from each of the narrow polymer fractions present.in both of the phases. A
strong preferential adsorption of species from the higher molecular weight frac-
tion was obtained. Both the partitioning behavior and preferential adsorption
at equilibrium were in agreement with the behavior observed for samples of broad

molecular weight distribution.

_Although the polymer fractions employed in this work were of narrow molecu-
lar weight distribution, a significant decrease in intrinsic viscosity was
obtained when the samples were employed individually in adsorption experiments.
Since earlier results indicated that. polymer degradation was not significant,
the decrease was attributed to fractionation_of the narroﬁ polymer fractions.

It is not known if the fractionation within the narrow polymer fractions was
as great when the samples were combined. Consequently, the results obtained

from the exchange experiments must be regarded as qualitative.

. In principle, the exchange experiments provide a. quantitative method for

-studying the exchange kinetics.
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REPLACEMENT EXPERIMENTS- USING POLYSTYRENES
OF NARROW MOLECULAR WEIGHT DISTRIBUTION

" EXPERIMENTAL

Replacement experiments were conducted to verify the existence of an ex-
change phenomenon and to investigate the reversibility of the molecular weight

effects.

In the replacement experiments, a narrow fraction of polystyrene in solu-
tion- was equilibrated with adsorbent. The equilibrium solution was decanted,
and the adsorbent was rinsed with pure solvent. Another narrow fraction of
polystyrene (of different average molecular weight) in solution was equilibrated
with tne rinséd adsorbent. The resulting solutions were isolated and analyzed

for changes in intrinsic viscosity and concentration.

Six adsorption tubes, each containing 2.0 g. of furnace-treated adsorbent,
were employed (Adsorption Run No. 5S1-ECB). Using 15-ml. aliquots, Polystyfene
‘PS26 solution was added to three of the adnorption tubes and,Polystyrene PS3L
solution to the remaining three. The shaker speed and angle were mainfained at
. 24.0 r.p.m. and 15°, respectivély.r A minimum of L days was permitned for
equilibration, after which the solution and adsorbent were separated by nentri—

fugation.

Following decantation of the initial solution, a solvent wash was provided
to remove any undecanted solution (containing unadsorbed-polystyrene) from the
bulk of the adsorbent. After the addition of approximately-20 ml. of pure
solvent, the adsorption tubes were resealed and mounted on the shaker for a
minimum of 12 hours. The adsorbent, nearly saturated with.polystyrene, was

redispersed with no difficulty. At the conclusion of the wash period, the
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tubes were centrifuged and the wash solvent was decanted and analyzed for poly-

styrene content.

At that point, the solution additions were interchanged, i.e., Polystyrene
PS3h solution was added to the tubes which hadiinitially contained PS26 solution
and vice versa. The solution volumes were maintained at 15.0 ml. From the
schedule of initial and replacement seolutions summarized in Table XXIII, note
that the initial solution concentrations were held constant whereas the replace-

ment concentrations were varied.

Following addition of the replacement solutions, the tubes were resealed
and mounted on the shaker. A minimum of k days was allowed for equilibration

before the solution and adsorbent were separated by centrifugation.

The solutions which resulted from equilibrium adsorption of the initial
and replacement solutions were isolated and analyzed for changes in intrinsic

viscosity and concentration.
‘RESULTS AND DISCUSSION

The fractionation results for the initial solutions (following equilibrium
adsorption) were shown previously in Table XXII (p. 1L46) to demonstrate the
fractionation obtained within the narrow polymer fractions. .Note that the
intrinsic viscosities of the equilibrium solutions, [n]B, were substantially

lower than the original levelé, [n]O. Since polymer de;;adation was not sig-
nificant, the decreases in intrinsi; viscosity were attributed to fractionation
of the narrow polymer fractions. Using Equation (43), the intrinsic viscosities

for the surface phase were found to be 0.554 and 1.022 dl./g. following equili~

bration with initial solutions of Polystyrene PS26 and PS 34, respectively.




26870 89¢° L f¢sd T06"0 IS 92sd - 9T

c68°0 9291 w¢sd TOS "0 IGH - 92sd . L
. 2680 196 e 7¢sd - . ToS°o- TG N 9284 - T
A
T0S "0 95T L 92sd 268°0 929 " ¢Sd ch
T0S 0 HTG N - ggsd - 2670 929"H nesd on
TOS 0 05¢°e , 9254 - 2680 929 't ¢S Gh
"8/ 1P 00/ 3w o1dureg . '8/ TP 00/ *Bu oTdwreg "Oofl aqnl,
‘118008 TA ‘UOT{BIFUSIUG) suaafisfied - fR1TS00STA - ‘uoTyBILUSOUC) - auaafqsdTog ucTydI0SDY .
OTSUTIUT TBIFTUT OTSUTAYUL TeTITUL _
SUOTINTOS FUSWSOBTASY A . SUOTINTOY TBIITUL

mazgmm%,agoﬁ&mm THT NI @dSn SNOILOTOS

IITXX JI9dVL




-152-

Since decantation of the initial solution (following equilibration) was
unavoldably incomplete, an estimate of the unadsorbed- polymer remaining in the
bulk of the adsorbent was made from the weight of solution that was decanted.

In each case, the weight of polymer subsequently obtained from the wash solvent
was less than the corresporiding estimate of unadsorbed polymer available, indicat-

ing that no significant desorption occurred as a result of the solvent wash.

Several investigators (2, 3, 21, 96, 97, 99, 101) have reported that ad-
sorbed polymer could not be removed by washing (or dilution) with pure solvent.

It is believed that the desorption encountered in the present work was negligible.

The final results for the replacement experiments (following equilibrium
adsorption of the replacement solutions) are shown in Table XXIV. The "original®
values refer to the intrinsic viscosity and concentration of the original re-

placement solutions, and the "equilibrium" values refer to the same quantities

for the bulk phase following equilibration.

TABLE. XXIV .-

RESULTS FROM REPLACEMENT EXPERIMENTS

Intrinsic Viscosity, . 'Concentration,
- Adsorption dl./e. ~ mg. /cc. .

Tube No. Original Equilibrium” Original Equilibrium" X,
y5> 0.501 0.527 2.350 2.29k4 0.481
4o* 0.501 0.529 .51k 4.258 0.356
Lo 0.501 0.528 7.156 6.694 0.277

_ uub 0.892 0.656 2,561 2.118 0.505
7° 0.89% 0.721 4. 626 3,917 0.383
l6b 0.89 0.773 7.368 6.455 0.290

aDisplacement of previously adsorbed high moleculérrweight species by lower ones.
Displacement of previously adsorbed low molecular weight species by higher ones.
Refers to bulk phase.
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- Although the adsorbent surfaces were nearly saturated with polymer from the
initial solution, the concentration of the replacement solution decreased signifi-
cantly as seen. in Table XXIV. Part of the decrease in concentration probably.
resulted from .small quantities of solvent remaining in the bulk of the adsorbent
following the solvent wash. (The decantations purposely were not exhaustive in

order to prevent losing or drying any of the adsorbent. )

The intrinsic viscosity changes in the replacement solutions (Table‘XXIV)
indicate thet an exchange of molecules occurred in both cases, i.e., that the
low molecular weight species displaced previoudly adsorbed higher molecular
-weight sbecies and vice versa; however, these results muse be interpreted with
caution. In the case of low molecular. weight species displacing higher ones
(Tubes No. 45, LO, and L42), the intrinsic viscosity increase was small. Although
fractionation of species within the replacement solution (by additional adsorp-
tion) would tend to decrease the final equilibrium intrinsic viscosity, any high
molecular weight species (from the initiai solution) remaininglinithe bulk of
the adsorbent as a result of incomplete decantations, would tend telincrease

the intrinsic viscosity.

From knowledge of the bulk phase condition.following equilibration of
initial solutions (Table XXII) and the intrinsic viscosity increase of feplace-
ment solutions (Table XXIV), it can be demonstrated that at least 10% of ‘the
species in the equilibrium replacement solutions must have come from the initial
solutions if no exchange of speciesAoccurred. Since this large quantity of
species ceﬁld not have escaped in the initial decantation‘ggg the sol&enf wash,

it is concluded that the low molecular weight speciles probably did replace

previously adsorbed higher ones.
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In the case of high molecular weight species displacing previously adsorbed
lower ones (Tubes No. Lk, 7, and 16), the intrinsic viscosity decreases (Table
XXIV) were far too large to be accounted for on any basis other than an.exchange
of solutes. Although the concentration decreases were large, the additional
adsorption possible was far too limited to account for the observed decreases in
intrinsic viscosity on the basis of fractiohation within the replacement solution
(see Table XXII). Note that the concentration decreases wefe significantly
larger for experiments involving the displacement of low molecular weight species
by higher ones, as expected from the usual increase in Fm with increasing molecu-
lar weight (see page 1uL6). -

Since an exchange of solutes occurred after the initially adsorbed layer
had been in contact with the adsorbent for several days, it is believed that the

adsorptive forces in the system were only physical in nature.

The total weight and weight fraction of polymer adsorbed, shown in Tables
XXV and XXIV, respectively, were calculated on the basis that no polymer losses
(no desorption by pure solvent) and no residue losses occurred and that solvent

decantation was complete following the solvent wash.

Kolthoff and Gutmacher (19) conducted replacement experiments which differed
from the present work only in the lack of a solvent wash. Using a rubber —
heptane — carbon black adsorption system, these investigators obtained results
similar to those in the present study. Because the final values of intrinsic
viscosity in member pairs of experiments were quite different, they stated that
incomplete reversibility of adsorption was indicated. (The term, member pair,
refers to two replacement experiments with only the addition of the initial and

replacement solutions reversed.)
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- TABLE XXV

COMPOSITION OF THE SURFACE PHASE

' Original Total Weight
. Adsorption « % Concentration, Adsorbed
Tube No. =A26 =A3L mg./cc. . Polymer, mg.
y52 0.08 0.92 2.350 S 323
1o? 0.21 0.79 I, 51k 35.3
P 0.3 0.68 7.156 38. L
1P 0.32 0.68 2.561 32.h
7° . .0.18 0.82 h.626 364
16° | 0.11 0.89 7.368 .39.5

%Displacement of previously adsorbed high molecular weight species by lower ones.
Displacement of previocusly adsorbed low molecular weight species by higher. ones.
Refers to replacement solution.

It should be pointed out that only under the most exact conditions would the
final mélecular weight distributions of polymer in the supernatant solutions be
identical for any member palr in a replacement experiment. In fact, if fraétion-
atdon occurred within the polymer. samples, it would be virtually. impossible to
obtain such a situation, [Kolthoff and Gutmacher (19) alsoobserved fractiona-
tion within their samples.] From the partitioning behavior:discussed earlier,
one would not expect to obtain similar values of intrinsic Viscosity for the
final equilibrium solutions unless the molecular weight distributions (of all

the polymer present in each system) were nearly identical.

With the following assumptions, an estimate of the surface phase composi-
tion, i.e., the weight fraction of surface-phase polymer contributed by each of
the narrow polymer fractions, was made: (1) No fractionation occurréd within
the narrow polymer fractions after the initial solufion equilibration; (2) No

polymer desorption occurred during the solvent wash. (5) Unadsorbed polymer,
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remaining in the bulk of the adsorbent after the initial decantation, was removed
completely by the solvent wash. (L) Complete decantation was obtained at the
conclusion of the solvent wash. (5) No losses of adsorbent were incurred through-
out the experiment. With the above assumptions and the information shown in

| Tables XXII and XXIV, Equations (118) and (119) were used to calculate the surface-
‘pPhase weight fractions showﬁ in Table XXV. Although these values are only approxi-
mations, the order of magnitude of the welght fractions is similar for both types
of'displaceﬁent, i.e., for low molecular weight species displacing higher ones

and high molecular weight species displacing lower ones. Furthermore, these
findings are in agreement with earlier results, namely that adsorption of the

higher molecular weight fraction was strongly preferred.

The results obtained from the replacement experiments suggest that the

molecular weight effects were reversible.

SUMMARY

"Replacement experiments, designhed to investigate the exchange of different
molecular weight species between the bulk -and surface phases, were conducted

with polystyrene samples of narrow molecular weight. distribution.
¢

In the replacement experiments, solution containing a narrow ﬁolymer
fraction was equilibrated with adsorbent and decanted. The resulting adsorbent
~was rinsed with .pure solvent and equilibrated with another solution of a narrow

polymer fraction (of different average mqlecular.weight).

Following decantation of the initial solution, a solvent wash was provided
to remove undecanted solution (containing unadsorbed.polystyrene) from the bulk

of the adsorbent. From the limited quantities of polymer found in the wash
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solvents, it was concluded that no significant desorption of polymer was caused

by prolonged washing (12 hours) with pure solvent.

The intrinsic viscosity of the replacement solutions increased when the
adsorbent had been equilibrated pre&iously with solution containing a higher
molecﬁlarrweight fraction and decreased when equilibrated-previously with solu-
tion'coﬁtainipg a lower ﬁolecular weight fraction. .If was conclﬁaed that‘the
low molecular weight species probabiy did replace previously adsorbed higher
ones. The displacement of previously adsorbed loﬁ molecular weight speciés by
higher ones was firmly establishéd — in agreementrwith the nonequilibrium ?uns
with polystyrene of broad molecﬁiarlweight distribution and thé.exchange-experi-

ments.

An exchange of polymer molecules occurred between the bulk and surface
phases even after the initially adsorbed layer had been in contact with the
adsorbent for several days, indicating that the adsorptive forces in the system

were only physical in nature.

From fhelintrinsic viscosity changes in the replaceﬁént sélutions, an
estiméte was m@de of the weight fractioﬁ of surface-phase polymer contributed
by each of the narrow polymer fractions. The order éf magnitude Sf these
weight fractions was similar for both types of displacement, i.e., for the
displacement  of previously adsorbed low molecular weight species by higher ones
and vice versa, and -demonstrated that adsorption of the higher molecular weight

fraction was preferred strongly.

The results obtained from the replacement experiments suggested that the ‘
molecular weight effects were reversible, but this could not be established ‘
because of such qualitative factors as fractionation within the narrow polymer ‘

fractions.
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GENERAL DISCUSSION
POLYMER DEGRADATION

It has been suggested in the literature that prolonged contact between
polymer molecules and adsorbent may cause extensive degradation of the polymer.
It is believed that no significant degradation was encountered in the present
work. In each case, the intrinsic viscosity approached a constant value (at
the end of 3 days) and did not change significantly, thereafter, upon continued
exposure to the adsorbent for periods up to 5 days. There is no reason to
believe that polymer degradation would cease after a certain period of time
and that the partitioning relationships subsequently observed were coincidental.
Furthermore, the equilibrium fractionation curves (see Fig. 18) closely extrapo-

late back to the original level of intrinsic viscosity.
. STRUCTURE OF THE SURFACE LAYER

Recent studies of a theoretical and experimental nature have investigated

the structure of the surface layer. Silberberg (5, 79) and Higuchi (90)

demonstrated by diverse statistical treatments, that strong surface interactions

can cause a nearly complete collapse of polymeric adsorbates on solid substrates.

Using infrared spectrometry, Fontana and Thomas (1) studied the configura-
tion of alkyl methacrylate polymers adsorbed from solution onto a nonporous
silica. From the infrared shift of the normal carbonyl vibration frequency,
caused by hydrogen bonding to the surface hydroxyl groups, these investigators
determined the fraction. of adsorbed carbonyl groups, i.e., p. On the average,
about 36% of the segments were attached to the substrate, indicating that the
polymer was essentially flattened at the interface. In confirmation, sedimenta-
tion velocity studies indicated that the effective hydrodynamic thickness of

the adsorbed layer was 25 + 10/A,
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Using a vibrating electrode appafatus, Gottlieb’(é) studied the}adsorption
of polyvinyl acetate from various solvents onto metal substrates. Surface
potential measurements for octadecyl andnpolyvinyl acetates were compared as a
function of the surface coverage. It was concluded that the surface was covered
first by a layer of tightly bound polymer with most of the acetate groups oriented
and in contact with the surface; subsequent polymer deposition.was believed to
occur as a random overfilm on top of the first layer of oriented molecules.
(Gottlieb admitted thgt the surface potential dafa may not‘represent the struc-

ture of the surface layer as adsorbed from solution but may represent structures

which result from rearrangements following removal from.solution. )

From their éxperimental results,fJenckél and Rumback (102) postulated that
the adsorbed layer consisted of sparsely adsorbed éegments bridgéd by loops of
unadsorbed segments extending into the solution — a c;ﬁcept4which éorregponds
closely to the models analyied by Silberberg (12). Stromberg,-gi ii"<g)
suggested that the extensive thicknesses observed for adsorbed,polystyrene
layers could correspond to either the extended loops postulatea by Jenckel
and Rumbach (102) or the random overfilm advanced by Gottlieb (2). From
.earlier - -discussions regardiﬁg:the restrictive nature of the phényl group, it
seems unlikely thaf the adsorption of polystyrene would correspond to Gottlieb's

proposal.

It is of interest to compare the'quantity of adsqrbed polymer with the
area occupied by small molecules of similar -chemical méke—up. Van der Waarden
(lgz) found that xylene was adsorbed in a flattened configuration and occupied
a cross-sectional area of approximately(.63 A.2. Harris and Emmett (104) com-
pared the adsorption of toluene (75°C.) with nitrogen (-195°C.) on a variety

of surfaces. For toluene, the cross-sectional area calculated from the density

N
Ly
PN
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of the liquifiedcadsorbate (32.9 A.2) was not sufficient to account for the area
actually occupied (& 61 A.e), indicating that the molecule was adsorbed in a flat

position.

The maximum surface concentration, calculated with Equation (114) on page
137, was 1.28 x lO_h mg./sq. cm. for the system employed in the present study.
This concentration of polymer is about 4.4 times greater than that which the
surface would accommodate by assuming that the adsorbate was flattened at the
interface and that each segment occupied a cross-sectional area of 60 A.2 (in

accordance with the areas found for similar small molecules ).

From the adsorbate structure advanced by Jenckel and Rumbach (lgg), it is
of interest to compare the area occupied by the adsorbate with the molecular
dimensions exhibited in solution. The dimensions of polystyrene in dichlore-
ethane at 25°C. have been investigated by Outer, et al. (Qé). For a polystyrene
fraction (E; = 5,62 x 105) having an intrinsic viscosity (1i42 dl./g.) similar

to the [nHA values obtained in the present work (see Fig. 19 and 20), a weight-
average ro;£-mean-Square radius of gyration of 310 A. was obtained. Using that
dimension for the adsorbate radius and assuming an hexagonal packing on the |
substrate, the area required by this hypothetical structure was found to be 4.6

times greater than that available experimentally — indicating that the polymer

coil undergoes considerable compression upon adsorption.
BEHAVIOR OF THE SURFACE IAYER

Several observations indicate that the surface layer possesses a dynamic
character — at least.in adsorption systems where adsorbate-substrate inter-
actions are limited to attractive forces of the van der Waals type. Irrespec-

tive of the exact structure of the surface layer, it is quite certain that the
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"polymer molecule is adsorbed at multiple points of attachment along the chain.
It is envisioned that the individual segments of an adsorbed molecule are con-
tinually being adsorbed and desorbed with no substantial net changes in the

total number of adsorbed segments in the system (at equilibrium).

As noted earlier, adsorbed-polymer generally is not removed by washing (or
dilution) with pure sol&ent. silberberg (5) has stated that this inability of
the solvent to desorb the polymer is merely‘an expression'of the fact that the
surface is still in equilibrium with the solveﬁt. In this case, the sblvent is

unable to compete for -additional adsorption sites.

It has been demonstrated (lg, §9, 21) that solvent with a éreater affinity
for the polymer or the substrate (gfeater than the solvent from-which adsorption
occurred) can remove previously adsorbed molecules. As the individual segments
of- an. adsorbed molecule undergo adsorption and desorption, it is envisioned that
the new solvent molecules (which are not in equilibrium with the subst;ate) are
able to compete for the occupancy oflvacated siteé. Ultimately, the polymer

molecule is released from the substrate.

A similar mechanism is believed to be responsible for the exchange of
adsorbate sfecies. When new polymeric species are introduced into thé adsorp-
tion system (solutes which have not previously been in equilibrium with the
surface), they. conceivably compete for desorbed sites, eventually resulting in
the displacement of previously adsorbed species. Apparently, the process continues
until an equilibrium partitioning of all the species is obtained. From the
excessive size and low mobility of polymeric adsorbates, it is not surprising
that the exchange process is relatively slow (nearly 3 days required for equili-

bration).
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It is believed that the exchange phenomenon made it possible for the system
to attain a distinet partitioning condition at equilibrium. The existence of a
partitioning relationship indicates that the adsorbed molecules are accessible to
molecules in the bulk phase, making it difficult to envision anc adsorbed struc-
ture composed of a tightly bound two~dimensional layer covered with a random
overfilm as advanced By Gottlieb,(z).. Rearrangement of the surface layer from a
two- to a three-dimensional structure with increasing surface coverage, as postu-

lated by Peterson and Kwei (96) from kinetic studies, would explain this difficulty.

It is of interest to note that Ellerstein (8) did not observe a substantial
exchange of polymeric species during the adsorption of polymethyl methacrylate
(Mw/Mh > 2) from benzene onto iron. powder. The intrinsic viscosity of the polymer
solﬁtzgns decreased approximately 14%.in the first 10 min. of adsorption followed
by an additional 6% in the next 72 hours. It was noted that urea or a similar
cbmpound was tightly bound to the adsorbent surfaces (desorbed only with aceto-

nitrile); this may have promoted hydrogen bonding (of the type O...H-N) or some

other strong interaction which can retard the exchange process.
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SUMMARY AND CONCLUSIONS

The role of adsorbéte polyﬁoleculérity in the adsorption of high polymers
at liquid-solid interfaces»was investigated with the polystyrene - dichloro-
ethane — carbon black system. Polysfyrene samples of broad and narrow molecular
-weight distribution.were employed. The adsorbent (Sterling-FT graphitized carbon
black) had a specific surface area of 12.L4 sq. m./g., determined by nitroéen gas

adsorption.

Solutions of polystyrene were mixed with the adsorbent for specified periods
of time, and the rgsulting supernatant solutions were isolated and analyzed for
changes in intrinsic viscosity and concentration. The weight of adsorbed-polymer
was_detefmined from the change in solution concentration. Fractionation and .
preferential adsorption of the polymer . were adjudged by changes in'intrinsic

viscosity.

For adsorption experiments employing polystyrene of broad molecular weight
-distribution and a mixture of narrow polystyrene fractions, no additional changes
in either-intrinsic viscosity or the weight of adsorbed.polymer occurred after
'3 days of adsorption, indicating that the system required approximately 3 days

for equilibration and that polymer degradation was negligible.

Whenever distribution functions of polyﬁer,were required, distributions of
sedimentation coefficient were determined with an ultracentrifugal technique.
Corrections were applied to the distributions for the effects of diffusion and

solution concentration.

The following is a summary of the main experiments conducted, the results

obtained, and the conclusions drawn therefrom.
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Employing polystyrenes of broad molecular weight distribution, equilibrium
adsorption experiments were conducted for different ratiocs of adsorbent to solu-
tion over a wide range of solution concentration. The adsorption data were
described by the Langmuir isotherm over nearly four decades of concentration and
for a wide range of surface coverage, confirming Langmuir behavior as predicted
by Silberberg (5) and reported (1, 80, 99) in previous investigations. The
polymers were strongly adsorbed in the system, nearly saturating the adsorbent

surfaces at equilibrium concentrations as low as 0.05% by weight.

The intrinsic viscosity of supernatant solutions (bulk phase ) was lower in
811 cases than the original level and depended only on the weight fraction of
polymer adsorbed. From the weight additivity of viscometric quantities, the
intrinsic viscosity of polymer.in the surface phase was calculated and found to
be higher in all cases than that of the original polymer, showing that the poly-
mer samples were fractionated significantly by the adsorption process and that
the higher molecular weight species were adsorbed preferentially for all the .
équilibrium conditions investigated. JFractionation appeared to depend only on
the weight fraction of polymer adsorbed, irrespective of the ratio of adsorbent

to solution or equilibrium concentration.

Knowing the distribution functions for the original polymer samples, perfect
fractionation curves were calculated and compared with the intrinsic viscosity
results. It was apparent that the observed frattionation was not perfect or
complete and that the adsorption process could not be used to predict the molecu-

lar weight distribution or its equivalent by the methods employed.

The intrinsic viscosity, i.e., fractionation, apparently depended only on

the weight fraction of polymer adsorbed. However, the strong affinity of polymer
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for the adsorbent surfaces limited the viscometric data to the region of nearly
complete surface coverage, thereby limiting the validity of the experimental

relationships to that region.

The fact that the adsorption and fractionation results were independent of
the ratio of adsorbent to solution indicated that the adsorbent was dispersed
readily in the solutions and that a consistent fraction of the surface area was

available for adsorption.

For selected equilibrium adsorption experiments with polystyrene of broad
molecular weight distribution, thé distribution of sedimentation coefficient was
determined for the polymer- in eééh of the supernatant solutions. . Knowing the -
polymer distributions (for the bulk.phase) before and after adsorption, the
distribution of polymer in the surface phase was calculated. In each case, the
distributi&ns for-the bulk and surface phases were related by a -partitioning
expression which differed substantially from that describing phase separation.

The experimental relationship did not agree with the three-dimensional case
derived by Gilliland and Gutoff (g&); this discrepancy. probably resulted from
an oversimplification of the polymer adsorption. problem in their statistical

treatment.

By comparing distributions for corresponding bulk and surface phases, if
was evident that the polymer was fractionated significantly by the adsorption
.process. The molecular weight averages for the surface phase were approximately
twice as high as those for the bulk phase. Although a strong fractionation was
observed, the equilibrium adsorption process was not an efficient analytical

tool for molecular separations — the polymer . in either phase following adsorp-

tion was distributed broadly with respect to molecular weight.
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The surface-phase distributions from two experiments involving different
equilibrium concentrations and similar extents of adsorption were nearly identical,
indicating that solution concentration did not affect the fractionation process

significantly.

To investigate the adsorption process during the approach to equilibrium,
adsorption experiments were conducted with polystyrene of broad molecular weight
distribution, varying only the contact time, i.e., the adsorption time, and the
degree of agitation. 1In these experiments, the intrinsic viscosity of the solu-
tion (bulk phase) increased very rapidly with contact time, reaching a maximum
in approximately two minutes. Thereafter, the viscosity decreased nearly

.linearly with the logarithm of contact time until equilibrium was approached
at which time the intrinsic viscosity was well below that of the original soclu-
tion. ©No further decreases occurred after 3 days, indicating that equilibrium

had been established.

The intrinsic viscosity of the surface phase was calculated from the weight
additivity of viscometric gquantities. , Initially, the intrinsic viscoesity of the
surface phase was well below the level of the original solution; thereafter, it
increased nearly linearly with the logarithm of contact time until equilibrium
was approached and was well above the level of the original solution at equilib-

rium,

The intrinsic viscosity results for each of the runs were compared for
similar extents of adsorption, i.e., vs. the weight fraction of polymer adsorbed.
The data for different degrees of agitation fell on a single curve, indicating
that differences in fluid-film thickness, i.e., differences in diffusional trans-

port, during the period of agitation did not affect the fractionation observed.
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The intrinsic viscosity results for the surface phase demonstrated that the
smaller molecules were preferentially adsorbed initially, the initial fractiona-
tion being well below the maximum. 1imit given by the perfect fraectionation curve.
From analysis of experimental fractionation curves, i.e.,.plots of inﬁrinsic
viscosity vs. the weight fraction of polymer adsorbed, it was concluded that the
displacement of initially adsorbed small molecules by larger ones was in.part
respoﬁsible for the fractionation behavior observed during the approach to
equilibrium — confirming the displacementvbehavior suggeéted by previous investi-

gators (17-19, 21, 92).

Similar intrinsic viscosity behavior was observed for different. polymer 7
-samples of broad molecular weight distribution, indicating that the fractionation

.process during the approach to equilibrium was of a rather general nature..

In agreement wi£h the fractionation results, ani analysis of diffusional
transport. across a fluid film indicated that diffusion of solutes was not an
important rate-controlling factor.-in the time range over which the experimental
observations were made. However, the initial fractionation already was well
established by the time the earliest measurements were made, and differential
diffusion rates could have been responsibie'fgr this behavior. 'Whether the
initial-fractionationiwas caused by differences in solute diffusion rates,
molecular adsorption rates, or a combination of these factors was not known,
but the work of Petérson and Kwei (96) indicated that differences in solute
mobilities at the interface, i.e., differences in melecular adsorption rates,

were probably more important.

To verify the existence of a displacement or exchange'procesé during the

apprbach to equilibrium, adsorption experiments were conducted with a mixture
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of two narrow polymer fractions. Only the contact time, i.e., adsorption time,
was varied in these exchange experiments. The intrinsic viscosity behavior of
the polymer mixture was similar to that observed for samples of broad molecular
-weight distribution except that no increase in intrinsic viscosity was observed
initially, indicating that low molecular weight species were not preferentially
adsorbed initially. This was probably the result of two factors: (1) the
average molecular weights of the narrow polymer fractions differed only by a
factor of two, restricting the ultimate preferential adsorption, and (2) the
exchange process may have been extremely rapid because of the low molecular

weights. . involved.

From the viscometric data, the weight of each of the narrow polymer fractions
in the surface phase was calculated by assuming that no fractionation occurred
within the individual polymer fractions. The weight of adsorbed polymer consti-
tuted by the lower molecular weight fraction decreased with adsorption time
(following an initially rapid adsorption) even though the total weight of ad-
sorbed polymer increased sharply. This behavior appeared to be direct evidence
of an exchange phenomenon (the lower molecular weight material having been dis-

‘placed by the higher molecular weight species) and suggested that the exchange
process was important even in the early stages where the rate of adsorption was

high.

Although the polymer samples employed in the exchange experiments were of
narrow molecular.weight distribution, a significant decrease in the intrinsic
viscosity of the bulk phase was obtained when the samples were adsorbed individu-
ally. Since polymer degradation was negligible, the decrease was attributed to
fractionation within the narrow polymer fractions. It is not known if fractiona-

tion within the narrow polymer fractions was as great when they were combined.
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-Consequently, the results obtained from the exchange experiments were regarded

as qualitative.

‘ Invspite of their qualitative ﬁature; the fractionation results for long
contact times, i.e., greater than 3 days, indicated that the solutes were
partitioned between tﬁe phases at equilibrium (with species from eaéh of the
narrow polymer fractions present in both.phases) and that a strong-pfeferential
adsorption of the higher molecular weight fraction was obtained — in agreement
with the equilibrium behavior observed for samples of broad molecular weight

distribution.

In principle, exchange experiments employing samples of very narrow molecu-
lar weight distribution:provide a quantitative method for studying the exchange

kinetics.

In order to confirm the existence of a displacement or exchange process and
to investigate the displacement ability of different molecular weight Species,
réplacement experiments were conducted with polystyrene samples of narrow
moleculaf weight distribution. In these experiments, solution containing a
narrow polymer fraction was equilibrated with adsorbent and decanted. The
resulting adsorbent was rinsed with pure solvent and equilibrated with another

solution of a narrow polymer fraction (of different average molecular weight ).

After rinsing the adsorbent, the solvent contained only limited gquantities
of polymer, indicating that no significant desorption of polymer was caused by

prolonged exposure (12 hours) to pure solvent.

The intrinsic viscosity of the replacement solutions increased when the

adsorbent had been equilibrated previously with solution containing a higher
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molecular weight fraction and decreasedAwhen equilibrated previously with solu-
tion containing a lower molecular -weight fraction. It was concluded that low
molecular welght species probably did displace previously adsorbed higher ones.
The displacement of previously adsorbed low molecular weight species by higher
ones was firmly established — in agreement with experiments employing polystyrene

of broad molecular weight distribution and the exchange experiments.

An exchange of polymer molecules occurred between the bulk and surface
phases even after the initially adsorbed layer had been in contact with the
adsorbent for several days, indicating that the adsorptive forces in the system

were only physical in nature.

From intrinsic viscosity changes in the replacement solutions, an estimate
was made of the weight fraction of surface-phase polymer contributed by each of

the narrow.polymer fractions. The order of magnitude of these weight fractions

was similar for both types of displacement, i.e., for the displacement of previ-
ously adsorbed low molecular weight species by higher ones and vice versa, and
demonstrated that the higher molecular weight fraction was adsorbed preferenti-

ally.

The results obtained from the replacement experiments suggested that the
molecular weight effects were reversible, but this could not be established
because of such qualitative factors as fractionation within the narrow polymer

fractions.

In conclusion, it is believed from the exchange and partitioning phenomena
encountered in the present study that the exchange process made it possible for
the adsorption system to attain a distinct partitioning condition at equilibrium

— one which conceivably minimized the Gibbs free energy of the system.
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. SUGGESTIONS FOR FUTURE RESEARCH

It was noted in the text that recent attempts to apply more powerful
methods to the investigation of polymer adsorption have been successful.
Techniques such as infrared spectrometry, ellipscmetry, and surface potential

studies hold promiée for further research.

Ffom the present study, there appear to be several logical extensions

which warrant further investigation.

The equilibrium.partitioning behavior needs to be studied more extensively
than was undertaken in the present work. The existence of such a-phenomenon
impliés that a thermodynamic equilibrium can be attained. This is particularly
important from a theoretical standpoint. B Investigation along this line can be
pursued by extending the present study to inélude a variety of molecular weight
distributions. . Improvements in the ultracentrifugal technique would be desir-

able, particularly with regard to the "tail" region.

Of interest to the paper industry is the possible existence of an exchange
phenomenon in hydrogen-bonded systems. A study similar to the present one should
be made with an adsorbate-adsorbent combination which can form hydrogen bonds at
the interface. (Any adsorbate which tends to form hydrogen bonds with itself
should be avoided.) The system employed by Fontana and Thomas (;), i.e., metha-
crylate polymers and nonporous silica, should be satisfactory and could be
compared directly with one involving only weak interactions, by an appropriate
change of adsorbent. The value of radioactive adsorbate in such investigations

should not be overlooked.

The investigation of rate phenomena is a challenge experimentally but may

be very rewarding. Using the method of Peterson and Kwei (96), it should be
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possible to evaluate the dependence of adsorption rate on the molecular weight
of the adsorbate. At present, there is no conclusive evidence of such an effect
although it is well established that a very rapid fractionation can be obtained

initially in adsorption systems (usually attributed to diffusion).

A kinetic study of the exchange phenomenon, as outlined in the text, may
reveal the nature of the exchange process. Also, a quantitative study of the
reversibility of molecular weight effects with replacement experiments might be

helpful in establishing the existence of a thermodynamic equilibrium.
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APPENDIX I

- INTRINSIC VISCOSITY DETERMINATIONS AND
RELATED PARAMETERS

TABLE XXVI

SUMMARY OF INTRINSIC VISCOSITY RESULTS

Polystyrene Temperature,

Sample C. [n], a1./e. k, kg (k, + k)

B6 30.0 1.090 0.330 0.157. 0. 487

PB6 30.0 1.078 0.339 0.152 0. 491

25.0 .1.078 0.33%2 0.154h 0. 486

PS3h 30.0 0.892 0.319 0.166 0.1485

25.0 10.885 0.329 0.161 0. 490

Ps26 , 30.0 0.501 0.355 0.1k46 0.501

25.0 0.L98 0.36.4 0.143 0.507

'DRT8 . 30.0 0.760 -- - ___‘;
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APPENDIX II R

CLEANING PROCEDURES

The glassware which came into direct contact with the adsorption system
components was cleaned prior to use by the following procedure. First, residual
polymer from previous experiments was removed by boiling the glassware in tech-
nicalsgrade toluene for<approiimately one hour. This was followed by boiling
the glassware in a nearly saturated solution of potassium hydroxide in 95%
ethanol for approximately one-half hour. After rinsing with distilled water,
the glassware was soaked overnight in a-1:1 volume mixture of 6% hydrogen
peroxide and 6E hydrochloric acid. Finally, the glassware was rinsed thoroughly
-with distilled water, dried in an oven at 110°C., and stored.in a desiccator

over anhydrous calcium chloride until needed.

Teflon film was cleaned by scrubbing with detergent, followed by a distilled-
-water rinse. The teflon then.was soaked overnight in the same peroxide-acid

mixture used for glassware, followed by rinsing and drying as described above.

o
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APPENDTIX III
EMPIRICAL CONSTANTS USED IN CONVERSION OF SEDIMENTATION
COEFFICIENT DISTRIBUTIONS TO INTRINSIC VISCOSITY QUANTITIES
It is demonstratea in the text that the intrinsic‘viscosity can be-calcu-
lated from the distribution of sedimentation coefficient with Equation (38) as
follows:

o©

®

(n] = x(x)™®/P f s%/P(s)as /f g(s)as.
0 - 0

The constants,. K and a,. pertain to the solvent system for which the intrinsic

viscosity calculation is desired and are given by-Equation (42) for the present

system. The constants, k and b, relate to the solvent system in which the

distribution, S-g(S8), was determined, i.e., cyclohexane at 35°C., and are given

by Equation (L41).

Using Equation (38), the intrinsic-viscosities were calculated for the
distributions obtained in the present work and are comparea with the experimental
values in Table XXVIII. Although the agreement is not bad, a consistent devia-
tion does exist between the experimental and calculated values. Examination of
" Equation (38) revealed that the calculated value of [q] is‘partiéularly depéndeﬂt
on small cﬁanges in the exponential guantities. Consequehtly, errors in the
empirical constants can have a substantial effect on subsequent computatiéné.

It should be pointed out that some of this deviation may be the result of dif-

ficulty with the ultracentfifugal determinations.

Because of the dependence of Equation (38) on the exponential guantities,
it is desirable to obtain a direct relationship between the intrinsic viscosity

and distribution function. The following method is recommended for future studies.
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TABLE XXVIII

-COMPARISON OF EXPERIMENTAL AND CALCULATED
VALUES OF INTRINSIC VISCOSITY

Distribution Intrinsic Viscosity, dl./g.

Sample Description Experimental Equation (38)

% Bulk phase 0.624 0.759

L Bulk phase 0.769 0.891

5 Bulk phase 0.776 0.849
100 Original 1.078 1.125
101 Original 1.078 1.138

3 Surface phase 1.318% 1.337

5  Surface phase 1.376% 1.417

Ly Surface phase 1.597a 1.408

#Calculated with Equation (L3).

Using Equation (37), the viscosity-average sedimentation coefficient, E;,

can be defined as follows:
S = k(M )b (122)
v v

where E;_is the viscosity-average molecular weight of the distribution in
question. By combining Equations (32), (36), and (37), the viscosity-average

(
molecular -weight can be written as follows:

© ® l/a.
W = {%”a/b ;r Sa/bg(s)dS /Jﬁ g(S)dé} (123).
0 0

By combining Equations (122) and (123), the viscosity-average sedimentation
coefficient can be defined directly in terms of the distribution function:as

follows:




_185_

b/a

5, = {:r Sa/bg(S)dS /Lr g(s)as . ? (124).
0 , 0

By combining Equations (31) and (122), one finds that
(n] = l{(§;)5 A (125)

where K and B are given'by'g(g)_é/E and a/b, respectively. . Equations (12k) and
(125) establish a direct correlation between the distribution function and in-

trinsic viscosity.

. In order to evaluate the constants,l{'and B, the distribution function and
intrinsic viscosity are required for samples of narrow molecular weight distribu-
tion (covering the intrinsic viscosity range over which the correlation is to be
employed). Using an.initial estimate of B, the value of g; can be calculated

with Equation (124) for each of the samples employed. Calculated values of E;

and experimental determinations of [n] then are correlated with the linear form

of Equation (125) as follows:
In[n] = Bl1n(5 )] + 1) (126 ).

The constants can be evaluated readily by the method of least squares. At this
point, the calculations are repeated With the new estimate of B. This procedure

is continued until the value of B remains constant within the desired precision.

It has been pointed out that the ultracentrifugal technique may be respons-
ible for part of the deviation between the experimental and calculated values
of intrinsic viscosity shown in Table XXVIII. Evidence was presented in the text
which suggested that higher ;olution concentrations in the sedimentation veloclty

runs might improve the determinations, particularly in the "tail' region. Another
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factor which should be considered in future studies is the possibility of making
corrections to the sedimentation coefficient for the effects of pressure. Fujita
(é&) has discussed various approaches to this problem although none of them are
completely general. The experimental information in the literature was too
limited to undertake any such corrections in the Present study. From estimates
based on the investigation of Billick (;92), it is believed that the error in S
as a result of pressure effects was well below 10% in all cases for the distribu-

tions obtained in the present work.




