ABSTRACT

A Fuoss-Mead membrane osmometer was modified for routine
laboratory use so that it offered a number of advantages over the
original design. The main improvements inclﬁded the fillinéhdevice
which permitted the injection of samples by syringe, and two precision-
bore capillaries of small internal diameter to measure very-small
1iquid volume changes. Micro-needle valves were used as volume
regulators to permit the independent adjustment of the liquid level
in either capillary.

Pure solvent flow through various membranes was stgdied
using tetrahydrofuran and cyclohexanone as solvents. Cellulése
derivative membranes of the Schleicher and Schuell 08 type were found
quite suitable for use with tetrahydrofuran whereas with c?dlohexanqne
flow was somewhat restricted.

Osmotic pressures of three grades of commexrcial polyvinyl
chloride {PVC) dissolved in tetrahydrofuran were measured at 25°C.
These pressures ranged from 0.14 to 3.57 cm. of equivalent liquid head
of solvent. A modified Bruss and Stross dynamic method was devised for
measuring osmotic pressure and 1t compared favourably in speed and
consistency with conventional methods. It consisted of takiﬁg sets of
readings of both capillary levels by means 6f a cathetometer and
observing the rate of change of thesg ;evels during fixed time intervals

for a number of different hydraulic heads. A least mean squares fit was

then used to determine the equilibrium osmotic pressure head from the
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hydraulic head and corresponding rate of change of hydraulic head
data.

One of the commercial samples of PVC was separated into its
constituent fractions by fractional precipitation. Each fraction was
then analysed by osmometry, and viscometry, to obtain the nﬁﬁber—
average, and welght-average molecular welghts, respectively. Molecular
welght di#tribution curves for the fractions were constructed and the |
distributions were found to agree well with the experimentally detexr-
mined number-average and weight—average molecula# welghts for the
original composite sample.

| The measurement of osmotic pressure and viscosity provided
a simple but effective means of characterizling samples of PVC. Other
methods of characterizing polymers are_generally more time consuming
and require expensive equipment which must be callbrated. It is
hoped that the equipment and techniques devised in this research may

be fﬁrthgr utilized for routine laboratory testing of PVC samplés,
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- INTRODUCTION

High polymers such as polyvinyl chloride (PVC) generally
contain molecules having a wide range of chain lengths. Because each
‘of the molecular species in a sample contribﬁtes to the overall
properties of that sample, a knowledge of the molecular welght distri-
bution is essential for predicting polymer properties. Fre;uently,
high product quality and consistency'of properties require that all
molecules be similar in chain length or have a narrow molecular weight
distribution. It is possible to measure the breadth of a molecular
weight distribution (or its dispersity) by a combination of osmotic
pressure and viscosity measurements which therefore can be useful for
quality control purposes in the production of polymers.

Different statistical averages can be used to deéeiibe a
particular molecular weight distribution. The average wﬁich represents

the most probable molecular weight of a sample, is called the number-

average molecular weight and 1s defined as;:

- §£ru Mg

Mn 2“1 ........-..;o;;‘o-.o(l)

Thié definition shows that each molecule exerts the same influence on
the molecular weight regardless of its masse. Properties_depéndent upon
the number of molecules in solution are known as colligative properties
and, therefore, bear a direct relationship .to the molar concentration.

For a dilute polymer solution osmotic pressure is relatlvely large
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when compared with other colligative properties. Thi§ makes it
useful for determining the number-average molecular weight. Changes
in bolling or freezing points or changes in vapour pressure resulting
from £he solution of a polymer in a solvent are extremély small and
quite difficult to measure. B
The welght-average molecular weight emphasizes the weight

of individual molecules when represented on a weight—molecuiar weight
distribution. It is defined as:

S, Wy My

2w

It is generally determined by measurihg the degree of light scattering

oooooc‘oo'o"o-ooo-o(2)

M, =

in polymer solutions. In such measureménts, the scattered ;ight is
dependent upon the total area of molecules which intgrcept'a"beam of
light. Instruments for making such measurements are quite'costly and
require precise calibration.

The viscosity=average molecular welght 1s defined as:

_ s ny MT+1 j) Lﬁn | -
M, = -EE—;;—ME— e o 2 0 s o o o o (3)

where m is a constant depending on the particular polymer and solvent
used. It is-obtained by measuring the viscositles of dilute
polymer solutions.
A fourth type of statistical average for a molecular weight
distribution is the‘Z-average molecular weight which is defined as:
3
s I MM
z- 2
2 ny M

c o s s e aceeacens e e (4)




It is determined by an ultracentrifuge which measures the rate of

sedimentatioé of polymer out of solution when the solution is subjected

to high centrifugal force. The apparatus for such measurements is

complex, and the measurements are time consuming. B
The molar-molecular welght dist:ibﬁtion curve for a poly-

disperse polymer is generally asymmetrical about the peak as indicated

in Figure 1.(1) The relative positions for the four types of averages

are also shown qualitatively in Figure 1. For a monodisperse polymer

sample all four of the averages are identical. ﬁ!‘
Because the number—average and weigthaverage moiecular

weights differ for a polydisperse sample the ratio'ﬁwﬁﬁn affords a

means of measuring the degree of polydisperslity or breadth of the

molecular weight distribution. |
An osmometer is a useful instrument in the characterization.

of a polymer because it can be utilized to determine the number-average

molecular weight. Of the several types, all are simple in design and

de not require calibration. In these instruments equilibrium is

approached by allowing solvent to pass through a semi~-permeable membrane

into a polymer solution. The osmotic pressure is measured as the

hydraulic head of solution which is just required to prevent_osmosisA

from occurring. The number—average molecular weight 1s calcqiated from

the van't Hoff relationship discussed in the theory. ; 
Gel permeation chromatography, a more recent'dgvélopment,

provides a molecular 'scan of the entire molecular weight range. The

instrument requires precise and time consuming calibrations with mono-
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disperse fractions to cover the entire molecular weight range. Often
such monodispérse fractions are not avallable.

The scope of this work included the design and construction
of an\improved osmometer to make possible ﬁhe routine analysis of PVC.
Most commercially available osmometers are difficult to use'for routine
measurements because the solution and solvent require a conslderable
length of time to reach equilibrium. They are also difficult to
assemble and operate. An improved osmometer was constructed to speed
up the approach to equilibriﬁm by adjusting the mgniscus levels. It
was also simple to assemble and fill and this made it valuable as a
laboratory instrument.

Also attempted in this work was the fractional precipitation
of a commercial polymer sample to determine its molecular weight
distribution by actually separating the sample into constituent
fractions. The positions of the number-avérage and weight-average
molecular weights of the original sample Qere verified. The choicg of
the particular polymer grade used for this study was based on the
presumption that higher molecular weight polymers generally have a

wider distribution of molecuiar wéights.



THEORY AND LITERATURE SURVEY

A. OSMOMETERS AND OSMOTIC PRESSURE

) Osmometers permit the measurement of osmotic pressﬁre in
terms of hydraulic head required to prevent flow of solvent ;hrough
a semi-permeable membrane into a polymer solution. Such a flow would
otherwise tend to occur to equalize the chemical potentials'with
respect to solvent in both solution and solvent until both sides were
- of equal concentration. The driving force causing sﬁch flow is the
difference in solvent concentration between the solution and solvent
or indirectly the molar concentration of polymer in the solution.

Osmometers are of many types. The simplest was proposed by

Schultz (2) and merely consisted of an inverted thistle tube, the
bottom of which was covered with a semi-permeable membraner(impermeable
to solute). The tubelwas filled with solution and immersed 1n excess
solvent. Equilibrium was established by solvent flow througb the.
membrane into the solution and was observed as a hydraulic hgad in
the neck of the tube. Such an instrument is known as a static osmometer
because an equilibrium measurement is made corresponding to a. condition
of no net flow through the membrane. Its main disadvantage is the long
time required to reach equilibrium. Improvements to the basic design
were made by Wagner (3) which included the use of a small capillary
tube to observe the osmotic pressure and a smaller solutlon chamber.
These changes reduced the equilibration time because less solvent was

required to flow through the membrane for a given change in hydraulic

head.



Another static osmometer was later developéd by Berkeley
and Hartley (4) to measure osmotic pressure indirectly. Two chambers
for solution and solvent were separated by a rigidly supported
membrane. A pressure was induced on the solution side until no
further flow of solvent was detected. This measurement of 6;hotic
pressure eliminated much of the time required for osmosis to actually
occur. .

. The dynamic method for osmotic pressure measurement was
first reported by Fuoss and Mead (5). In this method the hydraulic
heads in the solution and solvent chambers are p?e-adjusted and their
change with time is observed. Thelr osmometer consisted of two metal
plates with concentric grooves on the face of each. A membrane was
rigidly supported between these facés when the plates were clamped
together. Solution and solvent, respectlvely, were placed in the
grooves of each face in contact with the mémbrane. A capillary tube
was provided for use on one chamber to measure hydraulic head the
level of which could be adjusted by inserting a rod into tﬁe'capilla;&
to displace the liquid. The cthar chamber was providgd with a simple
glass filling tube,in which the level was adjusted by addition or
removal of liquid. The advantages of this instrument wers its small
internal volume and all-metal construction which made it durable.

Zimm and Myerséﬁ (6) reported the design of another type of
oshometer which attained equilibrium quite qﬁickly. The Zimm-Myerson
osmometer utilized two membranes in conjunction with a glass solution

cell. This cell was made from heavy-walled glass tubing to which




capillary tubes were connected for filling and measuring purposes.
Bubbles were\easily detected and removed in such a cell. A membrane
was clamped to each side of the cell by means of perforated metal
plate;. The instrument was filled with solution and immersed in a
solvent bath permitting solvent to contact the membrane thrdﬁgh the
holes. Means were also provided for the adjusfmentnof the capillary
meniscus level. The disadvantage of this type of 1nstrumeﬁf would
appear to be that it was fragile and membranes were not well sﬁpported
so that movement of the membrane resulted. The }arje solution volume
made the instrument sensitive to temperature fluctuations which
resulted in thermometric effects in the capillary. In addition, the
procedures for filling and assembling the instrument were extremely
difficult.

A more refined osmometer was developed by Pinner.énd Stabin (7)
which utilized a longer filling tube so thét solutlion cquld be
introduced into the instrument while in the vertical position and
without removing it from the solvent.

The Pinner and Stabin osmometer was further modified by
Stabin and Immergut (8) to hold larger membranes. In addition, each
membrane was rigidly supported on both sides by pairs of perforated
plates. They provided a larger membrane area and facilitated the
approach to equilibrium. The cell was filled by means of a hypodermic
syringe fitted with a long needle. A disadvéntage of the instrument

was its relatively large cell volume.



Several block type osmometers have been developed in more
recent times (9). These were generally modifications of instruments
already described. Of these, the Bruss and Stross instrument (10)
was o% particular interest and some features of this instrument were
used in our design. Basically, it offered the sameNadvantages as the
Stabin-Immergut version. However, the cell body was constructed of
stainless stedl and the volume was much smaller. As a resﬁit,
thermometric effects were nearly eliminated. The rugged construction
made it suitable for constant laboratory use.

In designing an osmometer, consideration needed to be given

to a number of factors some of which have already been mentioned (11).

a) Accuracy
Osmotic pressures of high polymer solutions are quite small v g
and meniscus levels must therefore be read accurately using a
cathetometer. Moreover, the capillaries themselves need to be of ‘
uni form bore to prevent differences in levels in the capillaries

resulting from different capillary forces.

b) Rapid operation

Rapid results are essentlal if an osmometer is t§ serve a
useful purpose as an instrument. Otherwise, valuable research tlme
is consumed. The rate of appioach to equilibrium depends on the ratio
of the effective membrane area to the capillary cross-sectional area.

For a given osmotic pressure the volume of liquid which must pass
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through the membrane is proportional to the cross-Sectional area of
the capillar&, and the rate of transfer 15 proportional to the.eiposed

membrane area.

~

¢) Provision for pre—adjustment of levels - .o
Osmosis 1s a slow process and the time required to reach
equilibrium can be reduced {1f the levels can be first set close to |
the expected equilibrium positions., A provision fbr pre-adjustment
of capillary levels is also useful for dynamic methods for measuring

osmotic pressure.

d) Elimination of thermometric effects

The cell volume must be small for a glven caplllxy cross-
sectional area. Otherwlse, changes in the relative_uolume of the cell
contents due to temperature fluctuatlons reeult in significant changes
in meniscus levels. These thermometric effects can be reduced iflihe
coefficients of expansion of the osmometer and its- liquid contents
are of the same magnitude. Precise temperature control_is—also
required to prevent such volume changes. If temperature. fluctuations
do occur, they can be dampened by using a cell with a large heat

capacity.

e) Elimination of alir bubbles |
Air bubbles should be readily detected and remcved; otherwlse
the position of the menliscus levels no longer represents equivalent

hydraulic heads causing errorse
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f) Ease of filling
For routine measurements an osmometer should be easily
filled without having to be dismantled.
) The osmotic piessufe of a polymer solution is a colligative
property dependent upon the number of molecules in solution. It is

related to the molecular weight by the van't Hoff equation (12, 13):

. cRT
m =M

PR €

This equation is valid only for solutions where Raoult's law
applies. For real solutions the van't Hoff equation is valid only

at infinite dilution and is writtens:

(_T.L) _R
¢ /¢ o0 M P (),
For dilute polymer solutions (less than 1 weight %) equation (6) is
linear in ¢ and includes an extra term as follows:

1%- =~%} + Bg | e o o o 6 a a o o o s o s s o o (7)
At higher concentrations this equation is not linear. In the range of
low concentrations a plot of T/c versus ¢ has a slope B which depends
upon the solute-solvent interaction (13).

Osmotic pressure is observed as 2 hydraulic head, H,

across the membrane from which it is possible to calculate on osmotic
preséure for use in equation (7). The usefulness of equation (7) is

that osmotic pressures obtained in several experiments at different
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concentrations can be extrapolated to zero concentration to determine
the molecular weight. For a polydisperse polymer sample M in the
van't Hoff equation is actually the number-averagé molecular

weight, Mp.

B. MEMBRANES

Reliable osmotic pressure measurements aié'limitéa by the
availability of suitable membranes. A membrane must be 1ﬁpermeab1e
to solute yet permit flow of solvent so that equilibrium may be
approached. The membrane must retain all the solute, or at worst,
allow solute to diffuse slowly enough so that the rate of solvent
transfer can be measured; otherwise the membrane 1is useless.” The
static or equilibrium type of osmotic'pressure'measurements imposes
the most severe requirements because a long time elapses bééﬁegn
filling the osmometer and reading the capillary meniscus levels.
During this time slight solute permeation may occur and decrease ‘the
solution concentration. Also, a slight osmotﬁc pressure will develop
on the solvent side of the membrane. - In fact, acco:ding to
Staverman (13) even molecules, which are capable of pgrmegfing fhef
membrane but do not actually do so, do not contribute fully to the
osmotic pressure measurement. |

Membranes used for osmotic pressure measurements have a

porous gel structure. Flow of solvent through the membrane occurs
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through the membrane pores and may be interpreted in terms of the

familiar Hagen-Poiseuille equation (14):

Q= '“'(AP)Bi
h 8 yl L

If it is assumed that a membrane of thickness L is made up of

c e e s e e s eecees s (B)

n straight pores each having a radius of R cm., the flow through each
pore is expressed by equation (8). The effective”flow area 1is njn'Ra
and may be expressed in terms of the total membrane area A and

porosity & s
n‘"Rg= EA ooooou.oco‘.oo;o'o.oo (9)

Porosity normally expresses the ratlo of pore volﬁme to fotal volume.
If the pore length and membrane thiékness are.equal,'the"porosity
expresses the ratio of pore area to membrane area;‘ When the flow of
solvent through a membrane 1s measured 1in an osmometer it may be -
expressed as the rate of decrease in hydraulic head, h, times the

capillary cross-sectlonal area, a:

8 )Q.L
Combining all constant terms a permeation constant kp can then be

defined (15):

-dh _

gt = ¥

ph e et e e e s e aeeeeees (1)

This permeation constant is useful for charécterizing membranes provided

the same osmometer is used for all measurements.

-

=dh - &h di g A R;_Qz_ e o o0 o ov.'lo e o o (10)
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Membranes are usually supplied in an aqueous ethanol
solution, ané it is necessary to condition them graduallyrto the final
solvent to be used. Otherwise the porous structure of the membrane
may be damaged (16). For a membrane to be.effective in permitting

“solvent transfer the solvent must swell the membrahe and open the
pores (17). The gradﬂal conditioning of the membrane to the final
solvent is carried out in a serlies of solutions 15 which the solvent
concentratien is increased. In this way, the membrane structure is

altered gradually. Alvang and Samuelsonv(ls) have found that some

solvents do not sweli certain membranes. A membrane i1s chosen for a

particular polymer-solvent system only if the solvent swells the
membrane.

During osmosls the flow of solvent through a membrane occurs
by a process known as passive transport (19). The sieve-like action
of the membrane pores allows solute particles to enter the membrane
but not to pass through. A concentration gradient gradualiy developé.
across the membrane and 1s maintained by the random metioh of solute
molecules. As a solvent molecule enters the membrane from the solvent
side it associates with a solute molecule and causes further membrane
swelling. This causes solvent to flow towards the solutign side until
equilibriﬁm is established or until a hydraulic head is bullt up en
the solution side to prevent further flow. .

Certain membranes exhibit an osmotic pressure head even with
pure solvent on both sides. This 1is known as an asymmetry pressure

and is caused by irregular membrane structure and an uneven distribution'



of solvent molecules. Corrections must be made to osmotic pressures

to account for membrane asymmetry (20).

c. METHODS FOR MEASURING OSMOTIC PRESSURE

The static or equilibrium measurement of osmotic pressure
is the simplest method available for determining osmotic pressure.
The main disadvantage of this method is that it is time consuming.
The rate of approach to equilibrium is proportional to the concentra-
tion difference across the membrane; hence, when an osmotic pressure
head develops, it opposes flow through the membrane and the rate
decreases. As a result the length of time for attaining an equi-~
librium osmotic pressure is cpnsiderable.

To make routine measurements possible a rapid dynamic
method was proposed by Fuoss and Mead (5). It involved pre-setting
the cépillary meniscus levels at some positions other than the
expected equilibrium positions. In the method osmosis was permitted
to occur and readings taken at varlous times were subsequently
plotted. From the dynamic response curve an approximate value of H
was estimated. The levels were than set a similar diétance from the
expected H but in the opposite direction. Again equilibrium was
approached and a dynamic response curve plotted. ,Tﬁe half-sum of
both response cuxrves was plotted and the . asymptote extrapolated to
zero time to obtain an estimated osmotic pressure. _In certain
cases it was found necessary to repeat one of the rﬁns to obtain a

better asymptote (see Figure 2).
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Figure 2 - Illustration of the Fuoss-Mead Method.
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The method of Philipp (21) was based on the.assﬁﬁption of an
exponential d;cay in the hydrostatic head, h. If readings of h were
taken at three equally spaced time intervals, then the osmotic pressure

~

head could be obtained from:

2
_ _hy hg - h3

e ey, 00'0000“0-.‘000 12
hy + h3 - 2hgp . : (12)

H

This method gives a good approximation for use in the Fuoss=Mead
method. An advantage was that only three readings were reéﬁired.
However, the method was not ieliable when permeating solute was present.
The Bruss and Stross method (22) consisied of timing the
movemert of the meniscus levels (flow through the membrane) between
two given points to determine the rate of change of h as a.functlon of
h. An alternate approach was to obtain the data from a dynamic
response curve such as recorded for the Fuoss-Mead method.: Since
the flow was stopped at equilibrium when h was equal to H, the drlving
force was actually h-H. Equation (11) could be then written in the

form:

-dh o - '
D= kp (h-H) it e e (13)

The values h and dh/dt were calculated at various times during a

dynamic run and h was plotted versus rate to determine the intercept H:

- e —1— Y .éll + H [ ] ® L J * [ ] [ J L] - * ® [ [ 4

For the situation when solute permeated the membrane, the
method of Elias (23) was found applicable. This method was based on

equation (14) and required that the permeation constant should be
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evalyated with pure solvent on both.sides of the membrane by means of

the following‘equation:

kp=2.30312g(h0/h) ‘ 0000000000000(15)

The average value of the permeation constant was substituted»into
equation (14) along with rate versus hydraulic head data for an
osmotic pressure run. Thus osmotic pressure head may be calculated

for each value of hydraulic head.

D. POLYMER FRACTIONATION

A polydisperse polymer sample can be separated into its

constituent fractions by fractional precipitation which is based on
molecular weight-solubility relationships. The method involves the
incremental addition of a miscible non-solvent to a polymer solution
which results in the precipitation of fractions in order of decreasing
molecular weights (1, 11, 24).

When the polymer solubility is reduced by the addition of
a non-solvent a critical solubility is reached as evidenced by the
formation of a second precipitate phase. The system then consists of
a solution phase of low polymer concentration and a precipitate phase
of high polymer concentration. Fractionation is possible because the
ratio of the concentrations of high to low molecular weight species
is greater in the precipitate than in the dilute solution. This
ratio is proportional to an exponential function of the molecular

weight and the concentration (25). This equilibrium distribution of
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molecules Eauses long chains (higher molecular wéight poiymer)_to
collect preferentlally in the precipitate. To prevent low molecular
weight species from co-precipitating, the volume ratio of dilute to
concentrated phases must be kept large. This 1s usually accomplished
by the removal of precipitate. It h;s been suggested by Flory (26)
that the origiﬂal concentration of ﬁhe polymer solution expressed
as a volume fraction should be conslderably less than the ratio of
the molar.volumes of soivent and polymer.

| The solubility of the polymer fractions in the pérticular‘
system must be sufficiently dependent on the solvent COncentration
so that an incremental addition of non-solvent precipitates only a
fraction of the sample; otherwise, the entlre sample tends to

precipitate at the same time,

E. VISCOSITY OF DILUTE POLYMER SOLUTIONS

High polymer molecules possess the capacity to greatly
increase the viscosity of the liquid in which they are dissolved'even
at low concentrafions (25). The relative increase in viscosity 1su‘

called the specific viscosity and is defined:

- 22 - !20
nsp ‘)zo ooooo.ooooo~.o.(16)
where7z.° is the pure solvent viscosity and 7z is the viscosity of a
polymer solution. The reduced viscosity or viscosity index )?sp/c'

expresses the average contribution of solute molecules to thé solution

viscosity. The reduced viscosity can be related to concentration by



the Hugglns' equation (27, 28):

AY

w= Mt M2 ... ... 0D
N o o b

-~

where k' is Huggins' slope constant characteristic of a given polymer—-
solvent éystem. In general, Huggins® constaﬁt deéreasés wit;-
increasing solvent power (29).

The limiting viscosity index at infinite dilutidn;[72] s 1s
called the intrinsic viscosity and is a measure of the contribution of
individual polymer molecules to the viscosity. It is related to the

molecular weight by the Staudinger equation:

[T(]=KM R R I ¢

For a polydisperse fraction M in equation (18) is the viscosity-average
molecular weight. However, for fractions which have a low.pbly-
dispersity, Kraemer and Lansing (26) 1nter§reted M to be the weight-
average molecular weight. The Staudinger equation was modified by

Mark and Houwink (30) to include an index term:
e
['Q]=KM oooooo.ooooooooooo(lg)

Vhlﬁes of the constants for various polymer-solvent systems are reported

in the literature (30, 31, 32).



DESIGN AND CONSTRUCTION OF APPARATUS

The osmometer COnstrucfed for this experiment wa§ deéigned
to Include the best features of the instrﬁments previousiy described.
These included all-metal construction, a smail internal volume, a
simple filling device, provision for capillary level adjustment; and
the use of small prgcision—bore capillary tubing.

The osmometer was constructed as follows: Two matching
" circular slabs were cut from 316 stainless steel stock. . On one ‘of
these a circuiar face 2™ in diameter_was machined to a‘'depth ova/32".
On the other slab the annular region around a similar circle was
removed to a depth of 1/16" enabling both slabs to fit together. A
series of concentric grooves was machined on the face of.each slab to
a tolerance of 0.001". Details and dimensipns are shown in Figure 3.

Stainless steel tubing 3" in diameter was silver soldered to
the filling holes on the outer edges of the blocks. The bottom tubing
was bent as shown and was connected to Whitey OVS2 V-stem valves by
means of standard Swagelock fittings. The top tubes were connected in
a simllar meanner to Whitey ORS2 micro-regulating valves. These served
to displace liquid and regulate the capillary meniscus levels. All
valves were installed with the exit port on topkthus preventing air
bubbles from being trapped inside.

The osmotic pressure head differential was measuréd by means
of precision~bore capillary tubing 0.5 mm. I.D. which was connected to
the top regulating valves usihg 1 mm. glass-metal Kovar seals. A

cathetometer was used to read the meniscus levelé.

A
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The two 6smometer blocks were fiimly'held together by a‘
large C—clampl This arrangement simplifiéd the installétion of .
membranes. Guide pins were provided to ensure that the érobves-were f
match;é during assembly. The'osmometer was held in an'uprigﬁt position
by a metal support rack fabricated from brasé stockf .

A filling tube was provided for each ltiid chamber and
was attached to the valve on the bottom of each block. Filiing.was
accomplished by means of a syringe and an 18'gaugeﬂneed1é. A :ﬁbber
serum cap was used to make an air tighi connectioﬁ between the syringe
and the stalnless steel tubing. ’

A controlled temperature water bath for thé osmomete:
consisted of a glass aquarium insulated on the outside with a 2 layer
of styrofoam. Temperature was.controlledbto?i0.01°C by means of a
Fisher unitized bath control and thermal rggulator. Heat Qﬁg supplied
by a 75 watt immersion heater and cooling water was proyided th;ough
a coil of 4" copper tubing. An electric_laboratory sti;ter was used
to circulate the water in the bath. . |

Viscosities were measured using Cannon-Fenske capillary tube
viscometers. These were maintained at constant temperature in a
*Temp Trol™ viscosity bath purchased from.the Precision.Scientific
Company. | |

Fractionatlon was carried out using standard laboratory
glassware. The precipitated fractions were sepq?ated bdt of solution
by means of a CENCO HN-S centrifuge equipped with 50 ml. centrifuge
tubes. The re-pulped precipitate was later separated from acetone and

water by means of a Buchner funnel and fllter paper.
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PROPERTIES AND SOURCES OF CHEMICALS AND MATERIALS

~ . -

The following chemicals and materials were used:

Tetrahydrofuran (THF): o : -
Fisher certified reagent ﬁés used and had the“?ollaWing
properties: - - l .
Viscosity = 0.469 cp. |
Density = 0.885 g./ml.

0yclohexanone=>
Fisher purified reagent was used and had the'following
properties:
Viscosity = 2,0é0 cp.

Density = 0.947 g./ml.

Ethanol:

Ethanol used was 99% pure and was supplied by Gooderham-

and Worts Limited.

Acetone:

Acetone used was Fisher certified reagent.

Polyvinyl Chloride:

Samples of Esso PVC grades 353,363, and 373,were_obtained

from Imperial Oil Enterprises Limited, Sarnia, Ontario.



Membranes:
‘ Ceflulose derivative membranes were obtained fromJthe"
Schleicher and Schuell Company, N.H. They were 65 mn. in diaheter

and were of types 07 and 08.

Storage and Conditioning of Membranéss N

Membranes were supplied in 20¥ ethanol and weﬁe refrigeréted
until use. - They were cénditioned to pure ethanol in aﬁseriés of
solution baths as follows (33). First, they were transferred to a
50-50 mixture of ethanol-water for 2 hours; this mixtire was changed
to 75-25 ethanol-water for another 2 hours and’finall&}changed to
pure ethanol.

Further conditioning to the solvent (THF) w;g carried out‘in:
the osmometer.. The reason for this was that THF caused membrane
shrinkage. By clamping the membrane between the faces of the ‘osmometer
blocks any siight shrinkage that did occur took up the'membrane slack
and produced a firm diaphragm. The solutions used for conditioning
were made up of THF—ethanol in the volume proportions 25-75, 50-50,
and 75~25. Each solution was injected by syr;ngé into both chambers.
of the osmometer for a period: of 2 hours. Finally, tﬁe chambers were

filled with pure THF.
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EXPERIMENTAL PROCEDURE

A. OSMOMETER OPERATION
) The details of the procedure for installing membranes in
the osmometer were as follows. The capiliai§ tubes were -loosened and
removed to prevent breakage.  The groovedsfabeSVWere moistehed'ﬁith
ethanol and a membrane conditioned fo ethanol was;carefuilf’placed
“with tongs over the grooves on one of fhéffaces;lzImmediately,’thé
blocks were clamped together and the assembled 1nstiumén£‘was pléced
in its stand in the temperature bath. Considerable care and practice
was required to perform this operation without shéaring:ahd buckling
the membrane. The membrane was conditioned to THF as outlined in
the previdus section. |

The membrane was tested for leakage by slowly adjﬁsting the
meniscus levels independently with the two micro-regulating valves.
Membrane stretching often caused both levels to move simultaneously
over a distance of 0.5 cm. when one of the levels was rapidly moved.
However, if these levels failed to move iﬁdependgntly aftér this, then
leakage was suspected betweén the two chambers of the q%@ometer., If
both levels dropped then a poor seal between théwg;oovééyfaces gnd the
membranes was indicated and the faces we:éire-su;faced'éh“thé lathe.
Failure of the menlscus levels to respond immédiately fq the valve

mariipulation indicated the likelihood that a bubplé uaS}trapped‘inéidg

the osmometer. Bubbles were removed by épplying'a slighf suctlion to
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the top of the capillaries using a rubber bulb. Such a procedure had
been previously used by Immergut and Mark (34).

The procedure for measuring the permeation~constant of
solveﬁt through the membrane involved timing the rate of change of
the hydraulic head across the membrane. Both chambers of thé osmometer
were initially filled with solvent. It was"possible in this way to
calculate an actual flow rate of solvent through the membrane for
a particular hydraulic head. Permeation constants were calculated
for each value of hydraulic head using equation (15),

Thermometric effects were observed in the'osmometer by

measuring both levels at a given temperature and then raising the

temperature slightly. The new levels were used to calculate the

thermal sensitivity.

B. SOLUTION PREPARATION

Samples of commercial polyvinyl chloride were dried at 100°C
for several hours. Initially, solutions were prépared by weighing
small portions of polymer and dissolving them in 100 ml. of tetra-
hydrofuran. A range of polymer concentrations was required so that
weights of diminishing quantities of polymer were used. Each solution
was set aside for at least two days to ensure that all the polymer
dissolved. Subsequently, a more satisfactory procedure was adopted
in which a relatively concentrated solution was prepared (approx. 5 g./1.)
from which aliquot portions were simply diluted with solvent to

-produce the lower concentrations desired.



C. MEASUREMENT CF QSMOTIC PRESSURE

The assembled osmometer was first used td'ﬁéasure osmotic
pressures of solutions of Esso 353 érade PVC. The THF was displaced “
from oné chamber of the osmometexr with dilute polymer solutign using
a syringe, care being taken to remove all buﬁbles.'-

Various dynamic and static measurements of osmotic'p:essuré”‘
were made for comparison and to determine the most practical one fo::”
routine PVC analysis. A dynamic respohse:history for the meﬁiscus -
levels was recorded for flow in both directions through the me’ml:gr.:ane.i~
K Fuoss~Mead half-sum plot was constructed and the osmotic pressure -
head was obtained from it. The methods of Bruss and Strosé,”Philipp,
and Ellas were also used to estimate the osmotic.pressure from the
same dynamic response data. Finally, an overnight reading was taken
to serve as a static or equilibrium osmotiq pressure. | »

A dynamic method similar to the Bruss ﬁnd.Stross method was
devised to gilve rapid but reliable results utilizing the volume
regulating valves of the osmometer. It consisted of measuring the
. rate of change of the hydraulic head duringvspecified time intervals:
for only a few values of hydraulic head. To do this, the 1e?els were
preéset slightly above or below the expected osmotic pressure head.
After a given time interval (usually 10 minutes) the rate of{Chahgef
was calculated in conjunction with the‘average_hydraﬁlic heag.

Equilibrium was then approached from the opposite d;:ection but closer
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to the expected osmotic pressure head. This method was repeated about.

five times and a least mean squares fit of the data was used to
obtain the equilibrium osmotic pressure head. |
A membrane with a slight asymmetry preSsure was chogén and

separate solutions of Esso 363 grade PVC were analysed using the

method of Bruss and Stross. Values of osmotic pressure head were also |

calculated by the method of Philipp. The asymmetry preééure wds .
subtracted from the osmotlc pressure to obtain a correctgd reading.
The effect and importanée of making such a correctlon is shown in

the results.

D. POLYMER FRACTIONATION

A sample of Esso 373 grade PVC was separated ;nto itg»"
constituent fractions by fractional precip;tation by ad@iné ; non-
solvent to a polymer solution. ' . .

About 5 grams of the polymer was moistened with 50 ml. of
acetone to aid solution followed by 100 ml. of_gyclohexénone.'
Following complete solution the mixture was diluted with a further

100 ml. of acetone. This mixture was placed in a beaker and with

vigorous agitation was titrated with a precipitant solutlon conSistingv

of 40 volume % ethanol, 40 volume ¥ water, and 20 volume ¥ acetone.
Upon first signs of a precipitate the mixture was cenfrifugedifthe
precipitate removed, and subsequently washed in acetohe}' Therﬁash
liquid was combined with the original filtrate which was titrated

further. The gel-like precipltate was re-pulped in excess acetone
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and precipitated out with a 50-50 mixture of ethanol and water. It

was then filt;red out on a Buchner funnel and dfiéd'at 100°Cftonconstant
weighff fhe process was repeated with the originallfiltrate until five
fractions were obtained. ~

Each fraction was dissolved in THF and analysed byfosmometry

to obtain the number-average molecular weight.

E. INTRINSIC VISCOSITY

Intrinsic viscosities were obtained for each fraction of
Esso 373 grade PVC and also for the other unfractionated samples of
Esso 353 and Esso 363. A calibrated viscometer was thoroughly cleaned
and used to measure the viscosity of pure solvent (THF) at 25¢C.
Temperature was controlled to ¥ 0.059C. The viscosities of various
solutions of each fraction or grade were also measured and—ﬁﬁe
reduced specific viscosity of each solution was calculated. ’Alleasf
mean squares fit was used to linearly extrapolate to zero céhéentrae
tion for the determination of the intrinsic visqosity., The:weight-
average molecular weiéht of each sample was calculated by means of -

correlations in the literature.
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EXPERIMENTAL RESULTS

This section includes significant and 111ustrative_resul£s
obtained in the course of this research. Accompanying eachisection'is
an explanation concerning the treatment of the data. Detailed results

and calculations are included in the Appendices.

A. PERMEATION CONSTANTS

Permeation constants were measured for flow of solfent
through various membranes. Experiments were also carried out with flow
through the membranes in both directions to determine the poééible*}

effects of membrane asymmetry. o s

RUN MEMBRANE SOLVENT SOLVENT PERMEATION CONSTANTS:

NO.  TYPE VISCOSITY (cm./(min.)(cm. of solvent head)) .
: (cp.) ’ A , . B 2

M-1 08 THF 0.469 0.0460 0.6452

M-2 07 THF 0.469 0.1416 0.1580

M=-3 08 cﬁclohexanone 2.020 0.00383

M-4 08 THF 0.469 0.0358 - 0.0477 0.0456 - 0.0379

Table 1 - Permeation constants for various membranes.

Notes: (a) A refers to flow through the membrane in one direction while
B refers to flow in the opposite direction. ‘
(b) The membrane used in Run M-4 had an asfmﬁetry éressure head
of 0.350 cm. on side B. |

(c) Actual data is given in Appendix B. R .
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The permeation constants for each membrane were calculated
for each hydréulic head measured. The results wefe consistent for
Run M-1 and the permeation constant did not vary with flow rate or
with &irection of flow. A Bruss and Stross plot (Figure 4) was
constructed from the data of Run M~1 and a pérmeatign constant of
0.0445 cm./(min.)(cm. of solvent head) was obtained from the slope
using the method of least mean squares. An apparent slight-asymmetry
pressure was also observed from the plot but this. small deviation was
considered to be within experimental error.

Results based on the method of Elias for Run M-4 were not
consistent because the expression for the permeation constant was
developed from the assumption that both levels correspond at equi-
librium. From the dynamic response data for the difference in levels
with time an asymmetry pressure of 0.350 was calculated. As an
alternative method for determining the asymmetry pressure a Bruss and
Stross plot was constructed and a permeation constant of 0.039%
cm./(min.) (cm. of solvent head) was calculated from the slope. An
asymmetry pressure of 0.373 cm. was obtained from the intercept.

The permeation constants for Run M-2 and Run M-3 were
obtained by the method of Elias and were quite consistent. The 07
membrane used for Run M~2 had a higher permeation constant than the
08 membrane. When cyclohexanone, a more viscous solvent, was used
a much lower permeation constant was obtained. Possible reasons for

this will be discussed later.
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B. COMPARISON OF VARIOUS METHODS FOR MEASURING OSMOTIC PRESSURE
Identical solutions of Esso 353 PVC ranging in concentration
from 0.344 to 3.464 g./1. were analysed by various methods to determine _

~

the osmotic pressure. The reduced osmotic pressure head was plo'ttéd
versus concentration for each method and a léast mean square"s fit was
used to determine the number-average molecular weight. The ‘methods
were then compared on the basis of standard deviation of th_e |
respective reduced osmotic pressures eSccept for the Elias ‘énd Philipp

methods which did not give consistent results. These latter two géve

only an approximation of the osmotic pressure head. The dynamic

response curves and Bruss and Stross plot are included from the . ‘ﬁ
analysis of the most dilute solution (0.344 g./1.).
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CONC. H H/c

{g,[l.) cm. - _ (cm. 1.[9,2
0.344 0.310 | 0.901
0.484 0.452 0.934
1.250 1170 0.937
2.126 2.019 | 0.953

. 3.464 . 3,570 1.030

Table 3 '~ Readings obtained from static method.

CONC. H : H/c
(a./1.) cm.) ’ (cm. 1./q.)
0.344 0.301 0.876
0.484 - 0.393 | 0.812
1.250 1,023 - 0.818
1.283 1.195 0.931
2.126 1.940 0.913
3.464 3.510 . 1.015

Table 4 - Readings obtained from Bruss and Stross metﬁod.
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~

CONC. H H/c

(q./1.) cm. : (cm. 1.45.)
0.344 0.305 - 0.886
0.484 0.430 0.888
1.250 '  1.0%0 10,824
2.126 ' 1.980 0.933
3.464 . 3.570  1.030

' Table 5 - Readings obtained from Fuoss-Mead méthod.
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C. ANALYSIS USING AN ASYMMETRIC MEMBRANE

A membrane found to exert an asymmetry pressuré on bne} side-
(see section A) was used to determine the osmotic pressure of two
separ;te solutions of Esso 363 grade PVC, Each solution wés injectéd
into the osmometer chamber on the side of the membrane with fhe posi~
tive asymmetry pressure. The levels were adjusted to correspond so
that equilibrium was approached in the positive direction (flow of
solvent into solution). A dynamic response history of the levels was
recorded and analysed by the method of Bruss and Stross. The method

of Philipp was also used as a consistency check.

MEASURED H/c . H H/c
CONC. OSMOTIC PRESSURE (em.1./g.) (corrected) (corrected)
BRUSS AND  PHILIPP
STROSS
1.554 1.261  1.220 - 1.395 0.813 . 1,051 0.677
2,333 1.752  1.644 - 1.893 0.752 1.542 0. 664

Table 7 - Osmotic pressure data for Esso 363 PVC.

Note: Asymmetry pressure head = 0.21 cm. on solution side.

As seen in Table 7 both methods‘gave approximately the same
osmotic pressures for a particular solution illustrating that the asymmetry
did not affect the dynamics of flow through the membrane. To obtain
con;istent values of H/c for the two solutions it was first necessary

to subtract the asymmetry pressure head from the osmotic pressure head.



D. INTRINSIC VISCOSITY | »

Solution viscositiés of the same grades okaVC ﬁéed.in the
osmotic pressure determinations,weie méasuredfin-IHFfat_25°C.I The ..~
solutfon concentrations covered the'Same’ggnéral-:ange as those used
for osmotlc pressure measuremenfs. Redﬁced’épeéif1c viscosi;ies were
plotted versus concentration for eéch'grade and the 1ﬁtrinsic.yiscosity

was calculated by the method of least mgan squares. ﬁ@ggiﬁéi;COnstqpt

was calculated from the relationship: =
k.‘ — SLOPE/[.Q]2 ® o & o o o‘:. ‘. 0.‘. .'.o:o ® o (20)

which shows the variation of slope with intrinsic viscosity. The
literature value obtained by Moore and Hﬁtchinébb (29) for narrow
fractions is 0.37. The weight—a?erage molecular weight was quumed '
equivalent to the viscosity-aVerage molgcular welght and wééigalculated'
from the following relationship: ‘

tnl ] 1/0.766
.1.63 x 1072

* o e ..l‘_..,.».:.':.".. 5 0 o o (21)

PVC © SLOPE HUGGINS* M
GRADE 1./a. (12/92) CONSTANT *  (g./q. mole)
353 0.0669 0.0015 0.334 - 52,400
363 0.0832 0.0027 0.389 - 69,000 -

373 0.1174 0.0054 0.391 . 112,000

Table 8 - Intrinsic viscosity data for various PVC grédes.
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E. FRACTIONATION OF POEYVINYL CHLORIDE

A gﬁmple of Esso 373 PVC was fractionated iﬁ£§15‘con§fituent'
fractions as outlined in the procedure. The weight of each fraction
was'e;pressed as a percentage of the_totgl weight of polyme;-

fractionated and was plotted against the cumulative volume of

precipitant used. Results were as follows:
Total weight of polymer = 4.9455 g.

FRACTION TITRE OF ] WEIGHT OF ' CUMULAT IVE

PRECIPITANT FRACTION - WEIGHT PERCENT
1 5.0 0.2978 | 6.03
2 28.5 | 0.3825 13.75
3 32.0 2.4265 62.90
4 7.0 1.2754 . gg.80
5 47.0 0.2689 94.20

Table 9 - Fractionation of Esso 373 grade PVC.

It can be seen that approximately 6% df the.tqtal weight
of polymer was not recovered. This loss can be divided among all the B
fraétions in proportion to their weights_by simbly,diViqing the
percentages in Table 9 by the total percentage :gcoveréd;

The accompanying graph (Figure 10) shows a rafher sharp
separation occurxzing in the intermediate range ﬁhere the amount “of
polymer in solution is extremely sensitive to thg~addition of a small

amount of precipitant.
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Portions of each fraction were dissolved in THF and diluted
to produce concentrations ranging from 0.35 to 4.88 g./l. The higher
molecular weight fractions were generally more difficult to dissolve
so that it was found necessary to prepare concentrations of less than
5 g./l. for the most concentrated solution. The osmotic présSure head
and viscosity were measured for each solution. Reduced plots for»both
‘these properties were constructed and fitted by the method of least
mean squares. The number-average and welght-average molecular weights
were calculated as previocusly outlined. In Tablg 10 the total weight
of each fraction is listed. The weight of the cdmposife sample shown
is the sum of the weights of all the fractions. The number of moles
of each fraction is simply the weight divided by the number-average
molecular weight and is based on the assumption that the molecular
weight distribution of each fraction is symmetric about its number-
average molecular weight. |

The results for the individual fractions were used to calculate
the number-average and weight-average molecular weights of the composite
sample according to equations (1) and (2). These wexe as follows:

W

76,100 g./g. mole.
M, =.115,000 g./g. mole.
Details of these calculations are shown in Appendix G.

A fractionation curve based -on number-zverage molecular
weights is shown in Figure 13. It can be seen that molecular weights
ranging from 70,000 to 90,000 constitute most of the sample in terms of
moles. This also explains the sharp separation in Figure 103 molecules

of similar molecular weight have similar solubilities.
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| , F:.gure 11 - Reduced osmot:.c pressure head plots for 373 PVC
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A polymer sample usually contains a wide rangé.of”molecular
weights. If ultimate fréctionation were possible, a sample could be
separated into a large number of fractions such that each consists of
materfél having only one molecular weight.;,It would then be‘possible
to obtain distributions of the number of molécules.of each ﬁ;iecula;
weight and also of the mass of molecules of each molecular weight.
Number-average and weight-average molecular weights could then be
calcglated in the classical sense.

In actual practice‘perfect fractionatiqn.is 1ﬁpéssible and
the method of obtaining.é molecular weight distribution from a
knowledge of the fractions of a polymeg is more cqmpiicated. 'The_‘
fractions are polydisperse and overlap oné“another in molecular wéight
ranges. Also it is very difficult to control the size of the frac-
tions during the addition of non-solvent and the amounts 1ﬁ<fhe
fractions are generally different. 'l'f'inally‘, during‘a fractionating
process losses of polymer are incurred, the mo1ecu1ai welght range of
which is difficult to‘estimate. For these reasons it 1s difficult to
reconstruct the actual molecular weight distribution from a-limifed
knowledge of the molecﬁlar wéight of the fractions.

Some attempt to reconstruct the original molecular weight
distribution from the molecular weights of the fractions has.been ﬁade
in this research. It was considered that the fractions had similar
and symmetrical molecular welght distributions even though the ranges
overlapped one another. It was further considered that a measure of |

the polydispersity for each fraction was the difference between the
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weight-average and number-average molecular weights of ‘that fraction.
Because the weight of each fraction was knoﬁn'along with thé"average~
molecular weights it was possible to define a molar'distribufion

function as follows:

A'—'-.-. !L .—'.‘ oo.‘oo;.-oo.o..(zz)
M,y (log My - log Mps) - S R

The subscript 1 identifies each fraction. The use of this function

assumes that the molecular weight distribution is symmetric about the
number-average molecular weight. When qb is ploﬁted against the
logarithm of the number-average molecular weight a distribution curve
is obtained, the area under which reﬁresents the number of moies; Ihe
choice for using a logarithmic interval of molecular weight_;ﬁsteadvof
a linear one was for conQenience only. It is worth noting that the
distribution function cén be evaluated for every fraction iééardless”of
its size or whether there is overlapping bétween the fractlons. °

A weight distribution function can be7defined as follows:

W
e= __1 oy .....“...’-......(23)
(longi - log Mni) ;
When this function is plotted against the 1oga;ithm of the welght-
average molecular weight, a distribution curve is obtained.  Thé area

under this distribution curve represents the weight of the polymer.
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DISCUSSION

A. OSMOTIC PRESSURE MEASUREMENTS
) The osmometer constructed for this résoarCh was found very
satisfactory. The featurss which were;partioularly useful.ﬁ;te the
ease of assembly, the filling device, and the ;implemodjustment of
meniscus levels by volumetric displacement. The two separato chambers .
used for solution and solvent enabled the osmometer to be placed
directly into a water bath without being 1mmersed in excess solvent.
The escape of toxic solvent vapours into the atmosphere was thereby_‘,
prevented. The matching chambers and capillaries reduced tﬁe net
effect of small temperature fluqtuations because both levets,changed
simultaneoosly.

Flow measurements were first carried out using pﬁro‘THF on
both sides of the membrane. The perméatioo constant for flow through
a Schleicher and Schuell 08 membrane was calculated by two differept'
methods and for flow in both directions. It was expressedtin terms
of flom/head of solvent, and consistent results wereﬁobtained in each
'case. When comparing measuroments made in different_osmomoters it is
necessary to expréss the permeation constantnip terms of caplllary area
and exposed membrane area accoxding to.equation (10). |

The flow rate throiugh an asymmetric 08 membrane Qas measured
an& the permeation constant, determined by the method of Bfuss and

Stross, was found to agree with the previous results for a normal .

membrane when due allowance was made for the membrane asymmetry. The



-59 =

linear (least mean square) extrapolation of the flowuféte-hydfgulic'J 
head relationship to zero flow could be reliably used to estéblisﬁ'
the presence of an asymmetry pressure and to measure its magnitude.
Thus it was possible t& evaluate the'asymmetry'pressuié‘withoﬁt '
actually waiting until an equilibrium hydraulic difference ﬁ;& been
reached. '

When a coarse 07 membrane was used the'permeation—constant
increased by more than three times its previous~va1ue.,vSinceffhis
membrane was chemically the same as the 08 type7apd since the 'same
solvent was used, the increase in the permeation constant.can3bé-
attributed to a larger pore radius in equation (10), a‘ smaller membrane
thickness or a combination of both. This explainé alsbfwhy the 07
membrane 1s recommended by the manufacturer for use onlyuwith higher .
polymer fractions (33). Otherwise, low molecular weight bdl&mer
.might permeate through the membrane. ‘

When dyclohexanone was used as a solvent the permeation
constant of a 08 membrane decreased to less than 1/10 its value with
THF solvent. The viscosity of cyclohexanone was measured to be only
about four times that of THF and the soivent densitie53Weré éppfoxiéA
mately the same. Changes in membrane porosity,_poré siie andfﬁhickness
in equation (10) must have accounted for most of the gﬁange in permeation
constant for the two solvents. This suggests that th§ pore sgructure~of
the'membrane was altered by the use of a different solvént.‘iihe'use of
cyclohexanone with a 08 membrane resulted in a lower permeation constant

_possibly because all the pores did not remain open. It has been
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reported that fdr a membrane to be permeated by“the'sélvent the
solvent must ‘swell the membrane to keep the pores open for flow (17).

Osmotic pressure heads of various solutions were determined
by utilizing dynamic readingg. The static (equilibrium) readings
taken afte; 5 hours produced little scatter on a reduced dsﬁ;tic
pressure plot but the measurements were excessively time consuming.

Of the dynamic methods employed the Bruss and Stross method
was by far the simplest and the rgsults compared favourably with those
. of the static method. Because the capillary tubes were exposed to
the atmosphere, slight ambient temperature fluctuations caused the
levels to change making i1t necessary to read both levels. In this-way
a modified Bruss and Stross method was adapted; thecconventional method
involved directly timing the movement of one of the levels between two
fixed positions. The advantage of the modified method was that no
continuous record of dynamic readings was fequiréd. This was because
the design of the osmometer permitted the adjustment of levels to any
desired position. The osmotic pressure head was calgglated by the
method of least mean squares and was based on only five rate measure-
ments all of which could be taken in less than one hour. This method
produced results which were within + 0.03 cm.vof the_equilibrium
solvent head. |

The methods of Philipp and Ellas were found ﬁseful‘only for -
predicting osmotic pressure head in conjunction with(other dynamic
methods. A disadvantage was that calculated values varied with

position on the dynamic response curve. If either of the methods are

AN
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to be comparable to the Bruss and Stross dynamic method, some averaging‘3},:ﬂ

procedure must be incorporated to allow for mino¥ reading errors."

The Fuoss=Mead method required a continuous record of - dynamic"i
readings for loth positive and negative approaches to equilibrium, "The =~
task of taking readings was time‘coﬁsuminéfaﬁd tedious. - The choicé_of'f'
initial levels required some prior knowledge of‘thé,expépted”osmofié"
pressure head and for this reason the method was'ﬁot“readil; adabtable
for routine use.

Reduced osmotic pressure head plots all had-positive-slopes
which indicated a positive deviation from ideal behavior at finite -
concentrations. A positive slope can be attributed to a negative
heat of solution and an appreciable entropy contribution from poiymer— »
solvent interaction (12). Such deviatioﬁs‘from ideal solution béhévior~

are almost invariably observed.

B. INTRINSIC VISCOSITY -

The viscosity of a polymer solution 1s afunction of the'
number of particles in solution and the degree éf*interaction between
them. Solute particles hinder the relative movement of solvent |
molecules and in this way contribute to an increase in'viscosity.
Viscosity plots for the various grades of PVC tggted in’fhis.researph
had positive slopes which increased with\increaSing'moiéédlar weight.
The slope of such a plot is probably the result of solute~solute
interaction at finite concentrations. The inte;acting'solute molecules

affect the solvent molecules around them and increase the average
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solution viscosity. Larger poiymer mblecules having undergone a
higher conversion are more likely to be cross-linked and because théy
interact more than linear molecules, they affect the solution viscoéity ‘
more Ehan loﬁer molecular weight polymers. : |

For a particular polymer chain-length the‘degree é;:ﬁolécular o
interaction in solution is dependent on the solvent used. Good
solvents are effective in reducing solute agglomerafion and?fof this
reason the slope on a reduced specific vigcosity plot is loﬁer:when'a
good solvent is used. This explains Why’Huggins{ Constant-véries:w1th
solvent power. Huggins® constants obtained .in this experiment varied
from 0.33 to 0.39 and agreed well with the literatuie valuefof 0.37. for
PVC in THF. |

The variation of the viscésity slope with molecular weight
is greatest for rigid rod-shaped molecules and the constantf"aL" in
the Mark-Houwink equation has a maximum vaiue of 2 (35). A minimum
value for "o 1s obtained for perfectly flexible polymer,ghains. , 
Deviations from the Mark-Houwink equation have been observed in high,
molecular weight fractions (32). A possible explanation is that h;gh
molecular weight fractions sometimes contain an appreciablé'nuﬁber of
long~branched molecules and so have a low solution viscosity for
their molecular weight. Such long molecules do notvhinde:fthé move-
ment of solvent molecules as much as more complex molecules or a

greater number of smaller molecules.



C. MOLECULAR WEIGHT DISTRIBUTION

The number—average molecular weight of Esso 373 grade PVC
based on the analysis of constituent fractions using equation (1) was
found\to agree well with that obtained by osmometry for the composite
sample. The values were 76,100, and 79,800 é./g. mole respectively.

The weight-average molecular weight based on the individual
fractions was obtained by assuming the weight distribution ;f each
fraction to be symmetric about its weight—averagewmblecular welght.
The individual weight-averages were substituted iﬁto'equation (2) and
Eﬁ was calculated to be 115,000. This compared favcurably with the
value of 112,000 obtained by viscosity measurements for the composite
sample,

The polydispersity of each fraction was calculated from the
weight-average and number-average molecular weights. It is interesting
to note that the polydispersity of fraction 4 (Table 10) is greater
than that of the composite sample. This is because both the weight-
average and number-zverage molecular wéights of fraction 4 are low and
their ratio is high. The relative width of the distribution baéed on
the difference between weight-average and number-average molecular
weights is greater for the composite sample than for any of the fractions.

Molecular weight distribution curves were constructed to
show the positions of the number-average and welght-average moleculaxr
weights. The peaks of both curves are higher than the calculated

number-average and welght-average molecular weights for the composite .




sample. However, the areas on each side of the designated average
molecular wefght are approximately equal as would be expected. - No
attempt was made to extend the distribution curves to lower and

-~

higher molecular weight ranges because experimenfal points were

not available. There is some .evidence from the curves that“khe
membrane was permeated by the low molecular weight fraction. This
would give a lower osmotlc ﬁressuré and a higher number-avé}age R
molecular weight. If such permeation did not occur a lower number-
average molecular weight would be obtained and the distribution'
function would decrease in value to produce a more uniform curve
which could be extended towards the origin. For both the numbei—
average and weight-average molecular weights the distribution curves
are asymmetric about the designated average.

It is interesting to note that the slopes of the'ésmgﬁic
pressure plots are higher for Esso 373 graée PVC and 1ts.fractions
than those obtained for the Esso 353 grade Pvc; ‘This indicates the
likeiihood that both grades were produced under different reacﬁion
conditions,since this would affect the shape of the moiecules and the

chemical properties.



CONCLUSIONS

A modified FOoss-Mead block osmometer was found to be 1

~

relatively simple to construct and use for routine osmotic pressure
measurements. The use of micro~-regulating vélVes to adjustf;éniscus 
levels made the instrument gspecially’useful for dynamié méésu:ements.
The quick assembly of the 1nstrumént, simplé fillihg procedﬁre by
means of a syringe and matching solutioﬁ and solvent chambers were
also desirable features. The all metal construction made 1tvd;rab1e
for repeated use. ’ |

A modified Bruss and Stross dynamic method in which meniscus
levels were read during fixed time ;ntervals was found to bé the best
of several methods for the rapid determination of osmotic pressure.
This method was made possible by the level adjustmenp;featﬁfe enabling
flow rates to be measured for relatively féw values of hydraulic ‘
head. The equilibrium osmotic pressure head at zero flow rate was
determined by applying a least mean squares fit to the ratejdata.

By fractionating a commercial PVC sample apd constructing a
molecular weight distribution curve it was shown that by osmometxy and
viscometry, polymers could be well characterized as fo the;:'averagg_
molecular weight and degree of polydispersity. The_combination of.a
simple osmometer and a reliable dynamic methéd which does not require

additional calibration appears to be competitive with other methods of

polymer characterization.
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NOMENCLATURE
a - capillary‘cross-sectional area, cm. 2
A ) - membrane area, cm. 2
B - slope constant in the modified van't Hoff
' expression, cm. 1.2/g.2
c -  solution concentration, g./l. )
dy - solvent density, g./cm.3

-  acceleration due to gravity, 980 cm./sec.2

h - hydraulic head difference between the two capillaries,
cm. of solvent head.

hgshy,ho,h3 - values of h at various time intervals, cm. of solvent head.

H - hydraulic head equivalent to osmotic pressure, cm. of
solvent head. '

kt -~  Huggins' slope constant.
kp - membrane permeation constant, cm./min. cm. of solvent head.
K - Staudinger constant relating molecular weight to
intrinsic viscosity. :
L -  membrane thickness, cm.

m - 1ndex constant in the equation defining Z-average
molecular weight. .

M -  molecular weight, g./g. mole.

My - molecular weight of fraction i, g./é. mole.

My, - number-average molecular weight, g./g. mole.
ﬁv. ~  viscosity-average molecular weight, g./g. mole.
ﬁw - weight-average molecular Weight, g./@. mélg,f:

=l
]
i

Z-average molecular weight, g,/@. mole
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number of pores in a membrane.

number of gram moles of fraction i.

pressure differential causing flow through a
membrane, dynes/cm.

rate of flow through a membrane pore, cm.3/sec.
gas constant, 82.06 cm.3 atm./g. mole OK.
radius of a membrane pore, cm. ]
time, min., sec.

temperature, °K.

welght of fraction i, g.

Mark-Houwink constant relating molecular weight to
intrinsic viscosity. .

membrane poroslity, pore volumg/total volume of membrane.
solution viscosity, cp.

pure solvent viscosity, cp.

specific viscosity, 72 - )Zo /TZO.

intrinsic viscosity, reduced specific viscosity at
infinite dilution, 1;/@.

function used te describe the weight distribution of
molecular weights, g.

osmotic pressures, dynes/cm.?

function used to describe the molar distribution of
molecular weights, g. moles x 103,



1.
2.

3.
4.
Se
6.
Te
8.

9.

10.

11.

12,

13.
14,

15.
16.

17.
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- APPENDICES

~

A. VOLUME CALIBRATION OF OSMOMETER

~

To facilitate filling the osmometer with the correct amount

of solution each time, the capacity of each chamber of the osmometer
was measured using a small syrinée. Thevolume of each chamber was
found to be 1.8 ml. including the filling tube. )

The variation of the meniscus levels with temperature for

" 0.5 mm. capillaries with THF was as follows:

TEMPERATURE (©C) CAPILIARY LEVELS (cm. !

25.00 40.155
25.20 40.440

25.80 41.300

The calculated sensitivity based on the above results is 1.43 cm/CO and -
can be assumed constant over a small temperature range... If temperature

is controlled to # 0.019C the levels can be read to i+ 0.014 cm.
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B. PERMEATION CONSTANTS

A Y

RUN NO., = M-1
MEMBRANE - S &S 08
SOLVENT - THF

DIRECTION  TIME h ST kp g
OF FLOW (min.) ch. ho/ht  (cm./(min.)(em. of solvent head))

0.0  2.790

5.0 2,230  1.25112 | 0.0448

10.0 1.758  1.58703 ~ 0.0463

15.0  1.455  1.91753 ~ 0.0435
A - B

20.0 1.145  2,43668 0.0446

25.0 0.890  3.13483 0.0458

30.0 0.663  4.20814 0.0479

36.0 0.465  6.00000  0.0499

0.0  2.770

5.0 2.230  1.24439 0.0438
B-> A 10.0  1.775  1.56338 : 0.0448

15.0  1.430  1.94056 E 0.0443

53.0 0.220 12.61364 i 0.0478
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t RUN NO. =~ M-2
MEMBRANE - S & S 07
SOLVENT - THF

DIRECTION  TIME h e o kp |
OF_FLOW ‘iglg;l cm. EQZEE " (em./(min.)(cm. of solvent head))
0.0  8.020 i
5.0 3.985  2,01129 0.1400

10.0  1.740 - 4.60632 | 0.1529
A->B | ..

15.0  0.955  8.39267 - 0.1420

20.0 0,495 16.19191 0.1393

25,0 0.280 28.62500 0.1343

0.0  4.855 |

5.0 2.168  2.23939 0.1615
B—>A 10,0  1.132  4.28887 © 0.1460

15.0  0.433 11.21247 T 0.1612

20.0 0.185 26.24324 0.1635



DIRECTION
OF FLOW

TIME

{min.)

0.0
16.0
22.0
60.0
70.0

80.0

RUN NO.

MEMBRANE - S & S 08
SOLVENT - cyclohexanone

Ciile
4.181
4,047
3.923
3.185
3.050

2.915

-73 -

- M-3

; X |
ho/ ht cm./(min.)(cm. 'gf sdlvent head))
1.03311 0.00215 -

1.06576 0.00293

1.31272 0.00462

1.37082 0.00453

1.43431 0.00454 -
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RUN NO, = M-4
MEMBRANE - S & S 08

* SOLVENT - THF
DIRECTION  TIME ho s ' o kp | S
OF FLoW  (min,) (cm,) ngbg - f{cm./(min.)(cm. of solvent head)) . -

0.0 6,110 - B | .

5.0 5.105 1.19589 © 0.0358 _

10.0  4.095 1.49084 " 0,0400

15.0 3.600 1.69583 - 0.0354

20,0 2.668 2.28823 “ 0.0415
A->B o .

25,6  2.075 2.94217 0.0433

30.0 1.645 3,71125 . 0.0438

35.0 1.230 4,96342 0.0460

40.0 0.910 6.70879 0.0477 _ _

300.0 =0.350

0.0 10.640

5.0 8.470 1.25502 0.0456

10.0  6.917  1.53649 0.0430

15.0 5.670 1.87478 0.0420

20.0  4.670 2.27623 0.0412
B->A :

25.0 3.860 2.75389 0.0406

30.0 3.202 3.31980 0.0400

35.0  2.764 3.84587 ~ 0.0386 /

40.0  2.347 4.52919 . 0.0379

3200.0 0.350

Side B has an asymmetry pressure of 0.35 cm.



" FOR CALCULATING PERMEATION CONSTANTS

RUN

M-1

M-4

RATE

fem./min.)

-0.1100
~0.0940
~0.0330
01080
0.0912
0.0690

0.0318

-0.1427
-0.0844
-~0.0735

0.1620

0.0855

"~ BRUSS AND STROSS METHOD

(em.)
 2.510
2,000
0.562
-2.500
2,002
-1.602
-0.825

3.370
1.860
1.275
-4.260
-2.770

Slope = -22.5

Slope = ~25.4

Intercept = -0.373
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C. ANALYSIS OF ESSO 353 PVC BY OSMOMETRY USING VARIOUS METHODS

TN

RUN NO. - 353-1 , . CONC. - 0.344 g./1. THF
TIME SOLUTION © SOLVENT . h
(min.) LEVEL LEVEL - {(em.)

. (cm.) o _(em.) o

0.0 42,235 | 46.010 -3.775

5.0 42,625 45.680 ~ -3.055
10.0 42,845 45.285 - -2.440
15.0 43.010 44.960 -1.950
20.0 43,155 s -1.560
30.0 43,415 44.420 -1.005
40.0 43,585 44.185 -0.600
50.0 43,760 44.065 -0.305
60.0 43.865 44.960 -0.095

0.0 44,260 39.745 4,515

5.0 43,862 40.180 . 3.682
10.0 43.536 40.490  3.046
15.0 43.280 40.750 2,530
20.0 : 43.115 40.950 2,165
30.0 42,800 41.236 ' ‘ 1.564
40.0 42,615 41.445 1.170
50.0 42,510 41,625 . 0.885°
60.0 42.450 41.745 - 0.705
300.0 42.100 41,790 . 0.310

720.0 42,030 41.725 .0.305



ANALYSIS OF RUN 353-1
(a) Static reading = 0.305 cm.
(b) Fuoss-Mead half sum = 0.305 cm. at €0 minutes.

(¢) Bruss and Stross method based on dynamic response curvest

RATE R h

(cm./min.) - 159;1
0.1440 . -3.415
041230 . - =2,747
0.0980 | -2.195
0.0780 , © =1.755
0.0495 ~1.253
0.0405 -0.803
0.0295 -0.453
0.0210 . =0.200 )
~0.1660 | ‘ 4.098
-0.1270 3.364
«0.1010 2.78_(').
~0.0730 o | 2,348
-0.0600 1.864
-0.0390 1.367
-0.0285 - 1.028
-0.0180 0.795

H = 0.301 cm. based on a least squares fit. (See Figure 8).
Slope = =25.0 = -1/1<p

e

kp = 0.040 (em./(min.) {cm. of solvent head))
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(d) METHOD OF PHILIPP
Points were taken at equally spaced time intervals from the =

dynamic curves and H was calculated from equation (12).

~

h h2 h3 H
fem.) cm. Lem.) cm.) .
3,046 2.165 T 1565 . o.z74
2.165 1.565 1.170 0.420
1.865 Tl367 1.027 0.298
1.565 1.170 0.885 0.139
1.367 1.027 0.795 - 0.289
1.170 0.885 0.705 0.396

~1.950 1,282 -0.802  0.426
~1.560 -1.005 0.600 0.493
-1.282 -0.802 ~0.452 0.489.
-1.005 ~0. 600 -0.305 0.486
-0.802 -0.452 ~0.200 0.454

Note: Many of the points were obtained by linear

interpolation from the dynamic response cutves.:"



(e) METHOD OF ELIAS

N

h

(cm.)

-2.747
-2.195
-1.755
-1.282
-0.802
=-0.452
-0.,200

3.365

2.790

2.347

- 1.865

1.027

- 0.795

0.592

-79 -

RATE
(cm.[min.)
0.123
0.098
0.078
0.055
10,040
0.029
0.021
-0,127
-0.103
-0,073
-0.060
-0.028
-0,018
-0.009

(en)
0.327
0.255
0.195
0.105
0.209
0.285
0.325
0.184
0.208
0.522
0.362
0.315
0.345
0.365

G



The following runs were analysed in the same manner as

Run 353-1. Only the results are summarized in table 6. .

RUN NO. - 353-2 - | o coﬁc.-' - 0.484 g./1l. THF
TIME SOLUTION  SOLVENT - .
(min.) LEVEL - LEVEL . - h

(cm.) (em.) | o (eme)
0.0 40,000 | 43,630 ~3.630
5.0 40.290 43.190 © -2.900
10.0 40.550 42.875 -2.325
17.0 40.786 42,450 -1.664
20.0 40.890 42,345 =1.445
30.0 41.183 41,990 -0.807
40.0 41.265 41,665 '=0.400
50.0 41.350 . 41.470 -0.120
60.0 , 41.410 41.30 - =0.050
0.0 43,230 38,910 4.320
5.0 42,795 39.305 3.490
10.0 .  42.5% 39.570 2.985
17.0 . 42.215 39.835 " 2.380
20.0 42.125 39.965 . 2,160
30.0 a1.772 40.200 1.572
40.0 41.585 40.345 1.240
50.0 41.435 40.500 0.935
0.0 41.405 . 40.595 0.810

300.0 38.444 37.992 0.452



RUN NO. - 353-3 -~ CONC. - 1.250 g./1. THF
TIME SOLUTION SOLVENT . h
(min.) LEVEL LEVEL o (em.)

: (cm,) ' (cm.) -
0.0 >_ 42,295 . 44,515 . =2.,220
5.0 | 42,470 44,205 = -1.735
10.0 42,640 43,845 . -1.205
20.0 42,835 43.340 ~ =0,505
30.0 42,970 43.035 . -0.065
60.0 43.150 . 42.500 0.650
0.0 42.850 38.965 3.885
5.0 | 42,425 139,105 3.320
10.0 42.190 39.310 2,880
20.0 : 41.950 39.565 . 2.385
30.0 41.810 39.800 2,010
60.0 41,500 40.080 1.420

300.0 41.260 40,090 1.170



- 82 =

RUN NO, - 353-4 o conc - 2,126 g./1. THE
TIME ~ somn'xou' . SOLVENT | .' h
(min.) LEVEL - ~ LEVEL o (eml)

Cle ‘CM=!
0.0 43.100 . 46.130 _ -3.030
6.0 43.500 45,420 -1.920
10.0 43.690 . 45,165  a1.475
15.0 43.885 44,735 | =0.850
20.0 44.010 . 44.420  =0.410
30.0 44.195 43.960 +0.235
40.0 44,410 43,630 © 04780
60.0 44,720 | 43.320 1.400
0.0 44.230 37.535 6.695
6.0 .. 43.580 38.010 5.570
10.0 43,350 . 38,270 5,080
15.0 43,030 | 38.530 4.500
20.0 42.820 | 38.750 . ~ 4.070
30.0 42,430 39,000  3.430
40.0 42,160 | 39.195 2.965
60.0 41.970 39.420 2,350

300.0 41.197 39.178 : 2,019
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RUN NO. - 353-5 o ' CONC. - 3.464 g./l. THF
TIME SOLUTION ~ SOLVENT h
(min.) LEVEL LEVEL - . (cm.)

cm. __(.m._)_ ‘
0.0 44,470 . 42,735 . 1735
5.0 44,570 42,550 © 2,020
10.0 44.785 - 42,490 | 2,295
15.0 44,855 ’ 42,370 | 2.485
20.0 44.960 42,285 2,675
30.0 45.030 42.135 2.895
60.0 45.230 41.910  3.320
0.0  45.090 39.450 . 5.640
5.0 44,890 39.625 | 5.265
10.0 | 44.815 | 39.850 - 4.965
20.0 44.630 40.127 © 4.503
30.0 44,567 40.300 4.267
60.0 44.355 | 40.535 - 3.820

300.0 43.970 40.400 ~ 3.573
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(£) MODIFIED BRUSS AND STROSS METHQD ;ﬁ

- The followingisolutions were analysed by pre-setting the

levels and measuring the rate of change as a functioniof h for each

separ;te point. Each point required only 5 minutes and results were

fitted by the least mean squares method. T SR

RUN NO. - 353-6

TIME SOLUTION SOLVENT
(min.) LEVEL LEVEL
' - (cme} cm.

0.0 42.840 46.105
5.0 42.230 45.775
0.0 43.255 43.255
5.0 43.350 43.080
0.0 ' 44.708 41.845
5.0 44.500 41.916
0.0 43.995 41.925
5.0 43.880 41.905

CONC. - 1.283 g./1. THF

hay. » RATE

‘ h .
T =34265 l o
' -2,905 0.144
0.000
0.085 0.034
2.863 y
2.584
2.070 e .
2.022 =0.019
1.975 . ' ‘

H = 1.195 cm.




RUN NO. - 353-7

TIME

(min.)

0.0
5.0

0.0

5.0

0.0

5.0

0.0

5.0

SOLUTION

LEVEL
CM.

47.105
46.915

46.945
46.970

44.240
44.465

44.660
44,740

-85 =

SOLVENT
LEVEL
(cm.).
40.960

41,230

43.575

43,585

43.355

43.115

42,035

41.960

CONC. - 3.464 g./1. THF

h-

(cm.) |

" 60145

5.685

3.370

3.385

0.885

1,350

" 2,625

2.780

H = 3.570 cm.

hay.
(cm.)

5.915

3.378

1.117

2.702

RATE

. | (cm./min.)

""O 0092

0.003

0.093

0.031
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D. ANALYSIS OF ESSO 363 PVC USING AN ASYMMETRIC'MEMBRANE

~

Asymmetry pressure = 0,21 cm. on solution sidé;

RUN NO. - 363-1 ' ' CONC. - 1,554 g./1. THF
TIME SOLUTION  SOLVENT - n
(min.) ' LEVEL LEVEL o (em.)
(cm.) Ch. ’
0.0 42.345 ‘ 42.345 ~ 0.000
5.0 | 42,745 42,205 0,270
10.0 42.600 42,105 0.495
20.0 ' 42,790 41.980 0.810
30.0 42.900 41.900 1.000
- 40.0 - - - 42,987 41.880 - - 1.107 S
50.0 43,028 41.866 1.162
60.0 43.080 41.887 1.193
145.0 . 43.330 42,115 © 1.215

H = 1.261 cm. by the conventional Bruss and Stross method.

METHOD OF PHILIPP.

hy ho ' h3 : H
{em.) {cm.) fem) {cm.)
0.270 0.652 0.905 1.395
0.495 0.810 1.000 1.288
0.652 0.905 1.053 1.265

-1.000 1.107 1.162 1.220



~

RUN NO.

TIME

(min.

)

~

0.0
5.5
10.0
20.0
30.0
40.0
51.0
£3.0

71.0

- 363-2

SOLUTION
LEVEL

(cm,)
40,820
40.880
40.955
41.050
41.145
41.195
41.250
41.295
_41.315

‘.‘ﬁ_87 -

CONC. - 2.333 g./1. THF

SOLVENT
LEVEL

fcm.) '

40.250
40,093
40,000
39.845
- 39.755
39.700
39.645
39.640
39.640

h
(em.)

0.570
0.787
02955
1.205
1.390
1.495
1.605
1.655 — -
1.675

H = 1.752 cm. by the conventional Bruss and Stross Method.

METHOD OF PHILIPP

hy

{em.)

0.787
0.967
1.092
1.214

1.307
1.390
1.445
1.500

1.809

. 1.893

1.719.
1.644
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E. SOLUTION VISCOSITY MEASUREMENTS -

~

Viscometer constant = 0.00416 cs./sec.
. Solvent density = 0.885 g./cm.3

Solvent viscosity = 0.469 cp. . . -

Sample - Esso 353 PVC

FLOW 72 | ’;Z'sp i 7? sp/c

CONC. TIME
(a./1.) (sec.) {cp.) ' 1./a.
0.344 130.2 0.480 0.0228 0.0663
0.484 131.5 © 0.484 0.0330 0.0682
1.114 137.3 0.506 0.0786 0.0689
1.250 y3g.3 T 0.509 7 0.0865  0.0692
1.670 142.2 0.523 0.1170  0.0701
2.126 C 146.2 0.538 0.1484  0.0698
3.464 159.0 . 0.585 0.2490 0.0719

Sample - Esso 363 PVC

CONC. '?LIS{: 77 77 sp 72 sp/c

(got 1.2 ‘§ec.2 ) : ‘cgoz ‘1.‘3 !
0.958 138.0 0.508 0.0815 0.0851
1.278 141.6 0.521 0.1098 0.0859

1.917 148.9 0.548 0.1668 0.0870
3.834 172.7 . 0.635 0.3540 0.0925
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!

sy

Sample - Esso 373

FVC ’ _
CONC. ?irag )7 ?? sp'. 72 s / c
(q./1.) ec. | {ep.) . , QI.ZS.)
1.175 145.8 0.536 0.1453 '0.1237
1.765 155. 6 0.572 T 0.2223 - 041259
2.350 166.8 0.613 0.3103 ' 0.1320

3.526 188.3 - 0.693 0.4792 0.1359 -
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F. ANALYSIS OF FRACTIONS OF 373 PVC

Eac}i fravction including the composite_373 sample was:

analysed by the modified Bruss and Stross method.

~

ESSO 373 CQMPOSITE SAMPLEs

CONC. TIME

(q./1.) (min.)

0.0

31.0

0.0

15.0
1.316

0.0

29.0

0.0

92.0

cm. )
-0.185

0.254

0.426

0.494

0.254

0.426

0.494
0.585

H = 0,593 cm.

hpy.

{cm.}

0,035

0.460

0.340

0.540

" (cm./min.)

RATE

N

0.0142
0.0045
0.0059

0.0009
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o | | . .
CONC. TIME | h AV. RATE
(q./1.) . [{min.) cm.) (cm.) (cm./min.)
0.0 1.245 | f*
‘ 1.132 -0.0233
< 10.5 ©1.010 ;
0.0  -0.085 ' -
. 0.0475 0.0265
| 10.0 0.180 - S
1.765 - | ;
0.0 0.535 s
0.595 20.0120
10.0 00655 - =
0.0 1.905 | |
1.780 - =0.0250
10.0 1.655 ,

H=0.8%9 cm.

0.0 "00750

~0.575 0.0750
5.0 =0.400 5 :
0.0 0.740
. 0.758 0.0070
5,0 0.775 o
1.975
0.0 0.185 : E
0.307 0.0245
10.0 0.430 S
0.0 1.258 |
1.229 "0.0039

: ' 15.0 1.200

-

H = 1.042 cm.



CONC.

(g./1.)

2,350

3.590

TIME

!min.ﬁ

0.0
10.0 -

0.0
11.0

0.0
12,0

0.0

90.0

0.0

10.5

0.0
10.0

0.0
10.0

-92 -

h
cm.

-0.015

0.225

0.585
0.725

1.100
1.172

1.700
1.325
H = 1.350 cm.
0.482

1.150

1.608
1.865

4,085
3.640
H = 2.563 Cha.

hay.

cm.}) -

0.105

0.655

1.512

0.816

1.737

3.862
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FRACTION 1:
CONC. TIME h hpy. RATE
‘got 1. ) (!!Eno ! CMe L ' CMe ‘cmot min. 2
N 0.0 0.145
0.555 : . .
300.0 0.143 ' -
. H - 0.143 Cm.
0.0 -0.590 ' . :
—0.450 000280
0.0 0.080 »
0.100 0.0040
10.0 0.120 :
0.0 1.240 S
0.739 — —1.060- - -=0.0360
10.0 0.880 ] .
0.0 0.705
0.605 0.0200
10.0 0.505 :
" 0.0 0.335
0.302 -0.0065
10.0 . 0.270 . .

H = 0.182 cm.
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CONC. TIME | ho hy., RATE
‘9:‘ 1.2 i ‘minoz CMe f_. b Ce - ‘cmot mino)
v 0.0 0.560 |
- - 0.520 -0.0080
10.0 0.480 :
’ 1.130 =-0.0350
10.0 0.950 _ '
1.110 ' -0,638 0.0435
10.0 -0.420 , _ :
0.0  0.430 - ‘
0.400 -0,0060
10.0 0.370 '
e s — e 040 .. =0.028 o R —_
. 0.042 o 0.0140
10.0 0.112 . :
H = 0.329 cm.

Note that the osmotic pressures of dilute solutlons were measured by
taking equilibrium (5 hour) readings. These pressures were too low.to
be determined accurately by dynamic methods.



All the other fractions were analysed in'a similar manner.

A summary of all the readings is given below.

SAMPLE CONG. H - Hfe INTERCEPT = SLOPE

(q./1.) cm. (eme 1./a.) (em. 1./q.) (em. 12@ r3)

1.316 0.593 0.450
1.765  0.859 0.487 e - .
373 1.975  1.042 0.527 0.3574 . 0.0806
COMPOSITE  2.350 1.350 .= 0.574 R E R
3.950  2.563 0.665
0.555  0.143 0.260 : - _-
FRACTION 0.739  0.182 0.246 . 0.2072 . 0.0749
1 1.110  0.329 0.296 S ‘
0.884 0.243  0.288 — -
FRACTION 1.125 0.391 ~ 0.348 S o
2 1.688  0.629 0.373 o 0.297Q_ .. .. 0.0639
3,376  1.572 0.467 : - o
FRACTION 2.176  0.970 0.446 | 5
3 4.352 2,537 0.582 0.3092 0.0636
1.288  0.729 0.566 y 5 .
FRACTION 1.931  1.171 0.607 . 0.4550 - 0.0821
4 3.863  2.987 0.774 s
- 0.575  0.565 0.983 o |
FRACTION  -0.767  0.763 0.995 N
5 1.150  1.199 1.041 0.9370 0.0829"

2.300 2,594 1.125



C-96 -

INTRINSIC VISCOSITIES OF THE VARIOUS»FRACTIONS

N

SOLVENT FLOW TIME = 127.6 sec. -

FRACTION CONC. © FLOW - 7? /c
NO. (g./1.) TIME _ YZ sp - sp
§§ec.) - (1.
0.555 138.2 0.0831 _ . 0.1497
1 , 0.739 . 142.1 ©0.1136 . 0.1540
1.110 149.5 0.1715 01545
0.844 143.4 0.1240 0.1470°
1.125 149.4 0.1712 © 0.1520
2. 1.688 160. 6 0.2590 . 0.1535
3.376 200.0 0.5680 0.1685
1.221 150.0 0.1755 ~ 10,1440 -
1.630 157.3 0.2331 0.1433.
3 2,442 174.0 0.3640 - 041500
' 4,883 232.0 0.8205 - 0.1680
. .1.850 154.0 002068 0.1117
4 2,466 164.2 “0.2868 " 0.1163
3.700 184.6 0.4467 0.1207
 0.575 131.7 0.0321 0.0558
0.767 133.0 0.0423  0.0552
5 1.150 136.0 - 0.0658 " - 0.0573

2.300 144.6 0.1330 0.0580



FRACTION

» H»H O N -,

Il

(1./a.)

0.1466
0.1410
0.1335
0.1058

0.0548
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SLOPE

(12/q2)

0.00760
0.00807
0.00700
0.00390

0.00146

HUGGINS"
CONSTANT
0.353
10.403
0.393
0.348

0.486
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G. CALCULATIONS
(a) Number-average molecular weight:
(m)  -=

c/l >0 M

R = 82.06 atm. Cm-3
g. mole 9K

T = 298.0 °K

gd, H
T = 22—~ = dynes/cm.2
c = g./1.

(x

H) (0.898) (980) (0. 885) dynes cm.3
— s -~ > = 007 8 =
" (1.013) (1000) 6 cm.2 g.

Sample calculai:ion for 353 PVC by the static method (Table 2):

¢’

M, = —BL— = 82.06)(298.0). - 31,800 g./g. mole

T (1T /) 0.768

Song My

:2 W3y

(v) ﬁn from equation (1) =

S o
For 373 PVC based on fractions:

= 4.6511

S, wy /My

6511 = 76,100 g./g.mole

Mn

0.5978 4 0.3825  2.4265 , 1.2754 , 0.2689

137,500 = 110,800 92,300 62,600

30,400

—__-_-4'
0.

06118



- w, M w, My
M, from equation (2) =-_E§L_J;_i. = b i 3
2 wy _ Z w3

43,40 + 52.00 + 310.00 + 121.00 + 10.80
4.6511

.= 115,000 g./q. mole.

All other calculations ﬁere of a routine nature and were carried out

by substituting data into equations presented in the theory.






