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SUMMARY

Lignin sulfonates were separated into eight
fractions with molecular weights ranging from 3,700 to
58,000 by meens of fractional dialysis and ultrafiltration.
All fractions heve similar ultraviolet absorption spectra.
Their methoxyl contents and neutraligation equivalent
weights increase with increasing molecular weights. All
acid groups on the four highest molecular weight fractions

are sulfonic.

The molecular weighits were determined in a new
type of osmometer of simple design. A method of determining
osmotic pressures in the presence of membranes which are
permeable to the solute was developed and applied to the low

moleculer weight fractions.

Results of viscosity, conductivity and dyestuff
adsorption measurements suggest that lignin sulfonates are
flexible polyelectrolytes. There is in addition, evidence
that molecular association occurs in the low molecular
weight fractions in 2 manner analogous to micelle formation
in soaps. PFrom correlations between molecular weights and
intrinsic viscosities it can be concluded that the degree
of molecular branching increases with increasing molecular

weight.
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1. GENERAL INTRODUCTION

A. ECONOMIC SIGNIFICANCE OF LIGNIN SULFONATES

Pulping of wood by the sulfite process is carried
out by digesting wood at about 130°C for several hours
with a solution of sulfurous acid and a bisulfite salt,
generally calecium bisulfite., During the digestion, lignin
is sulfonated and part of the carbohydrate is hydrolysed.
The solution of the resulting lignin sulfonates and

degraded carbohydrates is termed spent sulfite liquor.

The yearly production of spent sulfite liquor
in Canada corresponds to more than two million tons of
‘solids (99), of which 60% are lignin sulfonates, 20% fermen-
table sugars and 20% acidic degradation products. At -
present only a small fraction of the available vast: quan-
tities of spent sulfite liguor finds practical application;
the rest is discarded into rivers and causes a serious
water pollution problem. There is naturally great interest
in finding profitable large scale applications for the

solids present in the liquor.

In the manufacture of vanillin the lignin




sulfonates are used as chemical raw materials. This
application, however, is limited for wvarious economic and

teclmical reasons.

Relatively large amounts of lignin sulfonates are
used as dispersants and adhesives (99, 63). These appli-
cations however, were found more or less by accident and
very little systematic investigation has yet been carried
out on the basic physico~chemical properties which make
thegse uses possible. The aim of the present investigation

wag to cast some light on these properties.

B, CHEMICAL CONSTITUTION OF LIGNIN SULFONATES.

Although the organic chemistry of lignin and
lignin sulfonates has been subject to a great deal of
regearch, the exact structure of these materials is not yet
known. It is generaliy believed (24, 95) that lignin in
wood is formed by enzyme-catalysed oxidative polymerisation
of coniferyl alcohol (I). It is probable that the
gliphatic chains of the monomers are arranged in furan
rings (II) as suggested by Hibbert (22, 42), or in pyrasn
rings (III) as suggested by Freudenberg (25). Phenolic
hydroxyl contents (26; 27) and spectrochemical data (4)
indicate that lignin is built up from units containing 4 to




. HOQCH -CH- CHa

OCHs
HiCO OH LH10H

%v Y§OCH3 iR
OCH,

H
CHy\OH CH;
6 coniferyl alcohol monomers, General reviews of other
theories of lignin structure are given by Hagglund (35),

Brauns (10)and Lindgren et al. (7, 95, 52).

It should be mentioned that only softwood lignins
are built of monomers of type (I), hard wood lignins also
contain structural elements with two methoxyl and no

hydroxyl groups on the aromatic ring.(35)

Model experiments (6, 51) indicate that in the
reaction between lignin end sulfurous acid, hydroxyl groups
on (II) or (III) are replaced by sulfonate groups according

to the following reaction:
=C~0H + HSO3H = ;C-SOBH + H2Q

ks a confirmation of this view it has been found (21, 27)




that in lignin sulfonates with various degrees of sulfona-
tion, the retio between the methoxyl and the sum of the
hydroxyl end sulfonate groups was constant. The ring
formed by the aliphatic chesin of the monomer is not split
during the sulfonation, as lignin sulfonates with various
degrees of sulfonation have the same phenolic hydroxyl
contents (55) and similar light absorption spectra (4).
There is evidence (21) that there are in lignin two types

of group having different reactivities which can be sulfoneted.

It is not yet established whether the sulfur of
lignin sulfonates 1s present only as sulfonic groups and
whether all acid groups are sulfonic. Lignin sulfonate
samples have been prepared with sulfur contents higher than
acid group contents (87,88), with solely sulfonic acid
groups (19, 53, 78, 79) and with more acid groups than
gulfonic groups (27). Some of these variations may be caused
by the presence of impurities. In general, the sulfur
contents of lignin sulfonate preparations range from one to

two sulfur atoms per two monomers.

It must be borne In mind that lignin sulfonates
are not chemically well defined substances. Their chemical

analyses vary with the molecular weights and also depend on




the cooking conditions and on the species of wood used for
the cook. For chemical identification it is customary to
determine the methoxyl, sulfur and hydroxyl contents,
reducing powers and neutralizetion equivalent weights. These
data are generally considered to give a picture of the

functional groups present in the sample under investigation.

C. SCOPE OF THE PRESENT WORK.

The present investigations can logically be

divided into 2 number of stages as follows:

1) TFractionation of lignin sulfonates.

2) Determination of their analyticsl data.

3) Determination of their molecular weights.

4) Study of the physical structure of the molecules
by means of diffusion, viscosity, conductivity and dyestuff
adsofption measurements.,

This order of presentation is preserved in the ensuing study.

The present approach of studying lignin sulfonates
is that of polymer chemistry. In polymer chemistry the
materials under investigation are mostly in the moleculer
weight range of about 20,000 and higher, and soluble in organic
solvents. Lignin sulfonate selts are water soluble only and

the bulk of the molecular weights was found to be below




6.

20,000, These properties of the lignin sulfonates made it
necessary to develop new experimental techniques for frac-
tionation and for molecular weight determination. These

techniques are also described in detail.



II. FRACTIONATION OF LIGNIN SULFONATES

A. INTRODUCTION

The dissolved solids in spent sulfite liquor
consisf largely of lignin sulfonates and the remainder of'
sugars and acidic degradation products of cellulose and
lignin, Various methods of separating lignin sulfonates
from the other constituents have been used (8, 39) including
preciplitation, dialysis and ion exchange. Attempts have
also been made to fractionate the highly polydisperse lighnin
sulfonates according to their molecular weights by fractionsal
dielysis (23, 83), fractional extraction of the free acids
by propanol (88), fractional precipitation of the barium
salts by ethanol (65) or acetone (69), counter current buta-
nol extraction of free acids and amine salts in water (66),
differential sorption on swollen ion-exchange resins (54)
and fractionation by the different solubilities of various

amine salts (19, 53, 69).

The ultimate aim of our work was to investigate
some of the basic physico-chemical properties of lignin
sulfonates. For this purpose relatively large quantities of
chemically well-defined lignin sulfonate fractions were

prepared by a combination of fractional dialysis and ultra-




filtration of a spent sulfite liquor concentrate, The flow

sheet of this procedure is presented in Fig. 1.

B, EXPERIMENTAL PROCEDURE

1. Material

Spray dried spent sulfite liquor marketed under
the name Lignosol B and supplied by Lignosol Chemicals Ltd.
was used as the starting meterial, The spent liquor was
drawn from cooks of a mixture of balsam and spruce in

approximately equal amounts.

About 700 gm. Lignosol was dissolved in 2 liters
of water, filtered, passed through previously regenerated
and well washed Amberlite IR-4B (OH) anion and IR-120 (H)
cation exchange resins to remove mineral aclids and calcium
respectively and finally neutralised to pH 6.5 with sodium
hydroxide. The resulting solution contained 633 gm. solids.

2. Dialysis

A Webcell Laboratory Model continuous counter
current dialyser (manufactured by Brosites Machine Corp.,N.Y.)
was used with denitrated nitrocellulose membranes, This
dialyser consists of thirteen lucite rings 17.5 cm. I.D. The
membranes are clamped between these rings yielding 7 water and

6 solution chambers connected respectively in series through



Fig. 1.

Flow sheet for fractionation of lignin sulfonates.
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suitable channels. These channels were not used as it was
found that the aﬁparatus could be controlled better if the
corresponding chambers worked in parallel, The design was
accordingly altered by drilling holes in the top and bottom

of each ring.

As shown in Fig.2, the liquor was circulated from
a reservoir through the dialyser, with a continuous counter
current flow of distilled water. A membrane pump (A)
governed by an oscillating mercury pump was used for this

purpose. Details of this pump are shown in Fig. 3.

The construction of the membrane pump (Fig.3,A) is
similar to that of the ultrafilter cells to be described
later. It is made up of two lucite dises of 12 cm. diameter,
two rubber rings 5 mm., thick with 10 cm. outside and 8 cm.
inside diameter and of an elastic dental dam membrane disc(c)
of 10 cm, diameter clamped between the rubber rings. For
accomodating the screws both lucite discs have four holes
with centers on an 11 cm. diameter circle concentric with
the discs and two 8 mm. bore holes (b), with centers 3.75 cm.
from the center of the disc on the same diameter in which
tygon tubing is placed in the same menner as described later
for the ultrafilters. The membrane is made of two dental

dam rubber sheets stuck together with silicone greasé. This




(A)

Fig. 2.

Dialysis Apparatus.

Membrane pump
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Liquor overflow
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Pinchcoeck to
regulate liquor
flow

Glass wool filter
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Air inlet
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(1)
(0)
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Dialysis cell

Bypass for initial
filling of the water
chambers

T tube

Constant head
device
Air inlet tube

Distilled water
reservoir

Pinchcock to regulate
water flow
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Details of the circulating pump.

Membrane pump
Stopcock
Inlet holes

Dental dam membrane
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method of preparation gives the membrane a long life. The
two check valves (d) are made of spherical glass joints of

12 mm. sphere diameter.

The oscillating mercury pump functions as follows.
By applying vacuum in the upper chamber, mercury is sucked
into it. The rising mercury raises the cork float (f) and
thus opens valve (e). Consequently air enters into the
upper chamber, the mercury level drops, valve (e) is closed
and a new pumping cycle starts. The lower chamber of this
pump is connected with the membrane pump and the membrane
in the latter has to follow the movements of the mercury.
In practice the oscillating mercury pump is put into
operation first, independently of the membrane pump, and
stopcock (e) is closed afterwards. The difference in level
between the mercury in the lower and upper chambers should
alternate between 10 and 14 cm. The diameter of both the
upper and the lower chambers of the oscillating mercury
pump is 7 cm. and the length of the pump is 25 cm., The

valve (e) is made of 12 mm. diameter spherical glass joint.

The capacity of this pumping system is around 200 cc.
per minute.

To ensure steady flow the pump did not feed directly
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into the dialyser, but passed through an overflow (Fig.2, C)
and liquor flcwed through the unit by gravity. The flow rate

was regulated to 60 ce/min. by a pinch cock (E).

The distilled water came from a reservoir (N) and
through a constant head device (L) at 3 cc/min. The free
head of the water in the constant head device was maintained
by the air inlet tube (M) which controlled the flow of air
into and the flow of water from the reservoir (N). In this
way the head of water was automatically maintained constant

within 2 cn.

The volume of liquor was maintained between 4 and
6 liters. The volume increase due to osmosis amounted to
about 2 liters per 12 hours; this excess was periodically
removed, neutralized with sodium hydroxide to avoid
polymerisation of the lignin sulfonic acids, concentrated
by vacuum evaporation at 60° C. and reintroduced into the

system.

To avoid growth of fungi during dialysis and the
subsequent ultrafiltration, a small amount of toluene was

added to the liquor.

The dialysates produced every 12 hours were

handled as separate fractions. They were brought to pH 6.5
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with sodium hydroxide or with cation exchange resin as
required, Their content, reducing power and neutralization
equivalent weight of solids were determined. The reducing
power of the solids in the residual liquor was calculated
from these results by difference and checked by direct

determination every 48 hours.

The dialysis was stopped after 19 days when the
reducing power of the solids in both dialysate and residual
liquor became of the same order of megnitude (Fig. 6,

Curves F and G).

To separate the (3 -lignin sulfonates, i.e. the
low molecular weight fractions, from the carbohydrates, the
barium salts were precipitated with ethanol as suggested
by Erdtman (19). The dialysates corresponding to 0 to 6,

6 to 59, 59 to 98, 98 to 240 hours of dialysis were respec-
tively combined to yield four separate fractions from which
sodium was removed by cation exchange. The resulting free
acids were neutralized with barium hydroxide, and the
solutions were concentrated by vacuum evaporation at 60°%

to about 30% solid content and poured dropwise into 4

volumes of ethanol with vigorous stirring. The precipitates
were twice dissolved in water and reprecipitated. The barium

selts were passed through a cation exchanger and the free
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acids obtained were neutralized with sodium hydroxide and
dried at 60°C under vacuum yielding fractions Nos. 5 to 8.
The alcoholic mother ligquors containing the carbohydrates
were discarded; it should be noted, however, that in

subsequent investigations it would be well worth while to

investigate these constituents.

3. Ultrafiltration

Most ultrafilters (14, 29, 60) have perforated
or porous plates as membrane supports, use membranes with
small area, and to get appreciable rates of filtration, are
operated at relatively high preésures. The solution, being
under pressure, cannot readily be stirred and, beéoming
inereasingly concentrated on the membrane surface, has a
tendency to block the membrane pores (1l). Such ultra-
filters are not suitable for handling large quantities of

materials.

For the purpose of fractionating lignin sulfonates
a new type of ultrafilter was developed. This unit uses
very large membrane areas, is fully automatic, simple to

construct, leakproof and allows thorough stirring of the
liquid.
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a, The ultrafilter cell,

Each ultrafilter cell consists mainly of two
lucite discs and two rubber rings (Fig. 4). The membrane
is clamped between the rubber rings, reinforced with
fine-mesh stainless steel screens and supported on both
sides by two layers of tightly packed glass beads. To avoid
leskage at the edges of the screens, rings of dental dam
rubber are placed between them and the membrane, and between
them and the rubber rings forming the body of the cell.
When the unit is compressed, the dental dam penetrates into
the meshes of the screen reinforcers and seals the cell
effectively. The necessary parts for a typical cell are

described in Table I.

A very simple, leakproof connection between the
glass parts and the lucite can be made without the use of
any cement. For this purpose Tygon tubing with 1.5 mm.
wall thickness and 10 mm, 0.D., is placed into 8 mm. bore
holes in the lucite. To introduce the tubing into the hole
the end of it is cut off conically along the length and
pulled into the hole by the tongue thus formed, and the

tongue is then cut away,

Each lucite disc is equipped with the connectors




Fig. 4.

Details of the ultrafilter cell (expanded view)

(1) Lucite discs (4) Dental dam gaskets

(2) Rubber rings (5) Steinless steel
screens

(3) Glass beads (6) Membrane

(7) Inlet hole

18
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TABLE I.

COMPONENTS OF AN ULTRAFILTER CELL
WITH 200 S5Q.CM. ACTIVE MEMBRANE AREA.

2 lucite discs

diameter 25 cm.

thickness 1 cm.

8 holes with centers on a 23 cm, diameter circle
concentric with the discs to accomodate the
sScrews

2 holes with centers on the same diameter 17.5 cm,
apart, bore diameter 8 mm.

2 rubber rings

inside diameter 18 cm.

outside diameter 25 cm.

thickness 0.3 to 0.32 cm.

8 holes drilled in identical positions as in the
lucite for holding the screws

4 dental dam gaskets 2 stainless steel screens
inside diameter 18 cm. diameter 20 cm.
outside diameter 22 cm. 125 mesh

thickness about 0.03 cm,

1 membrane glass beads

diameter 21 cn. diameter 0.28 to 0.3 cnm,

8 screws, 8 wingnuts, 16 washers
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before assembling the cell., To prevent the glass beads
from dropping into the Tygon tubing, a small piece of

stainless steel screen is placed in the tubing.

b. Operation

The assembled unit is shown on Fig. 5. The
solution chambers of the different cells are connected in
series and the solution is circulated by & pump as used for

dialysis from reservoir (C) to provide adequate stirring.

The wvolume of the ligquor is kept constant by the
constant head device (B). If the level in reservoir (C)
drops sufficiently to expose the end of the tube (B) to
the air, air will enter into the distilled water container
(A) and consequently water will flow into reservoir (C). The
rising level in the reservoir closes tube (B) and thus stops
the water flow, Trap (b) is needed to prevent the solution

entering the distilled water container.

The ultrafiltrate is fed into suction flask (F)

by gravity.

Evidence presented later indicated that the residual
liquor at the end of the dialysis contained pure lignin

sulfonates. The residue was separated into four fractions
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Fig. 5.

The assembled ultrafiltration unit.

(A)
(B)
(c)
(D)
(E)
(F)
(G)

Water reservoir

Constant Head device (b) Solution trap
Solution reservoir

Membrane pump (d) vValves
Ultrafilter cells (e) Stopcocks
Suction flask, reservoir for ultrafiltrate

Glass wool filter.
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(Nos. 1 to 4) by means of ultrafiltration using 600 P.T.,
300 P.T. cellophane and No. 27 parchment membranes as
supplied with the Webcell dialyser. A unit consisting of
8 cells was used for the cellophane membranes, and of

3 cells for the parchment membrane, During the operation,
the volume of liquor was kept constant at 1 liter. The
ultrafiltration was stopped after 3, 7 and 12 days for the
parchment, 300 P.T. and 600 P.T. cellophane membranes
respectively, the end points belng determined as described

later.

The ultrafiltrate of the 600 P.T. cellophane is

fraction No. 4 and the fraction that did not pass the parch-

ment is fraction No. 1. Before evaporating the solutions
of the different fractions, they were adjusted to pH 6.5 by
treating them with cation exchanger and adding hydroxide as

required.

All four of these fractions could be quantitatively

precipitated with barium and alcohol.

C. CHANGES IN THE ANALYTICAL DATA OF THE SOLIDS IN THE

DIALYSED LIQUOR AND IN THE DIALYSATE DURING DIALYSIS

The main problem in fractionation of polydisperse

materials by dialysis is to determine when the process is
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ended since small amounts continue to diffuse through the
membrane after long periods of dialysis. It was not possible
to establish firm analytical criteria for the purity of
lignin sulfonate fractions because their reducing power,
sulfur content, neutralization equivalent weight and methoxyl
content change with molecular weights. To complicate matters
further, there are other acidic, reducing, sulfur- and probably
methoxyl- containing materials present in the liquor. These
substances, mostly sugars and degradation products of cellu-
lose and lignin are believed, however, to have lower mole-

cular weights than the bulk of the lignin sulfonates.

In Fig. 6 the control data of the dialysis are
shown. All data are plotted against the cumulative
percentage of the sollds removed during the dialysis. Sitnce
the dialysates contained materials with different diffusion
rates, no theoretical relation could be derived for the time
dependence of the removal of the dialysable solids. It
was found that the concentration of the dialysates was
about inversely proportional to the dialysis time and
that the amount of solids removed was roughly proportional
to the logarithm of dialysis time and cumulative dialysate

volume (Fig. 3, Curves B and D)

The most significant curves are those of the
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reducing power of the solids in the dialysate and in the
residual liquor (Curves F and G) and of the neutralization
equivalent weights of the solids in the dialysate (Curve E),.
(The analytical methods which were used will be presented
later) The following distinct stages of dialysis can be

observed:

(1) The first 30% solids removed have a progressively
incereasing reducing power and decreasing neutralization
equivalent weight, as can be seen from curves F and G.

(2) In the next dialysis period, 20% solids were
removed. The reducing power of the solids in the dialysate
passed through & meximum while their neutralization equi-
valent weight stayed constant.

(3) The reducing power and neutralization weights of
the subsequent 2% solids removed decreased sharply, and the
neutralization equivalent weights had minimum et 375. At
this minimum the reducing power of the dialysate was low,
indicating that it contained very little non-ionic sugars.
Thus, it is fair to assume that the previous dialysates con-
tained acids with neutralization equivalents of 375 or less.

(4) There is evidence that after the diffusion of
52% solids, the residual liquor consists of carbohydrate-free
lignin sulfonates. This is indicated by the fact that the

reducing power of the solids in the dialysate and in the rest
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Fig. 6.

Dialysis control diagrams showing % reducing substances
removed (Curve A), dialysis time (B), % acid equivalents
removed (C), cumulative dialysate volume (D), neutraliza-
tion equivalent weight of the solids in the dialysate (E),
reducing power of the solids in the dialysate (F) and the

reducing power of the solids in the liquor (G).
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of the liquor is roughly the same and that, with increasing
time of dialysis, the neutralization egquivalent weights of
the dialysates increase; the neutralization equivalent
weights of the lignin sulfonates increase with increasing
molecular weights.... In the last period of dialysis, the

dialysates were very dilute.

The reducing powers of the diffusing and of the
residual solids was roughly equal at the end of the dialysgis,
indicating that the reducing power of the lignin sulfonates
investigated was inherent and not due to impurities. 1In
this connection the experiments of Peniston and McCarthy (75)
are of interest. These authors plotted the reducing power
of dialysed lignin sulfonates, as obtained in a continuous
counter-current dialyser, against the reciprocal of the
time of dialysis and by extrapolating their data to a velue
corresponding to infinite time of dialysis, concluded that
reelly pure lignin sulfonates should not be reducing. The
present experiments indicate that care must be taken in such
an extrapolation. The curve G can be extrapolated to zero

from the region of 30 to 52% solids removal but, on the other

hand, it runs almost parallel to the horizontal axis later.
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D. DEGREE OF FRACTIONATION ACHIEVED BY ULTRAFILTRATION

Neither fractional dialysis nor ultrafiltration
2s employed allow absolute separation of the different
molecular weight fractions; while this is gself-evident in
fractional dialysis, it needs further explanation for ultra-

filtretion.

The behaviour of solutes in ultrafiltration

depends on the relative size of their molecules to the size
of the membrasne pores (18). Materials with relstively small
molecules can pass through the membraene in unchanged concen-
tration; intermediate molecular size materials pass through
the membrane with a decreased concentration, end substances
with relatively large molecules are retained by the membrane.
If the ratio of concentrations of any component "i" in the
ultrafiltrate and in the residusl liguor is ) i+ this
coefficient A § = O, if the molecules of "i" are larger
than the membrene pores; 0< ) i<'l, if both are comparable

in size; finally,‘)i = 1 for molecules much smaller than

the pores of the membrane.

If the volume of the residual liquor is kept
constant at Vy, as was done in the experiments described

here, knowing )i the time necessary to remove any arbitrary frac-




28
tion of component "i" can be calculated. At unchanged
pressure differentials, the volume of ultrafiltrate
produced in unit time U is constant. The amount of

component "i" removed in time 4t is

- VL dci(.t) = ?\ iU Ci(t) dt

where cj(t) is the concentration of "i" in the residual

liquor. By integrating this equation, a relation is obtained

for the fraction of "i"™ remaining in the liquor at time t:

Ci(t) _ | V.

In principle ) { may be evaluated by determining ci(t) at
different time periods, This however, cannot be done for
polydisperse substanees such as lignin sulfonates. To

determine the ultrafiltration time it was assumed that the

solution to be filtered contained a component which could

pass through the membrane in unchanged concentration i.e. its

;Xi was unity. The values of V; and U were determined

experimentally and the time necessary for the removal of

99.5% of this component was calculated. Consequently, besides
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really high molecular weight substances, a portion of the
materials with O < A 1< 1 was left behind, and there has
to be some overlapping in the molecular welght distributions,

even for the higher fractions.

Despite the imperfections in the methods of
fractionation, the fractions represent well-defined mole-
cular weight ranges. As will be shown, in osmotic pressure
measurements it was possible to follow the diffusion rates
of fractions Nos. 2 to 6 continuously with time. Furthermore,
in’ the diffusion coefficient determinations, the diffusion
times were varied up to three fold and it was found that the
diffusion rates were independent of the diffusion time., This

indicates that the fractions cannot be very heterodisperse.
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III. CHEMICAL CHARACTERIZATION OF THE FRACTIONS

A, TINTRODUCTION

As already mentioned, the lignin sulfonates
cannot be considered as homogeneoué, chemically well-
defined materials., Their analytical data depend not only
on the species of wood used in the digester and on the
cooking conditions, but also the number of functional
groups on the lignin molecules changes markedly with the
molecular weight of the lignin sulfonates. It has been
found (65) that the methoxyl contents increased with
increasing molecular weights, and with few exceptions (54),
the sulfur contents decreased with increasing methoxyl

contents.

The variations of the analytical data found in
the literature are considerable., It can nevertheless be
stated that the methoxyl content of lignin sulfonates may
range up to 15%, sulfur content from 3 to 10%, phenolic
hydroxyl content up to 2%, and reducing power up to 10%

equivalent glucoss,

In the present work, the functional groups of the

lignin sulfonates were determined and the dependence of
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these results on the molecular weights and ultraviolet
light absorption characteristics of the fractions is demon-

strated,

B. ANALYTICAL PROCEDURE

To determine the neutralization equivalent weights,
the sodium was removed by Amberlite IR-100 (H) cation exchanger
and the free acid thus obtained was titrated with methyl red
as indicator., Separate conductivity and pH titration experi-
ments showed that all fractions have only one titration end-
point at pH 6.5. The titration curves were very similar to

the ones presented by Peniston and McCarthy (75).

After oxidizing the lignin sulfonates with nitric
acid the sulfur was determined as barium sulfate as suggested

by Yorston (94).

The methoxyl content was determined by the method
of Peniston and Hibbert (76) adding red phosphorus, as
suggested by Vjebock and Schappach #1), instead of phenol to

the hydriodic acid lignin sulfonate mixture.

The reducing power of the fraction was compared
to that of glucose by means of Fehling solution and expressed

as equivalent glucose, as described by Yorston (94).
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Ultraviolet absorption spectra were measured in
a Beckman Model DU spectrophotometer for pH 6 and pH 12
with the buffers as blanks. It has been verified that
Beer's Law is valid for all fractions if ultraviolet light

is used.

The results obtained are presented in Table IT.
The methods of determining the molecular weights and diffu-
sion coefficients also presented in this table will be

given later.

C. ANALYTICAL DATA OF THE FRACTIONS

It has already been mentioned that the dialysis
method makes it probable that the four high molecular
weight fractions are carbohydrate free lignin sulfonates,
and further evidence is provided by analytical data in
Table II. The acid and sulfur contents are approximately
equal, thus indicating that all acid groups are sulfonic.
The reducing power of these fractions is low and the methoxyl

contents are high.

Some 60% of the total solids of the spent sulphite
liquor from which the mineral acids were removed by ion
exchange can be precipitated with ethanol as barium salts.

It is, however, doubtful whether this technique in itself is
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adequate to separate the carbohydrates from the lignin
sulfonates quantitatively. If not, there may be considerable

impurities present in the low molecular weight fractions.,

Fractions 5 to 8 contain more acidiec groups than
calculated on the basis of their sulfur content. Freudenberg
et al., (27) found similar analytical results and suggested
that these were due to the presence of carboxyl groups in
the lignin sulfonates. An alternative explanation is that

the carboxyl groups belong to the contaminating carbohydrates.

The sulfur contents of the fractions increase
with deicreasing molecular weights up to fraction No. 5 and
then decrease. This peculiar drop in sulfur content after
fraction No. 5 may be caused by the presence of non sulfur-

containing impurities,

Even if the low molecular weight fractions are
contaminated, there is no doubt that their bulk is made up
of lignin sulfonates chemically similar to the higher
fractions. The strongest evidence is furnished by ultra-

violet absorption spectra.

It is well known that the ultraviolet absorption
spectra of lignin preparations in neutral solution have

maxima near 280 q/n.and minima near 260 nyhﬂ Not only do all




34

of the fractions show the same pattern (Fig. 7, Table III)
but the ratio of the extinction coefficients (€ ) at the
maximum and minimum is approximately constant at 1.35 for
all fractions., The only difference in the shapes of the
curves is that the slopes in the lower wavelength region
decrease with the molecular weights of the fractions. The
ratios of extinctions at 245 and 260 mM decrease from

fraction No., 1 to fraction No. 8 (Table III).

The light absorbing power decreases with the
molecular weights of the fractions; this can be noticed by
the visual observation of the colors and is expressed gquan-
titatively by the extinction coefficients for 0.1% solutions
at 280 mm (Table ITI). Nevertheless the ultraviolet light
absorbing power per methoxyl bearing unit at 280 %/b is the
same for all the fractions except the lowest, for which it

is relatively high (Table III).

Aulin-Erdtman (4, 5) found shifts in the charac-
teristic ultraviolet spectra of lignin compounds when deter-
mined in neutral and in alkaline solutions, and attributed
them to the lonization of the phenoliec hydroxyl groups. The
minima of the samples shifted from 263 min to 266 %/mlfor
the highest, and from 258 to 273 m{t for the lowest fraction.

The values of >\max decreased on the average by 1 %/t. The
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was the same for all fractions, the

ratio € __ /€

mean value being 1.l1l1, i.e. less than for neutral solutions.

min

Goldschmied (37) and Aulin-Erdtman (5) suggested
that the phenolic hydroxyl contents of lignin and analogous
model compounds can be determined from the differential
apectra of solutions with pH 6 and pH 12. These spectra
were shown to have maxima around 250 and 300 q/ﬂ. With
model substances, Goldschmied determined the characteristic
meximum extinction difference around 300 m//L (& € ma)c for
one mole phenolic hydroxide per liter. According to this
value, the uwnknown phenolic hydroxyl content of a substance

can be calculated from the following formula:

( g¢ - o8 ) = 17/41A€ oy

The hydroxyl contents of the fractions (Table II) were
determined from such differential spectra, characteristic
data of which are shown in Table III and three of which

are plotted in Fig. 8.




TABLE II,

Analytical Data of Sodium Lignin Sulfonate Fractions

fa © 2 | re o 2 *® g o o = P = e ag
3 RBETIFE, : w | ge | Le B |, =2 (£ 9E
3 ER-|abkn = » F 1B5s | 25 |l | & £3 (B nE
S "RE|&ef | 5 | = | 88 [8wE|2E |BR E3 0 Y
g— md‘ % D-'l_—'“ 7] ﬁ_ﬁ e o} %g'ﬂ
:o"‘.'. (o g, [ om °'§ 3 4 a =+
1] 7.3 | 11.87 | 1045 | 5.22 | 0,945 ] 3.56 | 599 | 1.03 | 0.53 | 58,000 | 0.0314
2 118,7 | 30.41 | 10.40 | 5,58 | 0.739| 3.36| 570 | 1.01 | 0.56 | 19,200 | 0.0849
3| 2.8 Lo55 | 1041 | 5,40 | 0,780 | 3.35 | 585 | 1.00 | 0,55 | 15,500 | 0.113
L 10,2 | 16.58 9.82 | 5.98 | 0.870 | 3.79 | 535 | 1,00 | 0.6k 8,500 | 0.134
51 4.8 7.805 | 8.80 | 6.37 | 0.70 | 7.8 | 450 | 1.11 | 0.8 5,200 | 0,178
6 | 9.5 | 15.45 7.2 | 6.25 | 0,696 | 9.20 | 375 | 1.36 | 0.89 4,600 | 0.194
71 3.4 5.53 4,06 | 5,55 | @.672 | 9.42 | 289 | 2,00 | 1.46 | 3,700 0,219
8 | 4.8 7.805 | 2,25 | 5.02 | 0.530 | 8.47 | 227 | 2.8 [ 2.38 | 3,650 | 0.221
Total 61.58| 100%
x

Calculated from differential UV extinction cosfficient (see text)

9¢




TABLE III,

E Characteristic Data of the Ultraviolet Adsorption Spectra
Q
g pH 6 pHE 12 Differential
= Spectrum
‘:5 Optical )“max Mni : Amax Amin Amax
280 density é’max ed.'}:‘t.,fj gum_m; AEmax
cm=lg-1 at 280my my m €min € 260m my ma €min m cm',lg":,l'
liter mole meth- Jditer
oxyl/liter
1 13,9 4200 282 263 1,32 2,28 282 266 1,13 300 2,28
2 13.3 4090 283 263 1.39 2,28 281 267 1.13 298 1.78
3 13.5 4150 282 262 1.38 2,23 281 267 1.12 301 1.88
4 12.4 4020 282 262 1.29 2,20 281 268 1.07 298 2,10
5 11.1 4100 283 263 1.39 2,15 281 268 1,09 299 1.86
6 8.8 3900 283 262 1.38 2.05 282 270 1.10 300 1.68
7 5.8 4200 277 261 1.34 1.89 281 270 1.126 299 1,62
8 ‘}o 2 6360 277 258 10 30 L 59 282 273 lo 09 297 lo 28

LE




Fig. 7.

Ultraviolet absorption spectra of fraction No. 1.

Curve A: pH 12
Curve B: pH 6
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Fig. 8.

Differential absorption spectra between solutions at
pH 12 and pH 6,

Curve A; fraction No, 1
Curve B: fraction No, 6
Curve C: fraction No., 8
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IV, MOLECULAR WEIGHT MEASUREMENTS

- A. HISTORY

Various attempts have been made to determine the
molecular weights of lignin sulfonates. Cryoscopic and
ebullioscopic methods (44, 79) yielded apparent molecular
weights in the renge of 1,000 to 6,000, but due to electro-
lytic dissociation of the lignin sulfonates, these values
are wobably low. Estimates of molecular weights have also
been made from the diffusion coefficients (23, 27, 43) and
from the dialysis rates (82) either by comparison of the
lignin sulfonates with various test substances or by
assuming that the lignin sulfonate molecules are sphericel
end non-solvated, and that the relation between the mole-
cular radius and the diffusion coefficient given by the
Sutherland~-Einstein equation applies. Molecular weights
ranging from 2,000 to 20,000 have thus been obtained. These
values agreé in order of magnitude with the more careful
meagurements of McCarthy (566) and Ollemen, Pennington and
Ritter (69), who were able to determine axial ratios and
weight average molecular weights from diffusion and ultra-
centrifuge sedimentation, respectively from diffusion and

viscogity deta. McCarthy‘(66) has obtained molecular weights
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ranging up to 100,000,

B. GENERAL REMARKS

In the present investigation the molecular
weight of the lignin sulfonates were determined by osmotic
pressure measurements. For this purpose it wes found nece-—
ssary to design a new type of osmometer which is suitable
for work with aqueous solutions. FEven with such an instru-
ment on hand, the molecular weights of the fractions, except
the one with the highest molecular weight, could not be
determined by the ordinary procedures in osmometry. It was
found that the molecular size of all fractions, except of
fraction No. 1, was éo small that they could permeate through
the available lowest porosity membranes. An experimental
technique had to be devised to evaluate the true osmotic
pressures of their sgsolutions despite the shortcoming

of the membranes.

In the present chapter, the osmometer and 1i+s
operations under conventionel conditions with semipermeable
membranes is described. Subsequently the theory and practice
of osmometry with membranes permeable to the solutes is
presented. Finally, the egstablished molecular weights of

the fractions ere interpreted and discussed.
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C. THE OSMOMETER

1. Introduction

Most osmometers for determining molecular weights
of macromolecules have metal plate membrane supports and
solvent-filled manometers. These units are not convenient
for use in aqueous solutions, because the high surface ten-
sion causes air bubbles to be trapped at the metal surfaces

and also leads to large capillarity errors in the manometer,

The units described in this paper are inexpensive
to construct, simple to operate, and have the following
advantages:

(1) Measurements can be carried out reasonably fast,
even with low porosity membranes, by making use of large
membrane areas,

(2) In membranes as big as 200 sg.cm. in ares,
membrane ballooning is eliminated.

(3) The membrane area per cc. half cell volume is
10 sq. cm., which compares favourably with other designs (92).

(4) The unit is transpearent.

(5) Solutions can be changed readily without taking

the unit apart.

The osmometer consists essentially of a cell and
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a manometer attachment. The cell is similar to that of

the ultrafilter, but_allows firmer support of the membrane.
Its main body consists of two lucite discs and two rubber
rings (Fig. 9). The membrane is clamped between two stain-
less steel screens and is supported by layers of glass rods,
not glass beads, closely packed parallel to one another in
both cell compartments. The unit is sealed by means of the
two rubber rings mentioned above which are compressed to

the same thickness as the glass rods when the unit is

assembled,

The osmotic pressure is measured in a capillary
manometer which is connected to the solvent chamber. A
syringe such as that from a glass syringe pipette acts as

a levelling device.

All parts are individually clamped to a metal rod

which forms the backbone of the unit.

2., Construction of the cell

The stainless steel screens are placed between the
rubber rings and the membrane. To avoid leakage through the
screen meshes and to protect the membrane, two dental dams
are placed between the screens and the membrane and the

rubber rings are lubriceted with silicone grease where they
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are in contact with the screens. As an additional
precaution, Pyseal cement can be applied on the outside.
If, for any reason, the use of silicone grease is to be
avoided, four dentel dam gaskets are used on each side of
the screens, as in the ultrafilter cells, and Pyseal

cenent applied on the outside of the cell.

The components of three typical cells having active
membrene areas of approximately 200, 60 and 20 sq. cm. are
described in Table IV. Standard pyrex rods of 3 mm. diameter
are used as membrane supporis. When these rods are initially
packed into the cell, 2 3 mm. élearance ig left between them
and the rubber rings to allow for expansion of the latter
when the cell is tightened. The rods are vertical when
the cell is in use. In the present work this method of
membrane stabilization was used for the largest and medium

osmomse ter cell,

There is an alternative.method of stabilizing the
membranes and the stainless steel screen reinforcers., Discs
of 5 mm. diameter, cut out of the same rubber sheet as uged
to prepere the body of the cell, can also be used as stabi-
ligers. These discs are placed in pairs opposite to each
other on both sides of the membrane, using 2 to 3 such pairs per

10 sq. cm. membrane area. This method does not provide as




Figure 9.

Details of the osmometer cell (Exploded view)
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TABLE IV.

Dimensions of the osmometer cell components

Cell designation
Active membrane area, sq. cm.

2 brass rings
ingide diameter, cm.
outside diameter, cm,
number of holes for screws

2 lucite discs

diameter, cm.

thickness, 1 cm.

2 holes with centers on the
game diameter; bore diameter
8 mm.,, digstance of the
centers of the holes from
the center of +the disc, cm.

2 rubber rings
thickness 3.1 + 0.1 mm,
inside diameter, cm.,
outside diameter, cm.

2 or 4 dental dam gaskets
ingide diameter, cm.
outside diameter, cm.

2 stainless steel screens
diame ter, cm,
125 mesh

membrane
full diameter, cm,

200

18.0
25.5
8

20.5

7.4

16.5

17.5

60

11.5
15.0
6

12.5

4.9

11.0

1105
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firm a membrane support as the other and was used only for

the smallest cell.

The cell is clamped to the metal rod backbone
through two short metal rods pressed into drilled holes in
one of the brass rings, When the largest cell is assembled
there is a tendency for the lucite and consequently for the
membrane to balloon, since the pressure is applied only at
the edges of the lucite discs, This can be overcome by
providing additional compression at the center of the disecs
by means of a suitable clamp which is independent of the

brass rings.

The lucite discs are simply and tightly connected
with the stopcocks and the glass parts leading to the mano-
meter attachment by Tygon tubing without any cement, in the
same manner as the ultrafilter cells., The lucite discs are
equipped with the connectors before assembling the cell, and
for this purpose, each lucite disc has two holes near the

opposite ends of its vertical diameter.

3. The manometer

The design of the glass parts assembled with the
cell is shown in Fig. 10 and as can be seen, the cells can

be changed without taking the manometer unit apart. The



different glass parts are connected by spherical ground
glass joints of 12 mm. sphere diameter. These joints are
lubricated with silicone grease and clamped together. The
glass parts can also be connected by tygon tubing. All
connecting capillaries have 1 mm. bore. To ensure a constant
capillary rise effect, the measuring capillary (E) should

be of uniform bore; it was found that the most satisfactory
bore diameter was 0.3 ¢+ 0,003 mm. The tubes (A) and (B)
are 1 cm, in diameter and cut from the same piece of tubing.
The syringe is lubricated with silicone grease and 1its
plunger is firmly wired to a levelling screw, The toluene
water interface is in the 1.5 cm. diameter bulb below the
measuring capillary. The ground glass joint (D) is lubri-
cated with toluene insoluble lubricant (e.g. Fisher's Nonag
Grease) and waterproofed by coating the outside with Pyseal

cement. All stopcocks have 1 mm. bore.

4, Operation with semipermeable membranes

The measuring capillary is attached to the unit
after the other parts have been filled with water., The
bulb (D) is then filled with toluene, the capillary is sealed
in, the stopcock (C) is opened and toluene is allowed to

rise into the dry capillary.

The unit is filled with solution from a pipette




Figure 10,

Assembled osmometer showing details of the

manome ter systen.
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which is connected to the stopcock (H) by rubber tubing.

To change solutions, the solution chamber is emptied and
rinsed three times with the new solution. If necessary

the water in the solvent chamber can be changed too without
disturbing the toluene~water interface, through stopcocks

(G) and (F).

The measurements are carried out slightly above
the room temperature in a water thermostat controlled to
0.001°C. Temperature equilibrium is established in the
cell within 0.5 to 1.5 hours.

The readings are made on a scale with 0.5 mm.
subdivisions behind the measuring capillary and are estimated
to 0.0l ecm. To avoid parallax, the scale is viewed through
a cathetometer. The level difference in tubes (A) and (B)

is established on the cathetometer scale.

The levels in tubes (A) and (B) are brought within
0.1 mm., of one another and the meniscus height in the
measuring capillary 1s recorded. Stopcock (C) is then
closed and the osmotic equilibrium is established by the
half-sum method suggested by Fuoss and Mead (33)., The
difference between the original capillary meniscus reading

and the one corresponding to the equilibrium is equal to the
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osmotic pressure in cm. toluene., No correction is
necessary, since the density difference between water and

the solution is negligible.

It is desirable to avoid excessive dilution of
the solution by osmotic diffusion of solvent while the
temperature equilibrium is being established. The measuring
technique described above can be used only when the osmotic
pressure of the solution is small, in our experience less
than 3 cm. of toluene. 1In the case of larger osmotic
pressures, it is preferable to adjust a level difference
roughly corresponding to the expected osmotic pressure in
tubings (A) and (B) when filling the instrument. Thus the
driving pressure acting on the solvent is kept small till
the actual measurement can be started. When temperature
equilibrium is reached, stopcock (C) is closed and the osmo-
tic equilibrium is established by the half sum method. If
the levels in tubes (A) and (B) are e and f respectively,
and the meniscus levels in the capillary with stopcock (C)
open and at equilibrium are g and h respectively, the osmo-
tic pressure in gm./sq.cm. (cm. water) is given by the

following formula:

p = (f-e )dsolvent + (g - h )d4a1yene

LIV (1)
where d 1s the density.
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The reproducibility of the capillary rise along
the length of a 0.3 mm. bore capillary is -+ 0.02 cm., if
the precision of the bore is within 1%. If necessary, the
accuracy can be improved by using thicker capillaries;
this however, can only be done at the expense of a longer

time to osmotic equilibrium.

In addition, the accuracy of the measurements
depends on the reproducibility of the so-called "zero
pressure", i.e. of the finite apparent osmotic pressure
existing when solutions of identical composition are
placed on both sides of the membrane. In some instances,
the solute may be adsorbed on the membrane and this leads
to considerable difference in zero pressure before and

after the measurements.

The speed of the measurements depends mainly
upon the ratio of the cepillary cross sectlion to membrane
area, Using the small cell with 300 p.t. cellophane, the
medium cell with 600 p.t. cellophane and the large cell
with denitrated nitrocellulose and a capillary of 0.3 mm,
bore, equilibrium osmotic pressures can be established to
+ 0,02 mm. by the half-sum method within four hours after
the temperature equilibrium is reached. This compares

favourably with other designs of osmometers.
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To avoid ionic dissociation of the sodium lignin
sulfonates, the measurements were carried out using 1/2 N
sodium chloride solution instead of pure water as solvent.
The half-sum method could only be applied for the highest
molecular weight fraction (No. 1) because all other fractions
leaked through the available membranes. The results obtained

for fraction No. 1 are shown in Table XI.

D. OSMOTIC PRESSURE MEASUREMENTS WITH MEMBRANES PERMEABLE

TO SOLUTE.

1. Introduction

The main difficulty in determining osmotic pressures
of polydisperse materials, and especially of materials with
molecular weights less than 20,000, lies in the selection
of suitable semipermeable membranes. It is suggested in
this paper that even if the solute leaks through the mem-
brane, the true osmotic pressure of the solution initially
placed in the osmometer can be determined from the wvariation
with time of the osmotic pressure readings. As there
exists the need of a method of evaluating number average
molecular weights in the region of 1,000 to 20,000, the proce-

dure described here can fill at least part of this gap.
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2. Theoretical Part

a. Permeability and semipermeability of membranes

At the present it is generally believed (50, 89,
93, 96 ) that the permeability of organocolloid membranes
to solutes is determined by their solubility in the membreane
or in the solvent present in the membrane. This solubility
can be measured by the partition coefficient d between the
solutions inside and outside the membrane. If § = 0, the
solute is insoluble in the membrane and the membrane is
said to be semipermeable, If d = 1, +the membrane pores
are much larger than the solute molecules and do not stericly
hinder the dissolution of the latter in the solvent present
in the pores. In the intermediate case, when 0< ¥ L 1, the
solute can pass through the membrane but the diffusion pro-

cess is partially hindered by the limited solubility of the

solute in the solvent present in the membrane pores.

In a system consisting of a membrane which separates
the solution from the pure solvent and is permeable to the
solvent, the solute will show a tendency to distribute it-
self equally in all available solvent, This can be accom-

plished in one of three ways:
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(1) If the membrane is semipermeable, solvent
diffuses into the solution and dilutes it.

(2) 1If the membrane is completely permeable to both
solvent and solute, no osmotic solvent diffusion occurs (50),
only the solute diffuses from the solution into the solvent.

(3) In the intermediate case, when 0< ¥ < 1, both

solvent and solute diffusion take place simultaneously.

b. The effect of solute leakage on the measured osmotic

pressure.

If the membrane separating the solvent from the
solution is semipermeable, the pressure that forces the
solvent to pass through the membrane is equal under ideal
conditions to the true osmotic pressure of the solution.
According to Van't Hoff (36) this pressure is due to the
bombardment of the membrane by the solute moleculés. An
alternative theory (36) suggests that the difference in the
impacts of the bombardment of the semipermeable membrane by
the solvent molecules on both sides causes the pressure

difference between the solvent and solution.

If the membrane or capillary system separating the




56

solvent from the solution is completely permeable to both
solvent and solute, i.e. the partition coefficient is equal
to unity, no boundary exists between the membrane and the
solution, on which the impacts of the bombarding molecules
are transformed into pressure. This explains why no osmotic
solvent diffusion occurs when solutions of different con-
centrations are separated by porous plates, capillaries or
membranes with sufficiently big pore sizes, This fact was
mentioned, but not explained, by Kuhn (50) and is common

experience in transference number determinations.

It can readily be seen from the foregoing that,
when 0< § < 1, the driving pressure acting on the solvent
is less than the true osmotic pressure difference between
the solutions present on both sides of the membrane. When

5' < 1a boundary always exists between the membrane and
the solution. If the concentration of the solution on one
side of the membrane is c;, the concentration in the membrane
at the interface is Xbl. The osmotic pressure difference
existing at that interface for an ideal solution is
RTe;( 1 - § ) and, similarly 4t the interface on the other
side of the membrane RTeo( 1 - X'). Hence the actual
driving pressure acting on the solvent through such membranes,
i.e. the pressure that can be experimentally measured (pm),

is given by:-
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p, = RT (c; ~cy)(1-¥) = (1-¥)p .. IV(2)

where p is the ftrue idezl osmotic pressure difference, R

the g=s constant and T the absolute temperature.

It is not necessary to assume the presence of the
solute in the membrane and to assign finite thickness to
the membrane to arrive at & conclusion similar to the one
presented above. If J is the probability of passage of
each molecule colliding with the membrane, the portion of
the molecules which 2re reflected and so induce a pressure
is (1 - 9 ). The driving pressure Py acting on the sol-
vent in the ideal conditions is

pm:RT(Cl"Cz)(l-g):(l-g)P

The identity of this expression and equation IV (2) indi-

cates that X and 5 are identical.

In osmometry, the hydrostatic pressure, which
counteracts py in such e way that no osmotic solvent diffu-
sion occurs, is meagsured. When the membrane is semipermeable,

i.e. K = 0, this pressure is the true osmotic pressure.

As will be shown, it is possible, when 0< ¥ < 1,




to establish in an osmometer the hydrostatic pressure which
counterbalances the p, prevailing at the time. When the
osmometer is adjusted to this pressure, no driving pressure
acts on the solvent. Due to solute diffusion, the osmotic
pressure difference between the solutions on both sides of
the membrane decreases progressively. As a result, with
increasing time, a driving pressure comes into existence
tending to decrease the preadjusted hydrostatic pressure
difference between the solutions of higher and lower concen-
trations) i.e. the osmometer follows the changes in concen-

trations. Under these conditions both solvent and solute

diffuse in the same direction.

Furthermore, it will be shown that after a certain
period of time the logarithm of the measured pressures
decreases linearly with time and can be extrapolated to zero
time. If the osmometer is initially filled with a solution
on one side and with the solvent on the other side of the
membrane, this extrapolated pressure, under ideal conditions,
is a measure of the true osmotic pressure of this solution.
To obtain the true osmotic pressure from the extrapolated
pressure in the first approximation, it is necessary to know

a) the value of K s

b) the value of a constant related to the rate of solute
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diffusion, and
c¢) the value of a constant related to permeability

of the membrane to the solvent.

Actually to obtain a more accurate value, a number
of measurements must be carried out on the same solution under
different experimental conditions. TFrom the results obtained
it is possible to calculate the true osmotic pressure more
accurately and, in principle also, the solvated molar volume

of the solute.

The theoretical treatment presented below consists

of the following steps:

(1) The time dependence of the concentration changes
in the cell is evaluated.

(2) An equation is derived for the time dependence of
the experimental pressure readings and a correction is
evaluated to calculate ( 1 - X ) p(0) from the extrapolated
pressure.{ p(0) is the true osmotic pressure of the solu-
tion initially placed into the osmometer), This 1is necessary
because, owing to the viscous resistance of the membrane to
the solvent, the osmometer cannot follow the concentration
(i.e. osmotic pressure) changes instantaneously.

(3) A procedure is suggested to establish the value of

the partition coefficient 5,.
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¢. The Time Dependence of the Pressure Readings in an

Osmometer.

i. The time dependence of the changes in the true osmotic

— e w WEE Bmw e e e e et e waa i s e e wmme st e er et e

In the general practice of osmometry, the pressure
is measured in a capillary meanometer. Because of the small
diameter of the capillary, the volume changes due to osmotic
solvent diffusion are extremely small compared to the
volume of the cell, and it can be assumed that they are
negligible from the point of view of the concentration changes.
Consequently concentration changes in the cell are due only

to solute diffusion in the membrane,

It will also be assumed that concentration changes
in the osmometer occur in the cell alone, For an osmometer
with the manometer system connected to the cell by long capillaries

this assumption is justified.

Under experimenteal conditions there is & linear
concentration gradient ¥ (¢; - ¢5)/d in the membrane when
K' is the partition coefficient, c; and ¢, are the concen-
tions in the solution and solvent chambers respectively and
d is the thickness of the membrane., If D, and D, are the

diffusion and dialysis coefficients respectively of the solute
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in the membrane, Vy is the wvolume of the solution chamber

and A is the area of the membrahe, Fick!'s law for the

membrane has the following form:-

dn de D 2{ A
v, —2 1 (cy =c,)
— =T = Tt
at at o

oo o IV(3)

If one chamber of the cell is initislly filled with solu-

tion and the other with solvent, the following relation holds:-

Vlco = Vlcl + v202 = Vlcl + qV102 oc.IV(4)

where q is the ratio between the helf cell volumes. By
combining equations IV (3) and IV (4) and integrating, the
time dependence of both Cq and c, can be evaluated. The
difference between cl(t) and 02(t) multiplied by RT gives
the time dependence of the osmotic pressure differences
under ideal conditions:

DoA
~(1 + q)—=5—

p(t) p(0) e V1

= pl(o) e~ Kt Jav(s)

Xg is a constant characteristic for the rate of solute

diffusion in the cell,




62

If the osmometer is adjusted to ( 1 - E/)P(O)
at zero time, ( 1 = x')p(t) will only describe the time
dependence of the osmotic pressure reading if the osmo=-
me ter were able to follow the concentration changes instan-
tansously. Because of the resistance of the unit dus to
the fiscosity of the solvent there will be a difference
between recorded pressure readings and the values of

(1~ g Jp{t) prevailing at the same time.

ii) Ewvaluation of the resigtance of the osmometer
to the flow of the solvent.

If we know how any arbitrary hydrostetic pressure
difference is equilibrated in the osmometer, we shall be
able to conclude how any osmotic pressure differences

change A p is compensated in it.

The calculations presented below are wvalid for an
osmometer design having the following characteristics:

(1) The free head of the solvent is in a capillary
and that of the solution in & relatively large tube. Thus
if solvent diffuses through the membrane, it affects only
~ the capillary meniscus; the level chenges in the thick
tubing are negligible.,

(2) Menmbrane ballooning is eliminated. Consequently
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the total volume of the solvent diffusing through the

membrane contributes to level changes in the capillary.

Both chambers of the osmometer are filled with
gsolvent only and the meniscus in the capillary is adjusted
in such a way that there 1s a hydrostatic pressure
difference N (0) between the free heads of the solvent
present in the two chambers. The permeation of the solvent
through a membrane of thickness 4 and area A under the
influence of a hydrostatic pressure difference T can ve

described in terms of wviscous flow:~

av al P A

- 1
— = g — = = - PZA ” .. IV(5)
dt at dq

In this equation 4V is the volume of the liquid passing
through the membrane in time 4%, Pl is the permeability
coefficient, P, the permeability of the membrane to the
solvent, and q is the viscosity of the solvent. If &
is the capillary cross section and .ﬂ. is measured in cm.
solvent, the product gdll is equal to 4V in the osmome ter
described above. The integrated form of equation IV (6)

gives the time dependence on the equilibratioh of any
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hydrogtatic pressure differenge in the osmometer.

M) = | (0) e Kt L IV(T)

In this formule, AP/¢” is substituted by the constant K.

The value of this constant can be determined
by filling the ogmometer with solvent only and by measuring
how the preadjusted hydrostatic pressure difference
decreases with time. The plot of the natural logarithm

of the pressure readings vs. time is a straight line with

Kw as slope.

The cell constant Ky is equal to AP/ only if
the membrane alone contributes to the solvent flow resis-
tance of the osmometer. In practice, the resistance of
the capillary and, perhaps, of the other parts of the unit
is an appreciable part of the whole, Experimental results
show that the product Ky increases when determined in the
game units but with different capillaries with increasing
capillary cross sections. A semi-empirical formula can be
derived for Ky which is approximately in accordance with the
experimental data. For the same liquid at the same tempera-

ture, the resistance of a capillary is inversely proportional
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to the fourth power of its radius or to the square of its
crogs section. The dependence of the Kﬁ for the same
manometer liquid and solvent in the same cell is given by

equation IV (8):-

— — cme— + —_— W ...IV (8)

Both v and w are empirical constants characteristic of the
cell and the solvent; w ig the resistance of the osmometer

without the measuring capillary and the membrane.

iii. The time dependence of the osmotic pressure readings
when the molar volume of the solvated solute is

The following assumptions have to be made for the
calculations presented below:

(1) The osmometer has such characteristics that
equations IV (5) and IV (7) Qre valia.

(2) The ogsmometer is so adjusted when filled with
solution and solvent that a hydrostatic pressure difference
equal to ( 1 ~ 6’)p(0) counteracts the osmotic pressure
exerted on the solvent. The solvent diffusion with increasing

time is due to the osmotic pressure changes alone, and
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proceeds in the same direction as the diffusion of the
golute,

(3) Changes in the position of the capillary menis-
cus are solely due to the solvent passing through the
membrane and the volume changes due to the volume of solute
diffusing from one half cell to the other are neglected.

(K correction for the volume of the solute will be made
later).

(4) The flowing solvent does not entrain solute
particles with it and the solute molecules do not carry more
solvent than attached to them by solvation. (The validity

of this assumption was justified experimentally).

As mentioned before, if the osmometer had no
resistance to the flow of solvent, the time dependence of
the osmotic pressure reading o would be described by the
time dependence of the true osmotic pressure difference p
(equation IV (5)) corrected for the partition coefficient J .
Using equation IV (5) as a basis, we shall now calculate
the value of the osmotic pressure reading at fixed time
after filling the instrument, keeping in mind that according
to the second assumption pn(0) = (1 = 6,)p(0). Each

change in osmotic pressure difference ( 1 - § )Ap(T)




67

occurring at timejj when O-<f(<:t, equilibrates itself
for a time period ( t - ) mccording to equation IV (7).

The viscous backlog in the osmometer can be calculated

accordingly:
p=p(t)
b (8) = (1 -8)p(t) = lim € ap(T)e™® =T .. 1v(9)
ap~0p=p(0)

The value of A p(77) can be calculated by putting + :‘Y:
in equation IV (5) to give

ap(T) = =p(0) Kse"KSTAT

BEquation IV (9) can now be rewritten:

p.(t) = (1 -¥)p(0) e F8T _

.
- o = ¥) x el (e =T) 4T
0
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p.(t) = (1 -8)p(o)e~Fet 4

b~ Y)p(0)—T8 (oKt o7HY . .1v(10)
Ky~ Xg

The relative error of the osmotic pressure readings which

is due to the viscous backlog alone is given by:

o (t) = (1 -8 )p(t) X
L — 5 (1 - elKe KW)‘“‘) IV(11)

(1 -¥) p(v) T K- K,

The difference between pr(t) and ( 1 -K)p(t) reaches a

meximum et tmax’

1n.
._.i ces IV (12)

An interesting property of these equations is that the value
of the relative error given in equation IV (11) is Ké/Kw

at time tmax-
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On Fig. 11 the logarithm of the calculated
pressure reading is plotted against time. In these parti-
cular plots ( 1 ~- g )p(0) and Ky are kept constant having
velues of 10 and 0,0l respectively and K, is varied; these
values are selected arbitrarily and are of the same order

of magnitude as under experimental conditions.

If Ky is larger than Kg, the term e~Kwh yanishes

sooner with increasing time than the term e"KSt. If the
difference between K, 2nd Xg is large enough, the log pr(t)
vs. time plot yields a straight line with Ks as glope after
a certain period. From a great number of such plots, as
presented in Fig. 11, it has been concluded that the plots

are straight lines always after t,. . if the ratio X /K,

b'd
does not exceed 0.5 and after 1.5 tmax if the value of

Ké/Kw is between 0.3 and 0.5. Actually the slopes of the
straight line portions decrease very slightly with increasing
values of Ky. If the straight line portions within the
period of 2tmax are extrapolated to zero time, the difference
between the extrapolated value Pexp and (1 - X.)p(O) is
equal within 5% to ( 1 -5 K /KyPoe This means that the

relative error due to the resistance to solvent flow for

the extrapolated value is the same as at tmax'
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Figure 11.

Theoreticel log p, vs. t plots calculated from

equationIv (10)
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The formula to compute the true osmotic pressure

from the extrapolated value is given below:

p(0)  _ Pexp . IV(13)

= T¥E/E)T=7)

It should be mentioned that equation IV (10)
degcribes the timé dependence of the osmotic pressure
readings for any theoretically conceivable values of XKq
and Kye If these constants are identical, this equation
yields a ratio with zero both in the numerator and in the
denominator. The value of this ratio can be evaluated
according to the L!'HOpital Rule:

HE o6) = (1 =9p(0)e™ s & (1 - ¥)p(0) _e

K

8
Ky ¥q "%
The wvealues for the curve with KE/KW=-1 in Fig.ll were calcu-

lated according to the equation above.

In practice it is impossible to adjust the osmo-
meter to the initial osmotic pressure at the time of filling,
as this osmotic pressure is unknown and some time is needed

to be able to establish it. It is possible, however, to
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establish the osmotic pressure prevailing at a certain

time %, and to measure the time dependence of the osmotic
pressure readings in succeeding times. If the error in this
initial adjustment at time t, is A, +this will theoretically
correspond to an error A ekwlo in the initial adjustment

at time zero according to equation IV (7). To obtain the
actual time dependence of the osmotic pressure readings,

the term +Aefw(to = ) yag 4o be sdded to the right hand
side of equation IV (10). In most practical cases both A
and K, can be kept much smaller then p(0) and K, respectively.
Thus this error term soon becomes negligible, sometimes even

within tmax and does not interfere with the extrapolation.

iv. Correction for the molar wvolume of the solvaited

In the derivation of equation IV (10) it is
assumed that the meniscus in the capillesry moves under
the influence of the solvent diffusion alone. As both
solvent and solute diffuse in the sazme direction, it is

important to account for the volume of the latter.

The osmotic pressure of an ideal 1 M solution
in a solvent with density dg is 2.528 x 104/ds cm. solvent
at 25°C. The diffusion of one mole of solute through the
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membrane when the volume of both cell chambers is 1 cc.
causes a change of 2 x 2.528 x 107/dS cm. solvent osmotic
pressure. If the volumes of the solution and the solvent
chambers are Vy and Vo respectively, and the capillary
cross section is & , the volume needed to equilibrate the
osmometer for each mole solute passing through the mem-

brene is

s = (Lavy/vyLlossxiol x & ..Iv(14)
dg 1

In osmometers generally used (93) ¢ is in the range of

10™% t0 1072 gq. cm. and the half cell volume is 2 %o 20 cc.
The value of S in practice varies between 2,000 to 200,000cc.,
i.e. it is of the same order of magnitude as the molar

volumes of polymers.

In deriving equation IV (10) it is assumed that
the osmotic pressure changes are compensated by the solvent
diffusion alone. If V_ is the molar volume of the solvated
solute, not S, but ( s - Vo ) cec. solvent has to diffuse
through the membrane for each mole solute passing from one
chamber to the other., Hence the true viscous backlog is

(s -~ Vp )/S times the value predicted in equations IV (9)




73

and IV (10). Both equations IV (10) and IV (13) have to

be corrected accordingly:

p(t) = (1 -¥e Kt

v (1 -8 )p(0) (1 - -S‘E)(e"Kst- ekwhy | 1v(15)

Kw= Kg

. Pexp
(1 +§%—%—§—%)(1—2{)

‘p(o)y = aee IV (16)

In equation IV (16) both p(0) and V, are charac-
teristic of the solute and are unknown. The other quantities
can be determined experimentally. It cean readily be seen that
neither p(0) nor V; can be established from one experiment
alone. To be able to correlate a numbei of experiments, it is

desirable to rearrange equation IV (16).

a2 1-X(1+K_s_) _0 -0V Ky
p(0) Pexp Ky Pexp S Ky
VAR 1, GO
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eee IV (1
o(: §;+Vm()3 (7)

Both o and ﬁ can be evaluated from experimental results,
and when these values obtained under different experimen-
tal conditions are plotted, they yield a straight line with
Vv, as slope and 1/p(0) as intercept on the K axis.

As V, is the volume of one mole solvated soluts,
the degree of solvation can theoretically be determined

from the difference between V, end the partisl moler volume.

d. Determination of the partition coefficient

The partition coefficients can be gsimply deter=-
mined by comparing the dialysis and diffusion coefficients
of the solute. A convenient way to determine the diffusion
coefficient is given by the porous plate method (58, 68 ).
When two solutions are separated by a porous plate the
linear concentration gradient in the plate is similar to that
agsumed in a membrane. If such a type of cell is filled with

golution and solvent, and after a certain time the concen-
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tretions in both chambers are determined, the value of

K's can be evaluated, (The value K'g 1s used instead of
Ky because the latter notation is reserved for osmotic
pressure measurements. Theoretically both should be iden-
tical for membrenes). From equations IV (3) and IV (5),

the following relation can be derived:

K, = —géﬂ'—(l-bq):

1n c¢(0) -1 ¥) - cplt
_ n c(0) n};:cl() oa(s)] ... IV(18)

In the case of the porous plate ¥ is wnity for any type

of solute. The diffusion cell can be calibrated with the
golution of a substance with known diffusion coefficient,
e.g. with O.1 N potassium chloride solution, and the cell
constant can be determined from the ratio of the known
diffusion coefficient end the determined value of XK'y . The
product of this cell constant and of KES determined for

another substance gives the diffusion coefficient of the

latter.
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The same procedure can be repeated in the osmo~
meter cell, It can be assumed that the partition
cogfficient of the potassium chloride solutions with res-~
pect to water present in the membrane is equal to unity,
and the value of K'y for potassium chloride can be deter=-
mined. If the solute has a much higher molecular weight
than the potassium chloride, its partition coefficient
with respect to water in the membrane will be less than
one. As can readily be seen, the partition coefficient
can be determined from the K'; values of potassium
chloride and the polymer in both the osmometer smnd in a

separate diffusion cell equipped with a porous plate:

; KCl _ g KCl -
D', polymer K'g polymsr
porous
plate
Kt
K's polymer
membrane

Bven if the diffusion coefficients in the solution inside
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the membrane are not identical with the diffusion
coefficients in water, this would affect the results very
little because it is probable that the diffusion coeffi-
clents would change in the same sense for both the cali~-

brating potassium chloride and the polymer.

Theoretically, one is justified in using the
Ké value obtained from the slope of the 1n P. VS. t plots
instead of the K's value evaluated for the polymer and mem=-
brane from concentration changes. In practice there is
very often a difference between these values, probably
because of insufficient stirring. Ké is indicative of
concentration changes in the immediate membrane neigh-
bourhood while K's for the average concentration changes in the
half cells. As in the calibration with potassium chloride
only the KE; value can be determined, it is more correct to
compare it with a value determined under similar conditions

for the polymer,

3. Experimental Part

a, Experimental procedure

Three types of experiments are necessary to deter=
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mine the osmotic pressure of a solution, viz. the actual
osmotic pressure measurswent, the determination of the
KW values of the osmometer and finally the evaluatidn of
the partition coefficient. It is necessary to make at
least three osmotic pressure measurements to make an

£ vg, & plot according to equation IV (17).

The connecting caplllaries between the manometers
and the cells of the osmometers were at least 5 cm. long,
ensuring that solute diffusion caused concentration changes
solely in the cell. Some characteristic data of the three
ingtruments used are given in Table V. From the K'values
obtained it can be concluded that the denitrated nitrocellu-
lose membrane had the smallest, and the 300 P.T. cellophans,
the largest, pore gsize. Precision-bore capillaries (Table V)
with diameters ranging from 0.3 to 2 mm., were employed with
these units. The membranes and the stainless gteel screen
reinforcers were supported by rubber discs in the smallest,
and by glass rods in the two bigger units. All measurementis

were carried out in a water thermostat at 30°C.

The osmometer readings were corrscted for the

"zero pressure”, that igs for the finite pressure reading




Fo

TABLE V.
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Characteristic Data of the Osmometers and Capillaries

solution solvent effective K's KC1.
Cell membrane chamber chamber membrane ?
volume volume area hour’l
Yl cC, V, cco 8q. cm,
A 300 P,T. 13,5 13,5 30 0,97
Cellophane
B 450 P. T, 8 8 80 2,03
Cellophane
c denitrated 21 24.3 200 2,85
nitro-
cellulose

Capillary diameter

w

crossection cell A cell B cell C
o 8Q. cm. hﬁgr"l hI:\'{r‘l hﬁu""

a 0,032l 8,20 x 1074 0.275 0,725 0,375
b 0.0418 1,38 x 107> 0,223 0.623 0.346
c 0.0702 3,75 x 107 0.193 0.371 0.303
a 0,0864 5.85 x 107 0,154 0,267 0,283
e 0.113 1,01 x 1072 0,112 0,165 0,196
£ 0.14% 1,63 x 107 - 0,099 0,140
g 0,191 2,85 x 1072 - 0,061 0,112
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that was observed when solvent was placed on both sides of
the membrane. This zero pressure tended to change when
substance was adsorbed on the membrane, but the original
value was reestabligshed by periodically rinsing the membrane
on both sides with solvent for periods ranging from 12 to

24 hours. This had to be done after one to three osmotic
measurements. The zero pressure for denitrated nitro-
cellulose was 0.8 and for 450 P.T. cellophane 0.5 cm.
toluene. No zero pressure could be measured with the osmo-

meter equipped with the 300 P.T. cellophane.

The osmometer was filled in such a way that the
hydrostatic pressure difference between the free heads in
the large tubings connected with the solution and the
solvent was within 3 cm. of the expected osmotic pressure.
This hydrostatic pressure was maintained in the initial
0.5 to 2 hours needed to establish the temperature equilie~
brium within the units. The purpose of this adjustment was
to avoid dilution effects due to excessive solvent diffusion

in this period.

After the temperature equilibrium in the unit
was egtablished, the measuring capillary was put into
operation. The prevailing osmotic pressure difference

(actually ( 1 =~ 8 )p(to) ) was established by a trial and




81

error method, The meniscus in the capillery was adjusted
to a certain level by making uge of the levelling device

on the osmometer, and it was observed whether this level
roge or fell. This procedure was repeated till two
meniscus levels were consecutively found not further than
0.5 cm., apart, one rising and the other falling, indicating
that the osmotic pressure difference (actually (1 - X)p(w))
prevailing at the time lay within that limit. The osmo-
meter was finally adjusted between these levels and the
variations in the pressures were followed with time, at
least up to Ztmax’ that is for 24 to 48 hours. Readings
were taken every 1 to 8 hours. Both level changes in the
capillary and in the solution free head were recorded,

(The level changes in the solution free head were mainly
due to evaporation and occasionally to imperfections in the
membrane support). The recorded preasures were calculated

in em. toluene according to equation IV (1).

At the end of the experiments, the solution and
solvent chambers were emptied in such a way that the liquids
present in the manometer system did not interfere. The

lignin sulfonate concentrations were determined from the
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optical densities at 280 nylin.a Beckman Spectrophotometer
and the values of KE’ were celculated according to formula

IV (18).

The membranes were calibrated with 0,1 N potassium
chloride and distilled water in the osmometer cell, the
other parts of the wmit being closed off by stopcocks.

These experiments had to be carried out at room tempersture,
because the diffusion of the potassium chloride was so
rapid that in about half an hour the experiment was ended
and there could not have been enough time for temperature
equilibration in the thermostat. The potassium chloride
concentrations were determined by titration with silver
nitrate according to Mohr's method. The evaluated KE,KCl
values were corrected for the difference between room
temperature and 30°C according to the differences of the
diffusion coefficients of potassium chloride at these

tempsratures (44).

iii., Determination of the diffusion coefficients
For the determination of the diffusion coefficients,
medium grade sintered glass discs of 30 sq.cm area were used.
Thege discs were ground from Gooch filters and placed into

the smellest osmometer cell in place of the membrane. The




83

four inlets to the cell were closed by stopcocks. During

the diffusion measurements the cell was in a horizontal posi=-
tion. The experimental procedure waes the same as suggested
by other authors (58, 68). The diffusion coefficient of
0.1N potassium chloride was taken as 0.00742 sq.cm./hour

by correcting the value given by Gordon (97) for the
difference between 2500 and 3000 according to the equation
in the International Critical Tables (44).

The X, values of the osmometers were determined
for each capillary separately. Both cell chambers were
filled with distilled water, toluene was placed in the
capillery and the unit was put into the thermostat. Plots
of logTI ‘against time yielded straight lines of slope
0.4342 K, Typical plots of this kind are shown on Fig. 12,
The values of K, thus evaluated were independent of the
initial pressure. The solvent used in the osmotic pressure
measurements was sodium chloride solution, but this could
not be used for the determination of the K, values. The
gsemi~-logarithmic plots with sodium chloride solution showed
breaks, because the relatively rapid water flow changed ths

concentration in the immediate membrene neighbourhood and




Figure 12.

105—‘T vs. t plots for osmometer cell B and
capillaries a, ¢, e, g (Compare to Table V)
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the resulting osmotic pressures diminished the actual

driving heads.

v, Correction for uneven concentration distribution
in the half cells

It has been found very often that the value of
Kg from osmotic pressure measurements was greater than K'g
determined from concentration changes. Because of insuffi-
cient stirring, the rete of concentrastion changes in the
immedieste membrane neighbourhood, indicated by Ky, was greater
then the rate of the average concentraztion changes in the
half cells measured by K'g. For the purpose of determining
the values of S an effective half cell volume V,pr was used.
This Vg pe 1is defined as the size of a half cell in which the
rate of the average concentration changes i1is the same as that
mesasured for the immediate membrane neighbourhood with the
same membrane., As the rate constants Kq and Ky are inversely

proportional to the half cell volumes, Vgps can be computed

from the following formule:

eff
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| The molecular weights were evaluated from the
determined true osmotic pressures according to the following
equation:~

M = 2.942 x 10° x ¢} /p(0)

where M is the molecular weight, c'; is the concentrstion of
the solution in gm./lGO cc. and p is the true osmotic

pressure in cm. toluene.
b. Results and Discussion.

Typical series of log p. vs. time plots are shown
in Fig. 13 and, as can be seen, they follow the samse
pattern as the theoretical curves of Fig. 1ll1l. The fact that
the straight line portions of the curves are parallel to one
another 1s significant. The differences between the wvalues
of S, i.e. the volumes of water that passed through the
membrane simultaneously with one solute molecule, were up
to thirty fold; nevertheless, the rate of solute diffusion
remained unchanged. In other words the rate of solute

diffusion was not affected by the solvent flowing simul-
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taneously through the membrane. This proves the correct-

negs of one of our bagsic assumptions.

The resistance of the units to solvent flow had
the predicted influence on the extrapolated values. As can

be seen from Tables VI and VII, increased with

Pexp
increasing X, /X, ratio.

The effects ascribed to the molar volume of the
solvated solute and to the partition coefficients were at
least quelitatively demonstrated by the « vs, B plots
(Pig. 14). Owing to experimental imperfections to be
discussed later, no straight line could be obtained., Never-
theless, on the average A clearly tended to increase with
increasing  , indicating that the volume of the solute
diffusing through the membrane effectively contributed to

changes in the capillary meniscus level.

The molecular weights shown in Tables VI and VII
were calculated from the osmotlec pressure values obtained
from the treatment of the ® and (b values by the method of
least squares. For fraction No. 5 (Table VII), a great
amount of data was available and 1t was assumed that the
maximum deviations ofco{ from the least square average

plots corresponded to the maximum possible error in the
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evaluated molecular weight. (Both o and the molecular
weight are inversely proportional to the osmotic pressure).
The precision of the molecular weight determined for

fraction No. 6 (Table VI) is probably similar.

The slopes of the A vs. @ plots should
theoretically be equal to the molar volumes of the
solvated solutes. The experiments described were hardly
suitable for determining these volumes as the values of
™ were changed only in a narrow range and the scattering
of the results was considerable. The values of Vm obtained
by the least square average treatment are given in

Tebles VI and VII and are probably very inaccurate,

Results obtained for higher molecular weight
fractions are presented in Tables VIII, IX and X. The Ké
valueg were go small that the corrections Ké/Kw were within
experimental error., Thus it was neither possible nor
necessary to use the « vs. & plots for evaluating the
osmotic pressures. The pexp values were corrected for the
partition coefficient alone. It 1g significant that the
results thus corrected are independent of the membrane used.

This proves that the solute present in the membrane (indi-
cated by the finite distribution coefficients) has the




Figure 13,

Experimental log p, vs. ¥ plots of fraction No. 5

in Osmometer cell B (Compare to Table VII)
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Figure 14.

o vs. [ plots for fractions No. 5 and 6. The
gstraight lines were calculated by the method of
least squares (Compare to Tables VI and VII)
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TABLE VII,

Results of Osmotic Pressure Measurements., Fraction No., 5,

Diffusion coefficient: 8,3, x 10""3 cm2 hours"l
Concentration 0.2 20,/100 cc,
Capillary K /K, Posp S 4 6)
cm, toluene cm> (c:mot.olv.ene)"'l(c.»m,,t,oluene)"a'nf’3

UNIT A,  K; = 0,0304 hours™® Ve = 115 ce

K, = 0,0259 hours™l y = 0,238
a 0.110 8.8 1,,000 0,0962 2,38 x 10“2
b 0,136 9.3 6,700 0,0928 L.78 x 107,
c 0.158 9.9 19,200 0,0892 6,32 x 107/
d 0.197 10,2 29,800 0,0892 4.93 x 1077
. 0,272 11.4 51,500 0,0855 3,53 x 107
UNIT B. K¢ = 0,0231 hours=l Vorr = 6.7 cc.

Kf = 0.0193 hours™l Yy = 0,0849
a 0,032 9.9 6,800 0.0949 L.34 x 10~7
b 00037 ].Ool 1195(” 00091&3 2.91 X 19 ,-7
¢ 0,062 10.6 32,800 0,0922 1.65 x 107y
d 0.085 10.9 51,000 0.0906 1.39 x 107,
e 0.14 12.4 88,000 0,0838 1,17 x 107
£ 0,23 13.6 14,4;,000 0,0830 1,06 x 10°7
UNIT C. Kg = 0,0188 hours=l Verf. = 15.8 cc.

KY = 0,0137 hours™t v = 0,0427
a 0.052 10,7 3,150 0,0955 1.5 x 1075
c 0,061 10.9 15,200 0,094 3.55 x 1077
d 0,067 11.4 23,500 0,0906 2,46 x 107
e 0.096 12,5 40,500 0.0847 1.8 x 1077
£ 0,134 13.5 655500 0,0814 1,48 x 1077
g 0,167 14,5 104,000 0,0792 1,07 x 107/

p(0) = 11.4 cm. toluene

M = 5,170 (+6% - S5}
Vh = 3,79 ce,




Results of Osmotic Pressure Measurements,

TABLE VIII.
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Fraction No.4

Diffusion coefficient:

6.30 x 10~3em.? hour~1

Concentration 0.5 gm./100 ce, -

UNIT A Kg = 0.010 hours -1 Yy = 0,08
K! = 0,0087 hours™L

Capillary a c d ]

K /K, 0,036 0,052 0,065 0.089

pexp 15.5 15.3 14.9 6.1

p /(1L -y) 16,86 16.7 16.2 17.5

UNIT B K% = 0,008 hours-1 vy = 0,031
K = 0,007 hours=1

Capillary a ¢ a e

KS/Kw 0.011 0.021 0.03 0,061

Pexp 16.7 16.7 16.3 17.0

p /(1-7) 17.2 17,2 16,8 17.5

UNIT ¢ Ks = 0.006 hours=l ¥ = 0,016
Kt = 0,005 hours™1

Capillary a ¢ d £

Ko /K, 0,016 0,019 0,021 0,043

Pexp 18.4 18.3 17.4 17.6

Pexp/(1 - v) 187 18.6 17.7 17.9

5?63 = 17,4 cm, toluene M =

8,450 (+3,75-6,4%)




TABLE IX,

Results of Osmotic Pressure Measurements,

Fraction No.3

Diffusion coefficient: 5.26 x 10em® hour-t
Concentration 0.8 g./100 ce,
UNIT A, K, = k! = 0,0038 hours™t Y = 0,0632
Capillary a d e
Pexp 13.6 13.9 14,2
Pexp/ (L = 1) 4.5 14.8 15.1
UNIT B , Ks = Kb = 0.,0052 hours™t Yy = 0,0292
Capillary a d e
p 14.3 14,1 14.7
exp v '
poxp/(l = Y) ll‘ro7 ll&o5 1503
UNIT C. Kg = K' = 0.00077hours=l Y = 0.00027
Capillary a d e
Paxp 15 15.4 15.4
p(0) = 14.95 cm. toluene
M = 159500;307%




Results of Osmotic Pressure Measurements,

%

TABLE X,

Fraction No. 2.

Diffusion coefficient: 3.97 x lO"cho2 hourfl

Concentration: 1g./100cc,
UNIT A. K, = K!' = 0,0028 hour™l y = 0,0542
Capillary a d e
p‘xp 14,5 14.8 14.7
p.xx/(l - Y) 1503 1506 1505
UNIT B, K = K§ = 0,0035 hours™> y = 0,032
Capillary a d e
P 14,5 14.3 14.9

exp
p.xp/(l -v) 14.95 14.7 15.4
UNIT C. K, = K! = 0,0004 hours™> ¢ = 0,0025
Capillary a d e
15.6 1 .8

Pexp 5 5.4 15

}-)-(-0) 15.36 M = 19,200 + 3%




TABLE XI,

Concentration Dependence of the reduced Osmotic Pressure

of various fractions,

Fraction Conen,

St

100¢c,
1 0.3
1 0.5
1 0.8
1 1.0
1 2,0
3 0.4
3 0.8
3 102
5 0,15
5 0.2

503

Unit Capillary p

U o = W to

cm,
toluene
1.48
2,55
4.25
5.11
10.14

oo

Lo9k
5.10
5.30
5.11
5.07

Pexp
cm,

toluene

6.9
13,6
21,0

7.3
9.9
15,0

Pexp.

17.2
17.0
17.5

48,7
50045
50,00
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effect on the recorded osmotic pressure predicted in the
theoretical part. In this connection it should be mentioned
that the scattering of theed values from the average was
random in the case of fraction No. 5 for all three membranes

used (Pig. 14).

The ratios : = - Pexp/cb proved to be within
experimental error, independent of the concentration of
all lignin sulfonate fractions determined in the same unit
with the same capillary (Table XI). Consequently the
molecular weights could be determined from data as obtained
at one particular concentration, and extrapolation to zero
concentration was not necessary. Osmotic pressures of
gsolutions of fraction No. 1 are also shown in Table XI. The
molecular weight of this fraction was 58,000 and all three

membranes used were impermeable to it.

Attempts were made to measure osmotic pressures
of solutions of fraction No. 6 using cellophane membranes,
and of other lower fractions by using denitrated nitrocellu-
lose and cellophane membranes. Higher porosity parchment
membranes were also tried for high molecular weight
fractions. In these experiments the log P, VS. time curves
deviated more or less from straight lines, the extrapolated
values had poor reproducibility, and the values of the
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partition coefficients were relatively high, ranging up
to 0,3. The failure of these attempts indicate that
there are very definite limits in the applicability of

permeable membranes to osmotic pressure measurements.

¢. Sources of Experimental Errors

The main source of experimental error is the
exigtence of concentration gradients in both half cells,
There are two types of concentration disturbances. Due to

the solute diffusion there is a concentration gradient

acrogs the solution and the solvent cell, Evidence of thege

gradients is provided by the difference between the values
of X, and K (Tables VI, VII. and w¥wIII. .). Such
gradients have an adverse effect on the accuracy of the

Pexp and S determinations.

Another type of concentration disturbance is
caused by solvent diffusion and is more or less confined
to the immediate membrane surroundings. As solvent flows
through the membrane, the concentration of the solution
ab the membrane increases on the solution chamber side and
decreases on the other side. The effect of solvent diffu-
gsion ig opposite to that of solute diffusion: it tends to

increase the measured osmotic pressure.
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The ratio between thé amount of solute and sol-
vent simultaneously passing through the membrane under the
experimental conditions can be expressed in terms of an
apparent concentration in moles per cc., and it has the
value of 1/( S - Vm ). If the concentration gradients are
not entirely eliminated by stirring and the value of
1/( s = Vy ) is smaller than the average of the concen-
trations on both sides of the membrane, i.e. c, /(1 +q),
the measured osmotic pressures are higher than predicted
by the theory. This happens when thick cepillaries are
used and consequently the & values corresponding to small

B values are probably too low.

It has been shown by Schulz (90) that in osmo-
meters with horizontelly placed membranes, stirring by
convection is considerable. It does not seem to be adequate,

however, when the membranes used are permeable to the solute.

The need for membrane support for permeable
membranes is greater than for semipermeable membranes. The
ballooning of semipermeable membranes has an adverse effect
on the gpeed of the measurements but not on their accuracy.
The slightest membrane ballooning in membranes permeabls
to the golute has an adverse effect on the accuracy of both

Kﬁ and S determinations. When the membrane moves, one part
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of the solvent diffusing through the membrane causes
changes in the hydrostatic pressure, and the other part
is needed to compensate for the volume changes in the
half cells. In the medium~-sized osmometer used (unit B)
the membrane support was practically perfect. The repro-
ducibility of the K, determinstions was within 1% and the
dependence of the vslues of X, on the capillary cross
section was in good agreement with equation IV (8). This
can be shown by calculating the values of 1/K 6 and 1/c 2
from the dats given on Table V and plotting them against
one another. The plot is a streight line. In the other
two units the Ky determinations were reproducible to +3%

only.

’ Theoreticslly, membrane ballooning should also
change the value of Ky during the measurements by chenging
the ratio between the half cells. This could not be veri-

fied experimentally.

Another source of experimental error is due to
the fact thet the measurements could not be started imme-
diately after filling the osmometer, and at the beginning
of the determination of the time dependence of the pressure

readings there was up to 3% error in the initial adjus tment.
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As it has been shown 1in the theoretical part, this error

is negligible if K /K, is small.

The scatter of the ™=— (> values (Fig. 14) is due
to the fact that in calculating each of these values 2
great number of independently determined date had to be
used, some of which were known only inaccurately. The
estimated errors of the verious quentities are 15% for
Pexpr L to 3% for Ky, xl to 5% for K5, 12 to 10% for §
and +1 to 10% for & .

The accuracy of the measurements is better the
smaller the capillary and the smaller the value of X /K.
Under the experimentel conditions described here, measure-

ments cennot be made with any accuracy if the value of

Ks/Kw exceeds 0.20 to 0.25.

4. Conclusions on the applicability of the tecklnique

degcribed in this chapter.

It would seem that the theory presented may be
used to correct for leakage in osmometers of the type gene-
rally used. In equeous solutions, cellophane-type membranes
are impermeable only to substerces in the molecular weight

range greater thsn 20,000 to 30,000, It is however possible
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to determine osmotic pressures of solutions of substances
with molecular weights as low a2s 5,000 with the same mem-

branes by proceeding as suggested in this paper.

The main drawback of the generally used osmometers
equipped with membranes permeable to the solute is that
convection alone does not provide sufficient stirring. Full
use of the procedure described here could be made only if
an osmometer with well-supported membrane and built in stirrer
were used. Errors due to concentration gradients in the cell
could thus be eliminated and it would probably be possible
t0 extend the applicebility of this method to molecular
welght regions even lower than 5,000 and also to evaluate

the molar volumes of solvated substances.

E. DETERMINATION OF THE MOLECULAR WEIGHTS OF THE T™WO LOWEST

MOLECULAR WEIGHT FRACTIONS.

As shown above, moleculsr weights of all but the
two lowest fractions were determined by the osmotic pressure
method; +these values are tabulated in Tables 11 and XII.
When the logarithm of the molecular weights are plotted against
the logarithm of the diffusion coefficients (Fig. 23), the

points corresponding to fraction Nos. 4, 5 and 6 fall on
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a2 straight line which can be extrapolated to the measured
diffusion coefficients of the lowest fractions, from which
the molecular weights were calculated. It must be borne

in mind that the ultraviolet extinction coefficients of the
solutions were used to determine the concentrations in the
diffusion experiments. Should the lower fractions be mix-
tures of ultraviolet light absorbing lignin sulfonates and
relatively transparent carbohydrates, the diffusion coeffi-

cients would be indicative of the lignin sulfonates alone.

In 2 homologous polymer series the following rela-
tion holds between the weight-average molecular weights
and diffusion coefficients Dy (36):

Dy = KNP

where "b"™ 1is a constant depending on the shape of the mole-
cules and Kl is 2 constant characteristic for the homologous
series. The error involved in using number average mole-
cular weights and the diffusion coefficients for estimating
the molecular weights of the lowest lignin sulfonates should
be small, As can be seen from the integral molecular weight
distribution plot (Fig. 15) +the degree of polydispersity of

the fractions except the highest (No. 1) is relatively low.
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Hence there is only a glight difference between the weight

average end the number average molecular weights.

F. DISCUSSION OF THE MOLECULAR WEIGHTS OF LIGNIN SULFONATES

The integral molecular weight dis+tribution plot
(Fig. 15) indicates that thé molecular weights of the lignin
sulfonates investigated range from about 3,700 to about
100,000, Around 30% of the material has molecular weights
be tween 3,700 and 5,000 and also between 15,000 and 25,000.

It is beyond the scope of this study to give a
critical survey of the numerous attempts to determine the
molecular weights of different lignin preparations. The
accumulated date (9, 34) present a confusing picture because
in the isolation of lignin or lignin sulfonates the original
lignin in the wood can be congiderably degraded or poly-
merized. Furthermore, as will be shown later, there is indi-
cation that in the lower molecular weight region association
may occur in the solutions; 1if this occurs the molecular
weights obtained for the lower fractions would also be too

high,

Nevertheless it 1s interesting to note that some

investigators (13, 38, 57, 8l1) have found that lignin
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preparations isolated under mild conditions have molecular
weights not lower than 3,500 to 4,0dO which correspond well
to the lower limit of the data presented here. According
to Gralen (38) there is some indication that lignins with
degrees of polymerization corresponding to the molecular
weights 4,000 and 8,000 are the most stable. In the light
of this, it is significant that 30% of our fractions have

molecular weights in the 4,000 range.

Considerably lower molecular weights of lignin,
however, have also been reported (9,34). Until a study
is made of how the D.P. of lignin is changed in the various
isolation techniques it will be difficult to interpret
the available data. Since the highest reported native
lignin molecular weight is 27,000 (38), there is strong
indication that during the sulfite cook at least part of

the lignin becomes considerably polymerized.
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Figure 15.

Integral molecular weight distribution

of lignin sulfonates.
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V. POLYELECTROLYTIC NATURE OF LIGNIN SULFONATES

A. INTRODUCTION

The theories on the molecular structure of lignin
sulfonates and the results of the experiments described below,
indicate that the lignin sulfonates can be considered as
substances consisgting of flexible chain molecules with
ionizable.gfoups attached to them, i.e. they are poly-

electrolytes.

Recently considerable research has been cerried
out on polyelectrolytes, general accounts of which are given
by Fuoss (30, 32), Flory (28) and Katchalsky (46). The most
important characteristic is that in solution their molecular
shape depends upon the net electricel charge on their mole -
cules. In uncharged state the molecule curls up. If the
ionic groups are dissoclated, the polyelectrolyte molecule
extends owing to the electrostatic repulsion between neigh-

bouring groups.

The degree of ionization of the polyelectrolyte
depends on its concentration and 2lso upon the presence of
simple electrolytes in the solution. A+t low polyelectrolyte

concentrations, the molecules occupy only a small part of the
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available space in the solution. This favours the esdape

of the counter-ions, e.g. the sodium ions of the lignin
sulfonates, from polymer molecules, leaving the lattsr

charged. The equilibrium between the counter-ions assocliated
with the polymer molecules and in the part of the solvent

free of polymer molecules, i.e. in the free space, is analo-
gous to a Donnan-type equilibrium, Consequently when the

free space becomes smaller as the polyelectrolyte concentration
is increased, the counter-ion concentration in this free space
greatly increases, inhibiting further ionic dissociation.

The polyelectrolyte molecules can also lose their charge,

even at low concentrations, if the oonéentration of the counter-
ions in the free space is increased by the addition of simple

electrolytes containing the same counter-ion as the solution.

The dependence of the charge of the molecules of
the polyelectrolyte on its concentration can be shown by
conductivity measurements. As the molecules progressively
lose their charge with increasing concentration, less and
less current can be carried by each molecule. The specific
conductivity decreases with increase of the square root of
the concentration, but not linearly, as predicted by the
Onsager equation for simple electrolytes. The corresponding

plot is curved and is steep at low concentration,.
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The flexible coiling of the molecules as they
progressively lose thelir charge can be demonstrated by the
dependence of the reduced viscosity ( qsp/c ) on the concen-
tration. As the effect of an extended molecule on the visco-
sity of the solution is greater than that of a molecular
coil, the reduced viscosity of the polyelectrolyte decreases
with increasing concentration. If, however, determinations
are made of the viscosities of solutions containing
different amounts of polyelectrolyte and always the same
sufficiently large amount of simple electrolyte, the reduced
viscosity of the polyelectrolyte, like the viscosity of

uncharged polymers, increases linearly with concentration.

B. CONDUCTIVITY MEASUREMENTS

FProm the considerations given above it may be
expected that variations of the specific conductivity with
concentration of lignin sulfonates and of simple electro-
lytes is different. This apparent anomaly has been observed
but not adequately explained by a number of investigators
(23, 48, 64, 81 ). The results obtained by Samec and Ribaric
(81) and Koenig (48) did not conform with the patterh
predicted for polyelectrolytes and, oddly enough, the
specific conductivity curves had maxima at very low concen-

trations. These results could not be reproduced in this
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investigation.

The variation of the specific conductivities of
several sodium lignin sulfonate fractions with Ve at
25°C is shown in Fig. 16. Curves A and B represent frac-
tions having molecular weights of 58,000 and 19,200 respec-
tively and are typical of polyelectrolytes. Curves C, D and
E obtained for fractions with molecular weights 5,200 , 3,700
and 3,650 are not smooth; this may indicate association,
as generally observed for colloidal electrolytes, but not for
polyelectrolytes. The specific conductivity vs. {c plot
for a colloidal electrolyte shows very sharp discontinuity
at the critical micelle formation concentration. At lower
colloidal electrolyte concentration, the plot is linear and
descends slightly; at higher concentration it drops very
markedly and gquite often passes through a minimum (2, 58).
The molecular weights of colloidal electrolytes howsever, are
in the range of several hundreds and about 20 to 200 molecules
associate to form a micelle; abrupt changes are therefore
shown in the properties at the critical concentration of
micelle formation., Considerably greater molecular weights
were found for the lignin sulfonates investigated than for
conventional colloidal elctrolytes. Consequently it is

improbable that aggregates consisting of a great number of
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Fig. 16.

Specific conductivities of sodium lignin sulfonate fractions
having molecular weights 58,000 (Curve A), 19,200 (B),
4,600 (C), 3,700 (D) end 3,650 (E).
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lignin sulfonate molecules will be formed. Hence the lignin
sulfonate solutions do not show such sharp discontinuities
as the solutions of colloidal electrolytes around the cri-
tical micelle formation concentration. The shape of curves
G, D and E may be considered as evidence that the low mole-
cular weight lignin sulfonates are intermediate betwseen
polyelectrolytes and colloidal electrolytes. As will be
shown, the reduced viscosity curves of all fractions and the
dyestuff adsorption curves of all but the lowest molecular
weight fractions were smooth., Hence the conductivity curves
cannot be considered as absolute proof for association in
the low molecular weight range; this matter requires

further study.

C. DYESTUFF ADSORPTION MEASUREMENTS

It has been observed (98) that the optical
absorption spectra of aqueous solutions of certain dyestuffs
shift in the presence of micelles of colloidal electrolytes,
According to Corrin and Harkins (15), this is due to adsorp-
tion or incorporation of the dyestuff on, or into, the mi-
celle and to the different colors of the dyes in a polar
medium e.g. water, and in a non-polar medium &as the non-

charged micelle, They suggested the use of this phenomenon
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to detect the critical micelle formation concentration.

The influence of the uncharged coiled polyelec-
trolyte molecules on the colour of indicator dyes has not
yet been investigated, The experiments here described indi-
cate that, as was to be expected, they changed the light
adsorption spectra of such dyes just as the micelles of the

colloidal electrolytes.

Pinacyanole is blue when dissolved in pure water
and green in the presence of uncharged aggregates (15). This
cationic dyestuff was found to be suitable for experiments
with lignin sulfonates. In Fig. 17 light absorption curves
of solutions containing 1.2 mg./ 100 cc. dye (A), the same
amount of dye and 0.5 gm./ 100 cc. lignin sulfonate (B) and
0.5 gm./ 100 ce. lignin sulfonate alone (C) are shown. The
maximum at 620 mM in curve (B) is characteristic of the dye-
stuff discharged aggregate complex, but the pure dyestuff
solution also absorbs light at this wavelength apprecisably.
However, the light absorption of both pure dye and pure lignin
sulfonate at 630 mpr wavelength is negligibly small. The
optical density at 630 mm can be considered as a measure
for the amount of discharged aggregate-dye complex present

in the solution.
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Fig. 17.

Absorption curves of (A) 1.2 mg./100 cc. pinacyanole
(B) 1.2 mg./100 cc. pinacyanole and
0.5 gm./100 ce. lignin sulfonate
(molecular weight 19,200)

(C) 0.5 gm./100 ce. lignin sulfonate
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Fig. 18.

Optical densities at 630 mM of solutions containing

1.2 mg./100 cec. pinacyanole and various amounts of lignin
sulfonates. The molecular weights of the lignin sulfonates
are 58,000 and 15,500 (curve A), 4,500 (B), 3,700 (C), e&nd
3,650 (D).
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The optical densities of solutions containing a
fixed amount of dyestuff at various concentrations of lignin
sulfonates, measured in & Beckman Model DU spectrophotometer

at 630 mi , are shown in Fig. 18.

As the molecules progressively lose their charge
with increasiﬁg concentration, they adsorb increasing amounts
of dyestuff., The high molecular weight fractions &adsorb all
the dyestuff present in the solution at around 0.2% concen~
tration, The shape of curve A representing fractions with
molecular weights 58,000 and 15,500 corresponds well to the
pattern demonstrated by the conductivity and viscosity

measurements.

The curves (B), (C) and (D) indicate that the
ability of the lower molecular weight fractions to adsorbd
dye is smaller than that of the high molecular weight frac-
tions. The uncharged particles of the low molecular weight
fractions are probably smaller than those of the high mole-
cular weight fractions and, if they contain associated
molecules, the number of the molecules per aggregate 1is
probably small, The discontinuity in curve (D) may indicate
that the lowest molecular weight fraction associates in

solution.
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D. VISCOSITY MEASUREMEN TS

The viscosities were determined at 2500 in

Ostwald-Cannon type (12) viscometers with flow times for
water about 400 seconds. The kinetic energy corrections were

negligible.

The dependence of the reduced viscosities of
sodium lignin sulfonate fractions on their concentrations
in distilled water are shown in Figs. 19 and 20, The shape
of these curves is typical for polyelectrolytes; at low
concentrations the reduced viscosities are high as the mole-~
cules are extended, and 2t high concentrations they are low
gince the molecules are coiled. The dependence of the
reduced viscosities of sodium lignin sulfonates does not

follow the empirical equation of Fuoss (31) given below:

n An
= —SP  _

In the gbove equation, 2z is the reduced viscosity, c¢'is the
concentration, Bn is @ constant depending on the dielectric
properties of the solvent, ( Aq + Dq ) is the intrinsic
viscosity of the polyelectrolyte when the molecules are

extended and Dy is a measure of the intrinsic visgcosity of
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the randomly coiled molecules. According to this equation
1/(z - Dy) vs. fc' plot should be linear. No such linear

plot could be obtained for the lignin sulfonetes. If,

however, the term 01/2 was replaced in equation V (1) by
cX, then
n A
z = —E = ——— 4+ D, eelV (2)
¢ 1+ B¢

linear plots of 1 /(z - Dy ) vs. oX were obtained for the
three highest molecular weight fractions (Fig. 21). The
value of Dq was taken equal to the reduced viscosity of a
4% solution, The error in doing so was very small es the
reduced viscosities of solutions with concentrations higher
than 2% were practically constant. The constant x was
established by trial 2nd error. With an approximate value
of Ay, log[i /(z - Dy ) - 1/Ai] was plotted against log cl
The value of Aq was so chosen thet this plot yielded a
gtraight line, the slope of which was X. When Dq and x
were known, the curves of Fig. 21 could be plotted. The
intercepts on the vertical axes obtained by extrapolation
were equal to 1/An. Since this extrapolation was uncertain,
the values of Aq thus obtained were not precise; values of
(Aq + Dq ) are estimated to lie within the limits given
in Teble XII. The values of x and DQ are also tabulated.
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Fig. 19.

Reduced viscosities of the five highest molecular weight
sodium lignin sulfonate fractions in water. The molecular

weights of the numbered fractions are given in Table XII,
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Fig. 20.

Reduced viscosities of the five lowest molecular weight
sodium lignin sulfonate fractions in water. The molecular

weights of the numbered fractions are given in Table XII.
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Fig. 21.

1 /(z - Dy vs. c* plots for the three highest molecular

weight fractions.
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Equation V.(2) is empirical and does not have the
theoretical significance of equation 1. It is probable that
the proportionality between 1 /(z - Dq ) and c* is fortuitous
and the true equation describing the dependence of the
reduced viscosity of the lignin sulfonates on their concen-

tration is that of Schaffgen quoted by Katchalsky (46):

N sp Aq eV (3)

2 - —
- ¢ = 14+ Bgfc+ By

The concentration dependence of the reduced
viscosities of the other fractions cannot be expressed by
equation 2., Thus, the intrinsic viscosities of the extended
molecules could not be determined. The Dq values determined

at a 4% concentration are given in Table XII.

The reduced viscosities of the fractions in
2N sodium chloride are shown in Fig. 228. The concentration
dependence of the reduced viscosities can be expressed by
the equation of Simha (85) and Huggins (41) derived for

non-charged interacting particles:

Nsp/d =[] + k [d]zc' T eenee v (4)
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Figure 22.

Reduced viscogsities of sodium lignin sulfonates in
2N sodium chloride. The molecular weights of the

various fractions are listed in Table XII,.
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In this equation [n] 4is the intrinsic viscosity and k is
a constant characteristic for the homologous polymer series.
Both [n] and k are given for all fractions in Table XII.

As can be seen, k changes between 4,2 and 6. Lignin sulfo-
nates are approximately, but not truly, members of & homo-

logous series and this may account for the variation of k.

E. RELATIONS BETWEEN INTRINSIC VISCOSITIES, DIFFUSION

COEFFICIENTS AND MOLECULAR WEIGHTS.

According to the theories of Kuhn (49), Kirkwood
and Riesman (47) and Debye and Bueche (17), the constants

e and b in the equations:

[n] e M® ).V (5)

D - b

kM e sV (6)

describing the dependence of the intrinsic viscosities
and the diffusion coefficients D, on the molecular weights

are both equal to unity, if the molecules are linear

Tlexible chains, randomly coiled and permeable to the solvent,

and equal to 0,5, if the randomly coiled flexible molecules

are impermeable to the solvent. The constants kq and kz
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are characteristic of the homologous series. Xuhn and
Kuln (51) showed that these theories are also applicable
to branched molecules if these chains are flexible and
randomly coiled. The intrinsic viscogsities of branched-
chain molecular structures are lower than those of linear
molecules of comparable size. Huggins (loo, 40) has shown

that a = 2 when molecules behave as rigid rods.

It has been experimentally verified for a number
of polyelectrolytes (32, 46) that the values of "a" for the
intrinsic viscogities ( Aq + Dy ), corresponding to the
extended molecules, approach 2 if the polyelectrolytes are
linear, and &re higher than unity but less than 2 if the
polyelectrolytes are branched (86). As mentioned before,
Dq is a measure of the intrinsic viscosity of a randomly
coiled polyelectrolyte. Depending on the degree of ioni-
zation Dq changes linearly with, or proportionally to the-
gquare root of, the molecular weight (46).

The diffusion coefficients, Dn values, and intrinsic
viscosities in 2N sodium chloride are plotted on a logarithmic
scale against the number average molecular weights of the
lignin sulfonate fractions on Pig. 23 . PFrom the glopes of
these plots it can be concluded that the value of "a™ isg

approximetely unity for the molecular weight dependence of




Viscosity data,

TABLE XII.

diffusion coefficients and number average molecular weights of

the sodium lignin sulfonate fractions.

Dimen- Solvent
sion
Fraction No. 1 2 3 L 6 7 8
Molecular gm. 1/2N NaCl | 58,000 19,200 15,500 8,500 45600 3,700 3,650
Weight
Diffusion em?  1/28 NaCl| 0.0314 0,08:9 0,113  G.134 0,194 0,219 0,221
Coefficient day
D = 100cc. Water 0.172 0.134 0,0905 0,0563 0.,0328 0,0242 0,0211
'léz] e
[_c c=4%
- 100cc, Water L=-7 1.35- 0.8- - - - -
A & D gm-e 106 102
x - Water 0.71 0.73 0,78 - - - -
[j}] 100cc. 2W NaCl 0.0455 0,0425 0.,0394 0.0262 0,0220 0.,0197 0,0190
am.
K - 2N NaCl 4.9 5.0 5.42 6.00 4ol5 4.6 L6

awet
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Figure 23.

Correlations between molecular weights, diffusion

coefficients and viscogity data.
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Dq end 0.47 for the intrinsic viscosities in 2N sodium
chloride if the highest molecular weight fraction is
disregarded. According to Debye (16), the intrinsic visco=-
sity is a measure of the true partial specific volume. As
can be seen, the intrinsic viscosities in salt solution are
smaller than the Dq values. Consequently, probably owing
to the osmotic pressure of the sodium chloride, the coils
in the sodium chloride solution are compressed while the
structure of the coils in pure water is looser. The com=-
pressed coils are impermeable to water, the loose coils are
permesgble and hence the values of "a" are in the range of

0.5 and 1 respectively.

Both the intrinsic viscosity in 2N sodium chloride
and the Dg value of fraction no. 1 are lower than predicted
by the regularities described above. The integral molecular
weight distribution of the lignin sulfonates (Fig., 15) indi-
cates thet this fraction is more heterodisperse than the
others and probably contains lignin sulfonates with molecu-
lar weights as high as 100,000, It is fair +to assume that
the probability for branching, dur&ng polymerization in the
sulfite cook, is greater the higlier the degree of poly--
merizetion. If so, the reason for the relatively low annd

low intrinsic viscosity of the highest molecular weight
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fraction is its higher degree of branching.

The diffusion coefficients were determined in
1/2 N sodium chloride as previously described. It seems
that there are two "b" values for the dependence of the
diffusion coefficients on the molecular weights: b = 0,56
corresponds to all fractions but No. 1 and No. 3, while
b = 0,93 corresponds to fractions Nos. 1, 2 and 3; this

matter requires further investigation.

In connection with these results it is of interest
to mention the work of Olleman, Pennington and Ritter (69),
who determined the diffusion coefficient, intrinsic visco-
sity and partial specific volume of ammonium lignin sulfo-
nates in 1 N ammonium acetate solution. Using the
Polson-Kuhn equation (74), they calculated the axial ratio
to be 4.6, The frictional coefficient was evaluated
according to Perrin (73). The weight-average molecular
weight 21,000 calculated by them for a lignin sulfonate with
0.080 sq.cm./day diffusion coefficient compares favourably
with the diffusion coefficient 0.0847 and number average

molecular weight 19,200 of fraction No. 2.

F. CONCLUSIONS

The results presented above show that the lignin
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sulfonates are flexible polyelectrolytes. In agueous solu-
tion the molecules are coiled at sufficiently high lignin
sulfonate concentration and in the presence of a suitable
electrolyte. The structure of the colled sodium lignin
sulfonate molecules in the absence of sodium chloride is
looser than in its presence, There is indication that the
low molecular weight fractions associate in solution and
that the molecules of the highest molecular weight fraction

are more branched than those of the other fractions.

Simha et al., (84) showed that the adsorption of
any polymer on solid surfaces is greatly favoured if the
polymer is flexible because the number of anchorage points
per molecule is increased, A functional property of adhesives
and dispersants is their ability to be adsorbed on solid
surfaces. The applicability of flexible polyelectrolytes,
such as natural gums, carboxy-methyl-cellulose and also
lignin sulfonates as adhesives and dispersants, may be

explained by their molecular flexibility and good solubility.
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VI. CLATMS TO ORIGINAL RESEARCH

(1) Lignin sulfonates were separated into eight
fractions of different molecular weights by means of frac-
tional dialysis and ultrafiltration. Changes in analytical
data of the residual liquor and dialysate were closely
controlled during the dialysis and indicated that the
reducing power of the lignin sulfonates under investigation
was inherent and not due to impurities. The ultrafiltration

was carried out in a new type of ultrafilter.

(2) All fractions had analogous ultraviolet
spectra, the ratios between the maximum and minimum
extinctions being the same, The ultraviolet extinctions
per methoxyl bearing unit were the same for all but the

lowest molecular weight fractions.

(3) A new type of supported membrane osmometer

for aqueous solutions was designed.

(4) The theory and practice for correcting osmotic
pressure measurements for membrane leakage was developed.

This technique meskes possible the evaluation of molecular
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weights as low as 5,000 with membranes which are impermeable
only to substances with molecular weights higher than 20,000,
It is in principle also possible to determine the molar

volumes of solvated solutes by this method.

(5) The integral molecular weight distribution
of the lignin sulfonates was determined and found that the
molecular weights of the lignin sulfonates range from about

3,500 to an excess of 60,000.

(6) The experimental evidence presented suggests
that lignin sulfonates are flexible polyelectrolytes. Some
results also indicate that the lower molecular weight frac-
tions associate in solution and that the degree of branching
of the highest molecular weight fraction .is higher than

that of the other fractions.
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VII. SUGGESTIONS FOR FURTHER WORK

A. TFRACTIONATION OF LIGNIN SULFONATES

(1) Methods other than ethanol precipitation of
the barium salts could be used for the separation of the
lignin sulfonates from the carbohydrates. In this connec-
tion, Erdtman's (19) work on the precipitation of lignin

sulfonates with various amines is of interesst.

(2) Membranes with larger ranges of pore sizes
than used in the present investigation could be used for the
fractionation of the higher molecular weight fractions. The
ultrafiltration could be speeded up by moderately heating
the liquor and thus reducing its viscosity. It would also
be of interest to compare the average pore sizes of the
membranes used, and the partition coefficients and molecular

weights of the fractions.

(3) The carbohydrates present in the spent sul-
phite liguor were not investigated in the present work. The
non-ionic sugars and the non-lignous acids could be separéted
by electrodialysis using ion exchange membranes. The non-

lignous acids could be investigated by methods similar to
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those employed with lignin sulfonates.

B. RESEARCH ON THE PHYSICAL STRUCTURE OF LIGNIN SULFONATE

MOLECULES.

(1) The degree of solvation of the lignin
sulfonates in salt solution could be established by ultra-

filtration experiments as suggested by McBain (62).

(2) Correlating these results with partial
gpecific volume determinations, the true effective volumes
of the lignin sulfonetes in salt solutions can be deter-
mined, Either from the effective volumes, diffusion
coefficients and ultra-centrifuge sedimentation measurements,
or from the effective volumes, diffusion coefficients and
intrinsic viscosities, weight average molecular weights and
shape factors can be determined. It would be of interest to
compere the results obtained by these two ways with each other
and 2lso to compare the weight average molecular weights with
the number average molecular weights established by osmotic

pressure measurements.

(3) The reduced viscosities of the fractionsg in

water at different degrees of neutralization could be
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examined to determine how stronger ionization influences

the flexible coiling of the molecules.

(4) Reduced viscosities of the sodium lignin
gulfonates with different amounts of sodium chloride added
could be measured and to obtain the intrinsic viscosities
corresponding to the fully stretched molecules, the results
could be extrapolated to zero sodium chloride concentration

by the method of Paals and Hermans (7L, 72).

(5) Whether lignin sulfonates associate or not
mey be clarified by light scattering experiments. By such
meagurements dimensions of the molecules could also be

established (32, 70).

(6) The intrinsic dissociation constant of the
ionizable groups and the electrostatic potential of the
lignin sulfonates could be determined from potentiometric
titration or even better from the combination of the results
obtained from potentiometric titration and electrophoresis

experiments (46, 32).

C. RESEARCH ON TEE SURFACE ACTIVE PROPERTIES OF LIGNIN SULFONATES

Investigations on the surface active properties of
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the lignin sulfonates would have both practical and theore-
tical significance. Ways for the improvement of the present
practical applications of the lignin sulfonates may be
found. 7Finding correlations between the ability of the
lignin sulfonates to adsorb in interfaces and their mole-
cular size, shape, charge and flexibility would be of
general interest. ©Surface tension lowering, foam stabilizing,
interfacial tension lowering, solubilizing, deflocculating
and dispersing properties of the different fractions could
be investigated. Experimental methods are described by
Alexander and Johnson (2, 3), McBain (58, 59), Moillet and
Collie (67) and Adam (1).

D. IMPROVEMENTS IN THE TECHNIQUE OF OSMOTIC PRESSURE

MEASUREMENTS WITH MEMBRANES PERMEABLE TO THE SOLUTE.

A new supported membrane osmometer should be
designed in which the contents of both half cells can be
stirred. This design can be similar to the one used in the
present work. The stirring can be accomplished by circulating
the solutions in the half cell by megnet governed  pro-
pellers in closed tubes attached to the inlets of the half
cells, By putting small reservoirs into the path of the

solutions, the half cell volumes could be changed, allowing
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greater variations in the values of KS, ol and & , than
was done in the present work. It would also be advantageous
if this instrument could be filled right in the thermostat

with previously temperature-adjusted solvent and solution.

Using such an instrument it should be possible to
measure osmotic pressures more accurately, to extend the
applicability of the method into lower molecular weight
regions and to determine molar volumes of hydrated substances.
The latter results could be compared to the partial specific
volumes corrected for hydration in accordance with ultrafil-

tration experiments previously described.
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