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STATE!vlJITjT OF TEE PROBLEM 

The purpose of tbis investigation is to obtain a reproducible 

JJrocedure for a large scale fractionation of cellulose acetate. The 

criteria for such a procedure may be briefly stated as: 

(1) The volume of solution handled is to be kept to a minimum. 

(a) The original solution should have as high a 

concentration of cellulose acetate as is possible for 

clear-cut fractionation. 

(b) The :precipitating agent used for fractional 

precipitation should have as high a precipitation 

value as is convenient. 

(2) The number of o:per2,tions necessary for })roducing fractions 

should be kent to a minimum. That is to say, there should 

be few, if any, refractionations. 

(3) The original cellulose acetGte should be separated into 

ten ap:.::iroximately equal fractions. 

(4) The fractionation should be according to degree of 

polymerization (molecular weight) and not according to 

degree of substitution (amount of combined acetic acid). 

(5) The procedure should be reproducible as to weight of the 

fractions, and. 2~s to the average clegree of !)Olymerization 

of the fra.c ti ons. 

(6) Both the solve11t ana. the precipitating agent should be 

recoverable. 



REVIEW OF TEEl LI'rE...B.ATO];fil 

The Structure of Cellulose 

According to the generally accepted concept, cellulose consists of 

long chains of B-~nhydroglucose units. These units are con...~ected by 

oxygen bridges from the numoer one carbon atom of one unit to the nu..'!lber 

four carbon a tom of the next unit. The details of the :proof of this 

structure may "be found in most sta,nd.ard works on cellulose (22, 44). 

The present-day accepted version of the structure of the cellulose 

molecule is diagramed in figure 1. 

Naturally occurring cellulose possesses a degree of crystallinity. 

Evidence indicates that the cellulose fibers alternate between 

crystalline regions and amorphous regions. Each chain may pass through 

several of these regions. The regions of crystallinity are said 

to measure, on the average, about 600 i along the fiber axis and 

about 50 by 60 i across this direction. The unit crystal is monoclinic. 

The dimensions and the structure of the unit are shown in figures 2 

and 3. Detailed discussion of the cellulose crystal 1n..<i,y be found in 

most sta.11.dard works on cellulose (1, 22, 44, 36, 53). 

Acetylation of Cellulose 

Since cellulose is a polyalcohol, it undergoes most of the 

reactions of alcohols. Thus, it is not surprising to find that cellulose 

may be esterified. 

There are a gre2,t many acet;vlation methods in use today. The 
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Figure I. Accepted Structure of Cellulose 
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Figure 2. Unit Cell of Native Cellulose 

(from Ott, fil£Jl Polymers, Vol. y, Cellulose and 

Cellulose Derivatives, Interscience Publishers, 

Inc., New York (1946) 
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Figure 3. View Down b Axis of Unit Cell of Native 

Cellulose (from Ott, Jil.e:.h Polymers, YQ.l. y, Cellulose 

and Cellulose Derivatives, Intersc1ence Publishers, Inc., 

New York (1946) 
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following generalized procedure wi 11, however, give an idea 2.s to 

the process. After suitable drying, 100 parts of cotton linters are 

pretreated with 700 p.s.xts of glacial acetic acid for 4 hours at 

J8°C. The mixture is then cooled to 21°c and to it is added a 

solution, :9revi,::i'.1sly prepared and. cooled to -18°C, of 310 parts of 

85% acetic anhydride and 7.2 parts of sulfuric acid. The reaction 

tem-oerature is kept between 21° and 27°0 until the reaction is 

complete, 7 to 8 hours. It is duri11;:.; this period tha,t the cellulose 

is acetyla,ted; the product of this rec,ction is essentially the tri-

2,cetate, ana_ is generally called ::priill2!'y cel1ulose acetate. The 

primary acetate is then hydrolyzed by the addition of 220 parts of 

_50 6; acetic acid. The temperature is allowed to rise to 38°0 and is 

held there until the desired degree of hydrolysis is obtained (usually 

between 50 and 589b combined acetic acid). T:he product at this point 

is called secondary cellulose acetate and contains between 2 and 2.5 

acetyl groups per glucose residue. The acetate is then precipitated 

by pouring the solution into a large volume of water. This is 

followed by stabilizing (removal of excess acid), thorough washing, 

and finally drying. There are numerous variations in the acetylation 

:procedure, inclucUng the use of d.ifferent catalysts ( sulfuric acid), 

the use of different solvents (acetic acid), and the use of different 

temperatures. Thorough discussions of this process are given in standard 

works on cellulose ( 22, l;-4). 



-9-

The Structure of Cellulose Acetate 

As was indicated in the IJreceding section, there are two general 

classifications of cellulose acetate; namely, primary and secondary 

cellulose acetate. The J)rimary cellulose acetate, or the triacetr,,te, 

is soluble in chloroform, but it is not soluble in acetone; in fact, 

chloroform seems to be the only good solvent for the triacetate. The 

sec)ndary cellulose acetate is the p1:1.rtially bydrolyzed product of the 

primary acetate. Secondary acetates, having a combined acetic acid 

c0ntent of between 50 and 58%, are acetone soluble. :Below 507S combined 

acetic acid, the secondary a,cetate is acetone insoluble. 

There have been considerable studies on the effect of partial 

hydrolysis unon the distribution of the hydroxyl groups in the cellulose 

chain (8, 9, 17). The latest work is su..-rnrnarized by the investigation 

of Gardner and Purves (17). In this investigation, it was concluded 

tr.,.a,t in a sample of secondary cellulose acetate averaging 2.44 acyl 

groups 2,nd 0.56 hydroxyl group per monomeric 1.m.it, that, on the average, 

there were 0.196 hydroxyl group on the sixth carbon atom, 0.139 on the 

second carbon a.tom, ac1.d 0.223 on the third carbon atom of the glucose 

unit. Furthermore, the investigation indicated there were 0.0074 moles 

of unsubstituted 2,3 glycol groups per glucose residue. The amount of 

unsubstituted 2,3 glycol groups ~er glucose residu~ calculated on the basis 

of random h,ydrolysis of the second and the third positions was 0.031 moles 

per glucose residue. It is therefore concluded that deacetylation in 

either the second or the third position stabilizes t~e adjacent acyl 

grOUJ:l. 
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Fractionation and Distribution Ourves 

Like all polymers, natural or synthetic, cellulose derivatives 

exhibit a high degree of heterogeneity with respect to molecular weight, 

or degree of polymerization. For the most part, the cellulose 

derivatives 2,re homogeneous with respect to the degree of substitution, 

or in other words, one molecuJ.e has the same per cent composition as 

another (neglecting the effect of the end groups) (22, 23, 26, 35, 43, 

44, 46, 47, 52). 

The pur1)ose of fractionation is to obtain an idea of the degree 

of heterogeneity of the polymer and. to study the effects of heterogeneity. 

In fractionation, one strives to separate the heterogeneous polymer 

into groups, or fractions, which are homogeneous as to molecular weight. 

Actually, this is never accomplished, and it has been shown mathematically 

that with one of the best procedures, fractional precipitation, the best 

that cr::n be hoped for is fractions no sharper t:han :±5% variation from 

the mean by repeated fractionation (~,4, 49). Actually, no valid claim 

to such sharp fractionation li.as ever been made. 

After obtaining the fractions by one of the methods described in the 

next section and determining the average D. P. (degree of polymerization), 

an 11 integral distribution curve 11 may be plotted. This curve is obtained 

by :plotting LJ versus the averc:\~:e degree of ::iolymeri zation ( 22, 50, 52). 

The values of I}) are obtained by the following method: To one-half of 

the weight percentage of each fraction is fadded the sum of the weight 

percentages of each -preceding fraction, starting with the fraction of 

the lowest D. P. The value of Ip so obtained represents the total weight 



-11-

percentage of the entire material with D. P. values between unity and 

the D. P. considered. This procedure involves the assumption that the 

chain lengths in any fraction are symmetrically distributed about the 

average chain length ::,f the fraction, and. the curve thus obtained will 

resemble the curve of a G-ompertz, or of a modified Gorr;Jertz equation (10, 

37). 
If this curve is differentiated, either by determining the equation 

for the curve and ma, thematically differentiating, or by taking the 

slope of the curve at various points, and if the slope, at various points, 

is :plotted versus the D. P., a :probability curve will be obtained. This 

curve is known as the 11 differential cl.istribution curve", and the area 

under this curve should be 100~;. If the area under the curve is not 

100%, it :m.?.y easily "be normalized. The curve thus obtained. represents 

the probability (in per cent) of finding a chain of a given length in a 

sample of the unfractionated polymer. The shape of the curve may be a 

normal probability curve; it may be skewed to the right, or to the left; 

it will co::1tai11 one or more :peaks. With respect to the last statement, 

we c.o ::1ot e:z::pect naturally occurring polymers, or even those made 

synthetically, to h9.ve more than one peak unless it is a blend of some sort. 

Methods of Fractionation. 

There are several methocls available for fractionating high polymers. 

Due to the homogeneity, withres:pect to D.S. (degree of substitution), 

of cellulose acetate, all of the methods fti ve fractionation with respect 

to D. P. The methoa.s of fractionation of l1igh polymeric substances, which 
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have been used with varying d.egrees of success are: (1) u1 trafil tration, 

(2) diffusion, (3) frP:ctional solution, (~,,) fractional :precipitation, 

( .5) chromatographic adsory;,tion, ( 6) molecular distillation, and 

( 7) ul tracentrifug2.tion. 

In fractionation, :probably the first method that comes to mind is 

a -process of filtering out the larger pa..rticles and allowing the smaller 

particles to -oass through, which is the principle of the ul trafil tration 

process. Du.clau..,x and Wollman (12) fractionated cellulose nitrate by 

this ~rocess, using filters of varying pore size. This method is, for 

the most part, unsatisfactory for long chain polymers, since the diameter 

of the va.ri::ous chain lengths is approximately the same, the greatest 

variation appearing in the length of the chain. Thus, when a filter is 

usec_, the long chains may pass thrm .. ,gh the :pores almost as easily as the 

short chains, :provided they strike the pores end.wise. If, however, the 

cr,a.ins strike the pores broadsid .. e, then the shorter chains, as well E.s the 

longer chains, will be retained. Thus, the surprising fact is not that 

poor fr2,ction was obtained by this method, but rather that fractionation 

was obtained at all. The explanation evidently lies in the fact that the 

higher molecular weight molecules do ]:,_ave a larger die.meter than the lower 

molecul2.r weight molecules (2, J, 20, 21). 

The second method that might come to mind is that of diffusion. The 

rate of diffusion, D, of a ~0article has been shown by Einstein (13) to be 

/) = RT 
Nf 

where R is the gas constant; T is the absolute temperature; Ir is Avogadro I s 
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numoer; and f is tb.e frictional force opposing a particle which is 

moving with a velocity of one centimeter per second. The value off is 

obviously some direct function of the size of the particle. Thus, as 

the molecular weight increases, the rate of diffusion decreases. :Sy 

carefully placing a layer of solvent over a solution of the polymer, and 

allowing this to stand for a period ::,f time, one can separate the polymer 

into two fractions. The upper layer ·would contain the lower D. P. 

mrtterial, while the lower would contain the higher D. P. material. This 
1l fl 

method has been attempted by Kruger (29), and by Herzog, Kruger, and 

Yamaga (24). 

The third method that might be considered_ is fractional solution. 

T~is method depends upon the fact that the solubility of long chain 

molecules in a solvent, in wrdch they are only slightly soluble, is an 

inverse exponential function of the length of the cbc'.lin (1.j,9,51). That is 

to srw, the longer cbaii1S are less soluble than the shorter chains. Thus, 

t,y extraction of a polymer with a series of solvents or solvent mixtures, 

it is possible to obta,in a nu.m'ber of fractiDns of varying average D. P. 

This tY.9e of fractionation has been accomplished by a number of 

investigators (11, 12, 33, 45, 47, 48). 

By far, the easiest and. the most wid_ely-used method of fractionation 

is fractional precipitation. TbJs was :probably first applied by Goebel 

and Stepanow ( 19), and wa.s first applied to cellulose acetate by 

Mardles (J2). It has since been applied to a number of polymeric materials 

(23, 35, 42, 46, 52, 54, 59). The theory of fractional precipitation 

closely parallels that of fractional solution and will be discussed in the 
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next section. The method_ consists of adding a nonsolvent or precipitating 

ngent to a solution of the polymer Ulltil the solution becomes hazy or 

cloudy. The solution is then allowed to stand for a period of time, or 

it is centrifuged until there is a layer of undissolved polymer on the 

bottom of the container. The supernatant liquid. is :poured off and more 

nonsolvent is added to tho solution. The process is repeated until 

complete :precipitation is obtained. In this method, the highest molecular 

weight precipitates first, then the next highest, and so forth until the 

last fraction, which is the lowest molecular weight sl1bstance, is 

:precipitated. 

The fifth method of fractionation is by chromatographic adsorption. 

The relation between chain length and adsorption equilibrium results from 

different heats of adsorption. This effect in the case of displacement 

equilibrium could lead to either an increase or decrease in amount adsorbed 

with increase in chain length, as shown by the heats of adsorption. The 

quantum calculation yields a supplementary member, which is brought about 

by the increase in phase volume of the free molecules by adsorption of 

the small molecules. This leads to a preferential adsorption of the long 

chains (5). Fractionation of cellulose acetate has been carried out by 

this method by Mc'1rk P,nd Se,ito (34), using a column packed with powdered 

blood charcoal. 

The sixth method of fractionation is by molecuJ.ar distillation (25). 

In this nrocess, a vacuum is applied such that the mean free 

:pe,th of the vaporized molecules is longer than the distance from the 

eva:porating surface to the condensing surface. Thus, the shorter cha.in 
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lengths would come off first, followed by the longer cludn lengths. The 

limitations of this method are that only a small amou...'1.t may be 

fractionatea. at a time and that the temperatures req_uired are so high 

that the polymer may degrade before it is melted or vaporized. This 

method has been used mainly to remove the very shortest chains of 

synthetic polj,ners. 

The seventh, and last, method of fractionation to be considered in 

this c.U scussion is fractionation by means of the u1 tracentrifuge •. This 

method. is valuable in a.et ermining the dis tri buti on curve, but is inadequate 

for obtaining usua,ble fractions. The :process depends upon the fact tbat 

the heavier molecules settle faster thrm the lighter molecules. This is 

the only method of simultaneously obtaining not only the average molecular 

weight, but also the ~istribution curve of the polymer (6, 30, 33, 57). 

Kraemer (22, 28) has listed the advantages of the ultracentrifugal method 

as follows: (1) It bas the same thermodynamic foundation as osmotic 

pressure or vapor pressure methods; (2) it is, accordingly, not influenced 

by particle shape; (3) in general, it is not affected by solvation; 

(4) its sensitivity increases with particle size; (5) it may be used with 

complex solvents, such as cupra ammonium hydroxide, with which osmotic 

pressure measurements would be very difficult; (6) it avoids difficulties 

associated with the u.se of semi-permeable membranes; (?) it :permits 

recognition of the uniformity or non-m1iformity of particle size and it 

can give a quantitative rating of the degree of non-uniformity (JO); and 

(8) for solutes containing relatively sw.a.11 molecular weight contaminants, 

it is nru.ch less adversely affected than osmotic pressure end other methods. 
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Theory of FTactional Precipitation (4,4) 

As has been stated previously, the theory of fractional precipitation 

rests on the fact that the solubility of long chain molecules in a 

solvent in which they are slightly soluble decreases ex-~onentially as 

the ch..e,in length increases. Using the concept that the attraction 

between cba,L;_s is proportional to their length, but neglecting the entropy 

of dilution, Schulz (40, 49, .51) calculated the degTee of fractionation 

for various conditions of fractionation which are in agreement with the 

more theoretically exact one of Euggins (27) and others(?, 14, 1.5, 16, 

18, 40). 

Schulz's explanation may be briefly described by the following 

cHscussion. If a solvent is powerful enough to dissolve the smaller 

chains, the remainder is usually present as a highly swollen mass which 

shJws all the :oroperties of a liq_uid phase. The process may, therefore, 

be treated as one of distribution of a solute between two immiscible 

liquids. :By letting E represent the energy difference per molecule of 

material on l)assing from the supernatant phase, and a1 represent the 

activity of the polymer molecule in the precipitated phase, and a2 represent 

the activity of the polymer molecule in the s1.1pernatant phase, then 

equation 1 evolves. 

I - E/4 T 
/,<. e 

Schulz then assumed that concentr.s.tions may be substituted for 

ac ti vi ti es ancI that the two :phases may be considered as two i:mmisci ble 
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liauids. If, then, we define E as proportional to the molecular weight, 

M, a.nd. the :proportionality constant is a linear function of the per cent 

precipitant added, P, 

t. (A t-BP)M 

eq. 2 

then equa,tion l becomes 

11 _ (A+BP)M/4 7 
.E.1::}<.e c, 

eg. 3 
The concentra,tion of the polymer in solution w:hich produces 

saturation is designated by Cs e.nd the per cent of precipi tru1.t by P 8 • 

Schulz made one more assu.rn:ption and that is t~.t the concentration of 

the polymer in the precipitated phase, c1, is constant. Tr~s introduces 

2.n error which counterbalances the error in the substitution of 

concentrations for activities. We thus obtain equation 4. 

eg. 4 

In this equation K, A, and Bare constants. 

The results of Schulz may be graphically represented by figures 4, 

5, and 6. Figure 4 shows ths,t as the chain length of the :polymer increases, 

other cond.i tions being constant, a.n increasing volume of the supernatant 

liquid is necessa.ry in order to d.issolve the :polymer. 

Figure 5 shows that for a given ratio of volumes, an increase in 
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Figure 4. Dependence of Distribution of Polymer 

Fractions between Two Phases, as a Function of the 

Volumes of the Phases. 

Energy difference per monomer unit (E0 ) between 
phases assumed to be 6 cal. 

Temperature= 300°K 

q 1 = Gra~a of material of a given D. P. in 
phase 1 {precipitate phase). 

q2 = Grams of material of a given D. P. 1n 
phase 2 (supernatant phase). 

¢ = * = Ratio of volumes of phases 2 and 1. 
l 
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D.P. 

Figure 5. Dependence of D1stribution of Polymer 

Fractions between Two Phases, as a Function of 

the Energy Difference between the Phases. 

Ratio of volumes of phases= 100 

Temperature= 3oo°K 
ql -= Grams of material of a given 

phase 1 (precipitate phase) 
D. P. 1n 

q2 = Grams of rnaterila of a given D. P. 1n 
phase 2 ( supernatant phase) 

Eo = Energy difference per monomer unit between 
phases. 
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precipitant (an increase in E0 ) tends to throw the polymer into the 

precipitate phase. Thus, the ratio of volumes and the amount of diluent 

may be varied independently to obtain the desired proportion of 

polymer of a given D. P. in solution. It is necessary to compare the 

separation curves for different combinations of E0 and¢ (ratio of 

volume of supernatant phase to the volume of precipitated phase) so 

chosen that ma teriaJ. of a given D. P. has a constant separation 

ratio. 

In figure 6, conditions have been chosen so that half of the polymer 

of D. P. = 600 is in each p~P.se. Thus, it is seen that the greater the 

volume ratio and the g:rea.ter the concentration of precipitant, the 

sharper will be the fractionation. 

In practical terms, Schulz's work concludes that the sharpest 

fraction.:'1.tions Lre obta.ined by (1) the most dilute solution, (2) the 

greatest amount of diluent or precipitant, and (.3) the smallest increments 

of precipitate. Further conclusions may be drawn from Schulz's work. 

First, the shape of the distribution curve can be determined with about 

P.s nmch accuracy after refractionating the fractions once as is :possible 

after many more refractionations. Second, the ease of obtaining fractions 

of the same r,ercen tage U..."1.iformi ty is the same for le,rge polymers as for 

sma.11. Thircl, there is little hope of securing fractions sharper than 

::l51s varia.tion from the mean by repeated refractionation. 

Morey 2,nd Tamblyn (.39, 40) discuss cases of reverse order 

:precipitation in which the lower molecular weights precipitate before 

the higher molecular weights. They :present evidence for the occurrence 
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o.~---11-----1---t-H--+--+---r---1 o.6 
q,. ct, 

1.0""'. £C.-_...j~ _ _.__ _ ___,_ __ ..,__ _ ___._ __ 0 
0 200 400 600 800 1000 I ZOO 

D.P. 
Figure 6. Dependence of D1atr1bution of Polymer 

Fractions on Phase Volumes and on Energy Differences 

when One-Half of Material of D. P. 600 is in each Phase. 

Curve 1: ¢ = 1000; Eo = 6.9 cal. 

Curve 2: ¢ = 100; Eo = 4.6 cal. 

Curve 3: ¢ = 10; Eo = 2.3 cal. 

ql = Gra'Ils of material of a given D. P. in phase 1. 

q2 = Grams of material of a given D. P. in phase 2. 
¢ V2 Ratio of volumes of phases 2 and 1. = VI = 
Eo = Energy difference per monomer unit between 

phases. 
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of this phenomenon and a thermodynamic approach to the subject. It is 

nointed out that this phenomenon is ind.ependent of the temperature, but 

dependent on the concentration of solution and the choice of solvent and 

:precipitant. Their theory does :1ot adequately explain the effect of 

variations in concentration. 

Met:_1ods of Determining the Degree of Polymerization 

There are many ways of determining molecular weights; some of these 

are applicable only to low molecular weight substances, others are 

an,licable only to high molecular weight substances, and some may be 

used, within limits, both for high :polymers and for ordinary orgenic 

substances. Some of the methods may be listed as: (1) Victor-Meyer, 

(2) boiling noint elevation, (3) freezing point depression, (4) osmotic 

:pressure, (5) end gl"OU}) d_eterminations, (6) viscosity, a....11d (7) ultra-

centrifugation. 

The Victor-Meyer method_ depends u:9011 the vaporization of the 

substance, and. u;,on the cond.i tion that the va3:,ors will obey the perfect 

gas laws. It is immed.iately a-pparent tha,t it woulct be absurd to attempt 

to apply t'rds methoa_ to high polymers as r::iany decompose before reaching 

the melting point. 

The boiling :point is as absurd_ as the Victor-Meyer, but the reason 

is not quite as apparent. In order to obtain a boiling point elevation 

of 0.01°c from a solution of cel1ulose acetate, whose D. P. is 200 and 

whose D. S. is 2.0, the solution mu.st have a concentration of 260 gTams 

of cellulose acetate for each kilogram of acetone (assuming solution 
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laws hold). This concentration is u:nrea.sonable and furthermore, the 

classical laws of solutions would. not be va.licL for a solution of such 

high concentration. 

Tru~t which bas been said for the boiling point method applies, in 

:principle, to the freezing point method. 

The osmotic :pressure method :has been e,ppliec1 with reasonable degree 

of success. This method depends upon the valid.i ty of the classical 

eou.ation: 

fJ/ ..1./i'T A1 

It is re2.dily apparent that this method will give a number average 

nolecular weight. A good. review of this subject J:i .. as been written by 

S1)urlin (44). 

In the cellulose r.iolec1Jle, there is one reducing end group ( the 

hemia.cetal group). Thus, ty a:p:;;lying suitable reactions, such as the 

corrper number determination, it is :possible to determine how mfmy end 

grou:ps 2.re :present in a given solution. The number of end groups is 

obviously the same as tl:.e number of molecules, 2,nd. thus, a nwnber 

aver.s,1:::e molecular weight is obtained. 

The viscosity method origirn~.ll;y a_evelor,ed 1-iy Staudinger (22, 44, 51, 

55, 56, 58) stated that at low concentrations of solutions of :polymeric 

subst2.nces, whose molecules had the configuration of a rod, the degree 

of -)olymeriz2.tion w2,s proportional to the specific viscosity. The 

vi scosi t.y methocl lJresen ts the most rapid. uethod of determining molecular 



weigl-1ts, is :probably the most wi,lely used, and leads to approximately 

a weight average molecular weight. The method has no firm theoretical 

backgrou...'1d., but by comparison with results from the ultracentrifuge on 

dilute solutions, the relation developed by Staudinger seems to hold 

with a considerable deg;ree of accuracy (28). The original equation 

has been modified by many investigators (2, 3, 4, 20, 22, 28, 31, 38, 44) 

in the field. This will be more fully discussed in the next section. 

The ultracentrifuge method was discussed in the section on 

fractionation. This method is by far the most accurate method. The 

me,in difficulty with this method is the cost and the bulk of the 

eq_ui:pne:r:.t. It gives a weight average moleculE..r weight. 

Viscosity and Molecular Weight Relations 

Staudinger (22., 1+4, 52, 55, 56, .58) has developed the following 

eq_uation for the relations1'...i:p between the viscosity of long chain polymers 

and their average molecular weight. 

-C 
eq. 1 

In this equation, 1s,p is the specific viscosity (the viscosity increase 

over the viscosity of the solvent); c is the concentration expressed in 

grams :per liter of solution; His the molecular weight; and Km is the 

8,ssocia ted constant. Of course, this eoua tion may be expressed in terms 

of the ciegree of yol~.rmerization, P, thus: 

k,o P 
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To establish the constant, it is necessary to determine the 

nolecular 1veight of a substance by some method such as the ultra-

centrifuge and substituting back in the equation a:nd solving for the 

constant. This relation seeI!ls to holo_ for lone; chain polymers as 

confirmed. by the 1.1.ltracentrifuge (22). 

Kreamer (28) modified the method by statiP..g that a more exact 

relation may be obtained by substituting intrinsic viscosity [lj] for 

specific viscosity over concentration, ~p/c The intrinsic viscosity 

is d.efined by the equation 

eq. 3 

This leads to equation 4 

ea. 4 

It has been found, however, though not st,::i.ted, t:b.2.t for solutions as 

dilute as 1 gram/liter, equation 2 is sufficiently accurate, especially 

in the low molec1..1-lar weight ra.nges (J). 

It has been indicated by several investigators that a more general 

equatiJn is required due to the curling or kinking of the longer 

chains ( 2 , J , L:, , 20 , J 8) • 

Bartovics and ~12.rk (L:,) indic2,ted. that a more general equation such 

as eq_u,.'t tion 5 was a}J})licable. 
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eq. 5 
In this eQuation, a is a const1cmt. 

The c..iscussion by Huggins (L!,4,) J:1roposes some theoretical background. 

for the viscosity-molecular weight relations":lip. He has sho.-m. that 

the Staudinger relationshi}, holds when the ki:tL'k:ing of the molecule is 

perfectly rana_om. From this discussion, two other relationslu.1)s are 

evolved: 

Of these two eo~uations, equation 6 should hold. for the infinitely dilute 

soJ.utions, &'1.Cl equatio!l 7 should. hold for the solutions which h..ave a 

finite "out not e. too high conce11tration ( c 5 gra..'ns/li ter). 

In the ciiscussion by J3ad.gley and :Mark (3), the;s7 give the following 

relationship! 

I 'L~ 

kM - I< M 
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the consknts as a• 1, K = 2.09 x 10-5, and If'= .3.15 x 10-11 

for cellulose acetate. They, however, recoa11end th..at the investigator 

a_evelop his own constants for the mterial with which he is working. 
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EXPERI MTuNTAL 

Chemicals Used 

The acetone was chemically pure grade obtained fr::,m Commercial 

Solvents Corpor:::~-:;ion, Peoria, Illinois. 

The cellulose 2.cetate was 140 second, PH-1, lot #J681 from 

ITercuJ.es Powder Company, Parlin, Wew Jersey. It analyzed 52.87& combined 

;::;,cetic acid and had an average degree of polymerization of 178. 

Then-heptane was pure grade, 99 mole per cent minimum, from 

Pliillips Fetrolelun Comp.::,ny, :Bartlesville, Oklahoma. 

The methyl cellosolve (ethylene glycol monomethyl ether) was obtained 

from Carbide and Carbon Chemicals Corgoration, South Chc"U'leston, West 

Yirginia. This reagent was dried over calcium oxide and twice distilled 

thr,:)Ugh a fractiom>.ting colu..mn. The boiling :point was 122°c at 720 mm. 

Introduction 

Work by various investigators indicated that the proper procedure 

for fraction,<J.tion was to add a nonsolvent to a solution of a polymer 

unti1 the first )-1aziness or cloudiness 8-}Ypeared. Preliminary experimental 

work showed th.at this haziness was not a "".,od indication of the true end 
~· -

:noint, since, depending 1.rp.::rn. the solution used, the addition of a 

nonsolvent, 1.u1til this end point was reached, either gave no precipitate, 

or if it g2.ve a nreci})itate, the weight of the precipit1:,,te was not 

re,-:iroduci ble. It therefore seemed advant~\geous to devise a method by 

whkh it would be possible to determine when enough nonsolvent had been 
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added to produce a predetermined weight of fraction. 

Ex-oerimen ts with Ne-phelometry: 

It seemed reasonable that the degree of turbidity would be a function 

of the a..,71ou..11t of suspended, but not dissolved, particles. Therefore, 

if nonsolvent were aa_cled to a solution of acetate and the degree of 

turbicti ty ,.,.,.ere measured. with a nephelometer, it would seem that there 

should be some correlation between the readings of the nephelometer and 

the 1;;eight of precipi ta.te which would be obta.i ned on long standing. A 

Klett-SuJn,71erson Photoelectric Colorineter was chosen to investigate this. 

The first experiment using ne:phelometry to measure the end point was 

made on a 41s solution of cellulose acetate, using as a solvent 807& 

acetone and 20'.fi ethyl alcohol ( 95;r;). Ten samples of 150 ml each were 

taken froa the solution and to each was added varying a,,:nounts of n-heptane. 

'.I'he turbid_i ty was measured_ one minute after the addition of the heptane, 

and again at .30 minutes after the c1,d.dition of the heptane. In each case, 

the heptane was cH'ided in a fine stream from a burette and the solution 

wc,s 2,gi tated du.ring the addition, and. for JO seconds 'Ghereafter. lil'o 

correlation was found between the amount of heptane added and the 

tur::lidi ty, nor was there a..."rly correlation between the amount of 

precipitate obtained and turbi<3-i ty. 

The seco:1d e:7.periment was maa_e on a solutio;:i of 4;b cellulose acetate 

in acetone. Again, the solution was c.i vicled. into 10 parts of 150 ml 

each. Heptane wa,s added in the manner described before. This time, 

there ,1as some apparent relation beh;een turbid.i ty and volume of heptane 
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added, and also between turbidity and weight of fraction obtained, as 

shm·m oy Table 1. 

TABLE 1 

Relation between Volume of lJ-HeJ)tane Added to 150 ml of 4% Cellulose 

Acetate Solution and Tuxbidity and. Per cent Fraction Obtained 

Vol. n-heptane (ml) 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 

Turbidity 325 .343 350 382 382 412 4.34 425 

Per cent fract-ion o.o 51.4 51.4 53.0 53.0 55.0 58.0 59.0 

Fron Table 1, it is clear that this choice of solvent and precipitant 

was poor since a difference of one milliter in volume of precipitant 

mc>,de the difference between no fraction, and a fraction containing 

approximately 517S of the total cellulose 2.cetate. 

Other experiments were run in the ho:pe tP.I:~t a. more s.s,tisfactory 

correlation could be found between turbicli ty and. weight of fraction. The 

results of these experiments varied from those of the first experiment to 

those of the second experiment. 

The final experiment in hephelometry confirmed. the opinion th.at there 

was no accure.te correlation between turbidity and. iveight of fraction 

obtained. A solution of cellulose acetate was mD .. de, using a solvent 

OI~ 90"_,.z.: aceto,_,.e d 10·-" +· 1 1 1· 1 . an. j; me ... n:y a cot10 • II-heptane was add.ed from a buret te 

to ten samples of 200 ml e2.ch. The samples were agitated during the 

2c1di tion 2,ncl for .30 seconds thereafter. The ti..u~bic3-i ty was me2,sured one 
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minute 2.fter the ad_di tion of the he1,ta.ne, and e.t intervals thereafter up 

to 7 hours. The solutions were then :placed in a 15°c constant temperature 

box for 24 hours. After 21+ hours, the su:pernat2.nt liquid was poured off; 

the :9reci:pitate was d_issolved in acetone, re1)reci:pitated in distilled 

water, dried, fU1d. weighed. The rest1J. ts are tabulated in Table 2. 

It may be seen from these results that there was an initial increase 

in turbidity of each sample followed_ by a slow decrease in turbidity 

with time. In genere,l, the greater the amount of precipitating agent, 

the more turbid was the solution. However, it becomes immediately apparent 

that it is not possible to use this method as a neans of determining the 

amou."1t of precii:;i tate t~,,t will be obtained. The results of this 

ex-Derir:1ent indicc\ te that there is a closer relation between t:he amount 

heptr•,ne ad.cled and_ the weight of fraction obtained. 

:Ebmeriments with Dielectric Constant 

It was thouc;ht that there might exist a relation between the dielectric 

constant a.net the amount of :precipitate obtained by adding a nonsolvent 

to a solution of cellulose acetate. An apparatus was available which 

could_ give a measure of this ::;)roperty, but the results obt::dned from 

experiments with this equipment were erratic and inconsistent. This may 

r..2.ve been due to lack of accu.ra.c:r in the equipment, but the method did not 

T)romise a satisfe,ctory correlation, and f1,,u:-ther work was dropped. 

EX1Jeriments w:i. th Acetone - Water - U-Heutane - Cellulose Acetate System 

From the results obtained with turbid.i ty and i.v:i th dielectric constant 



T.AJ3LE 2 

Correla,tion behmen Volu:ne of lI-Heptane, Turbidity, Time, and. ':leic:ht of Fraction obtained on 24· Hours 

Standing at 15°c. 

Vol Relative Tu.rbid.i ty s,t Time (hours) Ind_icated \ 1lei~;ht ~?Ur~ Ji'ract. 
_o.o 0.5 1.0 1.5 2.0 ;;;.,5 J.O 4.0 ,2. 0 6.0 7.0 (gms) 

18.0 44.o 103 102 104 104 104 103 101 102 102 o.oo 
19.0 44.5 174 163 156 157 146 144 140 143 0.52 

I 
\..;.) 

20.0 4,3.5 187 175 170 165 160 156 151 145 145 1.26 ~) 

20.5 44·.3 230 195 178 166 158 157 151 152 1.30 

21.0 J~,2. 5 218 200 189 182 178 172 166 162 158 1.37 

21.5 4J.l .• 2 270 z-,o 
/ 197 183 172 167 164 165 1.37 

22.0 45.3 243 214· 199 192 185 179 171 168 164 1.42 

2~.5 44.9 293 242 200 192 184 176 170 170 1.46 

23.0 45.0 256 224 205 198 190 183 175 171 168 1.48 

25.0 45.2 308 263 206 204 198 185 181 176 1.86 
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measurements, it was concluded thc?,t the best correlation that could be 

fm.Ln.d for the weight of precipitate was that between the volume of 

hepta11e added 1:md. the weight of fraction obtained. It was noticed that 

there was some discrepancy in this relationship and th..at possibly this 

could oe a_ue to varying amounts of water absorbed by the acetone. Rather 

than trying to obtain absolutely dry acetone, it seemea_ better to 

:':)Urposely acld water to the acetone so that small varie,tions in the 

water content of the acetone would be far overshadowed by the water 

added. Also, this ad.di tion of water would tend to decrease the amount 

of extra water absorbed by the acetone. 

The ::ohase diagram for acetone, water, and n-heptane was determined,. 

3rom t~Js diagram, it was seen that 5% water by volume, or that 5% 
w2,ter oy ·weight, could be used in the sol vent and that enough hepte..ne 

could then be added to bring down the fractions without having the 

supernatant liquid separate into two layers. 

Using a sol vent of 951& by volume acetone and 5d/a by volume water, a 

solution wa.s prepared that contained 4% cellulose acetate. To five 

samoles of 200 ml each, varying amounts of heJ)tane were added in order 

to determine the :point where 10~'7, of the cellulose acetate would 

preci1)i tate. The result of this experiment was that 25.6 ml of heptane 

1)reci:9i tatect 6.87S of the cellulose acetate, while 26.0 ml of heptane 

precipitated 14.9f; of the ITl""terial. Thus, only 0.4 ml difference of 

heJ)tane gave 8.1c' difference in the per cent of the fraction. It was 

obvious that the :precipitating power of the heptane was too great, and 



th2,t some raodificati on would have to be made. 

Ex-perlments with Various Solvent-Honsolvent Systems 

In order to obtain a curve of lower slope than that found with 

he·otane as a :orecipi ta ting agent, various solvent and nonsolvent systems 

vrere tried. The results are tabulated in Table J. A sairr_ple of 200 ml 

of 41s cellulose acet;;-, te was used in each case, and the -precipitating ' ~ 

agent was added until the first sign of cloudiness appeared. 

Location of the Preci-oitation Poi:g.t of the Various Fractions 

When the results with various solvent-nonsolvent systems were 

consid.ered, it seemed that the best system was the one which used a solvent 

of 951; by volume acetone and 5% by volume water, and which used 75% by 

volume n-heptane and 25;: by volume acetone. 

The next step in the procedure was to use the above-mentioned system 

and determine the amount of precipitant required to bring down the first 

10% fraction, then the next 107G fraction, and so forth until all, or 

nearly all, t~e cellulose acetate had been precipitated. In order to 

acc::implish this, a 45; solution of cellulose acetate was prepared, using 

this solvent. The solution was t't10roug..11.ly agitated and allovred to 

stancl for 21-J, hours at 25°0 to insure complete solution. The solution was 

then divided into five parts of 160 grams each. Varying amounts of 

11recipi ta:o.t were added to the flasks, and the flasks were then placed 

in a 15°0 c.)nstant temperature box. After 24 hours, the solutions were 

decanted; the fractions were dissolved. in acetone, reprecipi tated in a 

large volume of distilled water, dried at 105°0, and. weighed to the 



TA:BLE J 

Results from Jlbrperiments with Various Solvents and Various Precipitants 

Sol vent 

00':1. acetone io% water 

0 o<; acetone 
{o5fi water 

J.rnc! ethyl alcohol 60% B,cetone 

7nd, ethyl acetate Joi ethyl alcohol 

a,cetone 

acetone 

acetone 

acetone 

acetone 

95% (vol.) acetone 
5'% (vol.) water 

95% (vol.) acetone 
5% (vol.) water 

Precinitant 

water 

50< wa,ter 
50% acetone 

ethyl alcohol 

ethylene glycol 

n-butyl alcohol 

isobutyl alcohol 

ethylene chloride 

ethyl acetate 

n-heptane 

905b (vol.) n-heptane 
lOJG (vol.) acetone 

Results 

flocculc,nt prechii tu,te unable to decant 
or filter 

226 ml ge,ve no precipitate 

115 ml gave 4·.l7 gr2J11s of precipitate 

incomplete solution 

190 ml gave J.23 grams of precipitate 

140 ml gave 1.92 grams of precipitate 
22 ml gave flocculant precipitate 

soft and flocculant precipitate 

115 ml gave no precipitate 

gave no precipitate 

slope = 20.J f,/ml 

I 
1-..,J 

'f 



TABLE 3 - Continued 

Solvent 

95~ (vol.) acetone 
5% (vol.) water 

95i (vol.) acetone 
5% (vol.) water 

Preci ui ta,nt 

85;~ (vol.) n-heptane 
15% (vol.) acetone 

75% (vol.) n-heptane 
25% (vol.) acetone 

Results 

slope • 5.8 %/ml 

slope = l+.l 1,/ml 

I 
\,) 

°' I 
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nertrest milligram. The per cent fraction obtained was plotted against 

the volume of precipitant required, and by interpolation, the volume 

of preci:,.ii tant required for a 10"~4 fraction was determined. 

In determining the precipitation point for the succeeding fractions, 

a similar procedUl'e was followed. To five flasks containing 160 grams 

of solution was added the rec:1-u..i.red amount of precipitant to bring down 

the preceding fractions one at a time. These fractions were treated 

the same as the first fraction and were used as confirmation of the 

previous calculations. Then, in order to determine the precipitation 

point of the fraction in question, varying amounts of the precipitant 

were added to the supernatant liquid from the previous fractions (at 

25°c). The solutions were again placed in the 15°c box for 24 hours, 

decanted, and the precipitate treated as before. 

After precipitating 90% of the total cellulose acetate by this 

meth0d, the procedure was transferred to the basis of 800 grams of 

solution. The tenth fraction was obtained by adding 200 ml of pure 

heptane and. the eleventh fraction was obtained by distilling off the 

solvent under vacuum, a.~d over a water bath. 

The fractions obtained from two samples of 800 grams of solution were 

collected and analyzed for per cent combined acetic acid and for average 

degree cfpolymerization. 

The J)rocedure followed in the determinati:Jn of combined acetic acid 

was the one described by Hurray, Staud, and Gray (41). Twenty milli ters 

of acetone was :pipetted into a JOO ml wide-mouth Erlenmeyer flask, and 
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0.5 grams of cellulose acetate (weighed to the nearest tenth milligram) 

wa.s c,dded. The flasks were loosely stoppered, and placed in a 50°0 

constant temperature box for one hour, with occasional shnking. At the 

end of this period, 20 ml of sta.'1.dardized 0.5 N lfa0H w2.s added, and the 

flasks were a.gain loosely stoppered and placed in the 50°c box for one 

hou_r. The sides of the flasks were then washed down with distilled 

water and the solution was back titrated with standardized 0.5 NHCl, 

using phenolphthalein as an indicator. The per cent combined acetic 

acid was calculated on the basis of the amount of lifaOH required to 

hydrolyze the cellulose acet2,te, and the results are tabulated in Table 4. 

The degree of polymerization of the samples was determined by the 

Viscosity method. of Staudinger, as described by Sookne, Rutherford, Mark 

and Harris ( 52) • 
-L.j, 

The constant Y"":P used was 9.8 x 10 at 25.0°0 for 

cellulose acetate in methyl cellosolve. In this procedure, 0.05 gram of 

sample was weighed to the nearest tenth milligr;;tm, placed in a 25 x 200 mm 

test tube, ana_ 50 ml of methyl cellosolve was pipetted into each. The 

solutions were shaken anct allowed to stand for 24 hours to insure 

corrr9lete solution. The viscosity determinations were made with Oswald 

viscosimeters at 25.0°c :t 0.05°c. 

The resuJ. ts of this fracti-:mation are tabulated in Table 4, and may 

be sur,i;narized as follows. 

1. The J)reci:pi tation points had been located with a reasonable 

degree nf accuracy. 

2. The amount of combined acetic acid increased slightly from the 



TABLE 4 

Results of the First Fractionc.-,,tion Proced.1,1.re 

Fract Volume Av,g. ,,r;: ?:; Comb. Avg. ,, 
# Pntant. Fract. Cit,C00H D. P . 

ml' .,) 

1 161.0 9.98 51.1 218 

2 13.0 10.26 51.2 231 

3 10.6 10.07 51.8 212 

4 10.4 9.85 51.6 

12.1 10.46 52.6 _, 
I 

\,,-) 

6 14.5 10.13 52 • .3 ,,o 
I 

7 18.9 9.67 52.9 

8 26.9 9.68 53.8 

9 66.5 9.75 54.o 

10 200.0 7.10 54.9 
( n-he])tane) 

11 evap. 1.57 

Original Cellulose acete,te - - - - - - - - - - - - - - - - - - - 53.2 177 

Original Cell. Ac. Reprecipi tatecl - - - - - - - - - - - - - - - 52.8 



first fraction to the last. Tbis, however, may be explained on the 

oasis the,t there is an extra esterifiable alcohol group on each chain, 

and truc~t as the degree of :polymerization decreases, the effect of an 

acetyl group in this :position increases, thus giving rise to an increase 

in the per cent combined acetic acid. Furthermore, the original 

cellulose acetGte gave a higher acetate content than was found for it, 

if it were dissolved in acetone and reprecipitated in water. This 

reprecipitation process evidently washed out acetate salts which were 

b.eld to the cel11J.lose acetate. It was found by Sookne and co-workers (52) 

that the lower D. P. material does have a higher concentration of ash 

a.nd a higher per cent of combinea_ acetic acid. 

J. There is an inversion in the molecular weights. That is to say, 

the first fraction has a lower D. P. than the second fraction, but the 

third. has a lower D. P. than the second. It was thought that this may 

be accounted for by reverse order :,orecipitation, by the occlusion of 

lo':rer D. P. material, or by a high ash content. It was noticed that the 

original solution made for fractionation l1.ad undissolved material in it. 

Verification of Inversion i,,, Degree of Polymerization of First Fraction 

In an effort to correct the inversion of the first fraction which 

might have been due to hlgh ash content, it was thought that it might be 

desirable to include a pu~ification step. The step decided upon was 

the bringing clovm of an initial fraction which would contain only l7b 

of the total original cellulose acetate. It was thought that this would 

be su11erior to filtration as the gel woula. h2. ve a. better cbance of 
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trapping colloidal particles tha .... 11 uouJ.d. a fi 1 tering medium. Furthermore, 

the gel would. be aole to adsorb cUssol ved. ionic impurities. The rest 

of the fractions were obtained. by the same manner as described before. 

The results from f8u.r different sets of fractionations, and ten 

deter1;1inations of D. P., are shown in Table .5. It is readily apparent 

that these results agree with the JJrevious results, and that there is 

an inversion in the first fraction. '.11:his could mean only that the 

difficulty lay not in the technique of fractionation nor in the technique 

of determining the degrees of :polymerization, but rather in some 

fundamental property of the system on which the work was carried out. 

It was then d.ecicied th..at a closer study of the system was in order. 

The first fraction containing about l)i of the tot2.l was obtained as 

before. The next fr2,ction was designed to contain 37% of the total 

cellulose acetate r:cnd thus contain all of the very high D. P. material. 

The remaining fractions were taken to contain about 1051 each of the 

total cellulose acetate. Two sirm.tltaneous fractionations were carried 

out following this scheme. In tl1is cr::,se, there were no inversions. The 

37St fractio:1 had a D. P. of 232, the next 218, and. the rest had decreasing 

D. P. 1 s in order. 

Upon refracti :mation of the 371~ fraction, suofractions were obtained 

:having avera,ge D. P. 1 s ranging from 279 to 137. In order to obtain 

sha,rper fractionation, it was d.ecided that 371G was too large a frc,ction 

to accept. Thus, a ch2.nge in :procedure was indicated. 
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Verification of Inversion in D . p. 's 

Fract. .:;:; Fr...,ct Avg. Ho of D. 'D / .... c~ • .... 
D.P. Determ. 

l 0.91 

2 9.99 222 12 

3 9.50 230 11 

4 10.4c 226 7 

5 10.28 2;~2 9 

6 10.21 194 10 I 
-t::" 
('\) 

7 10.37 182 8 I 

8 10.72 169 5 

9 9.73 143 4 

10 10.08 102 4 

11 5.78 45 4 

12 2.02 33 4 



Determinatio,'1 of a Precise Method of Fr~.1,ctionation 

Results from })receding experiments indicated that a precise method 

of fractionation could be obtained, but the method would have to include 

either resorting to a lower concentration of solution, or a refr2,ctionation 

of one or more fractions. The easiest procedure seemed to lie in 

perfecting some method of refractionation of a first large fraction 

without resorting to (1rying ai1d redissolving this fraction. Previous 

work j_ndicated t:b.c2,t the :precision of the fractionation procedure was 

great, vith res:oect to obtaining reproducible weigilts of fractions. If 

then, a fraction containing say, 407; of the total weight could be obtained 

11i th J'.)recision, then it could "be assumed th2,t und_er identical conditions, 

.the same weight of fraction woulo. be obtained every time. Then, with.out 

drying a:::id weighing the fraction, enough solvent could be added to the 

swollen :precirJi tate to make up a solution of any desired. concentration, 

followed by precise fractionation of this solution. A11 of the following 

fr2,ctionations were based_ on this l)remise. 

Since the })rocedure of fractionation had_ to be cbanged., it was 

deemed_ tl-'..r:-,,t this would be a good ple,ce to change from pre:paring the 

solvent and the nonsolvent on a volume basis to preparing them on a 

weif;ht basis. This cl1c.:t1.ge vras thought advisable c.ue to the wide variations 

in room ter:rper2,ture. This change, o:f ccrnrse, necessitated the relocation 

of the :nu:dfication fraction, and. the 40~; fraction. Tb.is was considered 

to be a small sacrifice, when it was realized that all other fractions 

,mule. :b.ave to be relocated. in any event. 



The new solvent chosen ,,,as 9.5;-,; by weight acetone and 5% by weight 

weSter. The new :oreciJJitant chosen was 755:; by weight n-he1:;tane and 2516 

lJy weight acetone. The solution was prepared as before, by adding to 

t}w solveni; with continuous agitation, enough cellul.-Jse acetate to malce 

,,,,1 1 ,. • a '-i;c so_Ui,J.on. The solution was then allowed to s ta.net for 24 hours to 

il1su.re con:olete solution. The :ourification fraction and the 40'! fraction 

were loce,ted. by the S,'cune method. used before. 

After the location of these fractions, t 1 :o 800 gram solutions of 

cellulose acek:te were :ore:oared. The ·,)urific~ition fraction was removed, 

2.110. then the 1-'.·0'.0 fracti 011 was obtained. The supernatant liquio. from 

this fraction was stoppered. ancL placed in the 2.5°c const&'1t temperature 

oox. Assm:1in{; that a 4o;; fraction was obta::.ned, enou.gh solvent was 

a<icled t::> the 1:rcecipi tatecl gel to make a zq:; solution of cellulose acetate. 

It was cieemed. that greater precision would_ be found if a constant 

weight of solution were prepared. from tlLis fraction, tha,11 if the weight 

of s0lvent v.rere calc1J.latec1 on the 1)asis of the weicht of the swollen gel. 

The resultant mixtr1.re of solvent c:.nd [_~el were 2,gite,ted and 1::rou ... 6ht to a 

ter:rpsr2.ture of 25°0. The solutions 1.vere allowecl to stand unti.1 one hour 

n;:~o_ elapsed. from the time of decantin6 • It was later s}1.own that this 

wr"s insufficient tine to obtain complete solution of the swollen 

eel huose acet2.te. Varyinc ano1.ints of yreci:pi tant were added to this 

solutioc1. c,nd. fr::,ctions were obkdnecl by placing the solutions in the 

15°c box. The solutions were c1ecented and the su:)ernatant liquid was 

combinec. with the su.}1ernatant li(rnid from the L;,of; frcccti on. The combined 
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solutions were brought to 25°0, precipitant was added, and a fra.ction 

was obtained by pl2,cing the solutions in the 15°0 box. By the continuation 

of this 11rocec3.u.re, the remaining fractions were obtained. The last two 

fractions, however, were obtained by the addition of n-heptane and by 

the distillation of the solvent (under vacuum and over a water bath) 

respectivel;t,r. From the curve obtained by plotting the accumulative per 

cent of fraction vers1..1.s the volwne of :precipitant e,dded, it was possible 

to determine, with ?, fair degree of accuracy, the location of the various 

fre,ctions. 

Succeeding ex;.0eriments showed thc,t any attempt to bring doim less 

than a 20;G fraction in the refractionation procedure resulted in a. gel 

which was too soft to decant. Preliminary determinations of D. P. 

indicated that there were no inversions in this procea_ure, a.'lld that the 

first fraction had. a D. P. higher than p,,,ny previously obtained by 

ordinary fractionation procedures. 

ProcecJure Followed for Precise Fractionation of Cellulose Acetate 

:By combining the infor:rna.tion obtained. from the prececling experiments, 

t'he following procedure was developed, and followed in the remaining 

fractionations. 

First Day. Solutions of cellulose acetate were prepared as follows: 

Solvent: 95~G 2cetone 

59~ water 

Solute: cellulose acetate 

Sol11tion: 

729.6 grams 

J8.4 grams 

768.0 grams 

32.0 grams 

800.0 grams 
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The solution was prepared by mixing the 2.-cetone ana_ the water in a 

2 1i ter Erlenmeyer flask, then slowly :pouring in a steady stream of 

cellulose acetate while whirling the flask. The solution was allowed 

to stand overnight at 25°c with occasional shaking. 

The J?reci:pi ta ting agent was prepared as follows: 

75'& I n-he:ptane .300 grams 

251& e.cetone 100 grams 

total 4-00 grams 

This was sufficient preci:_pi tant for the fractiona.tion of one 800 gram 

solution of cellulose 2cceti:,te. 

Second Day. After the cellulose acetate solution had been allowed 

to stand overnight, enough precipitant was added to bring down an 

ap:oroximately 1c:::; fraction. This fraction was kno\lm 2,s the purifying 

frnction and was designated as fraction 1-a. The solution was agitated 

0_1Jxing the addition of the 11reci1Jitant and then :placed in the 25°c 

constant te:r:1:perature box. After standing in the 2.5°0 box for one hour, 

the flask was then trsnsferred to the 1.5°0 constant temperature box, 

c:ncl tilted so as to collect the preci:pi tate on one side. 

T'-lird Day. After the solution had been in the 1.5°0 box for 22 hours, 

the su:oer:natant liquid was c.s,refully poured off, stop~1ered, e.nd :placed 

in the 50°c constant ten~erature box until the solution temper2.ture had 

re2,chea_ 25°0, ot which time it was :pb,ceci in the 25°0 box. When one hour 

had elqJsed from the time of c"Lecanting, enough :preci:pi ta.ting agent was 

r>d<led, with agitation, to bring doim 407b of the total cellulose acetate, 



8,nd the solution was again placed in the 25°0 box for one hour. T};.i s 

was followed by a 22-hom· period in the 15°0 box as before. 

Ic1 the meantime, the nrecipitate obtained. was redissolved in 

eno1.,1.gh acetone to make a very viscous solution and a little distilled 

water wr,.s actd.ec1 to decrease the viscosity. Tbis solution was allowed to 

sk .. nd overnight with occasional agitation in order to insure homogeneity 

of the solution. The solution was then :Poured rapid.ly into 2.bout 2 or 3 

liters of violently agi tded d.istilled_ water. The precipitate so 

obtained_ was filtered, WEshed with distilled water, dried. overnight at 

.50°0, and fina.liy a_ried 2.t 105° - 110°0 for 2 hours. The fraction was 

then wei_ghed and. stored. 

F::iurth Day. The su:;,ernatant J.iquid was a_ecanted into a 3 liter 

Erlenmeyer flask, stop:pered, and placed in the 25°0 box. To the 

]1recipi tate, designoted as fraction 1-b and containing approximately 

I+o;; of the totaJ. cellulose a.cetate, was added enough solvent (95j; acetone 

and 5fb water) to make 640 €,Tams of solution. The flask was then 

agitated 1)y a slow tut constant end-over-end rotation for 4 hours. The 

solution was then :placed i:..1 the 25°0 box for one hour. Enough 

:preci:pi tant was ado.ed, as before, to produce a fraction containing 20;& 

of the original cellulose acetate. The flask was returned to the 25°c 

bo:i-~ for one hour anc_ then transferred to the 15°0 box, til tea., and allowed 

to s tano_ for L~2 hours. 

Sixth Day. At the end. of this l)eriod, the supernata.'1.t liq_uid was 

decanted into the s1roernatant liouid from the fourth a_ay, and_ the solution 
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t , 1 ed 1·n the 50°c box long enou2 .. h to bring the tem~eratu.re was nen :o ac _ _. _ 

of the solution to 25°c, then transferred to the 25°c box. When one 

ho1..1-r 1-.,a,d. expired fror.1 the time of decc'.:n ting, enough preci:pi te,nt was added 

to bring do,m. a 107; fraction; the flask was returned to the 25°c bo:x: 

for one hour, then transferred to the 15°c box, tilted, and allowed to 

stand for 22 hours. The preci:pi tate obtained on this day was designated 

as fraction 1 and was treated exactly the same as was the :precipitate 

obtained on the third day. 

Seventh tbrough Eleventh Day. The supernatant liauid we,s poured. 

into a 3 liter Erlenmeyer flask and. the temperature of the solution was 

brought to 25°c. The flask was then transferrea. to the 25°c box UJ1til 

one hour had ela,psed fro:rn the time of decanting. :Enough :precipitant was 

add.ea_ to bring down a 10'.% fraction ancL the flask ,ms returned. to the 

25°c box for one hour, then transferred to the 15°c box, tilted, and 

allowed to sk.nd for 22 hours. The }Jreci:pi tates obte,ined were designated 

successively as fraction 2, fraction 3, .•.• , fraction 7, and in each 

case, the precipitate was treated according to the method descri becl on 

the ttd.rd. d.a.y. 

Twelfth Day. The procedure followed on this day was the same as 

before, except it was found to be convenient to change the precipitating 

agent at this point to :pure n-hepta.ne. 

T':,.irteenth Day. The :preceding days bad :produced a total of 9070 of 

the cellulose acetate as fractions. The procedure followed was the same 

D,s before, except in this case, a 12.i·ge excess of n-he:ptane (.500 ml) was 



added t0 :9reciJ)i tate as much of the remaining cellulose acetate as 

TJoGsi"cle b;t nonsolvent addition. 

Fourteenth D:sy. The sunernatant liquid was decanted as before and 

the fraction obtained was trer:,,ted in the same manner as were all the 

previous fractions. The supernatant liquid was placed in a vacuum 

d.istillation a.I)}XU:·atus s,nd the liquid was distilled under vacuum. The 

hea,t was su:pJ)lied by a water bath to prevent charring of any remaining 

cellul::,se acetate. The solid rnaterial was recovered, dried, weighed, 

and stored. 



By followil'l{; the :procec1ure outlined. in the previous section, a 

:precise fractionation was a.ccorrrplished. There were no inversions of 

D. P.; the weights of the fractions were reproducible; a,nd the D. P. 1 s 

were reproducible. 

Table 6 shows in tabular form the resuits of three different 

fractionations. The percentage of the fractions is based on the total 

amount of cellulose acetate recovered, neglecting fraction 1-a. The 

degrees of :polymerization uere determined by the Staudinger equation as 

'Was descri1:led before. 

Table 7 shows the s t2,tistical analysis of variance on the D. P. • s. 

This table shows th2,t variations as 6Te2,t as those between fractions 

would occur less than l;; of the time by cha.nee alone , and that the 

v2.riations within a t0-ven fr,~ction could be accounted for by chance alone. 

Ho attempt has bee:c1 ma<le to analyze statistically the weight per 

cent of the fractions. ,Any such analysis on percentage would be futile 

since the su.rns were purposely made to be 100%. However, it will be 

noticed that the n1nmuJn variation in per cent of any given fraction from 

the mean of that fre,ction is o.4687; or less, and that the average 

variation is considere,oly below this value. This greatest variation, 

which was found in run X, fraction 8 may be eA-plained in that this 

fra.ction was d.i ssol ved in too much e,cetone, e,nc1 thus, when it u2.s re-

:precipitated. in water, it ce.me d.ovm as a very finely divided, partially 



TAELE 6 

RESULTS OF FRACTIONATION PROCEDlJRE Al'11) DEGR'liiffiS OF POLYM]JRIZATION OF TIDJ FRACTIOl{S 
(D. p. of original= 178) 

* 
Fract. Run Wt.Soln. Vol.Precip- Wt. Fract. e F t Ip D. P. 1o ra.c • 

{ ,e:ms 2 itant (ml} ~~ms) 

1-a X 800.0 123.1 0.186 

y 800.0 123.1 0.277 

z 800.0 123.1 0.304 

1-b X 879.4 59.0 
y 877.8 59.0 

I 
V\ 

z 876.7 59.0 I-' 
I 

1 X 64-o.o 118.0 6.467 21.577 89.212 258, 258 
y 640.0 118.0 6.479 21.291 89.353 250, 256 

z 64o.O 118.0 6.J03 20.767 89.615 253, 249 

~,.verage - - - - - - - - - - - - - - - - - - - - 21.212 89.393 254 

2 X 1482.7 16.7 3.047 10.166 73.34o 234, 242 

y 1484.4 16.7 3.051 10.026 73.694 246, 238 

z 1478.2 16.7 3.125 10.296 73.772 243, 248 

average - - - - - - - - - - - - - - - - - - - - 10.163 73.706 242 



TABLE 6 - Continued 

Fract. B:u.."1 Wt.Soln. Vol.Preci"P- Wt. Fract. %Fract. Ip * D.P. 
(gms) ita.nt (ml) - 's 

J X 1468.8 2J.2 2.8£:ll 9.612 6J.4·51 231, 229 

y 1470.3 2J.2 2.90.5 9 • .547 63.908 2:,9, 227 
,., 1463.6 23.2 3.042 10.023 63.92.4, 232, 230 I.J 

average - - - - - - - - - - - -----~ - - - - - 9.727 63.761 230 
4, ..,. 1459.3 26.0 2.927 9.766 .53.762 211, 207 .. 

y 1461.0 26.c 2.88L~ 9.477 ,54.396 202, 202 
I 

\..ti z 145.5.2 26.0 2.946 9.706 .54.0.59 206, 204 7 
average - - - - - - - - - - - - - - - - - - - - - - 9.650 ,54.072 205 

5 X 14.54·. 5 35.0 3.292 10.984· 4J.387 174, 180 
y 14,56.li, 35.0 3 • .320 10.910 4-4.202 183, 17.3 

z 1449.7 35.0 3.173 l0.Lr.5l~ 43.974 188, 183 

average - - - - - - ------ - - - - - - - - - - 10.783 43.862 180 

6 X 14.54.7 42.0 2.782 9.282 33.254 160, 158 
y 1457-5 42.0 2.853 9.376 34.059 161, 160 

z 1451.J 4-2.0 2.921 9.624 33.940 151, 161 

average - - - - - - - ------- - - - - - - - - 9.L!,27 33.749 159 



TABLE 6 - Continued_ 

FrG,ct. Run Wt.Soln. Vol.Precip- Wt. Fract. o1 Fr t Iu * D. P. 1:; _ e.,c • 
(gms2 i k:;,nt {m12 ~£ES J 

J: 

7 X 1465.2 59.0 2.677 8.9.32 24. 1L:,7 157, 150 
y 1467.6 .59.0 2.695 8.856 2Li,. 91./J 151, 151 

z 1460.5 59.0 2.695 8.879 24.689 156, 148 

average - - - - - - - - - - - - - - - - - - - - - - 8.889 24.59.3 152 

8 X 1!;,87. 7 100.0 2,8.35** 9. 459 14.952 98, 102 
he11tane 

y 1491.0 100.0 J.118 10.246 15.392 104, 94 I 
he:pt.s,ne \..ri. 

\..,J 
z ll.J-84-.2 100.0 J.0.58 10.075 15.212 10.3, 102 I 

average - - - - - - - ------- - - - - - - - - 9.927 1_5.J.86 101 

9 X 1540.J 500.0 1.657 5,.528 7,458 53, 38 
heptf,ne 

y 1543.1 500.0 1.734 5.698 7 .LJ,20 42, 54 
heptane 

z 1535.6 500.0 1.710 5.634 7.357 52, .53 

average - - - - - - - - - - - - - - - ------ - 5.620 7 .L!-09 49 



TA:BLJi; 6 - Continued 

Frn.ct. Run Wt.Soln. Vol.Precip-
C<:1ns) itant (ml) 

10 V' evap. .c.. 

y evap. 

z 1865.4 evap. 

averaf!:e - - - - - - - - - - -

Wt. Fract. 
(grns) 

l.1.J,07 

1.391 

1.378 

- - - - - - - -

(ji: Fract. J:J 

4.694 

4.571 

4.540 

4.602 

Ip * 

2.347 

2.286 

2.270 

2.301 

D. P. 

37, 4-0 

33, 39 

35, 36 

Jl 

* I.0 , for a. given fraction is defined as one-half of the per cent of that fraction plus the sum of 
the perdentages of all fractions of lower D. P. 

**Fraction 8-X, when repreci:pitated into water, came down as a finely divided, :partially colloidal, 
:precipitate which was difficult to filter, 2,nd to remove from the filter paper. 

I 
Vt 
f 



TABLf~ 7 

1'\.nalysis of Variance among the Degrees of Polymerization 

Source DegTees of Sum of 
Freedom Sguares 

1. Among Runs 2 J2l},Jlf--!-.42 

2. Among Fractions 9 48.10 

3. Sampling Error JO 571+.50 

4. Experimental Error 18 306.23 

5. Total 59 32.5,243.2.5 

** This is significant at the l7S level. 

The rest are not significant. 

Mean 
Squares 

162,157.21 

5.34 

19.15 

17.01 

------

F 

9531.37** 

0.31 

1.13 
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colloidal, preci?itate which was difficult to filter and to remove 

from the filter :paper. This mishap caused the weight of this fraction 

to be low and consequently, the percentages of the other fractions in 

run X to be slightly higher. 

Figure 7 sho,•1s the average differential distribution curve by 

this method of fractionating this particular sample of cellulose acetate. 

Figure 8 shovrn the average c1-ifferential distribution curve obtained by 

graphically differentiating the curve in Figa.re 7. These two curves 

o,re weight average curves. It was necessary to minimize the breaks and 

perJcs of the curves as this method of fractionation is not sufficiently 

accuxate to locate very sharp, narrow peaks. The reason for the 

differential curve shoi'Ting two pee,ks is obscure, but the cause couJ.d 

have been trot a blend of cellulose was used in the acetylating bath by 

the manufacturer. In order to a_etermine accurately the true distribution 

curve, it would be necessary to produce as many fractions as :possible, 

and to refr£,cti :me,te these. It wi 11 be remembered, however, that the 

:purpose of this investigation was to produce a given number of fractions 

of a given weight and not to determine the distribution curve of the 

material. 

The materials used. have been recovered by a relatively simple process. 

The d.i s ti11a te from the last fraction was tre2, ted with water in order to 

separate the heptane from the acetone. The acetone-water layer was 

fractionally clistilled by the Chemical Engineering Dey,artment of the 

Virginia Polytechnic Institute and a product claimed to be :pure acetone 
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was obtained. The heptane layer was washed several times with water, 

dried over anhydrous calcium crJ.o!'ide, and distilled in a small batch, 

fractionating btJ.:l. Th,3 :product recovered. we,s essentially pure 

n-he:ptane. 
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COifCLUSI OHS 

1. J3y following the procedure outlined under the subheading 

Procedure Followed. for Precise Fractionation of Cellulose Acetate, 

it was :possible to })recieely fractionate the sample of cellulose acetate 

d.esc:cibed under the subheading Chemicals Used. 

2. The method of fractionation was capable of a high degree of 

re1,roducibility, both as to :per cent fraction obtained, and as to 

degree of polymerization of the fractions. 

J. The method of fractionati(m gave no inversions of degrees of 

pol;ymeri za tion. 

4. T':l.e method. CD.n be a,l tered so as to carry out a large scale 

fractionation. 

5. The acetone rLnd n-he1)ta11e could be recovered in the pure form. 
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