
"PHYSICO-C=C".L STUDIES ON COTTON CTLLULOSE" 

Thesis Presented to the University of Edinburgh 

for the Decree of. Doctor of Science 

by 

George Forrest Davidson,B.Sc. 

September 1936. 

E? 



Foreword. 

The papers contained in tk:i z thesis are record 

of research carried out in the course of rnj 

employment with the British Cotton Industry 

Research 'Association, Shirley Institute,Didsbury, 

Manchester, and have been published in the Shirley 

Institute Memoirs end in the Journal of the 

Textile Institute, 

Part I of the first raper is s. review of 

current theories of the molecular structure of 

cellulose, end is included here as providing; a 

background against which the original research 

described in the later papers may be viewed; Part 

2 is an attempt to interpret, in the light of these 

theories, the results of the studies of the 

chemically modified cotton celluloses tîi.et have 

been made at the Shirley Institute. My own 

contribution to this knowledge of the behaviour of 

chemically modified cellulose is contained in 

papers (2),...(3) and (4). These first four Papers, 

which are to be regsr.ded as the principal part of 

the thesis, are supported by two other spers, (5) 

and (6). The first of these Is a contribution to 

the colloid physics of cellulose. The second deals 



with the hydrogen ion concentrntion of 

hypochlorite solutions, a subject that is of 

considerable importance to cellulose chemistry, 

since the effect of variation of the hidrogen ion 

concentration on the rate of. Nidation of cellulose 

by hypochior.ite solutions and on the,chaaracter of 

the products provides the most imports:nt technical 

application of t_.e stuod of trie chEmicpl7V 

modified celluloses. 
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1 -THE MOLECULAR STRUCTURE OF CELLULOSE* 
PART I. A REVIEW OF CURRENT THEORIES. 

PART II. THE EVIDENCE OF THE CHEMICALLY MODIFIED 

COTTON CELLULOSES. 

By G. F. DAVIDSON, B.Sc. 
(British Cotton Industry Research Association) 

PART I. A REVIEW OF CURRENT THEORIES 
velopments and Theories up to 1926 

The earliest attempts to represent the constitution of cellulose by means of a 
rmula were based on very limited knowledge. Cellulose was known to have the 
mposition of a hexose anhydride and it was widely accepted that acid hydrolysis 
inverted it quantitatively into glucose ; because of the formation of tri-nitro 
d tri- acetyl derivatives that C6H1005 unit possessed 
droxyl groups. On the basis of this knowledge and of the nature of the products 

ed during certain processes of degradation that are not now considered of 
porta;nce for the elucidation of the structure of cellulose, several constitutional 
rmulae were proposed. Those put forward up to 1921 have been critically 
viewed by Hibbertl, and since they are now of only historical interest, they 
ed not be considered in detail. Cellulose was recognised to be a highly poly - 
erised material, but the early structures differed in the means by which this 
aracter was represented. On the one hand, the C6Hie05 units were joined 
primary valencies to form closed rings of various sizes, and on the other, these 
Is were considered to form large aggregates by the operation of forces of 
sociation. 
About 1920 there began a period of greatly increased activity in the study of 

llulose, and by the application of the methods developed for the investigation 
the sugars important advances were soon made. The early claims that cellulose 
completely convertible into glucose had been given additional support by the 

ork of Ost and Wilkeninge and of Willstätter and Zechmeisters, but since their 
ults depended on estimations of glucose by optical rotation and reducing 

ewer, their conclusions were open to criticism. This question was settled by the 
vestigations of Monier- Williams* and of Irvine and Hirst*, in which the yields 

f glucose, calculated from the weights of the crystalline sugar or its methyl - 
ucosides obtained, were 91 and 95 per cent. of the theoretical, respectively. 
had long been known that by a combination of hydrolysis and acetylation 

cetolysis) a considerable yield (up to 4o per cent.) of the octa- acetate of a 
saccharide, cellobiose, was obtained. In 1921, Haworth and Hirste showed that 

sugar consists of two glucose residues united by a 1 : 5 or a 1 : 4 ß- glucosidic 
age, and suggested that a similar linkage was largely represented in the 

, 

* Paper presented at the Textile Institute Conference on the " Production and- r 
Properties of Textile Fibres," June 4th, 1936. r,. 
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structure of cellulose. Further investigations of the acetolysis process 
Freudenberg' and by Karrer and Widmer° showed that cellobiose is not st . 

under the conditions of acetolysis, and by making an allowance for the amo 
destroyed it was calculated that cellulose is composed of cellobiose to the e 

of more than 6o per cent. The position of the three hydroxyl groups in 
glucose residues of cellulose was settled by studies of the hydrolysis produce 
methylated cellulose. Denham and Woodhouse° had shown that by 
hydrolysis of partially methylated cellulose a considerable proportion of 2: 3 

trimethyl -glucose was obtained, and from a similar investigation with an alai 

completely methylated material Irvine and Hirst10 decided that 2 : 3 : 6- trimet 
glucose was the sole product of the hydrolysis of trimethyl- cellulose. 

In the meantime the methods of organic chemistry had been supplemen 
by the application of X -ray analysis to the elucidation of the structure of cellul 
In 19zo, Herzog and Janckeu reported that cellulose of various origins, in 
form of powder or compressed bundles, gave the ring type of diagram (" po 
diagram ") characteristic of crystals in random arrangement, and that a bu 
of parallel ramie fibres at right -angles to the X -ray beam gave a diagram si 
in type to that obtained with a single crystal rotating about a crystallogra 
axis. These results were interpreted as meaning that cellulose consists of s 

microscopic crystals, and that in ramie fibre these crystallites are arranged } 

nearly parallel to the fibre axis. By analysis of the X -ray diagram Polan 
(cf. also Herzog and Jancke's) was able to calculate the dimensions of the unit 
of the crystal lattice, and concluded that this unit cell contained four glut 

residues. 
The conception of the structure of cellulose that prevailed during the p 

between 192o and 1926 was that of small structural units held together by 
form of residual valency. Early in this period Freudenberg' had suggested 
the yield of cellobiose obtained by acetolysis of cellulose was consistent with 
assumption that cellulose consisted of long chains of glucose residues linked 
the same principle as those in cellobiose, but this suggestion found little sup 
It was assumed from the X -ray evidence that the molecule of cellulose mus 
quite small, and during the next few years structures were proposed in w 

the structural unit contained from one to three glucose residues. Thus Karr 
arguing from the supposed existence of a soda cellulose of the composi 
C12H20O10, NaOH and the production of cellobiose by acetolysis, assign' 
cellulose the structure of an associated cellobiose anhydride. Later, in the e; 

that maltose was an intermediate product of the hydrolysis of cellulose, 
modified the structure of the biose anhydride so that, in accordance with 
current formulation of maltose as a 6- glucosido- glucose, it was at once 
anhydride of maltose and of cellobiose.15 This second constitution was 

consistent with the observation that 2 : 3:6- trimethyl- glucose was the 
product of the hydrolysis of trimethyl- cellulose. According to Irvine 
Hirst10, the available chemical evidence was best satisfied by the assump 
that the structural unit of cellulose consisted of a ring . of three glucose resid 

united by glucosidic linkages as in cellobiose. A similar structure, with 
difference that the number of glucose residues in the ring was not specified, 
previously been advanced by Hibbertl, but the evidence then available was 

sufficient to justify such a constitution. The theories of Karrer and of In 

and Hirst were based on the ass umption that cellobiose is pre -formed in 

cellulose structure, but this view was not accepted by Hess. From his stu 

of the optical rotation of solutions of cellulose in cuprammonium hydro 
Hess16 concluded that the glucose units existed in the solution as single moles 
of glucose anhydride and that cellulose consisted of such molecules held toge 
by forces of association. A similar conception of the structure of cellulose 
put forward by Pringsheim7748. By heating cellulose tri- acetate in naphth- 
at 235° C. he obtained a substance' that had the composition and molecular w 
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. ess etermined cryoscopically) of anhydro -glucose tri -acetate, and saponification 
t st this acetate yielded " cellosan ", the supposed monomer of cellulose. The 
amo ews of Bergmann"." were akin to those of Hess and Pringsheim as regards 

ex , e part played by secondary valency forces in the structure of cellulose and other 
in ghly polymerised natural products, but he emphasised that the structural units 

lue , a solid were not to be regarded as molecules. 
by 

e Molecular Chain Theory 
z'3 

alm 
) The Development of the Theory. 

met The molecular chain theory, which is now almost universally accepted as 
ving a satisfactory explanation of the properties and reactions of cellulose, 

;men ay be said to date from 1926, when Sponsler and Dore21 showed how it was 

ellul 
°ssible to explain the X -ray diagram of ramie fibres by the hypothesis that the 

in 
es consist of long, parallel chains of glucose residues linked by primary 
lencies. Their work was an advance on a previous suggestion by Polanyi12 

bu`V 
d Herzog" that a chain structure was a possible explanation of the X -ray 

i si 
agram, for by supplementing the X -ray results by evidence from other sources, 

Agra 
onsler and Dore were able to give a model showing the structure of the chains 

of 
'd their arrangement with respect to each other. Although it is therefore 

;ed 
`.nvenient to regard the year 1926 as marking the beginnings of the molecular 

yolanaie 
theory, it must be remembered that the association theory was still widely 

unit Id for several years after this date and was only gradually superseded by the 

glu 
w conceptions. 

The molecular chain theory also received strong support from the work of 
audinger on synthetic polymers. In 1925 he put forward good reasons for 

e 
p" ' king that the polyoxymethylenes, the products of the polymerisation of 

maldehyde, consisted of chains of CH2O units linked by primary valencies22. 

with 
the following year he gave evidence, drawn from the study of many other 

nked'lymers, 
in support of his view that the combination of small repeating units 

means of primary valencies was the structural principle of all polymerised 
sup 
must' 

oducts, whether synthetic or natural." It was also shown by X -ray investiga- 
ns that the polyoxymethylenes have a small unit cell24, thus confirming the 

Kauf 
umption of Sponsler and Dore that a small unit cell does not necessarily imply 

small molecule. 
pose 

The structure proposed by Sponsler and Dore suffered from the serious 
gm 

feet that the arrangement of the glucose units in the chains was not such as to 
he 

rmit the direct production of cellobiose from cellulose, and while Freudenberg25 
dose, 

d Haworth" were able to assent to the principle of the chain structure, they 
with 

uld not accept the suggested mode of linkage of the glucose residues. This 
>nce culty was overcome in 1928 by Meyer and Mark27, who showed how by a 
was 

rent arrangement of the molecular chains relative to each other it was possible 
the ' satisfy the X -ray data while still retaining the cellobiose linkage. 
Me Although X -ray analysis may appear to have played a decisive part in the 
umpducidati 
resid 

on of the molecular structuré of cellulose, it was only in conjunction with 

with 

fled, 

was 

>f I 

d in 

s s 

kdro 

zol 
tog 
lose 
hth . 
it w 

e results of chemical investigations that it could make any important contribu- 
n towards the solution of the problem. The evidence in support of the 

olecular chain theory is thus drawn from three main sources : (1) chemical 
vestigations by the methods of sugar chemistry,' (z) X -ray investigations, 

the study of the synthetic polymers. A more detailed review of this evidence 
1 be presented in the following pages. 

Chemical Evidence. 
In tracing the development of knowledge concerning the constitution of 

lulose during the years before 1926 it has been shown how it was established 
at cellulose contained glucose residues united by glucosidic linkages and having 
droxyl groups on the second, third and sixth carbon atoms. On the basis of 
's knowledge alone it was not possible to decide whether the glucose units were 
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arranged in long, open chains or in rings containing two or more glucose u 

The first convincing evidence for preferring the molecular chain theory 
drawn from other lines of investigation, but since then much purely the 
evidence in support of this theory has been accumulated. 

Up to r925 glucose was formulated as containing a five -membered 
the so- called butylene oxide ring, and the glucose residues in cellobiose 
cellulose had been similarly represented. In that year Haworth" bro 
forward evidence that the normal form of glucose contained a six -membered 
to which, on account of its relation to pyran, he later gave the name " pyran 
This modification of the structure of glucose suggested that the glucose resi 
in cellobiose have a similar form, and the suggestion was confirmed experimen 
by Haworth, Long and Plant29 in 1927. These new structures are represe 
by the following formulae :- 
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In consequence of this modification of the structure of glucose, the gluc 
linkage in cellobiose and cellulose is now formulated as r : 4, instead of 
r : 5 linkage. It was this pyranose structure of glucose that was used by Spa 

and Dore21 in their interpretation of the X -ray diagram of cellulose, and 

corresponding formulation of cellobiose was the basis of the later model of 
and Mark.84 

Strong evidence for the truth of the molecular chain theory has been pro 
by the preparation from cellulose of its so- called oligosaccharides, or sugars 
taining only a few glucose residues linked as in cellobiose and cellulose. In 
Bertrand and Benoist" isolated from the acetolysis products of cellul 
substance (" procellose ") with the composition and molecular weight of 
saccharide, and similar claims were later made by Irvine and Robertsonn 
Ost.82 By the hydrolysis of cellulose Willstätter and Zechmeister99 iso 

what they believed to be a cellotriose and a cellotetraose, and their results 
confirmed by Zechmeister and TóthS4, who also obtained a further member of 

series, cellohexaose. Measurements of numerous properties were made for 

characterisation of these new sugars, and it was found that as the series is asce 

from glucose the properties change progressively in the direction of cello: 

The constitutions of cellotriose"" and cellotetraoseS4 have been established 
the observation that hydrolysis of the completely methylated sugars 
mixtures of 2 : 3 : 6- trimethyl- and 2 : 3 : 4 : 6- tetramethyl- glucose in the pr 

tions required by three and four membered chains of glucose residues bous 
I : 4 linkages. Confirmation of the constitution of cellotriose has been ob 
by a synthesis of its fully methylated derivative involving a r : 4 union 
cellobiose and a glucose unit.87 That the linkages between the glucose 
in cellulose and its oligosaccharides are all identical as regards configuratio 
well as structure is shown most clearly by the work of Freudenberg, Fri 
and Bumann96 on the optical rotatory power of the oligosaccharides and their 
methylated derivatives ; as the series is ascended from the biose the mol 
rotation changes by a constant amount for each additional glucose unit io 

chain. The molecular rotation of an oligosaccharide may thus be regarded as 

sum of the contributions of the two terminal glucose units, which together 
up the molecular rotation of cellobiose, and those of the non -terminal gl 

units. As the chain -length increases the molecular rotation per glucose uni 
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se u erefore asymptotically approach the value corresponding to the contribution 
Dry a non -terminal glucose unit. It is found that the observed molecular rotation 
the r glucose unit of trimethyl -cellulose is equal to the contribution of a non - 

rminal unit in methylated cellotriose and cellotetraose, so that it may be inferred 
ed at trimethyl- cellulose is similar in structure and configuration to the methylated 
Lose :igosaccharides but differs in having a much greater chain -length. Thus it may 
bro concluded from the study of the oligosaccharides of cellulose that the biose, 
red lose, tetraose and hexaose are the initial members of a long series of condensa- 
ran,; on products of /3-glucose, extending from glucose to celluloses of high molecular 
resi eight. 

men. Further confirmation of this hypothesis was obtained by studies of the rate of 
rese i drolysis of cellulose and its oligosaccharides in 5o per cent. sulphuric acid. 

he kinetics of the hydrolysis of long chains of glucose residues were worked out 
Kuhn38, and his results were applied to the experimental data of Freudenberg" 

d his collaborators. The problem is probably too complex to admit of exact 
OH 3lution, but the results obtained are satisfactorily explained by the hypothesis 

at cellulose consists of chains of glucose units linked throughout by the cello- 
ose linkage. 

H If cellulose consists of open chains of glucose units united by glucosidic 
rkages, then one of the terminal glucose units of each chain must be distinguished 
om all the others by the possession of four hydroxyl groups capable of ether 
rmation. Thus the hydrolysis products of completely methylated ,cellulose 

luc ould consist of a mixture of trimethyl- and tetramethyl- glucose in proportions 
of etermined by the average number of glucose units in the molecular chains. It 
Spa of interest to note that in 1914 Denham and Woodhouse', the pioneers of the 
and udy of methylated cellulose, found in their hydrolysis products a trace of 

of stalline material resembling tetramethyl -glucose and recognised the possibility 
at cellulose might consist of long, open chains of condensed glucose residues. 

pro heir observation was not confirmed in the next investigations of the hydrolysis 
gars methylated cellulose ; Irvine and Hirstl' concluded from their failure to 

In nd any tetramethyl- glucose that the glucose units in cellulose were arranged in 
Ilult;!osed rings, and a similar negative result led Freudenberg and Braun40 to the 
of a sumption that the chains must be very long. It was not until 1932 that 

31 an, aworth and Machemer4' proved that tetramethyl- glucose is produced by the 
iso ydrolysis of trimethyl- cellulose, and thus provided the final chemical proof 

ults at the glucose residues in cellulose form long, open chains and not closed rings. 
)or of heir use of this method to estimate the length of the chains will be referred 
e for later. 

asc ;) Evidence from X -ray Investigations. 
cell During the period from 1921 to 1926 the methods of X -ray analysis produced 
fished o important advance on the knowledge of the structure of cellulose gained by 
rs ; erzog, Jancke and Polanyi, and, indeed, by the use of X -ray methods alone no 
e p ch advance was possible. The results obtainable from the X -ray fibre diagram 
)oun f cellulose, without the use of other kinds of evidence, are limited to the calcula- 
obE ion of the form and dimensions of the unit cell of the lattice, and of these dimen- 

nion . ons only the identity period in the direction of the fibre axis is calculable 
ose ith certainty. The advance made by Sponsler and Dore21 towards the 
irata' : etermination of the relative positions of the various atoms in the unit cell was 
Fri endered possible only by their use of chemical evidence concerning the constitu- 
;heir on of cellulose, and by their application of the knowledge of the inter -atomic 
awl . istances accumulated from X -ray investigations on simpler substances. 
nit a The method used by Sponsler and Dore to utilise this additional evidence 
led ras to make three -dimensional models of possible structures and find whether 
her i'e X -ray diagram could be accounted for by any such model. They started 
d gli om the assumption that ramie fibres are built up from long chains of glucose 

unit 'sidues parallel to the fibre axis and their first step was to find which of the 
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possible structures of the glucose residues agreed best with the X -ray d..parated 
The length of the glucose residue represented by the pyranose formula ., tion of 

Haworth28 was found to be almost exactly half of the identity period in ere divis: 
direction of the fibre axis, and from this and other considerations it was , e two s 
eluded that the glucose residues in 'cellulose have this form. The next step w. Bated 
find how the glucose residues had to be linked in order to account for the X. ,d Mask, 
diagram. Sponsler and Dore decided that a 1 : 4 glucosidic linkage could no o x 55 
reconciled with the X -ray data, but that these data were satisfied by alte oo chain- 

of 
rece I : 1 and 4 : 4 linkages. The final model of the structure of cellulose cons 

of long, parallel chains of glucose residues linked by primary valencies, the c. 'eirceb' pc 
being held together by secondary valency forces. Sponsler and Dore poi ttributed 
out that such a structure could explain many of the properties of cellulose, suc xplained 
its fibrous character, its great tensile strength and its swelling, as well as tersperse 
possibility of converting it into esters and ethers without destroying the fib ould sati 
form. The assumption of alternate glucosidic and ether linkages made cture. 
impossible, however, for chemists to accept the model in its entirety. rick -like 

Meyer and Mark" claimed that the lattice adopted by Sponsler and I further 
was incapable of accounting for all the details of the X -ray diagram, and ado o that pc 

a unit cell almost identical with that of Polanyi12 ; the only point of agree ecently b 
with Sponsler and Dore was in the length of the fibre -period. They were abl ellulose t 
reconcile the X -ray evidence with the chemical evidence of the pre- formatio hat of hat 

in cellulose, and presented a model consisting of parallel chain egions in 
ß- glucopyranose units linked by 1 : 4 bonds. The chains were regarded as ; he distin 
together by van der Waals forces, and in conformity with this view the calcu rbitrary c 

distance between them was of the order of magnitude of the distance of cl' ; iagram o: 

approach of carbon atoms belonging to different molecules in an organic Cr : o assume 
The stfucture proposed by Meyer and Mark has been confirmed by later work i he questi 
for example, Andressó2 found that it accounted in a satisfactory manner for annot be 
relative intensities of the spots in the X -ray diagram. +' culties 

When natural cellulose fibres are mercerised there is a slight alteration in In vie` 
X -ray diagram, but it is now agreed that the fibre -period is not changed.1, onsidered 
According to Andress,4ó the difference in structure consists in a different orie olutions c 

fion of the primary valency chains with respect to each other. The latti o be press 
mercerised cellulose is regarded as the more stable arrangement, and it is this f olutions 
that is assumed by cellulose that has been highly swollen or regenerated r ;pproximr 
solution (e.g., rayons), or that has been regenerated from a derivative that ; _ray di; 

been highly swollen or dissolved." ndividual 
If cellulose consists of long, primary valency chains, the processes of swe onceptior 

or of ester or ether formation may be expected to produce changes in the ,y Meyer 
spacings, but not to affect the fibre period. Although many cellulose deriva ' ticle in 
are known in which the periodicity along the fibre axis is the same as in cell : i d that it 
(ro3A), examples are also known in which the fibre -period is 1.5, 2 or 3.5 times ,f the solu 
length." The significance of these results appears to be still uncertain. on the sp: 

When the existence of sub -microscopic crystals in cellulose was dedu or aqueou 
from the results of X -ray analysis, these small crystals were identified with a variety 
micelles postulated by Nägeli sixty years earlier. The developments in the X , ay be cc 

investigation of cellulose between the work of Herzog and Polanyi and that 

Sponsler and Dore were largely concerned with the relation of the micell e The al 
swelling. Katz" showed that when cellulose is swollen in water the X eactions 
diagram is not altered, and concluded that the water does not penetrate into a comprel 
micelles, but merely goes between them. On the other hand, there are it 

instances of swelling where the X -ray diagram indicates a gradual expansioa'(1) Eundeu 

the lattice with increasing swelling, or where a new diagram is formed ; ins The pa 

cases it was assumed that the swelling medium penetrates into the interior of i'roblem 

micelles." In the molecular chain theory of Meyer and Mark the micelle ;' °estigat 
Portant pictured as a bundle of parallel chain- molecules in almost perfect crystalline " 
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t3' ' parated from its neighbours by fairly definite boundaries. The modes of 
mula eaction of cellulose were conditioned by its micellar structure, and the reactions 
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ere divisible into two classes, micellar surface and permutoid, corresponding to 
e two main types of swelling.27 The approximate size of the micelle was 

stimated from the breadth of the X -ray spots by Herzog48 and by Hengstenberg 
nd Mark,60 and the latter calculated that in ramie fibre the dimensions were 
0o x 55 x 55A. These figures indicated that the micelle was a bundle of about 
0o chain -molecules. 

In recent years there has been a strong reaction against the micelle theory. 
eirceb1 pointed out that the broadening of the X -ray spots which bad been 
ttributed to the small size of perfectly crystalline micelles could be equally well 
xplained by a structure only approximating to perfect crystalline order and 
terspersed with local discontinuities, and he suggested that such a structure 
ould satisfy the evidence from other lines of investigation better than a micellar 
ucture. Similar criticisms of the conception of the micelle as a discrete, 

rick -like unit were made by Astbury,ó2 Miles" and Neale.ó4 Astbury" made 
he further suggestion that in fibres there might be a secondary structure similar 
o that postulated by Zwicky for single macroscopic crystals ; this idea has 
ecently been further developed by Sisson.ó° The picture of the structure of 
ellulose to be obtained from the views of Peirce, Astbury, Miles and Neale is 

hat of chain -molecules lying roughly parallel to each other, with here and there 
egions in which the arrangement of the chains attains crystalline regularity. 
he distinction between intermicellar and intramicellar swelling becomes rather 
rbitrary on this theory, but in order to explain the observation that the X -ray 
iagram of cellulose is not altered by swelling in water it still appears necessary 
o assume that at least some of the crystalline regions are not penetrated by water. 
he question of the arrangement of the chain -molecules in the cellulose structure 
Iiot be regarded as settled, since both the theories considered present 
culties. 
In view of the fact that the particles in solutions of lyophilic colloids were 

onsidered to be aggregates of molecules, it is not surprising that the particles in 
olutions of cellulose and its derivatives were identified with the micelles assumed 

be present in the solid state. Herzog49 found that the size of the particles in 
' lutions of nitrocellulose as determined by diffusion measurements was 
pproximately the same as that calculated from the breadth of the spots in the 
-ray diagram of cellulose, and concluded that the micelle retained its 

ndividuality through the processes of nitration and dissolution. A similar 
onception of the nature of solutions of cellulose and its derivatives was held 
y Meyer." In contrast to this view, Staudingeró8 has maintained that the 
particle in solutions of highly polymerised substances is the single chain -molecule, 
nd that it is the great length of the latter that gives rise to the colloidal properties 
f the solutions. Evidence on this question has been obtained from investigations 
n the spreading of films of cellulose ethers and esters on the surface of water 
r aqueous solutions. Katz and SamwelS9 and, later, Adam80 have shown that 
variety of cellulose derivatives spread to films one glucose unit thick, so that it 

gay be concluded that in solutions of such substances there are no micelles of 
ufflcient stability to withstand the attractive forces of the water surface. 

The application of X -ray analysis to the investigation of the structure and 
eactions of cellulose has been fully described by Meyer and Mark, 81 and 
comprehensive survey of the literature has been given by Sisson.e2 

(4) Evidence from the Study of Synthetic Polymers. 
The problem of the structure of cellulose is bound up with the more general 

problem of the nature of polymerisation, and it is for this reason that the 
nvestigations of Staudinger on synthetic polymers must be regarded as an 

portant contribution towards the understanding of the structure and behaviour 
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of cellulose. One of the avowed objects of these investigations was ential c 
elucidation of the constitution of the highly polymerised natural products, ,ecialised 
it was thought that this object could best be achieved by starting with , a homo 
simplest synthetic polymers. ,lymer -hc 

Proof of Staudinger's assumption that polymers are built up from kages be 
monomer by the operation of primary valencies was obtained from the stud) polymer 
the polyoxymethylenes. By the action of acetic nhydride on polyme . tensile s 
formaldehyde a product was obtained that could be separated into frac tailed co 
in which the ratio of formaldehyde to acetic acid gradually increased 

a Meint decreasing vapour pressure and solubility of the fractions ;22 this is what w 
The me 

be expected from a series of substances all composed of primary valency ch interned 
of CH20 units terminating in acetyl groups, but differing in the number of u 

s school. 
in the chain. The chain- lengths of the fractions could thus be calculated fr when 
the acetic acid contents, and the molecular weights so obtained were found 

h dride 
agree with those determined cryoscopically.22.as Further confirmation of 

eight , bu 
chain structure was obtained from X -ray investigations.24 By the useeansofpl 
polyoxymethylene diacetates that had been separated as pure substances 

e properi 
that contained from 9 to r9 CH O units, it was possible to determine the len 

e due to 
of the chains from the X -ray diagrams, and the chain -lengths so obtained 

Is system of 
found to bear a linear relation to the degrees of polymerisation as measured 

e true 
ce: the chemical and cryoscopic methods. This method was only applicable embranes 

homogeneous materials of low molecular weight, for with the more hi ?' 

polymerised polyoxymethylenes, as with cellulose, no interference , ' 

corresponding to the length of the chains are obtained in the X -ray diagram; 
state II) 
mtic pry 

Since the establishment of the basic principles of the structure of polym: semi -pe 
the work of Staudinger and his collaborators has been extended to include m limiting 
other " linear " polymers, such as the polymerisation products of vinyl ace' Inhaltsul 
styrene, ethylene oxide and acrylic acid." In some of the series studied it high vis, 
possible to prepare polymers of widely different chain -length, and to foil embranes 
the variation of their physical properties with molecular weight. It ponsible 
recognized that only polymers of very low degrees of polymerisation could ter or eti 
isolated as pure substances, and that the more highly polymerised prods motic eff 
were always mixtures of substances built up on a similar principle but diffe the con 
in the number of units of the monomer contained in their molecules. S ly when 
substances were said to be members of a polymer- homologous series and ante the c 
term was also applied to a series of polymerisation products, which, althor etolysis s 
not themselves homogeneous, differed in average chain -length. Within ch as sw, 
polymer -homologous series it was always found that there was a regular varia',sumed 

-II 
of properties with increasing chain -length. Polymers of relatively low degnt'e produc 
polymerisation are usually powders that dissolve without swelling to ibuted 
solutions of relatively low viscosity, while the high polymers are tough, el a .struction 
solids that swell strongly and, if they dissolve, give solutions of very Many c 

viscosity. The study of the relation between molecular weight and visco' crystallfn 
led to the formulation of the so- called viscosity laws, which form the basis changed 
Staudinger's method of determining the molecular weight of cellulose and ,vestigatic 
derivatives from viscosity measurements. etates of 

The polymers studied by Staudinger have all been the products of ;,capable c 
polymerisation of unsaturated substances, but linear polymers can also be obtai support 
by the intermolecular condensation of compounds containing two groups ( igosaccha 
hydroxyl and carboxyl) capable of interaction. Such polymers have ' trimeth 
extensively investigated by Carothers84 and his collaborators, and these stuff, planation 
have provided ample confirmation of the conclusions of Staudinger. nderstand 

The striking resemblances between the physical properties of cellulose sufficien 
its derivatives and those of the synthetic linear polymers of high mole neralised 
weight leave little doubt that cellulose is also a linear polymer, so that cture a 
investigation of the synthetic polymers has provided strong evidence of 
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sential correctness of the structure assigned to cellulose as a result of more 
ecialised investigations. Like other polymers, cellulose is not to be regarded 

a homogeneous substance of definite molecular weight but as a mixture of 
,lymer- homologues. Any chemical treatment that effects scission of the 
kages between the glucose residues will lead to the production of a new mixture 
polymer -homologues of lower average molecular weight, and properties such 
tensile strength, solubility and viscosity will be changed accordingly. A more 
tailed consideration of this question will be given in Part II of this paper. 

he Membrane Theory of Hess 
The molecular chain theory is now accepted by almost all investigators 

ncerned with cellulose, and the only notable opposition comes from Hess and 
s school. The views of Hess have undergone considerable modification since 
24, when he advanced the theory that cellulose consisted of associated glucose 
hydride molecules ;16 he still regards cellulose as a substance of low molecular 

eight, but is now convinced that it is impossible to explain its behaviour by 
eans of purely molecular models. According to a recent summary of his views, 66 

e properties of cellulose which are usually attributed to a polymeric structure 
e due to morphological factors. Cellulose fibres are supposed to contain 
system of membranes (Fremdhäute) permeating the fibre structure and enclosing 
e true cellulose (Inhaltsubstanz) in small cells. Partial acetolysis destroys the 
embranes, and by fractionation of the products of this process the " Inhalt- 
bstanz " can be obtained as its crystalline acetate (crystalline cellulose 
etate II).66 The molecular weight of this substance, as determined by the 
motic pressure method of Ulmann in which the vapour phase plays the part 

semi- permeable membrane, decreases with decreasing concentration to 
limiting value corresponding to two anhydro -glucose units.67 The isolated 
Inhaltsubstanz " has the same optical rotation in cuprammonium as cellulose 
high viscosity" and gives the X -ray diagram of mercerised cellulose. 68 The 
embranes play a very important part in the behaviour of cellulose they are 
sponsible for the elastic properties, the retention of the fibrous structure when 
ter or ether formation takes place, and swelling. The latter is regarded as an 
motic effect, the membranes being permeable to the swelling reagent but not 
the compound it forms with the " Inhaltsubstanz," and dissolution occurs 

ilywhen the swelling so produced is sufficiently great to rupture the membranes. 
nce the crystalline acetate of the " Inhaltsubstanz " obtained by incomplete 
etolysis shows none of the typical properties of highly polymerised substances, 
ch as swelling, high viscosity and ability to form films and fibres, it must be 
sumed that the influence of the biological structure persists in solution and in 
e products regenerated from solution. The fall in viscosity which is commonly 
tributed to the scission of molecular chains is to be attributed to the partial 
struction of the membranes. 
Many objections can be made to this theory. The product described as 

crystalline cellulose tri- acetate II " cannot be regarded as a derivative of 
changed cellulose, for products similarly prepared have been shown by 
vestigations with several different methods to be mixtures of cellodextrin 
tates of relatively low degree of polymerisation.69.70.71 The theory of Hess is 

capable of accounting for much of the chemical evidence that has been adduced 
support of the molecular chain theory, such as the existence of the 

gosaccharides, the presence of tetramethyl- glucose in the hydrolysis products 
trimethyl- cellulose, and the course of the hydrolysis of cellulose. The 

planation of the viscosity relations is very unsatisfactory, for it is difficult to 
derstand how the influence of the biological structure can extend to solutions. 
sufficient objection to the theory, however, is the fact that it cannot be 

eneralised to include the synthetic polymers, which cannot possess a biological 
cture and yet show remarkable resemblances to cellulose, 



TO 

The Molecular Weight of Cellulose 
The O 

(i) General Considerations. The m 
The determination of the molecular weight of cellulose and its derivad 1olecular 

has played an important part in the investigation of the structure of cellul 
easuremi 

and theories have been based on the results obtained. The development of ,lvents fc 
molecular chain theory has led to an increased interest in the molecular wed f the mol 
of cellulosic materials and it is therefore necessary to consider the results yiel ,ventsab 
by the various methods that have been used. ,und that 

In view of the polymeric nature of cellulose it is evident that terms such creases i 
cellulose, cellulose acetate, nitrocellulose, trimethyl -cellulose, etc., do not desc 

near rela 
substances of definite molecular weight, but are merely generic names of I, easing c 
classes of substances the chain -lengths of which may vary within wide li 

e ratio It is thus possible to determine the molecular weights of particular sampl 
finite di1 

cellulosic materials, but inference regarding the degree of polymerisation dilut 
cellulose as it occurs in the vegetable world, which is one of the main objec ncertaint 
molecular weight determinations, is rendered very difficult. Since cell 

ressures 
does not occur in a state of purity it is not possible to determine the molec 

ressures 
a 

weight of natural cellulose directly, and the most that can be done is to me. 
, the rat 

that of materials purified as carefully as possible. There is no reason to sup, ro conca 
that natural celluloses from different sources all have the same molecular w determi 
and when to these possible differences are added the effects of different purifica Most o 
processes on a material very susceptible to chemical attack, it is obvious that cellulos 
products studied by different investigators may vary considerably in ci, 

hers. T 
length. The difficulty of comparing the results of different workers is parties. ,id Lansi 
great with cellulose derivatives, since it is not easy to assess the de: idues ii 
" degradation " that may accompany the processes of ester or ether form. -llulose a 
The various methods of determining the molecular weights of cellulosic mat. rther int 
have for the most part been applied to different products, and hence no satisfa aximum 
comparison of these methods is at present possible. Ilulose a 

It cannot be said without qualification that all the methods to be dealt _Ilulose, 
determine the true molecular weight. Chemical methods depending on 

determination of end -groups will give the weight of the molecule, defined as ) The IJ 

largest unit within which the atoms are bound by primary valencies. 0.., The u: 

pressure measurements and ultracentrifugal analysis, on the other hand, 'ethod fc 

give the " particle size," which will be the same as the molecular weight o hstancec 

there is no aggregation of molecules in the solution studied. The measure» egree of 
.'tamm "D f 
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of viscosity, which is not an absolute method but depends on standar 
against an absolute method, will give the same kind of information as rucose re: 

method used for standàrdisation purposes. There is a considerable bod 'cod pull 

evidence to show that in dilute solutions of highly polymerised substances ,'vestigati 
particles are single chain -molecules and not aggregates, but the possib : uilTbriur 

aggregation cannot be entirely ruled out. tton eel. 

A specimen of cellulose or of a cellulose derivative is not homogeneous ' d the d( 

800 Th consists of components differing in chain- length ; consequently a co + 

description of the specimen must entail a knowledge not only of the aac'ethod cc 

molecular weight, but also of the distribution of the individual molecular good illu 

about this average. This heterogeneity introduces a complication into erkers in 

determination of the molecular weight of cellulose, for, as Kraemer and Lance ac ) Determ 
have pointed out, the average molecular weights yielded by the various Accord 
are not the same. The determination of end -groups and the osmotic w ar a rec 
method give what is called a " number average," whereas the viscosity nne', dusting 
of Staudinger gives a " weight average " ; both kinds of average may be d pus thebi 
from the ultra- centrifuge data. "g In a non -uniform material the two . w : determir 
average molecular weight may differ very considerably. The quantitative In orde 
of this question has been little considered in the past, but it is obvio" , 'at every 
importance for the comparison of the results given by different methods. ¡ over me 
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) The Osmotic Pressure Method. 
The method that has been used most frequently for the estimation of the 

rivati olecular weight of cellulose derivatives is that based on osmotic pressure 
.ellul" easurements. This method is not applicable to cellulose itself, since the only 
It of lvents for cellulose are aqueous solutions of electrolytes. The determination 
r we the molecular weight of cellulose esters and ethers by this means presents 
s yle ,nsiderable difficulties, both theoretical and practical. It has generally been 

and that the osmotic pressure is not proportional to the concentration, but 
such creases more rapidly with increasing concentration than corresponds to a 

o 
desc 

near relation ; the apparent molecular weight therefore decreases with in- 
easing concentration. This difficulty can be overcome by using the value of 

le li , 
e ratio of osmotic pressure to concentration obtained by extrapolation to 

mpl.finite dilution, but this procedure involves the making of measurements with 
cation 

ery dilute solutions if the extrapolation is to be performed -without serious 
)bjec" certainty. It has recently been shown by Dobry that although the osmotic 
cell ressures obtained with equally concentrated solutions of nitrocellulose'" or 

llulose acetate75 in different solvents are not the same, the limiting value 
me the ratio of osmotic pressure to concentration found by extrapolation to 
sup , o concentration is the same for all the solvents. The molecular weight 

ar w" determined is thus independent of the solvent used. 
rye" Most of the investigations by the osmotic pressure method have been made 
that ;n cellulose acetates and nitrocelluloses, but there have been a few on cellulose 

m 
ct`+ hers. The results recorded up to 1933 have been summarised by Kraemer 

rticul nd Lansing.72 The maximum degrees of polymerisation (number of glucose 
degrs esidues in the molecular chains) given are as follows : nitrocellulose, 77o ; 

0rma:ellulose acetate, 600 ; benzyl- cellulose, 84 ; ethyl -cellulose, 270. Since 1933 
mat rther investigations by the osmotic pressure method have yielded the following 
tisfac mum values : nitrocellulose, 43o (Dobry"), 1600 (Staudinger and Schulz") 

llulose acetate, 310 (Herz77), 38o (Obogi and Broda78), 260 (Dobry") ; methyl - 
lealt -llulose, 45o (Staudinger and Schulz78). 
g on 

Led as ) The Ultracentrifuge Method. 
py,,,, The ultracentrifuge of Svedberg provides the most generally applicable 

Land, ethod for the determination of the molecular weight of highly polymerised 
ht o bstances, and in addition has the advantage of giving information about the 
Lsu egree of heterogeneity of the material studied. By the use of this technique 
ar" ,;; " ° 7 e found that the molecule of cotton cellulose contained from 220 to 280 
)n as Iucose residues. Cotton cellulose was found to be almost homogeneous, whereas 

bod,'cod pulp was definitely non -uniform as regards molecular weight. A later 
banes 'veshgation by Kraemer and Lansing, 72'80 by means of the sedimentation 
sib' 'uilibrium method, gave very much higher values. Measurements on the 

tton cellulose used by Stamm gave a degree of polymerisation of about 1300, 
ieou7, d the degree of polymerisation of natural cellulose was estimated to be about i 800. The fact that two investigations on the same material by the same 
to a ethod could result in such different estimates of the molecular weight provides 
ar good illustration of the difficulty of comparing the results obtained by different 

into orkers in this field. 
an w,) Determination of End -Groups. 

According to the molecular chain theory every molecule of cellulose should 
' ar a reducing group on one end, and the other terminal glucose unit should 

ty "" distinguished by the possession of four alcoholic hydroxyl groups. It is 
be us theoretically possible to calculate the average length of the chains from 
o " determination of either of these end -groups. 
tive In order to make use of reducing power for this purpose it has to be assumed 
vioee.'at every chain -molecule terminates in a reducing -group and that the reducing 
ids. ewer measured is due solely to these terminal groups. The truth of both 
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assumptions is, however, open to question. It is certain that some of ,here rb. h 

reducing groups are destroyed during the purification of cellulose if this inch; ivent, C 
treatment with hot alkali ; on the other hand the reducing power may be du olecular 
part to non- cellulosic impurities that have not been removed, or to aldeh nder cone 
groups produced by oxidation of the primary alcohol groups. The reds Lust be m 
power may be measured by the well -known " copper number " method or by o the cos 
" iodine number " method of Bergmann and Machemer, 70 but both met xperimen 
suffer from the disadvantage that the reaction does not reach a definite ; xtrapola1 
point. 21 The iodine number method has been employed by Bergmann . tablishe 
Machemer70 and by Staudingeró° for the measurement of the molecular we ;e detern 
of very highly degraded cellulose acetates. Mark82 has calculated the degr 'th the 
polymerisation of purified celluloses from copper number and iodine nun olecular 
data, without, however, attaching much importance to the results ; the maxi raemer 
values obtained by the two methods were 3O0 and 175 respectively. The v. or the pc 
found by the copper number method are probably much too low, however, nable to 
Mark assumes that the oxidation of the reducing group requires one atop if the p; 

oxygen, whereas the copper number of glucose corresponds to the consump .taudingi 
of from 25 to 4 atoms of oxygen per mole of glucose, according to the composi :n appro) 
of the alkaline copper solution employed. veight of 

The method based on the determination of the non -reducing end -group The 
been applied by Haworth and Machemer,41 who estimated the degree etermirb 
polymerisation of completely methylated cellulose from the yield of tetrame 'ghly do 

glucose obtained by hydrolysis. They claimed that the processes of acetyla .nd nitro 
partial de- acetylation and methylation that were employed to convert ere me 
cellulose into trimethyl- cellulose were effected with little or no scission of aking t 
chainmolecules, and assumed that the chain -length of about 200 glucose resin resulting 
found for the methylated cellulose could also be assigned to the cellulose it was th 
which it was made. In order to explain the difference between this value cellulose: 
those found by other workers by means of the viscosity and ultracentr' the mob 
methods, Haworth has recently applied to cellulose the conclusions rea measures 
regarding the structure of starch.e8,e4 It is suggested that cellulose consis followinf 
chemical molecules containing about 200 glucose residues and that these che» sulphite 
units may be aggregated to larger physical units, the size of which is me cellulose 
by physical methods of determining molecular weight. °" °° Association of The s 

chains side by side would suffice to explain the ultracentrifuge results, but in o several 
to account for the longer chain required by the viscosity measuremen Thus th 
Staudinger it has been found necessary to assume that the chemical units ' cellulose 
also be united end to end by means of co- ordinate linkages. It is by no m, obtained 
certain, however, that there is any real discrepancy between the results ob of the c 

by the chemical and physical methods. The end -group determination doub' has app: 
gives the chain -length of the methylated cellulose, but until there is and Stai 
conclusive evidence of the absence of degradation during the preparation the chai 
this derivative it cannot be assumed that the determination also r' linkage, 
the chain -length of the original cellulose. Moreover, the published re not by r 
are so far confined to measurements on a single cellulose, of which neither and her 
conditions of preparation nor the properties are given. Thus there is no adeq' cellulose 

basis for the comparison of the result given by the chemical method with ' acetates 
given by the various physical methods, and until this basis has been pro Staudin 
any new hypothesis to account for supposed differences must be regard ez derivati 
premature. viscosit' 

cellulose (5) The Viscosity Method. 
The determination of the molecular weight of cellulose and its derivar equally 

from viscosity measurements depends on the application of Staudi assnmp 

empirical relation 

(5) 

1 weight 
`P = KmM correlat 

C C 
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of here r7, is the viscosity of a solution of a linear polymer relative to that of the 
inc l ,lvent, C is the molar concentration with respect to the structural unit of the 

)e du Molecular chains, Km is a constant for the particular polymer- homologous series 
aldeb nder consideration, and M is the molecular weight. The viscosity measurements 
redu ust be made in a concentration range where the specific viscosity is proportional 
3r by o the concentration, but since in many cases no such region is accessible to 
met .. xperiment it is now more usual to employ the value of i /C obtained by 
rite a xtrapolation to zero concentration. The validity of this equation could be 
ann 

. stablished only with polymers that had molecular weights sufficiently low to 
sr we ,e determined by one of the standard methods, but Staudinger claims that 
degr :;. ith the values of Km so found, the equation may be used to determine the 

nus olecular weights of the higher members of a polymer- homologous series. 
naxi raemer and van Nattaee have shown that the equation does not hold exactly 
he v or the polymeric w- hydroxydecanoic acids, and Meyer and van der Wyk87 were 
iever, nable to confirm Staudinger's88 claim that it is applicable to the higher members 

ato ,f the paraffin series. In view of these results and of the evidence from 
sump ,taudinger's own investigations, the equation cannot be regarded as more than 
nposi n approximate description of the relation between the viscosity and the molecular 

veight of linear polymers. 
Troup The values of Km for cellulose acetate, cellulose and nitrocellulose were 
legree ,etermined by Staudinger in the first instance from viscosity measurements on 
rame 'ghly degraded cellulose acetates of known molecular weight and on celluloses 
etyla nd nitrocelluloses derived from them.88 The molecular weights of the acetates 
avert ere measured by the cryoscopic and Bergmann -Machemer methods ; by 
on of aking the assumption that saponification of the acetates and nitration of the 
e resi resulting celluloses had been effected without scission of the molecular chains 
Jose it was then possible to calculate molecular weights for the celluloses and nitro - 
value celluloses. By the use of constants obtained in this way Staudinger calculated 
centf the molecular weights of more highly polymerised materials from viscosity 
s real measurements, and in a recent summary" of his work on cellulose he gives the 
sonsis, following degrees of polymerisation : purified ramie, i000 ; purified cotton, 75o ; 

e the sulphite pulp, 23o -3ro ; viscose and cuprammonium rayons, 100-250 ; industrial 
me cellulose acetates, 15o -25o. 
ion of The application of the viscosity laws to cellulose and its derivatives has led to 
it in o several anomalies, which have usually been. explained by ad hoc assumptions. 
emen Thus the degree of polymerisation of nitrocellulose prepared from purified 
units cellulose, calculated from viscosity measurements by means of the constant 
no m obtained by the method described, is found to be considerably greater than that 

s ob of the cellulose used.88 The nitrocellulose prepared from mercerised cellulose 
doub has approximately the same calculated chain- length as the mercerised cellulose, 

e is and Staudinger explains the anomaly by assuming that in unmercerised cellulose 
arativi the chain -molecules are united to form longer chains by means of an ester -like 
also ? linkage, which is broken by mercerisation or dissolution in cuprammonium but 
ied r not by nitration.99 A similar anomaly has recently arisen with cellulose acetates, 
seither and here the difficulty has been overcome by changing the constant Km for 
3 adeq' cellulose so as to make the chain -lengths of the celluloses equal to those of the 
with acetates prepared from them.B1 It is a consequence of the theory developed by 
1 prosi Staudinger that equally concentrated solutions of cellulose and cellulose 
.garde derivatives that have the same chain -length should have the same specific 

viscosity. Contrary to this rule, a solution of methyl -cellulose prepared from 
cellulose acetate was found to have a specific viscosity almost double that of an 

leriva equally concentrated solution of the acetate ; this was explained by the 
taudfn assumption that methyl- cellulose is highly solvated in solution.92 

The values of Km obtained from investigations on materials of low molecular 
weight have been found to be in fair agreement with those found from the 
correlation of osmotic pressure and viscosity data for materials of considerably 
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Bertrand 

higher degree of polymerisation. In a recent paper Staudinger and Schu z' 

have calculated the constants from such data obtained by themselves and Irvine an 
Ost. Z. 

other workers, and the results given are as follows : cellulose ace Willstätt 
K, x zoo = 6.5 -11 o ; nitrocellulose, 7o -11.8 ; methyl -cellulose, 9.4 -11 o. Zechmeis 
values previously found for materials of relatively low molecular weight w Haworth, 

cellulose acetate, 10-3-n-6 ; nitrocellulose, 13.3. These results suggest t Freudent 
Freudenk by using the value of jo x Io -4 adopted by Staudinger, the molecular weight Kuhn. . 

cellulose derivatives may be calculated from viscosity measurements with Freudent 
error not exceeding 3o per cent. 2 

A very different conclusion has been reached by Kraemer and Lansing" fr 
Freudent 
Haworth 

a correlation of the specific viscosity- concentration ratio with the molec Andress. 
weight determined by means of the ultracentrifuge. With celluloses, cellul` Herzog 2 

acetates and nitrocelluloses they found that the degree of polymerisation Sponsler 

measured by ultracentrifugal analysis was from 2 s to 3,¡ times as great as th Andress. 
H ant 

calculated from viscosity data by means of Staudinger's constants. The spec Katz. 
viscosity- concentration ratio was found to be approximately proportional to " Katz. 

ess 

` 

degree of polymerisation, however, and Kraemer and Lansing believe that 
viscosity method may be used to estimate the molecular weights of cellule> Herzog. 
materials provided that their constants are used instead of those of Stauding Hengste 

(6) Other Methods. ' Astbury The lengths of the micelles of ramie fibre and viscose rayon calculated 

Peirce. 

Miles. 
Hengstenberg and Mark80 from the breadth of the spots in the X -ray diag . Neale. 
correspond to degrees of polymerisation of 120 and 6o respectively. As Astbury 

already been mentioned, the interpretation of the broadening of the s 7Sisson. 

as an indication of the size of perfectly crystalline micelles is open to quest a 

Meyer. 
P Y r3' P q Staudin 

The freezing point method was frequently used in the past for 
determination of the molecular weight of cellulose derivatives, and theories ° Katz a 

which cellulose was regarded as an aggregate of small molecules were usu. ° 
Adam. 

based on, or supported by, measurements by this method. The mate' 
Meyer 

used in these measurements, e.g. the " anhydro- glucose acetates " of Pringshe t ' Sisson. 

and Hess83 and the " biosan acetates " of Hess" and of Bergmann and Kneh ' Staudir 

are now recognised to have been very highly degraded cellulose acetates and 
a Carotha 

addition it is now realised that the method is unreliable even for such materia 'Hess. 
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PART II. THE EVIDENCE OF THE CHEMICALLY MODIFIED continuo 
COTTON CELLULOSES ogressive 

der very 
Introduction 

en to a 
It has long been known that the action of acids or of oxidising agents 

i relatively 
produce profound changes in those properties of cotton that make it of value rrespond 
a textile material without destroying the fibrous structure. The process w chemic 
produces these changes is called chemical " modification " or " degradation 

ew may 
the cellulose and the products are the " modified " or " degraded " cellulo 

` llulose b 
subdivided into hydrocelluloses and oxycelluloses, according to whether t 

eunscientù 
result from acid or oxidising attack. Because of the importance of avoi degrs 
chemical modification in the processing of cellulose textiles, the study of 

here, wb 
modified celluloses has for long been pursued by scientists engaged in the tex ` A thir 
industry. The earlier work, in so far as it was not purely empirical, was b. 'anon 
on the assumption that hydro- and oxy- cellulose were definite chemical substan tandard 
and attempts were made to characterise chemical individuals to which , cupram 
names could be attached. These attempts failed, and the classical view of 

suits of r 
nature of hydro- and oxy -celluloses is largely responsible for the growth entioned 

express voluminous and confused literature the separate parts of which, when express 

m 

actually self -contradictory, are impossible to correlate. It must, however, fluidity 
emphasised that some of the early investigations were characterised by car this coy 
and accurate observation, and have been the source and inspiration of From 
of the later work. wide va 

Since 1923 the chemically modified celluloses obtained from cotton " tween e 
been the subject of extensive systematic investigations in the laboratories of 

the acid 
British Cotton Industry Research Association, and by the use of, careful 

so define 
contrólled conditions in the preparation of the modified materials, and operties 
standardised methods for investigating their properties, an important clarifica 

a 
of the whole question of the chemical modification of cellulose has been achiet, 

expre: 
ry sensi 

It is the object of the following paragraphs to describe some of this work, ale in ti 
to show how far the molecular chain theory of the structure of cellulose her han 
capable of explaining the results. the tee 

Hydrocelluloses 
rength e 

r the e 

The most pronounced chemical characteristic of cotton cellulose modified bitrary 
the action of acids is an increased reducing power compared with that of ,e mech 
original cellulose. The reducing power of cellulose products is determined by The i 
empirical but standardised method, which depends on the measurement of simple 
weight (in grams) of copper reduced from the cupric to the cuprous state 1lulose. 
loo g. of the material. The result of this measurement, since it cannot be in kages 
preted stoichiometrically, is called the " copper number " of the mod' .'orter c] 
cellulose. The copper number of carefully purified cotton cellulose is only j tack o, 
significantly different from zero (oog or less) and it rises as the result of at wha 
attack to an extent that depends on the nature and concentration of the acid eroger 
the temperature and time of the acid treatment. If one of these factors agment 
progressively altered a continuous series of hydrocelluloses is obtained, hydro 
members of which are characterised by progressively increasing copper num+ it, ai 
within the limits examined. The hydrocelluloses are the insoluble products contini 
the acid attack, and soluble products of high reducing power are also fo + ' ection 
If the whole hydrolysis system, consisting of insoluble hydrocelluloses given F 

soluble products, were examined, it seems probable that its reducing po ;ill also 
would vary in a continuous manner from a copper number of zero for purl +ain -ler 
cotton to one of about 30o for glucose. +r fluid: 

The most striking physical change in the cotton fibre accompanying a .e fluid 
attack, and the change of greatest technical importance, is a fall in tensile stren; its no 

The loss in strength, like the rise in copper number, increases continuously he cells 
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continuous variation in the conditions of acid treatment. The limit to this 
ogressive weakening of the fibre is attained when the latter falls to a powder 
der very small stresses, and this stage is reached when the copper number has 
en to a value in the neighbourhood of 5. Such a copper number indicates 
relatively slight degree of hydrolysis -complete hydrolysis to glucose would 
rrespond to a copper number of about Soo -and it is thus evident that a degree 
chemical modification that has disastrous effects from the textile point of 

ew may be of no importance to the investigator who pursues the study of 
llulose by the methods of organic chemistry. This is one of the reasons why 
e scientist in the textile industry is often much more critical of what constitutes 
undegraded, or unmodified, cotton cellulose than his colleague in the academic 

here, who may be quite unfamiliar with the tensile strength scale. 
A third property that varies in a continuous manner with continuous 
iation in the conditions of acid treatment is the rate of flow, observed in 
tandard way, of a solution of the material in aqueous cuprammonium hydroxide 
cuprammonium "). In the earlier investigation in these laboratories the 

sults of rate of flow measurements were expressed as viscosities, but for a reason 
entioned later, the reciprocal of viscosity -the fluidity -is preferred as a method 
expression ; the standard concentration is o5 per cent., and the term 

fluidity " is used to denote the reciprocal of the absolute viscosity of a solution 
this concentration in cuprammonium of standard composition. 
From the examination of a large number of hydrocelluloses prepared under 

wide variety of conditions it has been shown that a definite relation exists 
tween copper number, tensile strength and fluidity, irrespective of the conditions 
the acid treatment. When one of these properties is defined, the other two are 

so defined. The relation between the tensile strength of the fibre and the flow 
operties of the cellulose solution is of the following nature. If the flow properties 
e expressed as viscosities, the numerical values obtained provide a relatively 
Ty sensitive scale of modification in the earliest stages, a relatively insensitive 
ale in the later stages, when judged by the loss of strength of the fibre. On the 
her hand, the fluidity of o5 per cent. solutions of modified celluloses is related 
the tensile strength in a roughly linear manner over a fairly wide range of 

rength changes, and this is the chief reason why fluidity is preferred to viscosity 
r the expression of rates of flow. The reason is admittedly a somewhat 
bitrary one, but it reflects the pre- occupation of the textile technologist with 

'e mechanical properties of the fibre. 
The interdependence of copper number, tensile strength and fluidity finds 

simple explanation in terms of the molecular chain theory of the structure of 
llulose. The action of acids on cellulose consists in the hydrolysis of glucosidic 
kages between glucose units and the hydrolysis results in the production of 

,orter chains, each of which bears a reducing group at one end. The hydrolytic 
ack occurs at points randomly distributed along the length of the chains so 

at whatever may have been the condition of the original cellulose it becomes 
terogencous from the beginning of acid attack owing to chains splitting into 
agments of various lengths. The behaviour of an individual member in a series 
hydrocelluloses is determined by the statistical distribution of chain -lengths 
it, and the continuous change in properties through the series reflects 

continuous change in the chain -length frequency distribution -a change in the 
rection of a continuously lower average chain -length. The hydrolysis of 
given proportion of the glucosidic linkages, which will define the copper number, 

1 also determine uniquely the average chain -length and the distribution of 
,ain- length about this average. It has been seen in Part I that the viscosity 
r fluidity) of linear polymers is determined by their chain -length, and hence 
e fluidity of a hydrocellulose must be a function of the average chain- length 
its molecules, or of some other constant of the chain -length distribution. 

he cellulose fibre owes its tensile strength to the great strength of the primary 
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valency chains and to the additivity of the lateral cohesive forces along the e 

that tend to prevent slipping of one chain on another when a longitudinal f. 
applied. When the chains are shortened, the extent of their mutual overla 
is diminished, so that slipping of the chains, and consequently rupture of 

fibre, occurs more easily. Thus copper number, fluidity and tensile stren 
all functions of the chain- length distribution, and are for this reason rela 
one another. 

The molecular chain theory has proved capable of yielding a satisfa 
explanation of the somewhat complicated behaviour of hydrocelluloses in 

another respect. These modified celluloses dissolve to a greater or less exte 
cold concentrated sodium hydroxide solutions, and the dissolved fraction 
recovered by acidification without any profound change. A systematic 
has been made of the quantitative relations in the system formed by hl 

celluloses and sodium hydroxide solutions at temperatures between - ro° 

15° C. The solubility of a hydrocellulose in the orthodox sense of the 
namely, the concentration of a saturated . solution, would have little mea.' 
as the theory supposes, the hydrocellulose is a complicated mixture ; in fact 
solubility in this sense depends on the ratio of hydrocellulose to alkali sole 

used. Of much more significance is the proportion of the material that dissd 
and it is this quantity that is described by the term " solubility " ; within 
this quantity is independent of the ratio of modified cotton to alkali sole 
The solubility of a hydrocellulose depends greatly on temperature, alkali 
centration and other factors, but when measured under standard conditio 
rises continuously with progressive acid attack, and, irrespective of the condi 
of acid treatment, it is determined when the copper number, fluidity, or to 

strength is defined. 
Modified and unmodified cottons swell considerably in cold concen . 

sodium hydroxide solutions and there is an intimate connection between 
swelling and the solubility, in the sense that with a given material the great 
swelling the greater is the fraction of the material dissolved. It is ass 
that, for a given degree of swelling, the chain -molecules below a certain 1 

are able to overcome the cohesive forces of the swollen material and to 
into the solution. This dissolution process is thus a fractionation into I. 

and shorter chain -molecules, and the significance of the solubility, as d 
above, is simply that it measures the proportion of the material that consis 
chain -molecules below a certain length. It is thus dependent on the chain -lei 

distribution, and this accounts for its correlation with copper number, fl 

and tensile strength. 
Confirmation of the hypothesis that the shorter chain -molecules are 

easily dissolved than the longer is found in the observation that the reds 
power of the soluble portion of a hydrocellulose is greater than that of the ma 
as a whole, as well as in the separation of a hydrocellulose into fractions Jiff 

in fluidity by means of a process of fractional dissolution. The latter proc 
worthy of further consideration. It has been suggested that the solubili , 

a hydrocellulose is determined by the short -chain end of the chain -1: 

frequency array. The fluidity (or viscosity) is also a function of the c 

length distribution, but it is certainly not determined by the weight -propo 
of short chains, and is probably more closely related to the average chain -lei 

In the hydrocellulose series, the distribution of chain -length is described uniq' 

when the mean chain -length is defined, so that the same mean chain -le 

always corresponds to the same weight- proportion of chains below a 
length ; a functional relation thus exists between fluidity and solui 
irrespective of the conditions of acid attack. This no longer applies to 

products obtained by fractional dissolution of a hydrocellulose. For exam 

a fraction derived from a hydrocellulose by the removal of some of the she 

and some of the longest of the chain- molecules might still have the same 
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ain- length, and hence nearly the same fluidity, as the original material ; the 
tribution of chain -length has been altered, however, and the solubility of the 
ction- determined by the weight -proportion of short chains -will therefore 
less than that of the original hydrocellulose under standard conditions. Thus 

e fluidity and solubility no longer determine one another. This behaviour of 
drocelluloses has been experimentally verified ; superficially complicated, it 
eives a simple explanation in terms of the molecular chain theory. 
ycelluloses 
The progressive attack of cotton by an oxidising agent results in the formation 
a series of oxycelluloses characterised by progressively increasing fluidity 

d diminishing fibre strength. In the light of the molecular chain theory this 
is to be explained as the consequence of a progressive shortening of chain - 
olecules, but the chemical mechanism of the process is complicated, varying 
th the nature of the oxidant and the conditions of oxidation ; this is true of 
dation processes with much simpler carbohydrates than cellulose. The 

emical mechanism of hydrocellulose formation can scarcely be interpreted in 
y other way than as a hydrolysis of glucosidic linkages, but oxidation might 
ect any of the hydroxyl groups in the glucose residues, and many simultaneous 
consecutive reactions are no doubt possible. It is not therefore to be expected 
at the behaviour of oxycellulose should be capable of the complete and simple 
eatment that suffices for hydrocelluloses. 

Like hydrocelluloses, oxycelluloses are characterised by increased reducing 
ewer, or copper number, which in their case is presumably due to the oxidation 
primary or secondary alcohol groups to aldehydic or ketonic groups. It is 

It immediately clear why this action should lead to rupture of the chain - 
olecules, and therefore to loss of strength and rise of fluidity, except as a result 
secondary reactions caused by instability of the oxidised chain. So much can 
least be said, that while the development of reducing power by acid attack 

ust correspond to rupture of chains, its development by oxidising attack 
It is in fact found that some forms 

high copper numbers accompanied by relatively little loss of strength of the 
bre when compared with the effects of acid attack. For example, while a copper 

mber of 5 resulting from acid attack corresponds to complete loss of strength, 
e same copper number produced by oxidation with dichromate under certain 
mditions is accompanied by a loss of strength of only 20 per cent. On the 
per hand, other methods of oxidation produce oxycelluloses characterised by 

uch higher strength losses for the same copper number than is the case with 
ydrocelluloses. 

It has long been known that oxycelluloses, in addition to displaying enhanced 
during power, are also frequently characterised by an enhanced affinity for 
is dyes. As a typical dye of this type, Methylene Blue has generally been 

ed, and its absorption by modified cottons has been systematically studied. 
ethylene Blue hydrochloride is a soluble salt, of slightly acid reaction in aqueous 
elotion owing to the weakness of the base. The preferential absorption of the 
Toured cation by purified cotton is definite and small, but with progressive 

dation of the cellulose under certain conditions, the absorption increases 
pidly and progressively. This absorption is to be regarded as an exchange 
tween the coloured cation in the solution and either hydrogen or alkali metal ion 
ovided by the oxycellulose. It is therefore a measure of the acidic character 

f the oxycellulose, and since the measurement cannot be interpreted stoichio- 
etrically, the acidity of an oxycellulose is expressed by its Methylene Blue 

bsorption under standard conditions. The relatively high Methylene Blue 
bsorption is regarded as evidence that the oxidation process has resulted in the 
rmation of carboxyl groups. The most obvious mechanism by which this can 
cur is by the oxidation of aldehydic groups derived from primary alcohol 

roups. 
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The hydrocelluloses proper show no increase in Methylene BIue absorp not be 
when compared with the original cotton, though certain products of the ac e loss ii 

of concentrated acids on cotton are characterised by very high absorph lulose, 
In these cases it has been proved, however, that actual combination o n be rec 
between the acid and the modified cotton ; sulphuric and phosphoric acid s , acid or 
this behaviour to a pronounced degree under certain conditions, and the v creases, 
of the Methylene Blue absorption has been found to be directly related to ing of i 

amount of combined mineral acid. This furnishes justification for interpre compan 
the absorption in terms of the acidity of the modified cotton. It has mor modif 
been shown that while the absorption of hydrocelluloses containing comb llated tc 
mineral acid is insensitive to variations in the pH of the Methylene Blue solu 

the neighbourhood of the neutral point, that of an oxycellulose falls as the gh Meth 
decreases. This behaviour supports the assumption that the Methylene s.e in ab 
absorption of oxycelluloses is due to a weak acid group such as the carb These 
group. e action 

By the investigation of oxycelluloses derived from cotton cellulose by operties 
action of different oxidising agents under a variety of conditions it has sil, but 
possible to distinguish two extreme types, one characterised by high co ,e condi 
number with relatively low Methylene Blue absorption, the other by relati , the Mt 
low copper number and high absorption of the basic dye -the reducing idle tyl 
acidic types. Other oxycelluloses are known that are intermediate in t ducing 
properties between these extreme types, showing considerable rise in t i in str 
copper number and Methylene Blue absorption. With the progressive ac dium h, 
of an oxidising agent under defined Conditions, copper number or Methylene at have 
absorption, or both, increase continuously over the ranges examined, and ,fling. 

changes are accompanied by continuous changes in tensile strength, fluidity In disc 

solubility in cold sodium hydroxide solution. When, however, two seri c is cony( 
oxycelluloses prepared under different conditions of oxidation are comps much n 
the relation between copper number or Methylene Blue absorption on the garding 
hand, and fluidity, strength or solubility on the other, is often quite cliff a 'thalkal 
for the two series. This is to be expected if the actual chemical mechanis . ass in we 

the oxidation process varies. The inter -relations between fluidity, tee tacked 
strength and solubility might, however, be expected at first sight to be the : - minate 
for all types of oxycelluloses, since the theory supposes that all three prop nknown, 
are determined by the frequency distribution of chain -length. This expects idic gro 
is by no means borne out by experiment ; thus, for example, the relation bets - ults in 
fluidity and tensile strength varies greatly between different series of mo'' 'luble pr 
cottons. This might be accounted for, if, as is probable, these two prop he renter 
are functions of different constants of the frequency distribution, since pposite e 

different methods of modification a given average chain- length, for example, ance es 

not necessarily define uniquely the distribution of chain -length. Apart from 'ese two 
possibility, which cannot at present be tested, the systematic investigations ange m 
brought to light very important facts that account, at least partially, for he short 
failure to establish a perfectly general relation between fluidity, strength 'uch effe 
solubility. This will be discussed in the next section. emoved i 

The Chemical Action of Alkalis on Modified Celluloses 'e props 

It has been seen that aqueous sodium hydroxide in the cold effects p lain diffi 

or complete dissolution of the modified celluloses, according to the degre 'eight un 
modification and the conditions of treatment ; the most effective alkali , ttack on 
centrations are in the range from 2 to 4N. This action is regarded primaril; The b 
a physical process, consisting of swelling followed by the dissolution of the shy " th alka 
chain -molecules. Apart from this, all modified cottons are chemically unst . 

fhydroc 

towards alkalis under certain conditions, particularly on boiling with low cop 

alkali, such as o25N (I per cent.) solutions of sodium hydroxide. Under hange it 

conditions the modified celluloses lose in weight, and the dissolved po " fficier 

suffers a deep- seated chemical change, since the products are water -soluble ed b; 
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not be recovered by acidification of the alkaline solution. Accompanying 
e loss in weight, there is a reduction in the copper number of the modified 
lulose, and by sufficiently prolonged boiling with alkalis the copper number 
n be reduced virtually to zero. For all modified celluloses, whether produced 
acid or oxidising attack, the loss in weight on alkali boiling is correlated, and 
reases, with the original copper number ; the loss in weight is relatively large, 

ing of the order of 6 per cent. per unit of copper number. A third change 
company-ing alkali boiling is an increase in the Methylene BIue absorption of 
e modified celluloses, whether hydro- or oxy- celluloses. This increase is also 
lated to the original copper number, being greater the greater the copper 
tuber. An oxycellulose of the type characterised by low copper number and 
h Methylene Blue absorption suffers neither much loss in weight nor any further 

e in absorption on boiling with alkalis. 
These changes in the chemical properties of modified celluloses produced by 

e action of hot dilute alkalis are accompanied by changes in the physical 
operties. The fluidity of hydrocelluloses is virtually unaffected by an alkaline 
.il, but with oxycelluloses there is an increase that varies in its magnitude with 
e conditions of oxidation. The effect on the tensile strength also depends 
the method of modification ; with hydrocelluloses and with oxycelluloses of 

idic type there is a slight decrease, but with oxycelluloses of the extreme 
.acing type, exemplified by the products of the action of dichromate, the 

in strength is much more pronounced. The effect on the solubility in cold 
dium hydroxide solutions has not been extensively studied, but the materials 
at have been examined show a slight increase in solubility as a result of alkali 
.iling. 

In discussing the behaviour of modified celluloses towards hot dilute alkalis 
is convenient to begin with the hydrocelluloses, since their molecular structure 
much more fully understood than that of the oxycelluloses. Nothing is known 
garding the chemical reactions that take place when a hydrocellulose is boiled 
'th alkali, but the destruction of the reducing groups and the correlation between 
ss in weight and initial copper number suggests that the chain -molecules are 

eked at the end bearing the reducing group. The nature of the group that 
urinates the chain -molecules when the reducing group is destroyed is also 

nknown, but the rise in Methylene Blue absorption points to the production of 
idic groups. By making the assumption that the attack at the reducing group 
ults in the shortening of the chains and the decomposition of the shortest into 

.luble products, it is possible to explain the changes in the physical properties. 
he removal of the shortest chains and the shortening of the remainder would have 
pposite effects on the fluidity, and it is possible that the two effects might counter- 
lance each other so as to leave the fluidity almost unchanged. At the same time 
ese two effects would modify the chain -length frequency distribution, and this 

.ange might lead to an increase in solubility such as is found experimentally. 
he shortening of the longer chains by relatively small amounts would not produce 
uch effect on the tensile strength, and the shortest chains that are assumed to be 

emoved completely do not contribute much to the strength in any case, so that 
.e proposed mechanism would account for the small loss of strength. The 
gain difficulty of this hypothesis is to account for the magnitude of the loss in 
eight unless the shortening of the chains is considerable, but it is possible that the 
ttack on the chains from the reducing end is progressive. 

The behaviour of the oxycelluloses of the extreme acidic type when boiled 
th alkali is consistent with the hypothesis advanced to explain the behaviour 
f hydrocelluloses under similar treatment. Oxycelluloses of this type have only 
low copper number, and hence they suffer little loss of weight and show little 
ange in strength or fluidity. The hypothesis is, however, by itself quite 

fficient to account for the effect of an alkaline boil on the oxycelluloses charac- 
a' ed by high reducing power, such as those obtained by the action of di- 
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chromate. The most striking effect of alkali boiling on the dichro 
oxycelluloses is the great loss of strength that they experience, and this lo 

strength is not primarily due to a loss of weight, since a considerable weake 
of the fibre is produced by boiling with soap solution or even with water, w, 

cause little loss of weight. Such losses of strength can only be attributed 
a breaking of chain- molecules, as distinct from a shortening by progre, 
attack from one end. It must therefore be assumed that the dichromate 
celluloses differ from the acidic type and from the hydrocelluloses in havin, 
their chain -molecules either glucosidic linkages or glucose residues which, alth 
they are physically intact and contribute to the tensile strength, are yet so 

stable chemically that they are readily broken by boiling with dilute alkalis 
less easily, by boiling with water. But if the chain -molecules of the dichro 

are so easily broken by the action of hot dilute alkalis, it is prob 
that they will also be affected to some extent by the process of dissolving 
for the measurement of fluidity, since the solvent used -cuprammonium 
strong alkali. In this case the fluidity of a dichromatic oxycellulose would 
abnormally high compared with its tensile strength, and in agreement with 
the fluidity- strength relation for dichromate oxycelluloses differs from that for 

other modified cottons examined in that the strength losses are relatively v 

small for a given fluidity rise. That rupture of the chain- molecules by 
action of alkalis is the true explanation of the anomalous behaviour of the 
chromate oxycelluloses has been confirmed by as yet unpublished work c. 
out in these laboratories and described in the following paragraph. 

An obvious method for testing the explanation would be available if flui 

measurements could be made in neutral solution, but this is not possible 
modified celluloses. Cellulose can however be nitrated and the fluidity of 

nitrocellulose measured in acetone solution. There is good reason to sup 
that cellulose can, under suitable conditions, be nitrated without apprecis 
acid or oxidising attack, that is, without affecting the chain -length distribui 
The fluidity of the nitrocellulose should then give a measure of the av 
chain -length of the original cellulosic material. If the process of dissolvi 
modified cellulose in cuprammonium is without effect on the chain -length of 

molecules, then a perfectly general relation should exist between the fluidity 
modified celluloses in cuprammonium and that of their nitro- derivatives 
acetone -a relation quite independent of the mode of chemical modifica. 
This has been tested by comparing the relation between the two fluidities for 

hydrocellulose series with that for the dichromate oxycelluloses. The re 
is that an entirely different relation is obtained for the two series in the s» 

that compared with the hydrocelluloses, the fluidity of the oxycelluloses 
cuprammonium is much too high for a given fluidity of the derived nitrocellul' 
in acetone ; the direction of the divergence is thus in agreement with the assn 
tion that dissolution in cuprammonium effects a reduction in the chain -len 

of the oxycelluloses. If the hydro- and oxy- celluloses are first boiled i 

alkali, however, the relation between the fluidities is substantially ideni 
for the two series of modified celluloses ; this is in excellent agreement with 
theory, since no effect is to be expected from dissolving an oxycellulose in 

alkaline solvent when it has already received a much more drastic alk 
treatment. Finally, the relation between tensile strength and fluidity for hy' 
celluloses and dichromate oxycelluloses is very different when cuprammon 
fluidities are used, but is substantially the same if the fluidity of the ni' 

celluloses is used. 
The general result of this work is to show that some oxycelluloses of 

reducing type are liable to further chemical degradation as the result of very 
alkaline treatment, and this is a factor that complicates greatly the elucida' 
of the properties of modified celluloses in terms of the molecular chain the 
Oxycelluloses prepared by other methods of oxidation probably show behavi 
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dichro ilar to that of the dichromate oxycelluloses to an extent that depends on their 
d this for emical character, but with them it is not at present possible to say how far 
le weake idity in cuprammonium is a reliable guide to the chain- length in the solid 
water, w re. If, however, modified celluloses are boiled with dilute alkali before 
attributed estigation, fluidity in cuprammonium should provide accurate information 

progre, arding the chain -length. It is significant in this connection that the strength - 
iromate idity relation, which varies greatly from one series of modified celluloses to 
in ha ' , other formed under different conditions of chemical attack, approaches much 
ich, alth re closely to a general relation applicable to the whole group of chemically 
re yet so edified celluloses, if the properties of the materials are measured after alkali 
to alkalis fling. 
e dichro A complete theoretical treatment of the behaviour of modified celluloses 
it is prob cessitates more knowledge of their organic chemistry, but the molecular chain 
solving ti eory has proved extremely successful in illuminating the results so far obtained, 
aonium -.d in suggesting profitable lines for further work. 
)se would 
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CONTENTS 

I- INTRODUCTION AND SUMMARY 
The term "Chemically Modified Cotton Cellulose" has been used in pub- 
bons from these laboratories to denote cotton the physical and chemical 
perties of which have been modified by the action of acids or oxidising 
ts. In particular, the materials obtained by the action of acids are termed 

drocelluloses, and those produced by the action of oxidising agents, oxycellu -. 
s. The most important properties that are thus affected are the tensile 
ength, the reducing power (copper number), the acidity (Methylene Blue 
orption), the stability towards hot dilute alkali, the fluidity in cupram- 
nium hydroxide solution, and the solubility in cold concentrated sodium 
droxide solutions. The inter- relations of these properties of modified cottons 
ve been described in numerous papers from this Institute. In particular, 
twell, Clibbens and Geakes have investigated the solubility of modified 
tons in sodium hydroxide solutions at the ordinary temperature; the 
ect of the work described in the present paper was to extend the 
estigation to temperatures below the normal, 
A 
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The use of low temperatures to facilitate the preparation of solutio 
cellulosic materials in sodium hydroxide solution has been patented d occt 

Lilienfeld'' and the effect of such temperatures in increasing the solub' ter pre 

of wood pulps and viscose rayons has been shown by the work of D', 'e max 

and Jäger9, Fukushima and Takamatsu", and Atsuki and Shimoyamal eatmer 

The solubility relations of modified celluloses, like those of many on to 1 

e -treat 
colloids, differ from those of crystalloids in that the concentration of 

ali to 
solute in the presence of the solid phase depends on the amount of the s ssolutic 
used with a given volume of the solvent. The usual method of expre, treats 
the solubility of crystalloids, as the concentration of a saturated solo 

e 
alkal 

has therefore little significance when applied to a modified cellulose, an 
d it is 

the present paper, following Birtwell, Clibbens and Geake3, the percen siolu 
of the material that dissolves under stated conditions is used as a me. The 
of the solubility. When various weights of the same hydrocellulose 

1 ndition 
extracted with a given volume of sodium hydroxide solution, approxima dities 
the same percentage of each was dissolved, so that the solubility in the 

tton, y 
employed in this paper was practically constant; the concentration of mat 

e flui 
in solution, on the other hand, was proportional to the amount of the h 

d cott( 
cellulose used. This behaviour may be regarded as an indication of .pared 
heterogeneous character of modified cotton cellulose. 

es are 
The results described in the present paper show that the solubili alkali 

hydro- and oxy -celluloses at any temperature is a maximum at a ce any th 
alkali concentration, and that as the temperature is lowered from the no rcerise 
the maximum solubility is greatly increased and .occurs at a lower 

J ulose, 
concentration. Thus, for a certain hydrocellulose, the maximum obsg re 
solubilities at 15 °, o° and 5° C. were 8.2, 57.5 and 82.6% and these m. By m 
occurred at alkali concentrations of 3o, 2.75 and 2.5N respectively. Ma der sui 
solubility of the hydro- and oxy- celluloses prepared from unmerc r fract 
cotton occurred at substantially the alkali concentrations quoted a . (2% s 

but it was found that modified cottons prepared from cotton previ and 3 
swollen with concentrated sodium hydroxide solution had a ma ' When 
solubility at 5° C. at a rather higher alkali concentration. Thus, a se h sodü 
oxycelluloses obtained by the action of oxygen on cotton impregnated teased 
ioN sodium hydroxide solution, and a series of hydrocelluloses prey ted all 
from mercerised cotton, had maximum solubilities at 5° C. in 2.75 and es pia( 
sodium hydroxide solutions, respectively. thin a c 

When modified cottons are boiled under pressure with dilute , vent pc 

the residual material is more soluble in sodium hydroxide solution at can 1 

than the original modified cotton, in spite of the loss of weight that In the 
during the boil. The increase in solubility is slight with hydrocell' ween t 
prepared from unmercerised cotton, but it is considerable with h dons a 

hypochlorite series examined. 
celluloses prepared from mercerised cotton and with oxycelluloses 'eri sim 

'wledge 

When a modified cotton is treated with 5N sodium hydroxide -a obsen 

ment that effects insignificant dissolution -and, after dilution of the 'erimen 

to lower concentrations, the solubility at low temperatures is dete : t cellule 

it is found that the maximum solubility is lower, and occurs at a higher that m 
concentration, than with the modified cotton not previously treated wi,' gths, t] 

5N alkali. Thus, a certain boiled oxycellulose had a maximum solub t the to 

85.2% in 2.5N sodium hydroxide solution at 5° C. but when it was trea all fun 

the way described above, the maximum solubility at 5° C. was only olutfon 
neighbc 
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f solutio 
patented d occurred at a concentration of about 2.75N. Similarly, it was found that 

the solub ter pre -treatment with 5N alkali and dilution to 2.5N at low temperatures, 

m.k of D', 'e 
maximum solubility attained was much less than that found by direct 

imoyamal eatment with a 2.5N solution at the same temperature. In contradistinc- 
on to these results, it was found by Birtwell, Clibbens and Geakea that 

f many of e-treatment with 6 to ioN sodium hydroxide followed by dilution of the 
ration of ali to the non -swelling concentration of 2N, all at 15° C, resulted in the 
t of the ssolution of a greater fraction of a modified cotton than could be dissolved 
of expre treatment with any single solution. The effect of the rate of dilution of 
tted solu alkali in the IoN -2N treatment on the solubility has been examined, 
lulose, an 

d it is found that slowing down the dilution results in a diminution of 
ae percent solubility. 
as a me, The solubility of any modified cotton, measured under the optimum 
ellulose 

d nditions at 5° C. is greater the greater its fluidity, samples with very high 
.pproxima idities being completely soluble. Hydrocelluloses made from unmercerised 
y in the tton, whether boiled after modification or not, have approximately the 
on of mat 

e fluidity- solubility relation, but hydrocelluloses prepared from mercer - 
of the by 

d cotton are much less soluble than materials of equal fluidity similarly 
cation of epared from unmercerised cotton. Oxycelluloses of the hypochlorite 

es are more soluble than hydrocelluloses of the same fluidity, but after 
solubilit alkali boil, these oxycelluloses show a fluidity -solubility relation that is 
at a ce any the same as that found for the hydrocelluloses prepared from un- 

m the no : rcerised cotton. The oxycelluloses made by the oxidation of soda 
I lower . 

1 ulose, on the other hand, show the effects of previous swelling in 
zum obse:,ving relatively low solubility for a given fluidity. 
these m, By means of successive extractions with sodium hydroxide solutions 
ly. Max der suitably chosen conditions, a hydrocellulose has been separated into 
unmerce r fractions differing in fluidity. The fluidity of the original material was 

luoted a , (2% solution in cuprammonium) and fractions of fluidities 16.6, io8, 
on previ ' and 3.6 were obtained from it. 

a m. When the alkali concentration of solutions of modified cotton prepared 
us, a se h sodium hydroxide solutions of greatest solvent power is increased or 
regnated reased beyond certain limits by the addition of water or of more concen- 
oses pre i ted alkali, partial or complete precipitation of the modified cellulose 
2.75 and es place. Quantitative experiments show that at alkali concentrations 

hin a certain region on both sides of the concentration giving maximum 
dilute vent power, much more modified cellulose can be retained in solution 

Etion at can be dissolved directly, even at 5° C. 
ht that i In the last section of this paper, attention is called to the similarity 
iydrocell ween the solubility relations of modified cottons in sodium hydroxide 

with h tions at low temperatures and the swelling relations of unmodified cotton 
Lluloses a 'er similar conditions. On the basis of this similarity and of present day 

'wledge of the fine structure of cellulose, an attempt is made to explain 
oxide -a observations recorded in this paper. It is shown that many of the 
n of the 'erimental results can be explained on the following assumptions -(I) 
is dete t cellulose acts as a very weak acid, forming salts with sodium hydroxide; 
a higher that modified cottons consist of mixtures of chain -molecules of different 
-eated vuii ; hs, the average length decreasing with increasing modification; (3) 

m solub ' t the tensile strength, the fluidity and the solubility of modified cottons 
was trea all functions of the chain length frequency distribution; (4) that before 
is only Lolution of a chain -molecule can occur, the cohesive forces binding it to 

neighbours must be overcome by the swelling forces; (5) that the shorter 
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chain -molecules are more easily detached in this way than the longer. Po 
mechanisms to account for the alteration of the properties of hydro. 
oxy- celluloses by an alkaline boil are also discussed. 

II- EXPERIMENTAL 
(1) Materials 

The modified cottons employed were prepared from an unspun In 

cotton (No. 217) scoured by boiling in the form of sliver with .2% 
hydroxide solution for ro hours at an excess pressure of 4o lb. per square of ice ar 

and from cotton linters (No. 310) similarly scoured and lightly bleac he bott 

Hydrocelluloses were prepared from these materials by the action at easurel 

temperature of a hydrochloric acid solution containing zoo gm. of hyd he modi 

chloride per litre, various degrees of modification being obtained by va ' hours 

the duration of the acid treatment; the series H3 -8 was obtained 'ccasion 

cotton No. 217, and the series SHL 1-7 from cotton No. 310. A seri At th 
hydrocelluloses (MH 1 -4) was similarly prepared from cotton No. 217 esidue 

had been swollen in 7N sodium hydroxide and washed with water; .P.m. I 
material is conveniently referred to as "mercerised ". The oxycell btained, 

employed consisted of a series (OL 6 -16) prepared from cotton No ,'f highe` 

by treatment at room temperature with sodium hypochlorite soluti' apprc 

pH 8.4 and either o.o5N (OL 13 -16) or o2N (OL 6 -12) in available chi'ipetted 
and a series (CSO 1 -5) obtained by the action of gaseous oxygen at q nation w 

on cotton No. 217 impregnated with roN sodium hydroxide solution10, o the de 

oxycelluloses prepared by means of hypochlorite solution and all the h at the t 
celluloses were also examined after an alkaline boil, the treatment cony, ¡ 

osulph 

of boiling with 2% sodium hydoxide solution for 4 hours at an excess p The s, 

of 30 lb. per square inch. The alkali- boiled materials are distinguish ;'Ived; in 

the letter B after the serial number. The modified cottons have been a iayoccu 
tensed by fluidity (absolute units, 0.5% solution in cuprammoniuselution 
droxide at 20° C.5) and in some cases by copper number (Schwalbe-B letely so. 
these values being given in Table IX. ¡secific vc 

(2) The Determination of the Solubility of Modified Cotton Cellulose '6 %' M 

The temperatures chosen for the investigation of the effect of tempe f 96-98% 

on the solubility of modified cottons in sodium hydroxide solutions we 
ange ar 

o °, and -5° C. In some preliminary experiments solubility dete "mpositi 

were made at -ro° C. but as this temperature is below the freezing p The cc 

the more dilute alkali solutions employed, its use was abandoned. By ' ali are 
ing -5° C. as the lowest temperature to be used, it was possible to coy ' e obtain 

whole range of sodium hydroxide concentrations of interest in this 'uditions 

without freezing of the solutions. C. show 

The high viscosity of concentrated solutions of modified cellulose slight in 
the separation of the solution from the highly swollen undissolved en after 
difficult, and in order to keep the concentration of modified cellul, ='ni that 
the ratio of modified cotton to alkali solution adopted in the syst ° C hig 
investigation was r gm. in roo c.c. The moisture content of the modified e 1equirt 
was determined, and a quantity equivalent to r000 grn. of the dry 'e procec 

weighed out. This was extracted in a 15o c.c. stoppered bottle with r'dfum by 

of the sodium hydroxide solution. In determinations at -5° C. the ) ° C rest 
was shaken, the stopper removed and a thermometer introduced; the 'd 92'2% 

was then cooled in a freezing mixture of pounded ice and common sal ' determ; 

constant stirring of the contents of the bottle by means of the therm' lution a 
y be cs 

Solution; 

the then 
haken. 

and aga. 
eated I 

contents 
'n the sc 
he botta 

The cooling was interrupted when the temperature had fallen to o° and 
A2 
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ver. Po the thermometer removed, the stopper inserted, and the bottle vigorously 

hydro. haken. When the temperature had fallen to -5 °, the bottle was again shaken 
and again cooled to -5 °. This alternate shaking and cooling to -5° was re- 
peated three times, and the bottle then set aside for 2 hours to allow the 
contents to' revert to room temperature. Temperature control was easier 

spun Im'n 
the solubility measurements at o °, and here the procedure was to immerse 

2°/ s he bottle containing the modified cotton and alkali in a well- stirred mixture 

r square -f ice and water, the bottle being shaken at intervals. After r hour at o° 

tly blea he bottle was allowed to stand in the laboratory for another hour. In the 

tion at easurements at 15° C. the alkali solution was cooled to 15° C. before adding 

of hyd he modified cotton, and the bottle containing the mixture was immersed for 

d by va hours in a large vessel of water maintained at that temperature, with 

btained occasional shaking. 
At the end of the stated intervals, the mixtures of solution and undissolved 

No. 217 esidue were poured into 4o c.c. stoppered tubes and centrifuged at 2,000 

-1 water; .P.m. BY this means a clear supernatant liquor was almost invariably 
oxycell btained, although with the highly modified materials in the alkali solutions 

tton No. f highest 'solvent power, the resulting solution was slightly opalescent. 
appropriate volume (usually ro c.c.) of the supernatant liquor was then 

able chl ipetted out, and the cellulosic material contained in it determined by md- 
ation with chromic acid. This determination was performed according 

Lutionro, the detailed procedure given by Birtwell, Clibbens and Geake3, except 
all the h at the back-titration of the dichromate was done iodimetrically with sodium 

°sulphate instead of directly with ferrous ammonium sulphate solution. ent con 

xcess pr The solubility is expressed as the percentage of the material that is dis- 
tinguish lved; in calculating it, any change in the volume of the liquid phase that 

been c ay occur by reason of the dissolution of modified cellulose or of absorption of 
nmoniun lution by the undissolved residue is neglected. If a modified cellulose is com- 
valbe-Br letely soluble, and if it is assumed that the dissolved material has the normal 

pecific volume of cellulose the error introduced by the first factor is about 
.6%. Materials that appeared to be completely soluble gave solubilities ulose 

)f temper 
f 96-98%, results that are probably due partly to this neglect of the volume 
ange and partly to the departure of highly modified celluloses from the 

:ions wer 

letennim 
omposition C6I-10, assumed in the analysis. 

po The conditions employed in the extraction of the modified cottons with 
ed. By ali are entirely abitrary; but by adhering to a standard procedure results 
e to co e obtained that are comparable among themselves and that for given 
in this nditions are reproducible within r or 2 per cent. Experiments at 15° and 

C. showed that increasing the time of extraction to 24 hours produced only 
&lose slight increase in the solubility, and it will be shown in Section II (5) that 
solved en after extraction for ro days at 15° C. the solubility is but little higher 

cellul an that found after extraction for 2 hours. It was found that at o° and 
the syst ° C. higher solubilities were obtained by cooling the alkali solution to 
nodified e required temperature before adding the modified cotton than by following 
te dry e procedure described above; thus with the oxycellulose OL7/B in 2.5 N 

with dium hydroxide solution the solubilities of 60.2% and 85.2% at o° and 
' C. the °C. respectively obtained by the standard method were increased to 81.4% 
ced; the 

d 92.2% by cooling the alkali solution before adding the oxycellulose. 
determinations at 15° C. the effect of the temperature at which the alkali anon sal 

lution and modified cotton are mixed is pronounced, and serious errors therm 
.o and Y be caused by adding the modified cotton to the solution at "room 
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temperature" and then cooling to 15° C. For example, the solubility of 
oxycellulose OL7/B in 3oN sodium hydroxide solution at 15° C. was ioS 
when the oxycellulose was added to the solution at. i5° C. but 6.8% w 

the alkali solution was at 20° C. when the addition was made. Owing to 
difficulty of separating the solution from the undissolved residue at o° 
-5° C. the procedure adopted for the determination of the solubility at th 

temperatures involves the reversion of the solution to room temperat 
before the separation is made. Experiments showed that with alkali so 

tions of concentrations up to 2.75N, the concentration of solutions of mod' 
cellulose prepared by extraction at -5° C. remained substantially unchan 
when the solutions were kept at Z5° C. for io days in the presence of 
undissolved residue, whilst with alkali solutions of higher concentrat 
the modified cellulose concentration fell only very slowly. It therefore see 

probable that measurement of the concentration of cellulosic material . 
ore im 

2 hours gives a good approximation to the concentration at the end of ydroxi, 

extraction at the low temperature. Detailed results of the effect of allo 'I 0W11 1 

solutions prepared at -5° C. to stand at 15° C. are given in Section II less, the 

Another factor that might effect the determination of solubility, viz. s able t 

ratio of alkali solution to modified cotton, has been investigated, and I ere en 

results are given in the next section. oluble 

No attempt was made to exclude air from the modified cellulose d 4) The 
the extraction, except when the latter was prolonged beyond 2 hours, fo. Modi 

has been shown in a previous paper'° that the conditions of tempera i 
The 

alkali concentration and duration of exposure to air employed are such'olubilit: 
to produce but little effect on the properties of a modified cellulose. i esults c 

Solutions prepared from materials of low copper number (e.g. L7/B a 

boiled modified cottons) may be preserved for long periods without no''ydroxu 
able change, but if the modified cotton dissolved has a high copper num d tho: 

the solution gradually becomes yellow on standing. This suggests that I he main 

type of decomposition that takes place during the alkali boiling of mo''f the n 
cottons proceeds slowly in cold concentrated alkali solutions. ach ten 

f sodiur 
(3) The Effect of Variation of the Ratio of Modified Cotton to Sodium Hydro .olubiliti 

Solution or the 
It is a characteristic of solutions of homogeneous substances that oo and _ 

given temperature the concentration of the solution in equilibrium with 

solid phase is independent of the amount of the solute used. Of many. 
stances that form colloidal solutions, however, this is no longer true; 
concentration of the solution increases with the amount of the solid tr 
with a given volume of the solvent. Neuenstein19 has shown that o 

sulphite pulp is extracted with solutions of sodium and potassium hydro 
at the ordinary temperature, the concentration of cellulosic maten 
solution depends on the ratio of pulp to alkali solution used. 

The effect of varying the amount of modified cotton cellulose used 

ioo c.c. of sodium hydroxide solution has been determined with the h 

cellulose H4/B. Various weights of this material were extracted, in the 

, already described, with Zoo c.c. of 2.5N sodium hydroxide solution at o 

the results obtained are recorded in Table I. They show that at rati 
modified cotton to alkali solution up to 2.5 gm. per ioo c.c. the concen 
of the dissolved material is practically proportional to the amount of h) 

cellulose used, i.e. the fraction dissolved is constant. Above this ratio, 

concentration increases slightly less rapidly than corresponds to the 

relation 
tainty ; 

howeve: 
of modi 
which 

t 
eight o 

100 c. 
Concentra 

in soli 
er cent. 

lose d 

Concent. 

of Sod 
Hydro 
Solut 

ormality 

1.71 
2.O( 
221 
2.5( 
27E 
3.0( 
32; 
3.5( 
4.0( 
5.0( 
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duty of relation, or the fraction dissolved decreases slightly. There is some uncer- 
was 10.5 tainty about the results for the fraction dissolved at the highest ratios, 
6.8% w however, since as the ratio is increased the volume change due to dissolution 
wing to of modified cellulose and to absorption of solution by the undissolved residue, 
e at o° which are neglected in the calculation of the fraction dissolved, become 
ity at th 

emperat 
alkali so 

of modi 
unchan 

ence of 

ncentratil 
-efore see 

aterial 
; end of 

of allo 
tion II 
ity, viz. 

ed, and 

Table I 
Hydrocellulose H4 /B in 2.5N Sodium Hydroxide Solution at 0° C. 

eight of hydrocellulose used per 
100 c.c. (grams) 0.35 0.70 1.00 1.50 2.00 2.50 3.00 3.50 

Concentration of cellulosic material 
in solution (gm. per 100 c.c.) 0.191 0.371 0.533 0.799 F078 F336 1.524 F815 

er cent. of available hydrocellu- 
lose dissolved ... ... 54.6 53.0 53.3 53.3 53.9 53.4 50.8 51.9 

ore important. Further, as the ratio increases, the concentration of sodium 
ydroxide in the solution is progressively diminished, owing to the well - 
own preferential absorption of sodium hydroxide by cellulose. Neverthe- 

ess, the results clearly show that only a certain portion of the hydrocellulose 
s able to dissolve, and that at the ratios of hydrocellulose to alkali solution 

re employed the solution is far from saturated with respect to this 
oluble portion. 

ulose d 4) The Effect of Alkali Concentration and Temperature on the Solubility of 
hours, f ° 

Modified Cottons 

tempera The effect of alkali concentration and temperature of extraction on the 
are such olubility of modified cotton celluloses may be illustrated by reference to the 

lose. esults obtained with the hydrocellulose H4/B, and with the oxycelluloses 

(e.g. .L7/B and CSO 4. The solubility data for various concentrations of sodium 

:hoot no ydroxide at temperatures of 15 °, o° and -5° C. are recorded in Table II, 
per nom d those relating to the hydrocellulose are shown graphically in Fig. I. 

that he main features of the curves showing the relation between the percentage 

of mo''f the modified cellulose dissolved and the alkali concentration are that at 
ach temperature there is a maximum solubility at a certain concentration 
f sodium hydroxide, and that as the temperature is reduced this maximum 

m Hydro . olubility increases greatly and occurs at a lower alkali concentration. Thus 
or the hydrocellulose H4/B, the maximum solubilities observed at 15 °, 
° and -5° C. are 8.2, 57.5 and 82.6 %, and occur at alkali concentrations of .es that 

ium with 

)f many 
;er true; 
solid t 
n that 
arl by 

maten 

Table II 

lose used 

th the h 

d, in the 

tion at o' 

t at rati 
concent 
ont of ht 

his ratio, 

to the 

Concentration 
of Sodium 
Hydroxide 
Solution 

ormality at 18° C.) 

% Dissolved 

Hydrocellulose H4/B 
(Fluidity = 32.4) 

Oxycellulose OL7/B 
(Fluidity = 34.1) 

Oxycellulose CSO4 
(Fluidity = 45.4) 

15° C. 0° C. -5° C. 15° C. 0° C. -5° C. 15° C. 0° C. -5° C. 

1.75 0.7 1.2 3.0 1.0 F5 3.3 - 7.3 30.8 
2.00 1.1 3.0 26.0 1.4 3.8 35.6 3.5 25.1 64.6 
2.25 1.9 23.6 713 2.5 36.6 72.4 7.4 49.5 86.0 
2.50 3.6 53.3 82.6 4.4 60.2 85.2 15.4 73.7 94.5 
2.75 6.3 57.5 76.3 7.8 62.7 77.4 22.4 82.4 946 
3.00 8.2 40.1 62.1 10.5 42.3 65.2 22.3 73.2 881 
3.25 7.2 - - 8.6 - - - - - 
3.50 5.7 12.1 21 1 6.3 13.4 20.7 12.8 45.6 69.1 
4.00 3.2 4.7 8.5 3.4 6.7 10.7 7.6 178 27.6 
5.00 1.4 1.8 2.3 1.7 2.1 3.2 4.1 6.8 9.0 
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3o, 2.75 and 2-5N respectively. The results obtained with the two oxy 
loses are qualitatively similar to those obtained with the hydrocellul 

(5) Prolonged Extraction of a Modified Cotton at 15° C. and the Effect of Ke 
at 15° C. after Extraction at -5° C. 
The solubilityof an oxycellulose OL8/B at n5° C. was determined as 

described after extraction for 2 hours, and the bottles containing the soluti 
and undissolved residues were then evacuated, filled with nitrogen and t 
in a thermostat at 15° C. for no days. The solubilities were determined a 

4 and no days, and the results obtained are given in Table III. They show 

The r 
alose 

lubility 
lability 

ed fox 

gaseoi 
lability 
en swo] 

75N, 
ses prep 
e solubi 

Table III with i 

Time of 
Extraction 

05 is 
% Dissolved ntratior 

Concentration of Sodium Hydroxide (normality) The va 
1.75. 2.00 2.25 2.50 2.75 3.00 3.25 ¡ 3.50 4.00 0 hydre 
2.6 4.3 8.6 21.5 37.1 38.0 25.8 ; 17.0 10.0 s'd alkali 
3.2 5.5 10.4 22.9 38.9 39.8 28.0 : 19.5 11-7 ability 
3.7 6.3 10.4 23.2 39.2 40.1 28.0 19.8 12.1 

" `ability 
2-5N al 

2 hours 
4 days 

10 days 

prolonging the time of extraction from 2 hours to io days increases 
solubility only slightly. 

aloses 
1 

MH: 
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Preliminary experiments on the effect of allowing solutions prepared by 
the extraction at -5° C. of an oxycellulose with 2N and 4N sodium hydroxide 
solution to stand at room temperature showed that while the modified 
cellulose concentration of the solution in 2N alkali solution was unchanged 
after 6 days, the concentration of the solution in 4N alkali slowly fell and 
finally became virtually constant after 8 days. The effect of standing at i5° C. 

after extraction at -5° C. was then examined with an extended series of 
ali concentrations. The solubility of the oxycellulose OL8 /B was deter - 
ed after extraction at -5° C. in the standard way described, and then the 
tures of solution and undissolved residue were kept at 15° C. as described 
the preceding paragraph. The concentrations were determined after 

and ro days, with the results given in Table IV. The Table shows that with 

Table IV 

Time 
f Standing 

% Dissolved 

Concentration of Sodium Hydroxide (normality) 
1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 5.00 

2 hours 18.3 59.9 96.2 96.5 95.7 80.6 69.4 58.4 45.2 31.3 10.0 
5 days 18.9 59.7 96.5 96.8 96.0 77.7 62.3 47.8 26.2 12.5 4.7 

10 days 19.1 59.6 96.5 96.8 96.2 76.0 59.1 43.9 16.8 6.2 3.3 

ali concentrations up to 2.75N, the solubility is practically unchanged 
ter io days, but at higher alkali concentrations there is a fall in the solubility 
at increases as the alkali concentration increases. At alkali concentrations 

rove 3.75N the final solubilities are lower than those found by extraction 
5'0 ,t 15° C. for io days without pre- treatment at -5° C. 

uo oxyc 
drocellul 

ct of Kee 

.d as alre 

he soluti 
'en and k 

rmined 
. 

ey show 

The Relation between Alkali Concentration and Solubility at -5° C. for 
Modified Celluloses Prepared from Cotton Swollen before Modification 
The results given in Table II show that a hydrocellulose and an oxy- 

llulose prepared from cotton not previously swollen have a maximum 
lubility at -5° C. in 2.5N sodium hydroxide solution. The variation of 
lubility at -5° C. with concentration of sodium hydroxide was also deter- 
' ed for a series of oxycelluloses produced by the oxidation of soda cellulose 
gaseous oxygen, and the results are given in Table V. The maximum 

lubility of these materials, which from their method of preparation have 
en swollen prior to modification occurs at an alkali concentration of about 

75N, i.e. at a slightly higher concentration than with the modified cellu- 
ses prepared from cotton not previously swollen. As the series is ascended, 
e solubility at any alkali concentration increases with increasing fluidity, 

e. with increasing degree of oxidation. The most highly modified sample 
05 is almost completely soluble in sodium hydroxide solutions of con - 
trations from 225 to 2-75N. 

city) The variation with the alkali concentration of the solubility at -5° C. of 
4.00 '0 hydrocelluloses, MH3/B and MH4/B, prepared from mercerised cotton 

d alkali boiled after modification, is also included in Table V. Maximum 
ability of these materials occurs in 3N sodium hydroxide solution. The 
lability in a solution of this concentration is considerably greater than 
2.5N alkali, and a similar result was obtained with the same two hydro - 

ncreases aloses before alkali boiling, as well as with two less modified hydrocellu- 
MHi and MH2, similarly prepared. 
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Table V 

Material Fluidity 

% Dissolved at -5° C. 

Concentration of Sodium Hydroxide 
(normality at 18° C.) 

odium 
rom the 

rated a 

olution 
and whir 

1.75 2.00 2.25 2.50 2.75 3.00 3.50 4.00 5.00 6 
he latte 
olved n 
rocesse 

he effet 
ility of 

he dat, 
% socli 

his hyd 
0.26 

for to 
if about 

weigh 
odium I 

Oxycellulose CSO1 
CSO2 
CSO3 
CSO4 
CSO5 

Hydrocellulose MH3/B 
MH4/B 

Hydrocellulose H4 
H4/B 

22.4 2.0 4.8 7.2 10.1 11.4 6.4 3.2 1.9 0.9 
32.5 7.2 16.5 29.4 47.2 53.4 43.7 11.0 6.1 2.9 
42.0 17.7 46.5' 73.9 86.1 87.7 83.4 36.7 14.9 4.6 
45.4 30.8 64.6 86.0 94.5 94.6 88.1 69.1 27.6 9.0 
48.9 42.6 76.5 95.6 96.4 96.6 93.9 78.9 37.1 13.7 

37.9 2.4 6.4 17.4 34.7 60.3 61.8 15.4 5.9 2.5 
45.6 - - 31.4 581 84.4 94.1 437 - - 
32.1 2.4 13.1 63.9 80.3 73.7 54.3 15.9 7.8 2.9 
32.4 3.0 26.0 71.3 82.6 76.3 62.1 21.1 8.5 2.3 
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The solubility curves for the oxycellulose CSO3 and the hydrocell 
MH3/B are given in Fig. 2, and compared with the curve for the by 

cellulose H4 prepared from unmercerised cotton. 

(7) The Effect of an Alkali Boil on the Solubility of a Hydrocellulose at 
It has been shown by Clibbens, Geake and Ridges that when a by 

cellulose is boiled with dilute (1 %) sodium hydroxide solution, the flui 

of the material is little changed, but the reducing power, as measured by 

copper number is diminished almost to zero. At the same time the by 

cellulose suffers a loss of weight that is proportional to the original co 

number. The alkaline liquors obtained by boiling modified cotton with 

e-treatrr 
with 5./s 
NaOH 

No 

15 

o 

-5 
o 
o 

-5 
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sodium hydroxide solution are, however, very different in their properties 
from the solutions obtained by treating modified cotton with more concen- 
trated alkali solutions at low temperatures. The former are dark yellow 

de .olutions from which very little material is precipitated by acidification, 
d which evidently contain decomposition products of the modified cellulose; 

0 5.00 6 e latter are colourless or very pale yellow solutions from which the dis- 
olved material can be precipitated by acidification. Although the ultimate 
rocesses involved thus appear to be very different, it is of interest to examine 
e effect of the loss of material suffered during alkali boiling on the solu- 
ility of a hydrocellulose in more concentrated alkali solutions at -5° C. 
he data obtained with the hydrocellulose H4 before and after boiling with 

9 2.5 '% sodium hydroxide solution under pressure are included in Table V. 
- - his hydrocellulose had originally a copper number of 2.22, which was reduced 

s 2.9 o26 by the alkali boil, whilst the fluidity was changed only from 32I 
5 2.3 irior to the boil to 32.4 after it; at the same time there was a loss in weight 

f about 20 %. The results given in the Table show that in spite of this loss 
weight, the boiled material is slightly more soluble than the original in 

odium hydroxide of all the concentrations used except 5N. 

The Effect of Pre -treatment with 5N Sodium Hydroxide Solution on the 
Solubility of Modified Cotton Cellulose in More Dilute Solutions 
Birtwell, Clibbens and Geake3 have shown that by treating modified 

otton with concentrated (6 to ioN) sodium hydroxide solution at 15° C. and 
uting the solution to 2N while in contact with the modified cotton, a much 
rger fraction is dissolved than by treatment with any single solution. 
his observation suggested the investigation of similar treatment at tern - 
eratures below the normal. Experiments were made in which i gm. of modi- 
ed cotton was treated with 5o c.c. of 5N sodium hydroxide, and the alkali 
en diluted by the rapid addition of 5o c.c. of water, giving a calculated 

final volume at 15° C. of 99.2 c.c. and a final concentration of 2.52N. The 
emperatures of pre -treatment with the 5N alkali, dilution, and final treat - 
ent with the 2.5N solution were varied so as to give a range of conditions. 
he data obtained with four modified cottons are given in Table V.T. They 
ow that pre -treatment with 5N sodium hydroxide solution at 15 °, o° 

r -5° C., followed by dilution either at the same time temperature or after 
eversion to 15° C. causes a decrease in the solubility at o° or 1° C. compared 

Table VI 

9 0.9 
1 2.9 
9 4.6 
6 9.0 
1 13.7 

ydrocell 
r the by 

ose at -+ 

hen a by 

, the flui 

asured by 

le the h 

iginal c 

)n with 

Temperature ( °C.) 

treatment Dilution 
with 5N to 2.5N 
NaOH 

No pre -treatment 

15 15 
0 15 

-5 15 
0 0 
0 0 

-5 -2* 

% Dissolved 

Final 
treatment 
with 2.5N 

NaOH 

Oxycelluloses 
OL16IB OL7/B oI.6/B 

Hydro- 
cellulose 
SHL7/B 

15 - 4.4 - - 
28.8 60.2 - - -0 

5 50.5 85.2 97.6 .94.7 
-5 - 30.7 77.1 54.2 
-5 31.0 - - i 

-5 - 27.1 - 
0- 50.3 - 

-5 - 50.4 91.7 
-5 13.5 37.5 72.7 

(* Solution at -5 °, diluting water at 1° C.) 
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with that in 2.5N solution without pre- treatment. With both oxycellul 
OL6 /B and OL7 /B, pre -treatment and dilution at o° C. gives greater dissoluti 
at -5° C. than pre- treatment and dilution at 15° C. or -5° C. 

A further series of experiments was then made in which after pre -treatm 
with 5N sodium hydroxide at 15° C. and dilution of the alkali to vario 
known concentrations, also at 15° C., the solubility was determined in 
diluted alkali after cooling to -5° C. In order to separate the effect of 
pre -treatment with 5N alkali and the dilution from that of the fmal I 

temperature treatment, it was necessary to determine the effect on 
solubility of dilution from 5N to lower concentrations before procee 
to the determination of the solubility in the diluted solutions at -5° C. 
gm. of the modified cotton was treated at 15° C. with x c.c. of 5N sod' 'so 
hydroxide solution for i hour, the solution then rapidly diluted by 
addition of (ioo - x) c.c. of water at 15° C. and the mixture kept at 15° 40 

for another hour. This dilution brought the alkali concentration to appro 
mately (5x /Ioo)N and the volume of the solution to slightly less than ioo c ° 

36 
The concentration of cellulose in solution was then determined in the us 

way. In a second series of experiments, after pre -treatment with 5N soluti 
and dilution at 15° C. the mixtures were cooled to -5° C. before deter 20 

the solubility. The contraction produced by the mixing of the 5N soluti 
and the water was calculated from data relating the composition and deli 10 

of sodium hydroxide solutions, and allowance made for it in calcula 
the percentage of the modified cotton dissolved. The data obtained wí 

oxycellulose OL7 /B are given in Table VII and are to be compared with 
data for the solubility of this material in single solutions already gig 

in Table II. 
Table VII 

Oxycellulose OL7 /B pre -treated with 5N NaOH and the Alkali diluted at 15° 

Solubility determined at 15° and -5° C. 

lutions. 

90 

60 

P 

6 

Temperature 
( °C.) 

% Dissolved 

Concentration of Sodium Hydroxide Solution (normality) 
1.51 1.76 2.02 2.27 2.52 2.77 3.02 3.27 3 

15 
-5 

135 17-9 228 23.8 19.9 15.4 104 7.6 
137 18-0 22.9 28.0 30.7 38-0 29-7 21-8 16 

This comparison is shown graphically in Fig. 3. The results show 
m agreement with the findings of Birtwell, Clibbens and Geake3, treat 
with 5N sodium hydroxide solution at 15° C. followed by dilution to lo 

concentrations produces the dissolution of a larger fraction of the oxycell 
than can be dissolved by extraction with any single solution at the 
temperature; maximum solubility occurs when the final concentration 
between 20 and 2.25N. When, after a similar treatment, the mixture 
modified cotton and sodium hydroxide solution are cooled to. -5° C. 

solubility is further increased, but except at low concentrations where 
dilution has already produced greater dissolution than occurs on extra 
at -5° C. without pre- treatment, this solubility is much less than that 
tained without pre- treatment. In this series of experiments maxim 
solubility occurs in 275N solution, whereas when there is no pre -treat 
with 5N solution it occurs in 2.5N solution. Thus a treatment that ca 

swelling but not dissolution applied after modification has a similar e 
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the concentration for maximum solubility to a swelling treatment applied 
fore modification. 
The Effect of the Rate of Dilution on the Solubility as Determined by 
Treatment with ION Sodium Hydroxide Solution followed by- Dilution of 
the Alkali to 2N 
Birtwell, Clibbens and Geake3 have shown that the conditions for obtaining 

y) mum solubility of a modified cotton in sodium hydroxide solution at 3.27 3 ' Y Y 
e ordinary temperature consist in first swelling it in ioN solution and then 

7'6 s uting the alkali to about 2N. Neale18 has suggested that this behaviour 
218 I' due to a transient swelling, which, as he showed experimentally with 

enerated cellulose sheet, occurs when a concentrated sodium hydroxide 
s show I.ution in equilibrium with cellulose is suddenly diluted. The explanation 
3, treat" this swelling put forward by Neale, which will be discussed later, leads to 
ion to to conclusion that if the dilution were performed slowly instead of rapidly, 
oxycell transient swelling and consequently the increase in solubility when a 
at the °dified cellulose is used, would not take place. The object of the experi- 
entratio nts now to be described was to test this conclusion. 
mixture One gm. of the modified cotton was put in a 15o c.c. bottle and steeped 
-5° C. zo c.c. of IoN sodium hydroxide solution for 15 minutes at 15° C. In one 

Is where eriment, the alkali was then rapidly diluted to approximately 2N by 
in extraa uring in 8o c.c. of water and shaking the bottle. The mixture was then 
han that °t at 15° C., with occasional shaking, for i hour. In a second experiment 
:s maxim dilution was performed by running in the 8o c.c. of water at the rate of 
ire -treat ' .c. every two minutes, with shaking after each addition. The temperature 

that ca kept at 15° C. throughout the dilution by standing the bottles containing 
similar modified cotton and the diluting water in water maintained at that 
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temperature. The amount of modified cellulose dissolved by the two meth 
was then determined in the manner already described. 

Experiments were performed with two oxycelluloses and a hydroce 
lose, and the results are given in Table VIII, along with the maxim 
solubility of the materials in a single solution at 15° C. The Table shows Ma 

in both instances the solubility produced by the slow dilution is conside 
less than that produced, by the rapid dilution, although it is greater than 
in 3N sodium hydroxide solution, at which concentration the ma .ured co 

effect for a single solution is obtained. The conditions in the slow dilu 

are by no means ideal, since with the highly swollen cotton embracing a . ,drocellu 
proportion of the volume of the mixture it is impossible to avoid ru cotton I 

water directly on the cotton and so producing locally more rapid dilu 

than is intended. Table VIII 

lutions. 

Conditions of Extraction 
% Dissolved 

Oxycelluloses 
OL8 /B OL7 /B 

Hydrocell 
114 /B 

10N -2N NaOH, rapid dilution 49.4 21.8 18.5 
10N -2N NaOH, slow dilution 41.0 14.2 10.9 
3N NaOH ... 38.0 10.5 8.2 

(10) The Relation Between the Fluidity and the Solubility of Modified Co 

The relation between fluidity and solubility was determined for se 

series of modified cotton celluloses, the solubility being measured at -S 

in the sodium hydroxide solution of maximum solvent power. As has 
been seen, the alkali concentration which gives maximum solubility at 

temperature varies from 2.5 to 3oN according to the type of modified c 

used. The fluidities and solubilities of all the materials examined are coll 

in Table IX, and the relation between fluidity and solubility is shown 
tally in Figs. 4 and 5. 

The results show that whilst within each series of modified cottons 
solubility increases with increasing fluidity, the fluidity- solubility reis 

differs for each class of modified cotton examined. The oxycelluloses pre 
by the action of hypochlorite have the highest solubility for a given flui 

When these oxycelluloses are alkali boiled there is a considerable 
fluidity and also an increase in solubility, but the solubility of the 
materials for a given fluidity is less than that of the unboiled oxycell 
The solubility of the hydrocelluloses prepared from cotton No. 310 is, 

given fluidity, higher than that of the hydrocelluloses prepared from 
No. 217. With the hydrocelluloses, the rise of the fluidity on alkali b 

is much less than with the oxycelluloses, and the increase in solu 

produced by alkali boiling is also small. For a given fluidity, the solo 

of the boiled relative to that of the unboiled hydrocellulose differs some 

in the two series examined; whilst the solubility of a boiled hydrocell 
prepared from cotton No. 310 is slightly less than that of an unboiled h 

cellulose of the same fluidity, the solubility of a boiled hydrocell 
prepared from cotton No. 217 is slightly higher than that of un 

hydrocellulose of the same fluidity. Nevertheless, as Fig. 5 shows, the hi 
solubility relation for the hydrocelluloses of both series, whether/ 
boiled or not, could be represented approximately by a single curve, and 

curve would also give approximately the fluidity- solubility relation for 

oxycelluloses prepared by the action of hypochlorite and alkali boiled 

drocellu: 
cotton I 

ured cot 
merceria 
drocellu] 
merceria 
No. 217 

cellulos 
cotton 
(NaOH 

xycellulo 
cotton 
(NaC10) 

edificati 
is the d 

erceri 
m men 

e fluid 
served s 

hydrocf 
en copi 

tton is 
tton. 7 

da cello 
cellulo 
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two meth Table IX 

L hydroc. 
Le maxim' 
le shows 
considera 
ter than 
le ma o 

slow dilu 
-acing a 

void ru 
apid dilu 

3ydrocellul 
H4PB 

18.5 
10.9 

8.2 

dílfied Co 

:d for se 

red at -5 

Ls has 
sbility at 

)dified 
l are co 

shown 

d cottons 
dlity rely 

(oses pr 
given fluff 

erable 
of the 
oxycellul 

310 is, 

d from 
alkali 
in solu 

the sold 

fers some 

hydrocell' 
iboiled h 

iydroce 
t of un 

s, the fluff 

vhether 
.carve, and 

dation fef 

di boiled 

Material 
Sample 

No. 

Concen- 
tration 

of NaOH 
used 

Before Alkali 
boiling 

After Alkali 
Boiling 

b 
5 

06' ó5 1> 
o a ó 

a+ 
;.8 
'5 
w 

N fFJ 

áA o z 
Ñ b 
Á 

ó 
ured cotton, unspun 217 2-5N 5.9 0.08 3-5 

310 2.5N 8.0 0.16 4-3 

drocelluloses from H5 2.5N 15.9 0.69 15.8 16.8 0-12 21.0 
cotton No. 217 H6 2.5N 22-7 1.28 33.0 23.7 0-20 41-8 

H4 2.5N 32.1 2.22 80.3 32.4 0-26 82.6 
H7 2.5N 36.5 - 88.9 36.3 - 91.3 
H3 2.5N 42.3 - 95.9 
H8 2.5N 38.2 - 94.9 

drocelluloses from SHL1 2.5N 14.7 0.58 17.9 17.5 0.04 19.2 
cotton No. 310 SHL2 2.5N 18.0 0.85 30.1 20.3 0.08 32.5 

SHL3 2.5N 23.2 1.29 52.6 24.9 0.13 56.1 
SHL4 2.5N 25.7 1.44 65.6 27.7 0.18 70.1 
SHL5 2.5N 28.1 1.91 72.6 29.4 0-21 73.6 
SHL6 2-5N 33.0 2.64 87.5 34.0 0.31 86.0 
SHL7 2.5N 36.7 3.30 93.3 38.2 0.45 94.7 

cured cotton No. 217 
mercerised 
drocelluloses from 

217M 

MH1 

3.ON 

3.ON 

7.2 

21.9 - 
1.4 

5.8 

16.5 

27.0 - 
4.3 

17.2 
mercerised cotton MH2 3.ON 2:)1 - 11.7 32.8 - 32.6 
No. 217M MH3 3.ON 35-6 - 28.3 37.9 - 61.8 

MH4 3.ON 44.9 - 74.5 45.6 - 94.1 

celluloses from CSOI 2.75N 22.4 0.55 11.4 
cotton No. 217 CSO2 2.75N 32.5 1.04 53.4 
(NaOH and 02) CSO3 2.75N 42.0 1.58 87.7 

CSO4 2.75N 45.4 1.97 94.6 
CS05 2.75N 48.9 2.18 96.6 

xycelluloses from OL13 2.5N 9.7 0.39 9-9 13.2 0.03 15.0 
cotton No. 310 OL14 2.5N 11.0 0.56 16.7 16.1 0.03 23.5 
(NaC10) OL15 2.5N 13.2 0.87 24.5 21.2 0.10 36.7 

OL16 2.5N 15.8 1.17 35.2 23.9 0.12 50.5 
OL11 2.5N 19-3 1.76 57.1 31.2 0.21 76.4 
OL7 2.5N 21.6 2.30 77.1 34.1 0.26 85.2 
OL12 2.5N 27.7 3.46 90.0 39.7 0-36 95.7 
OL8 2.5N 30.8 4.16 95-2 41.5 0.48 96.5 
OL9 2.5N 32.8 4.88 96.0 42.3 0.41 96.8 
OLIO 2-5N 35.3 5.63 96.4 43.4 0.47 97.0 
OL6 2.5N 37.0 6.21 98.7 45.4 0.55 97.6 

odification. The most noteworthy feature of the results illustrated in Fig. 
is the difference between the curves for hydrocelluloses prepared from 

ercerised and mercerised cotton respectively; hydrocelluloses prepared 
m mercerised cotton are much less soluble than hydrocelluloses of the 

e fluidity made from unmercerised cotton. Birtwell, Clibbens and Geake3 
served somewhat similar behaviour in their measurements of the solubility 
hydrocelluloses by the roN - 2N treatment at i5° C., namely that for a 

n copper number the solubility of hydrocelluloses made from mercerised 
tton is considerably lower than that of hydrocelluloses from unmercerised 
tton. The series of oxycelluloses obtained by the action of oxygen on 
a cellulose have a much lower solubility for a given fluidity than the 
celluloses of the hypochlorite series, so that here also the effect of 

I 
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vious swelling treatment is apparent. This effect may be compared with 
e observations recorded in Section II (8) which show that a treatment 
at causes swelling without appreciable dissolution, applied after 
edification, depresses the solubility in more dilute solutions at -5° C. 

1) The Separation of Modified Cotton Cellulose into Fractions of Different 
Fluidity 

The dependence of the solubility of a modified cellulose on its fluidity 
ggested that when a modified cotton was separated into a soluble and an 
soluble portion by means of extraction with a sodium hydroxide solution, 
e fractions would differ in fluidity. Further, the very marked effect of the 
ncentration of the alkali and the temperature of extraction on the solubility 
ade it seem probable that, by a suitable choice of these conditions, successive 
tractions of a modified cotton would yield any desired number of such 
ctions. The fractionation of a modified cellulose was therefore undertaken 
d for this purpose the alkali- boiled hydrocellulose H4 /B, the solubility 
which under various conditions was already known, was chosen. In order 
separate this material into four fractions, three treatments which would 

ssolve increasing amounts of the hydrocellulose were necessary; the con - 
'tions of alkali concentration and temperature selected for these extractions 
ere (r) 2.25N at o° C. (2) 2.5N, at o° C. and (3) 2.5N at -5° C. 

Thirty gm. of the hydrocellulose of known moisture content was treated 
th goo cc. of 2.25N sodium hydroxide solution at o° C. for i hour, and after 
e mixture had reverted to room temperature, the insoluble portion was 
parated by filtration on a Buchner funnel (without filter paper) under 
ction. After washing with 2.25N sodium hydroxide solution on the filter, 
d pressing out as much of the solution as possible, the insoluble portion 

washed with water, followed by N /2o hydrochloric acid; it was finally 
hed to neutrality and allowed to dry at room temperature. The filtrate, 
'ch included the solution obtained by washing off the alkali from the 
oluble portion, was neutralised with acid and the precipitated modified 

llulose filtered in a Jena glass filter. After being washed free from acid 
d salt, the regenerated hydrocellulose was dried in a vacuum desiccator 
er phosphorus pentoxide, and powdered. This constituted the first fraction. 
weighed quantity of the insoluble portion was then extracted with 2.5N 

um hydroxide solution at o° C., and after filtering on a fritted glass filter 
g to the more gelatinous nature of the undissolved portion, the two 

tions were treated as in the first fractionation. The insoluble portion 
in this second extraction was then treated with z5N sodium hydroxide 
ution at -5° C. Here it was found that the mixture was too gelatinous 
filter, so it was centrifuged in stoppered tubes and the supernatant liquor 
en as containing the soluble portion. The two fractions were regenerated 

th acid in the usual way. After each extraction, the weight and moisture 
tent of the insoluble portion, and the weight of that part which was 
d as the starting material for the next extraction, were determined. From 
se data, it was possible to calculate the percentage of the original material 
each of the four fractions. 
The fluidities of the four fractions were then determined by the method 
cribed by Clibbens and Geake5, except that in order to render the measure - 
ut more sensitive, solutions in cuprammonium containing 2% instead of 
usual 0.5% of cellulose were employed. Table X gives the results obtained, 
shows that the four fractious differ very definitely in fluidity, the most 
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Table X 
Per cent. of Fluidity 

Material Original (2% Soli 
Hydrocellulose 

Original Hydrocellulose ... 100 6.2. 
8 

i.o 
1st Fraction ... 19 16.6 ic 2nd 19 10.8 f 
3rd ... ... ... ... ... 29 6.2 ".a9 
4th ... ... ... ... ... 33 3.6 lil Insoluble portion after 2 fractionations, i.e. 3rd VV) 

and 4th fractions ... ... .. ... 62 4.4 0ae 
Mixture of fractions in the proportions in which J 

they occur in original material ... ... 100 6.7 J J 
Li 
U °7 

lutions. 

soluble portion having a fluidity considerably higher and the least so 

portion a fluidity lower, than that of the original hydrocellulose. The fl - ae 
of the insoluble portion after two extractions, i.e. the portion cons 5 
of the third and fourth fractions, was determined, and, as shown has 
Table, it had a value intermediate between those of its two consti 
fractions. As a final check, fluidity determinations were made on a Z 
ture of the four fractions in the proportions in which they occurred °" it 

original hydrocellulose, the calculated weights of each required being Q 

duced into the viscometer before dissolution. The fluidity found wa ce03 

as against 6.2 for the original hydrocellulose. 
u0'2 

(12) The Precipitation of Modified Cellulose from Solution 0 
Qualitative experiments showed that if the alkali concentration Uo 

solution of modified cellulose in 2.5N sodium hydroxide solution w 

duced or increased beyond certain limits by addition of water or more 

centrated sodium hydroxide solution, precipitation took place. Thi ° 

haviour was examined quantitatively for an alkali- boiled oxycellulose 0 

modified so as to be practically completely soluble in 2.5N sodium hydo 

solution at -5° C. The variation of the solubility at -5° C. with the cone+ 

tion of the alkali solution was first determined (see Section II (5)), e she 

was found that at the optimum concentration of 2.5 N, the material 
oduces 

dissolved to the extent of 96.5 %. A 2% solution of the oxycellulose in 
lution 

sodium hydroxide solution was then prepared at -5° C., and after i! 
solve 

reverted to room temperature, it was centrifuged. By diluting 50 c.c. po 
cona 

of this solution with an equal volume of water or of sodium hydroxide n antra 
tions of various concentrations, a series of mixtures containing o965 
modified cellulose per roo cc. and of alkali concentrations ranging from 

extras 

to 5o N was obtained. In order to get mixtures of lower alkali concen 
llulose 

but of the same oxycellulose content, more concentrated solutions n 
that 

oxycellulose were made, and suitably diluted with water. The bottle 
fall 1 

taming the diluted mixtures were evacuated, filled with nitrogen, and 
eul 1 

tai 

in a thermostat at i5° C. Preliminary experiments, showed that when 

cipitation occurred, it was virtually complete in ro days, so at the end 
period the concentrations of oxycellulose in the various solutions I -DIS( 
determined. The results obtained are shown graphically in Fig. 6, an Within 
compared with the solubilities obtained by (i) extraction of i gm. ve mac 
oxycellulose with roo c.c. of sodium hydroxide solution at 15° C. for re tisfacto 
(2) extraction at -5° C. and keeping at 15° C. for io days (see Section ' llulose i 

Over the range of alkali concentration from P25 to 3.38N there encies 
precipitation, but outside this range there was a rapid fall in the oxyc' nose u 
concentration with decreasing and increasing alkali concentration ;ether 
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e shows that on both sides of the sodium hydroxide concentration that 
oduces a maximum extract at -5° C. there is a region where the alkali 
lution can retain in solution much more modified cellulose than it can 

olve directly. At alkali concentrations above 3.6N, the modified cellu- 
e concentrations attained by precipitation are definitely lower than those 

and by extraction at i5° C. From the absence of precipitation below the alkali 
ncentration of 3.38N it might have been expected that solutions prepared 
extraction at -5° C. and kept at 15° C. would not show any fall in modified 

llulose concentration below a similar alkali concentration, but it has been 
n that with alkali concentrations of 3oN and 3.25N there is a slight fall. 

I fall becomes much more pronounced at alkali concentrations within the 
ecipitation zone, and at alkali concentrations of 4 and 5N, the modified 
ulose concentrations found by extraction at -5° C. and keeping at 15° C. 

d by the precipitation method are almost the same. 

I- DISCUSSION AND THEORETICAL INTERPRETATION OF RESULTS 
Within the last few years, advances along several lines of investigation 

ve made it possible to assign to cellulose a structure that accounts in a 
tisfactory way for many of its peculiar properties. It is now thought that 
llulose is built úp of long chains of anhydro- glucose units, linked by primary 
encies and held together laterally by residual valency forces. The anhydro- 
cose units have the Haworth pyranose ring structure14, and are bound 

gether by 1:4 glucosidic oxygen linkages. 
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Such a structure for cellulose provides an explanation of much of , f a given 
chemical behaviour. When cellulose is attacked by acids, hydrolysis of 

of various lengths are produced; at the same time, for each linkage br 

e freque 
glucosidic linkages is assumed to take place, and shorter chain -mole hair end 

¡ nfreeg 
an aldehydic reducing group is produced at the end of a chain. As hydro welling 

n 
fc 

proceeds, the maximum chain -length decreases and the chain -length veiling, ti 
quency distribution alters progressively until ultimately only glucose is y the swe 
Thus a hydrocellulose is pictured as consisting of chain -molecules diffeours by t 
only in the number of glucose units contained in them, and each having at ccur whei 
end a reducing group which gives rise to the copper number. Such a mat e chain -: 
prepared from cotton has a lower tensile strength and a higher fluidic oints sim 
cuprammonium than the original cotton. The fall in tensile strength ' aterial c 
obvious effect of the shortening of the chain -molecules, and the incre. d the si 
fluidity has been generally attributed to the same cause, the extensive wo equired t 
Staudinger25 providing ample support for this view. Ridge and Turner22 sodium 
shown that the fluidity of mixtures of unmodified cotton cellulose and a mules, but 
fled cellulose (scoured cotton and viscose rayon) is not a linear function of olecules 
composition of the mixture, but that there is approximately a linear rel. 'spersed 
between the percentage of rayon and the logarithm of the fluidity. therei 
therefore evident that fluidity is related not only to the average chain lei, uidity, a, 

but also to the frequency distribution of the individual chain lengths a -mine si 
the average. However, in the absence of precise knowledge on this The ef 
it will be assumed for the purpose of discussion that fluidity is dete ven vol 
by the average chain length. n the th 

The explanation of the properties of cotton that has suffered oxi'', 'hen pro; 

attack is less simple than with hydrocelluloses, since here the meth ,th ioo c 

attack on the chain- molecules is largely unknown. The properties of aterial i 
celluloses vary with the method of preparation, but there is always a f llulose i 

tensile strength and a rise in fluidity, indicating the breaking of chain early co: 

cules. It seems probable that the glucosidic linkages are not directly attar certain 

but that the adjacent primary alcohol group is first oxidised to an aide dissolve 

and then sometimes to a carboxyl group, causing either weakening or a owever, 

scission of the glucosidic linkage. The supposition that the chemical stailie same 

of the chain -molecules is sometimes diminished by oxidation without a tios of 
scission is supported by a study of the action on cotton of dichroma s to 
acid solution7. This action leads to a rapid enhancement of reducing 'come s; 

accompanied by a very slow reduction of tensile strength, but a f ave bees 

considerable fall in tensile strength is produced by boiling the oxycell The tl 
with dilute sodium hydroxide solution or even with water-treatments Most i 

are without appreciable effect on the strength of unmodified cotton and '' th sodi 

but little effect on that of hydrocelluloses. solutie 

The hypotheses suggested to account for most of the observations rec 

in this paper are i) that cellulose acts as a very weak acid c . Ne. `though PP (, r3' (.Î o h 
and forms with a strong base a salt that is soluble in the alkali sol ythe re] 
to an extent that depends on the length of the chain -molecules and am 

,e earl 
concentration of the alkali, (2) that before dissolution of a modified e insole 
can take place the cohesive forces of the cellulose, gel must be ov ht rei 
by the swelling forces, and (3) that short chain -molecules are more ;etermin 
detached from the gel and so brought into solution than long ones. A 

" erent. 
ing to this view, salt formation is the fundamental cause of the solicai 
of modified cellulose in alkaline solutions, whilst the extent of dissol ot 
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f a given material depends on the factors that determine swelling and on 

e frequency distribution of chain length, more particularly on the short 
Lain end of this distribution. When a gel swells without dissolving, the 

itation of the swelling may be regarded as due to the balancing of the 
elling forces by the cohesion of the gel, and when dissolution succeeds 
elling, this may be regarded as due to the cohesive forces being overcome 

y the swelling pressure. The detachment of a chain -molecule from its neigh - 
urs by the overcoming of the cohesive forces in this way is more likely to 
ccur when the chain -molecule is short than when it is long, since the shorter 

e chain -molecule the greater is the probability of its becoming free at all 

pints simultaneously. Thus, when dissolution is only partial, the dissolved 
aterial consists of shorter chain -molecules than the undissolved residue, 

nd the shorter the chain -molecule the less is the critical degree of swelling 
quired to disperse it into solution. Unmodified cotton does not dissolve 
sodium hydroxide solution because of the great length of the chain -mole- 
es, but if the cotton has been modified by .chemical attack, all chain - 

olecules up to a certain length, depending on the swelling conditions, are 
spersed into solution. The percentage of the modified cotton dissolved 

ll therefore depend on the degree of modification, and therefore on the 
uidity, as well as on the alkali concentration and temperature, which de- 
amine swelling. 
The effect of varying the amount of modified cellulose extracted with a 

ven volume of sodium hydroxide solution finds a simple explanation 
n the theory outlined above. The results recorded in Table I show that 
hen progressively increasing amounts of a hydrocellulose are extracted 
'th roo c.c. of 2.5N sodium hydroxide o° C. the concentration of cellulosic 

Material in solution is approximately proportional to the amount of hydro- 
ulose used, or the percentage of the available material dissolved is very 

early constant. When the smallest amount of the hydrocellulose is used, 
certain proportion comprising all chain -molecules up to a certain length 
dissolved; the solution is not saturated with respect to this soluble portion, 

owever, so that when the amount of hydrocellulose extracted is increased, 
lie same proportion of the available material is dissolved. At the higher 

tins of hydrocellulose to solution employed, the percentage dissolved 
gins to decrease slightly, this probably indicating that the solution has 
come saturated with respect to the longest of the chain -molecules that 

ave been dissolving. 
The theory suggested is strongly supported by the separation of a hydro - 

llulose into fractions differing in fluidity by means of successive extractions 
th sodium hydroxide solutions under conditions that produce increasing 
solution of the material. From the very nature of their preparation, 

ese fractions must differ considerably in solubility from the original material, 
though the third fraction was identical with it in fluidity. According to the 

heory, however, this fraction is obtained from the original hydrocellulose 
y the removal from the latter of the shorter chain- molecules, which comprised 

1'e earlier fractions, and of the longer chain -molecules, which remained in 
e insoluble residue. Thus its average chain- length, and hence its fluidity 
ight remain the same as that of the original material, whilst its solubility- 
etermined only by the short chain end of the distribution -would be quite 

erent. It thus appears that any complete statement of the extent of 
cedification of a cotton includes a chain length frequency distribution that 
annot be completely described by any single value. 
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The separation of a hydrocellulose into fractions differing in fluidi 
paralleled by similar fractionations of nitro -cellulose and cellulose ac 
that have been performed by numerous investigators. The literature u 

1929 has been summarised by Duclaux11, and further work has since 
published 8, 12, 15, 16, 23, 23, 24. The general conclusions to be drawn from 
results obtained with these esters is that the fractions all have approxima 
the same degree of esterification, but differ in viscosity and some o 

physical properties. These results are explicable if the esters consist of c 

molecules of various lengths, on each of which, on the average, the 
proportion of the hydroxyl groups have been esterified. The conclusio 
be drawn from the work on the esters is thus in full accord with those 
from the fractionation of chemically modified cotton cellulose. 

If, as is suggested, the dissolution of modified cotton in sodium hydro 
solution is caused by the same forces that produce swelling, some . 

larity would be expected between the solubility relations of modified cot 

and the swelling relations of cellulose in such solutions. The structure 
shape of the cotton hair render exact measurements . of swelling dif)i. 

but if the shrinkage of cotton yarn is taken as a measure of swelling, 
expected similarity can be demonstrated. The results of Birtwell, Clibt 

Geake and Ridge4 on the shrinkage of cotton yarn in sodium hydro 
solutions of various concentrations and at temperatures down to -IC 

show that as the temperature is reduced, the maximum shrinkage is gr 

and occurs at a lower alkali concentration. This swelling behaviour h 

counterpart in the solubility results illustrated in Fig. 1. Similar swe 

relations for cuprammonium rayon were found by Beadle and Stev 

who measured the water absorption of the rayon from sodium hydro 

solutions of various concentrations at temperatures from 40° to o° C. 

Microscopic examination of modified cottons immersed for a brief 
sodium hydroxide solutions at a low temperature confirm the correle 

between solubility and swelling. Fig. 7 contains photomicrographs 
boiled hydrocellulose (fluidity, 34.0) that has been immersed in s 

hydroxide solutions of various concentrations at -5° C. and then ret 
to room temperature. The photographs show that the swelling is at a 

mum in the concentration range 2.25 to 3oN, which includes the sola 

of maximum solvent power at this temperature; incidentally, they also 
the remarkable way in which the hairs break up during the solution pro 

It has been found that solubility is very small at alkali concentra' 
above 4N, whereas swelling at these concentrations is by no means 
as Fig. 7 shows. The results found by the precipitation method (F 

suggest that this small solubility is due not so much to lack of swelling p 

as to the inability of the alkali solution to retain much modified cellul 

solution. The precipitation of modified cellulose from solution when H` c 

alkali concentration is increased above 4N is thus probably to be asa 

to the familiar effect of "salting out ". A 1.75N sodium hydroxide solo 

on the other hand, can retain a large amount of modified cellulose in sol 

but can dissolve but little directly, even at -5° C. on account of its low sao 

power. The precipitation that takes place at low alkali concentrati 
to be attributed to increasing hydrolysis of the "sodium cellulosate ", 

the alkali concentration is progressively reduced and the degree of by 

sis thus increased, a stage is reached when the longest chain -mole 

present become insoluble and precipitate, and then the remainder pR 

tate in order of decreasing length. 
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The enhanced reactivity produced in cotton by mercerisation has been 
ributed to the sub- division of micelles or to the liberation of hydroxyl 

,ups whose residual affinity was previously mutually satisfied. On either 
w, the proportion of the chain -molecules accessible to reagents is greater 
mercerised than in unmercerised cotton, so that on hydrolysis by acids, 
example, the chain length frequency distribution of the resulting hydro - 

iluloses.should differ in the sense that a hydrocellulose made from mercer - 
d cotton should be more nearly uniform as regards chain length than a. 
drocellulose made from unmercerised cotton. For a given fluidity a 
drocellulose prepared from unmercerised cotton should contain a relatively 
ge proportion of short chain- molecules, and hence should be more soluble 
sodium hydroxide solution than a hydrocellulose made from mercerised 

tton. As has been shown in Section II (ro), this conclusion is in agreement 
th experiment. Unpublished work by Dr. A. Geake of this Association has 
own that mercerised cotton yarn modified by acid attack suffers a consider - 
ly less decrease in tensile strength for a given increase of fluidity than 

ercerised yarn, and similar results with mercerised yarn modified by 
pochlorite oxidation have been found by Ridge and Bowden21; here a 
filar explanation could be given. The explanation in terms of differences 
chain length frequency distribution must be regarded as tentative, 

wever, since it has been shown that treatment with 5N sodium hydroxide 
Mution after modification greatly reduces the solubility of modified cotton 
der the optimum conditions. Here the chain length frequency distribution 

of be altered by the preliminary treatment, so that if the effects on the 
ubility of swelling treatment before and after modification are related, 
ether explanation must be sought. 
It has already been pointed out that the action of hot dilute alkali on 
drocelluloses appears to be essentially different from that of cold concen- 
ted alkali. The effect of an alkaline boil under the severe conditions 
ployed in the present work is to cause a slight increase in the fluidity 

in the solubility in sodium hydroxide solutions at low temperatures, 
that the action can hardly be confined merely to decomposition and disso- 
mn of the shorter chain -molecules. It is possible that the action of hot 
to alkali consists in the shortening of each chain -molecule by the removal 

m the end of a portion containing the reducing group, the very short 
- molecules containing only a few glucose units being decomposed into 

able products. It is difficult, however, to account for the large percentage 
of weight that occurs on alkali boiling, unless the portion removed 

+ the end of each chain -molecule is a considerable fraction of the chain. 
e loss of weight depends on the severity of the boil, and this suggests that 

essive shortening of the chain -molecules takes place, the attack being 
the end originally bearing the reducing group. The shortening of each 
-molecule would tend to increase the fluidity, but the removal of the 

"nest as soluble products would tend to lower it, so that it is possible that 
twJo effects might counterbalance one another in such a way that neither 
average chain length, determining the fluidity, nor the proportion of 

chain- molecules, determining the low temperature solubility, is greatly 
:led in spite of a considerable loss in weight. 
The effect of alkali boiling on oxycelluloses is to reduce the copper number 

¡`a low value and to cause a loss of weight proportional to the original 
)çer number, as with hydrocelluloses, but with certain of the oxycellulose 
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series the fluidity is considerably increased and the tensile strength 
siderably reduced. The hypochlorite oxycelluloses investigated in the pr 
work are of this type, and it has been seen that their 'solubility at =5° 

also greatly increased by an alkaline boil. These effects can reasonabl 
explained by the assumption already discussed that the oxidation does 

necessarily always result directly in the breaking of the chain -mole 
but reduces their chemical stability towards alkalis, so that during 
.boiling, in addition to the processes postulated to occur with hydroce11u1 
further chemical decomp'ositiòn resulting in scission of the chains takes p 

The probability of extremely complicated chemical changes occurring 
modified cottons are treated with alkalis is strengthened by a 'study of 

extensive literature on the action of alkalis and alkaline oxidising á 

on the sugars. 

The chemical stability of oxycelluloses towards . alkalis may be so red 

that dissolution in the alkaline cuprammonium hydroxide at the or 
temperature or treatment with concentrated sodium hydroxide sole 

at normal or low temperatures might result in the scission of chain -mol 
to a greater or less extent. Such an effect would evidently disturb 
fundamental comparison of tensile strength, fluidity and solubility. It 
account for the fact that the fluidity- tensile strength and the fluidity 
bility relations of oxy- and hydro -celluloses are substantially the same 
the modified materials are alkali boiled, since it is improbable that 
lution in cuprammonium, or treatment with sodium hydroxide at low 

peratures would produce further scission of chain -molecules after 
relatively drastic hot alkaline treatment. 

The transient swelling that takes place when concentrated alk 

equilibrium with cellulose is rapidly diluted was explained by Neale" .in 

of his osmotic theory of swelling by the assumption that water diffuse 
the cellulose phase more rapidly than alkali diffuses out, and he mad 

suggestion that this transient swelling might account for the incr 

proportion of a modified cotton dissolved by the IoN -2N treatment over 

dissolved by any single solution. Hence, if by slow dilution of the e 

trated alkali the departure from osmotic equilibrium is kept small, the in 

of swelling, and therefore the increase of solubility, should be di 
It has been seen that slowing down the rate of dilution has indeed this 
Whilst this explanation seems to contain a certain measure of truth, it 

not suffice to explain the results obtained with a similar pre -treatment 
dilution at lower temperatures. It has been shown that a pre 
treatment of a modified cotton with 5N sodium hydroxide solution, 
produces swelling but little dissolution, has the effect of depressing the 

bility under the optimum conditions for dissolution at low tempera 
It has also been seen that mixing the modified cotton and the alkali so 

at a higher temperature than that at which the solubility is to be me 

reduces the solubility below that found when the solution is cooled i 

required temperature before addition of the modified cotton. These 

nomena are probably akin to each other, and suggest either that for a 

degree of swelling greater dissolution is produced if the attainment 
swelling is sudden than if it is gradual, or that the swelling under 
conditions of temperature and alkali concentration depends on the p 

swelling history of the material in a way that is not understood. 
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, -THE DISSOLUTION OP CHEMICALLY MODIFIED COTTON 
CELLULOSE IN ALKALINE SOLUTIONS. 

PART 2. -A COMPARISON OF THE SOLVENT ACTION 
OF SOLUTIONS OF LITHIUM, SODIUM, POTASSIUM, 
AND TETRAMETHYLAMMONIUM HYDROXIDES. 
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DISCUSSION. 

I. INTRODUCTION AND SUMMARY 
In Part I of this series4 the dissolution of chemically modified cotton 
ulose in sodium hydroxide solutions was studied. It was thought that 
ar observations with other strong bases might give further insight into 
action of alkalis on cellulose, and in the present paper the solvent action 
olutions of lithium, potassium and tetramethylammonium hydroxides is 
ribed, and compared with that of sodium hydroxide solutions. 

While the swelling of unmodified cellulose in solutions of strong bases 
er than sodium hydroxide, and the preferential absorption of the bases, 
e been the subject of several investigations,2,3,5,e,8,9, the literature 

g with their solvent action on chemically modified celluloses is meagre. 
17 observed that potassium hydroxide solutions have much less solvent 

ion on viscose rayon than solutions of sodium hydroxide, and the use 
solutions of tetramethylammonium hydroxide for the preparation of 
lions of cellulosic materials has been patented by Lilienfeld.'° 
It is found that the solvent action of solutions of lithium and tetra - 
hylammonium hydroxides on modified cottons is qualitatively similar 
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to that of sodium hydroxide solutions. In these solutions the solubilit pears 
modified cottons, defined as the percentage of the material dissolved 

, lutions 
standard conditions, is a maximum at a certain alkali concentration, The a 

as the temperature is lowered from the normal this maximum solu duces t 
increases greatly and occurs at lower alkali concentrations. The max'' the lat 
solubilities found with these three bases differ, however, the order of incr, 

is effe 
solvent action on modified cottons being LiOH <NaOH <N(CH3)40 

able e( 
15° C. and N(CH3)4OH <LiOH <NaOH at o° and --5° C. The concentra 

droxid 
of the alkalis that give maximum solubility also vary ; for example, 
a certain oxycellulose (Fig. r) maximum solubility at -5° C. was lc 

certain 

with alkali concentrations of 2.25, 2.5, and 275N with solutions of t.' tures 

methylammonium, sodium and lithium hydroxides respectively. Titer creasinf 

however, one feature of the results obtained with tetramethylammo Measu 

hydroxide that is not found with lithium and sodium hydroxides ; ' um h3 

solvent action of tetramethylammonium hydroxide at 15° C. has a min' t seriou 

at a concentration of about 3.25N and then increases again in a each co 

where the solvent action of the other two bases falls continuously tant 

increasing alkali concentration (Fig. 2). 
The solvent action of potassium hydroxide solutions on modified co The D 

is very much less than that of the other three bases studied, and also i' The m 
in being much less affected by temperature (Figs. r and 2). The solu e prey 
curves obtained with oxy- and hydro -celluloses prepared from unmercarterial tc 
cotton have two maxima, which become more pronounced at tempera olution 
below the normal (Figs. 3 and 6). In measurements of solubility with ro cc. 

base at low temperatures, the temperature at which the modified c solved 

is added to the alkali solution is important ; for example, the sol viously 

found by extraction at -5° C. is considerably greater at alkali concent henanth 

up to 4.5N if the solution is cooled to -5° C. before adding the m.' , creme 
cotton than if the addition is made at 15° C. and the mixture then a ermined 

to -5° C. (Fig. 3). The swelling of regenerated cellulose sheet in pot.; e modi 
hydroxide solutions has been measured at 15° and o° C. (Fig. 4), an cc. of 
swelling curves found to have only one maximum within the range of.., ro cc. 
concentration used in solubility measurements, although there is a ' 'huric a, 

maximum at a concentration of about IN. The solubility curves of the ; the 
regenerated cellulose sheet in potassium hydroxide solutions have also onium 

one maximum, and solubility is well correlated with swelling (Fig. 5 ), edure a 

oxy- and a hydro -cellulose prepared from cotton swollen in concen' In Part 
sodium hydroxide solution (" mercerised ") prior to modification on in sc 

solubility curves with a single maximum (Fig. 6), and thus these mat ads to 
differ in their behaviour from modified cottons prepared from unmerc, ed to th 
cotton and resemble regenerated cellulose. id not b 

The solubility of regenerated cellulose sheet in sodium hy. on to the 

solutions at temperatures of 25 °, 20 °, 15° and 0° C. has been me. g the 
(Fig. 7), and the effects of variation of alkali concentration and tem lion to r 
found to be generally similar to those obtained with modified cottons extractic 

Partial precipitation of a modified cotton dissolved in sodium hy 't that th 

-solution may be produced by adding potassium hydroxide solution tion and 

same molar concentration, the concentration of modified cellulose in su cble to a 
falling progressively as the proportion of potassium hydroxide is in out intri 

(Fig. 8). The solubility of modified cellulose in the ordinary sense d that ti 
- amount of the solute that can be retained in a given volume of solutic Í'erature 
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ubili pears to be less in potassium hydroxide than in sodium hydroxide 
red lutions. 
tion, The addition of alkali metal sulphates to 3N sodium hydroxide solution 
solu duces the solvent action of the solution on modified cottons, the solubility 
nax' the latter decreasing progressively with increasing sulphate concentration. 
incr 's effect of the sulphates increases in the order Li2SO4 <Na2S0, <K,S0, 
L3)40 able VIII). The solvent action of mixtures of lithium and sodium 
antra 

droxides 3o, 3.5, and q.oN in total alkali passes through a maximum at 
iple, 

certain composition of the mixtures (Table IX), but the solvent action of 
ras f. 

tures of sodium and potassium hydroxides increases continuously with 
oft 
Th creasing molar fraction of sodium hydroxide (Fig. 8). 

nmo Measurements of the solubility of mixtures of two modified cottons in 

des; , um hydroxide solution show that the solubility of one modified cotton is 

mr t seriously affected by the simultaneous dissolution of another, the fraction 

a ; °ach component dissolved from the various mixtures being approximately 
usly tant (Table X). 

II. EXPERIMENTAL 
d co The Determination of the Solubility of Modified Celluloses. 
lso i'i The methods used for the measurement of solubility were similar to 
solu' s e previously described,4 with slight modifications. The ratio of cellulosic 
nerc aerial to alkaline solution was i gram per roo cc. as before, but the volume 
iper olution was reduced to 25 cc. (lithium, sodium and potassium hydroxides) 
with ro cc. ( tetramethylammonium hydroxide). In the determination of the 
ed olved cellulose by oxidation with chromic acid the back titration, 
sol viously done iodimetrically, was done with ferrous ammonium sulphate, 
antra henanthroline being used as an internal indicator 12 In solubility 

m:' ¡ urements with tetramethylammonium hydroxide the cellulose was 
en ermined in Z cc. of solution instead of the usual io cc., and this necessitated 
pot e modifications of the conditions in the oxidation with chromic acid. 
, an cc. of the cellulose solution was acidified with io cc. of o.5N sulphuric 
e of ,, to cc. of 0.25N potassium dichromate solution and 7 cc. of concentrated 
s a huric acid were added, and the mixture Was boiled under reflux for an 
f the ; the excess dichromate was then titrated with 0.05N ferrous 
also onium sulphate. This method was compared with the standard 

;. 5). cedure and found to give results in agreement with it. 
[cenp In Part I of this series4 it was shown that the solubility of a modified 
:ion on in sodium hydroxide solution at a given temperature of extraction 
ma nds to some extent on the temperature at which the modified cotton is 

ner : ed to the solution. For example it was found that reproducible results 
d not be obtained in measurements at 15° C. by adding the modified 

by, on to the solution at the variable temperature of the laboratory and then 
me g the mixture to 15° C. the procedure adopted was to cool the 
n,a tion to 15° C. before adding the modified cotton. The effect of reducing 
tons extraction temperature to o° or -5° C., however, was found to be so 
by t that the effect produced by variation of the temperature of mixing the 
ion ' 

lion and the modified cotton was relatively unimportant, so that it was 
n ,; ble to add the modified cotton to the solution at the room temperature 
in out introducing serious uncertainty into the results. It has now been 

ise d that this procedure is not sufficiently precise for measurements at low 
uti ierature with solutions of potassium hydroxide, with which the effect. 
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of reducing the extraction temperature is relatively small, and it has theref The 
been necessary to standardise the temperature at which the addition of f the 
modified cellulose to the solution is made. In order to make the res , ade at 
obtained as nearly comparable as possible with those previously record, ithd w] 
the temperature of 15° C. has been chosen, and in this paper all the solub ,'ere m 
results at o° C. and -5° C., with certain exceptions where other conditi btainec 
are specified, have been obtained by mixing the solution and the modi ature 
cotton at 15° C. and then cooling to the required temperature. A ydroxic 
measurements have been made at 20° C. and 25° C., and here the solve om th, 
was brought to 20° or 25° C. respectively before the modified cellulose 
added. 100 
(2) The Preparation of Tetramethylammonium Hydroxide 

The source of tetramethylammonium hydroxide was a saturated solo 

of the hase containing a considerable amount of the chloride. Prelim 90 
experiments showed that the degree of conversion of the chloride into 

hydroxide by shaking with silver oxide was the more complete the lower 80 
hydroxide concentration, so that in order to reduce the molar rat( 
chloride to hydroxide to a small value it was necessary to dilute the solo 

before the treatment with silver oxide. The solution was diluted to al 70 
09N in total tetramethylammonium and shaken with excess of moist 
oxide for 24 hours at room temperature. When the silver chloride and o 

w 

had settled the solution was filtered through a fitted glass filter. An 
Ó 

60 

showed the molar ratio of chloride to hydroxide in this solution to be o ro 

The solution was evaporated at 35 -4o° C. under reduced pressure i 

N 
50 

crystallisation began ; after cooling, the mother liquor was drained û 
the mass of crystals and the latter dissolved in water. A black dep o 

which appeared to be silver oxide, separated from this solution on stani 40 
and this deposit was removed by centrifuging in stoppered tubes. 
chloride content was further reduced by crystallisation of the hydr' 

30 at o° C., and in the final solution of the hase obtained the molar ra 

chloride to hydroxide was o'0054. This solution was free from silver. 
The concentration of a solution of tetramethylammonium hydr 20 

saturated at 15° C. was found to be 36.9 grams per ioo grams of sol 

(4.18N) ; Walker and Johnston's give 34.6 per cent. as the solubility at 

temperature. 10 

Tetramethylammonium sulphate is stable towards chromic acid 
the conditions used in the determination of cellulose, the consumptic 
dichromate in experiments with the solution of the base described 
corresponding exactly to the chloride content. In the determinati 
modified cellulose dissolved in solutions of tetramethylammonium hydra 

by oxidation with chromic acid, a correction was applied for the dichr; , ium and 
consumed in oxidising the small amount of residual chloride present r¡ously 
purified base. re is a r. 

Temperatures 

(3) The Solubility of Modified Cottons in Solutions of Lithium, S `,peratur Potassium and Tetramethylammonium Hydroxides at V 

]OWer a 
The chemically modified cotton celluloses used to compare the sc bthty o 

action of the four bases were two oxycelluloses, 0L7 /B and OL6 /B, presi ; hylamm 

described.4 They were prepared from scoured cotton linters by the ! roxide 

of sodium hypochlorite solution of pH8'4, and were subjected to an . '1 opium 

boil after modification. Their fluidities in o.5 per cent. solution in cu' ent .acti 
monium were 34'1 and 45.4 respectively. er is N( 
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The solubility of the oxycellulose 0L7 /B was determined in solutions 
f the hydroxides of various concentrations. The measurements were 
ade at temperatures of 15 °, o° and -5° C., except with potassium hydroxide, 
'th which, owing to the low solubility of the oxycellulose, measurements 
re made at -5° C. only. The results are .given in Table I and those 

btained at -5° C. are shown graphically is Fig. i. The outstanding 
ature of the results is the relatively low solvent power of potassium 
ydroxide solutions, which at -5° C. is of a different order of magnitude 
om that of the other three hydroxides. The behaviour of solutions of 
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nun and tetramethylammonium hydroxides is qualitatively similar to that 
viously found for solutions of sodium hydroxide ; at each temperature 
e is a maximum solubility at a certain alkali concentration, and as the 
perature is reduced the maximum solubility increases greatly and occurs 
lower alkali concentrations. The concentration at which maximum 
bility occurs is not, however, the same for lithium, sodiium and tetra - 
hylammonium hydroxides, being lowest for tetramethylammonium 
roxide and highest for lithium hydroxide. At 15° C., tetramethyl- 
onium hydroxide has the greatest and lithium hydroxide the least 

ent action, but at lower temperatures the order of increasing solvent 
r is N(CH3),OH <LiOH <NaOH. 
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Table I 
Solubility of Oxycellulose OL7 /B 

Concentration 
of hydroxide 

solution 
(Normality 
at 18° C.) 

Percentage dissolved 

15° C. 0° C. -5° C. 

LiOH NaOH N(CH9),OH LiOH NaOH N(CH9),OH LiOH NaOH KOH 

1'75 0'6 1.0 2.0 12 Ps 4.3 21 4'4 13 
2.00 0'9 P4 3.0 2'4 52 18'6 7'1 34.7 P5 
2'25 12 25 7.7 6'6 40'5 43'4 35'7 75'9 11 
2'50 P7 4.4 13'4 282 66.4 36'3 71'3 891 1'8 
215 22 7'8 13"2 45.5 68'2 16'6 85.6 80'0 11 
3'00 3'2 105 8.0 46'5 415 9.5 66.6 66.3 11 
3'25 
3'50 

4.4 
5'1 

86 
6_3 

61 
6'6 

29'1 
158 

239 
16_0 

6.8 39'4 
21_0 

43'9 
26.4 

P6 
1_8 

3.75 6.5 
4'00 32 3.4 7'3 5'3 T2 7.5 1P8 25 
4.75 
5'00 P4 17 

21 
28 

2`8 
3.6 21 

It w 

roduce 

w 
cely 

tense 
N(CH, ,Id .1V 

.;dilim 
6i SOIu 

sr ther tll 

y .olubilit 

t r5° C 

evider 
o ver3 

The solubility of the more highly modified oxycellulose OL6 /B 60 
measured in solutions of the four hydroxides at 15° C. ; the results 
recorded in Table II and Fig. 2. They are in agreement with those obt 
with the oxycellulose 0I,7/B, both as regards the relative solvent power 

50 the bases at z5° C., and the relative positions of the solubility maxima on 

concentration scale. The results already given (Table I) for the solub 

at i5° C. of the oxycellulose OL7 /B in tetramethylammonium hydro 
solutions suggest that there is a minimum solubility at a content .40 
between 3N and 4/V, but the lower solubility of the base at o° C. and -I 

prevented an examination of the solubility of modified cottons in 

Table II 
Solubility of Oxycellulose OL6 /B at 15° C. 

Concentration 
of hydroxide 

solution 
(Normality) 

Percentage dissolved 

LiOH NaOH KOH 

P75 4.7 5.9 3.6 
2.00 6.9 10.1 4.6 
2.25 10.5 20.1 5.5 
2.50 16.5 37.8 6.4 
2.75 25.6 54.7 6.7 
3.00 34.0 57.6 6.7 
3.25 39.0 42.0 6.3 
3.50 36.7 29.7. 6.1 
3.75 6.7 
4.00 19.7 17.7 6.9 
4.50 7.1 
4.75 7.1 
5.00 5.8 9.0 6.6 
5.50 5.6 
6.00 5.5 4.3 
7.00 - 3.3 2.3 

N(CH9)40H 

9.8 
18.1 
38.3 
60.1 
55.6 
41.3 
25.4 
44.1 
48.6 
48.0 

concentration range at low temperatures. The results obtained at 

with the more highly modified cotton leave no doubt about the reality 
minimum, which occurs at a concentration of 3.25N. In this resp 
behaviour of tetramethylammonium hydroxide differs markedly from 

of lithium and sodium hydroxides, in solutions of which the solub' 
modified cottons fall rapidly with increasing concentration once the m 

is passed. 
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It was observed that a 4N- solution of tetramethylammonium hydroxide 
roduced a yellow coloration with the oxycellulose OL6 /B (copper number, 
'55) whereas a solution of sodium hydroxide of the same concentration 
carcely coloured it. The action on glucose was similar, a much more 
tense yellow colour being developed when the sugar was dissolved in 

N(Ca ld 4N tetramethylammonium hydroxide solution than was found when 
s' odium hydroxide was used. 

as Solutions of potassium hydroxide again differ from solutions of the 
ther three bases in that they have very much lower solvent power. The 
lubility of the oxycellulose OL6 /B in potassium hydroxide solutions 

t 15° C. does not vary much with changing alkali concentration, but there 
evidence of a slight minimum at a concentration of abo:.it 3.3N, between 

vo very flat maxima. 
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Fig. 2 

The Effect of Temperature on the Solubility of a Modified Cotton in 
Potassium Hydroxide Solutions 

The effect of temperature on the solvent action of potassium hydroxide 
litions was investigated with the oxycellulose OL6 /B. As already 
ntioned, it was found necessary to standardise the temperature of mixing 
solution and the modified cotton in order to get reproducible results 

low temperatures with this base. The conditions under which the 
ubility was measured were : (i) at 15° C., (2) at -5° C., after mixing 
solution and the modified cotton at r5° C., (3) at -5° C., cooling the 

ution to that temperature before adding the modified cotton. The results 
ained are given in Table III and Fig. 3. The effect of reducing the 
raction temperature to -5° C. is small relative to that found with the 
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Table III 
Solubility of Oxycellulose OL6 /B in Potassium 

ther by 

Hydroxide Solutions nd the 

Concentration of 
potassium hydroxide 

solution 
(Normality at 18° C.) 

Percentage dissolved 

At 15° C. 
At - 5° C., adding 

oxycellulose to 
solution at 15° C. 

1.75 36 62 
2.00 4.6 8.4 
2.25 5.5 9.1 
2.50 6.4 10.1 
2.75 6.7 9.6 
3.00 6.7 9.0 
3.25 6.3 8.6 
3.50 6.1 8.7 
3.75 6.7 11.6 
4.00 6.9 13.6 
4.25 15.5 
4.50 7.1 18.0 
4.75 7.1 15.5 
5.00 6.6 13.7 
5.50 
6.00 4 3 7 3 
7.00 2.3 5.0 
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ther hydroxides. When the oxycellulose is added to the solution at 15° C. 

ions nd the mixture cooled to 5° C., the two maxima become more pronounced 
han at 15° C., although the height of the first maximum is not much 
creased. If, instead of mixing the oxycellulose and the solution at 15° C., 

e solution is cooled to 5° C. before the addition of the oxycellulose, the 
ad ect on the solubility curve is striking. The maximum at an alkali 

close ncentration of 4.5N is little affected, but at all lower concentrations the 
st -6° 

lubility is considerably increased and a maximum, which is higher than 
4 at at 45N, occurs at a concentration of 2N. 

The Swelling and Solubility of Regenerated Cellulose Sheet in Potassium 
9 Hydroxide Solutions 
,6 The conclusion was previously drawn4 that swelling was one of the 
'5 rincipal factors that determine the solubility of modified cottons in sodium 
'9 

Hydroxide solutions. In order to find whether the unusual features in the 
6 lability results obtained with the oxycellulose OL6 /B in potassium 
.7 droxide solutions corresponded to similar features in the swelling curves, 
.2 investigation of the swelling of cellulose in such solutions was undertaken. 

1 i e method adopted was that used by Neale,11 in which regenerated cellulose 
'1 the form of thin sheets is employed. Owing to the low solvent power of 

.2 lutions of potassium hydroxide, the method is particularly suitable for 
.5 e with this alkali ; even at o° C. the maximum fraction of the material 

olved was only 7 per cent. 
The regenerated cellulose sheet used had been prepared by the viscose 

ocess and had a fluidity of 38.5. After being washed free from soluble 
atter and dried at Iro° C., loo sq. cm. of the original material weighed 
proximately o5 gm. The regenerated cellulose sheet was cut into pieces 
cm. square, thoroughly washed with distilled water, and dried between 

,-r a Beets of filter paper under pressure to prevent crinkling. In swelling 
easurements three or four squares of the regenerated cellulose sheet were 
eeped in about 6o cc. of potassium hydroxide solution at the required 
mperature for four hours, with occasional shaking. They were then 
moved from the solution with forceps, rapidly blotted with filter paper, 
d weighed in stoppered weighing bottles. The final concentration of the 
lution and the amount of alkali contained in the swollen cellulose sheets 
re determined by titration with standard hydrochloric acid solution of 
itable concentration. The sheets were then washed free from chloride 
d dried at Ho° C. to get the weight of cellulose used. From these data 
re calculated (i) the total swollen weight, (2) the weight of potassium 
droxide absorbed, (3) the weight of water absorbed -all based on ioo gm, 

dry cellulose. Duplicate determinations were made with each \ ncentration of potassium hydroxide, arid the results did not differ by more 
n I per cent. The low temperature measurements were made at o° C. 
tead of at 5° C. owing to the difficulty of maintaining the latter 
perature for four hours. In view of the experience obtained in solubility 
urements, the effect of varying the temperature at which the regenerated 

ulose sheet was added to the solution was also investigated, the conditions 
ployed being (z) at i5° C., adding the cellulose to the solution at the 

e temperature, (2) at o° C., adding the cellulose to the solution at 15° C., 
1TI0 d (g) at o° C., adding the cellulose to the solution at o° C. Since a rise 

emperature during the blotting of the sheets that had been swollen at o° C. 
unavoidable, the results under conditions (2) and (3) are probably 

low. 
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Table IV 

Swelling of Regenerated Cellulose Sheet in Potassium Hydroxide Soluti 

15° C. 

concen- 
tration 

(Norm- 

at18°C.) 

0° Ç., adding regenerated cellulose 
to solution at 15° C. 

Final 

KOH 

ality 

Total 
swollen 
weight 

Weight 
of 

KOH 
absorbed 

Weight 
of 

water 
absorbed 

Final 
concen- 
tration 

of KOH 
(Norm- 
ality 

at 18° C.) 

Total 
swollen 
weight 

Weight 
of 

KOH 
absorbed 

Weight 
of 

water 
absorbed 

(per 100 gm. 
dry cellulose) 

(per 100 gm. 
dry cellulose) 

0' 213 113 0 211 111 
0'245 247 5'4 142 0.491 276 10'8 165 
0'496 268 9.9 158 0'990 294 19'2 175 
0.745 283 14.5 169 1'478 292 251 166 
0'990 284 18.0 166 1'969 299 311 168 
1.241 280 21.1 159 2'630 333 41.9 191 
1'490 277 23/ 153 2'98 362 49'4 213 
1'735 277 26'2 151 3'335 408 61.4 247 
1'985 279 28.9 150 368 463 74.7 288 
2.235 282 31'5 151 3'985 520 90'0 330 
2.485 291 35'1 156 4'32 571 106'8 384 
2.735 302 381 163 411 631 124'5 407 
2.985 317 43'2 174 416 670 140.7 429 
3'23 333 481 185 5'28 661 146'3 415 
3'48 355 54.6 200 5'63 637 147'8 389 
3'985 399 67-4 232 5'99 563 135'2 328 
4.485 447 841 262 649 455 113'1 242 
4.985 507 103'9 303 6'97 403 104'2 199 
5.48 540 120'1 320 
5.99 508 120-6 287 
6'49 427 105'4 222 
6'98 385 99.0 186 

of 

0° C., adding regenerated 
to solution at 0° C 

Final 
concen- 
tration 

of KOH 
(Norm- 

ality 
at 18° C.) 

Weight 
Total of 

swollen KOH 
weight absorbed a 

(per 100 gui 
dry cellules) 

O'495 
0'993 
1'494 
1'990 
2495 
2'995 
3'485 
3'98 
4'47 
4.74 
4'99 
5'22 
550 
5'96 
612 
6'97 

279 
292 
297 
314 
355 
420 
517 
610 
704 
706 
670 
650 
610 
363 
492 
442 

11.1 
19.5 
26.1 
33.2 
42/ 
57'9 
79'3 

105.9 
136'3 
143.2 
140'6 
141'1 
139.0 
134'8 
123.5 
116.0 
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The results obtained are recorded in Table IV and shown graphically 
Fig. 4. They indicate that the total swollen weight, the alkali absorbed 
d the water absorbed all pass through a maximum at an alkali 
ncentration between 4.5 and 6N, and that in addition there is a slight 
aximum in the total swollen weight and water absorption curves at an 
ali concentration of about IN. When the temperature is reduced from 

°C. to o° C. the total swollen weight, the alkali absorption and the water 
orption are all increased, and the maxima occur at lower alkali 
centrations. In measurements at o° C. the temperature at which the 
enerated cellulose is added to the solution is of importance ; except 

u 1 

ween alkali concentrations of 5N and 6N, the total swollen weight, the 
19.5 I ali absorption and the water absorption are greater when the solution is 
33'2 oled to o° C. before adding the regenerated cellulose than when the latter 
57'9 added to the solution at r5° C. 

1ó5's Since swelling is essentially a volume change, neither the total swollen 

á5'z ght nor the water absorption can be an exact measure of it. They may, 
140'6 ever, be accepted as approximate measures, sufficiently accurate to 
141.1 
139'0 cate the main features of the swelling curve. On comparing the total 
134'8 
123'5 ollen weight curves for regenerated cellulose sheet with the solubility 
lts_o 

es already given for the oxycellulose OL6 /B (Fig. 3), it is seen that while 
main swelling maximum corresponds approximately to one of the 

e Soluti 

aerated 
at0'C 

Neight 
of 

KOH 
bsorbed 

,er too gut 
y cellulose) 

ability maxima, the minimum and the lower maximum in the solubility 
es have no counterpart in the swelling curves. 

Table V 

lubility of Regenerated Cellulose Sheet in Potassium Hydroxide Solutions 

Concentration of 
otassium hydroxide 
Normality at 18° C.) 

Percentage dissolved 

1.5 
-c, 2.0 
.9 2.5 

3.0 
3.5 
4.0 
4.5 
5'0 

43 15( 5'5 
6.0 
6.5 

IC( 7.0 

15° C. 

0° C., adding 
regenerated 
cellulose to 

solution at 15° C. 

0° C., adding 
regenerated 
cellulose to 

solution at 0° C. 

0'9 0.9 
0.8 1.0 1.5 
1.1 1.3 2.1 
1.7 2.0 3.3 
2.0 2'7 4.5 
2.6 3.9 : 60 
3.2 4.7 7.2 
3.4 4'8 6'1 
4.0 4.9 5'2 
3.7 4.1 4.4 
2.9 3.3 3.6 
2.5 2.7 3.1 

51 In view of these discrepancies it was thought desirable to determine 
bility on the saine material as was used in the swelling measurements. 

_10 bility measurements were therefore made on the regenerated cellulose 

T ÓN ;t under the same conditions as regards temperature of extraction and of 
g the regenerated cellulose and the alkali solution as were employed in 

measurement of swelling. The only differences in the conditions were 
t the material was cut into i cm. squares and the ratio of regenerated 
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cellulose to solution was o25 gm. in 25 cc., in conformity with the IA 

procedure for solubility determinations. The results are given in Table Hub 
and are compared with the swelling results in Fig. 5. They show that tt 

solubility curves of regenerated cellulose sheet . differ from those obtair,- 
with the oxycellulose OL6 /B in having only one maximum, and that % on, 

regenerated cellulose sheet there is a good correlation between swelling a 
of 
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(6) The Solubility of Various Types of Modified Cottons in Potas 
Hydroxide Solutions at -5° C. 

It has been seen that whereas the solubility curves of regenerated cell 

sheet in potassium hydroxide solutions have a single maximum, the c 

of the oxycellulose OL6 /B in similar solutions haye two maxima. In 
to find whether this property of the latter material is characteristic of mo 
cottons in general, the solubility of various types of modified cotto 
potassium hydroxide solutions was measured. With the oxycellulose 0 

the first maximum was found to be most pronounced when the alkali sol 

was cooled to -5° C. before adding the oxycellulose, so these conditions 
adopted for the comparison of the behaviour of the modified cottons. 
materials used were : (1) oxycellulose OL6, corresponding to oxycell 
OL6 /B but without the alkaline boil after modification,4 (2) oxycell 
CS03, prepared by oxidation with gaseous oxygen of cotton impre 
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Table VI 

lubility of Various Modified Cottons in Potassium Hydroxide Solutions 

Concentration 
of potassium 
hydroxide 

AIED 
. AT 15 

0a 

solution. 
ormality at 

18° C.) 

1.75 
200 
215 
2.50 
2.75 
3.00 
325 
3.50 
3.75 
4.00 
4.25 
4.50 
5.00 
5.50 
6.00 
6.50 
700 

at -5°C. 

Percentage dissolved 

Oxy- Oxy- Hydro- Hydro- Hydro - 
cellulose cellulose cellulose cellulose cellulose 

OL6 CSO3 SHL7 HL7 /B MH4 
(Fluidity, 

37.0) 
(Fluidity, 

42.0) 
(Fluidity, 

36.7) 
(Fluidity, 

41.4) 
(Fluidity, 

441) 

9.3 1.9 2.3 3.5 - 
13.0 2.7 3.4 5.5 4.9 
13.5 3.7 4.2 7.1 - 
13.8 4.5 4.2 7.3 8.6 
12.1 5.4 4.2 7'0 - 
11.0 61 4.1 7.0 10.9 
108 7.7 4.5 7.3 - 
12.2 8.0 4.6 8.1 13.3 
12.6 8.0 - - - 
13.6 65 5.2 8.4 10.5 
14.1 - - - - 
14.5 4.5 6.0 8.2 7.8 
13.4 3.5 5.1 6.2 5.6 
12.0 2.5 44 5.0 - 
10.7 2.0 3.6 4.6 - - 17 - - - 
8.6 15 3.3 3.7 - 
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with ioN sodium hydroxide solution,4 (3) hydrocellulose SHL7, prep,; pf 

from scoured cotton linters by the action of hydrochloric acid soli gen 
(20o gm. /litre),4 (4) hydrocellulose HL7 /B, prepared by similar acid treat east 
and subjected to an alkaline boil after modification, (5) hydrocellulose n l 

prepared by similar acid treatment from cotton previously swollen 10( 

7N sodium hydroxide solution and washed with water.4 The solub'' 

results are recorded in Table VI, and are shown graphically in Fig. 6, al 

with those for the oxycellulose OL6 /B. They show that, with the exce 
of the oxycellulose CSO3 and the hydrocellulose MH4, all the mo 
cottons yield curves with two maxima; although with the least soluble 
first maximum is not pronounced. Even here, however, the solubility c 

is very different from those obtained with the oxycellulose CSO3 and 
hydrocellulose MH4, which resemble the curves found with regenera 
cellulose sheet in having only one maximum. These two modified cot 

differ from the others in having been prepared from cotton previo 
swollen with concentrated sodium hydroxide solution, and it is evidently 6C 

previous swelling that causes them to be grouped with the regener 
cellulose as regards solubility, rather than with the other modified cot. 

5C (7) The Solubility of Regenerated Cellulose Sheet in Sodium Hydro 
Solutions 

The solubility of the regenerated cellulose sheet used in the swelling 
solubility measurements in potassium hydroxide solutions was also meas 4 
in sodium hydroxide solutions at temperatures of 25 °, 20 °, 15° and o 

This material lends itself to solubility measurements at temperatures a 
30 that of the laboratory, since the separation of the undissolved residue 

the solution can be rapidly effected by pouring off the latter. The re, 

Table VII 
Solubility of Regenerated Cellulose Sheet in Sodium Hydroxide Solu 20 

9( 

8C 

7C 

Concentration of 
sodium hydroxide 

solution. 
(Normality at 18° C.) 

Percentage dissolved 

25° C. 20° C. 15° C. 0° C 

1.50 3.2 41 10.4 

1.75 4.0 6.6 29.7 
2.00 5.7 8.3 130 60.9 
2.25 8.4.. 13.1 219 844 
2.50 10.3 15.3 27'6 94.9 
2.75 i0.5 13.9 203 83'8 
3.00 9.8 11.2 14.5 60.6 

3.25 8.2 92 111 27.6 

3.50 7.6 9.3 15.6 

4.00 65 69 11.5 

4.50 5.6 99 

5.00 4.9 48 67 

obtained, which are given in Table VII and Fig. 7, show that at 

temperature there is a maximum solubility at a certain alkali concentra 
and that this maximum solubility increases as the temperature is log 

The behaviour of regenerated cellulose sheet is thus similar to that of me 

cottons in these respects, but there are also some differences. Witt 

generated cellulose sheet the alkali concentration that gives ma. 
solubility at a given temperature is lower than with modified cottons, 
the effect of temperature on this optimum concentration is also sui 

Nealeu measured the swelling of regenerated cellulose sheet in s" 

hydroxide solutions at 25° C., and found that maximum swelling occ 

at an alkali concentration of about 3.2N ; maximum solubility at the 
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7, prep. , perature is found with 275N solution. The solubility data show that 
:id solu generated cellulose sheet of the type used is not suitable for swelling 
d treat easurements in sodium hydroxide solutions at temperatures below 25° C. 
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The Solubility of a Modified Cotton in Solutions of Mixtures of Sodium 
and Potassium Hydroxides 

It was observed that when a 2 per cent. solution of a highly modified 
ton in 2.5N sodium hydroxide solution was diluted with an equal 

lume of 2.5N potassium hydroxide solution, some of the modified cellulose 
precipitated, but similar dilution with lithium hydroxide solution 

duced no precipitation. This behaviour was investigated quantitatively 
th the oxycellulose OL6 /B. Solutions of this material of suitably chosen 
entrations were prepared in 2.5N sodium hydroxide solution at -5° C., 

der which conditions the oxycellulose was completely dissolved, and 
en they had reverted to room temperature they were diluted with 
N potassium hydroxide solution in such a way that solutions with a 
dified cellulose concentration of i per cent. and various molar proportions 
potassium hydroxide were obtained. The bottles containing the solutions 
e evacuated, filled with nitrogen, and kept at 15° C. After io and 21 
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days, portions of the mixture were centrifuged and the cellulose concern ydroxidf 
tion of the supernatant solution determined. In Fig. 8, the results obt.', phate. 
are compared with those found at 15° C. by the usual extraction method 
solutions 2.5N in total alkali and containing sodium and potassium hydroxi olubility 
in various proportions. 
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In the precipitation experiments no precipitation occurred until them 
fraction of potassium hydroxide was increased to o5, although with no 

fractions of o25 and 0.4 the solutions became opalescent. The mo 
cellulose concentration decreases rápidly when the molar fraction of pota 
hydroxide is increased beyond o5, and tends to approach that obtained 
direct extraction at 15° C. The molar fraction of potassium hydro 
was not increased beyond o.75, as this would have involved the do 
of very concentrated solutions of the modified cotton. The direct extrac 
results show that the solubility of a modified cotton increases continua 
with increasing molar fraction of sodium hydroxide in the mixed alkalis. 
(9) The Effect of Alkali Metal Sulphates on the Solubility of a Modified C 

in Sodium Hydroxide Solution 
In order to find the effect of a neutral salt on the solvent action of a so 

hydroxide solution the sulphate radical was chosen because it does 

interfere with the method of cellulose estimation employed. The solo 
at i5° C. of the oxycellulose 0L6 /B was determined in solutions 3N ins 

lution cor 
better sole 
ne. The 

lutions cc 
droxides 
pectively, 

olar fracth 
maximum 

1) The So. 
Soluti 

In order 
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e concenloydroxide and containing various amounts of lithium, sodium or potassium 
tits obtaidulphate. 

nethods Table VIII 
1 hydro4 olubility of Oxycellulose OL6 /B in 3N Sodium Hydroxide Solution containing 

Alkali Metal Sulphates 

Salt 

Concentration of salt (moles /litre) 

0 0.1 0.2 I 0.3 0.4 I 05 

Percentage dissolved 

,50., .. 
SO, ... 

So, 

57.6 
57.6 
57.6 

40.6 
38.7 
35.0 

27.6 
24.8 
21.6 

19.2 
17.0 
14.2 

14.0 
12.5 
10.4 

11.1 
10.0 
8.1 

The results (Table VIII) show that the solvent action of the 

\CT ION Mution is progressively reduced as the concentration of sulphate is increased, 

10 DAl'nd 
that this effect of depressing the solvent action increases in the order 

tsSO4 <Na2SO4 <K2SO4. 
DX 

0) The Solvent Action of Solutions of Mixtures of Lithium and Sodium 
Hydroxides 

Since a mixture of lithium sulphate and sodium hydroxide in solution is 
luivalent to a mixture of the sulphates and hydroxides of lithium and 
ilium, the fact that lithium sulphate depresses the solvent action of a / xlium hydroxide solution less than sodium sulphate suggested that a 

Table IX 
Solubility of Oxycellulose OL6 /B in Mixtures of Lithium and Sodium 

Hydroxides 

Ratio 
Moles NaOH /Moles 

total alkali 

Total alkali concentration (normality) 

3.0 3.5 I 40 

Percentage dissolved 

0 34.0 36.7 19.7 

IDE 0.2 ! 44.8 461 24.1 
0.4 57.6 56.9 29.5 
0.5 - 57.1 30.7 
0.6 64.3 52.6 28.6 

il the m: 0.8 63.2 40.1 23.1 
with To_ 1.0 57.6 29.7 17.7 

e mo 
luti on containing a mixture of lithium and sodium hydroxides might be 

f pota better solvent for a modified cotton than a solution of sodium hydroxide 
obtained 3' 

hydrilone. 
The solubility at r5° C. of the oxycellulose OL6 /B was measured in 

he dilut 
lutions containing various molar proportions of lithium and sodium 

extráctidroxides 
and with total alkali concentrations of 3o, 3.5, and 4oN 

ontinuot Spectively. The results are given in Table IX. They show that as the 
olar fraction of one of the alkalis is increased, the solubility goes through 

kalis. maximum. 
fled Cot 

1) The Solubility of Mixtures of Modified Cottons in Sodium Hydroxide 
)f a sod. Solutions 
t does In order to find whether the presence of a highly modified cotton affects 

solubp solubility of a less degraded material, the solubility of mixtures of the two 
r in soycelluloses OL7 /B and OL6 /B was measured in 3N sodium hydroxide 
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solutions at 15° C. Each mixture had a weight corresponding to 0.25 

of the dry materials and it was extracted with 25 c.c. of the alkali solo 

The results obtained are recorded in Table X. 

Table X 
Solubility of Mixtures of Oxycelluloses OL7 /B and OL6 /B in 3N Sod 

Hydroxide Solution 

Percentage OL6 /B in mixture ... o 20 40 60 80 
Percentage of mixture dissolved - 

Found... ... ... 10/ 20.6 30.6 39.9 49.8 
10/ 21.0 30.5 39.1 48.4 

Calculated 20.1 29.5 38.9 48.3 

It has been shown in Part I that the fraction of a modified cotton t 
dissolved by a sodium hydroxide solution of given concentration 
temperature is independent of the ratio of modified cotton to alkali sol 

used. Hence it would be expected that if the dissolution of each compo, 

of a mixture of modified cottons is not affected by the presence of the n 

component, the percentages of the mixtures dissolved would bear a 
relation to the percentage composition of the mixtures. A comparison al 

solubilities of the mixtures calculated on this assumption with those f 
experimentally is made in Table X, and it shows that the latter are 

very slightly higher than the former. It may therefore be concluded 
under the conditions used, the solubility of a modified cotton is not seri 
affected by the simultaneous dissolution of another modified cotton. 

III. DISCUSSION 
In Part I,4 the conclusion was drawn that the principal factors dete 

the solubility of a modified cotton in sodium hydroxide solutions were 

degree of swelling produced by the alkali solution and the lengths of 

chain -molecules composing the modified cotton. The degree of sw 

depends on the alkali concentration, the temperature and the prey 

swelling history of the modified cotton, while the best available measur 

the average length of the chain -molecules is the fluidity in cuprammo 
solution. It was suggested that swelling was necessary to overcome 
cohesive forces between the chain -molecules, and that a given degr 
swelling would produce the dissolution of all chain -molecules below a ce 

length. According to this view, the solvent action of the various 
should run parallel to their relative swelling powers, and with each 
the variation of swelling power produced by changes of alkali concentra 
and temperature should be reflected in similar variation of the sol 

action on modified celluloses. 
Owing to the difficulty of making accurate measurements of the sw 

of cotton hairs, the recorded data for the swelling of cotton in al rs still consic 
solutions are not concordant, and knowledge on the subject is in an uns the low soli 
factory state. No measurements of the swelling of cellulose in solutiorrn (Fig. 8) t 
tetramethylammonium hydroxide appear to have been made, but the sweftial precipi 
of cotton hairs in solutions of the alkali metal hydroxides at the ordiattion. The 
temperature has been compared by Collins and Williams,3 and by lleadroxide solo 
and Bartunek.8 The former investigators found that the order of maxifl Bested to a 
swelling power was NaOH> LiOH> KOH with lithium and potassicentrated s 
hydroxides not very different in swelling power and much inferior to sod+t the effect 
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o 0.25 droxide. Heuser and Bartunek, on the other hand, found the order to be 
li solo ;0H> NaOH> KOH, the maximum swelling (hair width) being 97, 78, and 

per cent. respectively. It has been seen that the order of these alkalis 
regards solvent power on modified cottons is NaOH> LiOH> KOH, with 

Sod' tassium hydroxide very much inferior to the others. Birtwell, Clibbens, 
ake and Ridge' measured the shrinkage of cotton yarn after treatment 
h solutions of sodium and potassium hydroxides, washing and drying in 

80 e air. Their results show that at the ordinary temperature the maximum 
49.8 ' kage produced by potassium hydroxide solutions is not much less than 
48.4 ;th sodium hydroxide solutions, but that the effect of lowering the 
48.3 

mperature to -io° C. is very much greater with sodium hydroxide than 
th potassium hydroxide. A similar effect of temperature on the solvent 

ton t. Lion of the two alkalis has been pointed out in Section II (4). In none of 

ation e investigations referred to above is there any suggestion of two maxima 
di solm 

the swelling curves of potassium hydroxide to correspond with those found 

om o 
the solubility curves of modified celluloses prepared from unmercerised 

f the o 
tton, but it is of interest to note that Fauste obtained a curve with two 

ur a l' 
ima in measurements of the swelling of cotton filter paper in potassium 

¡son 
01 

droxide solutions. Swelling measurements on regenerated cellulose sheet 

rose f 
m ore satisfactory than those on cotton, and with this material, as has 

r are i 
en seen in Section II, (5), solubility in potassium hydroxide solutions is well 

aded t rrelated with swelling, both as regards the effect of alkali concentration 
t serf d that of temperature. The swelling of regenerated cellulose sheet in 

n um hydroxide solutions at 25° C. was measured by Neale,11 who found 
maximum swollen weight of about 70o gm. per zoo gun. dry cellulose. 
e swelling would be greater than this at 15° C., and since the maximum 

to Allen weight in potassium hydroxide solutions at this temperature is only 
s were i gm. per roo gm. cellulose (Table IV), it is obvious that solutions of sodium 
the of droxide have a considerably greater swelling action than those of 
f swe tassium hydroxide. In view of this general parallelism between swelling 

prey d solubility of regenerated cellulose it might be anticipated that if a true 
neasur sure of the swelling of cotton in potassium hydroxide solutions at low 
mmo peratures could be obtained, the swelling curve would be found to have 
-come o maxima. Unfortunately the difficulty of such measurements renders 
degr possibility of testing this hypothesis remote. 

r a cer In Part Ie it was shown that solutions of sodium hydroxide too dilute 
pus ' produce much swelling or dissolution of a modified cotton might yet 
ach ` .in a large amount of the modified cotton in solution if the solution was 
:entra pared by dilution from an alkali concentration at which dissolution could 
Le soli effected. At high alkali concentrations, on the other hand, the factor 

ermining the solubility appeared to be the amount of modified cotton 
e sw ' Lt could be retained in solution and not the degree of swelling, since this 
u a still considerable. A similar low solubility in this sense may contribute 
n un the low solvent power of potassium hydroxide solutions, for it has been 
lutio', n (Fig. 8) that the addition of potassium hydroxide solution may cause 
e MS al precipitation of a modified cotton dissolved in sodium hydroxide 

or i tion. The effect of alkali metal sulphates on the solvent action of sodium 
ly H i oxide solution may be due to a " salting out " effect similar to that 
nax i gested to account for the low solubility of modified celluloses in very 
)ot, centrated sodium hydroxide solutions. It is more probable, however, 
to soy t the effect is due to a depression of the swelling power of the alkali 
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solution, for Beadle and Stevensl have shown that the presence of s 

chloride reduces the swelling of cuprammonium rayon in sodium hydro 

solutions. 
From the results presented here and in the previous paper4 the cowl 

may be drawn that the fundamental process underlying the dissolute! 
modified celluloses in alkaline solutions is the process of swelling, and 
while many of the observations are explicable in terms of the mol 
constitution of the modified celluloses, a complete understanding of 

subject requires an explanation of the swelling of cellulosic materials in 

solutions. In spite of a great deal of work, this question still re 

obscure, and no theory that has been put forward will account for all 

known facts. The differences in the behaviour of the various alkalis, ho 

regards the maximum swelling or solubility produced and the concentra 
at which they occur, show that no theory that takes account of by 

ion concentration only can be expected to explain the action of all the 
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I- INTRODUCTION AND SUMMARY 
It has long been known that the presence of air in the kier during the 

During of cotton with dilute solutions of sodium hydroxide leads to the 
unation of oxycellulose, with consequent tendering of the goods. The 
perimental difficulties involved in the investigation of the oxidation of 
Ilulose that takes place under such conditions are considerable, and con - 
quently the oxidation process is but little understood. It is also known 
at if cellulose is impregnated with 5N sodium hydroxide solution, as in 
e preparation of " alkali cellulose," which constitutes the first stage in the 
nufacture of viscose rayon, and the alkali cellulose is allowed to " age " 

a day or two, appreciable oxidation by atmospheric oxygen takes place 

..) 

r,Fj 
; 
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even at the ordinary temperature. That this oxidation is the esse lution is t 
feature of the ageing has been recognised by Courtaulds Ltd., Glover ' bsorbed in 
Wilson9, who have protected the acceleration of the process by the ,out i2 h 
of temperatures above 30° C., or by the use of oxidising agents other than The rate 
or oxygen. The conditions obtaining in the ageing of alkali cellulose, u ;pidly whe 
those in the scouring of cotton, offer the possibility of exact measure . , 5N It 
of the rate of absorption of oxygen, and consequently conditions appri oy, where 
mating to the former rather than to the latter have been adopted in ancentratic 
work to be described. This work, which deals with the oxidation by g. ; d zum Tc 
oxygen of cotton impregnated with sodium hydroxide solutions of o aximum r 
centrations from 2.5N to 15.2N, at temperatures from 20° to 60° C., bout 6 5N 
begun partly with the object of investigating the oxidation process and prammon 
properties of the oxycellulose produced, and partly to discover whether 'scussed. 
oxidation would provide an easily controlled laboratory method for The pre: 
preparation of chemically modified cottons. ff'ect on th 

The swelling that takes place when cotton is treated with so f the sodi 
hydroxide solutions more concentrated than about 3N has been the sub ncentratic 
of much controversy. It is widely believed that an addition compouu e maximt 
formed, and this supposed compound has been termed " soda cellul ven more p 
Recently, however, Neale19 has shown that the swelling of cellulose in so ufficient irc 
hydroxide solutions is well explained by a theory of salt formation. nce iron d 
ever the true explanation may be the term " soda cellulose " is conve ', entrated of 
and it will be used in this paper in the most general sense of cotton im . f purifying 
nated with sodium hydroxide solution, even when the concentration of .y cotton i 
latter is below the minimum required to produce swelling. Copper a 

As the oxidation of soda cellulose by oxygen is rather slow at f soda cells 
temperature, most of the experiments recorded here have been made at 40' 'hich are al 
with a smaller number at 60° C., and only a few at 20° C. Weltzien . 

ther hand, 
zum Tobe127,28,2e have oxidised soda cellulose by means of oxygen at fo` ydroxide s 
but the oxidation was carried to such a: stage that the degradation of ect becon 
cellulose was far beyond that ever occurring in textile practice or vi th Io3N 
manufacture. Whereas the smallest absorption recorded by them for ster, than 
concentration of sodium hydroxide that produced the maximum rati e mangaru 

oxidation was 418 cc. per gm. of cellulose, and the largest izo cc. per If cotton 
the maximum absorption dealt with here, except in two special experim ter washint 

is about 3.5 cc. per gm. This absorption represents the limit of the Mution, the 
of modification of cellulose that is of interest for cotton technology or reviously s 

manufacture. hjected to 
In all the experiments performed, it has been found that the rat The fluid 

absorption increases for some time and then becomes practically cons 'lluloses pr 
This is well explained by the hypothesis that the oxidation consists of se iaidation le 
consecutive reactions. A similar hypothesis has been suggested by. B' 'th propert 
Clibbens, Geake and Ridge', to account for the copper numbers and m creases. Tr 
lene blue absorptions of oxycelluloses produced by the action of Pe as thai 
hypobromite on cotton, but in the present work more direct evidence tributed b 
such a mechanism of oxidation is obtained. nsecutive a 

Since the rate of absorption of oxygen is not constant for any conc ay as regar 
tion of sodium hydroxide, it cannot be expressed by a single number. umber for ; 

renders comparison of the rates of oxidation at different temperatures r dium hyda 

difficult, but an idea of the relative rates of oxidation at 20 °, 400, and 65 'Wer numt 
g oxida may be obtained from the statement that, when 10.3N sodium hy. 
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esse ,lution is used in the preparation of the soda cellulose, the volume of oxygen 
;lover bsorbed in 48 hours at 2o° C is absorbed in about 6 hours at 4o° C and in 
y the ut P2 hours at 6o° C. 
er than The rate of oxidation of soda cellulose at both 4o° and 6o °C increases 
ose, u ,pidly when the concentration of sodium hydroxide is increased from 2.5N 
asure . 5N. It then increases less rapidly as the concentration rises to about 
s appr ny, where a well -defined maximum rate of oxidation is observed ; as the 
ted in ,ncentration is still further increased the rate of oxidation falls. Weltzien 
by gale d zum Tobe128,29 obtained a curve of somewhat similar shape, but their 
is of c, aximum rate of absorption occurs at sodium hydroxide concentrations of 
0° C., bout 6.5N and 8.5N for soda celluloses prepared from cotton yarn and 
ss and uprammonium rayon respectively. Possible causes of this difference are 
hether 'scussed, 
)d for The presence of iron in soda cellulose has a very important catalytic 

ffect on the rate of oxidation. This effect decreases as the concentration 
th so'' f the sodium hydroxide used increases, becoming relatively small at 
he sub' oncentrations above ioN. The presence of iron has the effect of making 
mpoun he maximum in the rate of oxidation curve, which occurs at about ioN, 
cellul en more pronounced. Even the best samples of sodium hydroxide contain 
in so cient iron to affect the rate of oxidation of soda celluloses made from them, 

n. e iron dissolved in sodium hydroxide solutions as sodium ferrite is con - 
onve trated on cotton by adsorption during the steeping process. A method 
Dn imr, f purifying sodium hydroxide solutions from iron based on this adsorption 
Lion of y cotton is described. 

Copper and nickel have considerable accelerating effect on the oxidation 
v at f soda cellulose made with 5N sodium hydroxide solution, but their effects, 
e at 40 'hich are approximately equal, are less than that of iron. Manganese, on the 
.ltzien . 

ther hand, greatly retards the oxidation of cotton impregnatedwith5Nsodium 
o at 6o''ydroxide solution. As the concentration of alkali is raised, this retarding 
ion of sect becomes less and less ; with a 74N solution, it is still pronounced ; 

or via' th ro3N solution the reaction is at first slower, but ultimately becomes 
:m for ester, than the reaction in absence of manganese, while with 15.2N solution 
Lm rats e manganese has a slight accelerating effect throughout the oxidation. 
c. per If cotton is swollen in concentrated sodium hydroxide solutions, and, 
:perim ter washing and drying, is oxidised in the presence of 2.5N sodium hydroxide 

the lotion, the rate of oxidation is from 2 to 22 times that of cotton not 
or vi, reviously swollen. This increased reactivity of cotton that has been 

hjected to a swelling treatment is similar to that found by other methods. 
he rat The fluidity in cuprammonium solution and the copper number of oxy- 
r cons 'Moses prepared by oxidation of soda cellulose have been determined. 
s of se cidation leads to increase of fluidity and copper number, the increase of 
,y.Bi nth properties being rapid at first and slowing off as the oxygen absorption 
and nr creases. The copper number -- oxygen absorption curve is thus of the same 
of al ' i 'e as that obtained on oxidising cotton by alkaline hypobromite4, and 
ridena ttributed by Birtwell, Clibbens, Geake and Ridges, to the occurrence of 

'nsecutive reactions. The two types of oxycellulose also behave in a similar 
conce' ay as regards methylene blue absorption. Both the fluidity and the copper 
fiber. umber for a given oxygen absorption depend on the concentration of the 
ures r 

um hydroxide solution used in preparing the soda cellulose, and the 
and 6:'pper number also varies considerably with the iron content of the cotton 
hydra ring oxidation. 
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The rate of oxidation of soda cellulose by oxygen is not affected by 

closeness of packing of the soda cellulose within the limits likely to occur 

practice. The oxidation provides a controllable method of prep 
chemically modified cottons of relatively low copper number. 

II- MEASUREMENT OF THE RATE OF OXIDATION OF SODA CELLUL 
(a) At 20° and 40° C 

The rate of oxidation of the soda cellulose was determined by meas 
the rate of absorption of oxygen in the apparatus shown in Fig. i. D 

bulb of about 5o cc. capacity, provided with a ground joint by means 

which it can be attached to the rest of the apparatus. The tube C is nr 

from a previously calibrated 5 cc. pipette, graduated from the top dowmra 
in tenths of a cubic centimetre. The internal diameter of this tube 
6.2 mm. so that the length corresponding to oi cc. was 3.3 mm. ; the vol 

could therefore be easily read to hundredths of a cubic centimetre. 
taps and ground joint were lubricated with a mixture of 3 parts lanoline' 
I part beeswax. 

The moisture content of the cotton to be used was determined a 

quantity equivalent to i000 gm. of dry cotton weighed out. This cot 

was steeped in 5o cc. of the sodium hydroxide solution for half an hour, 
being taken to wet out the cotton and remove air by working the cotton 

the solution with a glass rod. Most of the solution was removed by filtra 

on a coarse Jena fritted -glass filter under suction, and the soda cellulose 
put in the upper part of a stoppered tube constricted at its middle, 
centrifuged for 5 minutes at 2,000 R.P.M. The soda cellulose was 
transferred to a stoppered weighing bottle and its weight determined. 
amount of sodium hydroxide solution retained by the cotton after ce 

fuging was from 27o to 310 per cent. of the weight of the cotton with solut 

of concentrations of 5N and upwards, but with 2.5N solution only ab 

13o per cent. was retained. The soda cellulose was teased out with fo (b) At 60° 
and put in the bulb D, which was then attached to the apparatus. Mein The ap 
was run into the manometer bend so that it stood a little above the lo oxygen at 
graduation of tube C. Tap B was closed, tap A opened and the app impossibili 
rapidly evacuated to a pressure of about 15 mm. of mercury with a 0r joint wate: 
pump. Tap A was then closed and the apparatus put in a therm temperatur 
at the required temperature, so that tap A was immersed. After 15 min sealed tap 
the apparatus was filled with dry oxygen from a gas -holder through tai therefore e: 

the pressure reduced to atmospheric by allowing the excess gas to bul parts of 
out through a trap, tap A closed and tap B opened. Readings of the me o evacuat 
level in tube C on the volume scale, the height of the mercury levels in d close i 

limbs of the manometer, and the barometric pressure, were then take' a screw cliff 

intervals during the course of the experiment. The volume and mano 'nutes, to 
readings were taken with a cathetometer reading to oi mm. In or l: ldmit dry 
obviate the effects of sticking of the mercury in the manometer, o atmospl 
mercury surfaces were moved and allowed to come to their equili' rom tube ( 
positions, by touching the surface in the open limb with a glass rod 
each set of readings was taken. During the course of an experiment c) Caiculat 

total pressure in the apparatus was kept approximately constant and In orden 
to the atmospheric pressure by running mercury into the open limb of +t any tiim 
manometer as required ; the variation of pressure in any one expe ' ' d its pa 

was not more than io mm. of mercury. " d connec 
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FIG. I 

b) At 60° C 

The apparatus used to make measurements of the rate of absorption of 
xygen at 20° and 40° C. was not suitable for use at 60° C., owing to the 

impossibility of finding a tap grease that would render the taps and ground 
joint water -tight at 60° C. and yet allow the taps to be turned at room 
temperature. The modified apparatus shown in Fig. 2, in which mercury - 
sealed taps and a mercury -sealed ground joint were incorporated, was 
herefore employed. The taps and joint were lubricated with a mixture of 
parts of pure rubber and 3 parts of beeswax. Here the procedure was 

o evacuate the apparatus at room temperature as before, close tap E, 
d close the end of tube G by means of a piece of pressure tubing and 
screw clip. The apparatus was then put in the thermostat, and after 15 

utes, tap E, and immediately afterwards the screw clip, were opened to 
dmit dry oxygen from the gasholder. After the pressure had been reduced 
o atmospheric as before, tap F was closed, the rubber tubing removed 
om tube G, and the measurements were begun. 

Calculation of the Rate of Absorption of Oxygen 
In order to calculate the volume at N.T.P. of the oxygen in the apparatus 

t any time, it was necessary to know the volume occupied by the oxygen, 
d its pressure. This volume is equal to the volume of the bulb 
d connecting tube to the zero graduation plus the volume reading in tube 

FIG. 2 
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C, minus the volume of the soda cellulose. The volume of the bulb to t 

zero graduation was obtained by enclosing a quantity of air in the apparat 
and observing the volume reading in tube C for different pressures, at const, 
temperature. The volume of the bulb could then be readily calculat 
As it is only necessary to know this volume because of the small variations 
pressure during an experiment, it is evident that it need not be known y 

accurately. The volume of soda cellulose is calculated with sufficie 

accuracy from the weight and density of the cotton and of the retained sodi 
hydroxide solution. 

The total pressure in the apparatus is obtained from the difference in t 

heights of the mercury in the two limbs of the manometer, and the barome 
pressure. The barometer reading was always corrected to o° C., and 

correction to the manometer readings for the difference between the t 

meniscus heights was also applied when necessary. In order to obt.' 

the partial pressure of the oxygen, it is necessary to deduct from the toi' 

pressure the vapour pressure of the sodium hydroxide solution on the cotto 

Now this absorbed solution must have the same vapour pressure as 
solution with which it was in equilibrium during steeping. The 
concentrations obtained by steeping i gm. of cotton in 5o cc. of sodi 
hydroxide solutions of various concentrations can be calculated from 
results of Vieweg26 and Coward and Spencerll on the preferential absoq 

tion of sodium hydroxide by cotton, and when the vapour press 
corresponding to the concentrations so calculated are obtained by referee 

to tables, it is found that even at 6o° C. they do not differ from the vapor 

pressures of the steeping solutions by more than o7 mm. of mercury. Vtrh: 

it is remembered that the total pressure of oxygen is about 70o mm, 
mercury, it is clear that no appreciable error in the oxygen absorption 
introduced by assuming that the vapour pressure of the soda cellulose is t 

same as that of the sodium hydroxide solution used in preparing it. 
vapour pressures required for the present work were obtained from Int: 

national Critical Tables1s, and are given in Table I. 

Table I. 

Concentration of sodium 
in steeping 

hydroxide 
solution. 

Vapour pressure of soda 
(mm. of mercury) 

cellulose 

gm. NaOH per 
100 gm. solufion 

Normality 
at 18° C. 20° C. 40° C. 60° C. 

9.09 2.50 50.6 137 
16.86 5.00 13.8 44.0 120 
23.42 7.37 36.2 100 
30.86 1013 7.6 24.9 72.3 
33.60 11.48 20.4 
36.44 12.72 16.8 51.1 
41.92 15.20 10-2 32.2 

The gas used was obtained from a cylinder, and analysis showed that 

contained 98.4 per cent. of oxygen. A further correction to the press 
for the impurity- probably nitrogen -was therefore necessary. 
initial partial pressure of nitrogen is 1.6 per cent. of the pressure obtained 
deducting the vapour pressure of the soda cellulose from the total press 
As the volume decreases during the course of an experiment the p- 
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lb to t 
essure of nitrogen obviously increases ; at any time it is equal to the 

rpparat '. 
:oduct of the initial gas volume and the initial partial pressure of nitrogen, 

coast 
ilculat: " 

vi by the volume at the time in question. Thus the partial pressure of 

iatio t 
xygen is equal to (P - p5 - PN), where P is the total pressure, P5 the 
apour pressure of the soda cellulose, and PN the partial pressure of the 

own ve 
trogen. The volume at N.T.P. of the oxygen in the apparatus is then 

sufficie 
wen by the expression 

d sodi 
TT - 273.1X(P- p5 -PN)V 

ice in t 
(273.1 + t) X 760 

trometn vbere V is the volume of oxygen at N.T.P., y the observed volume of gas and 
and the temperature in °C. The variation with time of the volume at N.T.P. 

the ti ,f the oxygen in the apparatus being known, the rate of absorption is readily 
o obt obtained. 

the to At the beginning of an experiment the observed gas volume increased at 
re cotte' st to a maximum before starting to decrease. This effect was due to the 
e as ygen entering the apparatus at a lower temperature than that of the 
Che rmostat, and the difficulty was partially' overcome by allowing the 
f sodi oxygen to pass through a bulb immersed in the thermostat before 
from t ntering the apparatus. It could not be overcome entirely, however, 
1 absoq''articularly with the lower concentrations of sodium hydroxide, where the 
press ; 

apour pressure is highest. Consequently in order to find the volume of 

referee 'nclosed gas at zero time it was necessary to extrapolate back from the 
e vapo um obtained after the initial increase of volume was over. As the rate 

g; f absorption is least at the lower concentrations of alkali, where the longest 
r mm xtrapolations are necessary, the error thus introduced cannot be serious. 

irption In order to discover whether the evacuation of the apparatus changed 
ose is t 'e concentration of the sodium hydroxide solution on the cotton by evapora- 
it. 'p 'on or absorption of water, tests were made with cotton impregnated with 

nn Inti!,oN solution. It was found that the loss in weight of the soda cellulose 
vas less than i mg. on 4 gm., so that this effect may be neglected. The 
vater pump evacuation has the disadvantage that the pressure cannot be 
educed below about 15 mm. of mercury. On this account complete removal 
f air from the apparatus is not obtained, especially with the most con - 

os entrated solutions where the vapour pressure is lowest. Consequently 
he calculated partial pressure of oxygen throughout an experiment is 
lightly too high. Even under the most unfavourable circumstances, the 

0° C. rror caused by the retention of nitrogen cannot exceed 1.4 per cent. of the 

37 
xygen absorption, and is not likely to reach this figure. As will be seen 
ater, two experiments under apparently identical conditions often gave 

)o ,xygen absorptions that differed by more than 1.4 per cent., so that this 
72.3 

rror may be admitted for the sake of the convenience of the water pump. 
51.1 
32'2 II- CONSECUTIVE REACTIONS IN THE OXIDATION OF SODA 

CELLULOSE 

:d that 
a) Features of the Rate of Absorption Curve 

press 
ry. 
tained 
pres 
re p 

In preliminary experiments at 4o° C., it was found that the rate of 
bsorption of oxygen increased for several hours, and then remained constant. 
t was thought that this might be due to the slow attainment, throughout 
e gas volume, of the full vapour pressure of the sodium hydroxide solution 
the cotton, and in order to test this hypothesis experiments were carried 

ut with nitrogen instead of oxygen in the apparatus. The results are 
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shown graphically in Fig. 3, and it is evident that, even with the soluti 
of highest vapour pressure employed in this work, thermal equilibrium 
attained in twenty minutes or less. It is thus clear that the increase of 

of absorption of oxygen is not due to this cause. 

The next explanation thought of was that of consecutive reactions. 
test this hypothesis, an experiment was carried out with cotton impregna 
with 12.72N sodium hydroxide solution. The soda cellulose was allo 

to absorb oxygen for 8 hours at 40° C., when the initial increase in the 
of absorption had ceased and the rate had been constant for about 4 ho. 

The apparatus was then removed from the thermostat, cooled to ro 

temperature, evacuated and left overnight. Next morning, it was a 

filled with oxygen in the usual way, and the experiment was repeat 
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Here, except for the usual slight disturbance near the beginning, corn 

ponding to the attaining of thermal equilibrium, the rate of absorption o 

constant from the start, and equal to the maximum rate reached in 

first run. The results are shown in Fig. 3. They may be explained by 

following mechanism of oxidation. The first reaction consists of an oxida 
of cellulose, which, in the region of relatively slight oxidation here dr 

with, will proceed at an approximately constant rate. The product of 

reaction is in its turn oxidised, and as the product increases in amount, 
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soluti te of absorption of oxygen in this second reaction will increase. When the 
ilibrium xidation has been in progress for some time, a stage will be reached when 
ase of .e product of the first reaction is oxidised as fast as it is formed ; its amount 

11 then remain constant, and hence its rate of oxidation will also remain 

tions, instant. Beyond this stage, since both reactions are proceeding at constant 

ipregna ates, the total rate of absorption must remain constant. In order that an 

as allo crease in the rate of oxidation may occur, it is clear that the velocity 

n the ,instant of the second reaction must be great compared with that of the 
Lt 4 not. 

rst reaction, since the active mass of the intermediate product must be 
I to ro small compared with that of the cellulose. This statement of the mechanism 

was a , 
.f oxidation can be given precision by mathematical expression, and this 

repea be done in the next sub -section. 
Birtwell, Clibbens, Geake and Ridges have been led to a similar theory 

f consecutive reactions for the oxidation of cotton cellulose by alkaline 
ypobromite solution, by the study of the chemical properties of the oxy- 

H ellulose so produced. When cotton is acted on by alkaline hypobromite, 
is copper number increases rapidly at first, but soon attains a value that 

V. 
mains very nearly constant for some time. On the other hand, the absorp- 

V on of methylene blue increases continuously with the time of oxidation. 
his is explained by a consecutive reaction theory, which assumes that the 
rst product of oxidation has an aldehydic character, and is responsible for 
he copper number, while the oxidation of this product in the second reaction 

causes it to lose its reducing properties and acquire acidic properties character - 
sed by high methylene blue absorption. As will be seen later, the relation 
between copper number and oxygen absorption obtained for cotton oxidised 
by oxygen in the presence of concentrated sodium hydroxide solution is 
'ery similar to that obtained for cotton oxidised by alkaline hypobromite. 
t therefore appears probable that the consecutive reactions taking place 
n the two instances are similar. 
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b) Kinetics of Consecutive Reactions in the Oxidation of Soda Cellulose 
Since the actual chemical reactions that take place during the oxidation 

f cellulose are not known, the investigation of the kinetics of the reactions 
ust necessarily be of the simplest and most general form. In the following 
reatment, it has been assumed that each " oxidizable point " in the cellulose 
equires one atom of oxygen for its oxidation to the intermediate product, 
nd that the product so formed consumes a further atom of oxygen in the 
and reaction. It has also been assumed that the active masses of the 

llulose and the intermediate product of oxidation are proportional to the 
unts of the respective substances present ; i.e., that the reactions take 

lace in a homogeneous system. 
Let the first reaction be 

Cellulose + 0 -> A 
d the second 

A +O ->B 
t time t, let x and y be the amounts of oxygen absorbed in the first and 
Gond reactions respectively, and z the amount of the intermediate product 
present. 

Then dt _ k [Cellulose] [0], 
here the square brackets denote concentration. 
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Since the pressure of oxygen is constant, the concentration of oxy;, The curvy 
in the soda cellulose is constant, and since Weltzien and zum Tobe128.22 ha 

ponding t shown that i gm. of cellulose can absorb over 200 cc. of oxygen in this react times the 

range of from o - 3.5 cc. per gm. dealt with in this work. 
The a the amount of cellulose may be assumed to be constant over the absorpti, 

the absor 
Hence dt = constant = k1, say the assun 

oxygen. 

Rate of accumulation of A = dz -Rate of formation of A -rate ratio of th 
dt oxidation of A 

if there w 
dx _ dy twice as n 
dt dt three time 

k - d 
dt 

reactions 
reactions. 

y k' oxidation 
dt 

k [Al Loi 
dioxide, s 

= k2z complexit: 

dz consistent 

dt 
= k1 - k2z 

k 
. z = 

dl 
(z - e -k21) 

2 

dt= k2z= k1(i- e-k2t) 

Total rate of absorption of oxygen = dt 
dx dy 

= dt + dt 
= k1 +k1(r - e -kg!) 
= 2k1 - k1e -k2t 

a = 2k1t +4 e -k2t + C 

When t = o, a = o C = -k1 /k2 

u= 2k1í -1 (I- a -k2t) 
2 

The experimental data can be well fitted by an equation of the form 
a = Kit - K2 (I - e -Kat) 

but K2 is not equal to K1/2K2, as it should be for agreement with the ah 

equation for two consecutive reactions. Equation (z) shows that a asys 

totically approaches the value 2k1t - ki/k2 as t increases, and hence 
limiting value of the rate of absorption is 2k1, or twice the rate of the 
reaction. This means that the maximum slope of the absorption c 

should theoretically be twice the slope of the curve at the origin ; acts 
the experimental curves show a maximum slope that is more than twi 
usually from three to four times -the slope at the origin. This suggests 
more than two consecutive reactions take place, and indeed it would 
surprising if the oxidation were as simple as is assumed in the above treatm 
If three consecutive reactions are assumed, then the equation for the rate 

absorption of oxygen is 

3klt 
(2klka - klk2) 

(r - e -k2!) + 
klk2 (I- e -R3!) 

k2 (ka - k2) ka(ka - k2) 
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The curve corresponding to this equation is of the same form as that corres- 
ponding to equation (i), and the maximum rate of absorption is 3h1, or three 
times the rate of the first reaction. 

The above explanation of the observed fact that the maximum slope of 
the absorption curves is more than twice the slope at the origin is based on 
the assumption that the consecutive reactions absorb equal quantities of 
oxygen. A similar experimental result would be obtained, however, if the 
ratio of the oxygen absorptions in the reactions were not unity. For example, 
if there were two consecutive reactions and if the second reaction absorbed 
twice as much oxygen as the first, the maximum rate of absorption would be 
three times the rate of the first reaction. It is also possible that the various 
reactions are not single reactions, but each may consist of two or more side 
reactions. In the experiments of Weltzien and zum Tobelas, after prolonged 
oxidation about 5o per cent. of the absorbed oxygen was present as carbon 
dioxide, so that the reactions are evidently complex. In view of this 
complexity, all that may be concluded is that the experimental results are 
consistent with the existence of two or more consecutive reactions. 
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e) Prolonged Oxidation 
In the experiments with a maximum oxygen absorption of about 3.5 cc. 
gm. of cotton, the rate of absorption appeared to become constant in 

bout 5 hours at 40° C. and in less than 15 hours at 6o° C., with sodium 
ydroxide concentrations of 5N and upwards. Two experiments with smaller 
uantities of cotton, where much greater absorptions were possible, showed, 
owever, that the rates of absorption do not really become constant after the 

es given above, but go on increasing slowly for considerably longer 

25 
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periods. The results obtained are shown graphically in Fig. 4. In th 

first experiment, o1 gm. of cotton, impregnated with 1033N sodiva 

hydroxide solution, was oxidised at 40° C., and after 72 hours 39.1 cc. d 

oxygen per gm. of cotton had been absorbed. Here the rate of absorpti 
did not become constant until about 20 hours from the start. In the of 

experiment, 0.2 gm. of cotton was oxidised at 6o° C. ; when the gas vol 
had decreased to about the zero graduation of the graduated tube, t 

absorption was stopped, some of the mercury removed, the apparato 
evacuated and re -filled with oxygen in the usual way, and another absorptin 
begun. This was repeated until the total oxygen absorption amounted t. 
6o7 cc. per gm. of cotton. In this experiment, the rate of absorption 

increased for about 3 hours, remained constant until about 16 hours frog 

the start, and then a gradual decrease in the rate became noticeable. 
decrease was to be expected, since a time must come when the rate of abso 
tion must begin to fall off appreciably owing to the gradual decrease of 

active mass of cellulose. This point had evidently not been reached in t 

experiment at 40° C. The simplest case of two consecutive reactions be 
'assumed, and allowance being made for the decrease in the amount 
cellulose present, the equation for the rate of absorption of oxygen can i 

shown to be 

a - a i 2 - 2k2 
- kl 

e -klt + kl 
e -k2t 

} l k2 - kl k2 - kl 

where a is the initial amount of cellulose and k, and k2 are the vela 
constants of the two reactions respectively. gives c 
of the same form as that obtained in the above experiment at 6o° C. If k, 

small compared with k2, and t is small, it reduces to the equation 

a = a 12k1t - 
k, 

(1 - e -k2i) 

which is identical with equation (1), except that in the latter a is inclu 
in the constant k1. 

(d) Method of Expression of Rate of Absorption of Oxygen 
From what has been said above, it is clear that the rate of absorption . 

oxygen cannot be expressed by one number. It may be expressed by 
empirical equation containing three constants, but this makes comp 
between rates of absorption under different conditions very difficult. 
has therefore been thought advisable to express the rate of absorption as 

volume of oxygen (at N.T.P.) absorbed per gm. of cotton in certa purified n 
arbitrarily chosen times. For experiments at 40° C., 3, 6, and g hours, al 

for those at 6o °C., 1, 1.5 and 2 hours, have been chosen. 
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IV -THE VARIATION OF THE RATE OF OXIDATION WITH THE CO' 

CENTRATION OF THE SODIUM HYDROXIDE SOLUTION USED 
PREPARING THE SODA CELLULOSE 

(a) The Purification from Iron of the Cotton and Sodium Hydroxide 
It was found during the course of the work, as will be shown in Section 

that the presence of ferric hydroxide has a strong accelerating effect on 

oxidation of soda cellulose by oxygen, and it was therefore necessary 
remove iron as completely as possible from both the cotton and the soy'' 
hydroxide to be used. 
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In th The cotton employed (No. ro3R) was in the form of sliver, and had 
sodiva been boiled with 2% caustic soda solution for ten hours, at an excess 

1 r cc. d pressure of 37 lb. per square inch. It had not been acidified after soda - 
osorptis boiling, and its initial iron content was 0.0083 %. In order to remove the 
the othe iron as far as possible, 5o gm. of cotton was shaken for r. hours with r litre 
s volu of N/2 sulphuric acid solution, washed, and the acid treatment repeated. 
:ube, t After being washed to neutrality, the cotton was allowed to dry in the air. 
,pparat That this acid treatment had no appreciable hydrolytic effect on the cotton 
bsorpti was shown by the copper number and fluidity of the acid washed material, 
lunted f. which were 0.03 and 4.7 respectively. The final iron content of the cotton 
bsorptia was 0.00069 %. 
airs fro 

Sodium hydroxide usually contains an appreciable amount of iron, and 
)f absol1 

when a concentrated solution is prepared the iron dissolves as sodium ferrite. 

use of 
Two samples of sodium hydroxide made from sodium were obtained from 

ed in ti 
different sources, but their iron contents were little less than that of a sample 

ins be . 

described as " purified sticks." 
fount It was discovered during the investigation of the catalytic effect of 
n can I iron, to be described in Section V, that cotton immersed in concentrated 

sodium hydroxide solution strongly adsorbs this dissolved iron, and this 
property was accordingly used as the basis of a method of purification of 

0 sodium hydroxide from iron. A solution containing about 47 gm. of sodium 
hydroxide per roo gm. of solution was prepared from sodium hydroxide 

veloci " from sodium," which had an iron content of about o6 mg. per roo gm. 
s a c anhydrous sodium hydroxide. This solution was shaken with 2 gm. of acid- 
. If k, washed cotton per roo cc. for half an hour, the solution then decanted, 

and the cotton pressed on a Buchner funnel to remove as much of the 
solution as possible. Birtwell, Clibbens and Geake2 have shown that 
concentrated solutions of sodium hydroxide dissolve very little from even 
highly modified cottons, so that there is little danger of any cellulosic material 

inchu being dissolved in this treatment. After three successive treatments in 
this way, the solution was filtered through a No. 4 Jena fritted -glass filter 
on the filter pump to remove carbonate and fragments of cotton hairs. 
This filtration was extremely slow, so that during its progress it was necessary 

)rption to protect the solution from atmospheric carbon dioxide by means of soda - 
ed by lime tubes. The concentration of the clear solution was then determined by 
mpari. titration of weighed amounts with N- hydrochloric acid. Solutions of the 
Ficul required concentrations were prepared by weight dilution of this stock 
ion as solution, and the concentration checked by titration. The iron content of the 
n cert purified material was oo90 mg. per roo gm. anhydrous sodium hydroxide. 
ours, Later, a sample of specially pure sodium hydroxide with an iron content of 

028 mg. per roo gm. was obtained, and this was used as starting material for 
another preparation of purified sodium hydroxide by the above method. 

USED 
CO 

In this preparation the solution was treated with cotton five times, but the 
greater purity of the original material and the additional treatments only 

e resulted in a reduction of the iron content to oo6o mg. per roo gm. It is 
-section probable that the factor limiting purification is the iron content of the acid - 
.:ct on washed cotton, and if a raw cotton were specially selected for low iron 
essarr content, and purified entirely by laboratory methods, it is possible that even 
he so''' better purification of sodium hydroxide from iron might be obtained by the 

method described. 
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(b) Oxidation at 40° C 

Acid- washed cotton, 103R, of iron content o00069 %, was oxidised ai 

40° C. in the presence of sodium hydroxide solutions of various concentrations 
the iron content of the sodium hydroxide being oo90 mg. per zoo gm. Thi 

rate of absorption curves obtained with the various concentrations an 

given in Fig. 5, and they show that for concentrations of 5N and upward, 

the rate of absorption increases for some time and ultimately becomo 

o 

/ 5.00N. SODIUM HYDROXIDE 
2 7.37 
3 10.33 
4 12.72 
S 15.20 
6 2.50 
r 

40 °C. 

4 A 

H O U R S 

FIG. 5 

7 a io 

J 

appreciably constant ; in the portion of the curve for 2.5N sodium hydroid( 
solution shown, the constant rate has not yet been attained, but it va 

actually reached after about twelve hours. 

Fig. 6 and Table II show the variation of the absorption in 3, 6, and 

9 hours with the concentration of sodium hydroxide used in the preparatia 
of the soda cellulose. The absorption is very slow with 2.5N sodium 

hydroxide solution, and gradually increases in rate as the concentratia 
increases up to about ioN, above which concentration the rate falls o 

again. 

laaapyegnai 

( 

40° ( 

Concen- 
tration o: 
sodium 

hydroxid( 
solution 

(normality 

2.50 
5.00 
7.37 

10.33 
1272 
15.20 

In determining the value of this method of oxidation as a means o soda cellul 
preparing modified cotton, it is important to know whether the rate o it should tl 
9xidation is dependent on the closeness of packing of the soda cellulose cotton hair 
within the limits of compactness likely to occur in practice, since sud 

a dependence would affect the uniformity of the product. An experimem e) 
Oxi.datic 

was therefore made in which the soda cellulose, instead of being teased of Similar 
as usual, was compressed into the bottom of the bulb by means of a flat-end >' re shown 
glass rod. It was found that the rate of oxidation was not significant]: pid than 
different from that obtained with similar material well teased out. This aximum 

to be expected since under such compression the overall specific volume of ' n'um hyc 



of Cotten Impregnated with Sodium Hydroxide Solution- Davidson 

idised of 

ttrations 
m. Tht 

:ions an 

upwards. 

become 

io 

ydroxid 

t it VE 

;, 6, ai 

parati' 
sodi i 

.ntratia 
falls o 

35 

40 C. 

9 HOURS 

5 Io IS 

CONCENTRATION of SODIUM HYDROXIDE -NORMAL /TY 

FIG. 6 

Table II. 

40° C. Cotton 103R, acid -washed. Purified Sodium Hydroxide. 

Volume of 
oxygen Volume of oxygen 

Coucen- Mean absorbed at (cc. at N.T.P. 
tration of Pressure completion Duration Fluidity of per gm. 
sodium 

hydroxide 
of 

oxygen 
of experi- 

ment 
of 

experiment 
resultant 

oxy- 
absorbed in 

3 6 9 solution (mm. of (cc. at N.T.P. (hours). cellulose. 
(normality). mercury). per gram.) hours hours hours 

2.50 697 0.34 25.5 13.3 0.02 0.05 0.09 
5.00 698 1.32 10.8 30.9 0.24 0.64 1.07 
7.37 703 2.28 10.0 39.7 0.44 1.16 2.01 

10.33 711 2.93 10.2 45.9 0.58 P46 2.51 
12.72 707 2.63 10.0 45.4 0.55 P37 212 
15.20 726 2.21 10.0 41.8 0.50 P20 P95 

weans soda cellulose is still considerably greater than the true specific volume ; 

rate It should therefore be easy for the oxygen to penetrate between the swollen 
7,ellulos otton hairs. 
uce sud 

perimelt e) 
Oxidation at 60° C 

ased oa Similar data obtained with the same materials on oxidation at 6o° C. 

at -end ' e shown in Table III and Figs. 7 and 8. The absorption is much more 
tificantl; apid than at 4o° C., but the results are similar. Here also a well -defined 
This aximum in the rate of absorption of oxygen is obtained with about ioN 
ne of odium hydroxide solution. 
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t 60°C. 
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Table III. 
60° C. Cotton 103R, acid -washed. Purified Sodium Hydroxide. 

37 

Volume of Volume of oxygen 
Concen- Mean oxygen (cc. at N.T.P. 
tration Pressure absorbed at Duration Fluidity per gm.) 

of sodium of completion of of of absorbed in 
hydroxide oxygen experiment experiment resultant 

1 1.5 2 solution (mm. of (cc. at N.T.P. (hours) oxy- 
(normality) mercury) per gm.) cellulose hour hours hours 

2.50 634 0.96 6.8 22.2 0.06 0.10 0.17 
5.00 627 2.35 2.73 37.6 0.64 1.10 1.60 
7.37 649 3.05 2.43 45.3 0.87 P60 2.37 

10.33 674 3.28 2.03 46.8 P13 2.16 3.23 
12.72 696 2.89 2.13 46.6 P02 P81 2.67 
15.20 711 2.47 2.43 43.7 0.82 P38 1.96 

(d) Discussion of Results 
The rate of oxidation of soda cellulose is probably due to the combined 

effects of four separate factors, viz. (i) the reactivity of the cellulose, which 
, is known to be increased by swelling treatments ; (2) the concentration of -e- sodium hydroxide in the cellulose phase ; (3) the solubility of oxygen in 

soda cellulose ; (4) the rate of diffusion of oxygen in soda cellulose. These 
factors might be expected to lead to curves of the shape found when rate of 
oxidation is plotted against concentration of sodium hydroxide, the increase 
in the rate of oxidation up to a concentration of ioN being explained as 
due to the increase of reactivity that takes place at the onset of swelling 
(about 3N), and to the progressive increase in the concentration of sodium 
hydroxide in the soda cellulose. Meanwhile, the solubility and rate of 
diffusion of oxygen probably decrease gradually as the alkali concentration 
increases, and at concentrations above roN, they become the predominant 
factors, and so produce a diminution of the rate of oxidation. 

The magnitudes of the solubility and diffusion coefficients of oxygen in 
soda cellulose in relation to the rate of consumption of oxygen determine 
whether the oxidation is uniform throughout the material. Since oxygen 
has to diffuse into thé soda cellulose to replace that consumedby the oxidation, 
there must theoretically be an oxygen concentration gradient between the 
outside and the centre of the cotton hairs, and hence a corresponding variation 
in the rate of oxidation. If the diffusion process is sufficiently rapid, however, 
this difference in concentration, when a steady state has been reached, will 
be negligible. Hi1114 has discussed mathematically a process very similar 
to the oxidation of soda cellulose, viz., the diffusion of oxygen into tissues 
in which it is being used up at a constant rate by metabolic processes. He 
points out that for systems of small dimensions such as single nerve fibre 7µ \ thick, and with diffusion coefficients of the order of magnitude of those found 
for crystalloids in aqueous solutions, the process of diffusion is an extremely 
rapid one ; for example, he calculates that if such a nerve fibre were suddenly 
placed in oxygen, it would attain go per cent. of its full saturation with that 
gas in x0054 second. Where oxygen diffuses from a gaseous phase in which 
is concentration is maintained constant, into a cylindrical solid in which it 
is used up at a constant rate by metabolic processes, the fraction f of the full 

vAL /71 
saturation amount actually dissolved when the steady state has been reached 
s given by the equation : 
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f = i- ar /8ky; 
where a is the rate of consumption of oxygen (cc. at N.T.P. per cc. of tissau 

per min.), r is the radius of the cylinder (cm.), k is the diffusion coefficient 

(cm.2 /min.), and yo is the solubility of oxygen (cc. at N.T.P. per cc. of tissue) 

At 20° C., for a resting frog's muscle, a = 7 X Io -4, k = 4.5 x I0 -4, ya= 0.031 

for an oxygen pressure of i atmosphere ; hence for a cylinder of the radii 
of a swollen cotton hair (about io -° cm.), f = r- 6.3 X io -0, i.e., the gradient 

is negligible. Unfortunately, since the solubility and the diffusion coefficien 
! 

of oxygen in soda cellulose, or even concentrated sodium hydroxide solution, 
are not known, it is impossible to apply the formula to the oxidation of soda 

cellulose. It is known that crystalloids diffuse almost as fast in concentrated 
gels as in water, so that the diffusion coefficient of oxygen in soda cellulose 
probably not less than one tenth of that in water. The sole data found fa 

the solubility of oxygen in sodium hydroxide solutions extend only to oit 

solution, but the decrease of solubility with increasing alkali concentration 
within this range suggests that in soda cellulose made with concentrates 
solutions, the solubility of oxygen is very considerably less than in water. 

Nevertheless, the margin of safety is so large in the above example, that ii 

seems probable that even for the maximum rate of oxidation, which at 40 °C 

is about 4 times that used in the calculation, the concentration gradient ca 

be neglected. 

Table IV. 
Cotton 103R, acid -washed. Purified Sodium Hydroxide. 

Concentration 
of sodium 
hydroxide 
solution 

(normality) 

Rate of absorption of oxygen 
(c.c. at N.T.P. per gm. 

per hour) 

Temperature 
coefficient 
per 10° C. 

20° C. 40° C. 60° C. 20°-40° C. 40°-60°C. 

2.50 
5.00 
7.37 

10.33 
12.72 
15.20 

0.017 

0.042 

0.016 
0.143 
0.283 
0150 
0.317 
0.250 

0.197 - 3.51 
1.00 2.90 2.64 
1.58 - 216 
2.14 2.89 2.47 
1.72 - 213 
1.16 2.16 

In support of this conclusion, the temperature coefficient of the oxidatia 
of soda cellulose is of a magnitude characteristic of chemical reactions, ar 

greater than that ever found for diffusion. In Table IV, the rates of oxyge 

absorption, when the rate had become constant, are given for the varia 
temperatures and concentrations employed together with the derivn 

temperature coefficients. The latter are all greater than 1.5, which is aboi 

the limit for diffusion processes, so that they indicate that diffusion is m 

the predominant factor in determining the rate of oxidation. As the terni 

erature increases, the partial pressure of oxygen for a given concentrations 
sodium hydroxide decreases owing to the increase of the vapour pressor 

and the solubility coefficient of oxygen also decreases ; hence if rates call 

be compared for equal concentrations of oxygen in the soda cellulose, it 

temperature coefficients would be rather higher than those given. It 

table shows that the temperature coefficient decreases as the concentratir 
of sodium hydroxide increases, until at 15.2N it is 2.16. This suggests tlr 

at the highest concentrations, diffusion niay begin to exert an influencer 
the rate of reaction, and this suggestion is supported by two further obser, 
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tions. In the first place, with 15.2N sodium hydroxide solution, the rate of 
of tissau oxidation is at first about as fast as with io3N solution, but the increase of 

:oefficient rate due to consecutive reactions is much less than with the latter (cf. Figs. 
)f tissue). 

5 and 7). Secondly, as will be shown in Section V, the rate of oxidation of 
ó =0.031 soda cellulose prepared with 15.2N solution cannot be much increased by a 
he radio catalyst that has a great effect at lower concentrations. Both these 

gradient observations suggest that at the beginning of the reaction the oxidation is 
:oefficiem proceeding almost as fast as the rate of diffusion of oxygen will allow. 
solutions Weltzien and zum Tobe128,29 found maximum rates of oxidation at 
n of soda concentrations of about 6.5N and 8.5N for soda celluloses prepared from 
t:entrated cotton yarn and cuprammonium rayon respectively. Their curves are not 
fflulosel strictly comparable with those in Fig. 8, since they measure the rate of 
found fo oxidation by the absorption in 24, 48 and 72 hours, and the highest absorp- 
ly to al tions shown in Fig. 8 are those in 2 hours. If, however, Weltzien and 
entratio: zum Tobel's results for 24 hours are divided by 12, comparison with those 
7:entratei for 2 hours in Fig. 8 shows that their absorptions at low concentrations 
in water are much greater, and at high concentrations much less, than those 
e, that i found in the present work. A possible explanation of this discrepancy 
at 40 °C is to be found in the inadequacy of their experimental technique. In 
dient ca their apparatus the bulb containing the soda cellulose was at 6o °C., while 

the gas measuring apparatus was at room temperature. In order to prevent 
distillation of water from the soda cellulose into the gas measuring apparatus 
the bulb was surmounted by a condenser. As a result of this arrangement 
there would always be a certain amount of moisture from the soda cellulose 

lre condensed in the condenser, and, consequently, the concentration of sodium 
hydroxide on the cotton would always be higher than it was supposed to be ; 

this provides at least a partial explanation of the differences found. 
D°-60°C 

V -THE CATALYTIC EFFECT OF IRON 
3.51 (a) Introductory 
2.64 
2.36 In the first experiments a soda -boiled cotton in the form of sliver (73R.) 
2.47 was used without previous treatment. This cotton had not been acidified 
2.33 after soda -boiling, and therefore contained both iron originally present in the 2.16 

raw cotton, and iron introduced during soda -boiling in an iron kier. It was 
oxidatin 

found that acid -washing, which removed most of the iron, considerably 
reduced the rate of oxidation of soda cellulose made from the cotton, and :ions, 

' hence the importance of the iron content of the cotton was recognised. This of vxyoa 

vario had been previously observed by Wilson10,91, who states that the e 
den addition of oi per cent. of ferrous oxide increases the rate of air oxidation 

is abo. 
of soda cellulose four -fold. 

ion is n. During the oxidation at 40° C. of soda cellulose made from cotton to 
the terni 

which ferric hydroxide had been added in sufficient quantity to colour the 
tration Soda cellulose, it was noticed that with concentrations of sodium hydroxide 

pressun ° 
IoN and upwards, the colour due to the ferric hydroxide gradually dis- 

>tes co appeared, leaving the soda cellulose white. This was evidently due to 
solution of the ferric hydroxide in the sodium hydroxide solution. Löw18, and ulose, 

° an Bemmelen and Klobbiel observed that hot concentrated sodium ren. 
entrati hydroxide solutions dissolved appreciable quantities of ferric hydroxide, 

while 

iuence 
oluti nu of sodium hydroxide containing ferric hydroxide inosuspensilon,tan 

r obsen appreciable quantity of iron passed into solution without colouring the liquid. 
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This he attributed to the formation of sodium ferrate. Haberl2 has shown 

however, that the substance formed is in the same state of oxidation as ferric 

hydroxide, and terms it sodium ferrite, NaFeO2. A characteristic reaction 

of solutions of sodiúm hydroxide containing sodium ferrite, according tc 

Haber, is that they give a red coloration with sodium sulphide ; soda cellulos 

containing ferric hydroxide which had been decolorised by keeping at 40°c 
responded to this test. If the decolorised soda cellulose is washed with water, 

the brown colour of ferric hydroxide gradually returns, evidently due tc 

hydrolysis of the ferrite. That oxygen is not essential to this solution o' 

ferric hydroxide in concentrated caustic soda solution was shown by keepiro 

the soda cellulose, coloured by ferric hydroxide, in an atmosphere of nitrogen 

at 40° C., when decolorisation took place as before. 
A solution containing 6.7o mg. of iron per roo gm. of sodium hydroxide 

was prepared by adding a few drops of ferric chloride solution to roo cc 

15.2N sodium hydroxide solution, keeping the solution at 4o° C. for 24 hour 

and filtering through a fritted glass filter. This solution was colourlea 

and gave a deep red coloration with 20 per cent. sodium sulphide solution 

When cotton was immersed in it, it was noticed that much of the iron u 
adsorbed by the cotton. This observation suggested that small amounts 
iron in the sodium hydroxide solutions used to make soda cellulose might 
very important when concentrated on the cotton in this way, and experimen 
showed that after acid - washed cotton had been steeped in concentrat 
solutions of sodium hydroxide made from " purified sticks," it contained 
easily detectable quantity of iron. As a result of quantitative experiment 
in which rgm. of cotton was steeped for half an hour in about 5o cc. of i 

solution made from " purified sticks " containing o7o mg. iron per roo gin 

it was found that about 5o per cent. of the iron present was adsorbed byt 
cotton. The considerable effect of the iron content of the sodium hydro 
used in preparing soda cellulose on its rate of oxidation will be shown in 

sequel. 
(b) Variation of the Rate of Oxidation of Soda Cellulose with its Iron Conk 

In order to find how the rate of oxidation of soda cellulose vars 

with the iron content, a series of experiments was made in which so Cotton 

celluloses, prepared from cotton to which various amounts of ferric hydra 
had been added, were oxidised at 40° C. The concentration of soli. 
hydroxide was ro33N in all the experiments. The iron was added ` -- 
steeping the cotton in a solution of ferrous sulphate of suitable concentrati 
and N /ro in sulphuric acid, and centrifuging. The cotton was then steel, 

in N/5 sodium hydroxide solution, exposed to the air for a few minutes: 
allow the ferrous hydroxide to be oxidised to the ferric state, and t 

thoroughly washed with distilled water. 
The results obtained are given in Table V, while Fig. 9 shows how 

absorption of oxygen per gm. of cotton in 3 and 6 hours varies with the ir. 

content. A small correction to the iron content of the cotton is made for 

iron adsorbed from the sodium hydroxide solution, on the assumption t 

5o per cent. of the iron present in the solution is adsorbed. 
The results show that the rate of oxidation of soda cellulose incr 

rapidly with increasing iron content when the iron content is small, but t 73x2 

the effect of further addition gradually becomes less and less. The steep 

of the curves at low iron contents suggests that if total absence of iron c 

be obtained, the rate of the oxidation might be still further reduced. 
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Table V. 
40° C. 10.33 N Sodium hydroxide solution. 

Cotton ;/o Iron 

Volume of 
oxygen 

absorbed at 
completion of 

experiment 
(cc. at N.T.P. 

per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
oxy- 

cellulose 

Volume of oxygen 
(cc. at N.T.P. 

per gm.) 
absorbed in 

3 hours 6 hours 

103R 0.0010 2.23 8.0 41.2 0.50 1.51 
0.0010 3.03 10.0 47.4 0.54 1.51 
0.0010 1.62 6.2 39.7 0.55 F54 
0.0012 2.93 10.2 45.9 0.58 F46 
0.0040 3.17 9.0 521 0.69 1.88 
0.0040 215 7.0 48.7 0.72 F92 
0.0040 1.69 5.5 45.3 0.69 F90 
0.0044 2.31 6.5 45.4 0.75 2.07 
0.0117 2.41 6.4 47.4 0.81 2.21 
0.0192 214 6.0 47.4 0.85 214 
0.043 2.79 6.3 49.8 0.92 2.60 
0.070 2.34 5.5 46.6 0.94 2.65 
0.074 2.94 6.5 50.6 0.92 2.64 
0.084 214 61 41.2 0.94 2.65 
0.143 3.00 6.0 491 F04 3.00 

73R2 0.0048 2.56 7.4 - 0.72 P96 
0.011 2.80 7.1 47.2 0.77 2.23 
0.082 0.99 3.0 - 1.00 - 
0.082 3.01 6.5 - 0.98 2.74 
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Io3R:Aclo WASHED: PURIFIED SOOiUnA HYDROXIDE 7 OIIS/°Ì'IANGgN[ /- COT TON 2- . 
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(c) The Effect of Added'Iron with Various Concentrations of Sodium Hydrosiäe 

In order to find the catalytic effect of a given iron content on the rater 
oxidation of soda cellulose for different concentrations of sodium hydro ik 

experiments were made in which samples of cotton Io3R to which had 
added 0.074 per cent. iron were impregnated with sodium hydroxide soluti 
of various concentrations, and oxidised at 40° C. The results are giveoch 

Table VI, and the absorptions in 6 hours are included in Fig. ro. 

Table VI. 

40° C. Cotton 103R, iron content = 0'074% 

Volume of 
Concen- Mean oxygen 
tration Pressure absorbed at 

of sodium of completion of 
hydroxide oxygen experiment 
solution (mm. of (cc. at N.T.P, 

(normality) mercury) per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
o ey *- 

cellulose 

Volume of ox gi 
(cc. at N.T.t 

per gm.) 
absorbed ño 

3 hours 6 uu 

2'50 686 221 
5.00 711 1.98 
7.37 705 2'50 

10.33 717 2'94 
12'72 713 2.28 
15'20 713 1'54 

25.6 
6.5 
6.5 
6.5 
6.5 
6.5 

35.4 
41.8 
46.0 
50.6 
46.6 
41.3 

0'07 
O'58 
0'73 
0'J2 
tl'76 
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effect of the iron is relatively greatest at the low concentrations of sodium 
hydroxide, and causes the maxìmtun in the rate of absorption- concentration 
curve (Fig. 1o) to be more pronounced than it is with purified materials. 

As previously mentioned, with solutions of concentrations of mo 33' 
and upwards the brown colour imparted to the soda cellulose by the ferric 
hydroxide ultimately disappeared during the oxidation. This has been 
shown to he due to solution of the ferric hydroxide as ferrite in the sodium 
hydroxide solution, so that during a considerable portion of the time 
of oxidation the catalyst was sodium ferrite and not ferric hydroxide. In 
to experiments the soda cellulose made with 10.33\' solution was kept in 
an atmosphere of nitrogen at 4o`°' C. until the brown colour had disappeared, 
and then oxidised in the usual way ; the rate of oxidation was found to be the 
saine as when the oxidation was started with the iron present as ferric 
hydroxide. Thus it appears that at concentrations of ro33X and upwards 
the catalyst is sodium ferrite and not ferric hydroxide. With lower con - 
centrations of sodium hydroxide, the ferric hydroxide is not completely 
dissolved dunning the course of the oxidation. That sodium ferrite, adsorbed 
from caustic ocada. solution by acid - washed cotton, has a catalytic effect at 
these concentrations will be shown in the next sub -section, but it cannot be 
determined whether the undissolved ferric hy roxide contributes to the 
effect obsierved when iron is present in h: - -ms. 

id) oxidation of Acid-Washed Cotton (103 R a 

Hydroxide Solutions not Purified from I r 

A series of experiments was made 
impregnated with stadiunn hydroxide solutions 
sodium hydroxide described as °" ; sitkicks .: " 

of no mg- iron per mxo,w. of the ydf>rtryus The -solutions used 
were of the same teolmcevnitrattitoan. as bef{ri(re and the tion was done at 

-lydrosili {o° and fico' ((_°.. The results obtained are given in Tables VII and_ VIII, 
he rated while the absorptioums ün fl hours at 4o' C. and in 15 hours at Ifio" C. are 
iydroxiifá included in Figs. ro amad a>L mespecitïivelly, 

had ber 

Irnl:regmated with Sodium 
r. 

n1 t nn ai 

--v ashed cotton lo;,R 
red from a sample of 

" 1' 'mg an iron content 

tú, 

solutio 
>tl° 

given 
jo. l@. 

Table `17I. 
. Callow 1113 "'::,, latid washed. sum '+y;droxida: not iurá.ßet0 from #Fon, 

of ox5a 

gm. ) 
rbed ice 

p2D 

1fiP 

2"diii 

21i,d1 

110 

Concen- 
tration- 

of sodnIDlaM 

hydrraxiiile 
solution 

;normality)) 

2501 
5-001 
ú..;l'ú 

10 -:13s 
11-48 
12-7v 
15 -20 

Q'(mlhu>mm& uJ 
.11,11+.CläIInl (r.ntEnD 

1P'ataananamurt .aAs.áalFu;sdl not 
off !fikolLaIIgilS.tli(tìriat «Pf 

taa$ÿ!.fna teswerïifmw.ltitit 
{(wnuam.. twff ((tete.. aút 1,1.:7C,Iv. 

mav.zntea¢tat) pear g;taw. jj 

lLutuuráutüa,,m 

,rut 

exp_einúnwemt 
((thnciaaor,,;)) 

7í?lhulüatiíiity 

RDIt 

Q"w0(wuooe wt oxvjgena 
((ic6. alt 

lkeruttei 
fl äua 

rr,tatrwOttatoat 

çtedlhtidh« lhlariult« }beotmu:;; 

9 
Ixw(wra 

10'1 111(10f2 ItiAI 6t'15 
:41kvotii 111)`26 Ilú ¡fQ 1'17 
-mtT;:,n g». :14 11':;ñ:ä 210 
;2.1 0010 11- b :31'tl.s3 

uF 00J72 1101 
-12. IWg6) 1*2 ((:3>U);.f)) 

;ir.L':1; 0'51 1.45ii 2'11 
. 
((ltlhte ukganrte iba ltaar':aa(ells60 üs ttxcttirw»kitt.A.)) 

luu Ave tentoriitimdf§ Ole iiirRallta amIítog of it í11e §6614 tdlesnkil.a (asta tllbe 
concenhratiiam of Ale odium oknutiitranx tint,osìl i4 Awe 
the n norce dilate siviItu>ttixm, co-ntaliuA111at§ die ,inoemtaifrrattedl: 



44 II -The Oxidation by Gaseous Oxygen of Co 

Table VIII. 

60° C. Cotton 103R, acid washed. Sodium hydroxide not purified from ire 

Concen- 
tration 

of sodium 
hydroxide 
solution 

(normality) 

2.50 
2.50 
5.00 
7.37 

1013 
1212 
15.20 

Mean 
Pressure 

of 
oxygen 
(mm. of 

mercury) 

Volume of 
oxygen 

absorbed at 
completion of 

experiment 
(cc. at N.T.P. 

per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
oxy- 

cellulosp 

614 1.93 67 31.9 
621 1.38 5.0 26.5 
616 3.23 2.42 44.1 
631 3.44 2.02 47.9 
669 3.43 1.62 49.7 
679 3.34 2.02 49.9 
694 2.37 222 44.3 

Volume of oxygen 
(cc. at N.T P, 

per gm.) 
absorbed in 

1.0 
hour 

1.5 
hours 

*repot, 

e) Oxidal 
Hyd 

As pre 
cotton c 
hydroxide 

specially 

and the c 

sentative 

0 h2 
the mater 
st 40° C., 

0'1 oxygen it 
21110 and r 

3'94 

(4'4( 40° 
3.11 

2.0 

0.10 
0.11 
0.92 
1.41 
113 
1.36 
0.94 

0.21 
0.21 
1/1 
2.41 
3.10 
214 
1.53 

4 

(The figure in brackets is extrapolated.) 

/ COTTON 103R:ACID WASHED :P URIFIED NaOH 
2 ü y UNPURIFIED " 

73RZUNPURIFIED NaOH 

60°C. OXYGEN ABSORBED IN /5 HOURS 

CONCENTRATION of SODIUM HDROX IDE -NO4MAL /TY 

FIG. II 

The catalytic effect of iron is evident at all concentrations, and at b 

temperatures. At 40° C., the maximum rate occurs at a slightly big 

concentration than was found for the purified cotton and sodium hydra 

Concen- 
tration 

of sodium 
hydroxide 
solution 

(normality; 

2.50 
2.50 
5.00 
5.00 
7.37 
7.37 

1013 
10.33 
1272 
1272 
1520 
1520 

60° 

Concen- 
tration 

of sodium 
hydroxide 
solution 

(normality, 

2.50 
2.50 
5.00 
5.00 
7.37 
7.37 

1013 
10.33 
1212 
1212 
15.20 
15.20 
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(e) Oxidation of Cotton 73R2 (not acid -washed) Impregnated with Sodium 
Hydroxide Solutions not Purified from Iron 

As previously stated, the first experiments made were with a soda -boiled 
cotton No.73R2, which had not been acidified after soda -boiling, and sodium 
hydroxide solutions prepared from " purified sticks," which had not been 
specially purified from iron. The cotton contained o'oo7o per cent. iron, 
and the caustic soda o'7o mg. per ioo gm. The data are included as repre- 
sentative of results obtained when no special precautions are taken to free 
the materials used from iron. Table IX gives the results of the experiments 
at 40° C., while Table X gives similar data for 6o° C. The absorptions of 
oxygen in 6 hours at 4o° C. and r5 hours at 6o° C. are included in Figs. 
to and II respectively. 

Table IX. 
40° C. Cotton 73R2. Sodium hydroxide not purified from iron. 

Concen- 
tration 

of sodium 
hydroxide 
solution 

(normality) 

Mean 
Pressure 

of 
oxygen 
(mm. of 

mercury) 

Volume of 
oxygen 

absorbed at 
completion of 
experiment 

(cc. at N.T.P. 
per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
oxy 

cellulose 

Volume of oxygen 
(cc. at N.T P. 

per gm. 
absorbed in 

3 
hours 

6 
hours 

9 
hours 

2.50 700 1.93 33.0 34.1 0.10 0.22 017 
2.50 674 F54 30.0 3P4 0.09 0.19 013 
5.00 705 2.69 1P5 411 0'42 1.10 F95 
5.00 688 2.00 9.2 39.6 0.40 F12 F95 
7.37 696 2.63 8.0 42.6 0.65 1.81 (3.05) 
7.37 693 2-87 9.0 42.1 0.58 P66 217 

10.33 726 318 8.0 47.2 015 211 (311) 
10.33 726 3.35 8.0 47.3 016 213 (319) 
12.72 710 2.63 8.0 0.65 F80 (314) 
12.72 729 2.67 8.0 48.1 0.67 P84 (3.07) 
15.20 716 2.14 9.0 411 0.51 P32 2.14 
15.20 715 1.86 8.0 42.4 0.55 113 (2'13) 

(The figures in brackets are extrapolated.) 

Table X. 
60° C. Cotton 73R2. Sodium Hydroxide not purified from iron. 

Concen- 
tration 

of sodium 
hydroxide 
solution 
normality) 

i5 
2/ 771 

d at boli 

tly bight 

iydroxidc 

2.50 
2.50 
5.00 
5.00 
7'37 
7.37 

1013 
10.33 
12.72 
12.72 
15.20 
15.20 

Mean 
Pressure 

of 
oxygen 
(mm. of 

mercury) 

Volume of 
oxygen 

absorbed at 
completion of 

experiment 
(cc. at N.T.P. 

per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
oxy- 

cellulose 

Volume of oxygen 
(cc. at N.T.P. 

per gm.) 
absorbed in 

PO 
hour 

1'S 
hours 

2.0 
hours 

615 1'85 3'25 321 0.29 0.58 014 
614 3.29 5.25 - 0.27 0.54 017 
636 3.54 215 44.4 1'36 2.40 3.44 
626 3.57 215 - l'34 219 3.46 
648 3.43 P63 461 l'80 318 (4.38) 
643 3.49 P63 - 1-85 3.14 (4.43) 
675 3.70 P43 49'1 210 (312) (5.51) 
670 3.56 P43 - 2.17 (3.78) (5.40) 
688 3.49 1.83 48.0 l'65 2.75 (316) 
688 3.40 P83 - l'58 2.66 (3.77) 
705 3.36 3.03 42-1 0.95 1'56 2.15 
715 . 3.43 2.93 - l'00 l'63 2.25 

(The figures in brackets are extrapolated.) 
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The effect of the extra iron in the cotton is to increase the rates 
absorption at both 40° and 60° C. over those observed with acid -wash 

cotton Io3R, and the same sodium hydroxide. At 4o° C., the two con 

are almost coincident at the highest concentrations (Fig. ro), while at 60° 

the increase in rate at these concentrations is small. 
(f) The Effect of the Iron Content of the Sodium Hydroxide 

In Table XI are collected the data obtained from the oxidation at 40° 

of soda cellulose made from acid- washed cotton (io3R) and Io33N sodi 

hydroxide solutions prepared from samples of sodium hydroxide of vario 

iron contents. The results show the importance of small amounts of i 

in the caustic soda used for the preparation of soda cellulose. 

Table XI. 
40° C. Cotton 103R, acid washed. 10.33 N sodium hydroxide solution, 

Description of sodium hydroxide 

Iron 
content of 

sodium 
hydroxide 

mg. /100 gm. 

Mean 
Pressure 

of oxygen 
(mm. of 

mercury) 

Purified from iron in laboratory 0.09 711 
" From sodium " ... 0.51 709 
" Purified sticks " 0.70 720 

Contained added iron 6.70 
1 6.70 

700 
720 

pregnate 

005 per 
ycollic a 

As ste 
tainint 

'th conc 
it is in 

on obtai 
ium h3 

ydroxide 
tremely 

est, by cc 

'th that 
phate 

Rained e 

he metho 
Volume of oxygen rim of a c 

(cc. at N.T.P. elution n per gm.) absorbedi 

3 6 9 

hours hours hoeen The eff 

0.58 P46 2.51 
f soda a 

1:8747 

_ acid 
00 .69 

66 7 
398 oN sodi 

0.87 2.49 - e nick 0.85 2.43 

(g) Estimation of Iron 
The iron content of the sodium hydroxide solutions was determined 

the colorimetric method with thioglycollic acid, developed by Jones.16 It 

expressed in mg. of iron per loo gm. of the anhydrous substance. Wi 

the purified solutions, the iron content was too small to be determin 
directly in the solution obtained by neutralising the sodium hydroxi 
solution with 20 per cent. hydrochloric acid solution, so it was necessary!. 
concentrate the iron before estimation. Three cc. of a solution of ammoni 
alum containing i gm. A1203 per litre was added to the neutralised solution 

and the aluminium and ferric hydroxides precipitated by the addition 
ammonia. The precipitate was filtered off, washed and dissolved in iron -fre 

hydrochloric acid, and the usual procedure for the determination of iron 

the thioglycollic acid method continued. As the final solutions for colo 

metric comparison contain ammonia, the aluminium was precipitated 
interfered somewhat with the comparison. In order to avoid this difficult); 

the solution was centrifuged and an aliquot part of the supernatant liq 

pipetted out for comparison with the standard iron solution. The validi . 

of this procedure was confirmed by means of experiments with knoot 

quantities of iron. 
The iron content of the cotton samples was determined by one of t 

different methods according to its magnitude. If the cotton contain 
more than ooo5 per cent. iron, the iron content was determined by t 

method described by Ridge, Parsons and Corner, 22 in which the iron solution, 

reduced to the ferrous state by means of magnesium, is titrated with ivy 

potassium dichromate solution in a micro -titration apparatus, diphenylan is 

being used as an internal indicator. When the iron content was less th 

a solui 
ntrifugir 
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ight of 
tial absc 
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005 per cent., it was determined by the colorimetric method with thio- 
ycollic acid. 

As stated by Haber,12 concentrated solutions of sodium hydroxide 
staining sufficient iron dissolved as ferrite, give a deep red coloration 
'th concentrated sodium sulphide solutions. If the iron co ntent is small 
it is in sodium hydroxide solutions not containing added iron, the colora- 

ion obtained is golden yellow, and this provides a good test for iron in 
dium hydroxide solutions when other heavy metals are absent. Sodium 
ydroxide solution purified from iron as previously described gave only an 
xtremely faint coloration. The reaction has also been used as a quantitative 
est, by comparing the colour given by the solution of unknown iron content 
ith that obtained by adding a known amount of a standard ferric ammonium 
ulphate solution to the purified sodium hydroxide solution. The results 
btained agreed well with those found by the thioglycollic acid method, but 
he method has the disadvantages that the sodium hydroxide must be in the 
orm of a clear concentrated solution, and that the iron content of the purified 
lution must be determined by another method. 

VI -THE CATALYTIC EFFECT OF NICKEL 
The effect of the presence of nickelous hydroxide on the rate of oxidation 

f soda cellulose was determined at 40° C., with soda cellulose prepared 
om acid -washed cotton (Io3R) containing oo7 per cent. nickel, and 
0N sodium hydroxide solution made from purified sodium hydroxide. 

e nickel was added by steeping a weighed amount of cotton 
a solution of nickel sulphate (NiSO4,7H2O) of known concentration, 

entrifuging until about 5o per cent. of solution was retained, weighing and 
-drying. The amount of nickel on the cotton was calculated from the 
fight of solution retained, on the assumption tliat there was no prefer - 
tial absorption of nickel, and is therefore to be regarded as approximate. 

rate of absorption of oxygen by soda cellulose containing nickelous 
ydroxide is given in Table XII, and compared with the rate for purified 
aterials. The curve for one of the experiments is included in Fig. 12. The 

Table XII. 
40° C. 5.0 N Sodium hydroxide solution. Cotton 103 R. 

, Nickel 

Volume of 
Mean oxygen 

Pressure absorbed at 
of completion of 

oxygen experiment 
(mm. of (cc. at N.T.P. 

mercury) per gm.) 

Duration 
of 

experiment 
(hours) 

Fluidity 
of 

resultant 
oxy- 

cellulose 

Volume of oxygen 
(cc. at N.T.P. 

per gm.) 
absorbed in 

3 6 
hours hours 

o 

007 
007 

698 1.32 
681 1.23 
698 1.25 

10.8 
6.5 
6.6 

30.9 
33.2 
35.9 

0.24 0.64 
0.42 P12 
0.43 1.10 

is show that nickel has a considerable catalytic effect on 
ugh much less than that of an equal amount of iron 

ditions. 

with /9 
VII -THE CATALYTIC EFFECT OF COPPER 

enyl. ' k The effect of copper on the rate of oxidation of soda 
less 'mined under conditions similar to those used for nickel 

the oxidation, 
under similar 

cellulose was 
. The copper 
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was added to the cotton by steeping the latter in a solution of copper sulpha 

centrifuging and steeping in N/5 sodium hydroxide solution to precipitai 

the cupric hydroxide. The cotton was then washed with distilled wate 

and air- dried. The copper content was determined by the micro -methe 

described by Brownsett, Farrow and Neales, which depends on the catal}i 

effect of traces of copper on the reaction between sodium thiosulphate 
hydrogen peroxide. 

Cupric hydroxide is soluble in concentrated sodium hydroxide solution 

to an extent that depends on the concentration of the alkali. It is therefor 

probable that some, at least, of the cupric hydroxide on the cotton is dissolvt0 

in the 5oN sodium hydroxide solution during steeping. It has bee; 

observed, however, that copper hydroxide dissolved in concentrated causi 

soda solution is very strongly adsorbed by cotton, so it is unlikely that mug 

copper is lost during the preparation of the soda cellulose. 
The results obtained for the rate of oxidation of soda cellulose in the presei 

of oo76 per cent. copper are given in Table XIII, and one curve showingit 
course of the absorption is included in Fig. 12. The catalytic effect is lei 

than that of nickel in the early stages of the oxidation, but the increase 
rate of absorption due to consecutive reactions is greater than that vri 

nickel, so that the catalytic effect of copper ultimately becomes the greater) 

Table XIII. 
40° C. Cotton 103R. 5.0 N Sodium hydroxide solution. 

% Copper 

0.076 
0.076 

Volume of 
Mean oxygen 

Pressure absorbed at 
of completion of 

oxygen experiment 
(mm. of (cc. at N.T.P. 

mercury) per gm.) 

698 1.32 
702 1.39 
698 1.41 

Duration 
of 

experiment 
(hours) 

10.8 
7.0 
6.9 

Fluidity 
of 

resultant 
oxy- 

cellulose 

30.9 
35.5 
33.7 

Volume of oxygn 

(cc. at N.T.P. 
per gm.) 

absorbed in 

3 6 

hours houn 

0.24 
0.31 
0.33 

5.0) 

6 l' 

VIII -THE EFFECT OF MANGANESE 7 01I 

Acid -washed cotton (Io3R) was impregnated with manganous sulpha B 

by steeping in a solution of the latter and centrifuging. It was then immerur 

in N/5 sodium hydroxide solution, exposed to the air for a few minute 

whereby the manganous hydroxide first formed was oxidised to hydrate 

manganic oxide, MnO(OH). The cotton was then thoroughly washed rih 

distilled water and air dried. The manganese content was determined VA 

the colorimetric method of Willard and Greathouse$ °, in which the mangaua 

is oxidised to permanganate by means of potassium periodate. 
The rate of oxidation at 4o° C. of soda cellulose prepared from cot* 

containing manganese and purified 5N sodium hydroxide solution el, 

determined as for nickel and copper. It was found that instead à 

accelerating the oxidation, as the other metals had done, manganese h 

the effect of greatly reducing the rate of absorption of oxygen. For examP 

the oxygen absorption in 9 hours at 4o° C was only about one -twelfth of t12 

in the absence of manganese. In view of this result, further experimef 

with other concentrations of sodium hydroxide and two samples of cotta 
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th different manganese contents were made. The results obtained are 
ven in Table XIV, and the rate of absorption curves for a manganese 
entent of o115 per cent. are shown in Fig. 13. There is little difference 
tween the rates of oxidation of cottons with manganese contents of o051 
r cent. and oi15 per cent. With 737N sodium hydroxide solution, the 
otective action of the manganese is considerable, the absorption in 9 hours 
the presence of manganese being only 23 per cent. of that in its absence. 

066c tt a concentration of ro33N the oxidation is at first slower with manganese 
resent than without it, but as the oxidation prcfeeds the rate increases 
til ultimately the manganese exerts a positive catalytic effect. When 

oo M 5.2N sodium hydroxide solution is used in the preparation of the soda 
066° llulose, the presence of manganese has a slight accelerating influence 

roughout the course of the oxidation. 
The absorptions of oxygen in 6 hours at 4o° C. by soda cellulose made 

in the cotton containing 0.115 per cent. of manganese and caustic soda 
a lutions of various concentrations, are also included in Fig. io. 

dMV'm 

oo° 
<ncoom 
4f,1XOän 

/ COTTON 103R :0.0008°°Fe:5N Na.OH 
2 » " 0001 % e :103N 
3 73R2 : 00I12°,Fe » 

q u 103R :0.159%Fe " " 

Doom 
d4CDo 

M'+.+o MM^ hhl` 

IO 20 30 40 50 60 

HOUR S 

FIG. 14 

IX -THE RATE OF OXIDATION OF SODA CELLULOSE AT 20° C. 

As the absorption of oxygen by soda cellulose is very slow at the ordinary 
mperature, few experiments have been done. Table XV and Fig. 14 give 
e results obtained in several isolated experiments at 2o° C. The iron 
intent given is the sum of the iron content of the cotton and the calculated 

unt of iron absorbed from the sodium hydroxide solution used in 
reparing the soda cellulose. 

70 80 
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The rate of absorption curves show the usual increase of rate near tlt e preser 
beginning of the oxidiation, and the catalytic effect of iron is well mark 13R imp 
The volume of oxygen absorbed in 48 hours in these experiments is equal orbed i 

that absorbed in 5 -6 hours at 40° C by soda cellulose made from these d then 
materials so that the rate of oxidation at 20° C. is only about one -ninth e time 
that at 40° C. der the 

X -THE EFFECT OF PREVIOUS SWELLING OF COTTON ON ITS RATED -THE 

G OXIDATION BY OXYGEN IN THE PRESENCE OF 2.5N SODI 
HYDROXIDE SOLUTION In orC 

It is well known that cotton that has been treated with sodium hydroxi, xygen 
in 

solution more concentrated than about 3N, and then washed and chi 
study 

acquires an increased reactivity as regards many properties characteris' ydroxide 
of cellulose, such as, for example, absorption of moisture24,25 and dyestuffs,' 

provide 
ae rate of oxidation by alkaline hypobromite2, rate of hydrolysis by acids, ohthose 

preferential absorption of sodium 20, 26 and barium hydroxides21, and 
, c theory copper from dilute solutions of cuprammonium hydroxide . It was the 

theory 
aky c fore thought probable that cotton that had been previously swollen vi 

Ia all t concentrated sodium hydroxide solution would show an enhanced rate 
ace the a oxidation by oxygen in the presence of sodium hydroxide solution n aced 

o 
e sufficiently concentrated to produce swelling, and that the increase of rai. a ce of oxidation would vary with the concentration of sodium hydroxide 

in the preliminary swelling, as other measures of the reactivity of " swollen per eel 

cotton have been found to do. rä°11 of 

The effect of previous swelling on the rate of oxidation was investigai'llulose 
w 

with materials prepared as follows. Acid -washed cotton (ro3R) was steep, 'then 
in sodium hydroxide solutions of concentrations of 5N and upwards I 

tilled w. 

half an hour, washed with 15 per cent. common salt solution to prev ' I Fluidit3 

the transient swelling that takes place when cotton in equilibrium sii. The flu 
concentrated sodium hydroxide solution is washed with water,12,20 was thod of 
with N /Io sulphuric acid to remove traces of iron adsorbed from the sodi dities o 

hydroxide solution, and finally washed to neutrality with distilled wat;'ve been 
After air -drying, the samples were impregnated with 2.5N sodium hydros ord the 
solution and oxidised at 60° C. in the usual way. Table XVI gives i re made 
results obtained, expressed as the ratio of the volume of oxygen absorbed idity of 

Table XVI. 

Concentration of sodium hydroxide in 
swelling solution (normality) ... ... . - 5.00 7.37 10.33 12.72 

Relative rate of oxidation in the presence 
of 2.5N sodium hydroxide solution ... 1.00 2.09 2.20 2.42 2.56 

"lluloses 

about 
terials. 

tan iron, 
5, On iron, 

trifled frc 
2' d ro33T 

pective 

5 hours by the previously swollen cotton, to the corresponding absorpu ' orption 

by the cotton when not previously swollen. The results show that the ra 'd also in 
of oxidation by oxygen in the presence of 2.5N sodium hydroxide solut' 'p for sr 

is a measure of the reactivity of cotton that has been previously swollen. i the cur 
Comparison of the results in Table XVI with those in Table III shi''' um hyc 

that oxidation at 6o° C. is much more rapid if cotton is oxidised in the prose 'sorption 

of a given concentration of sodium hydroxide, than if it is previously swo tained fi 

with sodium hydroxide solution of that concentration and then oxidised solutior 
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e presence of 2.5N solution. For example, in the oxidation of cotton 
13R impregnated with 1033N caustic soda solution, 3.23 cc. per gm. are 
bsorbed in two hours ; if the cotton were first swollen with zo33N solution 
d then oxidised in the presence of 2.5N solution, the absorption in the 

e time would be only about o41 cc. per gm., or about one eighth of that 
der the former conditions. 

-THE PROPERTIES OF OXYCELLULOSES PREPARED BY OXIDATION 
OF SODA CELLULOSE BY OXYGEN 

In order to investigate the effect on cotton of oxidation by gaseous 
nygen in the presence of sodium hydroxide solution, the properties selected 
r study were the fluidity of solutions of the oxycellulose in cuprammonium 
ydroxide solution and the copper number. The former was chosen because 
provides the most generally useful measure of the degree' of chemical 
edification of cotton, and the latter in order to compare the oxycelluloses 
'th those produced by the action of alkaline hypobromite solutions, for which 
theory of consecutive reactions, similar to that suggested in Section III, 
d already been put forward.$ 
In all the oxidations, when the required absorption of oxygen. had taken 

ace the apparatus was removed from the thermöstat, and the soda cellulose 
led to room temperature by immersing the bulb in cold water. The 
a cellulose was then removed from the bulb and immersed in ioo cc. of 

j per cent. common salt solution. By this procedure the solution of a 
onion of the modified cellulose, which was found to take place if the soda 
iulose was put directly into water, was largely avoided. The oxycellulose 

then washed with water, with N /ro acid, and finally to neutrality with 
illed water. It was then allowed to dry in the air. 

! Fluidity 

The fluidity was determined in o5 per cent. solution at 2o° C. by the 
thod of Clibbens and Geakee, and is expressed in absolute units. The 
'dities of almost all the samples oxidised during the course of the work 
ve been determined, and have been included in the various tables that 
ord the rates of oxidation. In addition, special experiments at 40° C. 
e made to determine the relation between the oxygen absorption and the 

idity of the oxycellulose produced. In these experiments, series of oxy- 
luloses were prepared with oxygen absorptions varying from about o5 cc. 

o about 3 cc. per gm. Such series were prepared from the following 
erials. (1) Cotton 103R, acid -washed, and sodium hydroxide purified 

m iron, (2) Cotton Io3R, acid -washed, and sodium hydroxide not purified 
in iron, (3) Cotton 73R2, not acid -washed, and sodium hydroxide not 

erifìed from iron, and in each case the preparations were duplicated, 5oN 
d 1o33N sodium hydroxide solutions being used in the preparation of the 
pective soda celluloses. The variation of the fluidity with the oxygen 
orption for the various series of oxycelluloses is shown in Table XVII, 

d also in Figs. 15 and i6. The fluidity- oxygen absorption curve is always 
ep for small oxygen absorptions, but as the absorption increases the slope 

I the curve gradually decreases. Cotton oxidised in presence of Io33N 
um hydroxide solution gives a rather higher fluidity for a given oxygen 
orption than that oxidised in presence of 5 oN solution, and isolated results 
tamed for a concentration of 2.5N show fluidities lower than those for 
4 solution. 
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2 » n » n UNPURIFIED ++ 
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Copper Number 

The oxycelluloses used for the determination of the variation of fluidity 
th oxygen absorption were also employed for the investigation of the 
Jation between oxygen absorption and copper number. The copper number 
1sdetermined by the modification of the Schwalbe- Braidy method described 
rHeyes13, o25 gm. samples being used. The copper numbers obtained 
included in Table XVII, and the variation of copper number with oxygen 

sorption for the various series of oxycelluloses is shown in Fig. 17. In all 
e series the copper number rises rapidly at first, but the rate of increase 
th increasing oxygen absorption gradually falls. The copper number- 

55 

Table XVII. 

Iron 

intent 
of 

atton 

Iron 
content of 

sodium 
hydroxide 
(mg. per 
100 gm.) 

Concen- 
tration of 

sodium 
hydroxide 
(normality) 

Volume of 
oxygen 

absorbed 
(cc. at 
N.T.P. 

per gm.) 

Time 
(hours) 

Fluidity Copper 
number 

Codon 1O3R, acid washe 
0.060 

1M 

and purified sodium hydroxide. 
0 - 4.7 0.03 

5.0 0.47 5.3 19.9 0.18 
014 8.0 261 0.27 
1.42 111 331 0.29 
2.07 16.2 38.7 016 
2.77 20.0 42.7 0.42 

1013 0.52 3.0 27.4 019 
1.12 4.9 35.6 019 
1.62 6.2 39.7 PO4 
223 8.0 41.2 P34 
3.03 10.0 47.4 P57 

Cotton 1O3R acid washed 
0.70 

and unpurified sodium hydroxide. 
0 - 4.7 0.03 

5.0 0.50 4.3 23.6 0.33 
0.98 7.0 31.0 0.48 
P56 9.4 371 0.59 
P97 12.0 38.6 0.65 
2.51 14.2 43.6 010 

1013 0.48 2.4 29.1 011 
P08 4.0 40.6 P06 
P69 5.5 45.3 P49 
215 7.0 48.7 P74 
3.17 9.0 521 P89 

q70 

Cotton 73R2 not acid washed and unpurified sodium hydroxide. 
0.70 0 - 9.5 0.024 

5.0 0.52 
0.99 
P50 
2.00 
2.69 

3.6 28.0 0.46 
5.75 33.1 0.51 
71 36.7 0.58 
9.2 391 0.70 

1P5 41.9 0.79 

1013 0.50 
P02 
P59 
2.23 
210 

2.15 281 0.90 
3.7 36.7 P12 
4.85 411 P63 
5.8 45.4 P82 
7.1 47.2 P96 
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oxygen absorption relation therefore resembles that obtained when colt 

is oxidised by alkaline hypobromite3,' and the two types of oxidation 
also similar in that they both give rise to relatively low copper num 

Since the shape of the oxygen absorption- copper number curve obtained 

oxidising cotton with alkaline hypobromite provided part of the evide 

on which Birtwell, Clibbens, Geake and Ridges based their theory 

consecutive reactions, these resemblances give support to the similar th 

advanced for the oxidation of soda cellulose by oxygen, deduced in the 

instance from the kinetics of the absorption of oxygen. 

/ COTTON 103R:ACID WASHED: PURIFIED SODIUM HYDROXIDE, 5 N. 

2 » " ,, ' UNPURIFIED '" " 
II 

3 3 ' 73R2: UNPURIFIED SODIUM HYDROXIDE, 5M 
4 If Io3R : ACID WASHED : PURIFIED SODIUM HYDROXIDE, IO.33N, 

5 a n n U NPURIFIED n 11 . 

6 73R2: UNPURIFIED SODIUM HYDROXIDE 
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FIG. 17 

Fig. 17 shows that the copper number for a given oxygen absorption 

considerably lower when 5N, than when roN, sodium hydroxide solution 

used to prepare the soda cellulose, and that -the amount of iron present 

also a considerable effect. These differences are presumably due to 

ences in the relative rates of the consecutive reactions under the van 

conditions of caustic soda concentration and iron content, which wouldI 

to differences in the proportions in which the total oxygen absorption 

distributed among the various reactions. 
The copper numbers and fluidities of oxycelluloses prepared by 

oxidation of soda celluloses containing manganese are included in Table, 

When these are compared with the results given in Table XVII it is f 

that not only does the presence of manganese greatly reduce the rate 

oxidation when 5oN caustic soda solution is used, but it also leads to a1 
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when cotta upper number and fluidity for the same oxygen absorption. When 1033N 
xidation ,'um hydroxide solution is used, the copper number for a given oxygen 
er num,;, bsorption is considerably greater than when manganese is absent, while 
obtained e fluidity is not much affected. This increase in copper number may be 
he evide counted for by the shape of the rate of absorption curves (Fig. 13) obtained 
r theory hen cotton containing manganese is oxidised in the presence of 10.33N 
rnilar th , austic soda solution, which seems to indicate that the distribution of the total 
1 in the ount of oxygen absorbed among the various consecutive reactions is 

{fferent from that in the absence of manganese. 

XII- LARGER SCALE PREPARATION OF OXYCELLULOSES BY 
5 /1/ OXIDATION OF SODA CELLULOSE BY OXYGEN 

One of the objects of this work was to discover whether the oxidation 
(soda cellulose by gaseous oxygen would provide a controllable method for 

e preparation of oxycelluloses. The results already described have shown 
hat it does, and have indicated the factors which are of importance in 
etermining the rate of oxidation. The next step was therefore to try the 
;xidation on a larger scale and to measure the properties of the oxycelluloses 
btained by oxidation for various times. The preparation of larger samples 

6 so permitted the determination of methylene blue absorptions, which was 
possible in the work already described owing to lack of material. As has 
eady been indicated, this property is of interest in comparing the 

,xycellulose obtained by the action of oxygen on soda cellulose, with that 
ibtained by the action of alkaline hypobromite on cotton. 

s) Preparation 
It has been shown that the rate of oxidation of soda cellulose depends 

neatly on the amount of iron present when that amount is small, but that as 
he iron content is increased, a stage is reached at which the effect of a further 
crease is small. In order to obtain as uniform oxidation as possible, it was 
onsidered advisable to use a cotton with an iron content in this region. 
the cotton (No. 217, soda boiled, in sliver form) was therefore impregnated 
th ferric hydroxide by the method previously described, the iron content 
ing o1o1 per cent. 
Fifty grams of cotton was steeped in 1,000 cc. of 1oN sodium hydroxide 

lution, and centrifuged for 5 minutes whereby the amount of solution 

'AM stained was reduced to about 26o per cent. The soda cellulose was teased 
ut, and put in a wide -necked bottle of i,000 cc. capacity. This bottle was 
,rovided with a rubber stopper through which passed a glass tube, and on the 

cbsorptioo ed of this tube which went inside the bottle, there was a small trap containing 
e solution,ercury. The stopper was then inserted, the bottle tilted so that the end 
present ,f the inlet tube in the trap was not covered by mercury, and evacuated by 

ue to .di e water pump. The inlet tube was closed by a piece of rubber tubing and 
the vans screw clip, and the bottle placed upright in a thermostat at 4o° C. After 
i would' 5 minutes, the inlet tube was connected to a gas -holder containing oxygen, 
.bsorption d the bottle filled. As oxygen was absorbed by the soda cellulose, it was 

eplaced by the gas bubbling in through the trap from the gas -holder, while 
ared by e trap prevented evaporation of moisture from the soda cellulose. After 
L Table eidation for the required time, the bottle was removed from the thermostat 
I it is fo d cooled to room temperature by immersion in cold water. In order to 
the rate Sopare the effects of washing -off with water and with 15 per cent. common 

is to a t solution, in each experiment the oxidised soda cellulose was divided into 

I033N, 

-5 
-4 
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two portions and these immersed in 20 times their weight of distilled water 

and 15 per cent. salt solution respectively. The salt -free washings contained 

a certain amount of degraded cellulose in solution that could be precipitated 
by acid, and which increased with the time of oxidation, whilst from the 

washings containing salt very little material could be precipitated by acidifica 

tion, even with the most highly oxidised samples. Five oxycelluloses were 

prepared by this method, with times of oxidation of 1.4, 2'8, 4'2, 5'6, and 

7.o hours respectively. 

(b) Properties 
The fluidity, copper number and methylene blue absorption of the 

oxycelluloses prepared as above were determined, and are given in Talk 

XVIII. The copper number was determined by the Schwalbe- Braidl 

method, the details being as given by Clibbens and Geakee; the methylene 

blue absorption was determined in a neutral buffered solution?. 

Table XVIII. - 

Time of 
oxidation 

Washed off with 15% salt solution Washed off with water 

Methylene Methylene 
(hours) Copper 

Number 
Blue 

Absorption 
Fluidity Copper 

Number 
Blue 

Absorption 
Fluidi, 

o 0.08 1'14 5.9 0.08 P14 e'9 

1.4 0.55 1.17 22.4 0.52 099 21.3 

2.8 1'04 1.34 32.5 1.00 P20 31.4 

41 P58 1.57 42.0 1'41 P38 39.3 

5'6 P97 1.79 45.4 P58 44.0 

70 2.18 1.94 48.9 P88 P68 45.7 

The fluidity and copper number results are similar to those already give: 

(Table XVII), while the methylene blue absorptions resemble those obtain, 

for oxycelluloses prepared by the action of alkaline hypobromite on cotton' 

in that the absorption increases steadily with increasing oxidation. Ti 

effect of washing -off the soda cellulose with water instead of brine is to redua 

the value of all three properties, indicating that the most degraded portion 

of the material are dissolved out when water is used. 
The results described show that the properties of the oxycelluloses obtai>!a 

vary continuously with the time of oxidation, and that this method o 

oxidation provides an easily controlled means of preparing modified cotta 

cellulose. 
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14 -THE SPECIFIC VOLUME OF COTTON CELLULOSE 

By GEORGE FORREST DAVIDSON, B.Sc. 
(The British Cotton Industry Research Association) 

INTRODUCTION AND SUMMARY 

It is well known that the specific volume of many colloids, as measured 
y the usual method involving the displacement of a liquid, varies with the 
mersion medium, and the data to be found on the specific volume of cotton 
ilulose show that this material also exhibits this peculiarity. Charcoal 

received most attention in this connection, and the variation of its 
ific volume with the liquid employed has been attributed to two factors, 

i) the compression of the liquid in the film on the surface of the colloid under 
e influence of the attractive forces, (2) the different degrees of accessibility 

f the small pores to the various liquids. Williams10 and Harkins and 
aging,5 while recognising the possibility of the second effect, have laid stress 
the compression factor, whereas Howard and Hulett,6 who first measured 

e true specific volume of charcoal by using helium as their immersion 
edium, showed that the values of the apparent specific volume in various 
quids were all such that they could be explained by the second hypothesis 
one. 

The data on the specific volume of cotton cellulose have been summarised 
o Collins.° The figures given fall into groups, those obtained with water 

the immersion medium, and those obtained in organic liquids. Thus 
Mosenthal7 gives o621 -o623 as the specific volume in water and o633- 

641 as the value in benzene or alcohol. Cross and Dorée4 quote the results 
IS. J. Lewis, who in a systematic investigation of the specific volume of 
tllulose and its modifications, found for purified cotton the mean values of 
413 and 0.639 in water and toluene respectively. Lewis also measured 

variation with temperature of the apparent specific volume of cotton 
ilulose in the two liquids, and obtained most abnormal zig -zag curves. 
o reliable measurements in a gas have been recorded. 
The present research was begun with the object of determining the 
cific volume of cotton in water, some organic liquids and helium, in the 

ape that the results obtained might throw some light on the conditions 
taming at the internal surfaces of cotton when it adsorbs a vapour or liquid, 
d on the structure of the cotton itself. Later, the work was extended to 
elude the determination of the effect on the specific volume of such pro - 

es as mercerisation and regeneration from the xanthate, from nitro - 
Vulose and from cuprammonium solution. The variation with tempera - 
e of the apparent specific volume in water and toluene of one cotton was 

.o measured. 

The specific volumes in helium, water, and toluene of American Upland, 
Island, and Sakellarides cottons, in both the soda -boiled and mercerised 

tes, and of samples of "viscose," "cuprammonium," and "nitro" artificial 
have been measured. In every case the helium value is about i per 

t. lower, and the water value 3 -5 per cent. lower, than the toluene value: 
TRANSACTIONS $/, 



TI76 i4-The Specific Volume of Cotton Cellulose -Davidson 

The specific volume varies with the variety of cotton, and mercerised cotton In on 

and artificial silks have a larger specific volume than soda -boiled cotton. don of t] 

In order that the helium value of the specific volume may be taken as th ï on adson 

true specific volume of the cotton, it is necessary to prove that helium is not a. eertaint 
sorbed by cotton. Unfortunately it is extremely difficult to prove the absent the prob 
of the small amount of adsorption which would be sufficient to account for th ï A qu, 
difference between the helium and the toluene values. Although the a absolute 

paratus used was not sufficiently delicate to prove this, the fact that heli volume 

is not adsorbed at room temperature by so active an adsorbent as charco, volume s 

renders it extremely probable that there is no adsorption of helium by cotton iag in t] 

If the helium value be taken as the true specific volume, the fact that th ; pressure 

water and toluene values lie on opposite sides of it can only be interpret: adsorbec 

by assuming that both the factors of compression of the surface film any solar vc 
non -accessibility of pores are effective. In water, the compression factor' ¢videntl. 

predominant, while in toluene this effect, though probably present in a s . 1,v, fie 
degree, is masked by the incomplete penetration of the pores in the cellul ffi =k 
by the liquid. In all the materials examined, the minimum values fono, , 

for the effective compressive force when water is adsorbed are of the order ° 2 

2,000 atmospheres. P2 

In both water and toluene, the apparent specific volume of a soda -boil yow 

cotton was found to increase linearly with the temperature, although t ; be assun 
slopes of the lines are different in the two cases. The figures for water, i of tempe 
conjunction with adsorption data, yield a swelling curve which shows 

the ads( 
minimum about 45° C. 

the righ 
found tc EXPERIMENTAL METHODS 

(a) Determination of the Specific Volume of Cotton in Helium Vary, th( 

The apparatus is shown diagrammatically in Fig. i. The gas buret me 

was of 5o c.c. capacity and was calibrated before the apparatus sv 

assembled. Temperature control was obtained by means of a water jacke 
ie eith 

surrounding the gas burette, the water being stirred by a current of al . 

The bulb containing the cotton was kept at a known temperature by' 
'hcectly ] 

mersion in water contained in a large Dewar flask. A small, known volum 
oersely 

in the capillary tube, always at room temperature, was allowed for b 

tempest 

applying the necessary correction. The pressures were measured b' usnmed1 
means of a cathetometer reading to ooi mm. 

n this 
The volume of the bulb was obtained by allowing a quantity of ' ,tton is 

air, whose volume, pressure, and temperature were measured in 

burette, to expand into the evacuated bulb. The temperatures of bulb 

burette, the volume still remaining in the burette, and the resulting pres 

having been measured, the volume of the bulb could readily be calculated, there 
In performing an actual measurement of specific volume, the weigh ,'vided 

i 

bulb was filled with plugs of cotton and dried at Ian° C. The bulb was th ;re the 
attached to the apparatus and evacuated by the Töpler pump to a press ', cific y 
of about oooi mm. of mercury, while immersed in water at about 70° t The r 
It was then filled with dry air, detached, stoppered and weighed, and ag volving 
attached to the apparatus and evacuated. The helium, purified by pass .e volu 

tton is over coconut charcoal at the temperature of liquid air, was introduced tat 

the burette by means of the pipette attached. After its volume, press y a sm 
and temperature had been measured, the gas was allowed to expand into ' ton w] 
evacuated bulb, and readings of pressure, volume in burette, and temperat "bloc 
of bulb, burette, and room taken. as of ab 
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In order that helium may be used as "filling" medium in the determina- 
don of the true specific volume of cotton, it is necessary to prove that there is 

no adsorption of the gas by the cotton. It is impossible to prove this with 
rertainty, but a criterion may be established, which, if satisfied, renders 
Me probability of there being no adsorption very great. 

A quantity of gas contained in a burette and having volume y1, pressure pi, 
absolute temperature T1, is allowed to expand into an evacuated bulb of 

volume y at temperature T2, containing m grams of cotton of 
volume ve. Let the volume still remain- 
ing in the burette be y2, the resulting 
pressure p2, a the number of mols. of gas 
adsorbed per gram of cotton, and va the 
molar volume of the adsorbed gas. Then 
evidently- 

P22)2 P2(v -m m vc -ava) 
{ 

RTI RTI RT 
ma or 

2 

xRT2 p v v 

p2 

- 112V,- mav a= ».--.--1- 2 T2 -v 
p2T1 T1 (I) 

\ova mvc, the volume of the cotton, may 
be assumed constant over a small range 
of temperature and mama, the volume of 
the adsorbate, is negligible, so that if 
the right -hand side of equation (I) is 
found to be constant when p2 and T. 
vary, then 

gas burett maRT2 - -K or a. 
KY2 

aratus e, p 2 mRT2 
rater jade 

rent 
either a = o, or it is at once 

tent of air 
hrectly proportional to the pressure and 

Lure by in proportional to the absolute 
awn volum erature. As the latter alternative 
wed 

h 

for h 
very unlikely, it may reasonably be es 

assumed that there is no adsorption. 
n this assumption the volume of the 
ton is given by the expression- tity of 

fired in th 

of bulb an 

ng press 

a.lculated. 

he weigh 

lb was Lb 

) a press 

bout yo° 

L, and ag 

by passi 

Dduced fini 

te, press 

Ind into 

empera 

¡ v - pl v 1 2 T. z 
2T1 T1 

there is adsorption, this expression 
aided by the weight of cotton will 
e the apparent, instead of the true, 
cific volume. 
The main drawback to any method 

volving the use of a gas in measuring 
e volume of cotton is that loose 
tton is very bulky, and consequently 
y a small weight can be employed. This difficulty was overcome by using 
ton which had been compressed into plugs by means of a tabloid press, 

e "block" specific volume of these being about o7. The bulb employed 
of about go c.c. capacity, and whereas it was impossible to pack in more 

specific 

FIG. I 
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than 14 grams of loose cotton, more than 5o grams of the plugs could 
be 

introduced into it. The gain in accuracy was thus considerable. 
In order to find whether, with the apparatus employed, any adsorption 

of helium could be detected, observations at various pressures at each of th 

temperatures 2o° and 30° C. were made. 

The 

hen !etc 
d wei 

!Dyed, 1 

eter. 

fthe gl 
(b ) Determination of the Apparent Specific Volume of Cotton in Water and Tango 

Organic Liquids at 20° C. nature 
The cotton was dried in an ordinary specific gravity bottle at IIO° L 

The v 

weighed, covered with liquid at about 5o° C., and the air removed by boiling measure( 

the liquid under reduced pressure. After filling up with liquid, the bottle 

was placed up to the neck in a thermostat at 2o° C. and left for a sufficient 
eciflc 

time to allow that temperature to be attained. The stopper was then 
An at 

inserted, the bottle wiped and weighed. The procedure of boiling out and 
the ex 

reduced pressure and weighing was repeated until constancy of weight w, 

obtained. The weight of the bottle when full of liquid, and the specific 

volume of the liquid being known, the apparent specific volume of the cotton 

could be readily calculated. The artificial silks were dried over phosphor the const 
pentoxide in vacuo at room temperature instead of at 110° C. raduall5 

It was found that the method was not capable of great precision, especi.'4 hours 

ally with organic liquids where the coefficient of expansion and the loss by 
in exper 

evaporation are high compared with those of water. The determination value c 

rapid, however, and yields results which are sufficiently accurate for the 
hours. 

present purpose. the limit, 
tar a simi 

(c) Determination of the Variation with Temperature of the Apparent Spec1 idsorptic 
Volume of Cotton in Water and Toluene 

aratus e 
The cotton employed was an American Upland 85R, which had bee idsorptic 

soda -boiled and could be regarded as a very pure cellulose, and a dilate If the ac 
metric method was adopted. A bulb of about io c.c. capacity was filled wit Hefts l 
plugs of cotton, evacuated with a Töpler pump at Ioo° C. to remove moisture pecific 

sealed off and weighed. The weight of the glass and the approximate den ,netrati 
space in the bulb being known, the weight of the dry cotton could be cal alerted 
lated. The neck of the bulb was then cut off and a previously calibrat 'inilar b 
capillary, graduated in thousandths of a c.c. sealed on. The bulb As th 
again evacuated at Ioo° C., sealed off and weighed. The tip of the capi i plume 

was then broken under the air -free liquid to be used, and when the amnia ar ect t, 
of liquid appropriate for the temperature range under investigation Iv .ccuracy 

obtained in the dilatometer, this was sealed off and weighed. When it « hat obta 
required to investigate a higher range of temperatures, the tip of the capii1 fleet on 
was cut off, some of the liquid forced out by warming the bulb, and The d 
capillary again sealed off. All glass cut off was carefully collected " ere all 
weighed. Observations of the height of the meniscus were now made a The s 
different temperatures, the dilatometer being read to o000i c.c. by m ven in 
of a lens. austic sc 

The temperature variation was obtained by placing the dilatometer to 

large Dewar flask containing water, immersing it as nearly as possible to 
tPParent 

meniscus. After observations had been completed, the liquid in the b' The v 

was sucked out by means of a filter pump and concentrated sulphuric 
gure bet 

introduced. This rapidly decomposed the cotton, and by sucking out The 

resulting liquid before it got too viscous and introducing fresh acid alts 
chlo: nately, the whole of the cotton could be removed. 

etra 
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;s could The volume of the bulb and the coefficient of expansion of the glass were 
hen determined by filling the bulb to the zero mark at different temperatures 

adsorption d 
weighing. Rosetti's data for the specific volume of water were em- 

each of the Toyed, 
but the specific volume of toluene was determined in the dilato- 

eter. Thus, knowing the mass of the cotton, the volume and expansion 
tt the glass bulb, the mass and expansion of the liquid, and the apparent 

Water and gansion observed, the specific volume of the cotton at the various tem- 
;eratures could be calculated. 

at IIO° c., The variation of the apparent specific volume of cotton in water was also 
1 by boilinf eeasured up to 50° C. by weighing in water a bulb containing cotton. 
, the botti EXPERIMENTAL RESULTS 
a sufficient,peciflc Volume in Helium at 20' C. 
r was then 

An attempt to use air as the immersion medium showed that the value 
g out under,f 

the expression - 
weight x a;' 

the sped v - -Tl ) T 2 
f the cotton 

phospho r the constancy of which, as discussed above, is the criterion of no adsorption, 
radually fell to a constant value. The initial value was 25.7, but after 

ion, espec hours it had fallen to 24.6, at which figure it remained after 5o hours. 
the loss hr 

In experiment with the same cotton using helium as "filling" medium gave 
mination' d 

value of 25.7 ±0.1 at 20° C., which was found to be unchanged after 24 

ate for lours. This value was further found to be independent of pressure between 
the limits of 420 and 510 mm. of mercury it was possible to use, and to hold 
fora similar range of pressures at 30° C. It was therefore concluded that the 

ent Sped adsorption of helium was at least less than could be detected by the ap- 
naratus employed, and that the fall in the value when air was used was due to 

i had be ' rdsorption and not merely to gradual seepage into pores. The question 
rd a dilat the adsorption of air was not further pursued, however. Howard and 
s filled wi l Hulett' have recorded a distinct drift with time of the value obtained for the 
re moist ,,, cific volume of charcoal in helium, a result which they attribute to slow 
:imate de a' 

, netration of the gas into fine capillaries. Such a drift cannot be definitely 
Id be cale alerted to exist with cotton, although in some instances indications of a 
r calibratrimilar but much smaller effect were observed. 
e bulb It As the volume of cotton employed was usually about 3o c.c. and the 
he capill ; olume as determined varied by ±oi c.c. the specific volumes are only 
the amour wrect to z in 300. An experiment with loose cotton where, however, the 
rgation IV accuracy was less, gave a mean value for the specific volume identical with 
Vhen it rr hat obtained by using plugs, showing that compression into plugs has no 
he capill . fleet on the observed specific volume. 

The data for a typical experiment are set out in Table I. The pressures 
ere all corrected to o° C. 
The specific volumes in helium of the various celluloses examined are 

ven in Table II. The mercerised cottons were mercerised with 15 per cent. 
iustic soda, without tension. 

tpparent Specific Volumes in Water and Organic Liquids at 20' C. 
The values obtained in water and toluene are given in Table II., each 

gure being the mean of two closely concordant determinations. 
The apparent specific volume of one cotton, American Upland 85R, 

da- boiled, was also determined in chloroform, acetone, benzene, and carbon 
etrachloride, yielding the results shown in Table III. 
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Table II. 
Specific volume (c.c per gram) at 20° C. 

Cellulose In helium In water In toluene 
encan Upland (85R), soda -boiled 0.638 ±.002 0.6213 ±.0003 0.645 ±.0005 

mercerised 645 6224 651 
a Island, soda -boiled 642 6235 646 

mercerised 647 6243 653 
I, soda -boiled ... 640 6226 645 

mercerised 645 6234 651 
Viscose" artificial silk 646 6217 652 
fuprammonium" artificial silk 653 6248 657 
Vitro" artificial silk 648 6192 654 

Liquid 
Water 
Acetone 
Chloroform ... 
Benzene 
Carbon tetrachloride 
Nitrobenzene 
Toluene 

Table III. 
Apparent Specific Volume of 85R 

(soda -boiled) Cotton at 20° C. 
0.621 

642 
644 
644 
644 
644 
645 

elation of Apparent Specific Volume in Water and Toluene with Temperature 
The results obtained, using soda -boiled American Upland cotton, are 

ven in Table IV., and shown graphically in Figure 2. For water, the 
is of two dilatometric determinations between the temperatures o -50° 

d 300-80° C. respectively are given, as well as the figures obtained by the 
ethod of weighing in water. The variation of the apparent specific volume 
cotton in water and toluene may be expressed by the equations- 

Vt= O.6zgo (I+o000zg8t) and 
Vt= o644g (i+o000085t) respectively. 

Toluene 

opera- 
tire 
'C. 

Table IV. 

Water 

Dilatometer 
Expt. 1 

Apparent 
Specific 

Vol. 

Tempera - Apparent 
ture Specific 
°C. Vol. 

Dilatometer 
Expt. 2 

"Weighing in 
water" Method 

Tempera- Apparent 
ture Specific 
°C. Vol. 

0.0 0.6449 0.0 0.6188 
8.5 6455 10.0 6203 

13.7 6458 12.3 6206 
19.4 6460 15.6 6211 
247 6462 20.0 6215 
31.7 6464 300 6227 
35.0 6465 40.0 6240 
39.9 6466 50.0 6247 
44.3 6470 
50.8 6473 
60.3 6482 
64.2 6485 
75.8 6492 
79.4 6494 

30.0 
35.5 
39.4 
43.0 
45.7 
47.7 
50.5 
54.4 
57.4 
59.5 
62.1 
64.2 
66.0 
69.6 
72.6 
74.3 
77.5 
80.2 

0.6227 
6234 
6239 
6243 
6247 
6250 
6254 
6257 
6261 
6263 
626G 
6269 
6272 
6274 
6277 
6280 
6282 
6283 

Tempera- 
ture 

°C. 

Apparent 
Specific 

Vol. 

1.2 0.6195 
15.2 6208 
22.8 6216 
24.9 6221 
29.5 6225 
33.8 6234 
40.7 6239 
50.0 6245 
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DISCUSSION OF RESULTS 

When a liquid is adsorbed by a colloid, it is a reasonable supposition t 
there is a compression of the liquid adsorbed under the influence of the a 

tractive forces between the liquid and the adsorbing surface, the layer 

liquid next to the adsorbent being most highly compressed, and the co 

pression falling off rapidly to zero as the distance from the attracting surfa 

increases. On the other hand, there may be pores in the adsorbent whir 

are accessible to molecules of some liquids but not to those of others: F 

instance, pores accessible to water (Van der Waals b =13.6 x 10 -4) might n 

be accessible to toluene (b =65.3 X 10-4). Helium has the smallest value 

b (10-5 x 10'4) so that pores which . are inaccessible to helium would be 

accessible to any immersion medium and might therefore be considered 
form part of the volume of the adsorbent. These two factors obvio 
affect the apparent specific volume of a colloid in a liquid, and act in opposi 

directions. The compression of the surface film makes the apparent spec' 

volume smaller, while the incomplete penetration tends to make it large 

than the true specific volume. 
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The relation between the apparent specific volume in a liquid, calculated 
the usual assumptions that no change of density of any part of the liquid 

akes place and that the surface of the solid is wholly accessible to the liquid, 
and the true specific volume can be established as follows. Let the true 
pecific volume of the solid be y, the apparent specific volume in the liquid vo, 

,nd the mean specific_ volume of the liquid in the surface film y2 instead of 
,, the specific volume of the liquid in bulk. If the amount of liquid adsorbed 
?er gram of the solid is a gram and the volume of the pores inaccessible to 
the liquid is S c.c. per gram, then it is seen that the volume occupied by 
ggram of adsorbent and its film is v+S+ -av2. Now the apparent specific 
volume vo is equal to the true volume of the solid and its film v+6+av2, 

the volume of the film considered as having the normal specific volume 
f the liquid, i.e. 

v0= v+S+av2 -av1 
or v+6= v0- 1- a(vl -v2) (i) 

A direct determination of the amount adsorbed from a liquid cannot be 
arried out, but there is good reason to suppose that this is the same as the 
mount adsorbed from the saturated vapour. An approximation to this 
uantity may be obtained by extrapolation on adsorption isotherms. 

A comparison of the specific volumes of the various celluloses examined 
Vows that the specific volume in helium is intermediate between the values 
brained with water and toluene, being about ooo6 less than the specific 
plume in toluene. This difference could be accounted for by an adsorption 

Erpr fooo6 c.c. helium per gram of cotton, an adsorption which it is obviously 
site impossible to detect with the apparatus employed and the method 

METHOD scribed above. Consequently, there is some uncertainty as to whether 
e helium value of the specific volume is the true specific volume in the case 
cotton. If it be assumed that, as with active charcoal at room tempera- 

, there is no adsorption of helium, and the helium value of the specific 
olume is regarded as the true specific volume of cotton, then the higher 

ues obtained for all the celluloses in toluene, and for American Upland 
otton in acetone, benzene, carbon tetrachloride, chloroform, and nitro - 
nzene, must be attributed to the presence of pores not accessible to these 

quids. Even with these liquids, however, it is found that there is some 
dsorption from the saturated vapour,2 so that it is reasonable to suppose 

osition tha at there exists a compressed film on the surface of the cotton, although its 
e of the a sect on the apparent specific volume is masked by the other factor. With 
he layer ' tone, which, according to Brimley2 is more adsorbed by bleached cotton 
d the co an benzene or nitrobenzene, the effect of this compressed film is shown in 
ting surfa smaller apparent specific volume. 
bent whim The values of the apparent specific volume in water are in all cases con - 
:hers. F' derably less than the helium and toluene values. Here the adsorption is 
I) might considerable arid the compression of the adsorbed film completely 
est value sks any effect which may be due to the existence of pores into which 
ould be ter has not access. 
nsideredt If S were known, the equation (I) would enable the mean specific volume 
o obviou the surface film, and hence the effective compressive force, to be calculated. 
in opposi' or toluene, an approximation to the value of S may be obtained by taking 
ent spe e difference between the helium and toluene values of the specific volume, 
ke it lar ice the compression of the small amount of toluene adsorbed by cotton 

not have much effect on the apparent specific volume in this liquid. 
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The mean value obtained from the results in Table II. is ooo6 c.c per gram 

cotton, and on the theory suggested the value of d for water would be less than 

this. By neglecting S, it is possible in the case of water to arrive at a maxi. 

mum value for this specific volume, and hence a minimum value for the coni. 

pressive force. This has been done in Table V. 

Table V. 
Apparent Specific Effective 

True Specific Water Vol. of Com. 
Cellulose Specific Volume adsorbed Water pressive 

Volume in Water per in Surface, Force 
at 20° C. at 20° C. gram Film Kgm/cm 

American Upland 85R, soda -boiled 0.638 6213 0.23 0.929 2130 
mercerised .645 6224 36 939 1780 

Sea Ìsland, soda -boiled ... ... 642 6235 23 92.1 2420 
mercerised 647 6243 32 931 2050 

Sakel, soda -boiled ... ... 640 6226 23 926 2230 
mercerised .. ... 645 6234 30 930 2100 

Artificial silks -"Viscose" 646 .6217 45 948 1480 

"Cuprammonium" 653 6248 43 936 1890 

"Nitro" ... ... 648 6192 .44 .936 1890 

The values of a for the cottons were found by extrapolation or calculation 

from the data of Urquhart and Williams8,9 while those for the artificial silk: 

were obtained by calculation from values found at 95 per cent relative 

humidity, on the assumption that the ratio of the regain of artificial silk I 

that of unchanged cotton is independent of the relative humidity, as has bee . 

found for mercerised cotton.9 The values of the effective pressures a 

taken from the data of Bridgman' on the compressibility of water. It i 

seen that the effective compressive forces for the various materials considere 

are all of the order of 2,000 kgm. /cm2. .1 

The linear relation between temperature and apparent specific volume 
cotton in water and toluene is not in agreement with the results of Lewis. 

The latter obtained zig -zag curves which in the case of water showed 

general increase of specific volume with rise of temperature, while in toluen . 

there was a corresponding decrease up to 45° C., followed by an increase. 

From the apparent specific volume of cotton in water at various tem 

peratures and the water adsorption data for the same temperatures, th 

swelling of cotton in water can be calculated. The total volume embrac 

by a gram of cotton and its adsorbed film is 2) +6+07)2, which from equation 

(i) is equal to vo+av1. Table VI. shows the change in volume with tempera 

ture expressed as a percentage of the volume of the dry cotton at 15° C 

and of the volume of the swollen cotton at the same temperature. As the t 
coefficient of expansion of cotton is not known, it has been assumed to 

equal to the temperature coefficient of the apparent specific volume in toleren 

The calculated percentage swelling for mercerised Sea Island cotton 
2o° C. is 

ioo (V0+av1 -v) = ioo (0.6243 + 0.32 X 1.0017 - 0.647 
- 46 per cent. 

y 0.647 

Mr. G. E. Coffins, of this Institute, has observed a swelling of 44.5 per col 

with mercerised Sea Island hairs. 
It is now widely held that mercerised cotton and artificial silks, the 

called "cellulose hydrates," are merely cellulose in a more highly dispe 
form. Urquhart and Williams9 have pointed out that if the effective pre 

sure, the "intensity factor," is constant, the increased adsorptive power r 
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mercerised cotton for water must be due to an increase of the "capacit) 

factor," the specific surface. A similar argument would hold for the thr 
artificial silks examined, which absorb even more moisture than mercerised 

cotton. A comparison of the mean specific volumes of the water adsorbe 

by three soda -boiled cottons, the same cottons mercerised, and three artificia 

silks, shows that for all these materials the specific volume of the adsorbe 

water is very nearly the same. The figures vary from 0.92 to 0'95, an ,, XII 
there is less contraction in the volume of the water with the mercerise 

cottons and artificial silks, than with ordinary cotton materials, althoug 

the former adsorb considerably more moisture than the latter. This ap 

proximate constancy of the specific volume of the adsorbed water indicat ONCET 

a corresponding constancy of the attractive forces between cotton and wate 

and between "cellulose hydrates" and water and lends strong support to th THE 
view that mercerised cotton and artificial silk are chemically identical wi 

cotton cellulose, but differ from it in being in a more highly dispersed state 1 

THE 
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THE DISSOCIATION CONSTANT OF HYPOCHLOROUS ACID 

) THE pH VARIATIONS OF HYPOCHLORITE SOLUTIONS 
DURING THE BLEACHING OF COTTON 

By GEORGE FORREST DAVIDSON, B.Sc. 
(British Cotton Industry Research Association) 
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Solutions. 
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I- INTRODUCTION AND SUMMARY 
The importance of the hydrogen ion concentration of the hypochlorite 
utions used in the bleaching of cellulosic materials has been increasingly 
ognised in recent years. In bleaching such materials, it is desired to 
troy the colouring matters with the minimum oxidation of the cellulose, 
it is important to discover the best conditions for achieving this end and 
Introl the pH accordingly. Clibbens and Ridge,3 by working with solutions 
bred at various pH values, showed that the maximum rate of oxidation of 
dose by hypochlorites occurs at about pH 7, and their results have been 
firmed by Kaufmann.13 Although the importance of the pH of hypochlorite 
sch liquors has thus been recognised, none of the older methods of pH 
uurement can be used as a means of control. The use of the hydrogen and 
ohydrone electrodes is excluded by the oxidising action of hypochlorites, 
Ist the colorimetric method is rendered inapplicable by the rapid bleaching 
fie indicators. The present paper describes the application of the glass 
trode to the determination of the pH of hypochlorite solutions, and 
ids the results of determinations of the dissociation constant of hypo - 
ous acid, and of investigations on bleach liquors, made with its help. 
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The measurement of the glass electrode E.M.F. was made by means of Ydroge 
portable valve electrometer designed by Harrisonll for industrial use, Ivi vailabb 

which it is possible to determine the pH of a solution with an accuracy o US, W] 

+0.02 unit in a few minutes. The glass electrode used, and its calibration b' ie prod 
means of standard buffer solutions, are described. of t 

It is shown that the presence of hypochlorites does not interfere with the fon to 

determination of hydrogen ion concentration by means of the glass electrode forage 

With the help of this electrode, the dissociation constant of hypochlorous aci 'mpletf 
has been determined by electrometric titrations of sodium and calci , 

xplame 

hypochlorite solutions, and found to be 3.7 x 10-8 at 18 ° -20° C. This valu, bonat 

is in agreement with that of Sand" (3.7 x 10-8) obtained by another method,an 
indicates that the value found by Noyes and Wilson18 (6.7 x io -10) is erroneous I) Desci 

Experimental bleaches have been carried out on a cloth boiled with so.. The t 
ash (commercial sodium carbonate), using as bleaching agent (a) calci °fdiffere 
hypochlorite, (b) sodium hypochlorite, and (c) sodium hypochlorite buffer ;; derenc, 
at a high pH by the addition of soda ash, and the variation of the pH d px. T 
the bleaches has been followed with the glass electrode. When calcium o g to 
sodium hypochlorite is used, the px falls very rapidly during the early stag 

e of th 
of the bleach, and during 2 ¡- hours' bleaching it sinks to a value in the neig ent. S, 
bourhood of 8. If the partially spent liquor from a bleach is used in ma rve bee 
up the bleach liquor for the next bleach, the spent liquor exerts a buffer actio ovided 
and reduces the initial pH of the bleach liquor made up with it. The fall plicit] 
pH during bleaching with such a solution is more gradual, but the final 

,e to H 
values attained are lower than in the first bleach of a series. The fall in 11 rtable 
during bleaching is greater with calcium hypochlorite than with sodi 

' corpora 
hypochlorite, probably due partly to the lower free alkalinity of calci ie as t 
hypochlorite solutions and partly to the precipitation of calcium carbon' pparatu 
which is only slowly redissolved as the pH falls, and thus does not exert i ,tainab] 
maximum buffer action. When soda ash is added to a sodium hypochlori Respon 
liquor, the buffer action of the carbonate -bicarbonate system prevents a rapi , ,ose. 
fall of pH during bleaching, and after 2i hours the pH is still above to. The g 

When a partially spent bleach liquor is kept, the concentration of availa', ;,sistin 
chlorine decreases rather rapidly, and this is shown to be probably due to ' all talc 
oxidation of organic matter derived from the cloth during the bleac'',oric ac 
process. This decrease in concentration is accompanied by a decrease in s of th: 

By electrometric titration of completely spent bleach liquors, it is sho 

that the buffer action of the latter is due to the presence of carbonic acid, b cording 

the titration curves also indicate the presence of some weak acid or au eter 
stronger than carbonic acid. Experiments in which bleach liquors W embrani 

circulated in the bleaching apparatus in the absence of cloth, have sho ctrodes 
that atmospheric carbon dioxide plays only a minor part in the reducti 

of the pH, so that the carbonic acid present in the spent liquors is an' 
e 

Ps 
of 

produced during bleaching. A small amount of precipitate found in calci ersed 
hypochlorite spent liquors proved to be calcium oxalate, so that it is proba : ans of 
that oxalic acid is an intermediate product in the process of carbon dion tassium 

formation. omel h; 
The effect on the fin of a hypochlorite bleach liquor of the consumption ' a plug 

the hypochlorite in oxidation processes, as distinct from the effect of ad that 
products of the oxidation, is discussed from the theoretical standpoint, Hg 

theoretical conclusions are confirmed by the results obtained by elec 
g 

All the metric . titration of hypochlorite solutions of various initial pH values 
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ydrogen peroxide solutions. For the consumption of a given fraction of the 
vailable chlorine, the effect on the pH is the greater the lower the initial pH. 
us, whilst the rapid fall of the fix in the early stages of bleaching is due to 
e production of carbonic and other acids, in the later stages the consump- 
on of the hypochiorite also contributes to the fall. The action of the hypo- 

rite and carbonate buffer systems during bleaching and during the 
torage of partially spent liquors is discussed, and an observed rise in px of 
mpletely spent sodium hypochlorite liquors when exposed to the air is 
lained by loss of carbon dioxide and a consequent readjustment of the 
bonate equilibrium in the solution. 

method, an II -THE USE OF THE GLASS ELECTRODE 
ìs erroneous 

I) Description of Apparatus 
0 

ed with so.. The use of the glass electrode depends on the fact that when two solutions 
(a) calci 

f different pH are separated by a thin membrane of suitable glass, a potential 
rite buffer erence is set up across the membrane which is proportional to the difference 
re pH du' H. The measurement of this potential difference presents some difficulty, 
r calcium i g to the very high resistance of the glass membrane, which precludes the 
early sta;. of the usual potentiometric method with a galvanometer as null instru- 
n the neigh eat. Sensitive electrometers such as the Compton and Lindemann types 
d in ma ve been used, but the recent development of the electrometer valve has 
buffer actin ;,vided a new method of measuring glass electrode E.M.F.'s which combines 

The fall ';, plicity and rapidity. The method employed in the present work is that 
the final it ,e to Harrison,11 in which this type of valve is used. The apparatus was a 
he fall inp irtable outfit supplied by Messrs. Baird & Tatlock (London) Ltd., which 
vith sodi i corporates Harrison's circuit. The galvanometer used is of the pointer 
7 of calci e, as the apparatus was designed for works use, and the sensitivity of the 
m carbona pparatus is limited by the sensitivity of this galvanometer. The accuracy 
not exert i btainable in the measurement of an E.M.F. with this outfit is ±1 millivolt, 
hypochlorii,responding to less than +0.02 pH unit, which is sufficient for the present 
Tents a rapi., ,ose. 
we Io. The glass electrodes employed were of the type described by Hughes,12 
i of avails insisting of a thin bulb blown on the end of a piece of glass tubing, with a 
ly due to all calomel electrode fitting inside this tube and dipping into N /io hydro- 
le bleac oric acid contained in the bulb and tube. The bulb was protected by four 
crease inp's of thin glass rod fused on to the neck of the electrode and bent so as to 
;, it is sho° rm a guard round the bulb. The tubing and bulb were of special glass made 
inc acid, bi ording to the formula of Morton quoted by Harrison.11 The tubing had a 
Lcid or act meter of io min., and the diameter of the bulb which constituted the glass 
liquors N' : mbrane was about 15 mm. It was found necessary to make a number of 
have shoe: trodes, and select those which proved suitable for use. Such electrodes 
he reducti ;d a D.C. resistance of from zo to 6o megohms. To make a measurement of 
ifs is in pH of a solution, the glass electrode was clamped so that the bulb was 
;d in calc ersed in the solution, and electrical connection to the solution made by 
Lt is proba' ,, s of a saturated calomel half -cell. In order to prevent diffusion of the 
rbon dio tassium chloride into the test solution, the end of the side tube of the 

omel half -cell that dipped into this solution was bent upwards and closed 
asumption a plug which was a ground fit, but ungreased. The E.M.F. measured was 
fect of acs I that of the cell 
ndpoint, Hg HgC1, o.i N HC1 I glass I test solution I sat. KC1, HgC1 I Hg 
dbyelec 

values All the measurements recorded were made at room temperature. 
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(2) Calibration of the Electrode 
Various investigators5, 12, 15, 16 have shown that when a glass electron: 

with a solution of definite pH inside it is put in solutions of various pH values, 

the observed E.M.F. is the same linear function of the pH of the outside 

solution no matter what cations are present, so long as the pH lies between 

about and about 9.5; above pH 9.5, the relation between E.M.F. and t 

depends on the cations present. The electrode may therefore be calibrai. 

by measuring the E.M.F. when it is placed in a series of buffer solutions r +204 c 

known H. As determinations óf the pH of sodium and calcium hypochlori 20 potaa 

solutions were required, it was necessary to calibrate the electrode in the regip c.c. M/5 

above pH 9.5 in the presence of sodium and calcium ions respectively. Fig, 
23.65 

c.c. M 
NaOH, 

ó00 
c.c. M/ 
NaOH, 

o SOD/UM /ON 
c.c. 

NaOH, 

500 oC,4LC /UM /ON 20 borax 

c.c. M/2 

400 

U) 

© >300 
J 

200 
4.! 

L-(1 

100 

pH 
FIG. I 

c.c. MI 
\aOH, i 

20 NazCr 

:c. Mil 
\aOH, 

.c. M/5( 
Ù Ca(OI 

It was 
served i 
asurem, 
ibratior 
os are . 

19'24) 
ium is 

cium h. 
pochlori 

re point 

shows a typical calibration curve for pH values up to 9.24, with extensiot Doles h 
above this pH for solutions containing these cations; the composition of tie increa 
various standard buffer solutions and the E.M.F.'s observed with a pars since t 
ticular electrode in them are given in Table i. The figure shows that ti the regi 
relation between E.M.F. and pH is linear up to very nearly pH ro. Above tbained 

pH, when sodium ions are present, the E.M.F. increases less rapidly tilkcentrat. 

corresponds to the linear relation, in agreement with the results of orite ble 
workers.5, 12, 15, 16 Maclnnes and Belcher15 have shown that when the 0114 concen 
metallic ions present are those of calcium, there is no appreciable deviatk d bleac 
from the linear relation at high pH values, and this is confirmed by the resnhitions 

s1_ 

shown in Fig. I. eobably 
r. 
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Table I 

Solution Reference px 

Glass 
Electrode 
E.M.F. 

(millivolts) 

c.c. 111/5 potassium hydrogen phthalate 
=20.4 c.c. M /10 HC1, diluted to 100 c.c. 

Clark and Lubs, 
cf. Clark2 

3.00 39 

20 potassium hydrogen phthalate 11 3.97 94 

c.c. M/5 potassium hydrogen phthalate 5.00 153 
+23.65 c.c. M/YORiel, diluted to 100 c.c. 

c.c. M/5 KHZPO4 + 5.64 c.c. M /10 6.00 209 
NaOH, diluted to 100 c.c. 

c.c. M/5 KHZPO4 + 29.54 c.c. M /10 7.00 267 
YaOH, diluted to 100 c.c. 

c.c. M/5 KH,PO4 -I- 46.85 c.c. M /10 8.00 323 
NaOH, diluted to 100 c.c. 

Walbum, cf. Clark2 9.24 394 
..c. M/20 Na2CO3+25 c.c. M/20 borax Kolthoff and 9.99 435 

Vleeschouwer, 
cf. Clark2 

c.c. M/10 Na2HPO4-}-8.26 c.c. M/10 11.00 481 
\aOH, diluted to 100 c.c. 

Na2CO3 Memel'? 11.37 492 
Frary and Nietz8 11.32 
Kolthoff, cf. Kolthoff 

and Furman14 11.36 
:.c. M/10 Na2HPO4+33.30 c.c. M/10 Kolthoff and 11.80 507 
\aOH, diluted to 100 c.c. Vleeschouwer, 

cf. Clark2 
c. M/50 Ca(OH)2-}-10 c.c. M/10 HC1 Cuccodoro' 12.00 547 

i0 Ca(OH)2 ... . PI 12.52 578 

It was found necessary to calibrate an electrode every day, as the E.M.F. 
erved with a given buffer solution varied slightly from day to day. For 
asurements up to pH Io, two points only are necessary to determine the 
bration curve, and for this purpose the most conveniently prepared solu- 
os are M /2o potassium hydrogen phthalate (pH 3.97) and M /2o borax 
9.24). Since the E.M.F. is a linear function of the pH up to pH 12.5 when 

cium ions are present, this calibration suffices for measurements on 
cium hypochlorite solutions, but for determinations of pH in sodium 

chlorite solutions of pH higher than io, it is necessary to have at least two 
re points on the calibration curve above this pH. 

Doles has shown that the deviation of the sodium curve from the straight 
increases with the concentration of sodium ion present in the solution, 
since the sodium ion concentration in the standard buffer solutions used 

the region above pH 9.24 is between oi and o13 M, the calibration curve 
aired is strictly applicable only to test solutions of similar sodium ion 
centration. The necessary conditions are fulfilled by the sodium hypo - 
rite bleach liquors, but in the licjuors buffered with soda ash, the sodium 
concentration always exceeds oi M and rises to about o25 M in the 
d bleach of a series. This has the effect of making the pH found for such 
tions slightly too low. The error increases with rising pH, but at pH zo5 
obably does not exceed oi pH unit. 
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III -THE VALIDITY OF GLASS ELECTRODE MEASUREMENTS IN 
HYPOCHLORITE SOLUTIONS FOR THE DETERMINATION OF 

HYDROGEN ION CONCENTRATION 
Although there is no a priori reason to suppose that the presence o 

oxidising agents like the hypochlorite ion and hypochlorous acid interfer 
with the determination of hydrogen ion concentration by means of the gl 

electrode, it is desirable to obtain experimental evidence on this point. Th: 

p y g p o solutions by any of the us Acetate 
Do. H 

impossibility of measuring the x of hypochlorite 
methods makes U. difficult obtain a direct check on the working the Phospha 
electrode in such solutions, and it is necessary to proceed in a more inclirec, Do. da 

way. If a small quantity of sodium hypochlorite is added to a buffer solutio Borate t 
Do. -t 

of considerable buffer capacity, the pH is only slightly altered, and the newt 
can be calculated by consideration of the sharing of the total base betwee (For 
the two acids, the buffer acid and hypochlorous acid. In the general case,' Acetate 

a1 and a 2 are the concentrations of two weak monobasic acids with apparent 
acetate dissociation constants Kí and K 2 and b is the concentration of total b, 
cid, az present, it can be shown9 that 

amount 

Kí + [H'] K -f [H'] [H.] + [OH'] - b = o fthe di 
Of thus 

If the pH of the mixture is between 4 and io, the third and fourth terms ma ypochl 
be neglected, so that the equation becomes a quadratic in [H']. In the presen The 
instance, the apparent dissociation constant of the buffer acid is readil the obse 
obtained from its neutralisation curve, and its concentration is known fro o assura 

the composition of the buffer solution. It is necessary to assume a value fo o 7 x ro' 
the dissociation constant of hypochlorous acid, and its concentration in th; .ntirely 
mixture can be calculated from the concentration of the added hypochlorit geatest 
solution and the dilution that takes place when it is added to the buffe The agr 
solution. The total base present consists of the alkali originally combin 'trong e 

with the buffer acid, the alkali combined with hypochlorous acid, and th caking 
"free" alkali (i.e. the titratable alkali in excess of the hypochlorite equivalent Witt 
contained in the hypochlorite solution. By comparing the observed an ues d 
calculated pH values for a mixture of a buffer solution and sodium h p ssociai 

chlorite solution a check on the working of the glass electrode in the presen alts I 

of hypochlorites is obtained. alidity 

Table II gives the results obtained on adding 2 c.c. of i M sodium h 

chlorite solution, o13o5 N in free sodium hydroxide, to ioo c.c. of acetat:';ud zs a 

phosphate and borate buffers respectively. Three values for the dissociati ''tration 
constant (K') of hypochlorous acid have been recorded in the literature, vi' 

lue, 

cid and 3.7 X r0-8 at 17° C. (Sand"), 6.7 X ro-10 at 25° C. (Noyes and Wilson"), an' 

ro X 10-8 at 25° C. (Soper"), and three calculated values for the pH of ea ! 
Insistez 

mixture are given, corresponding to these three values of K'. Mute t: 

The table shows that when the acetate buffer is employed, the calculat IV -7 
pH is the same no matter which of the three recorded values of the dissociatio For t 
constant is assumed, and that this calculated pH is in excellent agreeme knowle 
with the observed value. The assumption of any value for the dissociati ° airea 
constant less than 4 X 10-8 leads to the conclusion that at the pH of r, 3.7 > 

*The dissociation constants referred to in this paper are "apparent" in the sense ;,'e in Ir. 

n 
no allowance is made for the activity of the anion, and the "constant" therefore ' that 
slightly with the concentration of the anion and of other electrolytes present. Folly' ratio 
ing current usage, this apparent dissociation constant is designated K' to distinguish 
from the true dissociation constant in terms of activities, K. ( weak 
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Table II 

i 

E.M.F. 
(milli- 
volts) Ob- 

pH 

Çalculated 
served 

H'=3.7 x 10-8 K'=10 x 10-8 K'-6.7 x 10-10 

Acetate buffer 121 (4.63) 
Do. +hypochlorite 132 4.82 4.83 4.83 4.83 

Phosphate buffer 256 (7.00) 
Do. +hypochlorite 285 7.51 7.52 7.78 8.47 

Borate buffer 384 (9.24) 
Do. +hypochlorite 386 9.27 9.27 9.27 9.33 

(For the composition of the phosphate and borate buffer solutions see Table I. 
Acetate buffer -a solution 0.1M in acetic acid and 0.1 Min sodium acetate.) 

acetate buffer, the added hypochlorite is present entirely as hypochlorous 
acid, and the effect produced is therefore that due to the addition of an 
amount of alkali equal to the total alkali, free and combined, contained in the 
hypochlorite; consequently, the calculated pH is the same for all three values 
fthe dissociation constant. The agreement between observed and calculated 
pH 

thus shows that the glass electrode functions correctly in the presence of 
L terms ma' iypochlorous acid. 
the preset' The calculated pH for the borax -hypochlorite mixture is identical with 

I is readil the observed pH if either of the two larger values for the dissociation constant 
mown fro i assumed, and differs from it by only oo6 pH unit if the extreme value of 
a value fo 7 x 10-1° is taken. Here the hypochlorite exists in the mixture almost 

ation in th tirely, or to the extent of about half, as hypochlorite ion, according as the 
cypochlorit, eatest or the least of the values for the dissociation constant is assumed. 

the buffe The agreement between observed and calculated pH values thus provides 
y combin strong evidence that hypochlorite ion does not interfere with the correct 
id, and th irking of the glass electrode. 
equivalent With the phosphate -hypochlorite mixtures, the three calculated pH 
served an alues differ widely, and only the value calculated on the assumption that the 
ilium h i ociation constant is 3.7 X 10-8 is in agreement with the observed pH. The 
:he present sults therefore do not provide any independent evidence regarding the 

solidity of the use of the glass electrode in hypochlorite solutions, but they are 

ilium h licable if the correct value of the dissociation constant of hypochlorous 

of acetat: 
cid is about 3.7 X 10 -8. As will be shown in the next section, electrometric 

dissociano'tration of sodium hypochlorite by means of the glass electrode yields this 

erature, vi 
s lue, indicating that the measurements in solutions where hypochlorous 

lson18), an'cid and hypochlorite ion play only a minor part in determining the pH are 
pH of ea insistent with measurements in solutions in which these substances con - 

titute the sole buffer system. 

e calculat 
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pH of th 
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IV -THE DISSOCIATION CONSTANT OF HYPOCHLOROUS ACID 
For the complete understanding of the behaviour of hypochlorite solutions 

knowledge of the dissociation constant of hypochlorous acid is essential. 
already mentioned, three values for this constant have been recorded, 

.0. 3.7 X 10 -8, 1o X 10-8. and 6.7 X 10 -10. Whilst the first and second values 
in moderate agreement, the third is of a different order of magnitude, 
that there has been some doubt as to the true value. Electrometric 

'tration provides a useful method of determining the dissociation constant 
weak acids, but it only became applicable to hypochlorous acid with the 
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introduction of the glass electrode. The determination is described, and the 

results are recorded, in the following paragraphs. 
The method employed was the titration with 02 N hydrochloric acid of 

solutions of sodium and calcium hypochlorites 0.02 M in hypochlorite ion Neutral 

(o04 N in available chlorine). Two hundred c.c. of the solution were con- tion < 

ochlc tamed in a 25o c.c. beaker, and the glass electrode and the tip of the side 

tube of the calomel half -cell were immersed in the solution. The hydro 

h' 

p acid 

chloric acid was added from a burette, and after each addition of acid the 95 
solution was stirred and the E.M.F. measured. By means of the Henderson- 90 
Hasselbalch equation, pH =pK'H -log [salt] /[acid], where fiK'= - log K, 80 

the apparent dissociation constant was calculated for various degrees of 60 
neutralisation of the hypochlorous acid. 50 

The sodium hypochlorite solution used for the electrometric titrations was 30 
prepared from a commercial solution about 5 N in available chlorine. Exam- 20 

ination showed that part of the free alkalinity of this solution was due to 
15 

carbonate, which had to be removed before performing the titration. The 

free alkalinity of the solution was determined by destroying the hypochlorite - 
with neutralised hydrogen peroxide and titrating to the methyl red end -point 

with standard acid. To 500 c.c. of the concentrated hypochlorite solution soo, 

were added barium chloride equivalent to the whole of the free alkalinity and 

concentrated carbonate -free sodium hydroxide solution sufficient to make the 

solution about o2 N in free alkali. The precipitated barium carbonate was 

allowed to settle, and the clear solution drawn off. The excess of barium 
400 

present was then precipitated by the addition of sodium sulphate solution, 
the amount required being ascertained by adding the sodium sulphate solu- 

tion to an aliquot part of the hypochlorite solution contained in a centrifuge 300 
tube, until after centrifuging a further addition produced no precipitate. 
The barium sulphate was separated by centrifuging in stoppered tubes, and 

3 the clear solution analysed for free alkali, hypochlorite, chloride, chlorate, 
and sulphate. From this solution a solution about 002 M in hypochlorite was ¡in) 

prepared for electrometric titration. This solution was ooo25o N in free 

alkali, oo2o4 M in hypochlorite ion, 0.0293 M in chloride ion, and 0.001331 
in chlorate ion, whilst the amount of sulphate was negligibly small. 

Ntpoch 

Owing to the insolubility of calcium carbonate, calcium hypochlorite 
solutions containing free alkali are free from carbonate. The calcium hypo- 

chlorite solution for electrometric titration was obtained by the dilution of a 

freshly prepared solution of bleaching powder. The solution used was 

0.00195 N in free alkali, 00200 M in hypochlorite ion, 0.0251 M in chloride 

ion, and 0.00054 M in chlorate ion. 
Fig. 2 shows a typical titration curve for a solution containing sodium 

hypochlorite. The first "break" in the curve corresponds to the neutralisation 
of the free alkali, and the second to the completion of the liberation of the 

hypochlorous acid. The results of four titrations -two of .sodium, and two 

of calcium, hypochlorite -and the derived values of pK' and K' are given in 

Table III. The table shows that the calculated 25K' values are very nearly 

constant over the range of 10 -95% neutralisation, but the value found for 

5% neutralisation is slightly lower. The value for half -neutralisation is 7-4 

and this is in good agreement with the mean of all the values. Taking this 

value as the best for the purpose of defining K' by a single figure, the value of 

K' at room temperature (18 -20° C.) is 3.7 x 10-8, in agreement with Sand's 

mean value. 
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Table III 

% 
Neutralisa- 

tion of 
óvpochlorous 

acid 

-ations was 30 
le. Exam- 20 

95 
90 
80 
70 
60 
50 
40 

vas due to 

etion. The 

rpochlorite 
end -point 

te solution 500, 

alinity and 

make the 

)onate was 

10 
5 

pH 

9 

[C10'] 
[HC1O] 

[C10'] 
log 

[HC10] 
Sodium 

hypochlorite 

Expt.l Expt.2 

Calcium 
hypochlorite 

Mean 
PH 

Mean 
PE' 

Mean 
K' 

Expt.3 Expt.4 

19 1-28 8-70 8.71 8.71 8.69 8.70 7.42 3 8 x 10-8 
9 0.95 8.38 8.41 8.42 8.39 8.40 7.45 3.6 
4 0.60 8.00 8.04 8.08 8.05 8.04 7.44 3.6 
2.33 0-37 7.77 7.83 7.83 7.78 7.80 7.43 3.7 
1.5 0.18 7.59 7.65 7.65 7.60 7.62 7.44 3.6 
1 0.00 7.42 7.44 7.46 7.41 7.43 7.43 3.7 
0.667 -0.18 7.25 7.25 7.28 7.23 7-25 7.43 3.7 
0.429 -0.37 7.05 7.05 7.08 7.03 7.05 7-42 3.8 
0.25 -0.60 6.81 6.85 6.80 6.79 6.81 7-41 3.9 
0.111 -0-95 6.45 6.45 6.40 6.42 6.43 7.38 4.2 
0.053 -1-28 6.06 6.07 6.02 6.04 6.05 7.33 4.7 
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Foerster and Jorre7 have shown that hypochlorite ion and hypochlorous 
d interact to yield chlorate, and this reaction is a possible source of error 
the determination of the dissociation constant of hypochlorous acid by 
ctrometric titration. The results of Foerster6 indicate, however, that at 
ations as great as that employed in the above titrations, chlorate formation 
room temperature is very slow, and this has been confirmed by results 
tained in the present work which will be described later. It is therefore 
obable that the amount of chlorate formation taking place in an hour, the 
e required for a titration, is negligible, and this conclusion is supported by 
close agreement between the concentration of hypochlorite as determined 
electrometric titration with acid and by titration with sodium arsenite 
ution. 
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From the hydrolysis constant of chlorine in aqueous solution it can be 'king 
calculated' that there is no appreciable formation of chlorine during the owan 
titrations until the pH falls below 4.6, the pH at which the liberation of hypo. 

31 Mew 
chlorous acid is complete; hence no error is introduced into the determination The 
by chlorine formation. 

u) with 
d (c) v 

V -THE VARIATION OF THE pH OF HYPOCHLORITE SOLUTIONS 
e calc DURING THE BLEACHING OF COTTON 

(1) Introductory 
In order to study the changes which take place in the pH of hypochlorite 

ntavair dh o 
bleach liquors during the bleaching process, a series of experimental bleaches 

1) has has been carried out, and the px of the bleach liquor measured by means of 
The c the glass electrode at intervals. The cloth used was of American cotton, leach 

desized, and scoured by boiling with soda ash solution before bleaching, ñ 
This preparation is less drastic than is usually employed for white goods, 

ncentr which are generally boiled under high pressure with caustic soda solutions, 
nn fell but it may be regarded as the most severe scouring treatment to which cloth fthe bl containing coloured stripes can be safely subjected. Compared with a pressure stern 

c caustic boil, the milder scouring treatment used in these experiments results 
litres c in a less complete removal of the non -cellulosic substances, whilst in the 
!the se: subsequent bleaching the consumption of hypochlorite and the accumulation 
on of of acidic oxidation products in the bleach liquor are correspondingly greater, 
oo5 N These factors must affect, in a quantitative sense, the observed changes 
?scribec 

of pH during bleaching. 
,nsump 

It is the practice in many works to use the partially spent bleach liquor 
' 'ch ad 

from one bleach in making up the liquor for the next, and this procedure has orine 
been followed in the present work. In each series consisting of three bleaches, tially 
the partially spent liquors from the first and second have been used in pre- sodiun 
paring the bleach liquors for the second and third bleaches respectively. 

,e px c 

(2) Description of Experimental Bleaches stile IV 
A sample of the grey cloth weighing 6. lb. was wetted out with hot water, the ca] 

malted overnight in a % solution of Diastafor, washed, and boiled fo the soc 

4 hours in o2% soda ash solution. After rinsing, the cloth was soured with cium a 

N /2o hydrochloric acid and washed until the px of the wash -water was abou P :es of 

5. It was then squeezed until it retained about 150% of its weight of water. made a 

The bleaching operation was conducted in an apparatus which enabl 'l e bleacl 

the bleach liquor to be circulated continuously from a storage cistern throug epx fa] 

the cloth piled in a vessel at a higher level, and thence back to the stora epx at 

h, 
cistern. In all the experiments, the ratio of liquor to cloth was 5:i, so tha eseconc 

for 64 lb. ( =2.84 kgm.), 14.2 litres of liquor were necessary. The amountorac e) 

water retained in the cloth after the soda ash boil was determined by weighin; 
ues are 

the wet cloth, and allowance made for it in making up the liquor. At the begin "filar tc 

ning of each bleach 710 milli- equivalents of available chlorine were adde' " 
um h: 

in the form of concentrated calcium or sodium hypochlorite solution, th er tha. 

making the solution 0.05 N in available chlorine, and after half -an -hour' ''ches. 

bleaching a further addition of 355 mid- equivalents was made. Bleachiu; When 

was continued for 2 hours, and at intervals the fix of the bleach liquor o.' ¢ H is vi 

measured by means of the glass electrode, and the concentration of availabl churn h: 

chlorine determined by titration with standard arsenite solution. At the en' arbona 

of the bleach, the circulation was stopped and as much of the liquor . additie 

possible squeezed out of the cloth. This partially spent liquor was used ' ' seconc 
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it can be uakang up the bleach liquor for the next bleach of the series, making due 

luring the owance for the residual hypochlorite. 

In of hypo- i Measurements of pH during Bleaching 
ermination The following three series of experimental bleaches were carried out- 

I) with calcium hypochlorite solution, (b) with sodium hypochlorite solution, 
d (c) with sodium hypochlorite solution containing 5 g. per litre of soda ash. 

UTIONS 
e calcium hypochlorite solution was prepared from a stock solution 1.98 N 
available chlorine and o0415 N in free alkali, and the calculated initial free 
alinity of the bleach liquor was 0.00105 N. The available chlorine con - 

¡Tpochlorite ntration and free alkalinity of the sodium hypochlorite stock solution were 
al bleaches ,o2N and 0.215 N respectively, giving a bleach liquor 0.00356 N in free alkali. 
y means of 

The consumption of hypochlorite was very rapid in the early stages of the 
an cotton, 

leach, the available chlorine concentration falling from o05 N at the 
bleaching. 

eginning to an average value of 0.018 N after half an hour. At this point, the 
bite goods, ncentration was increased by 0.025 N by the addition of hypochlorite, and it 
L solutions, en fell more slowly, again attaining an average value of 0.018 N at the end 
vhich cloth 

the bleach (2 hours). The partially spent liquor was kept in the storage 
a 

Pressure 'tern' of the bleaching apparatus until the following day, when about 
tints results 

rilst in the 
litres of it was utilised in making up the bleach liquor for the next bleach 

1 st 
in the series. During this period of storage, it was found that the concentra- 

n of available chlorine continued to fall, and was usually only about 
;ly greater. 

005 N after the liquor had stood for 20 hours. Although the experiments 
..d change, cribed are not well adapted for exact measurement of the hypochlorite 

,nsumption, there is evidence that with the sodium hypochlorite liquors to 
each liquor 'ch additions of soda ash have been made the concentration of available 
)cedure has orine is lower at the end of the bleach and falls more rapidly when the 
:e bleaches, , tially spent liquor is allowed to stand, than with the calcium hypochlorite 
sed in pre- sodium hypochlorite liquors containing no added alkali. The variation of 
;tively. 

pH of the bleach liquors during the various bleaches is recorded in 
die IV, and shown graphically in Fig. 3. Owing to the lower free alkalinity 

hot water,'the calcium hypochlorite solution, the initial pH (IIo5) is lower than that 
boiled f the sodium hypochlorite solution (11.55). In the first bleach of both the 

oured wits cium and sodium hypochlorite series, the pH falls very rapidly in the early 
- was abou ages of the bleach; there is a rise of pH when the addition of hypochlorite 
it of water. made after half an hour, and then the pit falls more slowly until the end of 

ch enabl 
bleach. When the partially spent liquor is allowed to stand overnight, 

in throug 
pH falls considerably, and on making up the liquor for the second bleach, 

the storag:' pH attained is much lower than at the beginning of the first bleach. In 

5:I, so th a 
second bleach, the course of the pH variation is similar to that of the first 

amount o' ch, except that there is no rapid fall at the beginning, and that the pH 

weig 
ues are lower than in the first bleach. The third bleach yields results very 

the begin " 
ar to the second. The principal difference between the calcium and 

were adde ' 
urn hypochlorite bleaches is that with thé former the pH is consistently 

ution, th 'er than with the latter, the difference amounting to I unit after three 

tf -an -hour 
ches. 

Bleachin; When sodium hypochlorite solution containing soda ash is used, the fall 

liquor w pH is very much less rapid than with either sodium hypochlorite alone, or 

of availabi Turn hypochlorite. This is due to the buffering action of the carbonate - 

At the ea rbonate system, which also prevents any appreciable rise of pH when 

e liquor addition of hypochlorite is made after half an hour. The fall in pH during 

vas used second and third bleaches of this series 'is relatively small, and the pin 
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Table IV 
pH of Bleach Liquors 

Calcium hypochlorite Sodium hypochlorite Sodium hypochlorit 
Time Bleach Bleach +Soda ash Bleach 

EB97 EB98 EB99 EB100 EB101 EB102 EB103 EB104 EBI 

0 mins.* 11.05 8.55 8.55 11.55 9.35 9.25 11.2 10.1 9.9 

5 9.25 8.45 8.35 10.5 9.25 9.2 
15 8.95 8.3 8.15 9.7 9.05 9.1 10.95 10.0 9. 

30 ** 8.7 8.15 8.0 9.35 8.9 8.95 10.8 9.95 9.6 

35 8.85 8.4 8.35 9.8 9.2 9.2 10.75 - _ 
45 8.7 8.2 8.1 9.4 9.1 9.15 10.65 9.9 9.6 

60 8.5 8.0 7.9 9.2 8.9 9.0 10.5 9.85 9.7 

90 8.25 7.65 7.6 8.8 8.6 8.65 10.3 9.8 9.7 

120 8.1 7.45 7.4 8.5 8.45 8.4 10.2 9.75 9 
150 7.95 7.35 7.25 8.35 8.3 8.25 10.15 9.7 9.6 

23 hours 6.6 6.0 - 6.75 7.0 7.15 9.8 9.6 - 

* Before circulation of the bleach liquor through the cloth. 
** Addition of hypochlorite immediately after this measurement. 
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O 100 I0 
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50 

at the end of the third bleach was 9.6 as against 8.25 with sodium hypochloril 
alone and 7.25 with calcium hypochlorite. The initial pH of the first bleat 

in the soda ash series was 112, which is lower than that of o05 M sodiil 

carbonate solution used as a standard (11.35). The pH of a o05 M solutions 
the soda ash was measured and found to be 1x15, a result which is probabl; 

due to the presence of bicarbonate in the commercial carbonate. 
Three similar series of bleaches were carried out, using a cloth will 

had been washed but not soured after the soda ash boil. Results qualitativer 
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similar to those recorded in Table IV were obtained, but the pH values ob- 
served were slightly higher than those for the soured cloth. This is no doubt 
due to the alkalinity of the unsoured cloth, since it was found that' in a 
typical instance, whereas the cloth washed with water after the soda ash boil 
had an ash alkalinity of 6.3 milli- equivalents per ioo g., after souring and 
washing, the ash alkalinity was only ii. 

It is sometimes stated that the carbon dioxide of the air plays an important 
part in bleaching by means of hypochlorites, by neutralising the free alkalinity 
of the bleach liquor and liberating hypochlorous acid from its salt. Experi- 
ments were therefore made in which calcium and sodium hypochlorite solu- 
tions of the composition used in the bleaches were circulated in the bleaching 
apparatus, with only a single layer of a well- bleached cloth present. With 
sodium hypochlorite, the fall in pH in 24- hours was from 11.5 to 11.05, and a 
similar rate of fall was obtained with a calcium hypochlorite solution. The 
effect of atmospheric carbon dioxide on the pH of bleach liquors under the 
conditions employed is therefore small, and quite insufficient to explain the 
rapid fall in pH which takes place during the first 15 minutes of a bleach. 
Since the effect of atmospheric carbon dioxide on the pH of a sodium hypo- 
chlorite solution containing soda ash would be the same as the effect on the 
soda ash alone, the blank experiment in this instance was made by circulating 
a I% solution of soda ash through cloth exactly as in a bleach. In. 22 hours 
the pH fell by 0.3 unit. A % solution of sodium carbonate is not in equili- 
brium with the carbon dioxide of the air; according to the results of Walker, 
Bray, and Johnston,2' carbon dioxide is absorbed until about 40% of the total 
base is present as bicarbonate. The pH of such a carbonate system is about 
io, so that in the above experiment, equilibrium with atmospheric carbon 
dioxide was by no means reached after circulation for 2iy hours. 
(4) Examination of Spent Liquors 

At the end of each bleach, a sample of the liquor was taken and kept in a 
well -stoppered bottle. The concentration of residual available chlorine fell 
rather rapidly, and when there was no more hypochlorite present, as shown 
by the failure to colour starch -iodide paper, the spent liquors from the 
sodium and calcium hypochlorite bleaches were titrated electrometrically 
with acid and alkali by means of the glass electrode. Fig. 4 shows the results 
of the titration of 200 c.c. of each of the three sodium hypochlorite spent 

THE SEWS IGquors with N/5 hydrochloric acid and N/5 sodium hydroxide solutions. 
The results for the three solutions are qualitatively similar, and show that the 
mount of buffering substances in solution increases progressively from the 
first to the third bleach of the series, as might be expected from the use of 
the partially spent liquors from the first and second, in preparing the bleach 

roo 150 liquors for the second and third bleaches respectively. The titration curves 
agree closely with the titration curve of sodium carbonate with hydrochloric 
acid, except that there is no well- defined "break" corresponding to the 
complete liberation of carbonic acid. The gradual fall of the curves from 
H 5 suggests the presence of some weak acid or acids stronger than carbonic 
cid. Chemical tests confirmed the presence of carbonic acid. Hence the 

nt liquors, which have a pH óf from 6.45 to 6.6, probably contain a certain 
ount of a rather strong organic acid present almost entirely as the sodium 
t, and a larger amount of carbonic acid present mainly as bicarbonate, but 

artly as the free acid. 
When a spent liquor from a sodium hypochlorite bleach, which has been 

ept in a closed bottle until there is no hypochlorite left, is then exposed to 
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e air, the pH gradually rises. This is illustrated by Fig. 5, which shows the 
ange of pH with time in two samples of a spent liquor, one of which was 
ft in the cistern of the bleaching apparatus, exposed to the air, while the 
ther was kept in a closed bottle. The pH of both samples fell at first, corre- 
nding to the gradual consumption of the residual hypochlorite, but 
hile the pH of the sample in the bottle fell to a practically constant value of 
0, the pH of the spent liquor in the jar began to rise again and reached a 
ue of 8.75 after six days. A similar rise in pH was produced in a few hours. 

p passing a current of air through the spent liquor which had been kept in a 
oppered bottle (Fig. 5). This behaviour is readily accounted for by the 
resence of carbonic acid and sodium bicarbonate. In any carbonate solution 
ere is an equilibrium between the carbonate ion CO3 ", the bicarbonate 
n HCO3', and free carbonic acid H 2CO3, and the latter is also in equilibrium 
'th the carbon dioxide in the gas phase above the solution. Thus foi a given 
ount of base in the solution, the state of the carbonate equilibrium, and 

ence the pH, are defined by the partial pressure of carbon dioxide in 
uilibrium with the solution. The partial pressure of carbon dioxide in 
dinary air is about 0.0003 atmosphere, and if a solution containing a 
rbonate system in equilibrium with a higher pressure of carbon dioxide 
an this is exposed to the air, carbon dioxide will be given off and the pH 
the solution will rise, until equilibrium with the atmospheric carbon dioxide 
attained. In the present instance, the pH of the unexposed spent liquor and 
e indication of the approximate amount of base combined as bicarbonate 

given by electrometric titration showed that the equilibria in the solution 
rresponded to a partial pressure of carbon dioxide considerably in excess of 
at in the atmosphere. Consequently, on exposing the solution to the air, 
bon dioxide was given off and the pH rose. This loss of carbon dioxide 
also shown by electrometric titration of the spent liquor before and after 

osure to the air, which indicated that the total concentration of weak 
'ds was less after exposure than before. 
The spent liquors from the three calcium hypochlorite bleaches EB 97, 
and 99 were titrated electrometrically in the same way as those from the 
um hypochlorite bleaches after being kept in closed bottles until there 

s no more hypochlorite left. The results obtained with the three spent 
uors were very similar and the titration curve for one of them (EB99) is 

ven in Fig. 6. As with the sodium hypochlorite spent liquors, clear evidence 
the presence of carbonic acid is given by the course of the titration curves, 
d with the calcium liquors there is additional evidence given by the pre - 
pitation of calcium carbonate when the pH reached about 8.5. The titration 

e also yields evidence of the presence of a weak acid stronger than 
bonic acid, combined as calcium salt, whilst the low pH of the spent liquors 
15 -5.35) indicates that most of the carbonic acid present is in the free state. 
Some of the spent liquor from the calcium hypochlorite bleach EB99 was 

posed to the air for ten days and then again titrated. The titration curve 
tained is included in Fig. 6 and shows the loss of carbon dioxide in a very 
'king way. The rapid rise of the pH on the addition of alkali shows that the 
bonic acid originally present had almost entirely disappeared. The dotted 

e in Fig. 6 is the neutralisation curve of a strong acid and a strong base, 
d by comparison of this curve with the titration curve of the spent liquor 
posed to the air, the presence of some weak acid considerably stronger than 
rbonic acid is confirmed. At the pH of the spent liquor, this acid is seen to 
practically entirely in the combined state. 
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The spent liquors from the calcium hypochlorite bleaches were practical e only 
colourless, while those from the sodium hypochlorite bleaches were slights oily o: 
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yellowish. On titration with alkali, both the calcium and sodium solutio 
became pale yellow; the sodium solutions gave a small amount of a browns 
precipitate containing organic matter and magnesium, the latter presumabi 
being derived from the cloth, whilst with the calcium solutions a more copio 
precipitate consisting mainly of calcium carbonate was obtained. The spen 

liquors from the bleaches with sodium hypochlorite solution containing s 
ash were pale yellow at the end of the bleaches, but acquired a much dee 
yellow colour on standing; on acidification they were rendered almost colour 
less and opalescent. 

When the samples of the spent liquors from the calcium hypochlorit 
bleaches were taken at the end of the bleach they were quite clear, but afte 

they had stood overnight a small quantity of a white precipitate was foun 

to have settled out. This was separated, and found to be insoluble in dilut 

acetic acid, but soluble in dilute hydrochloric acid. On making the hydr 
chloric acid solution alkaline with ammonia, a granular precipitate was 

formed, thus suggesting that the substance was calcium oxalate. This 

supposition was confirmed by the observation that when either the origin 
precipitate or that obtained by dissolving it in hydrochloric acid and making 

alkaline with ammonia was warmed with dilute sulphuric acid, the resulting 
solution reduced a considerable quantity of permanganate. Oxalic acid can 

chlorfit 

8.15 
7.25 

Availab 
Chlorin 

002235 
0.0173 
0.01495 
0.01355 
0.01155 
0.00975 
0.0045 



acentration 
o 

ypochlorite Solutions with the Glass Electrode- Davidson 17 

practical) e only an intermediate product in the bleaching process, since it is itself 
rere slight! ily oxidised to carbon dioxide by hypochlorous acid.1° 
.m solutio . 

It is perhaps worthy of note that although the spent liquors soon became 
a brown's,, capable of giving a blue coloration with starch -iodide paper, yet when this 

presumabl age had been reached the solutions were able to liberate a little iodine from 
lore copio tassium iodide on acidification with acetic acid. Control experiments 

The spen, owed that this behaviour was not due to the small amount of chlorate 
raining soy, esent in the spent liquors, and it is possibly to be attributed to the presence 
ouch deepe f some chlorinated substance or substances. If the hypochlorite is con - 
nost colour , ed partly by chlorination processes, free alkali should be liberated, and 

s should tend to raise the fix of the solution. If free alkali is actually 
berated in this way, its effect on the fix is entirely masked by the production 
f acidic products by oxidation processes. 

I The Consumption of Hypochlorite by Spent Liquors and the Stability of 
Hypochlorite Solutions at Various pH Values 
As already mentioned, after the end of a bleach the concentration of 

ailable chlorine in the bleach liquor continued to fall until ultimately there 
s none left. For example, in a sodium hypochlorite bleach the concentra- 

on of available chlorine at the end of the bleach was ooi8o N, and it fell 
0.0041 N in 24 hours and to zero in 144 hours. It is known from the work 
Foerstere, 7 that hypochlorite solutions decompose spontaneously with 

e formation of chlorate, but his results indicate that the consumption of 
ochlorite in this reaction is much less rapid than that found in the 
ially spent bleach liquors. Experiments were therefore made in which 

e rate of consumption of hypochlorite by spent liquors was compared with 
e rate of spontaneous decomposition of hypochlorite solutions of corre- 
ending H. 

Five c.c. of a sodium hypochlorite solution 2.235 N in available chlorine 
e diluted to 500 c.c. with completely spent liquors from the bleaches 
loz (sodium hypochlorite) and EB1o5 (sodium hypochlorite and soda ash), 

epH measured with the glass electrode, and the rate of consumption of the 
ochlorite at room temperature followed by titration of 5o c.c. portions 
h Nf 20 sodium arsenite solution. Hypochlorite solutions of the same 
centration and approximately the same fix were prepared by diluting 
c. of the stock hypochlorite solution to 500 c.c. with water containing the 
opriate amount of hydrochloric acid, and the concentration change 

owed in the same way. The results obtained are given in Table V, and 
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Table V 

chlorite + Spent Liquor 

7.05 
6.95 

Available 
Chlorine 

Hypochlorite Alone 

8.15 
7.25 

Time 
(hours) 

9.4 
9.2 

Available 
Chlorine 

Time 
(hours) 

Time 
(hours) 

8.2 
8.15 

Available 
Chlorine 

Time 
(hours) 

9.6 
9.4 

Availabl 
Chlorine 

Available 
Chlorine 

002235 N 0 0.02235 N 0 002235 N 0 0.02235 N 0 0-02235 
0.0173 0.5 0.01475 1.1 0.0221 1.0 0.02225 1.0 0.0223 
0.01495 1.5 0.0123 3.45 0.0220 3.35 00222 3.25 002225 
0.01355 3.1 0.0099 6.05 002185 5.8 0-0221 5.8 0.0222 
001155 4.75 00082 22.6 0-0210 22.3 0.0219 22.3 0.02205 
0.00975 6.25 0.00685 
0.0045 22.75 0.00145 
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show that the consumption of hypochlorite in the spent liquors is very muc i.e. the 
more rapid than in the hypochlorite solutions of corresponding pH con as ther 
taining no spent liquor. That the rapid consumption of hypochlorite by th; oust r 
spent liquors was not due to catalysed auto -decomposition of the h 

1m 
of 

chlorite was shown by again adding hypochlorite to the spent liquor after th until w 

first addition had been consumed, when it was found that the fall of th; of a so: 

concentration of available chlorine was very much slower than after th; conceni 

first addition. The results suggest that the spent liquors contain organi 
a fraci 

matter from the cloth, rendered soluble by the bleaching process, and whi M=Ps 
is capable of further oxidation by hypochlorite. The yellow colour of th consum 

spent liquors was almost completely destroyed by the addition of h n bon of 
chlorite, a behaviour which is explicable on the oxidation hypothesis. 

lo this 

(6) The Effect of the Consumption of Hypochlorite on the pH of Hypochlod 
Solutions 
Apart from the effect on the pH of bleach liquors of the acidic produc 

formed during bleaching,, the pH may fall merely on account of the consum 

tion of the hypochlorite. This latter effect is shown by consideration of th 

simple case where a hypochlorite solution is reduced by means of a reaction he eqi 
which yields no acidic products, e.g. by treatment with a solution of p ague( 
hydrogen peroxide. A 002 M sodium hypochlorite solution cont g to 
exactly equivalent amounts of hypochlorous acid and sodium hydroxide h btainel 

a pH of about 9.7 (cf. Fig. 2). If such a solution is decomposed by means o lypochl 

hydrogen peroxide, the only products are sodium chloride, oxygen and wate omplet 

so that the resulting solution is neutral, i.e. its pH is 7. If now the pH of th Uric r 

hypochlorite is above the equivalence point (pH 9.7), i.e.. if the soluti,l the o: 

contains free alkali, the destruction of the hypochlorite will leave a solutio 

containing the original amount of free alkali in addition to the neutral pry 

ducts; the pH of the solution is therefore that corresponding to this coo 

centration of alkali, and calculation shows that it is almost identical with th 

original pH. On the other hand, if the pH of the hypochlorite solution is belo 

the equivalence point, the solution contains hypochlorous acid, and this o 

reduction yields an equivalent amount of hydrochloric acid, which ca 

the resulting solution to have an acid reaction. For example, if the pH of 

0.02 M sodium hypochlorite solution is 7.43, the point of half -neutralisatio 

of hypochlorous acid, the solution is oor M in hypochlorous acid; on redo 

tion, the solution is oor M in hydrochloric acid, so that in the absence of 

buffering substances, its pH is 2. 

The course of the pH variation of a solution containing hypochlorous a 

and hypochlorite ion due to the gradual consumption of the hypochlorite 
oxidising processes such as bleaching may be calculated from theoreti 

considerations. Little is known as to the mechanism of bleaching by h 

chlorites, but it can be shown that whether hypochlorite ion or hypochloro 

acid is the active bleaching agent, the effect of the consumption of the h) 

chlorite on the pH is the same. If hypochlorous acid takes any part in 

oxidation, hydrochloric acid is produced, and this acts on the hypochlori 

ion to liberate an equivalent amount of hypochlorous acid. The reacti 

may be expressed by the following ionic equations - 
HC10 -'C1' +1-1' +O 

H +C10' -HC10 
so that the net effect is Expe 

C10' -*Cl' -I -O ;''the el 
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i.e. the same as if hypochlorite ion were the sole oxidising agent. Thus as long 
as there is any hypochlorite ion left, the concentration of hypochlorous acid 
must remain constant. While the hypochlorite ion is being consumed, the 

of the solution is determined by the Henderson- Hasselbalch equation, 
until when the hypochlorite ion is all used up, the pH falls steeply to that 
of a solution of hypochlorous acid. Thus in a solution with an initial total 
concentration of hypochlorous acid, free and combined, equal to a, of which 
a fraction x is combined, the initial pH is defined by the equation 
px =pK' {log x /(i -x); if now a fraction y of the total available chlorine is 

consumed in an oxidation process yielding neutral products, the concentra- 
ion of hypochlorous acid remains constant until y becomes equal to x, and up 
to this point the pH is given by the equation pH= pK'+log (x- y) /(i -x). 
Beyond this stage, when all the hypochlorite ion is consumed, the hydro - 
hloric acid produced by the reduction of hypochlorous acid interacts with the 
emaining hypochlorous acid to yield chlorine, and the equilibrium in the 
lution is that corresponding to the equation 

H' +C1' HC1Oo C12 -1-H2O 

e equilibrium constant of this reaction, the hydrolysis constant of chlorine 
aqueous solution, is known, and the hydrogen ion concentration correspond - 

g to the consumption of any fraction of the hypochlorous acid can be 
btained by the solution of a cubic equation. During the consumption of the 
ypochlorous acid, the pH gradually falls, and when the consumption is 
omplete, the pH attains the value corresponding to a solution of hydro - 
oric acid of concentration a(i -x), the concentration of hypochlorous acid 
the original solution. 

o 
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FIG. 7 

Curve r -HC1O T00% neutralised. Curve 3 -HC1O 5o% neutralised. 
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Experimental confirmation of these theoretical deductions was obtained 
the electrometric titration of solutions of wholly and partially neutralised 
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hypochlorous acid with a neutral solution of hydrogen peroxide. Electro. hich y 

metric titration of the hydrogen peroxide solution with acid and alkali showed ction 
that it contained no buffering substances which would interfere below px ro, hich t 
Two hundred c.c. of a calcium hypochlorite solution 0.02 M in hypochlorite s aci 
ion were brought to the desired initial pH by the addition of the appropriate ;icarbo: 

volume of N/5 hydrochloric acid, and the solution titrated electrometrically The 
with a standard solution of hydrogen peroxide approximately o4 N. The all sc 
results obtained with solutions in which the hypochlorous acid was 25, 50, Teach l 

go, and i00% neutralised respectively, are shown in Fig. 7. The figure shows alini 
that the experimental results are in agreement with the theoretical deductions, or the 
Thus with the solution in which the hypochlorous acid was initially 50% leache 
neutralised (pH 7.4.3), the pH falls steeply to the pH of a solution of hypo- °ould i 

chlorous acid when 50% of the available chlorine has been consumed, and leachii 
calculation shows that up to this point the experimental and theoretical Owiv 

curves are in good agreement. As already mentioned, when a stoichio- at a 
metrically neutral hypochlorite solution is reduced by hydrogen peroxide, the orite 
resulting solution should have a pH of 7. It could hardly be expected that on wa 
exactly this px would be obtained experimentally, since a very small error in er th 
the neutralisation of the hypochlorous acid would cause a relatively large f the 
error in the final fix owing to the fact that the final solution is unbuffered, ire suc 
Curve I of Fig. 7 gives the results obtained with a solution which was in en die 
tended to be stoichiometrically neutral, but the final fix of 6.35 shows that n maid 
actually there must have been a slight deficiency of alkali. The curve shows iquor f 
the feature characteristic of a stoichiometrically neutral solution in that the ction o 
pH falls steeply when the hypochlorite is all reduced, and then remains icarboi 
constant on further addition of hydrogen peroxide. The results show that to by 
the higher the fix of a hypochlorite solution, the more strongly is it "buffered" alinii 
with respect to the effect of hypochlorite consumption. alinii 

hereas 
(7) General Discussion 

'ntinuE 
In the early stages of bleaching by means of sodium or calcium hypo- g t 

chlorite, the acidic products of the bleaching process reduce the fix by ,at it is 
neutralising the free alkali, and the consumption of the hypochlorite has no , count 
effect. As soon as the equivalence point is reached, however, the action of the rbona 
acids produced is supplemented by an effect due to the reduction of hypo- ;,ore raj 
chlorite. It has been seen in Section V (6) that at high fix values this latter The 
effect is of little importance. At pH values below 97, the buffer system ,d sod. 
consists of partially neutralised hypochlorous and carbonic acids- the ;,¡nt, s 
stronger acid produced by the bleaching being completely neutralised at 

; oducte 
pH values obtaining during actual bleaching. This buffer system is acted on er s3 
by the acids continually being produced by the bleaching process, and it is r N in 
also modified by the gradual consumption of the hypochlorite in the manner o so th 
already described, so that the pH gradually falls. The rapid fall in the early the sc 
stages of the bleach is due to the rapidity of bleaching and consequent rapid t as ii 
formation of acidic products on the one hand, and the relatively small buffer ;est be 
capacity of hypochlorite solutions at pH values between ii and 8.5 on the ues a' 
other. In the later stages, the rate of fall of the pH is much less, due partly ached. 
to the slowing down of the bleaching and partly to the relatively high buffer g occu 
capacity of hypochlorite solutions between pH values of 8.5 and 6.5. After, tern o 
the end of the bleach, when the partially spent liquor is allowed to stand, the ;ain si 
effect of the gradual consumption of the hypochlorite on the pH assumes initi 
greater importance, but the pH is prevented from falling to the low value rbon c 
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Electro. 'hich would be attained in the absence of buffering substances by the buffer 
:ali showed Lion of the carbonate system and of the salt of the unknown weak acid 
low px to. hich has been shown to be present. The completely spent liquors contain 
7pochlorite 's acid present almost entirely as salt, and carbonic acid present partly as 
.ppropriate ,'carbonate and partly as free acid. 
)metrically The free alkalinity of calcium hypochlorite solutions is limited by the 
4 N. The iii solubility of calcium hydroxide, which is only about oO4 N, so that if a 
vas 25, 50, leach liquor is prepared by dilution of a concentrated stock solution, its free 
gure shows alinity must be small. This probably accounts, at least to some extent, 
leductions, 'r the lower px values obtained in calcium than in sodium hypochlorite 
tially 50% leaches. In order to keep the px as high as possible during bleaching, it 
n of hypo - ould thus be advantageous to prepare the bleach liquor directly from 
umed, and leaching powder, instead of by dilution of a concentrated stock solution. 
theoretical Owing to the slight solubility of calcium carbonate it might be expected 
a stoichio- at a precipitate would be formed during bleaching with calcium hypo - 
roxide, the orite. In the first'bleach of the calcium hypochlorite series no precipita- 
tected that on was observed, but in the second and third bleaches it was noticed that 
all error in ter the addition of fresh hypochlorite half an hour from the start, a sample 
ively large f the bleach liquor became turbid through precipitation of carbonate. 
mbuffered, ire succeeding sample was clear, indicating that the precipitate had either 
ch was in- en dissolved or filtered out by the cloth. Similar observations were made 
shows that making up the bleach liquor for the third bleach from the partially spent 
arve shows quor from the second bleach. This precipitation is evidently due to the 
in that the tion of the free lime in the fresh hypochlorite solution on dissolved calcium 
en remains icarbonate or carbonic acid. That some filtering out of precipitated carbon - 
show that to by the cloth does take place is shown by determinations of the ash 
"buffered" alinity of the cloth before and after bleaching. In the bleach EB99, the ash 

salinity of the cloth before bleaching was ri milli- equivalents per loo g., 
hereas after bleaching and thorough washing it was 4.2. As acidic products 
ontinue to be formed during bleaching, the calcium carbonate formed 

iurn hypo- g the early stages must gradually dissolve, thus exerting a buffer action, 
the px by ,ut it is probable that the maximum possible buffer action is not shown on 
rite has no count of the slowness of the attainment of equilibrium between the calcium 
tion of the rbonate and the solution. Such a behaviour would help to account for the 
n of hypo- ;,ore rapid fall of px in calcium than in sodium hypochlorite bleach liquors. 
this latter The pH variation in the bleach liquors containing sodium hypochlorite 

fer system ,d soda ash is confined to the region above the hypochlorite equivalence 
acids -the int, so that it must be due almost entirely to the action of the acidic 
.tralised at ,roducts of the bleach and atmospheric carbon dioxide on the carbonate 
is acted on er system. As already mentioned, the px at which a carbonate solution 
s, and it is t N in total base is in equilibrium with atmospheric carbon dioxide is about 
he manner o, so that at fix values above io all the carbon dioxide produced will remain 
n the early the solution. At lower pH values it must escape into the atmosphere as 
luent rapid t as it can diffuse out of the bleaching apparatus, and a similar behaviour 
mall buffer ,1st be shown by calcium and sodium hypochlorite liquors when the pH 
8.5 on the ues at which they are in equilibrium with atmospheric carbon dioxide are 
due partly a ched. This is well illustrated by the curve in Fig. 5 showing the changes in 

high buffer a occurring in a partially spent sodium hypochlorite liquor left in the 
6.5. After tern of the bleaching apparatus. The pH fell to a minimum and then rose 
stand, the a suggesting that the partial pressure of carbon dioxide in the cistern 

Ix assume initially higher than that in the atmosphere, owing to the production of 
low value , bon dioxide being more rapid than its diffusion out of the cistern; when 
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the production of carbon dioxide ceased, the partial pressure in the cistern 

was reduced by diffusion into the surrounding air, and the pH therefore rose, 

The results obtained in the three series of bleaches show that when 

calcium or sodium .hypochlorite is used, the pH falls into the region where 

the attack on cellulose is relatively rapid, but that this can be effectively 
prevented by using a sodium hypochlorite solution containing 0.5% of sodium 

carbonate. 

The experimental bleaches were conducted by Mr. G. Hughes. 
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Addendum 
Since this paper was written, a series of papers from the Forest Produce 

Laboratories of Canada, dealing with the bleaching of wood pulp has come 

to the notice of the author. Yorston (Pulp and Paper Mag. Canada, 1931, 

31, 374) has described the use of the glass electrode of the type introduced 
by Maclnnes and Dole, in conjunction with a valve potentiometer due to 

Elder, for the measurement of the pH of hypochlorite bleach liquors. By th, 

electrometric titration of a solution of hypochlorous acid, he found th . 

dissociation constant of the latter to be 4 x io-8, in excellent agreement wi 

the value recorded in the present paper. Rashback and Yorston (For 
Products Laboratories of Canada Quarterly Review, 1931, No. 7, p. 12) hav> 

shown that the neutralisation of the free lime in calcium hypochlorite bleac 

liquors is mainly due to the formation of carbon dioxide, and Yorston 
(Pulp and Paper Mag. Canada, 1932, 33, 74) has shown that such liquo 
may be buffered at about pH 9 by the addition of magnesia. 

In a paper published after this paper was written, Voigtman and Rowlan' 
(Paper Trade J., 1932, 95; T.A.P.P.I. Section, p. 96) have described "T 
Assembly and Calibration of the Glass Electrode for use in the Determinatio 
of pin of Solutions during Bleaching," and give an example of the pH chang^ 
during the bleaching of a sulphite pulp, as measured with the electrode 
Their method of measuring the glass electrode E.M.E. is identical with tha 

commonly employed for the measurement of hydrogen electrode E.M.F.'s 
except that an extremely sensitive galvanometer is used. 


