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INTROTUCTIOR

Many of thovproyortiou of the celluloae fidber have been explainmed
on tho~bsiis of .vidonci obtained from microscopie observations, and
4 s long history of chemical research has yielded a fairly clear under-
| st;lding of the makeup of the cellulose -olecuio. In recent years,
however, there hﬁs grown the rsalisation that many properties of cellu-
10|o‘uro due to tk. pature of its supermolecular etructure--i.e., the

manner in which the cellulose chaln molecules ars assembled.

fho pature of thig structure has coxplicated 1ts characteri-
sation, but by the use of indirect methods, the searchers have pieced
tognthpr thborict to explain phenomens, discarded them vhen new evi-
dence 5;: been brought to light, and developed new thecries, until a
concept has been dsveloped which helps to explain x~ray diftraétion.
the rates af-eofttin resctions, the sorptive power of cellulose for
vat@r and other liquids, variations in density and optical properties,

and mow the electrical properties of cellulose.

Mark (}), in a concise survey of the sudmicroscopic structure of
cellulose, describes this concept as follows:

*The individual macromolecules of cellulose can be very
differeutly arranged in respect to each other, and it is this
dtfference in arrangement which represents the submicroscopic
structure of a ocellulose sample. The following cases seem %o
be partisularly characteristic:

"(a) The individual macromolecules are arranged completely
a% rendom. According to Hermans and Kratky, there is alvays &
tendency for a certain order of the chain segments in very small
domains (say 20 to 30 A) but, within an individual chain, it
changes {ts direction in a rendom fashion, and there is mo
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regularity in the arrangesent of the neighboring chains. Suoh
domains are usually referred to as 'amorphous' or 'disordered’
areas; they have low specific gravity, high vater adbsorptios,
and high chemical reactivity with many reagents; they are re-
sponsidble for softness and flexibility of the sample, and they
produce a diffuise hale in the x ray diagram.

*(b) The individual mecromolecules are arranged {a such a
manner that their axes are parallel and that there exists alsc a
complete lateral order ia the senme that corresponding groups in
the individual chains point in the same direction. As a conmee-
quence, one has a perfect three-dimsusional order which resexbdles
elosely the arrangement of atoms, iome, or solscules in a orystal
lattice. Thersfors, the areas in which such a high degree of
order prevails are usually designated as the ‘crystalliszed! or
‘completely ordered' domaing. They have a high specific gravity,
low water absorption, poor reactivity, impart to the vaterial »
high Young's modulus, stiffness, and tenacity, and produce an
x ray diagram having a nusber of sharp and intense spots.

"(g) If the individual ehains are parallel with their long
axes but are not completely ordsred as far as their lateral ar-
rangement is concerned, an intermediate state of axial order,

~but lateral disorder exists. Areas in vhich this type of organi-
sation prevails are referred to by Baker and Fuller as 'meso-
aorphous domains'. Their specific gravity, water absorption,
and reactivity are intermediate between those of ths amorphous
and cryssalline areas. If, in a given sample, the mesomorphous
areas have a tendency to crystallize, the sample will shov a
tendency to stiffen: if the mesomorphous domainz are on the verge
of decoming amorphous, the material will shov a tendency %o
soften.

“In defining the physical structure of a cellulose sample,
1% 1s of great importance to know how much of it is in the daif-
ferent states of organisation as enumerated above. The presently
available methods do not provide for ar exact ansver to this
question but permit only an approximete estimate of the degree
of order in a given material. Usually, the results of the vari-
ous methods are presented as the percentage of crystalline or
aiffieultly accessible areas in a given sasple, which probadly
alvays comprises the fully ordered domains and in addition a
eertain, unknowa proportion of the mesomorphous areas.*

Reviews of the dévelopnont of modern concepts of the submicro-
scopic structure of eellulose, vhich is summarized bdriefly here, have

been given by Meyer (2), Sissen (3), and Heuser (4).



CRIOTALLINE 'srmm- |
thhoagh urnor vorl:'u nnuud thct c.llnlno was uhotropic. ;
| 'ﬂpn (3), 13 1858, was the ﬁut %o prapou a th«ry as to its struo-

ture. His theory was thas celluluo was enpond of .subnlerowopie.

saisotropic cryculun partielu. vbich he um nicelles. hon :

~ theugh Gtleon (6), 18 1895, and Awbzonn (1), in 1911, deternined ‘hat

nllulon mu arystalline, hgon'. theory 414 met receive much mpptrt
ugﬁl frhc’ ;%ﬂu?agiqmvof ggalygia by _xfrq*,_élffmqtiag vas a-nlepcd.
| ‘l'hc crxcnnﬁit.y of aoliﬁluc vas firs; conﬁra&i » mﬁ of
x-ray ‘soalysis in 1913 vy ¥ishikave and One (), vho conclucd from
ﬂuir dutrus bf hnp ﬂbor that smll crystallites are pronent ‘ori-
oaud panllcl to thc fﬂur nxlu. Their work remsined hiddsn for a

nusber of years, hoquor,

Such &a x-ray examination 1s based upon ¥he fact, discovered ¥
vox Lave (j_) in 1912, that the rcgnhr p;ttarn of ;tn: th a crntal
htt!oo bebaves 88 & thn»diunntoul diﬂ‘tut!ou grating te x-radl—
ctian. nu vas made applicable to the otw of cellulose by the .
ditconry. by Bobro and Schcrror (___) aad hy Hull (11) that fine
' pomhrs. as wen as hm uiuh orynnl-. m ‘oa an;lnod far nl.u- :
mate cryaullix_;o,ntmturc. - Clark (12) descrives the prinetple as
© follows: | "

"!ho lu’!rwtlon depends vpon the fact thay in a flm
povder tha grains are arranged iz an entirely chaotie sazner,
There should be enough particles in thle array, turned a4 Just
the richt sngle to the incident primary bYeanm of sesechromatic

x-Tayu, %5 allew streng reflection from one set of parallel
planes; ather p-rticlu torned at another angle will produce
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reflecticn from another set of planes (the same set in many par-
tieles cooperating). Thus a Veam passing through a powder speci-
men will fall npon a perpendioular flas photograsphic film as a
series sf soncentric rings, each uniformly intense throughout and
correspording to one set of planes.”

Scherrer began x-ray examination of cellulose in 1918, but 4id

not obtain s crystalline fiber-diagram until 1920 (13).

Other workers have carried oa this program, iotshly Borzog and
Jancke (18), Polanyt (15,16), Sponsler and Dore (1]), and Meyer and
- Mark (18-21), snd have produced the well-accepted dimensioms of the

unis cell of the two most common forms of ocellulose shown in Tadle I.

TABIR 1

DIMKNSIONS OF CELLULOSE UNIT CELLS

A S st
. 6354 5.1 A

LI - 10.30 " ©10.3 A,

¢ 7.90 &. 9.1 A,
£ g oo

These x-ray data were combined with the chemical data available,
and a structure for the cellulose wunit gell preposed by Meyer and
Misch (g}). as shown in Pigure 1, This unit cell is generally ac-

copted at this tims.

NIOELLAR SYRUGCTURB

In a celluloss fider, ehio wnit cell ta repeated in all direc-

tions to form a ctyntallinc rdgi.n. This orystelline region cannot
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Figure 1
The Cellulose Unit Cell (hiark)
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Figure 2

e 3 eellur Theory (Seifriz, 28)
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extend 1indefinitely, hovivcr. aince 1t is kaowva that the celluloss
" fider i mot a single crystal, but the crystallinisy is confined %o

limited domains known as migelles, or prefersbly crystallites. The

extent of these crystallites has been estimated by Meyer and Mark (23),
Hess (24), and more recently confirmed by Hosemann (2%) and Norehead
(26) as veing at iti:t 60 to 70 A. wide (at right angles to the fiber.

axis) and at least 600 A. long {along the fiver axis).

The exact nature of these crystalline portions and their relation-
ship to the less organized, or smerphous portions, has been the sub-

jobt of coasiderable discussion, theorising, and experiment.
'HICKLLAR THEORY

When the orystalline nature of cellulese was definitely estadb-
1ished hf x;ruy data, Nageli's micellar theory was revived. Herzog
(2]), for example, considered the fiber as a two-phase system, con-
$aining ‘ crystalline and an intercrystelline material, xoyir .ni
~ Mark (18,23) used the micellar theory to explain the physieal and
ch§n10n1 data then availadle. The micellar coacipt owbracss & brick-
work sort of structurs, in which the brickn rqprosont the crystalline
'po;tionc.AOyﬂlieollo;. anpd the mortar il‘tﬁo;ipbtphotp material

(Pi;ﬁre 2).

In the 1930's the realization grev that the telnlo:n molecule
is prebably more than 10 times as long as the 600 A. estimated for the
nicelle, 80 that the micellar theory was discarded. It was replaced

by the comtinuous structure theery.



., CONPINUUS GERUOYORE THBORY - . L. -

‘Bince thcn‘ was iuthiu abont the x=ray data t}ui. proved the ex-
1stetce of &ilérot‘a?ag’iﬂnlxio‘ :uiévlin. 1t sesmed ti some, pnrt'icﬁ’—.'
;hrly Astbury. (g_g). Neale (1_) hiru (}_). and Jpoulur (32), that

the Msconunuity inplicd by the E-TAY- d&tc eenla be batter rational-
| 1»1 with. tht chaia length of tha ssoromalesule by putuhung a con-
timou. mnginsg;z erysuniu utmtnn. intoraponoa socasionally

'by loetlini dlur{nhstiaa, as shovn la rinu 3.

_ ; . A.ltlumch the yiﬁieal pmp’ortin of nﬂn fibers are oxphini
‘ mo “til?ﬁtbﬂlt.br this ae#tiﬁm structure theery, the proper-
‘ttu M romrsua ntorialu seem $0 ’bc better explained by the mi-
ecllar tlwm‘ Therafors, tmnl ntmto have been mede to develop

- umrnin mory vhieh rmnla ﬂt »aoth sets of oircuntmn.
mx’.mnfrmm;m TERORY

!'air {ﬁ.«}__) Stﬁ"pro;)oiod thn fivers are uch up of miarcscopic
mﬂelu. l‘hia tlucry fulﬁll- n:v aof the x-ray roquinmnu aad
is anul h mluniu the tomﬂan au nrphle;iul atmvuro of
native fncn, but 1% is mot ia unmnt wuh many of the chemicsl
prepc!'tiﬂl i:f ullulou. ner 1. it ot mach nlu 1 §° caancction vith

rqnm¢: fﬂqr-. -
FAINGE NICELLAR THRORY
.l.t‘tn"ﬁr.‘co.ns $ime, the tm:-y most ktumll'y accepted is the

" miesllar setwirk; or fringe -udm sheory, whish Bisson (35)
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dcicrihol as follows:

: *According to this theory the orystalline areas are not
clearly separated from sech other by a distimet micellar surface,
but rather by an ares of partially parallel dut disorganized
ehains. Long crysialline particles are postulated whese outer
fore s irregular, and &efined, especially at the ends, dy the
projecting, irregularly arrangst, primary valence chains whiech
By pass through seversl micelles and thus tie them together.
This gives a metlike structwre in which chains oceur that are
partially erystalline and pertly amerphous. Furthermere, it has
been proposed that the crystallites are formed as a result of
the free rotation of glucose units around the oxygsn dridges;
crystalline areas resglt whea a group of chains coslesce i &
thres-dimensional arrangement, while amorphous regioms are pro-
duced when there is & divergence from the erystalline arrange-
ment. As & conseguence, cellnlose gives a discontinuous pat-

tern (36)."
This thcdry_il t1lustrated in Pigurse N,

As ein be seen, ome macromelecule may extend through the length
of ;ovbrsl micslles. Since th.iiatornolccnlar forces are stronger ia
the well-organized or crystalline areas than in the amorpheus regions,
the ph’iical properties of the fider will de greatly affected by the
rolntivu‘proportiona of or;utalline and amorphous material. As & re-
sult, nni;'inicatigntorn have 1§tor¢st0d thenselves in methods for

the determination of Shis ratio.
SHE BAYIO OF CRYSPALLINE TO AMORPHOUS MATERIAL

A bhas already been shown, the eonoipt of the erystallinity of
celluloss is & rather nebulous one, since it 1s apparent that the
_o:yitsll;ho r?ginh: are not sharply ﬂifinnd. but rather consist of

: sfdip; §f molecnles dhiéﬁ'harbon torh;iifftll&nctogothor. at least

, aloqg a portion of their lemgths, with the aid of intermoleculsr



forces, into a definite pattern. The amorphous areas are those whers
no particular organisation exists. Nowever, a sharp di;tinction Can-
ﬁot be made, since there must de a certain amount of tranmsitional ma-
terial, vhere the organization of the structure is not as complete as
that of thovcryutallltun. nor as diserganited as the amorphous areas.
This "mesomorpheus® portion may thus iaclude every ooit of urran;onont.

from nearly perfect order ta‘rﬁqdou disorder.

Cbviously, any quantitative messure of Yerystallinity” will de-
pend upon the method employed and, indeed, upon the definition of the
Sorns used. !hnfo’havi been two fundamentally different npproach@a to

the prodlem, one based upon chemical behavior, and the other upoen

physical properties.
CHEMICAL BREAVIOR

The chemical methods all depend upon the topochemical nature of
certain resctions. Hess and Trogus (37) suggested in 1931 that eellu-
lose reacted in two stages: a rapld resctiom of the crystal surfaces,
which slows down to a lower rate as the surface material becomes con-
verted and the rimetion progresses into the interior of the micelles.
Centola (15). who used x-ray techniques, comcluded similarly that
agetylasion of cellulose is a heterogensous micellar reaction, in
which the reagent penstrates into the interior of the fibers, sar-
rounds the micelles, and transforms into triacetylcellulose the qhni#-
of glueoside residues situated on the micellar surfaces. He estimated

thay these surface, or accessible, molecules represented 70% of the
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 tosal. 1t is thus that the eoneept of "accessidility® aress.

. Asld utdtalyuig

!ickgfton way the Qurlioit to-nako’utp of the ncei:iiﬁilitr de-
- terminatien as an approash %0 the amount 6t_aner§hoan material prcscnﬁ
in's coiinleao.v Nis wethod (39-46) 1nvolvqahid:olyaiq»v1t$ hydro-
‘.ohinricracit; tolloviig the équrs. of the hyirolrtis by oatairtioﬁ
| oxiduiion with ferrie chloride of the gluecoes produced, andvnoliurinc

“: the cafbun cloxido svolved, rn. -othn& vas t-provpl by Gbnrnd asnd

o icrouu (3_1). ‘who inoreased the ropeoancmmy. ;u modified by -

Lovell and Goldsakmids. (U8), Philipp, Nelsen, asd T1ifls (52 . na

- Nelsen and. Oeurad (50), 811 of vhom dtscarded the oarng dioxide

-dilurdpcah in favor of weighing the routdunlicaltulgaq; 'lavtlétn"

e Odpp;ak'(ﬁi)funod silder hydrolysis conditions and fall&vit»iﬁﬁ

L_ courss of the resction through auprainoain-*vtneosity$nn;;uioannta;
All of_thi§0 vuriationi gave nniforqiy low inlunl for the ‘iiogphcnn'
con&oni‘étréellhxoco. luc)m-ura?n.L in 1932 (3}); for example, found s
iSﬁ’anorphoui.éeﬁtent 1nAco€tan‘11nt'rc and 21% in viscese rayon,
‘although dy 19h6 (&2) he concluded thtt'noﬁbriitailinp collulose seons

: ;"u h uvw,uc .’mtc twé zaumy ml p-rto. :atueh o termed the

'~'anur9honu“ and tho *naso-orphuuu" pcrtianu 1hc n-orphous portion

- -1s maeh more Aygroscepic asd more sescoptidle to hydralysis than the
crrstalline portiona !ho so-called nosoaonthwus portion is inber-
l»uiato 1n i%s yrapcrtie:. but nore noarly eryttalllnn than saorphons.

Ho estimuted that cottom linters comtain 3 i;oaoh of smorphous mnd
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mesomorphous !nterial; and 94% crystalline, whereas viscoss rayen con-

tains &ﬁ amorphous luﬁoriul. 144 n&-oiorphouu. and 73% erystalline.

‘A aortouuvobJection to the use of hydrolysis as & method of seas-
uring amorphous content was raised by Mark amd co-workers (52), iho.}
using density measurements, found that.addiiionul crystallization oc-
curred during the 1nit1i1 stages of hydrolysis. This was confirmed,
using x-ray methods, by Hermans and Veidinger (53), who found that
hydrolysis for four hours in 2.5 ¥ sulfuric seid increased the ery‘-
talline content of visaose fibers from 39 to 49%. Howsmon (54)
reached the same conclusion from the fact that the loss in serptive
power on hydrolysis is dlsproportidnatc to the weight loss. Battista
| (55), using viscosity measurements, found that the caloulated crys-
tallinity was influenced by the conditions of hydrolysis, and con-
¢luded that th; woight ioas on hydrolyiis depended upon a combination
of the rate at which hydrolysis proceeds and upon crystallization and

erystal growth, which appear to'occur simultaneously with hydrolysis.

This orystallisation has been explained, tentatively (56) by the
catting éf part of the cheins in the amorphous regions, which may re-
move part of the entanglements, or restore some of the inhibited
:ogiontnl freedom of movement and rotation whieh had prevented further

growth of the crystalline reglons.

Periodate Oxtdation

A eimilar approach, dus with a 41ifferent resction, vui that of

Mark and oo-workers (57,58), who oxidized the celluloss with an
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aqueous solution of potassium metapericdate at very low pH; the re-
astion was followed dy the chemieal analysis of the oxidising solution.

The results obtained are in rough agreement vwith those secured from

hydrolytic methods.
Thallation

Purves and co-workers (59) objected to the foregoing methods,
which depend wpon reaction rate, as likely to £ive high results, due
to bartial penetration of the crystellites dy the reagent during the
| early stages. iﬁ thcii nethod, the sample, highly swoellen in caustic
soda and dried with methanol and bonsine. vas immersed in a large
excess of 6.1 ¥ thallous ethylate solution. The thallium cellulosate
thus formed was methylated with excess methyl iodide in a hensene
|a1ution.‘ The methexyl content of'thc product was accepted As’pro~
portional to the percentage of the cellulose wetted by the liguid in
which the thallous ethylate was dissolved--in this case any of ssveral
nonhydroxylic, nonswelling liguids. "Amorphous® cellulose was defined
as the porccntago‘votbod by an ether of sero molecular volume and was
estimated by extrapolating the linear methylation-molecular volume
Plots of thres or more straight-chain ethers, in this way attempting
to cilminato the effect of molecular ioluno upén thg results. DBy ghin
method, swollen linter samples showed amorphous fractions as high as
27 + 2%, but that of unswollen fibers was only 0.25 to 0.5%: this very
low result was due to the lack of penetration into the unswollen in-

terior of the fibers.
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Reaction with Yormic Acid

| {éfn.é;ntlg. Iarioivﬁég) hdifhoinx;é}§£i gj;tfiidor certain con-
ditions, formie eacid will react with only the primary hydroiyl group

‘ 6? polyanhydrégluooabe ihvtho ;narpheus regions. He used this te
obtain ‘oe‘sglbility values vhich agree quite vali with those ebtained

by desterium exchange (see below).

Other Methods

Yalues comparable te those obtained by deuterium oxide exchange
{vee belew) were found by Timell (1), who used the remctlion of metal-

1ie sodium with asmonia cellulose.

Another method developed by Timell (62) involves allylation ef
the sasple and folloving the addition of lodine bromide to the allyl-
cellulose. The resction takes place in two steps (in a fashion simi-
lar to the earlier chemical lnthoda). tréu which the amounts of
accessidle nﬁttrial are calculated to be iory nourl; the same ﬁo those

from hydrolytie metheds.
PHYSIOCAL PROPERRTIRS

Physical studies of the submicrescopic structure have fallen into
two genersl categories: those dased upon the dimensional relstion-
“whips within the various doseins, and those based wpon the sorptive

power within and outside the crystallites.
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X-rey Diffraction

Into the first class falls the method most theroughly investi-
gated to date, that of x-ray diffraction, in which X-TRY diagrans-
-1;11;: to those used in éasorlininc the dasic usit cell structure are
evaluated quantitatively. 8isson and Clark (63) used a visual photom-
eter as early as 1933, but their instrument was comparatively crude
a#d the ﬁcchniquo uncertain. Kratky (éﬁ) was another early investi-
gator, and an important oontrihhtion was made by Berkley and Voodyard
(é}). who developed a photoelectric niérophathctor for dptoinininc

ths visual densities of th§ x-ray films.

Probably the most sigaificsnt work in this field has been that of
Hermans (66- 68). Kis technique favolves the diffraction of mone-
chromatic x-rays iy s small psllet of r;ndonly oriented fibers, re-
corded on & rotating filw. The adsolute intensity 1is measured, and
qultablo corrections are made for air scattering, Compton radiation,
and thermal effecte. Then by & ratienal procos-. the area under the
photemeter curve is divided iato that which is due to crystalline
areas and that dna to the nnorphout»pprticn. The amerphous background
shows a flat maximum, the height of whieh 1s tqkon a8 & measure of the
a-orphoui content of the oiqpld. Tha area under the typical cry;ttl~
line peaks 1‘ used 88 & measure of the erystalline contest. Hermans
(ﬁl £8) foand that a1l masive fibor: (czccpt vood) possess equal
crystallinity (708), as do all rayons (40O%), with the exception of
?oﬁiiias (48.5% [69]) and rsi.r‘o‘(ssf). bvoth of which are unauial in

several other respesis, as vell,
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Kast and Plaschuer (J0) and Ingersoll (J1) used s somevhat simi-
‘hr uohnique. exocpt that the fih is not rotahd‘ whioh ronl'n {n
uekla on twa fih uth« thn ri.w u thﬂ both ;adul m ui« :

: mth;l photoutor traces mut ve uedd h dnlution. ‘

Enu the mieculn of the. cryohllitn ars mors eonpmtly -ar-
rngu %m thoy are in the mrpm- portions, th-ro is & difference
in density bttnn the tve-- tne: af utruetnrc. aua th-ro should Ve a
eorrupon&onco bqtun the unlity a! u collulou ua 11’,. uorphout
outmt . lorm: (12, _H) has found this to.be roe. Gertain compli-
' utlng faetu*l ;prnwnt an exact r-hucn-hip. hnt the eornhtion is

‘ 'nr; ml., Mutholul

dorp m‘a m jos

’ n oﬁiéﬁxdiﬂcnnﬁ method is buoﬁ upon tho sorptive prépoi-
| '51“ of ﬂbm".'jmhich have beexn known for rior;.A')nt have been
j;noisiutu&‘d;h' Ahs smount of amorphous material enly very recently,
'part.i'mxhrly"br Eermans _(]}_); hil’ﬁno&n& Horrobin (15), and

&rmn n.rl( work (W) brouht mt She view that:
....(1) ufbrmu in density of celluloss fiber can be attridvuted
) to dif:gprnou h rohtiw amount s or er}atuliu utorul (2) thers
‘iz a alou pmlhliu botvun dnnity and uisturo uorpun capasity,

and (3) that as & first .ppro,f__ziunen thon is & dtrest relationship
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- hotwsen the sorpiive ezptciiy and the qunu-s:‘\ of mn';hous saterial

. in the fider.* (%)

"tukiu the theory that all absorbed water is dissolved ™ th;
: amorphoas uiﬁ.'h(danleped’th concept of the -érption'ratio. which
| :u__ She rafio ‘ofAthobml:turo ‘.ooitcni 61’ F 3 giw:ieollulon under any
. ucn@iuou to that of a native ao,lluian under the same conditions.
| 1£ the theory holds tﬁq. ﬁlm‘n the amounnt of ;nor’heue uhriai is in

the same ratio.’

This 1dea hés bidn modified somevhat, so that at yronntv the .
' ﬂrﬁ _rﬂro'.u -prpﬁion of water by celluloss is eon-il,o;cd to be caused
"lix the ‘hf&ro;on'h&ndlu of water uloé\}loq to the accessible ‘r‘g‘arozﬂ.
gr:onpaf:;(lﬁ_).“ Thue the valuss obiained are somevhat akin te t,héao

_ fron e%ical_acnuibiiityj mudicmmh. and crntal'siu :_n'lct‘bfé
cbﬁiid&od - in addition te thc céyihuim—mrpm- rutia As
Bowszon puts 1, "On the basis of prasent (1949] data and thesry ef

, callulau .bmetwc. i pigh prmrtipn cr the hich xpativitr. uoh»
tur- urptien, au -tw propirtiu of ug.»ntod eclluhu is -
'dimtly truuhle to $he tulhr ornul sise und/or Mghtr accessi-
Mlﬁx ar &M eryounm‘ douina punnt. ruhcr thqn unroly dm
to ditforcnu. u mnt of ern'ullim -mrnl praunt s has been
froquently um_ud.' (ﬂ) He illustrates she probadls effeot of
dﬁﬁun-‘ siu ‘umn the ei'.:aullinlti n' enleulqtqd'fro: sorption
| uta. by the use of the vory 1ntcrut1u data on crystallite sise od-
tained By lloruhul (26) fron electren nicru:npha of hv&rolynd

| egllulonu .



Hailwood and Horrebin (]5) interpret the sorption data differ-
ently. By assuming an 1deal soclid solution of unhydrated eellulose,
hydrated cellulose (as the monohydrate of the accessidle anhydro-
glucose), and dissolved vater, they developed the squation fer the
sorption isotherm, from which qccclnlbility oan be ecalenlated. In
spite of theoretiocal dnfucts_in such assumptions, the calculated

curve agrees remarkably well with expsrimental data.

If one allows for the limitations of the theory involved, mois-
ture sorption data can be quizo useful as & means of comparing crys-

tallinities.

Calorimetry

The nature of the moisture in fibers was exanined calorimetri-
cally by Magne, Portas, lndlvhktﬁnld(ll); Using the method of
mixtures, they calcgluted the amount of freezing and nonfreesing water
for several fibcr-nbisfura cordinations. Flotting nonfreezing water
ageinst freesing water, they extreapolated to zero freezing water, and,
allowing three molecules of water per gluoose residue in amorphous
regions and ome-half molecule per glucose residue in orystalline
sones, calculated the amount of noncrystalline saterial neocessarily

present. Their results are very close to those obtained by hydrolytic'

methods.
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Qéutcriun Exchange

Some very promising work was done by Mark and co-workers (18),
which involved the exchange of deuterium from hsavy water with the

hydrogen of accessible hydroxyl groups; the extent of the rapid re-

© action was taken as a measure of accessidility. Yrom these accessi-

bility valuee, the amounts of amorphous materials were estimated as
21% for cétton. 46% for wood pulp, and 66% for rayon. Some danbﬁ has
urisoﬁ. however, céncorping'thc proposed mechanism of the reaction.
Plyler (79) found from iifraro@ absorption spectra that only a small
fraction of_ihc hydrbxyi groups in regenerated cellulose participated
in the 4suterium exchange, so thztvfurthor work on this method seems
necessary. Pos;ibly the fact that Plyler was working.vith regenerated

films had some influence upon his results.
COMPARISON OF METHODS

Table I choﬁs & comparison eof the various methods from the
viewpoint of results. 4s can be plainly seen, all methods show the
same order of docrca‘lng crystallinity; however, the absolute values
are wvidely differcnt. In particular, the chemical methods, which are -
fairiy consistent among themselves, give roonita of a different order
of sagnitude from those obtained by physical methods (with the ex-

ception of the formic ecid reaction and the ealorimetric method).

. Thus arises the question of which method or methods afford the dest

nessure of the amount of o:ystallino material.
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TABLE 11

PERCENTAGR YCRYSTALLINITY" OF CELLULOSRS

¥ood  Mercerised High-Temacity

Method . Cotton Pulp Cotton Rayon
Hydrolysis | |
Nickerson (WO,MLUINS) 94 90 89 19
Conrad & Scroggle (47) 92-94  88-91 85-89 69-13
Philipp (L9) o8 - 82 67
Thallation (59) - 9.6 - 78-91 | 96.7
Periodate oxidation
Mark (57) _ 9k - - -
Timell (58) | g%  90-93 - 82
Toraic seid (60)® 72 53-65 ug 23
Deuterium exchange (]8) 78 63 - 20
X-ray diffraction (6]) 69 65 47° %9
Denesty (3) | 58 53 W 2432
| Calorimetry (I7) 87 -— T 52
Sorption (54) 61 57 -- 16-274

.Atter Howsmon (54).

byalues shown are 100 minus forsic acid accengidbility, and are recog-
nised by Tarkow as not necessarily e true measure of crystallinity.

ckoreoriscd ranie.

chpcnd: upon erystal size assumed.
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There is a certain amount of consistency amosg the various cheml-

osl methods of -ca:aringltacnpuibility: however, ascessidility is not

neaicgurily what one is seeking. As Howemon puts it (gg), ¥, ..the

accessibility of a cellulose fiber is usually defined as thit fr;etion'
‘of total cellulose which is available for reaction with a certain re-

bagout under certain tpceifiod nonditioni. such as eoncentration, time,

and tolperata:o. The oxﬁorii-ntnl values of a@c‘-nibilitr'uri de-

pendent upon the ui:o and pelnrity.of’thg moleenle used and ipon the
degree of nwolling of the coilulo:o in the medium used ia the detersi-
nation, But tor any given set of eonditionn the coca-sibility of a

¢élluloss can be determined as un‘exuct empirical value. "

Tarkow warns that aacoucibility vuluot\aro not‘nncoi:srily | T8

-

’thig .f ﬁry-tallinity or of gonorul z.activity: ;“

. "It 18 of 1nt9rcst that those methods that meet certain re-
- _quirements (swollen celluloss, nonchalin-splitting resction, small

- reactant moleeuls with high speeific reactivity) give values that
are in gensral accord with each other. It shonld de emphasized,
howsver, that these valwes are not neeessarily measures of the
smount of x-ray measuyred noncrystalline material. 9The ocellulese
{8 assumed to have a dual ssrusture: a readily acceseidble and a
aifficultly accessidle region. The lattpr, it has bYeen seen, is
composed not only of regions having at least a certain degres of
lateral order, but alse of those reglone containing sxtrsmely
small dut truly cryetalline regions (therefore not revealsd by
z-rays), cross liaks, and junocsion points that persist even when
the cellulose is swollen by an amount it would swell in liquid
wvater. The accessibility values reveal nothing about the adso-
lute reactivity of these regions; therefore, it vould de wrong
to give the iwpression that such msasuremsats charssterise the
chemical convertidility of & cellulose. The accessibility, as
measured by one of the atove msthods, is only one of a large

' puaber of factors that may include (1) the emse of 4iffusing
through the readily and difficultly accessidle regions, (2) the
presence and nature of cross links, (3) the morphology of the
‘fiber, (4) the presence of peculiar end groups, (5) the presence
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~ of noncellulosic components, and (6) their distridution and man-
ner of mssociation with the cellulose.* (60)

P it may de seen that in all pro'l_ilbility‘n-q.nq‘ of the methods
’sd fuéh£rought 1 1) ligﬁi';nj be cénsidorod s¢ R ;xict mesaure of the
amount of cryntallino material. xfruy diffraction, b61n¢>u direct
k'uethod. comes thi closest t5 b§1p¢ an exiat loalufo; but’ovon this 1is
inexast to the extent tp;t it cannot pick up very small regions of
fcgularity. In genersl, it may boinaid that all such ndalurenonts are
profoundly influenced by the cryttalliho-uuqrphonn ratio, so mach so
that nearly any measurement is useful as a means of colparing vafious
an-ploa. provided one rccoénison the limitations of the method used,
and its appropriateness in view of the nature of tho'infornation de-

sired.
THE DIELECTRIC CONSYANT OF CERLLULOSE

A dielectric materisal is not a conductdr of electricity because
its electrons are bouad in a space lattice from vhich they eannotv
eec;po. When a dielectric is placed in an electric field, however,
the senters of charge may be disturbed, resvlting in an opposing

field within the dielestric. Sueh distortion is known as polarisation.

A dielectric becomes polarized when inserted detwesn the plates of a
charged, isolated condenser, and ite field opposes that of thq con-
denser, fhgs decreasing the potential difference betvesn the piutes.
The charge has not changed, though, so that the ratio of the chargs
to the potential difference, which is known as the gapacitance of the

system, is increased. Such polarisation is characteristic of a given
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dielectric undsr any particulsr conditions, and is usually‘uahrtcsoa

a8 the ratis of the capacitance of a condenser filled with the dlelec-

trio to its capacitance when empty. This ratio is the spesific ia-

ductive capacity, which is more comsonly oalled the dielestrio con-

stant {(€').

BN 74 tho%oaoctrie;tiqldft; iiti:#;;tng,\ﬁhlfpélgriiqflon reverses
_with the applied field. Unlike the eondition in a static fleld, mot

'ull»thi-yB;-ibla'iypos'af dinpiadohdnt"df charge cecur -1un1tanoeualy;

us_litforeit typos,af‘polarinntion take place at difr-rogt freguen-

oies. Therefore, the dielectric constant varies with changing troé

quency.

TIPRS OF POLARIZAPION

Rleesronic bolpris#tiﬁh (dieplacement of elestrons) is the enly

Sype occurring at frequencies in the visible range. At such frequen-

cles, the dielectric coastant 1s squal to the sgquare of the index of

rqfrgeiton.

Atomic polart:uttonvttkis place iz the infrared range, so that as

the frcquﬁuczﬁdccrcuacn. the dielectric bﬁnotant increases. Neither

eleotrenic nor atomie polarization is mach sffected by \emperature.

Rotation of polar wolecules in an applied f1e1d may occcur at

‘83111 lower frequencies. This is dipele polarisstion. Dbbyo‘(gi)

_ dnti&od a temperature relationehip for such polarisation in the form:

P o« Mas VD), | (1)
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where P is the molar pul#rizutian. A, 8, and b are constants for a
particular material, and ¥ is the absolute temperaturs. Debye assumed
that the moleculs is free to rotate, and that mo interaction between
molecules takes place; his relationship is guantitative when sueh
assusptions are valid, as in the case of gases or dilute solntions of
polar molecules in nomnpolar solvente. In most dielectrics, the rela-

tionship has only qualitative significance, hovever.

If the various components of a heterogenecus materisl have d4if-
ferent slectrical properties, charges may build up at the interfaces

and boce-nlérionted in the applied Tield, resulting in an increase in

the dielestric constant. Thie is known as iaterfacial pelarisation,
and, 4due to the relatively large sisze of tho particles involved,
usually occars at lower frequemcies than other polarisations. It de-

cresges as the temperature is raised, bdecause of thermal cgitat;on.

The polariszability of a nompoler dielectric is given by
P - [(e'-1/(ee )P, | (@
vhere P is molar polarisability, M is -aloculai weight, -udf9 is
density. The dielectrio constant may be related to density if P 1s

econsidered constant for amy given molecule, by
(€'- 1)/(€ 2)0(/0 . (3)
This is one form of the cianaieal Clansius~-Mosottl relation and |

has been found to held approximately for meny dielestrics in which the

basic assumptions used in its derivation are not strictly true.



DIRLECTRIC LOSS

Because the movements of the various particles do not take place
in & perfectly elastic medium, thers is a certain smount of frietion,

and energy is lost as heat. Thise is known as the dlelectric loss of

the material, and is often expressed as the powér factor, which is the

cosine of the phass angle detwesn the current and impressed voltage.
CRLLULOSE AS A DIELECTRIC

Cellulose is a linear polymer containing many polar groups. “%he
dielectric constant of such pdly-ors gonerally increases with in-
creasing temperature and decreasing frequency. Yuoss end Kirkwood
(§57§§) have shown that the dielectric behavior observed in other
| polymers of this type cannot be quantitatively explained by the rela-
tions discussed above. They concluded that the observed effects are
dno‘largplyvio the motions of dipoles in whas it_gffoctivoly a nedium
of high viscosity. The attachment of the dipolas fb'ﬁho polymer
chain restrains them in their positions. Secondary velence fercoe.uay
be operating between chains of portions thereof. The motion of any

dipole affects the motion of neighboring dipoles.

Baker and Yager (8]) shoved that the dielectrio constant was
related to th; interaction betwesn the chains., In the came of poly-
decamethylene sedbacamide, they found that deereased crystallinity and,
hence, decreased hydrogen donding, resulted in incremsed dielectric
constant. Thus, the dielectriec properties are related to the relative

fresdom of the polar groups.
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With our knowledge of the variations in the submiérescopie struc-
turb;df colluleuc.'it'ii aﬁﬁircnt that the diblcctrie'preportion may

be pvofsigdlyaiffhotcd by the ;niur. of this structure.

A Calkins (§8) revisws the situation:

"When cellulose 13 placed in an alternating elecirical field
at 'power froquenciss', elsctronic molarisations will take place.
By means of the relation, € = »2, whers n is the index of re- :
freetion, the eontribution ef this type of polarisstion to the
dielestric sonstant is found to be about 2.5 or roughly a third
of the accepted valwe of 6.1 for mative cellulose. It is prova-
ble that little dielectric loss ocenrs.

: - %Atomie polaritations slso oceur, but, as these ars general-
1y of small magnitude, they will mot be considered further.

, Eydroxy)l and ether polar groups will be affecsed by the
appiied fleld. In aceordance with the previously deseribed eon-
cepis, these groups are restraimed in their positions on the

- echairs. It is probadle that a substantial portion of the ob-
" served loss in cellulose is a consequence of its polar groups.

, *In the amerphous areas, portiéns of ehaini-nqy be at least
parsially free to rovate. . ‘ ‘ '

*Cellulose is heterogemecus, and intorfaciailpoluri:afians

undoubtedly ocour. Whether they make a substantial contribumsion
~ to the ebserved loss and dielectric constant is not known.' .

NIOTORIOAL DRVIRY

" Tha literature on tho'diuloetric properties of celluloss has been
revieved by Delevaati (£3), Hamsen (30), and Calkins (28), all of whom

have made significant comtributions.

The earlisst measuresents dlieclluloco vere prodably those of
" Alvers Campbell (91), who in 1906 umed a bridge oircuit vhich followed

Maxwell's design. He obtaimed dlelsciris constants of 1.7 o 2.6 for
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paper samples which had been dried at 110°C. without evacuation. . He
realized the need for a means of density correction, dbut did net pre-
pose ens. JTor viscose filme dried several days at 80-110°C., he

obtained values ranging from 6.7 at 20°C., up to 7.5 at JO*C.

The dlelectric constaat of native cellulose most generally ac- |
cepted today is that of De Luca, Campbell, and Maass (92), who ob-

tained a value of 6.1 by & method of liquid mixtures,

Sto;y; (21} measured tﬁ; dial;cﬁric pro§ei§iot of cellophane
over & vide range of frcqnnnclss and toupcraenrou. At 1000 cycles,
ho tound ehe dlelumcirie constsnt to be 7. 6 at 25'0.. to inorease some-.
what at higher tpqpcrcturol. and to decrease slightly at higher fre-
quencies. Under the ssme conditions, the dislectric constant of
cellulose triscetate sheeting was 4.0, and it varied similarly wvith
respect $0 temperature and fregquency. Its dlelectric loes waa only
slightly lower than that of collcphant. e Stoops attriduted the lajer
portion'efithi: less to the rotation of the cellulose chains, rsther
thar to rotation of hydroxyl groups, siace the latter are not present
in the scetate. 'Korcov-r. the resonant frequency of rotation of
hydroxyl groups is higher than the frequencies he used, In the light
of present knowledge, Stoops' method of néistnro removal (drying at
106°C. without ov.enation) might be considered inadequate, so that
the difference in less between cellophane amd the acetate might have

been due to traces of residual moisture in the cellophane.
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Shav and ¥indle (94) measured the dielectric comstaat of ecello-
phane at 3000 megacycles in a ruomt eavit: and obtained & value of
b, oh + 0.03, with %he field parallel to the -urfteo of the film.

' .!hqxr method of &esiccation 15 not olnr.

Relation gg.QQnt;gl

‘Hansen (22)‘foand that tﬁo dtelestric c@aﬁ%@nﬂ of iraft:yulp vas
related to density by the Clausins-Mosetti ;clntionnh&p; and Calkine
{88) found the :nnivto Yo true of pure native fiders. Badieets (35)
9ontx§cr;dvptpar as & soeriss o:_ffbor rciiatnnnos'oithor in parallel
- or in series, and féund that the series representation fits quite
sscurately the case of & partioular krafs peper. JFurther data (mot
givn#) fadicated thuf'a combination of thc\sorip:-snd’parallol ole-
ments vbild‘bq more sosurate, however. -Calkins (88, p. 13) ealeulated
tha# such a cowbinatioa weuld g&voi-!roctivoly the sane vgluovga chi
Clausius-Mosetti relation, and elaimed that Badicots's iqp;tioni lose

vglidity:ov-r & wide density range.

Bffeot of Meisture

The cffoot of nointuro content on iiolﬂctrie oonotnnt has been

::thp tubj-éi of eousidordbln utuay ‘Argue. an& l-nlo (agg measured the

di-loctrie eoustant of callulote at a lorion of aolnturo conteats,

and found tha(_ﬁhp giclogtric ecoxstant of the vater initially absorbed
1s less than one fourth that of liquid vater, from whieh they con- |

Q}eiidnd‘that ac‘théinointuxslcentcnt decreased, the water was inoreas-

ingly beund $o the cellulose. Oarten (97) likqwiio concluded that
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the polarizadility of bound water wvas much less than that of free
vater. These findings indicate that the socuracy of the diolyceric
'oenitunt determination is little affected by the presence of small

amounts Qf.noisturo.

Greenfield (98) confirmed this by measuriag the equilidrium
dielectric constant of kraft paper at a series of vacvums. Reductien
of the pressure from 400 o 0.2% mm. caused a decreass in dielectric

eonstant ef oanly 3%, although the power factor deoreased £0%.

Calkins (88, p. 90) found no significant difference im dlelectric

constsat upen decreasing the pressure from 250 mierons te 0.1 micrea.

Bffect of Impurities

Dielectris loss 1- ;1;0 inorcnned by the pressnee of cationie
ispurities, as Hansen (30) fouad by adding a caleium salt 4o a kreft
paper. He was unable te show any éofinlte sffect on dislectric con-
stant. BSuch an effect is probably slight if the ash content is rather

suall.

Bffect of Crystallinity

Calkins (99) found that vhereas cellophane had a dielectric com- |
stant comparable with that af'nativc cellulose, the value for a
fibrons regenerated cellulose was considerably higher. Pressing at
noderste pressures caused the latter to decrease, and Calkins fouad
that the -ointuro regain wvas esimilarly decreased, 1nd;cat1ng the pos-

sib1lisy of a relationshipy detween dielectric constant and cxyntnlline
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vity’unaor(proasurc;‘ These findings are the swbject of further investi-

gation in the preseat work.



= n-
* PRESENTATION OF PHR PRODLEN

Calkins has discovered the possibility ¢f a linear relationship
botviin the dlelesctric eﬁhataat of cellulose and its crystallinisy.
Hi; oebservations vere confinod to varionn.upccincns of fidbrous ma-
terial precipitated from cellulose xanthate, whose crystallinity had
been varied by various aftertreatments. Among his findings vas the
fact that the pressing of handsheets at moderate pressures decreased

both the dielectric constant und the moisture regain of the samples.

Calkins' data on collopha#o d1d not seem $o fit the general
relationship, the dielectric constant of this material deing much
lover then that of a fibrous regenerated cellulose having the same
moisture regain. The possible cross linklgcc produced by storage in

a formaldehyde solution were suggested as an explanation.

The present prodlem involves the extension of observations simi-
lar to those of Calkins to a vwider range of materials, including
native celluloses and various types of regenerated materisls; to
further investigate the effect of moderate pressures on doth crystal-
linity and dlelectric constant; to test the effect of formaldehyde
storage on cellophane; to broadern the dasis for comparison of crjc-
tallinities; and to arrive at a rational explanstion of the observed

phenomena.

o accomplish this, certain modifications in Calkins' apparatus

vere desirable. There had to be devised methods of preparation of
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specimens ‘of various utorhh in a fora mi»tlblo for -on:urcnént in
the available apparatus. Comparisons were t0 be based onr complete

sorption isotherms, rather than single moisture-regain values, and

neasurenents of the ultimate density of the various materials were to

be made as an auxiliary means of comparison.



APPARATUS FOR THE MEASUREMEN?T OF DIBLECTRIC CONSTANT

BRIDGE

A modified conjugate Schering capacitance bdridge vas built by
Delevanti (89) along the lines of the design suggested by the American
Soclety for Testing Materials (}Qg) and was descrided in detall by
hin., This bridge was later reduilt in relay rack form by the staff
of The Institute of Paper Chemistry and wvas available for this work.
It is capadle of measuring the eguivalent parallel capacitance of a
test capacitor of suitable size over & wide frcduoney range. The
equivalent eircuit diagram of the bridge is shown in Figure 5. C, 1s
a Gonnial Radie precision capacitof with a negligible power factor.
!hq_othor: are alr capscitors of tnitabl; y@so:‘ The rassistors (RB,
ig. 25, and Rg) are 10,000-ohm procinibn~nitéhdd noninductive re-
sistors. 8p is a shielded single-pole, double-throw, laminated vafer-

type switch. The leads to tho.tcat capacitor are of shielded cable.

The detector (D) is a high-amplification vacuin—tubc amplifier.
Since a few minor changes vere made in this amplifier to reduce
motorboating, the present circuit is shown in Pigure 6. 7The indicating
device is a Veston Model 4h0 gnivanonotor. vhieh measures the recti-

fied alternating outpu£ of the amplifier.

SOURCE OF ALTERNATING YOLTAGR

A transitron-type oscillator capable of deliveriag simusceidal

alternating voltages rangiag in frequenecy from 200 to 10,000 cyeles
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Electrical Circult of Schering Bridge
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~ Legent for Figure 6

11' = 0.25-megoha ponat.ioutor gain centrol
. 0.25 magebn | |
Ry » 0.6 uéb
By = 1 sogohn |
| Ry = 20,000 ohums |
Bg = 800 ohms
0, » 0.03 ufe,
0p = 0.02 wfd.
‘03 « 1 afd.
& = WO mfa., W30 v. |
X = "Oofppcr-ccmr oxide rectifier

"8 « Oalvanemetéer, Veston Model MMO
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per sscond was built by Hansen (90) and was descrided in detail by
him. This oseillator was used as a source of alternating voltage for .

the Scheriag dridge im this werk.

Bscsuse the wave ferm of the output of the transitron oscillater
varies considerably as tho swplitude is changed, an oscilloseope vas

used te monitor the output to the dridge.
TRST CAPACITOR SYSTEM

The test capaciter systes, shown in Figure 7, was built by

Calkins, and the details of its consiruction are given by him (g8,

P. 20-k2). It comsists of a pair of 9loctrod;l three inches in |
diameter, mounted in sueh s vy tﬁnt Pressures wp to 1000 p.s.i, can
bs exerted wpon the sample while oloctrical measurements ares beaing
made. %o aéco-plilh thig, the uppor'olootiodo is held rigidly dy a
supporting framework, whoroai the lower electrode san be moved verti-
cally by means of a hydraulic jack. Ths Jack shaft is sealed to the
base plate by a sylphon bellews, theh_porlttl the vertical movemeat
‘without hindering the vacuum seal. The -n;nofiﬁully moved sample

holder used by Calkins was considersd unnecessary and was removed.

y 3 noparu%iox ¢a¢o whiech oon:intu of a pa&r of unxilinry elea-
tro&ou 1: used to loasuro the lpaeiag between the main electrodes.
The nppcr,tu:&ii;ry ¢lectrode is bnld 1n a fixed position relative to
the upper main oloctroﬁc; vhereas the lower auriliary electrode moves

only vertically, in wdissn with the lower main electrode: the latter



Test Capacitor System

A Main electrodes C Auxiliary Bridge
B Spacing gage capacitor D Jack
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relationship is fixed by a Pyrex rod which passes through the upper
main eleetrode and Shrough a small hole punched in the oenter of the

sample, s0 that the polished oend of the rod dears againat the center

0f the lower main electrode.

The electrode system is enclosed in a bell Jar which can de
evacuated t§ a pressurs of 0.1 micron Ey a diffusion puxp bdacked dy .
Cenco Megavac. For messuring the pressure within the system, a
Mcleod gage 1is connected through the base plate by wvay of a trap
which is kept at -830°C. by a mixture of Dry Ice and benzyl ﬁléoﬁol.
The electrode Iygtpu. ineluding the bell jJar, is gnclosod in an insu-

lated box whose temperaturs can be contyolled wiﬁhin 1%6. from 25 to

“110%C.

ELBCYRODE- SEPARATION GAGE

Although the remainder of the test capacitor system was used in
the form in which it ves built by Calkins, the separation-measuring
arrangement wis rebuilt to improve its stability. As showm in

Pigure 8, the frame supporting the upper auxiliary electrode vai re-

Placed by one constructed of heavier material than that used by

Calkins. Steel bar stock 0.5 inch square, which had been well aged,
was cut to the required lengths, carefully faced off on s lathse,
drilled, tapped, and countersusk, and the whole assembled with two
5-40 by 1-ineh brass screvs in each jeintf The gage vni reassembled
in the same manner as iflhad bean previocusly assoﬁbloﬂ.‘cxcopt that

the anxiliary electrodes were adjusted so as to be very nearly in
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contact when the main electrode spacing was 0.010 inch. This provided
¢¥oit¢r acouracy at the wider spacings used in this work. The effec~
tive range of sample thickness wvas 0.010 to 0,017 inch. (Onlkins was
limited to thinner specimens bacause of his int;rect in loss angle,

with which the present study was not primarily concerned.)
AUXKILIARY CAPACITANCE BRIDGE

The auxiliary capacitance bridge used to measure the electrode

. spaciag vas ;clplotoli_gokuilt'in the foruvéf ;n'aqu‘l~ar- bridge, as
Qhévh 1§ riiurc 9. xl Aﬁd 32 are dnposttedkuotcl. lov;inénctanco
resistances. Oy amd Cy wvere chosen by experiment to give a guitadle
range and sensitivity for the dosirod geparatioas, The 1000-cycle
band-pass filter, ¥, was introduced to reduce ﬁho noise coqpéncnt-
due to the poor wave-form of the power supply, whieh wvas a 1000-cycle
microphone hummer. The dridge and hummer were each meunted i{n sieel
boxes uffi;ed to the side of the framework supporting the test capaci-
tor system. The auxiliary bridge was connected with the hummer and |

with the test capacitor box by shielded cables.
CALIBRATION OF TEE BLECTRODE-SEPARATION GAGR

The electrode-separation gage wvas calibrated in the manner de-
scribed by Calkins (88, p. 43-48), whe used as standards squares cut
from brase shim stock and having holes etched in their centers for
the passage Qf the separation-gage feeler rod. The thickness of

these shims was measured with a Federal compressibility tester as a



Figure 9
Electrical Circuit of Auxiliary Bridge

Spacing gage

500 mmfd.
210 mmfd.
500 mmfd.
250 mmfd.

variable air capacitor
mica capacitor
variable air capacitor
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Rl'ge
HB
r
D

10,000 ohm deposited metal resistors
900 ohm variable resistor
1000-cycle microphone hummer
1000-cycle band-pass filter
General Radio audio amplifier,

Model 514-A
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nesas of comparisen with a faolgr gage which had been calibrated By
" the lctionalvlurtan of St;adardn' ¥ore than 100 separate thickénil
measurenents were made on each shim, and %hotr sean vas taken as the
average thickness of the shim. The data on the thickness of the shims
‘nro prébably socurate te 0.00Qasvineh. The values odtained ars givem.

in Pable III.

ABLE 111
| SHICKBESS OF STANDARD SHIKS

Nominal Thickness,  Measured Thickness,  Calkins' Values,*

1073 1a. | 1073 in, 1073 1.
2 PR U 2.21
3 3 -

N " ™
7 | 6.90 - 6.56
10 : . 0.2 ' 10.2%
15 o e

_'!ha shims for vhich these values are givem vere aleo msasured
%y Oalkins, whose resulis are presented here as cvldmnco of
_ the precision of the metdod of measurssent.
~ As has alresdy besr noted, the ctfuctlvo'thiekﬁolo range of the
test capacitor systes was 0.010 ¢te O. 017 ineh. In order to cover thil
2?rﬂn¢!. eonbtnntioau of two shims vere used to givo thickncsnoa net
hwutluhio in shim aﬁuok. The sum of the noanurad'ﬁﬂiekuuna.l of the

tva vas used in each case n: tha thtaknosa of She combination, and

the nhins verse -nrkod. ‘80 thnt thu puirn ‘would alvways be used in the
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saze position relative to each other. The comdinations used are shown

in fable IV.

TABLE 1V
THIOXNESS OF SHIN COMBINATIONS USED

lbnlnal Thickness, Combination Used Hentnfci Thickness,

10~3 in, . 1073 1a.
10 10 | 10.22
n )  Tamd b 1138
12 10 and 2 | 12.4
13 10 and 3 13-35
15 15 1%.04
17 . w7 12

Since errors ir the standards as the result of compression and

thermal expansion are of the order of 0.1%, they may be disregarded.

Method of Calibration

In oalibrating the separation gage, the shim (or shims) and

_slectrodes were carefully cleaned, and the shim was placed in its

proper position detween the main electrodes. After the bell jar was
put in place, the system vas evacuated and breught to 165‘0. After
equilidrium had deen attained, the jack was set for a 9h0-p.s.i.
elsctrode pressure, and.tho suxiliary bridge was balanced; the néan_
roadin( of three balances was recorded as the dalance point. The

temperature was decreased stepwise to 75, 50, and 25°C., and increased
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stepwise to 105°C., repeating the dalancing at each temperature. It
was found that 1% required 12 to 15 hours to attain equilibrium at

sach temperature.

This process was completed for iuch_ of the six shim combinations
used, and the data were used lin the priparation of the calibration
curves shown in Figure 10. These curves were comstructed and used in
the unmz" described by Calkins (88, p. 45-48). Because 1t'wu soon
found that the calibration was not entirely stabls, a single point
check was run at the end of sach dielectric-constant run to determine
the correction to be applied. To meke such a check, the shim which
éerréapondod most nearly to the thickness of the sample measured in
that pu"hicuhr run was inserted and tested in the same fashion as
is the ealibration itself, except that the check was made only at
‘room temperature. After some exporience; it was found that evacu~
ation made a negligidle difference in the check calibration reading,

80 that, in the later runs, the check was made without evacuation.

The correction was app_liod by the use of the equatioa derived dy

Oalkins (88, .p. 87):

2/, 2 ' ‘
| Boor = (212,502, | | (W)
where : Alaoi = the correstion to be added te Py
n = appareat separation with paper

specisen ia place,

12 = apparent separation with standard
shim in place, and

Ap = pg - Pp Where p_ = actual reciproesl
thickness of standard shim, .
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Figure 10
Separation Gage
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where all p values are given in reciprocal centimeters., Sample calci—-
lations showed that even in extrems cases, such as in the test of. the
Clausius-Nosotti relatienship, where p vas as large as 2.4, due 't'o.

thtvlov electrode pressures employed, this equation gave the same ro;

sults as the more rigorous ene:

DRoor * DR (P1Reor/oP,)- . (5)

Since Equation (5) can be salv_od only by successive approximations,

Bgquation (‘() was used during the investigation.

Brror of the Thickness Measurement

There are ssveral factors involved in the calculated separation
vhich may introduce errors. The auxiliary dridge can bBe bdalanced to
0.1 diai unit. However, the accuraecy is limited by the ealidration
curve, which cannot be read cleser than 0.1 p unit. This amounts to
an error of 0.25 to 0.5%, depending upon the separation. A similar
error ocours im making the calibration reading. The calidbration cor-
rection was calculated to the nearest 0.1 p unit, which mads a total
of 0.75 to 1.5’ poo:fblc.orror from tthc sources. The temperature

_was estimated to the noara:tbdngroo. which corresponds to an error in
of about the same magnitude. Thus it is likely that the error

Roor
in the separation measurement is less than 2%.

MEASUREMENT AND CALOULATION OF DIRLECTRIC CONSTANT

‘ A number of sheets of a particular cellulose sufficient for the

total thiekn;u to 1ie within the 'thiclmc;- range of the test
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capacitor vers carefully shosen for oluniiuh:. geed formation, snd
smooth surface, aad placed in position on the lover elestrods. The
nuzber of sheets used »vn normally three or four, asd u.’high as 14
in the cass of one cellophane, but never less than twe. The aﬁuts
were cut to a iimter of abuﬂ 3.5 nehu. asad a O. as-lneh hole was
di--eut in the center for the passage of the nmiag‘w feoler rod.
!ho awparn\u wn usughd and the s7sten oneuha nu ‘Aeated to
165'6,‘ A aormal minimum of 24 hours was allwcd !or eo-plctc desic-
cation to e attd.nu. ‘A A ro«n of punnu" p’uoz-vatiau re-
wnnud in 'y lutor parqruph. At the end of shis un. the specimen
was plwu under 9“ p s.i. pressure. The temperature and mwun
were ncted, and the Schering bridge was dalanced, immediately fol-
lowing whish the milhry bridge vas balanced. In Lcuu vhere the
effect of frequency was studied, the balances wﬁ made at 500, 1000,
2000, 4000, and 15.0000331" per second. In all other cases,

balances vere sade enly at 1000 cyeles per second.

~ The methed of balanoing the Bohering dridgs was as follows: the
test capacitor was disconnected fion its jmnlhliu vitﬁ. ¢, (soe
Figure 5) by throwiag switch 5, to grousd, vhereupon the bridge was
hnlautd by suuuiu adjustments of capaéitors 02 and Oy, alter-
nating with adjustments of the Vagner ground (the lattes with swisch
;'1 to greund). thn bulmc had bdesn attained, $he nttingg of Oy,
in 41al units, and Gz' h uisroutorofaradc, were rwordcd. Then the
test mnciter vae nulhlod with 02. the balancing prosedure re-

peated (including idjuﬂunts of the Wagner ground), and the new 02



and Cy readings rscorded,

The temperature was allowsd to fall tobtho next desired value
(1f any) and, after allowing 15 hours far’cquilibiiu- to be estad-
lighed, the bql.ncln( Process was repeated. MNeasurements vers mads
at 105, 75, 50, and 25°C., and repeated at the same levels in as-
cending order, although in some 1nstnneo|.thc increasing temperature

series vas omitted, apd many uoaonrtnonﬁs were made only at 105°C,

At the eonoluuioﬁ of the rum, the vacwum was broken and the
specimens removed. The area hetweenr the electrodes was scarefully ocut
out and its mean diunnter'nia-urcd. Ordinarily this wvas dono by out-
tin; to the elge of the impression left by the slectrodes, dut in the
case of cellophanes, mo such impression vau'dise.ruiblg,.uinco the
-a§02151 was already at its ultimnte density, and in any case, the
large nuxber of sheets vts.unnanagoablo. Therefore, the ccllbphnno
specimens were left under Jjack pressure and carefully trimmed flush
vlgh the eylindrical nurfneon of the electrodes with l'sharp knifs.
Th._apoeincn- were dried to constant welight at 105°C. From ﬁhc data
thus determined, the dielectric constant vas calculated in the manner

described below:
CALOULAYION OF DINLRECTRIC CONSTANY AT A STANDARD DERESITY

The simplified equation given ﬁy the American Society for Testing
Materials (;Qg) was used in the calculation of the capacitance of the
test capacitor:

o - o (6)
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vhere - g, = the equivaleat parallel capacitance of the test
capacitor, in mieroxicrofarads,

C, = the capacitance of condenser Cp when the test
eapacitor 1s in the eircuis, in uicrauicrefaradl.
and -

the cspacitance of condenser Cp when the test
capsciter is disconnected from the circuit in
uicroltcrofurah. _

e

‘ !ga Correstion

Because the electrcdes wers not guarded, thers was a certain
‘néunt of eldge capacitance. Beott. and Ourtia (}_9}_) have prepared an
enpirioal equation for edge correction which is applicadle, even
though it was auignﬂ‘ foy thimr electrodes than were used in this
work. A form of this oquaeion adjusted to the units nployod ia the

pronnt ssudy is

g, » (0.147 logg 1.5p gor + 0.0185 K)P., (7
vhere ¢, = edge eorrection to be subtracted from
' _q’. in micromicrofarals,

RBoor * corrected reciproecal thickness of
or
specimen, in reciprocal ocentimeters,

X = dielectrie éonstnt of ths specimen,
and

P = perimeter of electrode, inches (9.37).

~ The following corrections were caloulated dy the use of this formula:
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TABIX ¥

ELECTRODE XDGE CORRECTIONS A VARIOUS
DIRLECTAIC CONSTANTS AND SEPARATIONS

| 0.015 708

Dielectrie Separation, c. ) ldgu Correction,
Censtant in. anfd. nmfd. '
2.7 - 0.010 418 6.1 1.5
, 0.01% 278 5.6 2.0
4.2 - 0.010 - 638 6.35 1.0
0.015. W25  5.87 1.4
7.0 0.010 1062 6.83 0.6
6.36 0.9

Although these hypothetical values embrace the entire rangé of
dielectric constants and separations encountered ¢nr1n¢ the wqu. the
edge capacitance is very mearly 6.0 mmfad. }n a1l cases; therefers, to
aimplifty tho caloulatiens, this valus was lllﬁl‘d»&l the elge cor;‘
roctiou in all calculations. Applioailen of this value in the assumed
cases in Tublo Y rc:ultu in a ll!ilnl error of O. 17f iz the caloulated |
nerutl capacitanco (G , the cqpacitnueo when the eleciric field 1is
porptndieular to the plane of tho olactrodot). which may bde considered

nngligibla. !harqforo.
¢ = C - 6.0 (8)

The dielectric constant of the test capacitor was determined
from the rasio of the observed capacitance (L) %o the calculated
vaguum capseitence (C,) of the test capacitor:

€ (9)

‘.Eilgv‘



Since C_ may be caloulated from the equation,

g, = 111 yhvrg_f : A (10)

Bgop 18 defined as 1/4, and A, the electrode area is 43.7 sq. cm.,
by uﬁbstitutiol in ]quationa (9) and (10) smad roarrangonent the

squation for d1e1ectric con:tant 1n terns of the cxpcrinentnl dats 1s
' ‘N S : '
€ = 0.259 gt/-zm (11)

The average demsity of the space between the electrodes,/ , is
the weight of tho'speeilon betwesn the electrodes, in grans, divided

by the volume of the space in cubic centimeters, or,

P= va, (12)

vhere ¥ is the ovendry weight of material between the slectrodes. A

simplified ferm is obtained by substitution of numerical values:
IO' 0.0229 __gm ’ (13)

" Sinee dlelectric conmstant varies with density, and since it vas
not feasidle to make all measurements at the same density, sll re-
sults wvere calculated to a standard density dy the use of & form of
the Clausius-Nosotti relation, which has been found to hold for both

pative and regenerated fiborq:
(€' - 1/ + 2XP | I LY

3ince the deusity of most of the specimens tested wvas in the vicinity

of 0.7, this vas selected as the standard density.
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BOURCES OF XRROR IN THR METHOD OF MERASURRMENT OF DIRLEOTRIC CONSTANY

Bince the dasas obtailned during the investigation are of such a
nature as aot to be ‘ncndblo to statistical evaluation of the experi-
mental errors cncduntcrcd. an analysis of the experimental errors

involved would be of value.

!hn‘schnring bridge is inherently quite accurate; it is limited,
in the case of the measurement of capacitanse, chiefly by the accu-
racy of the precisien capacitor, which is ¥ 1 atoromicrofarad or
less. This means that the error in‘gp. in the range of capacitances
excountered, is 0.5% or less, depending upon the capacitance of the
nurticnla; sample. Delevanti has shown that ne apprecisble error is
introduced through the use of the approximation forsula for capaci-

tanoe (Equation 6).

As has already desn shown, an estimated edge vorrection of
6 mufd. hai reduced the residual error which is due to edge capaci-

tance to less than 0.21;

Inasauch as the effect of frequeney wpon the dislectric constant
was found to be very slight over the frequency rangs used, errors due

to small frequency variations mey be neglected.

Oalkins has shown tha§ the use of considerable electrode pres-
sure effectively eliminates any “air gap" between slectrodes and the

surface of the specimen (58, p. £0).
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In the calculation of dlelectric constant at standard density, it
has been auiunod that thp Clausius-Mosottl relatiomship holds for all
the materials tested. A preliminary experiment (p. £0) showed that
this 1s true for a regensrated fiber, with an accuraoy of adout 1%,

which may be charged to experimental error.

§.petintially ueriouulorror was encountered, particﬁlarly in the

: earlier'runc. iz the lateral misalignment of the main slsctrodes. It
is estimated that the area under actual test sould be as much as 2§
smaller than the actual electrode area used in the calculations.

Since the sample ares wvas carefully cut out, msasured, dricdbut‘los’av.
weighed on an analytical bdalance, and the weight corrected to the
actual electrode area, the sample weight may be considered as cor-

rect, well within the 2% valus.

The largest error iavolved in the measurement and ealculation of
dielectric constant is that of the ele¢trode separation, since it
‘cntorc into the calculation twice. JFor a typical sample, the meas-
ured §, 4s 400 anfd., ¥ te 1.000 gram, and p. . 12 35 cn”l. he

caleculated dielectric constant at a dcnnity of 0.7 is 2.58.

1§ 4 ) 39 1s in error by 2%, the error in é:).-, 1s 3.5 to 3.9%.
Since the other errors are smell by comparison, the experimental

- error of a single dielectric constant measurement shomld be less than

5%.
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The methed of Hermans (1}), with con modifieations, wee ueed to
dotcrnino th; ultiuto hn:ity of the urim rav meterials tested.
In its nnatials. the methed involves the thorough drying of small
pellets of she easple, impregastion with carbor tetrachloride vapor,
and immersion in ligquid carbem tetrachloride under vacuum. A sealed
tube centaining the sample pellets floating om earben tq\richlorldo'
s transferred Vo s 'cbocial vater bath and its tupcréﬁnro siowlx
raissd uatil the Dellets sink. The dcn‘:ny'of nr‘b@'tﬂrmbloridg |
at thob tiweriture at whieh the pellets are just shwi@d ia the

- 11quid is the density of the sample.

The spparatus used (Pigure 11) s l' sodification of fh.t l@-— :
veloped by Bermans. Because of difﬁﬁltio_. ommhib& in applying
s vacwum frem an external pump, $he vaeuun was ctfaifml by hesting
the v:helo’ apparatus te a temperature vﬂou the boinn‘ point of |
earbon tetrachloride, thea sesling the system frem the ti-esmi.

- sad allowing 1% to cool. In this vay, the purpese of evacuatior--
onsuring that only carbon tetrachloride and fbn éo.ll.nl‘o'n snph are
present im the tostiu tudbe--1is .ehuna without the use of an ex-

_‘_hml pw

In Qﬁcrgtion. three ﬁr four uqrio pellets (about 0.5 mg. each)
were iaweried 1ute the Tcogditi_onhx‘_;ﬁ\ﬁiﬂ). and the lover buld of
the distilling flask (A) was filled with carben setrashloride which

kad been espesially dried by reflusiag 2% hours over fused caloius
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chloride and then fractiomally distilliamg. A small amcunt of phos-
phoric anhydride was added to the flask to take Wp any residusl mois-
ture. The growad Jeiat (B) vu' assexbled and & very slov siream of
ary :ieiegn passed threugh the system from point C. The nitrogen
vag dried by pu:igg it shrough a tall columa of calcium chloride,
folloved by a trap kept Mi -80°C. by a mixture of Dry Ice and bensyl
‘alcohol. The conditioning tube was then heated to 105%°C. by passing
stean from the laboratory supply shreugh ﬁu Jacket (R). As a pre-
caution against the moisture goatainc& ia the air in the system before
assembly, the two ovoni (R.l)‘ were sssembled abous their respeciive
ends of the apparatus, and & small amount of carben tetrachloride

~ vapor was df-;ﬁh&@hr@u&h the. system ‘o wup out the air. The
’nit»ronn flov and stesm heating wuio» coentinued overnight, but the |

oven Reat was shut off as sosn as the sweeping vas fimished.

~ When the drying had been completed, the nitrogen inlet vas
sealed off, and the ovonQ again heated. This caused a slev pPassage
of earbon Setrachloride vapor throwgh the system, driving the nitro-
gon from the samples. After about 90 mimutes, tlgo heat was removed,
and the syetom vas sealed at K. After eooling, the entire apparatus
was wpended, causing the pellets to drop iato the sample testing
tube (J). The Qpparatu was returned %o its horigontal position,
Jd vu.plucé in & freesing nixture of ice and salt, and oven heat was
applied at A; resulting in the distillation of ecarben tetrachloride |
inte the tistiu tube. VWhen the liquid level in the latter was three

fourths of the way up to its inlet, the tube was sealed off from the
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remainder o: the system at X. A newv sesting tube and nitrogen inlet
were sealed onto the conditioning chamber, which was then ready to de

‘re-used.

Yor the measurement itself, the testing tube was transferred $o
a special wa)or dath whese temperature ebuld be closely controlled
over a vide range. 7The water bath ia. actually two baths, one inside
, the other, to avoid the ;rteéfi of convechion ku?r'£ta.. The outer
bath consisted of a 12-ine¢h aiyaotor by 1l2-inch high glass battery
Jnr.'oqptppclﬁwith a motor-driven stirrer, a Fenwal !ﬁoraatvitah,
knife-type heaters, and a ngnan finlet for rapid temperature changes.
It also hAlAnn‘ovorfliw siphon to laintain'a constant 1ivc1 during
stean inchtion. The inner bvath was & 3-liter bYeaker suspended with~
in the outer dath. Is, tee, had a motor-driven stirrer, a special
clamp which held the sample tube completely sudmerged, and a ther-
moneter graduated to 0.2°C. and calibrated against a thermomster
tested by the National Pureaun of Standards. During the cnlibrntioa.‘
the latter was b-ld in the position ordinarily occupied by the sample
testing tube. Difficulties resulting from evaporation from the 1n#er
bath wvere prevented by a contimucus film of mimeral oil floated on

the surface.

In use, the tictiug tuba.‘whteh was insulated from the clemp dy
s short length of rubber tiblng. vas clamped iz place, and the tem
perature of the outer dath was raised {by injection of steam) to a
texperature slightly below that at which the pellets were expscted to

sigk. After 30 minutes, the ianer bath reached the same tempersture,
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and the temperature was raised approximately 0.5° at a time until the
pqllcts'san. To avold convection currents, 15 to 20 minutes vere

alloved between each temperature change and the mext reading.

fhe mean of the densities of carbon tatr@ehloiidn at th; temper-
atures at vhieh the various pellets were Just suspended was taken as
the density of the sample, at the temperature correspondiag te that
density. JYollowing Herman's sxample, the density was reduged to

density at 20°C., thréugh the equation

Pao = Py 1+ 0.00008(s - 20}, (15)
where | /020 = density st 20°C., g./cs., and
/0‘ = measured density at temperature
s (%C.).

The densities thus determined showed falir agreement with those
obtained by Hersans (73). A notable exception was Fertisan, which,
although Hermans h:i pubiichc( a0 density value for it, yioléod
values far delov these expected from its other known properties (see
Tadle VII). Mieroscopic examination revealed an abundance of gas
occlusions within the fibers of this material, vhich would account
for the discrepancy. The sase was true to & lesaer extent of thu

other regenerated materials.

Nermans (102) has recently pointed ous a possible source of
error during thig determination which is due to the presence of phos-
phorus trioxide in the phosphoric anhydride placed in the distilling

flask, A test of the material) used showed that this contamination



was indeed prunt. ‘!’he umsm of the error h ot kamm lmv—
esver, ud siueo the usefulness of the -etho& in th present :tw m

yrmt to be nonwlut 11:1:.& ( see below), it was not considered vwlh .

while to begin ania wish spoeiany puriﬂcd phosphortc anhadxin,

Although the resulis on the eollul’osia rav materials were fairly_‘
geod, 1% was foud'v that roproduclblo resulss could not be o’otdni( Y
sanples h hna'h«t form.. BEvidently during she \utttu,'prcuing. |
and mint iavolved 1n the sheetmaking, tho tiborl had been so altersd
as to prohi'oit complete drying, or eonphto displa«unt of the nitra-'
gon by the organie vaper. Accordingly, density determinatisn was
abandoned as s means of measuring the chenges brought about by

‘pressiag, aad reliance vas placed on the moidture sorption measure-

Cmemts. . B
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THE MEASUREMENT OF ACCESSIBILITY

The method of Wink (103) was unol'to'noasuro the molsturs regain
of the various samples at 73°7., and at several relative hunidities.
The absorption isetherm was interpreted as luggootid.by Hailvood and
Horrobin (15); | | |

To odtain the |orpfion data, the samples wers piaood in an opci
glass Potri dish suspended within a covered orystallising dish by
v -eaap‘of & brass rad'pasaing through a hele in the cover, and tersi-
nating in a hook. A eonical collar soldered on the rod jrovidod an
effective seal for the tapered hole in the cover. A constant rela-
tive hunidity wvas maintained within the crystallising dish dy a
saturated sslt sclution. Vhen the hook was suspended frén the Yeas
of an analytical balance, the sample ceuld be weighed without changing
the humidity conditions within thdl;;ic;ii The apparatus is shown tn

Tigure 12.

In use, the balance was f;rnt seroed against a suitadble counter-
poise in place of the left-hand balance pan. Before any subsequent
weighings, the balance was always seroed to,thq same counterpoise.
The weight of tho'c-pty Petri dish arnd its suspending device was de-
terained, after ;htch ﬁho sample (about 0.5 gram) vas distriduted

over the bottom of the Petri dish.

All samples were first dried over phosphorie anhydride. Weigh-
ings wvere made every day until constant weight was attained. The

sample, with its Petri digh, suspensien device, and cover was then



v

N l’igt_u'o 12

Sexption Apparatus
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transferred 30 the first ef the salt solutions 1# the aburption'
series. The salts used and the ocorresponding mutv. munh- are
given in Table YI. As each solution vas pnparot. au «umrsu

relative 'hniduy'vu checked against an olo.etric hycrou_cto_r.

| TANLR VI . y
smmmn w.! ao:.mxml AWD ‘rnn mﬂru m:n:s

: Rohun Mtity (10k)

SRR N i
 salt $
Lithium p@mﬂ« p | 1.1
Peuuiﬁ i@ctttn 22.9
.m:tu chloride 32.9
 Sodiwa nitrite .~ 6.8

S0dium chloride 75.8

" The weighiags vere nputo& daily until constant Qci;ght vas
stisined, after which the transfer to the mext higher wunidity vas
sade. Slu; enly the adsorption eycle was duin&, at the sud of thﬁ
eych ueh unplo vas 4ried ever phasphorib uhvlrldo. m the tare
of the usll uat suspension again obtained, as a ehcck mming
_upos the size and mature of the sample, as well as the amount of the
humidisy change, from k to lhlw‘t vere required to attain equi- |
1ibrius after each change. The entire speration wes carried out in a

room mainteined at T3°F.



CALCULATIONS -

The data were interpreted by fitting the igotherm derived by
HEailwoed and Herrobim, in its simplified form, which assumed the

formation of a monohydrate eonly:

%c/1800 « [XH(1 -XB)] + WBB/(1 +xBn)] (16)
vhere M = "meleculsr weight® of ihe operative polymer unit, |
T = molsture regain, grams per 100 grni of 4ry sample,

h = percentags relative humidity, and

X and ﬂ are constants.

In acoordance with the suggestion of Hallwood and Horrobim, this

equation was reduced te the form

Aemn- o0’ e nfr, (17)
by substituting A = N/[1800 x(ﬂ + 1)1, |
o _l;l- 5113 - 1)/[1800(ﬂ +1)], ana
¢ = ¥xB/[1s00(ff + 1)1,

The method of least squares was used to calculate A, B, and ¢
from the five moisture regains determined experimeantally. !. o, and
ﬂ eould then be evaluated. Since N is the noheultrv veight sor-
riupondiu te one hydroxyl group taking part in the absorptien, and
the actual molecular weight per hydroxyl for cellulose 1s 162, the

inscoessidle fraction is given by (M - 162) /K.

Because of the nature of the caloculations ianvolved in the inter-

pretation of the data, it 1s difficult t0 estimate the experimental
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error encountered. Howsver, the natut#rc regains of dﬁpli§nﬁo e~
ploauugrcodigoQQrtlly within 0.2%, which would correspend to an
absolute error ef‘abpht 0.5% in accessibility at the higher relative
huiddltios; vhich is Qharo the larger crforl oecﬁrroa. In gcnoral.

the eulaulatcd value of nointuro regain fell within range of the two

‘oxpori-ontal values far oach poinat,

' It 1s roeognilod that dryinc over phosphorle anhydrido docs'not

__rctnlt in aoqplotc drync-s. hovaver, all’ sanplos underwvent the saxe

ptoeodaro. :o that tho rosults should de co-parablo.
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PREPARATION OF CBLLULOSES FOR THSYING

The physical characteristics of the cellulosic materials tested

are listed in Table VII.
OOTTON LINTERS

The cotton sample used was a ctaﬁd&rd linter cotton obtained from
the Nercules Poidnr Company. The fiders were too long for papermakiag
purboscl.':o they were beaten ia .‘Vblloy one-pound beater to 435 ml.
Sohopper-Riegler freensss and screensd with a laboratory screem. Dirs
particles were settled out in the manmer described by Calkins (ss,

P. 69). The settled otoeﬁ was dewatered, pressed, and stored for

sheetnaking. This material was designated Cellulose D.
YOOP PULP

A h1¢)~nlbha vood pulp made by the lrhnn Company wag obtained
from the physical chaminﬁry dnptrtuﬁnt ot !hollnt§ituto of Paper
Chemistry. This material was used for shootnakin; without any further
Sreatment, except for tearing into small pleces and soaking evernight

before disintegrating. This saterial vas designated Cellulose J.
CRLLOPHANRS

Sasples of viscose sheet material were obtained frem the Du Poat
Company. One was an unplasticised 600-PUT-O Cellophane, and has deen
designated Cellulose A. The other vas plasticised 600 PT Cellophane,

and was designated Cellulose B.
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The original undried cellophane tested by Calkine was still
available; 1% had been stored for several years in an aqueous form-
; aldehyde solutien. The sheets vers washed in several changes of dis-
t1lled water over s pericd of several days and dried under heavy
tension upen ladoratery dryin;.fraunl. " This vas designated Collulo-o
c.

I aa effort to raproduce any pegiiblo‘gfgeatl of storage in
formaldehyde, 2 similar solution (3.2%) was prepared, and a number of
lhcgil'of'collulolo A vere stersd in {% for a period of 66 days. At
the end of this time, the sheets were washed and dried in the same
manner as the undried cellophams. The resulting material vas desig-

rated as Celluloss 7.
RRCERREATED FINERS

In viev of the fact that the peculiar nature of some of the re-
¢on¢ratql.fiborn to be tested would make their propuraﬁion in the |
laboratory difficult or impossidle, it vas decided to use commercially
produoed rayon yarns. These yarns were cut to lengths of 1 to 5 mm,,
using ar ordinary paper cutter. With the oxcoption‘ot the viscose
rayon, these short ion(ths weres tused difootl: in the sheetmaling

opsration.
VISCOSR RAYON

A high-tenacity viseose tire-cord rayon, Du Poat Cordura, was

chosen to represent this type of material. ZThe yarn available was
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1100 denier, S0 filament, O twist. The out lengths were hoatu. for

twe hours in a Valley one-pound beater, which resulted ia a negligi-

bdle drop in freeness, but 4id shorten the fibers somevhat. !'hc stock
. was settled and dﬁuter«l ia the same manner as the cotton liaters.

This was designated Cellulose 3.
FIBER &

A small quantity of Fiber G, 1100 denier, 552 filaxent, 1.52’
twish, wvas obni'noa from the Da Pont laboratories. This is an ox-
poriunulv fibder and is a viscose rayon which has an umusually Mxh‘
emgamgm‘ 8¢ & result of the menmer in vhich 1t is spun. This

was hui&nﬂod as Cellulose G
SAPONIZIED ACHTATE RAYON

A.. quantity of Fortisan was obtained fré: the Celanese Corporation.
This 1 c rayon which hae bdeen spun as cellulose acetate, stretched,
and ﬁnn saponified. %he product has & high erystallinitr; and un-
usually high.tcmity. Analysis by the modified Nberstadt methed
rofoalca that thi; particular sample was completely 'uponincd. It

was designatsd Cellulose K.
CUPRAMMORIUN RAYON
. A skein of cuprammonium rayon was odbiained from the American

Besberg Corporation. This sample was 75 denier, €0 filament, O twist,

It vas designated Cellulose K.
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FREPARATION OF TES? SHER?S

The nature of the apparatus used required that the saxples Ye in
the form of handsheets. Several methods of sheetnaking vers used ia
preliminary tests. xin all cases, the stock was disintegrated ac-
eoidin( to In-titﬁto Methed 41l; it was sudjected to 75,000 revo-

lutions in the British disintegrator at 1.2% consistency.
ACID VWASHING

To test the effect of ash reduction dy acid washing, ome batok
of cotton linter stock was shirred in 1% hydrochiéric acid at roem
texperature for one hour. It was filtorca and washed repoatedly with
distilled water uatil the washings showed mo trace of chleride in &

test with silver nitrate.
LOW-CONTAMINATION SHEN? MOLD

The sheet mold used dy Calkins (88, p. TH) was reconstructed aad
tested. I& consisted of a Blchner funnel mounted on & ring stand. A
tube of natural rubder was cemented arcund the inside as a gasket. A
fine drass shest-forming wire supported by a large-mesh stainless wire
scCreen was f;ttod inside the jutkot. Bither of twe deckle boxes could
be used, each consisting of a glass cylinder whose gfonnd loweyr edge
formed & good sesl vtth'thc rubber gasket. !hc-snallor box held |
3 liﬁorl of stoak'sulponnion. and the larger held 7 liters. 4 perfo-
rated disk of 0.2%-1ineh Lucite mounted on a sares handle was used as
an agitator. This sheetforming device was used with distilled water

only, and the very small amouat of metal ensured the least possidle
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contemination.

Preliminary studies shovo&. however, that these precautions were
unnecessary. Therefore, the shests finally tested were formed ac-
cording to Institute Method 411, using the standard British sheet
m&ld and tap water. _Bccnnso of the tendency of the long fibers to
kaot together, tha stock for each rogincrutod fiber sheet was stirred
in a malted milk mixer for several minutes before forming the sheet,
and the agitator of the sheet -old‘vau given 10 te 1k strokes in
place of the usual seven, to ensure adequate dispersal of the fibders.
Because sf the luei of hydration, the drainage of these sheets was

sxtremely rapid, and the formation was quite goed.

¥ith rare sxceptions, the sheets were pressed at 50 p.s.i. for

tvo minutes before air 4drying.

Galkins' d;fficultino in the air 4ryiag of handsheets were cir-
cuxvented by thg'silooeién of a drying method te suit the material at
hand. The linfcrl and wood pulp sheets wers dried on the standard
British disks and rings. The sheets from rogonofngod fibers vere
left on the 4isks and alr &ricd.undcr very light tensioa by laying
upon each sheet & drass ring consisting of a 0.5-inch length of Y of
H-ineh brass pipe. In most cases this provided sufficient tension to
prevent cockling without causing the sheets to split. A certailn
amount of splitting ﬁld ococur, but sufficient shests vere mads from

esach sample %0 allow such sheets to be 4digcarded.
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Although the cellophanes were already in sheet form, enly the
unplasticised material could de icstcd in its original cendition.
The plusticiiol cellephane had cockled in storage, and was soaked
| errnight in~dittill¢d‘wator and dried en the standard dieks under
heavy tension, with the aid of the drying frame described by Calkins
(28, ». 76).

The cellophanes stored in formaldehyde were washed 1n distilled

wvater and 4ried in tholcanl'lannor.
PRESSING

Since an essential pars of the study wvas the effect of moderate
proiluro on dielectric constant and acco‘nibility. th. conditions of

prnasinc are of -pocial significance.

. Normally, each handsdest was pressed betwesn & dlotter and the
standard dryins_disk for two minutes at 50 p.s.i. These were desig-
nated as normal ohcoti. A fow sheets were not pressed at all (e.g.,

these used in testing the validity of the Clausius-Mosotsi relasion).

Pressing at higher pressures was done in the Elmes molding press
{n the Plastics Lnboratory of The Institute of Paper Chemistry.
Since the platens of this pross vere rather rough two steel platcl
were procured for use as platens. The upper plate was 7 inches |
square, the lover oas, 10 inches square. Each plate was made of
0.%-iach eold-rolled steel, ;round‘on both sides 0 parallel nﬁ?faccl.

flat within 0.0001 inch.
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var PRISliIO

Tor moderate-pressure wet pressing, & sandwich of disks, sheets,
and blotters was taken from the British sheet press in which it had
been proitpd for two minutes at 50 p.s.1., placed botvoeﬁ the twe
steel plates, and inserted betweor the unheated pl;foni of the molding

Press, ss nearly centered as possidle. Since preliminary tests showed

no crushing of the sheets as the result of high pressures, the pres-

sure vas immediately rateed to %000 p.s.i., through the actior of
62.5 tons on the 31-sq. in. ares of the sheets. The Dressures was
saintained at this value for ten minutes, then released. The blotters
were removed from the sheets which were then air dried in the same

manner as the sorrdsponding normsl sheets. The pressed sheets shoved

~ mach less @ondcncyfto split than the normel ones.

COLD FEESSING

In cold pressing, a sufficient mumbder of airdry sheets (ihroi-to
#ix) to make the pressed product of suitable thickness for testing

wai selected for quality and 1aid'botv¢on two carefully cleaned drying

disks. This sandwich was then pressed at room temperature in the sane

manner as in the wet-pressing vrocedure.
HOT PRRSZING

Hot pressing was carried ocut in the same way as cold pressing,
Qicopt that the platens were prehbesated to adout 110°C. and held at

this temperature for the duratipn of the pressing.
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The hot-pressed laminstes vere gquite stiff and compact, and had

acquired a surface gloss from the disks. The cold-pressed sheets

. delaninated much more sasily and 4id not have the surface gloss.

- Wet pfdolinc had a dlstinctive effect on the regenerated sheets.
The normsl :hottn..witk the exception of Fortisan, were eitrcnaly |

weak and had a tendeney to fall apart at the least mistreatwent. The

wet-pressed sheetis bad acquired a molerate strength, however, and

o0wld vithstand considersbly more bandling. Wormal Fortisau sheets
vere fairly strong and were uinilar tobﬁhocc frem the unbesten wvoed

ynlf ia shis respecst.

Calkins found lgttlo or no effect of pressing on cotton-linter

‘sheets, and hence thess sheets vere given no speclal pressing treat-

nent.
AIAL!!IQAL PROCEIURES
ASE

Ash determinations were carried ous according to Institute Method
610. The cutout specimen from the electrical testing was divided inte
tvo parts for oven drying, after vhich they were ashsd and ignited,

As & result, the sample sise was usually about 0.5 gram.

| DNGRER OF POLYNERIZATION

The degres of polymerisation (D.P.) was sstimeted from the in-

“trinstie viscosity of the nitrated derivatives in acetcne by means of
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the modified Staudinger equation,

D.P. = (D)X, | (18)
where (!2) = intrinsic viscosity
- and x o=uzxwh

The samples were nitrated, and their viscosities were measured ac-

cording to the method described by Heuser (105).
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PRELIMINARY EXPERIMENTS
ATTAINMENY OF BQUILIBRIUN

The earlisst experiments were directed toward the establishment
qf‘t time schedule by which to ecarry out the succeeding tests. During
the separstion-gage calibration work, it was found that 1t'roquirnd
12 %0 15 hours for sechanical cqnilibriun to be established after a
temperature change. BSince each sample was to be desiceated at 105°C.,
it was certain that no -o;iuro-ontc conid be made before about 1%
hours had elapsed. V¥Yhether dosiccntion would'ho complete by this
time vul_utill to bO'lonrn;d. Calkins found that desiccation was
sufrieiont after 15 hours; howvever, his samples vere much thinner

than those used in the preseat work.

_ Tadle- ¥1II shows part of the data frok a typical rum; the sam-

‘ples 4a this éuicvviro Cordura rayen hind-hiilss

These data indicate that equilibrium was established by the end
of 18 hours. As a precaution, all samples were cenditioned for 22
to 24 hours prior to making the first measurement. In the ceses ef
some cellophanes, even this vil Dot enough, as vas apparoﬁt from
the exeessive loss ;ngl...whteh,pr;vontqd a complets balance of the

bridge. In such cases, 36 hours proved $o be sufficient.



Time,
hr‘

0
12
18
24
s2*

Tomp.,
.c.

27
102
103
103
103
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TABLE VIII

DATA ON ATTAINNENT OF BQUILIBRIUN

Yacuum,
=

10
0.1
0.1
0.1
0.1

Frequency,

cycles/sec. ) T

1000
1000
1000
1000
1000

28.7
28.8
8.7
28.17
28.7

Cas
wafd.

291
299
302
302
302

€

2.67
2.68
2.72
2.72
2.72

¢.6Lé.
9.697
0.701
0.697
0.697

0.697

€0.7
2.63
2.67
2.73
2.73
2.73

s
After cooling to room temperature, releasing vacuum, re-evacuating,
and reheating under vacuum for 17 hours.

BYTRCT OF METHOD OF SNEN® FORMATION

" Handsheets wvere ltdc'under a variety of cénditiono. in order to

try to learn what proe;utiouik;.gnraing contamination and quelity of

sheet for-atien had to be observed.

eonta-inatian‘nold~proviouulr described, and in the Britieh sheet

Shests vere made in the low-

mold; with distilled water and with city water; and with and without

acid-washing of the stock.

Table IX.

The resulte of these tests are given in
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2ABLE IX

EITECT OF NNTHOD OF SHRET FORMATION OF
. DINLECTRIC CONSTANT OF COPTON LINYERS

Ash, A

] | € g./e.e.

. Rtfect of Sheet Nold Used (uci&»wa:hid it@ci. distilled water):

Glsss mold, 3 1. . 0.8 2.8 0. 746
Glass wold, 71. 0.27 2.8  0.726
British mold 0.38 2.2 0.750

Bffect of Water Used (scid-washed etosk, British mold):
| Diéfillod vater | 3 0;38' 2.k2 0.7%0
Gty water 0.02 2.5  0.730
Bffect of Acii«itahilt (British meld, eity vater): |
Acid vashed j 002 2.5 0.730
¥ot seid-vashed e 2% o.72

,
€O.7

2.36

2.37
2.29

2.’29

2.37

2.37
2.43

Inipcetion of these data reveals a certain amcunt of relstion-

ship between the precsutions taken and the ssh content of the re-

sulting:sheet; but very 11%tle betwesn the ssh content snd the di-

" elestris comstamt. Jn the abseuce of snj definite indication of an

effect Yoyond the cxporiuegtql error, it was apparent that uguqunl

‘precsutions were unnscessary. As a result, the sheets to be tested

were ludo_igith. standard British mold, uiQng city water,

ETFEC? OF QUALI?Y OF SHEEY FORKATIOR

It was feared that in tosttng cellulosic materials in the form

of handsheets, an error might be introduced by the variations in
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qualisy of formation. o test this, shests were made in the Britieh

mold at varidus'conniotencicn. Sheets made with the nold7f611 were

- ef goad. even !orlntion. vhorcna theoo nnda with lesser dilntionl vero

‘oorroupondingly less unifors. !ha rolult: nbt.ino& on thaso chceto _'
" are shown in Table X.
EARLE X
!ll RITECY? or FORMATION ox'nxxhncrnzc OOISEAIE
: 0! COTTON LINTERS :

Mh. b . * ' -
- $ 6’ . cﬁce_- €o.1

(Brisish mold, oity vator. stock not ncid—vaahod)

Mold full 0.2 251 . o7 2.3
| . negligible 2.50 - 0.725  2.u3
Mold half fall 018 243 0.m9 237

0.1+ 2.50  0.753 2,35
lgld quartor.fnll | 0.06  2.%0 0.716 2.#5

052 250 0.6 2.k

Ax dnn.bo seen, the pairs were consistent within themselves, dut
thacc was no &tfinit. trond of variation ot diolootrie conutunt vith
.fcrnnttqn qu;litx. Aeeordingly. 1t wase eonclud-d that formation has

s negligivle effect upon the rtaultc._b
YER RELATION BRTVEEN m'm DSNSITY AND DIELECTRIC CONSTANT

Since it was obviausly 1npcn|1bln to nako all eleotrical ncauuroo

~ments at the same aonstty. some sort of dennity corroction vas



necessary before any comparisons among resulte could be made. Hansen
and cslkina showed that the dielectric constants of a kraft papor'and
of purified nstive cellulose wers relatsd to apparent density dy the

Clsusius-Mosotti relationship, ( €' - 1)/( €'+ 2)090 .

| It remained to bYe ascertained vhhtﬁor.this relation could alse
Ve applied to regenerated fibders. A’toaf was made, using handsheets
nade bf'cor&nru viscose rayon fiber. The sheets were not wet-pressed,
and thus rotaiﬁod a high degres of donprct:ibility.' These ohﬁ?fn
were placed in the test capacitor and desicoated in the usual nnnnor;
afser which thcvtciporatur. of the system was reduced to that of the
room. The first measurement of dielectric constant was made under
only suffiocient electrode pressure to bring the electrode separation
within the ranco_ot the auziiiury‘bridgn. Succeeding measurements
verse naéb at pro;roosivoly higher pressures, until the end of the ‘
auxiliary bdridge range had been reached. After releasing the vacuum,
the sample was removed, cut out, messured, drled, and weighed in the
usual mannsr, and a calidration check was made. In doing this, a
separate calidration was sade for each measurement of dielyctric son~
stant made, sach under fhn sams electrode proﬁ:ure as the corre-
sponding measurement, and with the standard shim mearest in thickness
to she separation measured. COCalibration corrections were then ap-
plied in the usual manner. The results of this experiment are shown

in Teble XI and Pigure 13.
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!AI&I XI
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It s of 1nt¢rcnt to note that extrapolation ef this 1ine o a
dgnsity of 1 52 suggests that the dioloctric eon:tant of viscose
rnyon at its ultimete donsisy is in tho rango of 11 to 12, Tho pos-

sidble iqplic.tiona of this will be discussed later.
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EXPIRIOWAL BAROLES

2EN DISLECTRIC CONSPANY. OF NATIVE FIBNRS

, g

- COTLON LINYERE

The disleciric comstant off linter cotton 1s tabulated in Table XIV
(see Appandiz).. Figure 1% shovs the mht‘l@h ts Aemperature, vhereas

Meure ‘15‘- ihmu the very Q_ull ifrcct of froquimy.

The valuﬂ ot éé g

th ﬁnﬂus of Galkint Although somevhat hlmr thtn his wean val-

lincd in Tadle XIV -hw !air mumnt wish:

. ues, they are et111 btlmr his extremes.

htrmlatidu to a density of 1.%547 yields a dielectric conmstant
of 6.5, compsred with De luea's 6.1 for the solid substance.

!h‘e 'nrhtioi\.a{ d1lelactric cén;nnt vi-ﬁh 'tuuporuturi. as seen
in rim. 14, shows tho inerease otiarﬁd bi Calkins and éthoro; |
However, Hu slight ninimn roporto& by Oalltln wase not observed. In
}thh comnsctien, 1% mush be noted tht in tht pruont vurk. the temper-
- atare ves not varfed in as small steps a8 Calkins ueed. Tbus, the

nin&m w oxht vithout hnvtng been chnrnel. |

The fnqﬁdnci, effect, shown iz Pigure 15, is vi:y“ slight, dut is
u: the direction previcusly repertsd, 1.e., €' decreases ss frequency

{ngreases.
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There was a very small hysteresis effest uwpon 06011n¢ to roem

" temperature and rchonting An examination of the dats reveals that
the measured cspscitance shows no such hysteresis; thc difforonec is
@us to the Adegreased sample thickness during ths ascending texperature
series. This decrease may be real, or may be dus te failuro of the
ciparctianrgngo assembly to assuma the sani proportions upon heating
as it 4id upen cooling. The latter situation sesns :ari liknly; In
aay e@so, the values obtained are withip the estinnt.‘»oxporil‘ntal

errer.
‘WOOD PULP

The dielectric constant of wood pulp (Appendix, Tadle XV) was
found to behave in a quite similar manner. The frequency effect was

‘#ot ssasured, but the temperature effect was sbout the same as in the

gaio of the ocetton linters (Figure k),

The &ielectric eonstant of woed fiber vas seen to be higher than

that of cottom.

THR DIBLNOTRIC CONSTANT OF REGENBRATED FIBERS

Thess sane trends rolativc to temperature and froquancy were also
abaarvod in the cases of all the rogbagratcd fibers tested (ippendix,
Tables XVI- X1X, Figures 14, 16, and 17). The only remarkable feature
: ;i ih; Qiaggi;utidrio-p;rltugé"ffcpf goﬁieogﬁli in the case of the

cuprasmonium rayon.
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The effect of frequency is more marked in the case of regenerated
fibers than in native fiders. However, this is largely due to the
higher dielectriec constant; porénneakowist. there is little difference.

in tllvecyo-. the frequency effect increases as temperature increases.

' 111 thess observatioms are adoqpatoly explained vy the theory ad-
vtnscd | 34 cnlkinu that cellulose behaves as a linear polrlar having |
mny gqlar groups, in which beih frequency and tempersture effects are
asu:od’hr the activity of the po}ar groups and the parsial rot&tinn of
the cellulose chains. 5ince thcr§ are not sufficient data %o estabd-
1ish & winimem fa the dielectric constant vs. temperaturs relntib;.
c;lt;nu' yi:v: ro;h:dtp; 1ntorta¢i;1 puldri:at;on can be neither con-

_ firsed:nor. denied, -
' THN DIBLECTRIC CONSTAN? OF CELLOPHANE

The dlelectrie constant of regenerated films caanot be explained
4% readily. The goneral behavior is :injlar to that of regenerated

fiiorl. but certain incongruities exist.

The values odtained (Appendix, Tnbicl XX - XXII1, Pigures 18 and
19) a;iQ- rather well with those of Stoeps, although thoy.ari some-
what lower. This may be due to the better éonﬁuct obtuinpd by
Stnupi’s mercury electrodes. Howaver, the elietrodc pressure applisd
‘1n‘thp Present case should rule out any large amount of ailr space;
indeod, tﬁ‘ ;pparant density measured was in all cases very close to
tho:known_donaiti of this material. 3toops's method of deslccation

(ovqn drying without svacuation) may have been responsible, particu-
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larly because the compactness of cellophane makes complete drying'n

slow process.

In any cass, th§ values obtained are muech higher than thon; of
Calkins. He suggested that the low €' of his saterial may have been
dus to cross linkages formed éuring storage of the cellophane in fore-
aldeliyde. The present data indiﬁatc that this was not the case,
since the dlelecsric constants of the several samples vere about the
‘Same, ro;afdloa: of age and method of itorngo. The d4ifference vas
-probibly due to Calkins' method of measurement, in which only a

slight eleatrode pressure vas applied.

However, sv.ﬁ th§>nov valﬁha. vhen redﬁcdd to standard density
for the sake of comparisen, are lower than might b§ expected; they
sre still mot quite as high as those for native fibers, and ares much
lower than tﬁoso for fibrowus materials of similar origin to that of
cellophane. The significance of this fact remalns for later dis-

cussion.
k4 ) hlLA!IOI Bj!'ll! DI]&!G!RIC CONSTANY AID'OIYS!ALLIIITY

Yxamination of Figure 14 shows that whereas the dielectrie con-
stants of various materials each behave according to known concepts
of the structure of aelluloss, the dielectric constant st any partice-
lar temperature and frequency depends upon the nature of the material.
It 1s known that the effect of small amounts of residual moisture
‘which are possibly present is aot serious. It has been shown that

the sheet structure has litile offaet} all values were converted %o
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a 'itmvumur by s relstion shown $o be valid for such nstarials.
: rhﬂtorc t,he Mﬁ‘crenen must 'bc m to differences in thv subaioro-

ccapic atmnn of the ut:rhls, }

'%ikitq Bas shovn that the dieleetric constant is mot influsnoed

o.p_progiahly vy thb typc'df erystal lattice.

A firi’t &lance, thc;'o uy be a seening correspendence between
_ &!‘.ciutric ¢mtmt nd degree of polyuriution. in that the degraded -.
ru-untu prwuts (uteopt for the ecuamums) have highor ai-
clcetrie eonitmtn tm the nore hiahly palnoriul aative tibon. :
louyjc_!:, thers is no thoantiul;buh for. such & rohuamhip, m
u, n& hmnd. in the dneuuion of the vark on pressed materisls it ‘
ﬂll % seen that meh an effect 1s 1:90:01’013. sinoe hot prnninc.~
'“"v;hich most certainly wounld reduce the duru of pelyurintiea. o

| .q_qgtc: a decresss in dielectric constant. Any msrnt rclattoa of

= fzdtohétrie' constent to degres of polymerisatien is only -ses.ncuuén

anl h due to the dogradution taking plmn dm'in‘ the mamufacture of

ﬂ» rmmrctod utcrhh

L oomriwn of dioloetric centant vith ultisate unuity re-
vuln c muh nors strlkiag wrrupoadnne-. as shovn in hblo III snd

’ n.m. ag .
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90 e falrly definite nhuouhlp betveen cryuauinuy and 4dielecirie

e0BstAN.

A somparison of dielsctric csastant with secessidility (Figure
31) nmh - very sisilar correspondence. §imce thie is the u«.
we :td)t otput hncuy ;nd wuutbtliq so bo clculy related, vhithv
is nloo tm. as iy e mn fren nmc 22.  This bears ont Hermans'

N th»ay.

18 way - bo seen frem thase nmihrﬂion that thers definitely

: . h a rohthunp htvm Moluuio sonsiant and cry-nnhuy
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Figure 20
Dielectric Constant
at 30°C. and 1000 cycles
vs. Ultimate Density
A Cellophane
D Cotton linters
E Cordura
G Fider G
2.80 I~ E Fortisan
J Wood pulp
K Bemberg
2,70 I
2.60 -
2.50 |-
o7
2.k -
2.30 I
2.20 [~
| | | | |

1.510 1.520 1.530 1.540 1.%50
Ultimate Density, g./cc.



ol

59 09

qued xod °£9717fqissedoy

e

05

oK 19

_97_

Sxequeg
diud poopm
uB8§4I04g

D xeqId
BINPJIOY
8I0qUTT U03309
eugydoyre)

£37T1q188900Y 84
801242 QOOT PU8 °0,0f %®
1UB}8U0) OTI00T0T(d
12 °andtg

4ABGOIn M

02*e

0¢°2

on°e

L0

062

09°2

ol



70

60

N
o

5

Accessibility, per cent

A ]
o

20

- 98 -

OH

Figure 22
Relationship Between
Ultimate Density
and Accessibility

Cellophane
Cotton linters
Cordura

Fibver G
Portisan

Wood pulp
Bemberg

Neamosygbd

| L 1 1

1.510

1.520 1.530 1.54%0 1.550
Ultimate Density, g./cc.
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This is réndily undor;tandnﬁld~;a‘1urg¢ part of the polarisation in
‘eollulose is due to the -QSion of free hydroxyl groups and to the
VAtctaiionul vibration of portisns of the celluloss chains. Such mo-
« tiéut cannot occur within the eryltaliitos. Thersfore, the more
highly crystalline a cellulose is, th. :ntlitr the amount of such

motions, and the polarisation and, consequently, tho dielectric con~

stant mst be lower. ]
STUDINS ON THE EXFTECTS OF PRESSING
" EPEECT OF PRESSING UPOF ACCESSIDILITY

Pigure 23 presents the sorption isotherms of the variocus oilln—

losic materials tested. The detailed data are given in Table XXV

 (Appenatx).

Although it was found impracticable to ﬁrcsunt the eoffect of
ptcluiax upon moisture aorpt;on in ¢igphic form, it may be seen from
the dasa (Tadbles XIII, XXIV, and XX¥) that Ahe amcunt of absorption
vas goenerally reduced by pressing, which is indicative of increased
crystallinity. The off‘ct was not rcgglar—4:onc curves were lovered
at low bumidities dut raised slightly at the higher humidities;
others were lowered throughout their lqngthl. The net effect, how-
ever, is that of decresasing the amount of sorption, and thus lovering

the nsoessidility ealoulated therefrom.

The nature of the pressing had considerable influence upon the

results. In general, the pressing of wet sheets had littio or no
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- Pigure 23
Adsorption Isotherme of
Various Materials

A-Cellophane
D-Cotton Linters
B-Viscose Rayon
G-Fiber @
H-Fortisan
J-Wood Pulp b

1 ] | | | | |

10 20 30 T) 50 60 T0
Relative Humidity, per cent
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TARLE XIII
'XFTROPS OF PRESSING®

' Accessibility,
Cellulose Description ¢'n g!ilc. éé-?
J VWood pulp, normal - 2.60 0.721 . 2.%3 38.5
J Vet pressed 3.39 0.996 2.35 %0.1
J Cold pressed 3.14 0.89%% 2.45 37.5
J Hot pressed 3.82  1.066 2.40 35.6
B Oordura, normal 2.67 0.627 3.00 - 67.0
B Vet pressed 3.03 - 0.787 2.68 67.2
B Cold pressed 2.91 0.717 2.84 62.5%5
E Hot pressed 3.50 0.882 2.69 60.3
E TYortisan, normal 2.4 0.619 2.70 43.9
H Vet pressed 2.Th 0.723 2.65 %50.1
H Cold pressed 2.78 0.730 - 2.66 51.5
H Hot pressed 3.37 0.917 2.%2 k2.4
K Bexberg, normal 2.%0 0.561 2.98 60.0
K Vet pressed 2.18 0.753 2.59 5T.4
X Cold pressed 2.72 0.6T1 2.84 59.8
K Hot pressed 4,14 1.058 2.54 49.2
K Hot pressed (new sample) 4.03 1.036 2.5 ——
@ TFibver G, normal 2.26 0.577 2.68 59.9
6 Wet pressed - 2.59 0.698 2.60 56.1
G Cold pressed 2.52 0.662 2.72 52.7
@ Hot pressed 2.96  0.801 2.58 53.5

o

ore detailed data are given in Table XXIV,
At 1000 eycles per sscond, and spproximately 105°C.

o

.offoét: in faoct, there were some slight inoreases (vhich may have been

due to experimental error).

Cola pfc.sin; gtnor‘lly produced some degree of decrease in ac-
cessidility, whereas hot pressing brought about a consideradle de-

Crease.
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The naturcvof the events which take Place during such pressing
is fairly obvious. Since the crystalline lattice of cellulose is
loro.dcno; tﬁan the amorphous structure, the effect of pressure is to
cause the structure to yield by making itself as compact as possidble.
This is accomplished by cellulose chains in amorphous areas Joining
crystallites already present, vhere possidle, or coalescing to fora

nev crystallites which are probablj quite small.

Fuller (106) found that the crystallinity of linoar polyamides
was increased by heating, which through thermal agitation sccelerated
the rotation of the chains, thus enadling nev cry:tallini ltﬁkagts to
form. A similar effect was observed in cellulose acetate (107). It
is very likely that the same effect brought about the increased re-

crystallisation when the pressing was done while hot.

When pre:cing wet sheets, the fine structure is not subjected to
an external pressure alone. Since watof has perzeated the entire
amorphous structure, the amorphous regions are, in effect, suspended
wvithin a 1;qn1d at high pressure. Thus, thers is no tendency for '
such chains to be brouvght together, and since the crysztailites are
already at their maximum density, the total effect is one of littlo‘

or no'ehnigu in the orystalline structure.

The greater or lesser changes in crystallianity upon cold pressing
may well depend upon the amount of moisture in the shest at the time

of pressing, a factor which vas not controlled.
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BYFSCT OF PRESSING UPON DIELECTRIC CONSTANT

Lli of the experimental points ebtained in the work om pressing
nr"o fplottodw Figure 2y, and lines are dysws cémmecting the varieus
sazples of the same material, so that the offects of pressing may de

sesh mere readily. . .

As may be sean from ¥his 11lustration, and the dats in Tables

- XIXX 'na xniv.' the general offut»of ﬁrustu was to decrease the

" dlelectric comnstant. Since, vin most oases, the accessibility vas
similarly reduced, the bui_é theory of dependence of vdiclcctric con~

start upen crystalline siructure would seem to be borne out.

1t will ve recslled ;hh the technique used in the measurement
of dielectric cenatant uvulnd» a hot-pressing operation, at about
oﬂt feursh the pressurs ;ppii_o‘l in the ,prusint experiznents. This
" would have the effect of diminishing the apperent effeet of hot
.Vprn‘uingg the Iatior was, thcrcfon; aet)ully,noro mto' tm ob-

sorved.

Homvci. in tﬁc cases whqrc the shsets were pressed vhile vet,
the accessibility ﬁs onlyi slighsly affected, but the dielectrie éon— |
stant was still eonid_-nbli decreased. This phenomenon is not
restily explained. It might be thought that it is due 40 & failure
of the Olausius-Mosotti relasionship to hold for the higher dcm‘itiu
. of the pressed shaets. llovov;r. in n0 case was the apparent density

of a wt»péuud sasple as high as that of the hot-pressed spacimen
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Accessibility, per cent

Pigure 2Y4
Bffect of Pressing
upon Dielectric Constant
and Accessibility
0O Cordura § TFormal
® Bemberg W Wet pressed
D Fiber G ¢ Cold pressed
A Fortisan H Hot pressed
aVWood pulp
3.00 [
2.90 |~
2.80 [
2,70 |
-7
2.60 [
N
2.50 [
2.40
v
2.30 [
N
1 1 1 I I ] €
35 40 L5 50 55 60 65 70
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of the same material, aad the dielectric constants of the hot-pressed
saples exhibited a rc&netien appropriaste to their reduced sccessi-

bildty.

There is a plansidle explanation, however. When a choot‘ii
pressed while wet, the water tends to be dt:plncoa‘foward a sone of
1ois,prol|urc~~i.-.. it is graduslly fereéd_outward toward the
periphery of the sheet. (When ict‘prousod -hect: vere removed from
the press after 10 ninutis. . dofinitc line éf demarcation was fili;"‘
ble between dry and wet areas, nlwnya near the outer c&;- of the
shest, It seems likely that in shcetl pressed for shorter poriodl
" of time, this borderline would be nearer the center.) Dnrlnc the

initinl.period ef pressing, vhieh, according to éalkin-. is thi
iaterval vhen any possidble rccr&ttallizatgbn wvould occur, there was
suffieient wut?i pfosent to "pad® the chaia ncloeﬁles from each other
and prevent their meeting zp form asv scnes of crystalliniiy; As the
.aoistngd receded, a‘dugl phenomenon occurred: the molscular ehains
ycx;-bronght {nte closer contact, and the gel-like structure began to
ict. Undc: such circumstances, many points of roond;ry Junetion;
could be formed baswoonAtho‘ntillokinkod olecular chains in the

amorpheus tones, In the dried preduct, these Junctions woulg grcutlyv

hinder the rotation of the chaims, and correspendingly reduce polari- ~

':atio- of this sort, and conseguently reduce the dielectrie constant,

such Junction. points, which are merely new points of contact

ibotvoon ahainu. of raryia; attractive Qnorgy“ (108) do not involve a
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noticeable increase in amount of crystalline substance, and hence do
not alter the measured accessibility. 1In sheets pressed while dry,
the gel structure is slready established, and few, if any, new second-

ary Junetioi points are produced.

If this explanation is correct, it may #t least partially ex-
Plain the failure of cellophane to have a dioibctric constant as high
as chemically similar rnyén fibers. Calking (§§, P. 130) coxpares a
regensrated fiber to a sponge, in that i1t ig filled with small voids.
Cellophane, on the other hand, is & continuous homogensous film, In
such & material, the metwork of molecular chains, with its primary
and secondary points of junction, isbo;tgntially 1ndcf1nitovin extent,
whereas in the void-filled structure of the regenerated fider, the
metvork structure must be more or less discontinuous. Thus §horo
' v@nld bs less freedon of.nqloculnx loﬁion.‘yniticulurly'retationsl
' fihraﬁiei. 1ﬁlcolldphnna.’-n§7it¢ dielectric constant would therefore

be lower.

The influence of‘Junotion points upon the polarisation vould
seen to rule out an abioluﬁc rolaﬁion between dielectric constant and
erystallinity. In any case, the 1ntorpr.tition of dlelectric constant
;- 2 measure of orystallinity must necessarily de different from that
of present nethod-.iju:t as no twe of the present methods may de con-
sidered to measure exactly the taio aspect of crystallinisy. Polari-
sation is uniquely determined by the structure of a system, ia that

all of the molecules within the system make their comtridutions to
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the polarisation. It is conceivable that small disordered regions

may oxist which‘uro se conplctoiy surrounded by crystalline regions

that they are 1inocelsiblo o the usual reagents and are thus not
apparent to the usual accessibility methods. It is well-knowr that
x;rny diffraction techniques are insensitive to crystalline regions
of very small extent. ZXach of these types of submicroscopic struc-
ture mekes its charasteristic contridution fo the observed dielectric
constant. In view of these considerations, perfect correlation with
any present method cannot be ;xpectod. In Migure 25, the relation-
ship vith accessidility is illustrated. The wet-pressed cases have
been eliminated because they are influenced by other factors, and the
case of cellophatue, which remains to be explained satisfactorily, vas
also omitted. The remaining data show ; coeffictoni of eorrelation

betwveen dielectric constant and accesslbdility of 0.883.

There are indications that the 4dielectric constant of rcgener:tod
cellulose may be as high as 10 or 12 at its ultizate density. A
neasurement of this quantity could be nad§ by the liguid mixture
technique of De Luca, Campbell, and Masss (92), and would be of defi-
#ito interest. Neasuremsnts on aompletely amorphous pellnlono. as
prodﬁcod by Hermans' dry grinding technique would also be interesting,
as vould measurements on completely crystalline cellulose. The
product obtaimed by Morehead (gﬁ) by partial hydrolysis and ultra-
sonie di:intogration is prodabdly aliont completely crystalline. 3Both
of these products are powders, and could not be measured in the pres-

ent test capacitor system. De Lueca's liquid mixture technique could
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Figure 25
Relationship Between
Dielectric Constant

and Accessibility
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alse be adapted to such measurements.

Dielectric-constant measuremsnts mey find particular value in
the evaluation of rapld changes in crystalliamity, because the polari-
_sation reacts instantanecusly to & change im structure, and proper

experimental technigues would reveal any such change in polarization.
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SUMMARY AND CONCLUSIONS

The test capacitor system of Calkins has been adapted to the
measurement of dlelectric constant with a reasonsble degree of aeéﬁ~

raey.

Snéh measurements were aade at temperatures from 25 to 105°C.,
over a frequency range of 500 to 10,000 cycles per second, on puri-
fied cotton and wood fiders, cillaphaﬁe. and regenerated fibers, 1n-_
cluding & high-teaseity viscose rayon, cuprammonium rayon, Yortisan

" saponified acetate, and Fider 6.

The Clausius-Mosotti relation was foumd to be valid for relating

the dielectiric constants of regenerated fibers to their densities.

It was found that the wet pressing of hardsheets of regenerated
fiders, as well as wood pulp.'at pressures of about 270 atmospheres,
caused consideradle reduction in dislectric constant with little or
no effact upon crystallinity, as measured by noittuio vapor accessi-
bilisy. It is proposed that this reduetion was due to secondary
eross linkeages betwveen cellulose chain melecules within the amorphous

gones.

The proiuing at 270 atmospheres of dry handsheets at room temper-
ature produced a reduction in both dielectric constant and accessi-
b4lity, and such pressing at about 110°C. resulted in similar dut

largsr changes.



It was shown that the failure of cellephane to have as large a
dielectric constant as chemically niailat regensrated fivers is due
to the cirﬁctnxt of the lnthi#l 1tself, rather than te the mammer ia
whieh 1t hd. been stored. It is possible that this failure is due to

the relative rigldity of the ¢ﬁ1 structure in cellephare.

The §1nlc¢tr15 constant of e¢ollulose has been ihovu to be pro-
foundly infkioue.d i: its er;ntallinity. as evidenced b;'qo-parlaba
'~v1$h seasurements of ultimate dnnnity and gaintnro Yayorv;cc.i‘i~
bility;' At least a certain inéunt of the polarisation seens to bde
tno to the rot&ticnul vibration of cellulese ebuinc within the amor-
pheua gones, 130 since all amorplicus material may not pua.ouu the
same fresdom of sueh notiog (vide the restraints caused by secondary
junctions), %his coupen&nt of the pelarisation ;l Ro% necessarily

uniquely dependent upon the amcunt of amorphous meterial present.

Aa 1ntorprotution of dioloet:le constant as a measure of crys-
t;lllnity'luai be different from that placed on existing methods,
- sinee polari:ation Lo uniquely dot;r-iuud by the mélecular ntruetnrt.
?Bxbluetrte—nonutant naa:unqninﬁn ney Iini.pcrtleulsr alve in evalu-

ating rapid changes in crystallinity.
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TABLE XXV

SORPTION ISOTHEAMS

Cellulose 11.1
Cotton linters, as received
1 - 2.21
2 2.14
Average 2,18
Caloulated 2.15
Cotton linters, Veaten stock
1 v 2.30
2 2.31
Average 2.30
Calculated 2.24
Cotton linters, acid washed stock
1 2.37
2 2.38
Averuge o 2.3%8
Calculated 2.3%
Cotten linters, unwashed sheets
1 - 2.2
2 : 0 2.38
Average 2.40
Calculated 2.33
Cotton linters, acid washed sheets
1 2.43
2 2.54
Average 2.48
Calculated 2.46
Cordurs rayon, norseal shests
1 4.39
2 ‘ 4,36
Average 4.38
Calculated 4,34
Cordura rayon, unpressed sheets
1 4.53
2 k. 54
Average k.53
Calculated 4. 45

Relative Humidity, %

229 329 64.8 5.5

Moisture Regain, g£./100 g.-
3.20  3.99 7.22 8.
3.16 3.96 7.2% 9.
3.18 3.97 7.2% 8,
3.22  3.98 7.15% 9.

£
0.
0.
0.

228%°

Moisture Hegain, g./100

41 443 8.69 1
W  4.51 g.61 1
).} b.4g 8.65 1

3.
3.
3.
3.5 hug g 10.

33T

Moisture Regain, g./100 g.
3.59 k.48 2.51 10.8Y4
3.60 4,54 8.57 10.49
3.89 431 g.54 10.67
3.60 451 8.23  10.46

Moisture Regain, g. /100 e
3.5  h.95 g8.52 10.24

‘3.54  L.56 8.37 9.91

3.585 4,76 g.ul 10,08 -
3.72 4,69 8.30 10.21

Moisture Regain, g./100 g.
3.61 %.50 8.34 10.40
3.77 W69 8.38  10.30
3.69 k.59 8.26 10.35
3.73 k.62 8.32 10.52

Moisture Regain, g./100 g.
6.47 £.08 14.01  17.13
6.5  8.13 14.03 17.12
6.54 8.10 14,02 17.12
6.56 8.08 13.96 17.18

Moisture Regain, g./100 g.
6.65 8.23 .77 17.53
6.62 8.26 m.73 1.7
6.6  g.2% 1,45  17.63
6.73 §.29 .48 17,88



- 133 -

TABLE XX¥ (continued)
~ SORPTION ISOTHERMS

- | Relative Numidity, % |
Cellulose 1.1 22,9 32,9  6u.8 5.5
Cordura rayon, wet pressed .~ Moisture Regain, g./100 g.
1 , .42 . 6.%7 . 8.20 W77 11.9%
2 4.27 6.33 8.06 14.75 17.93
Average ~ W% -6.80°  &.13 0 1R.T6 0 17.9%
Caleulated k.26 :6.54  £.13: 14.%1  18.16
Cordurs, cold pressed Moisture RBegain, g£./100 g.
4 1 - 394 5.8 7.59  14.09 17.00
g .20 6,12 7.58 1437 17.30
Aversge 4071 %.99 1.585 1h.23  17.1%5s
. Oslculated 3.97 6.12 . 1.63 13.88  17.M9
Cordura, hot pressed - © Moisture Regain, g./100 g.
1 . k.08 5.81 1.%5 1k, 28 17.31
2 kOl 5.77 1.5% 1431 17.27
Averags h.oh  5.79 7.%9  1k.27 17.29
Caleulated , 3.91  6.00 1.49 13.82 17.70
Fiver 0, as received . _ Moisture Regain, ¢./100 g.
1 3.62  5.27 6.60 11,30 13.8%0
2 : 3.59 5.26 6.61 11,36 13.7h
Average , - 3.60 5.26 6.60 11.33 - 1377
- Caleculated 3.56 5.3% 6.57. 11.217  13.83

Piber G, normal shests ~ Molsture Regals, g./100 g.

1 3.91 5.58 7.1% 12.48% 14,93
2 3.87 5.68 71.11 12.10 1.2k
Average . 3.89 . 5.63 7.12 12.27 14,58
" Caleulated 3.81 5.77 7.10 12,09 . TH
Tiber @, wot pressed - Moisture Regain, ¢./100 g.
. 1 3.83  5.57 6.79 12.31 177
2 b.00 5.80  7.07 12.37 . 1k.88
Average 391 5.69 6.93 12.29 - 14, 82
Caloulated 3.87 . 5.72  6.99 12.h1 14,98
Fiber &, eold pressed _ . Moisture Regain, ¢./100 £
R S . 3.99 5.58  6£.97 12.22 1h.78
2 3.82  5.36 6.7 11.97 1h.50
Average 3.91 5.47 6.86 12,10  14.6%

3.83

Calculated 5.57 6.78 11.85  14.86
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TABLE XXV (continued)

Cellulose

Hbder G, hot pressed
1
2
Average
Calculated

Tortisan, as received
1l
2
Average
Calculated

Yortisan, normel sheet
1
‘2
Average
Calculated

Yortisan, wet pressed
1
2 _
Average
Caleulated

Tortisan, cold pressed
l
2
Average
Caleunlated

Yortisan, hot presssed
) S
2
Aversge
Calculated

Wood pulp, as received A

1l
2

Average
Calculated

SORPTION ISOTHERRNS

Relative Humidity

. $

11.1 22.9 32.9 6h.8 7.5

Moigturs Regain,
3.60 5.16 6,54 11
3.78 5.27 6.78 12
3.69 5.22 6.66 11
3,59 5.39 6.6k 11

Molsture Regain,
3.02  kW.52 5,61 9
2.96 k.41 5.42 9
2.91 4,51 5.%9 9

' Noisture Regain,
3.60 5.20 6.34 11
.60 5.08 6.16 10

3
3.60 5.1k  6.25 11.
3

55 5.18 6.30 10

Moisture Regain,
3. 5.10 6.21 10
3.61 5.12 6.25 10
3.58 5.11 6.23 10
3.53 5.16 6.260 10

: Moisturs Regain,
3.63 5.16 6.23 11
5.13 6.15 10

3.5 S5.1% 6,19 1
3.51 5.17 6.30 10

" Moisture Regain,

1 Louy 5.52 10
6 k. b2 5,49 10
.18 4. 43 5.50 10
10 4.53 5.93 9

Moisture Regain,
3.92 4. 719 g
2 3.86 h.8h 8
.59 3.89 h.82 8
1 3.91 4 .82 8

g./100 g.

.88 1. %6
.06 1,38
.97 1. k2
72 14,66
g./100 g. .
53 11.37
RS | 11.46
M7 1141
46 11.4%0
g./100 g. ‘
.14 13.34

.86 13.10

00 13.22
.81 13,38
€./100 ¢.

.72 12.86
.81 12.96
.76 12,91
61 13.03
g./100 g.
12 12.8%
.95  12.85
04 12,86
.70 13.12
€. /100 &.

17 12,30
06 12.35
A1 12,33
.86 12.55
g. /100 ¢g.

40 10,29
42 10.26
b1 10.28
.37 10.32
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TABLR XXY (contimued)
SORPTION ISOPHBEMS

, : . Relative Humidity, §

.Cellulese , 11.1 22.9 32.9 6.8  75.5

- J ¥Wood pulp, normal shest Molsture Regain, g./100 g.
- 1 2.64  3.87 k.82 8§.68 10.69
2 . 2.8% 4.08 5.08 .98 11.02
Average 2. 7% 3.98 L.87 g.82 10.86
‘Caleculated 2. N 4,00 4.90 8.69 10.69

J Wood pulp, wet pressed Moisture Regain, g./100 g.
l 2.91 4,12 5.1% 9.04 11.00
2 2.61 3.87 h.92 g.87 10.88
Average 2.719 k.00 5.03 8.95 10.9%
Calculated 2.7 4.08 5.02  £.83 11.05

J Vood pulp, cold pressed Moisture Regain, g./100 g.
1 o 2.15 3.89 k.81 .76 10.76
2 : 2.7 3.9% 4, 84 5.70 10.%8
Average 2.1 3.9 4,82 8.73 10.67
Calculated 2.72 3.97 4,84 8.56 10.82

J Vood pulp, hot pressed Moisture Regain, g./100 g.
1 2.55 3.63 k.52 s.b4 - 10.27
2 . 2.57 3.69 u.5k - gk  10.29
Average 2.56 3.66  4.53 8.h2 10.28
Calculated 2.51  3.72 4,57 '8.21  10.W6

" K Bemberg, as received Moisture Regsin, g./100 g.
1 4,10 k.97 1.30 12.66 15,37
2 3.9% 6.03 7.20 2.7 15.57
Average 4,02 6.00 7.2% 12.72 15.47
Calculated 4,01 5.97 7.32 12.61 15.56

X Bemberg, normsl sheet Moisture Regain, g./100 g.
1 ' .31 6.09 1.52 13,36 16.15
2 §.31 6.13 7.60 13.48 16.30
Average 4,31  6.11 7.8 13.b2  16.22
Calculated h.23 6.22 7.58 13.18 16,42

K Bemberg, wet pressed Molsture Regainm, g./100 g.
' 1 : , .22 5.9 1.32 13.29 16.12
2 k.22 - .99 7.40 13.33 16.34
Average 4, 22 5.95 7.36 13.31 16.23
414  6.05 T7.39 13.05 16.46

Calculated
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TABLE XX¥ (contimued)
SORPTION ISOEHIIHS

_ Rolative Humidss

. ) ) - Y, ’ , -
Cdlluleg. . 11,1 22.9 2.9 & .8 - 15.5
Besberg, cold pressed | Moisture Regain, g./100 g.
1 s B2 5.88 7.32 13.33  16.24 -
2 _ ¥,23 6.0 7.5 131 16.m
- Average k.18  5.96  T.W4 13,37 16.33
Caleulated k.10 6.07 7.4% 13.1% 16,53
Bemberg, hot pressed L Moisture Regain, g./100 g.
1 ‘ ‘ 11  5.65 6.8 12.851  15.66
2 3.98 5.47 6.59 12.37 15.50
 Average ho5 5.8 6.69 12.4k 15,58
Caleulated 3.99 5.60 6.76 12.18  15.81
Unplasticised cellophane Noisture Regain, g./100 g.
1 L | 371 571 7.1 12.86  16.05
- - 3.77 . 5.80  7.19 13,00 16.17
Average I P S A (1 7.15 12,93  16.11
Oalculated LT 5 77 7.22 S 13,17 16,70

Gollophana. undried for saverul ycar- o
~ Moisture Regain, £./100 g.

1 : 4.25 . 6.12 7.719 13.85 17.13
2 3.96 5,78 7.42  13.48 - 16.67
Average , h.12 5;95‘ 7.61 13.67 = 16.90
Oaloulated ko4 6,11 - 7.56 13.53  17.0%

Unplanticisoé collophano. stored in for-aldehydo for 66 days

Moistare Regain, g./100 g
1 391 5.96 7.43 13.39  16.38
2 3.86 5.84 71.29 13.3 16.30
Average 3.89 .5.90 1.36 13.35 16.35%

Calculated - 3.8 5.92 1.36 13.9] 16.09
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