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1• AIM .AND SCOPE OF PRESENT STUDY. 

The main object of the present investigation has been to establish a 

titration curve for mohair keratin and to compare it with similar data 

f or wool, to determine whether the differences in physical and chemical 

properties could be attributed in any way to the acidic and basic charac~r 

of these fibres. kS shown in subsequent discussion such measurements 

provide extremely useful information regarding the chemical structurG of 

proteins in genGral, and in the technical fields involving processes such 

as wool scouring, carbonizing and dyeing. The study has been extended to 

include certain modified wools, i.e. photochemically damaged, and oxidiz

ed keratin. 

The most successful contribution to the titration data of wool 

keratin is the work of Steinhardt and Harris and subsequent authors have 

tended to adopt th0ir procedures without modification. In the present 

study attempts he.ve been made to obtain a clearer understanding of the 

fundamental processes. New techniques nnd analytical methods have been 

i ntroduced to improve the accuracy of the measurembnts. 
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2. BRIEF OUTLINE OF THE COMPOSITION OF PROTEINS. 

Wool and mohair fall into the class of protein materials known as the 

keratins , which includes substances such as horn, nails, feather and hair 

in general . The members of this group are characterised by their long 

filament- like molecules and insolubility in water or dilute acids and 

alkalis . However , the~unique f eature of the keratins is their high 

sulphur content, relative to other proteins . 

When proteins are hydrolysed by strong acids or bases they are de

composed into fundamental units , which have been identified as amino acids , 

twenty of which have been detected in the hydrolysate of wool. These 

acids are similar i n chemicc.l structure, and follow the general for mula 

R 
I 

NH
2 

- CH - COOH (acidic group . ) 

(basic group.) 

where R is the group which characterisus particular amino acids, and by 

which they may be classified into the following groups:-

(a) Amino acids containing non- react ive side groups, e.g. glycine, 

alanine and leucine which yield hydrocarbon residues, and proline 

and t r yptophan which contain polar groups which are not very reactive . 

(b) Amino acids containing basic side groups . The dibasic mono- acidic 

amino acids provide the free basic groups in the protein , e.g. 

Histidine 

Lysine 

Arginine 

CH ;: C -
I I 

NH N 
' J'/ CH 

CH - COOH 
I 

NH2 

imidazole group 

ammonium group 

· NH 
C NH CH2 CH2 CH2 . CH: 2 

II COOH 
NH 

guanidine group 
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(c) Amino acids containing acidic side groups are the mono- basic 

dicarboxylic acids, i.e. glutamic, hydroxyglutamic and aspartic acid. 

NH2 
/ 

NH2 
./ 

HOOC - CH2 - CH"- HOOC - CH2 CH2 - CH " 

COOH COOH 

Aspartic Acid Glutamic .t..cid 

A certain fraction of the free carboxyl groups are in the form of amides 

-- CONH
2

• Tyrosine contains an acidic hydroxy group which is considerably 

weaker than the carboxylic groups. 

(d) Sulphur-containing amino acids: Cystine, cysteine and methionine. 

Cystine has the unique ability of forming covalent cross- linkages 

between polypeptide chains, and thus plays a most important role in 

the structure and chemistry of the protein, especially in the keratin 

group: 
- co 

' CH - CH - S - S - CH -/ 2 2 
-ffH co -

Cystine is readily reduced to give cysteine: 
H 

COOH , COOH 
CH- CH - S-S-CH - CH / 

I 2 2 ' 
NH2 NH2 

0 

The sulphur of methionine CH
3 

S CH2 CH2 CH \ COOH 

NH2 

NH2 
CH / 

' COOH 

is not alkali labile, and thus is readily distinguishable from cystine and 
cysteine sulphur. 

In the protein molecule the amino acids are combined together by 

peptide linkages which may be visualized as the condensation of an 

a - amino group of one acid with an a-carboxyl of another, forming an imide . 

When this process is repeated indefinitely , long chain molecules or poly

peptide chains are obtained: 

- NH - CH - CO - NH - CH - CO - NH - CR - CO 

The nature of the protein depends on the type of side chains, Bi' R2, R
3 

etc., their spatial configuration and arrangement , and the length of the 

polypeptide chains. In the case of wool keratin conclusive evidence has 
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been found to indicate that the polypeptide chains are folded in such a 

manner as to give the fibre considerable elastic pr operties. 

The dibasic and dicarboxylic ~~ino acids in the protein provide free 

basic and. acidic groups r espectively, and thus proteins exhibit amphoteric 

propertie-s . Equations (1.1) and (1 .2) illustrate the original concept 

of acid and 
R 

base- binding by sAlt formation: 

NH2 - cH - COOH + H20 :--' 

NH -2 
_ , 

~ ~ 
NH2 - CH - COO + H

3
o 

R 
-+ I 
NH

3 
- CH - COOH + ClC 

(1.1) 

(1. 2) 

The amino acid, or protein , acts as a weak base in the presence of acid, 

and as a weak acid in the presence of alkali, forming highly ionized salts 

in either case . 

From equations (1 .1) and 1.2) 

Ka ~+ ap- and ~ = aoH- ap+ 

a 
p 

a 
p 

where a = activity, and the p term refers to the various charged or 

uncharged forms of (NH2-C~-COOH) 
R 

(1. 3) 

It would therefore be expected that K for glycine should be of the 
a 

sam& order as that of acetic acid, whereas experiment has revealed an 

appreciable difference: 

Acetic acid K = lo- 4· 8 
a 

Glycine K = lo-10 
a 

" Kb = lo-12 

CH
3

COOH 

NH2CH2COOH 

Simil arly ~ for glycine should be of the same order as that of rurnmonia 

(Kb = lo- 4 · 7) since the amino acids may be regarded as substituted 

derivatives of ammcnia and acetic acid . 

These great differences in ionization constants between the organic 

and the amino acids l ed Bjerrum to formulate the theory that amino acids 

exist in the form of zwitterions (dipoles) by simultaneous ionization of 

both amino and carboxyl groups . Measurements of dipole moments of the 
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amino aci ds give results far t oo high for the classica l formulati on and 
+ -agree with the Bjer ruu concept , i. e. NH
3 

CHR-COO • 

The rati o Chm-ged molecules 

uncharged nolecules 

= K 
z 

= [ NH; Clffi COO j 
( NH2 CHR COOH J 

•• •• 0 0 ••• •• • (1.4) 

shows for ordi nary amino acids and peptides , where K has a val ue of 

105 to 106, the aloost exclusive presence of zwitter~ons . Rewriting 

equations (1 . 1) and (1 . 2) accor di ng to the Bjer rum concept: 

R 
1 H 0 

NH+ - CH - COOH 2~ 
3 

R 

NH+ - CH - COO- + H+O 
3 3 

(1. 5) 

........... . (1.6) 

Sorenson hc.s defined the iso- ionic point of an ampholyte as the pH at 

which it combin~s equally with acid and base. The iso- ionic point is 

identical to the iso- electric point only if the ampholyte does not combine 

with ions other than H+ or OH-. The zwitt~rion concept has been extended 

to the polypeptides and proteins , and titrati on data has been successfully 

i nterpreted on this basis . . 

In the field of fibrous proteins , Speakman and Hirst(l) have made a 

thorough investigati on into the changes in mechanical properties of fibres 

treated with aci d and alkali . Typical results of a load- extensi on curve 

for wool are shovm in Fig. la. 

The rever sibility of the change is illustrated by extendi ng the fibre 

f i rst in water , then in formic acid , and then after prolonged washing in 

water agai n . Furthermore , the authors have sho>vn the l i near relationship 

between the amount of acid sor bed, and the decrease in the uork requi red 

to extend tht. fibre by 3CF,~· as in Fig. lb . 

Measurements in alkaline solutions give similar results but at higher 

pH values the fibre suffers alkaline degradation of the disul phide bonds, 

causing a decrease in strength. The reduction in work for a.deaminated 

fibr e has been found to be independent of pH bet\een 1 and 5. 
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From these experimental facts, it has been concluded that the charged 

amino and carboxyl groups have a strong electrostatic attraction for one 

another. Speakman(l) has also found that swelling is a minimum in the 

iso- el ectric region, i. e . when the ampholyte has no nett charge and all 

the aci dic and basic groups are ionized. Titration with acids or bases 

is accompani ed by rupture of these electrostatic links, or as they are 

more commonly called , salt linkages: 

Cl-
HCl 

coo- +H
3
N ---) - COOH +H N-

3 (1. 7) 

~3N 
NaOH - coo- ---1 coo- H2N -

Na+ H
2

0 
(1.8) 

Measurements of the heat of reaction for wool and hydrochloric acid 

by Steinhardt and Harris 1940(2) ar e in agreement with these mechanisms. 

The heat of reaction in acid solution is smal l, and its variation with 

t emperature is characteristic of the carboxyl group. On the other hand 

i n the alkaline region the heat of reaction is high and corresponds with 

the large heat of dissoci ation of hydrogen f r om imidazolium, ammonium and 

guanidinium groups . 

The chief characterizing feature of the keratins is their high sulphur 

content , nearly all being incorporated in the amino acid cystine. This 

unit is capabl8 of forming covalent cross-linkages between adjacent 

polypeptide chains (intermolecular link) or across a chain itself (intra

molecul ar) : 

co 
; CH-CH2 

NH 

NH 
- S-S-CH CH / 

2 \ 
co -

(a) Intermolecular 

CH - NH - CO - CH -
\ I 

CH2- S - S - CH2 

The amount of each link is uncertain, but experiment has revealed that 

certain fractions of the cystine react differently from others. The 

disulphide bond is responsible for the high tensile strength, the 

insolubility and resistance to enzymatic degradation of the keratin . 
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The cystine r esidue is unaffected by acid solutions, but is r eactive towards 

oxidizing and reducing agents, and alkaline solutions. 

In addition to the sulphur link and the salt- linkages , cross- linkage is 

also provided by hydrogen bonding between hydroxyl or keto groups and 

imide groups: 
\ c 0 ~ •• • H- N( 

/ 
- CH CH -

' I N - H •• • ••••• 0 = C 
I \ 

These structures have been confirmed by infra-red analysis . Al though 

authors have oft en neglected their effect, the hydrogen bonds pl ay a most 

important r ole i n the structure of proteins . In the case of silk, where 

the composition (mainly glycine and alanine, but no cystine) and structure 

are relatively simple , the only for ces between adjacent polypeptide chains 

are provided by hydrogen bonding and van der Waals' forces; yet silk ha s 

a high tensile strength and is not soluble , unless treated with a hydrogen 

bond br eaking reagent. 
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3. TITfulTION CURVES. 

(a) Introduction. 

~ith the introduction of the concept of pH by Sorenson (1909) , 
titration curves of amino acids , polypeptides and proteins were placed on 

a firm basis for comparison and theoretical examination . Meas'rrements of 

acid and base combination were established by electrometric methods usi ng 

cel ls consisting essentially of the following type: 

Pt .H2(p atm. ) /Hcl (x) protein #Hcl(x) / H2(p atm . ) Pt . 

or from cells without liquid juncti ons: 

Pt ,H2(p atm . ) j HCl(x) pr otein AgCl(s) jAg j AgCl(s) HCl (x)j H2(p atm. ) Pt . 

Greenstein(3) has examined t he dissociation constants of amino acids 

and simple di-and~ri-peptides , as shown in Fig. 2. HG has sho~~ that 

f r ee polar groups exert an influ~nce upon the ul timate dissoci ation 

constants of a polypeptide , and thus theoretical titration curves cannot 

be constructed successfully from the dissociation data of constituent 

amino acids . A comparison of the acidic dissociations of prot~ins with 

those of its constituent amino acids of ten yields evidence of their mode 

of linkage and the modifi cations they undergo when incorporated into the 

higher structure . Convbrsely investigation of the t i tration curves of 

prot~ins may i ndicate the content of particular amino acids. Originally, 

thi s was the pri ncipal use of titration data end values of maxi mum acid 

and ba.~e binding were the .only satisfactory estimate of the acidic and 

basic groups in the protein. 
'3 

This has been largely super¢eded by the 

accurate methods for amino acid analysis which are avei l able today. 

Apart f r om thes1:> applications , a great many proper ties of pr oteins such 

as physiological activity, enzymi c functi on, and denaturation by acid or 

base are dependent to some extent on pH , and examination of acid-base 

titr ation data is often of special interest . 

(b) Gener al Aspects of Titration Curves . 

The appear ance of the titrati on curve of a pr otein depends pri

marily upon the relative numbers and dissociation constants of the 

di ssociati ng groups of the individual amino acids . As previously mentioned, 

the shape differs from that predi cted by a summation of di ssociati ons of 

the constituents, extendi ng over a larger pH range . 
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This spreading of tho titration curve results from the electrostatic 

repulsion (or attraction) between thG increasingly positively (or 

negatively) charged protein and the hydrogen ion as the amount of the 

latter combined increases (or decreases) . 

The maximum acid combination at low pH occurs when the protein 

reaches its maximum nett positiv0 charge. All the dissociating groups 

exist in thG acid form, either electrically neutral (carboxyl, hydroxyl) 

or charged (imidazolium, ammonium and gw·nidinium. ) As the pH increases , 

these groups dissociate in order of decreasing acidity, the carboxyl from 

about 2.0 to 5.5, the imidazolium 5.5 to 8 . 0, followed by ammonium, 

phenoxyl , sulphydryl and guanidium. In practice a me~imum in dis

sociation of hydrogen ions (maximum base binding) is never observed, 

because the weakly acidic guanidinium groups are not completely 

dissociated even at pH 13.5 . At this stage all the acidic groups exist 

in the form of their conj ungate bases: carboxylate , imidazole, amino,and 

phenoxylate . 

(c) Theoretical Analysis of Titrati on Curves . 

(i) Soluble proteins . 

Dissociation curves for soluble proteins have been satisfactoril y 

analysed by Lin!;trom - Lang(4) who applibd the theories of Bjerrum and 

Debye-Htickelto describe ~uantitatively the dissociation of a highly 

polyvalent ampholyte in tGrms of the number of dissociations, the 

charact~ristic pk values and their electro- static interaction with one 

another and with the environment . This treatment has been successfully 

applied and extended by Cannan et al(5) . The theory re~uires two 

assumptions: that the dissociation groups may be divided into a small 

number of classes , each of which may be charact8rized by a single 

dissociation K. t constant; and that the protein molecule be regarded ln 
as a sphere, with its charged groups randomly distributed over its 

surface. ThGse assumptions are reasonably justified, as the molecules 

are relatively small, and since they are capable of forming unimol ecular 

films on air/water interfaces they are flexible enough to orientate all 

the ionizable groups towards the bulk of the solution , i . e. they are 

freely accessible to both hydrions and anions. That the charged groups 

are located on the surface is supported by the fact that the electro-



- 10 -

phoretic mobility (proportional to the external charge of the particle) 

and titration curves show a simEar dependence on pH. 

If the molecule g~ins a proton its potential is raised by an amo~t 

~r' and its electrostatic potential energy is increased by an amount ~r 

where e = electronic charge, D = dielectric constant of the medium and 

r = radius of the molecule . As acid is added to an iso-electric soluble 

protein, ~he ion dipoles give rise to a nett positive charge: 

- NH; OOC + H+ ~ NH; HOOC _..; 

As a result of r epul sion, subsequent protons ar e taken up with decreasing 

affinity es sorption increases . Thus comparison with a mono- carboxylic 

acid indicates that sorption 

If n. denotes the total 
). 

is spread over a considerably wider pH range. 

numb~r of groups of class i, r. of these are 
). 

dissociated 

then 

log r. 
). 

n. - r. 
). ). 

at a given pH, and z = average nett charge on the molecule , 

= pH- p (K. t). + 22w 
J.n 1 2.303 (1.9) 

where w is an electrostatic factor depending on the radius of the hydrated 

protein molecule, the absolute t emperature and the ionic strength of the 

medium. 

Sets of values for p(K. t). and n . are chosen, and the titration curve J.n J. J. 
for the protein is constructed from a s~~ation of such curves for the 

various types of dissociating groups. The theoretical analysis is held 

to be satisfactory if the e.xp.:,rimental data are reproduced by a set 

p(Kint)i and ni values which are consistent with those obtai ned from other 

sources . 

The electrostatic te~ w is dependent on the ionic strength of the 

medium, and the theory agrees satisfactorily with the increase in slope 

of the curves with increasing salt concentration. 

(ii) Insoluble proteins • . 

Titration curves of insoluble proteins have been determined by 

Speakman and Stott(G) , Harris and ~utherford(7) and Steinhardt and Harri~a) 
on wool, Harris and Gleysteen(9) on silk, and Bowes and Kenten(lO) on 

collagen. In ~ll cases considerGble difference in behaviour from the 

soluble proteins has been observed. For insoluble proteins the techniques 
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may be modified because the definite pha~e difference allows an aliquot 

to be removed for titration. The titration curves of egg albumen and 

wool nr~ compared in Fig. 3. The ionizing groups of the insoluble 

protein appear to be far more ~cid; also the effect of salt on the 

titration curve is entirely different . 

It is obvious that these discr-epancies c.rise from the great difference 

in molecular dimensions between the soluble and insoluble proteins. 

As before, the increase in potential produced by sorption of a proton is 

Tir which decrt-e.ses with increasing r. Horiever, the number of ionizable 

groups which the molecule contains increases as r3. In fact, if r is of 

microscopical instead of molecular dimensions, the fraction of sites which 

may be occupied before an appreciable charge is produced on the molecule, 

is very small. 1Jter this hydrogen ion combination can only proceed 

with the simultaneous entry of the anions into the fibre molecule. Thus 

the apparent increase in strength of the acid groups is not caused by any 

change of the pk values, but by the potential which develops on the 

surface of the protein molecule. 

Although the theoretical approach of Lin~trom - Lang has been 

successfully applied to soluble proteins, it fails in the interpretation 

for insoluble proteins. This is t o be expected because t he basic concept, 

that of a small, spherical and completely flexible mol ecule , cannot be 

extended to the large rigid molecules of insoluble fibrous proteins. 

In recent years several theories have been proposed to explain these 

anomalous titration curves. In all cases, the general picture of the 

water- swollen fibr e is the same , i. e . that of a mass of interlacing poly

peptide chains containing i mbibed water and forming an equipotential 

volume. In some parts of the fibre the polypeptide chains are closer 

and well- ordered , forming ciJrstalline regions as apart from the amorphous 

parts, although it seems likely that both nr e permeable to the small 

hydrogen ions. It is the properti0s of the internal solution that have 

been a source of disagreement in thest theories. Steinhardt and Harri£8) 

and Gilbert and Ri deal(ll) have predicted in their theories that both 

hydrogen ions and ~nions are absorbed, whereas the proponents of the 

Donnan Thdory(l2) maintain that only hydrogen ions are sorbed, and that 

the anions remain dissolved in the internal solution. A description of 
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these theories , their applications, merits r~d shortcomings wil l be 

discussed later . 

(d) Stoich~ometric Rel2.tionship of Maxima of Acid and Base combino.tion. 

Th~ number of equivalents of hydrogen ion which are bound when 

a protein is brought from its isoionic point to a state in which ~ll the 

dissoci~ble groups ~e in their acidic form is equal to the number of 

cationic acid groups (equivalent to maximum acid binding. ) Similarly 

the equiv~lents of hydrogen ion dissociated from the isoionic point until 

the fully basic condition is the number of anionic basi c groups (maximum 

base binding.) The interpretation of these limits is not alwo.ys straight

forward, as measurements in concentrated solutions arc subject to large 

experimental errors unless necessary precautions have been taken• 

Moreover, the maximum combination and dissociation of hydrogen ions must 

be tested for r eversibility by back- titration before the values can be 

ascribed to native protein. Such irreversiblb side reactions are 

greatly accelerated in concentrated acid or alkaline solution . I f de-

naturation r esults i n an increase in dissociabl egroups or if amide or 

peptide hydrolysi s occurs , the maxima will refer to par tially denatured 

or to modified protein. 

In the past the maximum hydrogen ion capacity of the protein has 

provided a more reliable value for the total cationic groups than amino 

acid analyses (these were generally too low, bas8d on isolation procedures} 

Since the introduction of accurat e methods for amino acid assay, agree

ment has been f ound f or most proteins . 1.'here the amine acid anal yses 

exceed the values from maximum hydrogen ion combination i t has been 

found that some of the dissoci able groups ere not available in the 

protein. 

( e) Differentiation of Reactive Gr oups . 

(i) Assignment of segments of the curve t o specific groups . 

The carboxyl group dissociates between pH 2 and 5.5, thus the number 

of equivalents of hydrogen ion which are dissociated in this region is 

equal to the number of free carboxyl groups, i.eo the sum of aspartic 

and glutamic acid r esidues plus tGrminal ~-carboxyl groups minus the 

amide groups. For some proteins agret..m<:nt with free carboxyl group 

content is found, but in other c~ses the titration data indicates more 

carboxyl groups . 



- 13 -

Because of the diverse nature of the ionizable groups of the basic 

amino acid r esidues , the titration curves of most proteins are far too 

complex for individual analysis, except in the case of histidine. The 

amount of hydrogen ion dissociating between pH 5.5 and 8.0 generally 

results from the imidazolium groups of histidine, with perhaps a small . 

contribution from a- ammonium groups. Where comparison with amino acid 

analyses has been possible, agreement has been found to be satisfactory. 

(ii) Modification of dissociation constants . 

Ionization constants are substantially altered by the dielectric of 

the solvent medium, and titration curves ~!e.ve be"::n performed in alcohol-

water, and acetcne-water mixtures . Their use is limited however, since 

proteins tend to precipit~te in organic solvents and may even undergo 

denaturation. Moreover the observed changes in titration curves ~e not 

easy to interpret. 

Many reagents huve been employed to alter the dissociation constants 

of the reactivG groups of proteins , but few are really specific or~vn 

quantitative, i.e. r eaction of iodine which enters the benzene nucleus of 

tyrosine , but also reacts with other groups . 

Formaldehyde re~cts rapidly and quantitatively with amino groups to 

give addition products which arc far wee..kor bases: 

••••• • •o••• • (1.10) 

(1.11) 
............ 

,.~ -· 

In the Formal titration (Sorenson)(l907) the apparent dissociation 

equilibrium of the~ -ammonium groups of lysine are displaced towards acid 

pH by 3 units. Differential titration in the prssepce and absence of 

formaldehyde gives the number of~ -arnmc.,nium groups . Steinhardt 8Jld 

Fugitt(l3) found that the effect of formaldehyde on the titration curve 

of wool keratin was consistent with the combination of this reagent with 

t. - ammonium groups of lysine. 

interfere . 

ht higher pH the guanidinium groups 

S- methyl iso- thio urea has been used by Christensen(l4) to convert the 

.,:. -B.II~Bonium groups of lysine to guanidine, and results in a substantial 

elevation in the pk value . The process is ei milar to the use of formal

dehyde. Carboxylation h~s be~n successfully achieved with sodium 



"0 
·u 

1.00 

o.eo 

<( 0.6 

I 
c:. 
·~0.40 
+J 

E 
a.. 

E 
0 
'-

0.20 

0" o.o 

'-
tl> 
0.0.20 

lh 
~ 

Oo.4o 
E 

20-60 

I 
~ 
lh 0.80 
0 

co 

1.0 

1.20 

0 

CURVE I. 

CURVE 2 

2 3 4 5 6 7 

pH. 

G EL.ATIN . 

DEAMINIZEO 

GELATIN. 

s 9 10 

Fig. 4. Titration curves of normal and deaminized gelatinl16>. 

II 12 



- 14 -

bromo-acetate by Sykes(l5) on collagen: 

(1.12) 

Some of the more complex reactions which proteins undergo often result in 

an alteraticn in pk or number of dissociable groups, and differential 

titrations may provide useful information. Such studies on ~moglobin 
" have contributed considerable knowledge relating to the structure and 

reactivity of their heme-linked acid functions. 

(iii) Inactivation of specific groups. 

Unfortunately most of thsse chemical modifications are either non

specific or can only be effected under dr~stic conditions which destroy 

or alter the native protein. 

A few reactions hav0 been found suitable to eliminate partially or 

totally the contribution of various groups. Methylation and acetylation 

of amino and phenoxyl groups have been used effectively, and their ability 

to dissociate hydrogen ions is elimineted . Lichtenstein(l6) has de

aminized gelatin (see Fig. 4), showing by changes in titration curves 

that the free awmonium groups had been removed. Carboxyl groups may be 

blocked by esterification (these compounds tenQ to decompose in alkaline 

solution). Decarboxylation may be effected by reduction with phenyl 

magnesium bromide Fox~l7~ or lithium aluminium hydride -Nystrom and 

Brown(lB): both reactions lead to tha formation of a tertiary alcohol. 

(iv) Spectrophotometric methods: 

The ionization of phenoxyl groups of tyrosine is accompanied by a 

change in ultraviolet absorption spectrum. Crammer e~d Neuberger(l9) 

have used this to measure the n~ber and pk value of these groups in 

proteins. In some cases the sp0ctrum accounts for all the tyrosine 

present, wheree..s with ovalbumin none of the phenoxyl groups are 

dissociated until the protein h~ been denatured by heat, acid or chemical 

treatment. 

(f) Interpretation of Titration Curves. 

Although the experimental procedure for acid-base titration 

curves is relatively simple, the interpretation of th~ data r equires 

extremely cautious analysis. Many proteins are extremely sensitive to 
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acid, &ven in dilute solutions, but the deterwination of me~imum combina

tion or dissociation of hydrogen ions involves working near the extremes 

of the pH scale. Many investigators have acknowledged the possibil ity 

of denaturation of the protein duri ng this procedure, whereas other s have 

analysed titration data without considering this factor. Denaturation 

or even chemical modification of the proteins may occur during preparative 

stages . This neglect has led to the impression that the titrati on curves 

of native and denatured proteins di ffer only slightly, except wher e the 

denatured protein i s precipitated during the sorption reaction. 

Titr ati on data of modified protei ns must be thoroughly investi gated 

before di ffer ences are interpreted as specific effects of a modified group. 

·Chemical modifications are seldoo specific, and unl ess the protein is 

thoroughly puri fied aft~r the treatment, erroneous results will be obtained. 

Analysis of the data of insolbl e proteins is even mere compl ex as these 
er 

curves cannot be ~alysed by the Lindptrom - Lang t r eatment. Although 

amino acid analyses may be of assistance, hydrolysis of the modif ied 

protein may r esult i n the formation or el imination of cer tain reactive 

groups . 



SECTION II ACID SOHPTIOU. 
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4. EXPERIMENTAL PROCEDURb FOR ACID SORPTION. 

(a) Purification of Samples. 

In order that wool and mohair could be compared, a standard 

sample of each was carefully selected. The wool sample consisted of a 

blend of Merino 64's and the standard mohair was a random selection of 

Super STh~~er Firsts . Both samples were l arge and were thoroughly mixed 

during the preparative stages to prevent or minimise sampling er ror s. A 

series of mohair samples (No's A J) were chosen so that the influence of 

various factors such as age , fibre diameter and degree of weathering on 

t he titration curves could be studied . The tips of the raw fibres, which 

are usually damaged by exposure to sun, rain, etc . were removed. Tip 

portions of the standard wool and mohair samples were set asi de for l ater 

i nvestigation. 

All samples were purified according to the following procedure: 

(i) Scour by hand, using a non- ionic deter gent in water at 40° - 50°C. 

Most of th8'Yolk"was removed in the form of crease, suint and sand. 

The excess deter gent was r emoved by several washings in cold water. 

(ii) Af~er drying in a stream of air at 55° - 60°C , the samples were 

soxhletted for 12 hours with ether to remove the final traces of 

grease. The remaining suint was extracted from the fibres by 

soxhletting for 4 hours with ethyl alcohol, ketping the temperature 

of the extracting liquor below 40°C . The samples were air-dried. 

(iii ) Since carding tends to damage the fibre surface, vegetable matter 

was removed by hand. 

(iv) After a short i nmersi on in distilled water, the sanpl~s were steeped 

in a large volume of N/1000 hydrochloric acid (liquor ratio approxi

mately 10:1). hfter 48 hours they were removed and washed repeated

ly with distilled water till the pH rose to ) .0 to 5. 2 . The fibres 

are now at t heir iso-electric point . 

(v) 0 After air- drying at 55 c, the samples were again opened and carefully 

cleaned of any remaining veg0table matter or dried skin. The fibres 

were cut into approximately t inch lengths to f acilitate mixing. 

Finally the samples were placed in the conditioning room at 68°F and 

6~o relative humidity . Samples were analysed regularly for moisture 

content by drying 1 gm. of conditioned fibres to constant weight 

at l05°C. 
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Fig. 5. Ebonite piunger designed for the rapid sorption procedure. 
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(b) Equilibration Techniques. 

It has been the practice of previous authors(G,e) to determine 

acid and alkali sorption of •::ool , silk, etc. by iramersing known weights of 

fibres in a fixed volume of acid or alkali for periods between 24 and 75 

hours. Iuter equilibrium has been established, the solution is enalysed 

either by titration or pH measurement, and comparison with the original 

solution gives the amount of acid or alkali sorbed. 

Unfortunately this method has several disadvantages . As the rate of 

sorption is slow , long periods of irr~ersion are required before equilibrium 

has been attained. At pH 1 to 2 these long exposures to acid cause 

considerable hydrolysis of the auide groups, ·•;i th the liberation of 

ammonia. This combines with an equivalent amount of hydrochloric acid , 

and necessitatas the introduction of a correction term. On the alkaline 

side, however, the side reactions become a major problem. The disulphide 

bonds are particularly susceptible to alkcline attack, a reaction ~hich 

complicates the determination of alkali sorption since alkali is consumed 

in the process . It is therefor~ of the utmost importance that the 

sorption period bG as short as possible in order that side reactions be 

minimised . This is pcrticularly true at high concentrations of acid or 

alkali. 

A method ha~ th~refore been sought whereby th€ sorption r &te could be 

. increased without detracting from the accuracy of the determination. 

The plunger device of Dickenson and Palr.1l~r( 20) was found to be most 

suitable for this purpose . In this apparatus & small s~~ple of fibres 

(usually 1 gm.) is compressed between perforated discs, and pumped back 

and forth in the solution contained in a close- fitting tube . The 

solution at the fibre surface is constantly renewed , and thus the 

sorption rate is dependent only on diffusion in the fibre phase and not 

diffusion in the solution. The apparatus is sho>~ in Fig. 5, In early 

experiments the metal tube and plunger (high-gTade .stainless steel) 

were found to dissolve slightly in solutions stronger than N/1000 HCl . 
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Fig. 6.. Automatic pumping mc;chine constructed to 
operate at 20 strokes/minute. 
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Apart from the objectionable formation of ferric hydroxide during the 

subsequent titration, the presence of foreign ions influences the sorption 

measurements. After much experimenting, ebonite was found to be a 

suitable material for the plunger as it is unaffected by acid or alkaline 

solutions~ The metal tube was replaced by a thick-walled glass tube of 

uniform bore, giving a cleeranc~ between tube and plunger of approximately 

0.5 m.m. 

The advantages of this type of system are:

(i) A rapid sorption rate is obtained. 

(ii) A small liquor: wool ratio may be used. 50: 1 ratio. vas found to be 

most suitabl e. In an ordinary soaking exp0riment, it is difficult to 

get good mixing with a low liquor ratio. Clearly the accuracy of 

the titration is increased if a low liquor ratio is maintained. 

Pumping by hand in preliminary experiments indicated that a rate of 

20 to 30 strokes per minute was most suitable. An automatic pumping 

apparatus was designed and constructed to perform this operation (Fig. 6) . 
An ~th H.P. motor working on a 40:1 reduction gear drives a camJ giving a 

10 em. vertical movement at a rate of 20 strokes/minute . Adjustable 

jaws with rubber pads were designed to clamp the glass tubes in position. 

Breakages of tube were few, usually resulting from excessive pressure 

from the clamps or incorrect alignment of plunger and tube. The dimensions 

of the plunger and tube were chosen such that the fibre plug remained in 

the solution at all phases of the stroke. 
0 Sorption measurem8nts were conducted at 25 C. The r eaction tubes 

were immersed in r ·nell stirred waterbath (10 li tres). Two heaters were 

employed , a 500 watt el ement for rapid warming, and a 60 watt frosted bulb 

immersed in the bath. The sm~ll hoater w~s suffici~nt to maintain the 

temperature of the bath which was well lagged . Temperature was thermo

statically controlled at 25 ~ 0.05°C ~ith a mercury toluene thermo

regulator and a Sunvic relay device . 

Before measurements of acid sorption were commenced, equilibrium 

rates were determined over a wide range of concentrations, and under the 

same experimental conditions as set down for the measurements of acid and 
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20 strokes/minute . 

The fo1lo~ing procedure was used. Aliquots of 0 . 5 ml . were removed 

from the reaction chamber at vcrious intervals after pumping had commenced , 

and titrated with standard alk~li using a 2 ml . microburette. When 

appropriate corrections for the amoUnt of acid removed were applied, the 

acid sorbed could be calculated. 1rhese values depend on small volumes 

and consequently are rather inaccurate, giving only an indication of the 

sorption rate . Results are shovm graphically in Fig. 7a and the effect 

of salt addition is illustrated in Fig. 7b . 

(c) Titrati on Procedure and pH Measurement. 

( i ) Preparation of solutions: 

A.n. grade hydrochloric aci d was used throughout . Stock 

solutions were prepared by diluting the concentrated acid with 

glass- distilled v1ater. These solutions were found to keep well 

in polythene bottles, and were regul~rly standardized against 

re- crystallized borax. Dilute acid solutions were prepared 

from these stock solutions using accurate volumetri c f l asks . 

A. R. grr.de potassium chloride ~as used for varying the 

iCnic strength of solutions . Aftur drying for 6 hours at 

105°C, stock 3olutions were prepared. 

(ii ) Titration procedure . 

A 50 ml . aliquot of s t andard acid solution was introduced 

to the reaction tube with ~pipette; 1.000 gm. of condi tioned 

fibres was caref~lly transferred to the plunger, with the 

perforated discs apart . After pl~cing the plunger and sample 

in the tube , the perforated discs were forced together; screw 

c (Fig. 5) maintains the s&~ple in thi s position. 

The tube was then carefully mounted in the waterbath, and 

allowed to equilibrate for 10 to 15 minutes. The pumping 

mechanism was started, and the sample pumped for the prescribed 
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period. This value was obtained from the sorption rate data 

in Fig. 7; an extra 10 to 15 minutes was allowed to ensure 

that equilibrium hed been attained. 

After pumping , the reaction tube was removed, and cooled 

down to room temperature. A 25 ml . aliquot was removed and 

titrated with standard alkali using bromocresol purple 

indicator. Results were found to be most satisfactory when 

standard acid and alkali solutions were approximately the same 

normality. From the titre beforG and after sorption and the 

dry weight of the fibres, the acid sorption per gm. dry sample 

could be calculated. 

In the pH range 0 to 1 . 5 the above method was modified 

slightly to give better accuracy. The hydrochloric acid 

solutions were placed in a carefully calibrated burette 

(10 mls . ) and titrated against a weighed amount of re-

crystallized borax in duplicate. Although this represents a 

change in technique, it is justified as it eliminates errors 

involved by te~ing an aliquot, and those introduced by 

st~ndardizing alkali with standard acid, and. then subsequent 

use of the akali as a standard. With concentrated solutions, 

above 0 . 1 molar, an error of 0.05 mls. may cause a diff£rence 

of 0 . 020 to 0 . 060 millimoles in the sorption value . Previous 

authors(G,S) have obtained erratic results at concentrations 

higher than 0 . 1 molar . Using the above titration procedure, 

a greater accuracy is obtained. 

Sorption measurements in the presence of electrolyte (KCl) 

have been conducted in such a manner that the final ionic 

strength of the solution is at a fixed value. A range of 

ionic strengths 0.005 - 0 . 10 molar were studied . In dilute 

acid solutions adjusting t he salt concentration is relatively 

easy, as the fina l acid concentration is negligible. 

As the acid concentration increases, however, the total ionic 

strength becomes dependent on both the acid and the salt 
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concentration, and adjusting the salt concentration to obtain 

the correct value at equilibrium is more difficult . An approxi

mate acid sorption for acid- salt mixture was predicted from the 

standard curve, Fig. 8 . From the pH value at this point the 

final acid concentration was calculated. A hydrochloric acid 

solution was prepared containing an amount of KCl calculated 

to bring the ionic strength at equilibrium to a fixed value. 

Using this solution, a sorption experiment was then conducted. 

In most cases the experimental sorption values differed con-

siderably from those predicted as above. Experiments were 

repeated using tri~l and error methods to obtain the correct 

amount of KCl. Usually three or four determinations were 

necessary before the correct value was obtained. 

In order to deternine whether exposure to the concentrated 

acid solutions (0. 1 to 0.8 molar) produced hydrolysis of amide 

eroups or peptide bonds, an aliquot of solution was reserved 

for ammonia and soluble nitrogen determinations. For long 

equilibration periods Steinhnrdt and Harris(8) found as much 
0 as 0 . 030 millimoles of ammonia at 25 C. Using the pumping 

method for equilibration , neither ammonia nor soluble protein 

(after kjcldahl digestion) could be detected by a sensitive 

colorimetric procedure . ( 2l) 

(iii) pH Measurement . 

Measurements were made with a Beckman Model C pH meter , 

using a calomel reference electrode and a small glass electrode . 

The following buffurs were prepared for calibration of the 

instrur.J.ent: 

pH value 

0 . 05 m potassium tetroxalate 1 . 48 

0 . 05 m potassium hydrogen phthalate 4.01 

{
0 . 025 m potassiun dihydrogen phosphate 

7. 02 
, 0 . 025 m disodium hydrogen phosphate 
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Measurements were made a t room temperature, using the 

tempere..ture correcting adjustment on the instrumGnt . The 

meter was cal ibrated on an appr opri ate buffer i mmedi ately 

before every reading. 

After th& sorption stage an aliquot of acid solution 

was r eserved for pH deterninction. Tht electrodes were washed 

well with distilled water, and then inmersed in several lots of 

acid solution, before the f i nal r eading was taken . The overall 

accuracy of the pH rendings using this procedure is approximately 

:!: 0 . 05 pH units . 

(d). Correction for Water I J:.bibi tion of Keratin Fibres . 

Before i mmersi on in HCl sol ution, the conditioned fibres contain 

12 to 13% moisture. In aqueous solution, however, the fibres reach a 

saturation value of ::1pproximately 4C'fo. This watur is no longer available 

to the liquid phase and consequently c~uses an app::1rent increase in the 

final acid concentration . This in turn gives rise to lower values for 

acid sorption. In order to evaluate a correction term, it is necessary 

to determine the saturation moi sture content of the fibres in aqueous 

hydrochloric acid solut ions . 

Sookne and Hcrris(22 ) have formulated the following correction : 

c 
1 "" i nitial concentration of HCl by t itration 

c2 final II II II II II 

B ::: gms . of w~ter sorbed by 1 gm. of fibres. 

Then, if e.. conditioned sample contains W gms. water per gram dry fibr~ 

after immersion it will have sorbed (B - W) gms. wattr/gm. dry fibres . 

If there ar e G mls . of acid present and S gms . of dry wool, and v is the 

volume of (B- w) gms . weter (density taken as unity), the corrected acid 

sorption 

( G - Sv) c2 

s s 

= G(Cl - C2) + (B - W) c
2 

. .. ...... .. . (2 .1) 
s 
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Hence the magnitude of the correction depends on (B - w) and the final 

concentration c2, end i~ only si5~ificant for solutions from pH 0 to 1.5. 

The evaluation of v presents an intricate problem. :Moreover it is 

not certain whether the w2ter associated with the fibre is held internally 

or wh€.ther part is derived from surface effects, i.e. surface tension, 

electrical double layer, etc . 

~pe~an and Stott(6) have estimated the v~lue of v fro~ measurements 

of diameter swelling; this accounts for the v;ater which h<:.s diffused into 

the fibre causing a lateral displacement of the str ucture . The procedure 

devised by Sookne nnd Harris( 22 ) is nore apt for the problen, but un

fortunately the experimental r esults are extremely variable. The con

centration change of a standard substance (which has no affinity for the 

fibre) i s measured dur~n~ the sorption process and frou these values the 

amount of water which has left solution may be determined. Standard 

substances such as sodiuu chloride or trehalose are used. The sodiun 

chloride method is b&sed on the evaporation of an aliquot of solution 

and gravimetric determination. Trehalose is determined polarimetrically. 

The sodium chloride method was attempted on wool and mohair samples of 

different initic l moisture contents. Although the experiment was care-

fully performed, the agreenent of the results was very poor. This is 

due to the fact that the accuracy of the method de~ends on small changes 

in the concentration of the sodium chloride solutions. The final results 

are extreuely sensitive to small errors. A diff8rence of 0 . 5 mg. in two 

weighings is magnified to an error of 2~~. ?.~oreover it is doubtful 

whether the- sorption of water remains unaffected by the large concentra

tion of sodiuu chloride necessary as reference substance. 

Work by Preston and Nimkar(23) on th& volume swelling of various 

fibres in aqueous solution provided the basis of the following method. 

After saturating the fibre with water, the excess is r emoved by centri

fuging, and the ooist~e content is determined by dryin& at l05°C . 

The r esults, when compared .. ith other methods , are 10 to 15% too high . 

This is caused by surface moisture held by capillary action between 

adjacent fibres. By reducine the suTface tension ·:ri th a surface active 
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abent, a minimum water retention was found. 

procedure was adopted: -

The following expt::rimental 

A 1 gm. sample of conditioned wool or mohair was soaked in a hydro-

chloric acid solution (0.05 to 0.50 m) for 2 hours. A£ter squeezing out 

the excess liquor , the sample was rinsed quickly in an extremely dilute 

solution of Invadine JFC (5 drops of 0 . 1~ solution to 200 mls water) and 

squeezed again. The sample was halved , and each portion placed on a 

perforated disc in a centrifuge tube. After balancing, the centrifuge 

was run at 300C r . p .m. for 10 minutes. The samples 7lere rapidly 

transferred to ·.:ciGhed 10 nl. flasks, and dried to constant weight at 

l05°C . Th0 saturation moisture content determined in this manner gave 

results consistent to 2 to 3~. 

below. 

Average valu~s a~~ listed in Table 1 

TA.BL:C 1. 

MOISTuM..; RbTAllillD BY FIBRES AFT~R CENTRIFuGING. 

FROCE'DURE 'fo SATUR." .. 1'I ON \,AT::.:.R 

Wool soaked in \mter 40 . 0 39. 6 
Mohair soaked in vrater 39 . 6 38 . 3 

Wool soaked in water rinsed in 36 . 8 36 . 0 
Mohair II 11 II Invadine JFC 36.6 37 · 5 

~fool soaked in 0 . 05 r1 HCl rinsed in 34.8 34 . 0 
Mohair 11 II II II Invr~dine JF.C 36 . 0 35.2 

Wool soaked in 0 . 20 m HCl rinsed in 36 . 6 36 . 0 
Mohrir 11 II II 11 Invadine JFC 35 - 3 35.0 

Wool soaked in 0 . 50 :n HCl rinsed in 36.8 36 . 4 
Mohair II II II II Invadi ne JFC 36.3 36 . 0 

Mean value for fibres soaked in 
acid and rinsed with Invadine JFC • •• ••.•.•• 35.7% 
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From the previous table it will be seen that the wetting agent has 

decreased the water retention by lOfo. The concentration of acid seems 

to have little effect at this pH . The results were corrected for the 

amount of HCl on the dried fibres using the method of Barritt~ 24) It is 

interesting to note that these values for combined acid agreed well with 

those predicted by the titration curves . This provides proof that the 

centrifuging process, when used in conjunction vith a wetting- agent , 

removes the excess solution from the fibres, and v~rifies the accuracy 

of the method. (22) 
This mf~thod has the aivantage over the technique of Sookne and Harris 

in that it is a dir ect ~easur~ of the water sorbed, whereas the latter 

method depends on a small diff~rence in the amount of water present in 

the aqueous phase before and aftclr sorption . ~pea~~an and Stott( 6) 

have measured thE: saturation water content from measureme-nts of trans-

verse swellinz . Ho~·ever, an error of 0 . 5 \J· in the diameter measurements 

results in a 1~~ diff~rence in the volume of the ~ater sorbed. Moreover 

this refers only to water which has penetrated the fibre, and does not 

take into account adsorbed water, which is not available to the solution. 

Using these values for wGter imbibition more accurate sorption values 

in the concentrated region are obtained. 

(e) Ash Content . 

Unl~ss carefully purified, wool and mohair contain an appreciable 

amount of inorganic matter consisting of metallic ions and silica. After 

ashine;, these are present as rr.etallic oxides ( sulphn.te is also produced 

by the oxidation) and oi02• The cations are either attached to free 

carboxyl groups or are incorporated in the structure, e.g. iron and 

copper in the pigment melanin. Most of the cations can be removed in 

dilute hydrochloric solution or by electrodialysis. If prt s ent on the 

fibre prior to acid sorption expE:riments , the cations have a t wo- fold 

effect : 

(i) They combine with an equivalent amount of hydrochloric acid; 

(ii) The salt for med in solution causes a shift towards higher acid 

sorption. 
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These effects are pc~rticularly noticeable with dilute acid solution and 

unless the cations are removed, it is impossible to determine the iso

electric point correctly. La Fleur( 25) failed to appreciate the signi

ficance of the ash content~ and rinsed his samples in tap water prior to 

acid sorption meesurement. His results show a step in the titration 

curve in pH region 4 to 6, and necessitated an empirical and rather un-

satisfactoi~ correction. For this reason all samples were subjected to 

a thorough cleansing scheme described fully earlier. 

The ash content of the samples was determinGd by ashing at 800°C 

(ignited slowly first with a bunsen burner.) A value of 0.2% was 

obtained for both the wool and mohair standard samples. 

As~ analyses for standard wool and mohair , and samples Bl and H2 are 

shovm in Table 2 to be 0 . 2 ~ 0.05~. 

Excluding silica, tho residue may be regarded as metallic oxides and 

a certain amount of sulphate of equivalent weight approximately 100. This 

will account for a deviation of 0.020 millimol~s HCl per gram sample. 

A comprehcnsivG cation analysis h~s been per formed to clarify the 

posi tion. 

TABLE 2. 

ASH .ANALYSIS . 

1o Ash content 

Cations - ~gmsjgm.dry fibres 

Sodium Flame 
Potassium photometer 
Calcium 

Iron Colorimetric 
Copper 
Zinc 

Standard 
Uool 

0.15 

20 
• • 0 ••• 

•• • 0 • • 

30 
5 

10 

Standard 
Mohair 

0.20 0.20 0.20 

20 20 20 
not detectable • 0 • 0 0 0 0 • 0 0 

not detectable •• 0 , 0 0 • 0 0 0 

28 30 20 
5 5 5 

10 10 10 

Analytical Methods described fully by Steyn (26) 

The presence of Mn, Mg, Al, Co, Snend Pb could not be detected in the 

above samples. ( 27 ) 
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Quantitative cation analysis revealed iron, copper, zinc, magnesium 

and sodium in trace quantities, but not sufficient to account for 0.2ro, 
not even when calculated either as oxides or sulphates . It may safely be 

concluded t hat t he ash therefore consists mainly of silica which has no 

effect on the acid sorption measurements. Several authors have applied 

empirical corrections for this residual ash , but it was felt that this 

was unnecessary. 
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5• EXPERIMENTAL RESULTS. 

The results of measurements of acid sorption at a large number of pH 

values are recorded in Tables 3, 4 and 5. Tables 3a and 3b refer to 

standard wool and mohair respectively • . Table 4 contains the data in the 

presence of added electrolyte (KCl) and Table 5 is the acid sorption of 

various mohair samples (A- J) . Each result is the mean of three measure-

ments, where only the equilibrat ion period has been altered to verify 

that equilibrium had been attained. 

recorded in Tables 6, 7 and 8. 

Results on modified fibres are 
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TABLE 3a. 

THE SORPTION OF HC1 BY STANDARD WOOL AT 25°C. 

Initial cone. Final cone. HCl sorption Sorption corrected pH 
of HCl of HCl millimo1es/ for water 

moles fl. mo1es/l. gr.1 . dry wool. imbibition 

0.00011 0.00004 0.004 0.004 4.96 
0.00018 0.00005 0.007 0.007 4-85 
0.00049 0.00009 0.023 0.023 4.22 
0.00073 0.00014 0.034 0.034 3-96 
0.00098 0.00019 0.046 0.046 3.86 
0.00147 0.00034 0.065 0.065 3-53 
0.00244 0.00071 0.101 0.101 3.31 
0.00309 0.00096 0.124 0.124 3~18 
0.00412 0.00136 0.161 0.161 2.95 
0.00516 0.00181 0.194 0.194 2.82 
0.00619 0.00225 0.229 0.229 2.70 
0.00722 0.00285 0.254 0.254 2 .• 55 
0.00914 0.00390 0.~04 0.304 2.43 
0.00928 0.00387 0.315 0.315 2 .. 46 
0.01117 0.00512 0.352 0 . 352 2.33 
0.01320 0.00617 0.408 0.408 2.20 
0.01523 0.00779 0.432 0.432 2.13 
0.01776 0.00960 0.474 0-474 2.05 
0.03035 0.01920 0.634 0.641 1. 77 
0.03912 0.02733 0.683 0.692 1.59 
0.04010 0.02784 0.697 0.706 1.61 
0.04401 0.03203 0.795 0.705 1.55 
0.06023 0.04677 0.765 o. 778 l-39 
0.1066 0.09302 0.780 0.805 1.18 
0.1926 0.1793 0.754 0.799 0.97 
0.2074 0. 1937 0.781 0.829 0.87 
0.3059 0.2926 0.760 0.831 0.74 
0.4905 0.4774 0.748 0.861 0.50 
0.8285 0.8167 0.676 0.867 0.24 
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TABLE 3b. 

THE SORPTION OF HC1 BY STANDARD MOHAIR. 

Initial cone. Final cone. HCl sorption Sorption corrected pH 
of HCl of HCl millimoles/ for water 

moles/1. moles/1. gm. dry moh. imbibition 

0. 00011 0.00005 0 . 003 0.003 4-59 
0.00018 0 . 00008 0.006 0.006 4 -37 
0 , 00049 0 . 00016 0 . 016 0.019 3-97 
0.00073 0.00020 0 . 030 0.030 3.86 
0. 00101 0.00033 0 .040 0.040 3.66 
0. 00147 0 . 00046 0 . 059 0 . 059 3-42 
0 . 00244 0. 00089 0 . 091 0 . 091 3.16 
0 . 00305 0,00106 0 .117 0 . 117 3-07 
0.00376 0.00132 0.143 0.143 2. 95 
0.00451 0.00162 0 . 168 0.168 2.86 
0. 00527 0 . 00200 0.192 0 .192 2.75 
0.00650 0.00262 0 . 227 0 . 227 2. 64 
0 . 00770 0 . 00313 0.267 0. 267 2.o50 
0 . 01012 0 . 00446 0 . 328 0.328 2.40 
0. 01200 0.00575 0.366 0.366 2 ,28 
0 . 01401 0.00704 0 . 405 0 . 405 2.18 
0. 01601 0. 00832 0 .449 0 . 449 2. 10 
0 . 01802 0 . 00971 0 . 486 0 . 486 2 .03 
0 . 02113 0. 01166 0 . 546 0 . 550 2.00 
0. 02400 0.01448 0.559 0.564 1,89 
0 . 03035 0 . 01921 0 . 642 0 . 648 1, 77 
0.04010 0 . 02809 0 . 693 0.702 1.61 
0 . 05135 0. 03847 0 . 744 0 . 755 1.49 
0. 06023 0. 04704 o. 760 0.773 1.39 
0. 08055 0.06728 0.766 0.783 1. 25 
0.1067 0.0930 0.792 0,815 1.20 
0.1926 0.1792 o. 775 0 . 817 0·97 
0.2074 0. 1939 0 . 780 0 , 825 0 . 85 
0~3059 0. 2927 0.766 0. 835 0 .75 
0.4904 0-4776 0.740 0. 847 0.49 
0. 8285 0.8162 0 . 703 0.884 0.24 
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TABL:G 4a. 

THE SOltFTION CF HCl BY STANDARD 1iOOL AT 
TOTAL I C:nc STRLNGTH 0.005 MOLAR. 

Initiu1 cone. 
of HC1 

mo1 E.sj1. 

0.00019 
0.00039 
0.00097 
0.001,T6 
0.00194 
0.00292 
0.00361 
0.00<~86 
0.00618 
0.00778 
0.00972 

Finr~1 cone. 
of HC1 

no1t.:s/1. 

0.00003 
0.00006 
0.00018 
0.00021 
0.000,+0 
0.00053 
0.00082 
0.00125 
0.00310 
0.00288 
0.00426 

HC1 sorption 
millimo1es/ 

gm. dry uool. 

0.009 
0.019 
0.046 
0.072 
0.090 
0.139 
0.167 
0.210 
0.250 
0.286 
0.317 

TABLJj! J.b. 

Sorption corrected 
for water 

iubibition 

0.009 
0.019 
0.046 
0.072 
0.090 
0.139 
0.167 
0.210 
0.250 
0.286 
0.317 

THE SORPTIOl: OF HC1 BY STANDARD WOOL AT 
TOTAL IONIC STRENGTH 0.01 MOLAR. 

Initis.l cone. Fim.-.1 cone. HCl sorption Sorption corr ected 
of HC1 of HC1 mi11imo1es/ for water 

mo1es/1. mo1es/1. gm. dry wool . imbibition 

0.00010 0.00001 0.005 0.005 
0.00020 0.00002 0.010 0 .. 010 
0.00040 0 .. 00005 0.020 0.020 
0.00071 0.00008 0 •. 035 0 •. 035 
0.00098 0.00007 o •. o53 0.053 
0,00147 0.00017 0.076 0.076 
0.00196 0.00013 0.106 0.106 
0.00243 0.00028 0.125 0.125 
0.00389 0.00064 0.191 0 .. 191 
0,00583 0.00132 0.262 0.~62 
0,00681 0.00178 0.292 0.292 
0.00778 0.00231 0.317 0.317 
0.00972 0.00345 0.-367 0.367 
0.01458 0.00716 o. :r43 0. 443 

pH 

5.31 
5.01 
4.41 
3-95 
3-92 
3-45 
3-30 
2.97 
2.79 
2.63 
2.46 

pH 

5.50 
5·39 
5.20 
4.88 
4.57 
4.30 
4.01 
3.-84 
3·35 
3.00 
2.85 
2.71 
2.53 
2.20 
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TABLE 4c. 

THE SORPTION OF HCl EY STANDARD WOOL AT 
TOTAL IONIC STRENGTH 0.02 MOLAR. 

Initial cone. Final cone. HCl sorption Sorption corrected pH 
of HCl of HCl millimoles/ for water 

moles/1. moles/1. gm. dry wool. imbibition 

0.00020 0.00002 0.010 0.010 5.63 
0.00040 0.00004 0.022 0.022 5·43 
0.00082 0.00005 0.045 0.045 5.00 
0.00165 0.00015 0.087 0.087 4.48 
0.00258 0.00021 0.178 0.178 4.08 
0.00360 0.00037 0.188 0.188 3.78 
0.00410 0.00050 0.209 0.209 3.60 
0.00515 0.00078 0.255 0.255 3·37 
0.00618 0.00104 0.299 0.299 3.18 
0.00721 0.00152 0.331 0.331 3.03 
0.01030 0.00305 0.422 0.422 2.57 
0.01236 0.00437 0.465 0.465 2.48 
0.01545 0.00625 0.524 0.524 2.22 
0.01854 0.00940 0.532 0.532 2.17 
0.02575 0.01550 0.600 0.600 1.91 

TABLE 4d. 

THE SORPTION OF HCl BY STANDARD WOOL AT 
TOTAL IONIC STRENGTH 0.05 MOLAR. 

Initial cone. Final cone. HCl sorption Sorption corrected pH 
of HCl of HCl millimoles/ for water 

moles/.1. moles/1. gm. dry wool. imbibition 

0.00021 0.00002 0.001 0.001 6.03 
0.00062 0.00004 0.003 0.003 5·74 
0.00103 0.00008 0.055 0.055 5-23 
0.00154 0.00009 0.085 0.085 4.78 
0.00206 0.00017 0.110 0 . 110 4.57 
0.00309 0.00021 0.167 0.167 4·17 
0.00412 0.00038 0.218 0.218 3.87 
0.00515 0.00044 0.274 0.274 3·57" 
0.00618 0.00077 0.314 0.314 3.35 
0.00721 0.00093 0.365 0.365 3.18 
0.00874 0.00154 0.422 0.422 2.89 
0.01031 0.00022 0.470 0,470 2.70 
0.01339 0.00414 0.538 0.538 2.44 
0.01545 0.00545 0.580 0.580 2.38 
0.01854 0.00794 0.616 0.616 2.16 
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TABLE 4e. 

THE SORPTION OF HCl BY ST.AlillARD WOOL AT 
TOTAL IONIC STRENGTH 0. 10 MOLAR. 

Ini t i al cone. Final cone . HCl sorption Sor ption corrected pH 
of HCl of HCl millimoles/ for water 

moles/1. moles/1 . gm. dr;y wool. imbibiti on 

0.000195 0. 00001 0.011 0.011 5. 75 
0 . 000475 0 . 00028 0 . 026 0 . 026 5 . 50 
0 . 000972 0 . 00032 0 . 055 0 . 055 5. 20. 
0.00227 0.00092 0. 136 0 . 136 4 · 59 
0 . 00389 0.00021 0. 214 0.214 4 . 15 
0 . 00583 0 . 00053 0 . 308 0 . 308 3 · 73 
0 . 00778 0 . 00102 0 . 392 0 . 392 3·35 
0.00972 0.00164 0 . 470 0 . 470 2. 98 
0.0114 0 . 00246 0.535 0.535 2. 75 
0.0 1470 0.00422 0. 602 0 . 602 2. 51 
0 . 02671 0 . 01452 0 . 699 0.704 2 . 10 
0 . 06354 0.05011 0 . 766 0 . 789 1.40 
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TABLE 5. 

ACID SORPTION BY MOHAi r< SJJ\fPL.JS A - J. 

SIDE SAMPLDS. 

Sample 
No . 

A1 

B1 

c1 

D1 

Corr. HCl sorp. 
m.molesjg. 
dry fibres. 

0.062 
0.293 
0.551 
0.777 
0.790 

0.074 
0.365 
0.575 
0.815 
0.834 

0.052 
0.347 
0.567 
0.804 
0.815 

0.054 
0.061 
0.337 
0.548 
0.796 

0.061 
0.332 
0.558 

0.814 

pH 

3.60 
2.46 
2.01 
1.38 
1.24 

3-91 
2.48 
2.01 
1.40 
1.26 

3·73 
2.42 
2.01 
1.39 
1.25 

3-46 
3.58 
2.41 
2.01 
1.25 

3.70 
2.42 
2.00 

1.27 

NECK SAMPLES. 

Sample 

B2 

c2 

D2 

Corr. HCl sorp. 
m.molesjg. 
dry fibres. 

0.057 
0.322 
0.527 
0.740 
o.eoo 

0.050 
0.321 
0.524 
0.760 
o. 774 

p.054 
0.303 
0.505 
0.775 
0.797 

0.067 
0.387 
0.534 
0.540 
0.805 

pH 

3-90 
2.42 
2.00 
1.48 
1.25 

3-34 
2.38 
.1.99 
.1.37 
1.26 

3.52 
2.40 
2.01 
1.25 
1.15 

3.85 
2.45 
2.02 
2.00 
1.26 
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TABLE 5. ( contd.) 

SIDE SAMPLES. NECK SAMPLh.S . 
Sample Corr . HCl sorp. pH Sanple Corr . HCl .sorp. pH 
No . m. luolesj g. m.mol esjg. 

dry fibres . dry fi~res . 

Fl 0.058 3. 64 F2 0. 060 3- 51 
0 .331 2. 54 0. 329 2.43 
0 . 558 2. 01 0 . 553 2.00 
0 . 813 1.27 0. 830 1.. 26 
0 . 841 1.15 

Gl 0 . 060 3. 54 G2 0. 054 3· 54 
0. 316 2. 42 0.788 1.26 
0. 513 2. 05 0.290 2. 37 
0 . 545 2.00 0 . 529 2. 01 
0. 820 1. 26 

Hl 0. 056 3-45 H2 0. 057 3.45 
0 . 276 2. 41 

0 . 286 2. 38 0 . 469 2.01 
0. 523 2. 03 
0. 804 1.25 0 .774 1.26 

Jl 0. 060 3-85 J2 0. 051 3. 35 
0. 309 2. 36 0 . 292 2. 35 
0. 524 2. 01 0 .510 1.98 
0. 825 1.39 0 . 812 1.38 
0. 840 1.14 0. 840 1.16 
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HC1 SORPTION BY MODIFIED FIBRES. 

TABLE 6. 

TIP PORTIONS OF STANDARD MOHAIR. 

HCI SORPTION 
millimo1esjgm. 

0.056 
0.142 
0.270 
0.488 
0.770 

TABLE 7. 

pH 

3~45 
3.02 
2.50 
2.05 
1.40 

' LANTHIONINE- RICH' WOOL 

HC1 SORPTION 
mi1limo1es/ gni. 

0.035 
0. 362 
0.540 

TAJ3LE 8. 

pH 

4.15 
2.66 
2.04 

PERACETIC OXIDIZED WOOL. 

HC1 SORPTION 
millimo1es/ gin. 

0.040 
0.482 
0. 595 

pH 

3-50 
"1.91 
1.10 
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6• DISCUSSION OF RESULTS. 

(a) Standard Wool and Mohair. 

The titration data for standard wool and mohair is plotted in 

Fig. 8. Curve (1) shows the acid sorption values for standard mohair 

without the oorrection for selective sorpti on of water. The deviations 

from the corrected curve are only significant between pH Oto 1 . 5; if not 

applied, however, a completely incorrect maximum value is obtained. 

Comp~rison of the final hydrochloric acid concentration and pH value 

of this solution reveamthat there is a small buffering effect in pH 

range 3 to 5. (This was also found in the alkaline region 6 to 9) . 

The most probabl;-.· cause is the sol ubilisation of small protein fragments 

or wool gelatin(28). 

Experimental results of Steinhardt and Harris (e) for HCl sorption 

at 25°C are also plotted in Fie. 8. Consideri ng the fact that wool varies 

considerably in composition, the agreement of the present measurements 

with the results of these authors is remarkably close . Taking into 

account the careful preparative and analytical techni~ues it is felt that 

the experimental results in the present work are more reliable than 

previous· authors, especially in th\:3 strongly acid region, where former 

results were most erratic . 

Titr ation curves f or wool and mohair are very similar in shape , 

and extend over approximately the same range of pH and acid combination. 

Small differences occur in pH region 3 to 5 and again at 0 to 1.5, although 

in the latter case readings are l ess reliable . The most striking point 

is that the curves intersect (at approximately pH 2) . The reasonsfor 

these differences are -obviously complicated, and at present are open to 

much speculation. Probab]e causes are: 

(i) Differences in amino acid composition. The amino acid composition 

of wool has been shown to vary from one animal to anothe~ Simmonds~ 29) 
If the polypeptide chains are shorter, then there are more terminal 

amino groups in a fixed weight. 

(ii ) The arrangement of the amino acids can have a definite influence on 

the pk values of the ionizing groups e . g. two carboxyl groups in close 

vicinity, or a polar group (tyrosine hydroxy) although not ionized at 
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this pH, may exert an influence by formation of hydrogen bonds near a 

carboxyl group. 

The intersection of the standard wool and mohair curves may be explained 

by combining these factors . 

Amino acid analyses for the dicarboxylic and dibasic (di- amino) acids 

are shown in Table 9·. Colunm (i) is taken from tho chromatographic 

analyses of merino wool by Simmonds( 29), while Columns (ii) and (iii) are 

merino wool and mohair by War d , Binkley, and Snell(30) using micro

biological assay . The latter method accounts for only 80% of the nitrogen, 

and it is felt that they are not accurate enough for this i11terpretation. 

However , the differences in Colunms (ii) and (iii ) indicate tha t appreciable 

differences in com}osition may occur . 

amino acid analysis on mohair. 

Unfortunately there are no accurate 

TABLE 9. 

COLUMN (i) (ii) (iii) 

.AMINO ACID M~rino 64 1 s Merino 70 1 s Mohair 
Simmonds Ward , Binkley & Snell 

Millimoles/ gm. 

(a) Aspartic acid 0.503 0 . 481 0.550 

(b) Glutnmmic acid 1.020 0 . 891 0 . 965 

(c) Arginine 0 . 603 0 . 525 0.513 

(d) Hystidine 0 . 058 0 . 062 0 . 058 

0 . 192 0 . 075 0 . 210 

0.018 

(e) Lysine 
(77) 

(f) Terminal amino 

Amide Nitrogen 0 . 900 0 . 78 0 . 86 
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Although acid sorption is essentially the back-titration of ionized 

car boxyl groups, maximum acid binding capacity is determined by the sum 

of the free ami no acids . From Column (i) sum of free amino groups 

(c+d+e+f) 0 . 871 millimoles 

From present experimental data, the maximum acid binding is: 

Wool 

Mohair 

0. 86ot 10 millimoles/gm. 

0 . 870: 10 millimolesjgm. 

These values compare favourably wit~ the value of 0.871 millimoles/gm. 

obtained by Si~onds for wool.* 

Acid titration data in the presence of varying amounts of salt (KCl) 

is recorded in Table 4, and illustrated graphically in Fig 12. 

The salt shift may be analysed into tvo parts, which are not clearly 

defined, one passing to the other as the acid concentration increases. 

(i) Near the iso- ionic region, small changes in acid sorption occur as 

salt concentration increases. Nevertheless these are sufficient to 

change the pH considerably, i . e. pH values are di sple,ced towards 

a more neutral value. 

(ii) As the acid concentration increases, increasing salt concentration 

increases the acid sorption remarkably, and pH values are less 

* 

affected. In the region of maximum acid sorption , the curves 

become superimposed . 

Since the completion of this work, the amino acid composition of 
mohair has been determined by Simmonds (31) . The number of free 
basic groups calculated from thls data is 0 . 796 m.molesjgm . 
(using a nitrogen content of 16.5r~ as found in the present work). 
Simmonds has analysed only one sample of mohair which may be an 
extreme case. 
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Table 10 illustrates th~ effect of salt addition near the point of 

half-maximum sorption. (0.01 m. HCl). 

TABLE 10. 

Total eqlm. ionic strength 
moles/1. 

No salt 

0.01 

0.02 

0.05 

0.10 

Acid sorption 
m.moles/gm. 

0.328 

0.367 

0.422 

0.470 

0.535 

pH 

2.40 

2.53 

2.57 

2.70 

2.75 

These results are particul~rly useful for applic~tion of various 

theories of acid sorption and dyeing. 

(b) Mohair, Sampl8s A- J. 

Prior to thG investigation a series of mohair samples was 

carefully selected with tho co-operation of Grootfontein hgricultural 

College to investigate the influence of various factors on the acid and 

alkali titration curves. All saraplE:s were removed from animals (Angora 

goats) which had been maintained under the same conditions, diet etc., 

and r epresented an equal pE:riod of growth. 

studied: 

The following influences were 

(i) The effect of mean fibre di~eter was studied by choosing samples 

over a wid8 range of diamuters. 

(ii) Samples werE: taken from animals of three distinct UJe groups, viz. 

6 months (kid), 18 months, rnd 3 y0ars (adult). 

(iii) Mohair samples were removed from the side and neck of each animal, 

and w0re labelled 1 and 2 respectively i.e. 

B1 - side sample of animal B 

B2 - neck sample of animal B 

Measurements of acid sorption are recorded in Table 5. 'l'he titration 

curves of these samples show distinct deviations from the standard curve. 
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In Fig. 9a, the larg&st positive and negative deviations are shown in 

dotted lines ~ 

Largest +ve deviati on - sampl e B1 
Largest - ve deviati on - sample H2 

To ~nvestigate whether these differ ences had r esulted from changes in 

acidic or basic properties of the protein fibre , the iso- ionic point of 

standard wool and mohair and samples B1 and H2 were measured and compared. 

The following procedure was adopted. Acid sorption was measur ed as before, 

in extremely dilute HCl solut ions in the presence of 0 . 1 m KCl . These 

values were plotted against their respective pH values, and extrapolated 

to zero· acid sor ption as shown in Fig. 9b. The intercept with the 

abscissae gives the iso- ioni c poi nt . The deviations from the standard 

mohair were again observed . These variations can be caused by the follow

ing factors: 

(i) Presence of acid in the fibre 

(ii) Exchangeable cations in the fibr e 

(iii) Variations in the composition structure of the pr otein. 

The presence of HCl on t he fibres after rinsing to the iso- electrruc 

region is most unlikely, also the affinity of Cl for the fibre is very low. 

If the samples were not exactly at the iso- electric point befor e sorption, 

small deviations could be expected. However , the slope of the titration 

curve is very small in this region and differences of 0 . 02 to 0 . 05 milli

moles cannot be explained. 

The possibility of exchangeable cations represents a complex problem. 

Ash analyses are often rather misleading, as these results invariably 

include substances such as silica. Whether these cations are exchangeable 

or t i ghtly botund in the structure is uncertain. 

Standard samples and mohair samples B
1 

and II2 were electrodialysed for 

20 hours using the method of Sookne et al (33) . The excess of HCl was 

removed by continuous washing till the pH of the extract reached pH 5. 0. 

Measurements of the iso-ionic points of these purified samples were per

formed as bef ore, and are shown graphically by the dotted lines in F'ig. 9b. 
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Clearly the process of electrodialysis has left the fibres unchanged. 

Thus it seems more likely that the differences i n titration data have 

arisen from variations in amino acid content, and their arrangement 

in the protei n fibre. 

In order that the titr ation data of mohair and wool samples could 

be placed on a comparative basis, the acid sorption at pH 2.00 has been 

selected as an index of acid sorption. The value of the index has been 

interpolated from Table 5. There are several reasons for choosing this 

point as a criterion: 

(i) It is approximately the pH of half-maximum sorption which will be 

shown l ater to be an important characteristic of the titrati on 

curves. 

(ii) In this region the influence of foreign materials, electrolytes,is 

less than in the iso- electric region. 

(iii) Measurements in this region are more accurate than at any other pH 

range, since the calculated values of acid sorption are not affected 

by small errors in titration, and pH values are not readily aff ected 

by small traces of impurities,i . e. buffer solution. 

Table 11 shows the values of the acid sorption index a, the age A, 

and mean fibre diaBeter D of the mohair sampl es A - J . These results 

have been statistical ly analysed to find whether age . and diameter : 

influence acid sorption. There is a very strong correlation between age 

and diameter, which is significant at the 0. 01% level (highly significant). 

Because of this relationship it is necessary to calculate partial correla

tion coefficients to find the effects of age and diameter on acid sorption. 
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TABLE n. 

Reference Age of Mean fibre Acid Sorption 
Number Animal Diameter J.l' s Index 

Al 0. 5 28 0 . 55 

Bl 0. 5 29 0.68 

B2 0.5 32 0.52 

cl 0 . 5 29 0.60 

c2 0 . 5 34 0.51 

Dl :. 5 47 0. 51 

D2 1.5 45 0 . 55 

El 1.5 36 0.56 

E2 1.5 48 0.54 

Fl 1.5 45 0 . 56 

F2 1.5 48 0 . 55 

Gl 3 47 0 . 50 

G2 3 53 0. 51 

Hl 3 54 0.54 

H2 3 49 0. 47 

Jl 3 41 0. 53 

J2 3 46 0. 51 

Correlation between diameter and acid sorption (age constant) 

raD. A - 0.069 

Degrees of freedom = 12 

This is not significant. 

Correlation between age and acid sorption (di~eter constant) 

raA.D ~ 0. 31 (12 degrees of freedom) 

This is not significant even at the 10% level, but shows there is 

a slight trend in this directic~. 
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To investigate whether differences in acid sorption between side 

(mean value of Index 0. 55 nillimoles/g. ) and neck samples (mean 0.52 milli-

molesjg. ) Student's t has been calculated. 

Student's t = 2.10 with 15 degrees of freedom. 

This is significant at the 5% l evel, and it may be concluded that there is 

a trend towards higher sorption by the side samples. 

The mean value for side samples of kid mohair (A1 , B1 and c1 ) is 

0.593 m.moles/g. and is significantly different (2% level)from the mean 

value of the adult side sampl es (G1 , H1 and J 1) of 0.516 m. moles/g. 

There are insufficient samples of kid mohair for a thorough comparison. 

This relation is not shown in the neck samples, where presumably other 

factors are involved. 

Summing up the statistical analyses, it appears that acid sorption is 

dependent on more complex factors that have been considered here,i.e. 

variations in amino acid content, aoide nitrogen etc. Consequently 

although trends appear in the results, they are not statistically signi-

ficant , A more profitable approach would be to take samples from the 

same animal at different periods of growth, while the animal was maintained 

under the same conditions . 

The following general observations were made on the results: 

(i) The highest values for acid sorption index were obtained for 

side sampl~s of kid mohair; the neck ~amples being appreciably lower, 

(ii) In the other age groups, the acid sorpti9n index is lower, andthe 

difference between side and neck samples is not pronounced. 

It is hoped that complete amino acid analyses will be available in 

the near future . 

(c) Modified Wool and Mohair. 

(l) Photochemical Modification. 

Tip portions of the fibre staples which were removed during 

the preparation of standard wool and mohair samples were purified accord-

ing to the procedure described on page 17 Acid sorption data for tip 

mohair is recorded in Table 6. The acid titration curve obtained by plott

ing this data coincided with the standard mohair curve, which is consistent 



- 45 -

with the findings of Speakman and McMahon(33)for wool that photo-chemical 

damage does not affect theacid titration curve. 

Photochemical damage is discussed more fully on page 101. 

(2) 

(i) 

Chemical Modification. 
1Lanthionine - Rich' Wool. 

The method of Zahn and Osterioh(34) was used to ·convert fraction 

of the cystine of a sub-sample of standard wool into lanth~onine~ 

In this process wool is refluxed at 64°C for 3 hours in 0.05 m. 

borax dissolved in a water/acetone mixture. After removing the 

excess solvent, the sample was rinsed in N/1000 HCl till the pH 

remained at 3· Finally the excess acid was removed by repeated 

washing till the wash liquor reached a pH of 5.0 to 5.2. After 

drying at 60°C the sample was conditioned . The wool acquired a 

slightly ye+low coloration, but otherwise suffered no noticeable 

change in tensile strength or surface properties. Acid sorption 

data is shown in Table 7 and a plot of these results coincides 

with the standard for wool. Fig.l9 

(ii) Oxidized Wool. 

A sub-sample of standard wool was reacted with 2% peracetic acid, 

prepared by the method of Greenspan(35), fort hour at room 

temperature (18°C). The excess acid was removed by repeated 

washing with distilled water till the pH of the extractreached 

pH 5.0 to 5.2. This treatment resulted in a fibre of slightly 

yellowish colour, with a considerable loss in resilience and 

tensile strength. Acid sorption data is shown in Table 8. 

Since both treatments (i) and (ii) involve reaction of the disulphide bond, 

the results are discussed more fully in conjunction with the corresponding 

values for alkali sorption. 
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1· THEORIES OF ACID SORPTION BY FIBROUS PROTEINS. 

A. Steinhardt and Harris Theory. 

The fundamental concept of this theory is that the protein 

combines with both chloride and hydrogen ions, and the combinati on of both 

is subject to the Law of Mass Action or to a Langmuir adsorption law. 

This implies the for mation of partially dissociated linkages such as 

The authors make the simplifying assumption that no recognition 

need be taken of di fference in hydrogen ion concentration insi de and 

outside the fibre . This may signify either that these concentrations 

are identical, or that they are related to one another in a way which is 

practically independent of the presence of other ions . The variat ion 

of activity coefficients in the fibre phase is neglected. 

Consider the iso- electric protein W~in the presence of acid HA. 
According to the hypothesis above , the following equilibria occur. 

VVHA L- WA - + H+ -, 
- ,_ w: +A -WA ~ 

WH+ ~- w"! + H+ -, 
'-- WH+ -WHA ·-, +A 

~· .. .. ........ .. 
KA' a • • e I 0 • •• 0 e e 0 0 

~ ... ...... .... . 
KA . . ... .. 0 •• • • ••• 

From which it may be shown that 

~ = KA ' 

11r· KA 

Where wt is assigned to 

WH+ 11 II 

II II 

II II 

the NH; R COO- groups 

NH3 R COOH 11 

ANH3 RCOO- II 

ANH
3 

RCOOH " 

TWO alternate relationships may be derived from the set of equations 

(2 .2 - 2.6). 
(a) If [vm+J 
(b) If [wA-J 

low anion affinity. 

high anion affinity. 

(2 .2) 
(2.3) 
(2.4) 
(2. 5) 

(2.6) 
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(a) (VillA] 
(v.nA] + (2 . 7) 

or (b) 

[WEAl + CwA-J ~ 1 

[ WHAj + [WH+] + [wA-J+ [w~] ( ~+IS!)······· 
~+REI 

(2;.8) 
1 + 

Terms aA and~ refer to the activity of anion and hydrogen ion respect~vely. 

Since in this work, the affinity of the anions is low case (a) is used. 
The fraction of acid sorbed is given by equation 

e = l 

1 + RE 1 (aA + KA' ) 
aH ~ + KA 

In pure acid a A "' ~' also K' A ;» 
equation (2.9) reduces to 

~ 1 
e 

1 + KJ.r , KA ' 
2 

aH 

(2.9) 

(2.10) 

From these expressions it follows that the titration curve resembles that 

of a corresponding mono-basic acid , provided that the dissociating groups 

have the same intrinsic dissociation constants, and do not interact 

electrostatical ly. 

c-:~~) e = 0.5 for a simple mono- basic acid is - 0. 869 but the equation 

(2 .10) gives a value of - 1.9 when values for~ etc. are substituted. 

Al though the theory predicts the shape of the titration curve, the 

theoretical and experimental curves do not coincide. In fact the fit is 

very poor . Fig. lOa. 
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\\ K In the pr esence of added salt , aA is l ar ge and KA' // A 

hence 

(} 1 ....... .. ... 
1 + K 

~ 

Wher e K ::::o KA 1 IS! 

(2.11) 

At half maximum sorption (pH0 •5 or pk) the slope should be - 1.737 whereas 

the exper imental slope is - 3.9. To account for these differences, Stein

hardt and Harris have introduced empirical t€TinS into the equations with 

little t heoretical justification. 

The shift of titration curves wi th varying salt concentration is 

sho~n by the dependence of the pH at half-maximum sorption on t he anion 

concentration. 

From equation (2.9) 

p~ + 

In the presence of salt , thi s r~duces to 

log aA 
K. 

.h 
. ... ....... . (2.12) 

The linear relationship between pH0 •5 and log aA (actually log C~-) 

i s shown Fig. lOb . The deviations fron. the straight line are decreased 

by introducing the activity in place of concentrati on. 

In considering the physical significance of the Steinhe.r dt and 

Harris theory, there are three particular cases of inter est. 

(i) Titration with an acid having an anion which h~s no intrinsic affinity 

for the protein fibre. 

(ii) Titration with an acid having an anion of high affini ty . 

(iii) Titration with an acid of which the anion has the same intrinsic 

affinity as the hydrogen ion. 

In case (i) (w~ is negligible, and since 

~mil] = _[_H+_J __ ~.Yi_A j_ 
K• 

H 
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[WHA] is also negligible . Thus [wH+] is responsible for the entire 

sorpti on·, and requires all the anions to be in the adsorbed l ayer round the 

fibre . This is only energetically possible if the molecule is of the same 

order of size as a soluble protein molecule . 

The second case is analogous to the first with the anion and hydri on 

reversed. In the third case all the acid is held in ion p£'.irs , [ viliAJ , 
functioning as undissoci ated molecules . It can be shovna readily by the 

Gi lbert- Rideal Theory(ll ) that thGse cannot be associated on the fibre . 

The Steinhardt-Harri s treatment was developed in the 1939- 40 period, 

and at that time it was the most advanced and thorough interpretation. 

It predicts a definite anion affinity for the fibre , and has found success 

in the explanation of sorption of various complex acids~36 ) and the theory 

of dyeing. It has seri ous defects, however, mainly in that it is unable 

to predict the titration curve successfully. Also equation (2.12) r e-

lating to pH shift with increasing salt concentrations appecrs to be an 

unlimited relationship , whereas it is negligible for salt concentrations 

above 1.0 molar . These factors probably arise from unjustified assumpt

ions which were made by the authors to simplify the mathematical treatment . 

Petersand Speakman(l2 ) have critised this theory on the basis that 

compounds such as Cl 1UI
3 

R COO- and Cl NH
3 

R COOH are salts and their 

dissociation is not subject to the L~w of Mass ~ction . 

B. The Gilbert- Rideal Theory~ll) 
A more successful attempt to explain the titration curves of 

fibrous proteins was made by Gilbert and Rideal who art:. credited wi th the 

first thermodynamic approach. In accordance with the salt-link t heory, 

the number of positive and negative groups in the fibre are taken to be 

equal. It is further assumed that an anion is free to occupy any positi ve 

site irrespective of whother or not the positive site is adjacent to a 

carboxyl group that has been neutralized by a hydrogen ion. Only one 

anion may be sorbed on any site, and are regarded as being sorbed independ

entl y , except that their numbers must be equal to the number of protons 

sorbed , because the electrostatic potential developed by unequal sorpti on 
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prevents further selective sorption. 

The chemical potential of hyirogon ions in solution at constant 

temperature and pressure is given by 

VH = 
0 

VH (T,P.) + RT ln ~i •• • •••••• • •• 

0 
VH (T ,P.) = partial molar free energy of hydrogen ions 

at unit activity at constant T and P. 

~ = activity of hydrogen ions in solution. 

(2.13) 

The relationship between the chemical potential of a charged substance 

randomly distributed among a linited number of sites ~ and the fraction of 

sites occupied . has been obtained by introducing a term F into the Fowler 

Guggenheim(37) equation for sorption of uncharged molecules 

0 

~ (T ,P.) + RT ln (2 . 14) 

'B chemical potentie.l of H+ absorbed on the fibre 

Vh (T,P.) II II I t II II II II II whenO = 0.5 

i = electrostatical potential 

F Faraday, R = gas constant , and T temperature i n degrees Absolute. 

Tho corresponding equation for anion adsorption 

0 
11-A = V·A (T,P.) -y· F • ••••••• + RT ln 

At equilibrium \JH = Vh, and writing p~ - p~ as (J ~ 
equations (2. 13 and 2.14) give 

ln ~ (1 - 6'H) u 
-~%------ ~ L\}.L H + 1F ....... . 

(2.15) 

(2.16) 
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0 
. / \ "- -·rA 

, F •• 0 ••••• 

Assuming that there are the same number of acidic and besic sorption 

sites eH =- fJA r::.(J Equations (2.16) and (2.17) give 

= 

taking antilogarithms 

1 - e =j-~ .. 0 0 0 ••• 

a 

where RT ln K =L\ ~ + L\ }J~ 

(2.17) 

(2.18) 

(2.19) 

(2.19a) 

The square root of the concentration terms appears in the equation with

out the arbitrariness of the Steinhardt-Harris theor,y. For titration 

in pure hydrochloric acid solution, 

- pH - log er1~\ o 1, o) 
= f ~ \J.n +LJ }LA. 

2 RT \ 
. ...... . (2.20) 

A plot of log e (or log HClf ) from experimental values, 
1 - (:; HCl - HCl s 

where HCls = saturation sorption value and HClf r::. sorption of acid at 

any specific pH) should give a straight line of slope - 1 (Fig.ll). 

Also we may calculate the value of log10K from equation (2.19) 

pH + log 8 

1 - e 
""' - t log K 

= log e(L) ~-· IJ p~1 ) 
2 RT 

The mean value for - log K = 4.38 

...... .. (2.21) 

Comparison of equation (2.19a) with the equation for the standard 

free energy change for a reversible process . 
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6. F0 
c: - RT ln K (K = equilibrium canst.) shows that - log K 

is in fact the pK value for the apparent -dissociation (pKf) of the 

carboxyl group inthe protein fibre. 

dicarboxylic amino acids:-

This value is close to that of the 

Aspartic acid pK2 = 3.65 

Gluta.mpc acid pK2 == 4.25 

Glycylaspartic acid pK2 "" 4.45 

Wool - COOH pK = 4·38 
In the presence of added salt MA 

RT BH 

l - t9H _eM 
= RT ln ~ + f F + 6 p. ~ •••••••• (2.22) 

and 

RT eM 
1 - eH -eM 

= RT ln ~ + ~ F + 6 ~ ..... . . . (2.23) 

(u..~ 0) 'tl ~ is strongly negetive , and hence M may be neglected, 5~ving 

l og 

A plot of log l:) H 

l- €1H 

line with slope - ~. 

Fig. ll. 

= t pH - log e 
2 RT 

(log HClf ) 

HCls - HClf 

0 0 
( 6 11-H +L\ \-LA ) + ~ log a 

Cl 

(2.24) 

egainst pH yields a straight 

The theoretical and experimentel values are shown 

From equetion (2.24) we get 

l - f) 

e = (2.25) 

in 



7.0 8.0 

pH. 
Fig. 12. The acid titration curve of wool keratin at various ionic strengths. 

(Solid lines calculated from the Gilbert-Rideal theory). 
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Taking the calculated. vclue of K, 9 , pH mcy be derived. The solicl lines 

in Fig. 12 ere those predicted by the Gilbert-Rideal Theory, using 

equations (2 .25). 

At the point of half-maximum sorption, & ; 0 . 5 and equation (2.24) 

reduces to 

. . .. . . . . . . . (2. 26) 

This shows the interdependence of the pH at half-maximum sorption and the 

act ivity of the chloride ion, nnd is s i milar to that deduced by Steinhardt 

and Harris (see page 48 ) • 

The Gilbert-Rideal Theory predicts a definite combination of anions 

with the positive sites in the fibre, and that a defini te affinity for 

each acid exists (referred to as anion affinityt but strictly speaking 

it is the mean ion cffinity.) Steinhcrdt et a l 36) have determined the 

titration curve of wool using 16 different strong acids. The titration 

curves n~re spread over a wide range of pH , nnd the displacement of t he pH 

of half-maximum sorption indicntes the consider able difference in affinity 

of the v~ious acids . 

The Gilbert-Rideal Theory h~s been most successfully appli ed to dye 

absorption by Lemin and Vickerstaff~38 ) Th2se authors have determined 

the absorption of purified acid dyes under fixed conditions, and have 

calculated the affini ty of the dye acids according to equation 

0 
- ~ 'll])H + pH -log ~ •• . • •• (2.27) = 2 log 

2. 303RT 1 - en 

and at half-maxi mum sorpti on 

- LJ~DH = 2.303 RT (pH0•5 - log~) ••• ··· ·· (2.28) 

wh&re DH dye acid, D = dye ani on 
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The main criticism of this theory is that equation (2 .26) suggests 

that there is no limit to the displacement of pH0 •
5 

as the salt con

centr ation increases . Proponents of the Donnan Theory have criticised 

this appr oach on the around that the Fowler- Guggenheim equation for the 

adsorption of mol ecul es cannot be extended to adsorption of ions mer ely 

by the addition of the electrostatic term'f· F. 
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C. The Donnan Theory. 

The combination with acids, and the amount of swelling of gelatin 

has been successfully explained by Procter and Wilson(39) in terms of the 

Donnan membrane equilibriuo. Subsequently there have been many attempts 

to extend the treatment to wool end silk, namely Steinhardt et al(s) and 

Elod and Silva(4?) These authors made several serious errors, and were 

VBry vague as to the phase boundaries,i . e. internal and external . The 

main difficulties in the use of the Donnan Theory to obtain a quantitative 

interpretation of acid bindi ng of wool are in assessing the volumes and 

concentrations within the fibres itself , and in distinguishing between 

acid bound and acid merely dissolved i n the internal soluti on. The vol ume 

of free water is particularly difficult to neasure , and no method of pH 

determinati on is knovm. 

This obstacle has been overcome finally by Morton and Peters (4l) 

who have devised a method of calculating the i nternal pH . A simpl ified 

derivation of the theory as applied to acid sorption is presented bel ow; 

a more rigorous treatment is gi ven by Peters and Speakman:12) 
According to the Fowler- Guggenheim equation, the electrochemical 

pot~ntial of hydrogen ion in solution (external phase) is given by 

::::: 
0 

ill! (T . ) + RT ln ~ + PVH • •• •.•••• • •• (2 . 29) 

In order to simplify the calculation, assume that the pressure P is the 

same in both phases, and that VH (par tial molcr volume of hydrogen ions) 

also is unchanged, 

In the internal phase, 

= 
0 

P:h (T,P.) + RT ln ~ 

At equilibri um il}l = P:h' and s i nce the equations differ only in the 
0 0 

electrostatic term \11! (T . ) = iJ·h(T). 
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Adding equations (2.29) and (2.30) 

RT ln 

and similarly for anions 

RT ln ;: 
a 

X 

Adding equations (2.31) and (2.32) 

; .......... . 

............ 
or a 

X 

(2.31) 

(2.32) 

(2.33) 

The conditions of the system are illustrated by the following diagram. 

Internal Phal"!e 

-COOH Ae 

-coo- A(l - e ) 

·NH+ 
3 

A 

( H+J = h 

[x-] = X 

Volume = v 

External Phase 

[H+] H 
[x-] == x 

Volume "" V 

Where h == total number of acidic or basic '.groups 

e - fraction of carboxyl groups which have 

c6moined with a proton 

(i) refers to the concentration of the ionic species i. The amount of 

acid combined i s usually measured by subtracting the residual acid from 

the amount originally present. 
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b = v(Ae + h) + VH - (V + v) H 

= v(Ae + h -H) .. ..... ..... 
For the condition of electrical neutrality 

b 
x = Ae + h = (v + H) •••••••••••• 

From equation (2.33) 

[x] 
~ [X.] 

'l'aking logarithms 

log x 

PH. t -log x = pH t -log X ••.••• • .•••• 
~n • ex • 
b = log(; + H) and H = X in the absence of salts. 

pH . t 
~n • = 2pH t ex • 

b + log -v 

Using this procedure, the 'internal' titration curve was constructed 

(Fig. 13.) and was shovm to be similar to a soluble protein, pK 4·3· 

(2.34) 

(2.35) 

(2.38) 

In the presence of neutral salts (MX) [H+Jr [x-J equation (2.3·6) 

pH. t ~ 
~n • 

becomes 
b 

pHext.- loglO X+ loglO (;+H) ••• (2.39) 

Using this equation, the experimental results are found to fall in the 

same internal titration curve as those for pure acid. In addition the pH 

at half-maximum sorption is shown to be dependent on the salt concentra

tion in the following manner: 

pH ext. ~ log10 X + const •• . . . ••..•.• 
0.5 

(2.40) 

pHext~ pRint. When log (~ + H) = log H = log X 

i. e . when H ~ b, as in dilute solutions 
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This membr ane treatment stresses th& iBportunce of the internal soluti on , 

and precludes the possibility of direct anion combination. Although 

titration deta with sinple acids is successfully expl ained , the diffi

culty of interpretinG the effects of an acid with high affinity is the 

main disadvantage . 

D. Alexander and Kitchener ~heory(42 ) 
These authors reb~rd the distribution of acid between t he soluti on 

and fibr e phase as governed by tho law of ~ass action: 

H+ 
. 

H+ X - _, 
X~ + + .. .... ., ..... s s <- f 

andK af af (~ · ~v 
(1! · 'lcs a s 

~ (H+l . 
- s 

- -1 L X- s •• •••• 0 • 0 • • • 

The activity of a Langmuir adsorbate is e where 
1 - e 

number of sites occupiGd ~ 

( eH t 6x \ 

) ( ) af aK K(ar ~-) = = s 
1 - 9H 1 - ex 

log 2._ = t l og 10 K - t pH + i log ~- • • • • ' • .. • · 
1 - G 

The authors assume thet 

- log 10 a..HCl "" pH 
a -- l og Cl •••••••••••• 

(2.41) 

(2.42) 

e is the 

(2.43) 

(2 .44) 

Although this theory leads t o the sane conclusion as the Gilber t - Rideal 

treatment , the authors claim it is a new approach . The only real 

difference is in the derivation of the equations (Gilbert-Rideal is a 

more general approach) . 

La Fleur( 25) has made an attempt to interpret the shape and posi tion 

of the titr ation curve on the basis of the aoino acid comp)sition . 

Usi ng pK values for soluble peptides this author has constructed t i t r a
a 

t i on curves for each individual amino acid . Givi ng each curve its own 

statistical wei ght proportional to its% i n the protein , a summation 
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curve was calcul~ted. Co~pexison with experimental results showed poor 

agreement . From the nrguoents presented in Section I pages 9 to 12~ -

it will be seen that La Fleur has nade the erroneous assumption that a 

complex polypeptide such as wool muy be regarded as a ~ixture of its 

constituent amino acids , simply by choosing pK values from soluble 

peptides instead of thei r emino acids. The author has completely for

gotten that wool is not a soluble peptide , and as such the shape of the 

titr ation curve is not governed entirely by the ionization constants of 

the constituent amino acids . 

Of the theories which have been expounded, the Gilbert- Rideal and 

the Donnan Theories ere superior by far . Accurate measurements of the 

ccid sorption of wool in hydrochloric- sulphuric acid mixtures have been 

conducted by Olofs~on(43 ) who claims that the Gilbert- Rideal theory is 

absolutel;y sctisfactory. On the other he..nd, Peters(44) has analysed 

the same data ~ccording to the Donnan Theory. Consequently a consider-

able controversy hcs crisen . Perhaps the mistake these authors have 

made is to test the veracity of a particular theory by the accuracy Tiith 

which the theoretical values a~proach those obtained from experiment. 

It is not logical to condemn a theory which gives lo% agreement . in 

fevour of one which h.::~.s , say 'flc agreemLnt. On both sides, the authors 

have chosen the points which their theory confirms, and overlooked to 

some extent the facts ( exp<::rimental) which are opposed to it . The 

ultimate success of any theory of acid or alkali combination depends on 

whether it can explain all the proce3ses involved, i . 0. proton combina

tion and dissociation, swelling, dy~ absorption, etc . 

An interesting case i s the treatment of Harrison (45) who consider.s 

that the diffusibl<j c.cicl (HCl in this case) co~petes with the carboxyl 

groups of the wool (indiffusibl ~ acid) in the n8utralis~tion of the 

basic groups . 
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1- NH+ A - Bz 
3 

[ ~2 COOH 

+HA --4 NH+ 
3 

, COOH COOH B(l - z) 

= Total number of basic groups. 

::= 

- z 

fraction of basic groups conbined with diffusible acid HA. 

froction of basic e;Toups conbined with indiffusible acid in the 

form of salt- linkages . 

cl ::= Equilibrium concGntration of HA; dissociation constant K
1 

c2 II 11 11 
- COOH II 11 

Fromzwh=ich Harrison obtains j 
[ H + J [A-J + L H + J 2 ( A-] 2 + 4k [ H + 1 I A-J __ ......;;;...... ____ ___;;. ____ ___;,;...·- • •• • ••• • ( 2 ·45) 

2k 

The value of k is obtained fron the Bid point of the titration curve, and on 

substitution in equation (2 . 45) gives reasonable agreement between experi

mental and calculated values of z . 

A re- evaluation of this treatnent indicates that it has several errors . 

Consider the concentrations 2t equilibrium: 

(HA} = cl 

[- cooH] c2 = Bz 

r· 1,.- J Bz + cl~ 

[-coo] B(l - z) 

Harrison has nade[A-J= Bz, neglecting the amount which has dissociated from 

the acid HA at equilibrium. This is particul~rly serious as Hli is a strong 

acid in thu above cuse. 
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From the dissociation of the acids we get that 

K1 = [ A-] [- cooiil = (.b. -J 
K2 [RAJ [- COO j c1 

+~ r _-: 
=! H I . A j ,_ -· ... .. 

z 

1 - z 

te~ing logarithms 

z 

1 - z 

log z 
1 - z 

- pH + l og K2 .••...••••• • (2.46) 

~o~··~ 
This is identical in form~ equation (2.20) of the Gilbert-Rideal Theory. 

Apart from the errors in derivation, the basic assumptions of forward 

titration of amino groups is not consistent with the Bjerrum concept , 

although this docs not affect thb subsequent calculations . Thus it may 

be seen that although< mathematical expression may coincide with a set 

of measurements made under specific conditions, it does not necessarily 

follow that the whole theory is valid. 



SECTION III ALKALI · SORPTION. 
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e. REACTIONS OF THE DISULPHIDE GROUP IN ALKALINE SOLUTION. 

~bereas tr1e acid sorption of the keratin group has been investigated 

fairly thoroughly, measurements on the alkali sorption are relaiively few . 

There are several reasons for t his apparent neglect. Firstly, because 

wool keratin which is stable in acid solution, is extremely sensitive to 

alkali especially at higher concentrations. Secondly, the accurate 

measurement of pH in alkaline solutions has in the past presented greater 

difficulty . With these points in mind it will be seen that measurements 

of alkali sorption are not as accurate as those conducted in acidic 

solutions . Authors requiring accurate measurements to verify their hypo-

thetical concepts, have tr1us investigated acid sorption in preference. 

In 1934 Speakman and Stott(6) measured the alkali binding of wool 

in their classical investigation of salt- linkages . These authors dis-

regarded the degradation of the keratin, and consequently their results 

are of little interest, except historical. 

Harris(46)discovered in 1935 that alkali solutions dilute as O. lN 

were capable of destroying as much as 5~/o of the cystine (disulphide) 

content in wool . Harris and Rutherford(47)found that alkali was consumed 

in this process, and realized that alkali sorption measurements should be 

corrected forfuis reaction. Using the equation originated by Schoberl~4B) 
they proposed a correction on the following basis . 

2 NaOH ) CH- CH2 SNa •. • • • •• • (3.la) 

(3.lb) 

Both the sulphydryl and the sulphenic compounds are acidic , and 2 moles 

of alkali are removed as the result of the cleavage of l mole of cystine . 

According to equation (3 . lb),however, the sulphenic compound decomposes 

further to give an aldehyde and NaHS . According to this mechanism, the 

amount of inorganic sulphur· is equivalent to the amount of alkali consumed 

by the reaction. The inorganic sulphur was determined as sulphate by 
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bromine oxidation. Experimental studies on al kali- treated wools r evealed 

that the loss of cystine sulphur was equivalent to the 'inorganic sulphur' 

present in the solution . Furth8rmore , corr~ctions to alkali binding 

calculated on equations (3.1a) and (3 . lb) gave fairly constant results . 

At higher pH values appreciable amounts of protein were found to 

dissolve . Harris and Ruthe::r for d corrected for the loss in "t;eight of the 

wool sample:: (soluble protein being back- titrated in the determination of 

alkali sorbed . ) This correction assumed that the protein in soluti on is 

'sol uble wool', and not fragments of polypeptide chains which have been 

hydrolysed. 

Steinhardt and Harris(8)re-investigatedthe disulphide cor recti on 

more thoroughly, and introduced th8 following modification. 

"Comparisons of tho ratio of dissolved nitrogen, after kjeldahl 

digestion, to dissolved inorganic sulphur with the same ratio in the intact 

protein indi cated that a small fraction (usually from 1/lOth to l/5th) 

of the inorganic sulphide was derived f r om the wool that had di ssolved. 

Therefore, only the remaining 8/lOth - 9/lOth of the inorganic sulphur in 

solution was produced by hydrolysis of the undissolved wool. " 

This modified correction gives better results especially for long periods 

of alkaline reaction at higher pH, when the amount of wool dissol ving is 

appreciable . \7hether thiJ correction is justifiable is uncertain. 

Harris, Rutherford and bteinhardt assume that the loss in weight of wool 

is directly proportional to the amount of protein nitrogen in solution . 

However this may not necessarily be the case as in acid hydrol ysis it has 

been shown that aspartic acid spl its out preferentially. (84) 

Elod and Frohlich (49) ha,,-e measured the alkali sorption of wool at 

low temperatures (0° to -5°C) in order to suppress the disulphide hydrolysis . 

These authors have neglected this factor , which is not very serious at 

such low temperature. However, thcir value of 1 . 05 mill~oles NaOHjgm . wool 

is considered to be rather low for the maximum alkali sorption . 
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There are, however, certain points which cannot be satisfactorily 

explained in terms of equations (3.la) and (3 . lb) . No increase either in 

- SH or aldehyde groups could b6 detected in the hydrolysate of alkali

treated wools by Mizell & Harris . ( 50) The possibility of re-combination 

between sulphydryl and aldehyde during hydrolysis has been ruled out by 

Steinhardt et al,(5l) who found that few sulphydryl groups exist in 

alkali-treated wools. Schoberl(S2), however, has been able to detect 

an increase in - SR groups in the alkalinerogradation of cystine, and 

certain cystine derivatives, but these could not be detected by 

Cuthbertson & Phillips(56) in alkali treated wool . Thus the Rutherford 

Harris correction , although giving adequate results,is not accurate in its 

basic concepts . 

According to r eaction (3 .la) and (3.lh) complete rupture of the 

disulphide bonds occurs during alkaline reaction. The loss of these 

val uable cross-links should greatly reduce the tensile strength of the 

keratin fibre, and also greatly increase the solubility i n alkaline solutions. 

This is not the case, as the properties of alkali- treated fibres are such as 

to suggest that if the disulphide cross-links are destroyed, they are , 

in a measure , replaced by a new linkage . Speakman(53) suggested that 

during alkali treatment of wool the -S-S-- bonds are converted into stable 

linkages of the form - C- 8- NH-. This cross-linkage and the -CH-N- bond 

proposed by Phillips(54) are capable of explaining certain aspects of the 

physical behaviour (permanent set and supercontraction) of the wool fibre. 

No chemical evidence has been found to substantiate these hypotheses. 

In 1941 Horn, Jones and Ringel( 55) isolated from the hydrolysate 

of alkali-treated wool, a new awino- acid , which was named lanthionine; 

~2 

) CH - CH2 - S - CH2 - CH 
COOH 

~2 

< 
COOH 

From the formula for lanthionine it may be seen that the alkali reaction 

has removed 1 atom of sulphur from the cystine molecule. These stable 

thioether linkages ar8 r osponsible for tLe tensile properties and 

resistance to solubilisation. 
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The exact reaction mechanism is complex, and Cuthbertson and L 

Phi llips(56) have shown that two reactions occur simultaneously. 

-NH NH-
"- CH- CH SS-CH-CH / 
/ 2 ·~ ' 

-CO CO-

~ 
+ KOH c 

~~ 
I 

-NH 
~ C = CH2 + H2S + S + CH2 

- CO 

amino acrylic acid 
(Dehydro alanine) 

o.l. 

NH
- CH / 

' +s CO-

........ ( 3.2) 

NR
::: c / 

' CO-

The princi~ mode of decomposition is given by equation (3 . 2a) . It is 

unknown as yet whether the dehydroalanine is formed from lanthionine 

(3 . 2c) or directly from cystine itself (3 . 2b). Blackburn and Lee( 57) 

have analysed alkali- treatbd wool for changes in amino acid composition 

using quantitative chromatographic procedures . Approximately 1 mole of 

lanthionine is formed for every mole of cystine destroyed, but the loss 

of cystine .appears to be slightly higher than the amount of lanthionine 

formed. "~eth~r this is caused by inaccuracies of cystine e~alyses, or by 

the influence of reaction: (3.2c) is uncertain. 

Reaction (3.2b) leads to the formation of a - amino acrylic acid, 

which on acid hydrolysis gives pyruvic acid. An increase in pyruvic acid 

content has been observed for alkali- treated wool . On the other hand this 

may have resulted from the alkaline degradation of the amino acid serine, 

which is decreased in this process. 
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Cuthbertson and Phillips( 56) have concluded that the most likely 

reaction mechanism is 

-NH 
' 

-NH 

' CH CH
2 I 

CO
/ 

SS CH2CH \ ) /HCH2SOH + HS 

NH
CH CH / 

2 \ 
CO-

••. (3 -3) 
- CO 

-NH 

- CO 

'c = 
/ 

NH- - CO 

-NH ' 
~ C = CH2 + HSOH • • • . • • . • • • • • • . . • • • • • 

- CO / 

NH
CH2 + HS CH2CH ( 

CO-
) 

-NH NH-
) CH CH2SCH2CH( 

- CO CO-
...... 

(3.4) 

(3.5) 

The HSOH (hypothetical dihydrogen sulphoxide) may either give mor e complex 

inorganic sulphur compounds or decompos e to sulphur and water. 

Schoberl and vlagner~5B) using chr omatographic techniques, have shown 

that the alkaline fission of cystine and cysteine yiel ded alanine . and 

lanthionine, th8 latter being formed as a result of addition of a cysteine 

and a dehydroalanine residue as in equation (3 . 5) . 

Swan(59) has synthesized cystine-containing peptides and several 

other cystine derivatives, in order to verify the postulates of Nicolet 

and Shinn( 60) as regards the; mechanism of the disulphide reaction. 

- CO CO-
;CH CH

2
SS CH

2
cH( 

- NH NH-

(3.6) 

NH -

(3.7) 
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- CO -
) CH CH S + CH2 

-NH 

(3. 6) i s a bimolecular ~ - elimin~tion r eaction, and can on ly occur when 

the di sulphide in question has an ionizable hydrogen on a carbou ~ to one 

or other of the sulphur atoms . To t 8st thi s hypothesi s , Swan(6l) empl oyed 

th~ synthetic amino acid 

HOOC 
) c 

NH2 I 
CH

3 

COCH 
-c( 

I l'lli 
2 

CH
3 

a - ~ · dimethyl cystine . 

If direct hydrolysis of th0 disulphide bond occurs (Schoberl , Cuthbertson 

and Phil lips) then this compound shoul d be as labile to alkali as cystine. 

However, if the cystine degradation is initiated by ionization of the amino 

acid hydrogen atom , foll owed by ~ - elimination to an unstable disulphide 

ion, then the new amino acid would be very much more stcble to alkali than 

cystine . An apprecicble increase in stability was observed. 

acid r&mained unche~~ed after 3 hrs. boiling in 0 . 25 m NaOH . 

The amino 

Moreover its 

reactions with disulphide- splitting agents such as NaHso
3

, NaCN , and its 

behaviour at the dropping-mercury olGctrode were indistingui shable f r om 

cystine . Consequently the increase in alkali st~bility cannot be attri-

buted to steric effects of the mathyl group. 

This reaction mechcnism, equ~tions (3 .6 - 3.8) appears to have the 

widest applicnbility, and does not hav~ any shortcomings . 

Except for postulate s of Rutherford and Harris , none of the reaction 

mechanisms account for the rcmo~al of alkal i from the solution by the 

disul phide reaction. Hcrris and Mizell(SO) have investigated the reaction 

betw0en elemental sulphur ::-.nd sodium hydroxide, findine, that if the 

sulphur could be dissolved (alcohol ~dded) it reacted mole for mole with the 
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sodium hydroxide . Since the sulphur eliminated from the cystine molecule 

is in the atomic form, it is readily soluble in sodium hydroxide solutions. 

This reaction has been investigated more carefully in section II, p.75. 

Apart from the pioneering work of Rutherford and Harris, and b~ Elod 

and Frohlich(49) the only other measurements of alkali sorption of wool 

are by Horner(77) in 1954 who has made accurate determinations at 25°C 

using sodium and potassium hydroxides. This author has adopted the correct

ion procedure of Rutherford and Harris . Thus despite the tremendous 

advances in the field of disulphide chemistry over the past decade, the 

corrections applied to alkali sorption measurement, though they may be 

fortuitously of the right order of magnitude, G.re calculated on · 

the basis of an incorrect reaction. Hence it is necessary to repeat the 

work on alkali sorption using more recent and accurate knowledge. The 

photochemical degradation of wool caused by exposure to sunlight and 

atmospheric conditions has long been known to result in a decrease in 

sulphur content of the fibres. von Bergen( 62) noted the surface damage 

caused by exposure of the tip portion of the wool staple, and the sub

s equent loss in tensile properties and the unlevel dyeing which resulted . 

Kertesz(63) observed the loss in sulphur and concluded that it was 

oxidized to sulphuric acid. Speakman(53) however, was first to recognise 

that the loss of sulphur could be attributed to the photochemical 

destruction of the disulphide groups, and proposed the following reaction 

mechanism: 

-CO CH (NH-)CH 2 : S- S- CH2-CH 
- NB CO-

- CO)CH CH
2

SR + HOS- CH
2

CH(NH-
-NH CO-

• • • (3 . 9) 

-ID) CH CH
2 

SOH (3 .10) 
-CO 

This is identical to equation (3 . 1) which was originally proposed for the 

alkaline degradation of wool . Race et a1( 64) hav€ provided evidence 

showing the increase in both aldehyde and t hiol groups. The latter analyses 
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have been confirmed by the findings of zahn and Traumann(65) that tip wool 

contains more thiol groups than root wool. 

As weathering involves the interaction of sunlight and water, ~~ pro-

cesses c.:cu funG.c.men"tc.lly the same ~s t:·i th u:!.. tr::-~-viol.:t lic;ht undsr v-c..rious 

conditions. Rutherford and Harris(66) have confirmed the evolution of H2s 
using u.v~ light, but fQund that the H2S did not account for the loss of 

disulphide sulphur. Barritt and King (67) found that by washing exposed 

wools in dilute alkali, a marked decrease in the total sulphur resulted. 

This may indicate the formation of an alkali soluble sulphur compound on the 

fibre. 

Recently cysteic acid NH2)CH - CH2 so
3 

H has been identified in the 
co2H 

hydrolysate of tip wool(6B) which suggests that the process is more complex 

than postulated by Speakman. However, if new acidic or basic groups are 

formed as a result of photochemical attack, these will be revealed by 

shifts in the titration curves of the modified keratin. 
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9. EXP.IilliMENTAL PROCEDURE. 

A. Materials . 

(i) Wool and mohair semplesas purified in Section II. 

(ii ) Potassium Hydroxide . 

A.R. grade potassium hydroxide sticks , washed free of 

carbonate irrunediately before usc, wure used in the preparation of 

stock solutions, which were stored in polythene containers. All 

solutions were made up with freshly boiled distilled water (pH 6 . 0 - 6 . 5) 

to eliminate co
2

• Stock solutions wt:re checked regularly f or carbonate 

using barium chl oride . Dilute ~lkali solutions were checked for 

carbonate by co.npcrison of pH and elkali concentration, taking into 

account the activity coefficients . 

(iii) Potassium Chloride . 

A. R. 5TGde po~assium chloride was used for varying the ionic 

strength cf solutions . After drying for 6 hours at l05°C, stock KCl 

solutions weru prepar~d with co2-free distilled water. 

B. Equilibrction Methods. 

To establish the equilibrium two methods were employed :-

(i) pumping method (as in 0ection II - high mechanical action rate.) 

and (ii) soaking (slow diffusion process . ) 

(i) Pumping Technique. 

The appar~tus was similar to that employed in Section II 

but precautions were taken to exclude co2 from the pumping chamber . 

The glass tube was tightly stoppered, and thE: plunger allowed to 

tr<vel through ~ close- fitting brass collar held firmly in the rubber 

stopper . A stream of purified nitrogen was allowed to bubble into 

the alkaline soluti on continuously. 

Nitrogen was purified by passing through acid and alkali perman

ganate, and aU - tube containing 1Carbosorb 1 to remove co2• 

Thereafter it was saturated in a bubbler immersed in the thermostat-

bath. The bubbler contained a potassium hydroxide solution of 

approximately the same strength as the solution in the pumping vessel. 
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1 5ffi· of conditioned fibres was weighed and carefully transferred 

to the ebonite plunger, and lowered into the tube containing 50,. 0 mls. of 

solution (without fibres coming into contact with the solution). The 

tube was then clamped in position in the thermostat- bath and allowed to 

equilibrate for 15 minutes, with a slow rate of nitrogen bubbling 

through the system. Pumping was commenced ~nd nitrogen rate increased. 

Prior to the detGrminetion of alkali sorption, the sorption rate at 

various alkali concentrations was determined . Thb method employed is 

described in Section II, pa~e 20 and is essentially the same . From this 

data Fi g . 14 has been cohstructed . In order to ensure the attainment 

of equilibrium all pumping experiments were allowed to proceed for 

15 minutes longer than tbat prescribed by the sorption r ate curves . 

(ii) Soaking ii:Iethod. 

Unfortunctely at hi~h pH (above pH 13) the fipres suffer severe 
' 

damage, which causes rapid and intense f elting of the sample . The 

fibrous plunger becomes e~ impervious plug, and equilibrium is not rapidly 

attained. In this region the method of soaking ( 6, 8) was used, limiting 

the period of exposure to 2 - 4 hours. l g. conditioned fibres was placed 

in a 100 ml. conico.l flc.sk containint: 50.0 mls. of sclution . The flask 

was stoppered, shaken vit;orously and placed in th'-' w2.t .... r bath at 25°C . 

The flask was periodically shaken to hasten the reaction . '.".'hen the sorption 

was compLJte, the flask \IC:.S removed, e.nd the contents filtered through 

a coarse filter ("vVhe.tL,an No . 4) to rumove small fragm~:;nts of fibres . 

C. Analytical . 

(i) Titration Procedure . 

Potassium hydroxide solutions were stend~rdized by titrating 

a 10 ml . e.liquot agdnst standa:..-d hydroc11loric acid (of approximately 

the same normality) using bromocresol purple indicator. Hydrochloric 

acid was in turn standardized ,-ith r e- crystallized borax as in Section II . 

HCl standard solutions of less than 0 . 03 m were prepared by dilution 

of standcrd 0 . 10 m. After the sorption process, a 10 ml . aliquot of 
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alkali solution was titrated with standard acid. 

burette 11as used for all ti trations. 

A 10 ml. micro-

where 

The amount of alkali removed from solution, ~,is given by 

50(C1 - c2) millimolos ••••.••••••• 

initial cone. of KOH (mcles/l) 

final concentration of KOH (moles/1) 

(3.11) 

In experiments where the final pH was between 7 to 9.0, the apparent 

base-binding could be calculated from the change in pH 1 s . 

(ii) pH Measurement . 

Previous authors have avoided investigations of titration 

curves in concentrated alkali solutions, because of the difficulties 

involved in accurate pH determination. In regions of high pH (or 

at high ionic strength) the glass membrane and the solution have a 

common cation, and sensitivity to th~ hydroxyl ion is subsequentl y 

reduced. Approxim&te corrections have been devised to allow for 

these errors, but are not highly satisfactory. These diffi culti es 

are partially eliminated by the use of an alkali- resis tant glass 

electrode (Beckmann No. 290- 75) in conjunction \vith a saturated 

calomel electrode. Th& as _embly was calibr&ted_ >rith 0 . 05 molar 

borax buffer, the pH being giv~n by thG formula for temperature 

correction: 

pH = 9.27 - 0 . 0085 (t - 15) t 

Readincs wer~m~de with a model D Beckmann pH meter at room 

temperature. The electrodes were flushed sever al times with fresh 

solution before the r eading >las taken. 

Corrections at high pH readings were made by determining the 

pH vc:.luEO.a of <' seri0s of standard, carbonate- free potassium 

hydroxide solutions (with varying selt concentration) . 

Observed and calculated pH values could then be compared. 

Activity coefficient dc..ta was obtained from J,iacinnes~69 ) Harned 

and Cook(70) and where not available, were calculated from the 

data of Kieland~7l) 
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Fig . 15 shows the calibration graph of glass electrode (No. 40308) 

used thr oughout the experiment . (Not all electrodes behave as well 

as this, and all tend to become fatigued after a few months use.) 

Above pH 12.5 th-.· pH of alkaline solutions was obtained from 

the concentration and activity coefficients interpolated from 

the above data. 

( i ii) Determination of Sulphide and Sulphur in solution. 

The analytical method adopted is based on the colori

metric procedure of Budd end Bewick(72) for the determination of 

microquantities of sulphide and reducible sulphur (sulphur, sulphite 

and thiosulphate ) in alkaline solutions. Hydrogen sulphide 

evolved on acidification, or by previous reduction and subsequent 

acidification, is collected in zinc acetate solution and reacted 

with p-amino dimethyl aniline in th& prtsence of ferric chloride 

to form methylene blue. 

Extreoe care is necessary in the preparation of the calibration 

curve as the sulphide solutions decompose rapidly, and must be 

standardized iodometrically prior to each determination. Reduction 

is carried out by h~:!ating the alkaline sample with stannous chlori de, 

followed by addition of aluminium strips and hydrochloric aci d. 

Sulphur , sulphite, thiosulphate and polysulphides are reduced, but 

sulphate is unaffect&d . 

Na2s2o3 + Na2Sn02 + 2NaOH ~ Na2so3 + H2S + Na2 Sn0
3 

+ H20 

2 Al + 6 HCl -1 2 A1Cl
3 

+ 3H2 

With this method 2 to 40 ]..Lgrams of sulphide may be determined. 

By choosing sui table ali~uots of the t est solution, an effective 

range of 0.01 to 0.16 mg. sulphur may be obtained. For more 

concentrated solutions , the method was modified as follows: 
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H2S evolved was collected in zinc acetate and 10 mls . of 0.025 N 

iodine added, end acidified with 5 mls. of 0.5 N rrc1 • The excess 

iodine was titrated aga1nst standard 0.025 N sodium thiosulphate 

using starch as indicator. 

1 ml . of 0.025 N Na2s2o
3 

consumed ~ 0 . 40 mg. sulphur . 

Since the colorimetric method was calibrated iodometrically, 

there can be no objection to this modification .• Us i ng a combi nation 

of these methods 0401 - 2. 0 mg. sulphur may be determined, and by 

choosing suitable aliquots of solution the amount of sulphur may be 

kept within this renge. 

(iv) Nitrogen Determination. 

Protein nitrogen in intact keratin or in soluti on after 

the sorption staJe was determined by the Kjeldahl procedure of 

Mackenzie and Wallace (73)using a mercury catalyst . For the 

determination in the intact fibres , the amount of catalyst was 

doubled to increas e the rate of digestion; 

effect on the final result . 

this addition had no 

(v) Determination of Cystine and Cysteine.. 

The procedure of Zahn and Traumann( 65) which is a 

modification of the original Shinohara method was employed~ In the case 

of alkal~ degraded fibres , more accurate results were obtained by 

hydrolysis of a l gm. sample and dilution to the correct concentration. 

The accuracy of this method is rather m1certain, especially for 

chemically modified protein as it has been established that reducing 

substances interfere in the cysteine determination. 

(vi) Water Imbibition . 

Wool and mohair fibres swell appreciably in alkaline 

solution, and the amount increases front approximately 5o% at pH 8 to 

11 to a maximum value of 15Dr~ at pH 13 to 14 (49) where the break

down of the disulphides allows further penetration into the fibre . 

In view of the inaccuracies involved in sor ption measurements 

at pH 12 to 14 the correction for water imbibition was felt to be 

unjustified. 
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10. PRELilllNa.RY INVESTIGATIONS . 

Before sorption experiments were commenced, it was felt necessary 

to investig~te the n~ture of the sulphur liberated in the alkaline reaction 

more thoroughly. Reaction below pH 12 at 25°C produced little physical 

chc.nge either in the solution or the fibres. 1~bove this pH the swollen 

fibres beccme progressively d meJed, end the amount of protein dissolved 

increased rapidly. The alkaline solution acquired a yellow coloration. 

Acidification of the solution caused the evolution of hydrogen sulphide , 

and f ree sulphur was precipitated. (74) Neither sulphite nor sulphate 

could be detected, but small quantities of thiosulphate(75) were found to 

be present . The free su+phur and hydrosulphide (sulphydryl) ion are 

probably combined as polysulphides in the alkaline solution, but littl e 

is known about these compounds . 

The reaction between sulphur and potassium hydroxide w~s then 

studied by dissolving small qu~tities of sulphur in 50 mls . of ethyl 

alcohol, and then adding 50 mls . of potassium hydroxide . 

are sho\v.n below in Table 12 . 

The results 

M. eqv. 
of sulphur 

0 . 49 

0. 85 

TABLE 12 . 

REACTION OF SULPHU ... -t \:ITH ALKALI . 

M. eqv. of KOH 
removed 

0.46 

0 . 80 

1'1. eqv . of 
s2-

0 . 040 

0 . 085 

0. 018 

0 . 042 

The values for thiosulphate ~ere obtained by stron61Y acidifying an 

aliquot with hydrochloric acid end heating for 10 mi nutes to expel H2s. 
After coolin6 , the solution was diluted and titrated against 0 . 025 N iodine 

standard. 
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These results confirm the findings of Mizell and Harris(50) that sulphur 

re.:::.cts mole for mole with potassium hydroxide, when the former is in 

solution. The yellowish solutions formed are similar to those produced 

by the reaction of alkali on wool . Vfuilst there is very littl~ informa

tion ~vailable reg~rding the S + KOH reaction, most authors give the 

following reactions; 

4S + 6KOH (3 .12) 

2 K2Sn + 1 (polysulphide) 

From the evidence abovo, and the discussion on page 67 it may be 

concluded that the high sorption of alkali (uncorrected) by wool does not 

rusult from the formation of mor~ acidic groups from the decomposition of 

disulphide groups, but rath0r by reaction of alkali with the liberated 

sulphur. 

After these analyses had been completed, details of the work of 

Schoberl and Rnmbacher (?G) were oFtde avd l able , ·md the finding of 

elemental sulphur and sulphide sulphur (or polysulphides) in alkaline 

solution was confirmed. 

Using the analytical methods described in 9.c. for th~ determination 

of sulphide, reducibl e sulphur, protein nitrogen , cystine and cysteine, a 

prelimin~ry sorption experiment was conducted to investigate the relation

ships betweLn th0se quantities . 

1 gm. sub- sample of conditioned wool and mohair w~re immersed in 

50 ml . of 0 . 1 m KOH solution at 25°C for varicus sorption periods , as 

described on page 71 At this pii the degradation products are present 

in sufficient quantiti ~ s for accurate semi- micro analysis . 

After the sorption sta.;e thE: solution vras removed fron the fibres 

by decanting, and filtered aliquots wGre taken for titration with standard 

acid , and for the determination of sulphide , r0duciblG 3ulphur, and protein 

nitrogen . The keratin s~1ple was washed fre~ of alkali with dilute acid 

and distilled water . After drying and conditioning, th a cysteine and 

cystine analyses were performed. The moisture content of the unmodified 
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fibres was approximately 12 . 3~, but decreased to 11 . 5 - 11. 8% after 

treatment. This has been taken into account in the calculation of 

cystine and cysteine contbnt . Analytic~~ results are shov~ in Table 

13 a ,b. Th~ cyrteine content r~rnained constant throughout , and there-

fore is not shown. In Fig. 16 the r 6duction in cystine content is 

plotted against the total reducible sulphur liberated in solution. 

The th&oretical linb is drawn accordinc to the postulate that l mole of 

cystine destroyed = 1 mole of sulphur in solution. 

TABLE 13a . 

COMPARISON OF CYSTINE AN.A,J:,YSES WITH THE AMOUNT OF SULPHUR 
IN SOLUTION' .. 

Wool. 

Period of Cystine Decrc.-ase To tel Reduc . Sulphide Reducible 
Exposuro content% in ~~ · S. S. mg. S. mg. S . mg. 

0 hrs . 8 .32 

1 6. 98 1. 78 1.57 0 . 28 1.29 

3 5-78 3-39 4· 43 0 . 35 4 .08 

4 5.26 4. 0$ 4 .39 0 . 46 3-93 
8 4 . 03 5-74 4. 80 0 . 56 4-24 

10 3. 60 6.30 6.17 0 . 40 5. 77 
20 3. 19 6 .84 8 . 87 0 .39 8 .48 

40 2.86 7.28 9-23 0 . 74 8.49 

60 2. 75 7- 45 10.0 0 .90 9 . 10 

70 2.67 7-54 8 . 12 0 . 52 8. 30 

80 1.84 8. 65 9-77 0 .41 9-36 

100 0.93 10.0 11. 63 0 . 56 11.07 
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Fig. 16. The relation between the decreas:J in cystine content and the total 
sulphur liberated by alkaline reaction. The solid line is predicted 
from theory. 
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TABLE 13b. 

COMPARISON OF CYSTINE ANALYSES WITH THE AMOUNT OF SULPHUR 
IN SOLUTION. 

Mohair. 

Period of Cystine Decrease Total Reduc. Sulphide Reducible 
Exposure content % in Cys. S. S. mg. S. mg. S. mg. 

m • 

0 hrs. 8.84 

1 7.50 1. 74 1.57 0.28 1.29 

3 5 . 61 4.31 4·34 0.40 3.94 

4 5.04 5. 07 5.24 0.46 4.78 

8 3.98 6.48 5·43 0 . 36 5.07 

10 3.63 6.95 6.39 0.39 6.00 

15 3-25 7-45 7-72 0.72 7.00 

20 3.16 7-57 8.90 0.42 8.48 

40 3.00 7· 79 9·73 0.61 9.1.2 

60 2.63 8.28 9.63 0.80 8.83 

70 2. 33 8.68 &.97 0.64 8.33 

80 1.85 9.32 10.13 0 , 54 9·59 
100 1.91 9-90 11.53 0.50 11.03 

The agreement between experiment and theory is close and confirms 

the earlier findings of Rutherford and Harris~47) As the reaction proceeds 

however, deviations occur and there is more sulphur in solution than can 

be accounted for in terms of cystine decomposed. 

Inspection of equation (3.2c) indicates that this sulphur may be formed 

as a result of lanthionine breakdown. This is consistent with the low 

yields of lanthionine obtained from alkali- treated wool. 
2-

CH2 + S + CH2 ~ CH ( • .•.••. ().2c) 

By subtracting the sulphide ion concentration from the total ~educible 

sulphur in solution, the results follow the theoretical line more closely. 

Fig. 16. Deviations still persist, however, especially where long 

exposure to alkali has occurred. Alternate and more satisfactory 

explanations for these deviations are: 
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(i) Increase of sulphur in solution as result of soluble protein 

(especially if this is a cystine-rich fraction). This explanation 

is quite feasible as the deviations occur only after severe degrada

tion, where appreciable amounts of protein have dissolved; 

(ii) The reliability of cystine determinations by the Shinohara method 

on modified keratin is extremely uncertain, although pr ecautions 

have been taken to eliminate sampling errors by hydrolysing the 

whole sample . Thus cystine analyses may be rather high. 

The results of apparent alkali sorpti on measured concurrently with the 

data in Table .l3a,b are shown in Table l4a ,b and illustr ated graphicall y 

in Fig. 17. The correction applied for alkal i consumed in the disulphide 

reaction was calculated on the basis: -

m. moles KOH consumed = { m.moles total r educible sulphur 
- m.moles sulphide } 

= X 

The corr ected alkali sorption B is given by: 

B t t (1,~ ) = Apparen Sorp ion - - X 

=50 (c1 - c2) - x • •... . ...... 

c1 Initial cone . of alkali (moles/1) 

c2 = Final cone. of al kali (moles/1) 

x ~ Millimoles r educible sulphur in solution. 

(3.13) 



T;illLE 14a. 

COHilliCTIONS FOJi. DISULPHIDE HEACTION. 

WOOL . 

1-rotcin Alkali m. moles COPJ1ECTI ON S 1i'OR ALKALI SORPTION COllR. 
Tim£ Nitrogen r emoved from 

(A) SULl~R rodiiffiD ( ) FOR ~ULPHUR AND If soyu:s. in soln. so ln. ffil - liDO cs B (.A , (B 
hrs . mg. m.molcs; g . dr;r fibr es . 

1 3· 3 0 . 645 0 . 040 0 . 04) 0. 620 0 . 611 

3 4-4 0 . 702 0 .128 0 .138 0.594 0. 583 
4 4. 8 0 . 715 0 .123 0 .137 0 . 612 0 . 598 
8 6. 1 0 . 701 0. 134 0 .150 0. 592 0. 575 

10 6.9 o. 772 0. 180 0 .193 0. 622 0 . 608 CD 
0 20 9 .. 0 0. 830 0 . 265 0. 277 0 -598 0. 585 

40 9.4 0 .846 0. 265 0 . 288 0. 621 0. 597 
60 11.0 0. 835 0. 284 0. 312 0. 596 0 . 566 
70 12. 5 0. 818 0 . 259 0 . 276 0 . 612 0 ~ 592 
00 12.5 0 . 850 0.293 0. 305 0. 609 0. 598 

100 16. 0 0 .910 0. 346 0 . 363 0. 634 0 . 615 
Mean 

0. 610 0 . 593 

A = Modified correction 

B = Rutherford - Harris correction. 



TABLE 14b. 

CORRECTIONS FOR DISULPH1DE REACTION. 

MOHAIR. 
Protein Alkali m.mo1es COlmECTIONS FOR ALKALI SORPTION COiffi. 

Time Nitrogen removed· from SULPHUR FO!tl'vlliD FOR SULPHUR .AND PHOTEIU 
in so1n. so1n. (A) millimoles (13) (A) DISSOLVED. (13) 

hrs . mg. mg. m. mo1cs/g. dry fibres. 

1 1.5 0 . 629 0.040 0.049 0 . 596 0.586 

3 3. 3 0. 705 0 .123 0.136 0 . 596 0. 582 

4 2.5 0. 750 0 .149 0 .164 0. 611 0.596 
8 4 . 0 o. 714 0 .159 0 .170 0 . 571 0. 560 

10 0 . 748 0 .188 0 . 200 0.587 0. 563 m 
1-' 

15 4.1 0. 790 0. 219 0 . 241 0 . 567 0. 556 
20 5. 2 0. 835 0 . 268 0.278 0. 587 0.577 
40 5.7 0.864 0. 285 0 . 341 0. 602 0. 544 
60 1·1 0. 850 0. 276 0.309 0 . 606 0.571 
70 6 . 2 0.846 0. 260 0 . 280 0.612 0.591 
80 12.0 0 . 864 o. 300 0. 317 0. 613 0.595 

100 12 .0 0. 890 0.345 0. 360 0. 595 0.579 
Me em 

0.595 0. 575 

A = Modified correction. 

J3 = Rutherford - Harris correction. 
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Fig. 17. The kinetics of .the reaction of mohair keratin with KOH (O.JOm) at 25°C 
from the experimental data in Table 14 (b). -0- KOH sorption 
uncorrected for the disulphide degradation; the shaded circles are for 
sorption values after application of corrections A or B. The solid line 
parallel to the abscissae is the mean sorption value after correction A has 
been applied. The dotted lines represent the accuracy of the titration at 
this concentration. 
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Thus it will be seen that no correction for sulphide was applied , since 

H2S is eliminated in th5 titration of the alkaline solutions with hydro

chloric acid . 1.ttempts were made to remove the SH- ions from solution 

as insoluble sulphides. In alkaline medium this is only possible with 

a metal having a soluble hydroxide, and a sulphide which is stable in 

acid solution pH ), otherwise a heavy precipitate forms in alkaline 

solution, and on acidification the sulphide decomposes. Thallium was 

found to be suitable for this purpose, but at high sulphide concentrations 

(when sulphur is also present) a brovm polysulphide forms which obscures 

the end point . 

Attempts to d~termine the reducible sulphur by eliminating sulphide 

before reduction were f ound unsatisfactory , as the reduction with stannous 

chloride requires a strongly alkaline solution. 

When the Rutherford- Harris correction (B-) is applied to the data 

(i. e. corrocted for tctal sulphur in solution) the final results appear to 

be overcorrected Q!'ig. l n which was noted by Steinhardt and Harris. The 

correction for soluble protein was that proposed by Rutherford and Harris 

described in section III page 63 • 

Thus although the original Ruth0rford-Harris equations (2.la,b.) 

are fortuitously correct for the alknli consumed in the process of 

disulphide breakdown, their concept of the form of the sulphur was 

completely incorrect. The actual nature of the reaction which removes 

alkali from solution is uncertain, but it seems probabl e that it involves 

the combination of a lkali with the sulphur liberatGd in solution. 
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11. EXPERIMENTAL RESULTS. 

Alkali sorption meas1rrements over a wide range in pH are 

recorded in Tables 15 to 21 . 

Tables 15a and 15b refer to standard v1ool and mohair respectively. 

Table 16 records data on these samples ct high pH values . Sorption 

at various ionic strengths is contained in Table 17 while Table 18 

refers to mohair A - J . 

Tables 19 to 21 refer to various modified fibres . 
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T.hl3LE 15a. 

SORPTION OF KOH BY STMfDAllD WOOL AT 25°C. 

Initial KOH Alkali s Corrected Corrected pH 
moles/1 . Sorption Correcti on Sorption Sorpticn 

m. r.1oles . m.moles . m.moles . m. moles/gm. 
dry wool 

0 . 00001 0 . 001 0 . 001 0 . 001 6. 20 

0 . 001 0 . 001 0 . 001 6 . 25 

0 . 0002 0 . 007 0 . 007 0 .008 7 . 20 

0 . 0005 0 . 010 0 . 010 0 . 011 7 · 35 

0 . 00094 0 . 041 0 . 041 0 . 041 8. 32 

0 . 00223 0 . 082 0 . 082 0 . 094 10. 39 

0 . 00506 0 .130 0 . 002 0 . 128 0 . 146 11.09 , 

0 . 127 0.002 0 . 125 0 . 143 11 . 09 

0 . 00702 0.145 0 . 003 0. 142 0 . 162 11.51 

0 . 147 0 . 004 0 . 143 0 . 163 11 . 51 

0 . 01049 0 . 197 0 . 003 0 . 194 0 . 221 11 . 75 

0 . 194 0 . 003 0 . 191 0.218 11.73 

0. 02231 0 . 308 0 . 004 0 . 304 0 . 347 12.18 

0 . 310 0 . 004 0 . 306 0 . 349 12.21 

0 . 03025 o. 350 0 . 008 0 . 342 0 . 390 12. 32 

0 . 348 0 . 009 0 . 339 0 . 387 12.34 

0 . 04851 0 . 436 0 . 015 0 . 421 0 . 480 12. 43 

0 . 05032 0 . 446 0 . 016 0 . 430 0 . 491 12 . 47 

0 . 06373 0 . 540 0 . 017 0 . 523 0 . 597 12. 60 

0 . 533 0 . 013 0 . 520 0 . 594 12. 62 

0 . 07526 0 . 604 0 . 072 0 . 532 0 . 610 12 . 80 
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TABLE 15b. 

SORPTION OF KOH BY STANDARD MOHAIR AT 25°C. 

Initial KOH Alkali Sorption Corr. Corr. 
pH moles/1. Sorpti on correction Sorption Sorpti o/ 

m.moles. m.mo1es. m. mo1es . m. mo1es 
dry mohair 

0 . 00001 0 . 005 0 . 001 0 . 001 5. 12 

0.00020 0. 010 0 . 010 0 . 012 6.18 

0.00050 0 . 020 0 . 020 0 . 023 6 . 50 

0 . 00094 0 . 044 0 . 044 0 . 051 7.52 

0 . 00101 0.046 0 . 046 0 . 053 8.36 

0 . 00150 0 . 057 0 . 057 0 . 065 9. 15 

0 . 00202 0 . 088 0 . 088 0.102 10.39 

0.00506 0 . 135 0 . 002 0 .133 0 . 154 11.04 

0 . 131 0 . 001 0.130 0 . 151 11.06 

0 . 132 0.001 0 . 131 0 . 152 11.10 

0 . 00512 0 . 138 0.002 0 . 136 0 . 159 11 . 25 

0 . 137 0 . 001 0.136 0 . 159 11 . 22 

0 . 00702 0.157 0 . 003 0 . 154 0 .177 11.57 
0 . 160 0 . 002 0.158 0 . 182 11.56 

0 . 01003 0 . 178 0 . 004 0 . 174 0 . 202 11.75 
0.180 0 . 005 0 . 175 0 . 203 11.76 

0.01498 0 . 230 0 . 005 0 . 225 0 . 261 11.95 
0.228 0.003 0 . 225 0 . 261 11.92 

0 . 02231 0 . 283 0 . 004 0 .279 0 . 324 12.18 

0 . 285 0 . 004 0 . 281 0.326 12 . 20 

0 . 02693 0 . 331 0 . 004 0 . 327 0 . 379 12 . 25 

0 . 326 0 . 003 0.323 0.374 12.27 

0 . 03025 0 . 343 0 . 006 0 . 337 0 . 388 12.31 
0 . 04002 0.401 0.008 o. 393 0 . 452 12 . 42 

0 . 405 0 . 010 0 . 395 O. tJ-55 12.41 

0 . 05031 0 . 482 0 . 016 0.466 0.540 12. 54 
0.480 0 . 017 0 .463 0.537 12.53 

0 . 06373 0 . 529 O. OlD 0.519 0 . 601 12 . 65 

0 . 524 0 . 009 0 . 515 0.597 12 . 66 

0.07525 0 . 600 0 . 059 0 . 541 0.625 12.71 
0 . 607 0 . 060 0 . 547 0 . 635 12~72 



Til.BLE 16a. 

SORPTION OF KOH BY WOOL AT .25°C AT HIGH .'H VALUES •• 

hrs . Initial Final KOH KOH Nitrogen m~: Total Correction Carr. Sorption pH 

KOH cone. romoved so ln. s Sulphur m.molus Sorption m.moles/ Calc. 
mcles/1. moles/1 . m.moles . mg mg. m.moles . gm. dry 

vrool 

1 0.3537 0 . 3324 1.070 14 . 5 1.23 8. 77 0.275 0.835 0. 955 13. 39 
2 0.3537 0.3290 1.235 18 .10 1.10 9 -94 0.280 0.955 1. 093 13. 39 

3 0 .3537 0 . 3297 1.200 1.08 9.03 0 . 250 0 . 950 1.087 13. 39 
2.5 0.3537 0 . 3313 1.120 15 .0 1.24 8. 39 0 . 220 0 .900 1.030 13. 39 

2 0.1894 0. 1690 1.020 8.1 0.30 5.31 0.160 0 . 860 0 .984 13 .12 
3 0.1674 1.100 8.8 0 . 70 6 .40 0.178 0 .920 1.052 13.11 
2.5 0.1693 1.00 0 . 30 5.40 0 .160 0. 840 0.961 13.11 (l) 

0\ 

2 0.8160 0.7873 1.420 52.0 2.20 17 .0 0 . 460 0.960 1. 098 13-77 
3 0.7894 1.335 48·0 3. 39 13.16 0 . 305 1. 030 1.178 13. 77 
4 0. 7914 1 . 230 102.0 3.10 14.20 0 . 350 0 . 880 1 . 000 13.77 

2 0 . 5624 0. 5358 1.330 48. 0 1.00 13. 55 0 . 390 0. 9t~O 1.075 12 · 59 
3 0 . 5365 1.295 55 .0 0 . 86 13. 35 0 . 390 0.905 1.035 12.59 

l 0. 10175 0. 08886 0.645 3·30 0 . 28 1.57 0 . 040 0.605 0. 695 12. 85 
4 0. 08745 0.715 '~ · 8 0 . 46 4·39 0 .123 0.592 0. 677 12~85 
6 0 . 08793 0. 691 6.10 0. 56 4 -80 0.134 0.567 0. 649 12.84 



TABLE 16b. 
0 SOl1PTION OF KOH BY MOHP.IR AT 25 C AT HIGH pH VALUES . 

hrs. Initial Final KOH KOH Nitrogen m2!. Total Correction Corr . So~tion pH 
KOH cone . removed so ln. s Sulphur m.moles m. mol es. gm. dry Calc . 

molcs/1 . mo1es/1 . m.mo1es . mg . mg. muh8-ir 

1 0. 3537 0 . 3331 1.030 7-70 1.60 7· 93 0. 200 0.830 0. 957 13. 38 
2 0 . 3307 1.150 3. 31 1.15 9-90 0.290 0. 860 0. 992 13•39 
3 0.3297 1.200 1.19 9.88 0 . 275 0. 925 1.067 13.39 
2. 5 0. 3304 1 .165 8. 10 1.40 9·40 0 . 250 0. 915 1.055 13. )9 

2 0.1894 0. 1683 1.060 3.2 0. 62 ? .03 0. 200 0.860 0.992 13.12 
4 0. 1687 1 .035 4·70 0.76 1·01 0. 200 0.838 0 . 966 13.12 
6 0 .1693 1.000 0.32 5. 40 0.168 0.832 0. 959 13. 11 

2 0 .8160 0. 7886 1. 370 2.10 16.11 0. 425 0. 945 1. 090 13-77 (]) 
-..J 

4 0. 7873 1.435 26 . 8 3-17 12.97 0 . 307 1.130 1. 303 13. 77 

2 0.5624 0. 5348 1. 330 32 . 0 0.86 14. 26 0 .419 0.910 1.049 13. 59 
3 0.5372 1. 260 52 .1 0 . 95 14.30 0. 417 0 . 840 0 . 969 13. 59 

1 0 .10175 0. 08896 0. 639 1.53 0. 28 1.57 0 . 040 0. 599 0 . 691 12 .85 
4 0.08678 0. 750 2. 51 0 . 46 5-24 0.149 0. 601 0 . 693 12 . 84 

10 0.0875 0.748 0. 35 6. 39 0 .188 0. 560 0 . 646 12.84 
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TABLE 17a . 

THE SORPTION OF KOR BY ST.tiliD.hlill WOOL .:..T TOTAL I ONIC 
ST.tlliNGTH 0. 005 MOLAR. 

Initial cone. Final cone . Cone . of Corr. Sorption 
of KOH of KOH KCl m. moles/ 

moles/1 . mol es/1. mol bs/1. go. dry wool . 

0 , 00083 0 . 00012 0 . 0050 0 . 040 

0.,00220 0 , 00029 0 . 0048 0 . 105 

0 . 00346 0 . 00078 0 .0044 0 . 15'+ 

o. 005"~4 0 . 00200 0. 0030 0 . 198 

T.b.BLE 17b. 

THE SORPTION OF KOH BY STi!.NDAIID ~iOOL .AT TOTAL I ONIC 
STRENGTH 0 . 01 MOLAR. 

Ini ti o.l cone. Final cone . Cone . of Corr . Sorption 
of KOH of ~OH KCl . m .mo~ 

mol es/1 . moles l. r:lclt..s/1. Gf.l · ,-;-ool . 

0. 00083 0 . 00006 0 . 0100 0 , 04<+ 

0 .. 00131 0 . 00018 0 . 0100 0 . 066 

0 . 00220 0 . 00020 0 .0100 0.105 

0 . 003'+6 0.00079 0 . 0100 0 .154 

0 . 00544 0 . 00171 0 . 0081 0 . 214 

0 . 01039 0 . 00542 0 . 0045 0 . 260 

pH 

7·74 

9 -45 

10. 81 

11 . 10 

pH 

7· 35 

8.15 

9-45 

10. 45 

10 .. 95 

11.61 
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TABLE 17e . 

THE SORPI'I ON OF KOH BY ST.tilill.A.RD v/001 1~T TOTL.L IONIC 
STIDNGTH 0. 02 MOLi.R. 

Initial cone . Final cone . Cone . of Corr . Sorption pH 
of KOH of KOH KC1 m.mo1es/ 

mo1es/l. mo1es/l . no1cs/1. gm . dry wool. 

0. 00083 0 . 00005 0. 0200 0. 045 7. 26 

0. 00131 0. 00016 0 . 0200 0. 067 7. 90 

0.00220 0. 00026 0 . 0200 0. 112 9. 00 

0. 00544 0. 00159 0 . 0182 0. 221 10.60 

0 . 00909 o . oo,~64 0 . 0152 0. 291 11 . 50 

0. 01039 0. 00581 0. 0144 0. 302 11. 55 

0. 02011 0. 01352 0. 0650 0. 3]2 12. 02 

Ti.J3LE l]d. 

THE SORPTION OF KOH BY STlti;"'"DlJID wOOL AT TOTJ..L IONIC 
STRENGTH 0 . 050 MOLfili. 

Initial cone . Final cone . Cone . of Corr. Sorytion pH 
of KOH of KOH KCl m. mo1es 

mo1es/1 . molt:.s/1 . mo1es/1 . gm. dry wool. 

0 . 00083 0. 00005 0. 0500 0. 045 6. 73 
0. 00220 0. 00024 0 . 0500 0. 113 8 . ]1 

0. 00346 0. 00056 0 .0500 0. 167 9. 70 

0 . 0054£+ 0. 00145 0 . 0500 0 . 230 10 . 62 

0 . 00909 0. 00385 O. O.f55 0 . 299 11 . 29 

0 . 01039 0. 00502 0 . 0451 0 . 306 11.30 
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T.hl3LE 17e . 

THE SORPTION OF KOH BY STANDAPJ) 'ViOOL AT TOTliL IONIC 
STRENGTH 0 . 10 MOLiJt . 

Initial Cone. Final cone , Cone . of Corr . Sorption pH 
of KOH of KOH KCl m.moles/ 

molt.:sjl . mo1as/l . moles/1 . gm. dry. "'i001 

0. 00083 0 . 00003 0 . 100 0 . 046 6 . 71 

0 . 00220 0 . 00022 0.100 0. 114 8 . 50 

0. 00346 0 . 00045 0 .100 0 . 174- 9 -71 

0 . 00544 o.oone 0 . 100 0 . 247 10. 46 

0 . 00909 0 . 00288 0 . 097 0 . 353 11 . 20 

0 . 02006 0 . 01213 0 . 087 0 . 447 11.73 

0. 03016 0. 02106 0.079 0 . 518 11. 94 

0.05031 0. 03913 0 . 060 0 . 626 12.42 

T.rlBLE 11f. 

THE SORPTION OF KOH BY STliNDARD ·.~001 li.T TOT.hL IONIC 
STRfNGTH 0. ~0 MOlu..it. 

Initid cone. Find cone . Cone . of Corr. Sorption pH 
of KOH of KOH KC1 m. mo1es/ 

mo1es/1 . mo1cs/l . mo1es/l. gn. dry . r·oo1 

0 . 00083 0. 00002 0 . 500 0 . 047 6.67 

0.00131 0. 00010 o. 500 .0. 067 7.90 

0.00220 0 . 00020 0 . 500 0 . 115 8. 00 

0 . 003-+6 0 . 00047 0.500 0. 171 9.22 

0. 00544 O. OOll4 0 . 500 0 . 247 9 . 91 

0.02006 0 . 01093 0 . 500 0 . 518 11,80 

0.05047 0.03660 0 . 464 0 . 739 12. 35 
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Ti.J3LE 18 . 

ALK.i.LI SORPTIOH BY MOHIJR Siil\IT>LES A - J . 

SIDE Sl\.MPL:GS . NECK SAMPL:!!;S . 

Sample Corr. KOII Sor p . pH Sc.mpl e Corr . KOH Sorp . pH 
No . m. mol osj 5 · No . m.molosjg. 

dry fibrbS· dry fibres . 

Al 0 . 010 6 . 51 
0 . 087 9. 85 
0 . 485 12. 41 

Bl 0 . 013 6 .80 B2 0 . 013 6 . 90 

0 . 089 10. 10 0.082 10. 41 
0 . 454 12.40 0 • .:}50 12.37 

cl 0 . 015 6 . 01 c2 0 . 008 7-04 
0 . 092 10. 21 0. 080 10.52 
0 . 473 12. 40 0 . 428 12. 42 

Dl 0 . 026 5· 59 D2 0 . 018 6 . 80 
0 .103 9. 81 0 . 082 10.52 
0. 460 12. 42 0 . 419 12.45 

El 0 . 010 6 . 96 E2 0.006 7-70 
0.081 10. 30 0 . 055 10.87 
0. 445 12.38 0 . 406 12 . 45 

Fl 0 . 018 7-37 F2 0 . 025 5. 90 
0 . 089 10.51 0 . 103 10 . 21 
0 . 464 12 . 39 0.457 12 . 37 
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r.l'J..BLE 18 • (contd.) 

SIDE Si.JViPLES. NECK SilMPLES • 

Sample Corr.KOH Sorp. pH Sample Corr. KOH Sorp. pH 
No. m.molesj g. No. m.liloles/ g. 

dry fibres. dry fibres. 

Gl 0.008 7.04 G2 0.021 7.04 
0.076 10.02 0.080 9.92 
0.424 12.37 0. 438 12.38 

H1 0.017 6.57 H2 0 . 021 6.25 
0.080 10.51 0.077 10.63 
0.470 12.35 0.428 12.42 

Jl 0.019 6.50 J2 0.008 7.09 
0.075 10.51 0.069 10.54 
0. 441 12.37 0 . 425 12.38 
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TJJ3LE 19. 

KOH SORPTION BY STA!lDARD MOH~IR TIP ( PHOTOCHEMICALLY DP~U.GED) . 

Initial KOH 
concentration 

moles/litre• 

0. 00052 
0 . 00101 
0.00203 
0.00519 
0 . 0214 
0. 07525 

Sulphur 
Correction 
m/moles . 

0.004 
0.015 
0 . 085 

Corrected 
sorp. m/moles 

gm. fibre. 

0. 024 
0 .055 
0 . 097 
0 . 240 
0. 425 
o.645 

Ti.BLE 20 . 

pH 

6. 90 
8.09 
8.85 

10.65 
12 . 01 
12 . 80 

KOH SORPTION.BY PERACETIC OXIDIZED WOOL. 

Initial KOH 
concent:.-ation 
moles/litre. 

0. 0020 
0. 0174 
0.0203 
0 . 0?525 

Corr. Sorption KOH 
m. moles/gm. fibre. 

0. 088 
0. 342 
0.601 
1.13 

TABLE 21 . 

pH 

9. 05 
11.32 
11.90 
12 . 62 

KOH SORPTION BY 1 LANTHIONINE 1 WOOL. 

Initial KOH 
concentration 
moles/litre. 

0 . 0020 
0 . 02027 
0.07525 

Correct~d . Sorption 
m.mo1es/gm. fibre . 

0. 075 
0 . 400 
0.605 

pH 

10.15 
12 .07 
12 . 68 
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12. DISCUSSION OF RESULTS . 

( i ) Accuracy and Reliabi lity of Results . 

vii th dilute alkali ( helow pH 10) extr eme care is necessary to 

keep sol utions carbonate- free, as small quantities of co2 produce consider

able effects on the pH in this region. (The accuracy of the results is 

dependent on the extent to which co2 is excluded from the system. ) 

Moreover these solutions after the sorption sta~e, are sli£htly buffered by 

small quantities of soluble protein, and it is extremely difficult to 

establi sh whether the lor:c:ring of pH is caused by co2 contrunination or by 

buffer action. I:.y using fr(;shly prepc.red solutions reproducible results 

could he obtained. The corrections for disulphide breakdown are negli-

gi ble at these lor; :::.lk<'li concentrati ons . 

The pH mea~urements from 10 to 12 . 5 are more reliable; C02 or 

other contaminants do not produce such a pronounced eff ect. The sorpti on 

values vary frocr 0.100 millimoles at pH 10 to 0 . 500 millimoles/g. at 

pH 12 . 5 , and the co:-rectons for disulphide reaction are relatively small 

(0 . 001 - 0 . 010 millimolesjgm. ) In this r egion readings are reproducible 

to 0 . 005 mi lliuoles . 

Above pH 13 the disulphide correction increase::; rccpidly, reaching 

a maximum of 400 o.moles (30~ of apparent sorption value . ) Ti trations 

with concentrated r:olutions ::...re less accur ate ev:m when carefully 

calibr ated glass··:are is employed . At a concentration of approxim;:!.tely 

0 . 3 molar the keratin is sov€rely degraded, and large quantities of protein 

are dissolved . Application of the ituth8rford-Harris correcti on for 
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for soluble protein gives extremely high r esults, and it seems that either 

the sol uble protein is not back- t i trated, or that the wool keratin is 

modifi ed by the sever e treatment . Horner (77) has el i minated the possi

bil ity of amide hydrolysis by showi ng the constancy of amide ni trogen 

content before and aftGr sorption, OthGr explanations of these abnormal ly 

hi gh values for alkali binding ar e those of Frohlich and Elod(~9) who have 

postul at£d the following r eacti on: -
I 

R - CH- C- NH- CH- NaOH ., 
1 II f 

0 R
2 

I 
H_-CH- C- NH- CH-
-J. / \, I 

HO ONa R2 

(3.14) 

Tha addi tion compound with the keto- group is re:sponsiblc for the increased 

alkali sorption. 

It s eems highl y probable that the i ncrease in sorption results from 

the hydrolysis of peptide linkages. Appreciable quantities of protein are 

dissolved in the alkaline trectment, and ther e is no evidence to show that 

this is ' soluble wool ' or a long chained polyp8ptide, rather than small 

sol uble fragments hydrolysed from the keratin molecule. 

Consider the polypeptide chain , · split by hydrolysis : 

Wool - NH - CH - CO - NH - CH - CO - NH - CH - CO - H20 
t I ~ 
R R R 

1 2 3 

Wool - N1I - CH - COOH 
I 

Rl 

NH - CH 
2 I 

R2 

NH2 - C¥ - CO - Wool 

R2 

- COOH 

Soluble 
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~s a r~sult of hydr ol ysis a fragment has dissolved causing the 

f ormati on of an additional sorption site. If , however, the pepti de is 

r emoved from the end of the chai~ i. e . included a terminal grcup, no 

change would h~ve occurred , unless the R gr oup contained an addi tional 

aci di c or bG.sic group. 

I n Table 22 are recor ded acid end alkali sorption measurements 

perfor med on alkali t r vated wool . The sempl0s, aft~r the pr escr ibed 

alkal ine treatment , rrerG washed 0 .1 m. HCl to r emove exc&ss alkali and 

sulphi de , and finally rinsed repeatedl y in distilled water till the extract 

r eme.ined constant at pH 5.0. Both acit E>nd alkali sorption ar e incr eased 

by the t r eatment , showing that more amphoter ic sites are avail able ,* 

Moreover aci d and alkali sorption data on stand2xd wool, in which the 

cystine content had been p~tially conver ted to lanthionine(34: coi ncide 

with the ti trc.ti on curve of standard wool, indicatir.g that this rl;n.ction 

does not alter the acidic or ba sic characteristics of keratin, 

Th0 fact that both acid and alkali are increas8d contradi cts the 

hypothesis of El od and Frohlich (equation 3.14). 
I f the group - C - remains in iso- electric 

I\ 
OR ONa 

alkali-trbat~::;d keratin an incr ease in subsequent acid sorption mew occur , 

i f t he sodium ion is displuced i n ::.cid solution , but little or no increa:...e 

i n alkali sorption will be produced . If Na+ is exchanged for hydrions 

by rinsi ng to the iso-electric point , no increase in acid sorption wo~ld 

occur, but an i ncrease in alkali binding could be expected . 

* Since the completion of this wor k McPhee(a5) has obtained the value of 
1. 21 millimole~gm for the maxi mum alkali sor ption of wool by applying a 

corr ection for the amount of alkaline hydr olysi s . The original 
' Rutherford-Harr is sulphur corr ection' has been employed. 
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TABLE 22. 

ACID AND ALKALI SORPTION ON ALKALI-TREATED WOOL. 

Description of Pre-treatment of 
Wool at 25°C. 

Untreated 

O.Olm. KOH, 24 huurs Soaking 

0 •. 02m •. KOH, 16 hours " 
24- hours . " 
40 hours II 

0.05m. KOH, 3 hours II 

O.lOm. KOH, 3 hours II 

0.20m. KOH, 3 hours II 

6 hours II 

: ·0 ;. 50m • . KOH, 3 hours II 

Acid Sorption Base Sorption 
0.02 m HCl 0.02 m KOH 

millimoles/gm. dry fibres. 

0.543 

0.567 

.0.553 

0 • .583 

0.575 

0.627 

0.683 

0.683 

0.658 

0.756 

0.40~ 

0.424 

0.4.34 

0.430 

0.463 

0.549 

0.682 

These results confirm·· the necessity for rapid sorption techniques. 
From the data of Simmonds( 29) a maximum base binding or hydrogen 

ion dissociation of 1.2 millimole/gm may be predicted. Owing to the 

weakly basic nature of the guanidinium group (pk 12.5) complete dissociation 

does not occur till pH 13.5 to 14.0;Fig. 18 indicates that there is no 

tendency to reach a maxi mum sorption value ev&n at pH 13.8. There is little 

doubt that this is caused by hydrolysis of peptide links with the formation 

of additional sites for both acid and alkali sorption. Alkali sorption 

measurements at 25°C using concentrations higher than 0.1 molar cannot be 

regarded as applicable to unmodified wool . Measurements at low tempera

ture (-5° or -10°C) may provide a more .reliable means for determining 

the maximum base binding capacity. 

(ii) Comparison of Standard Wool and Standard Mohair. 

Titration data for these samples is plotted in Fig. 18. The 

curves are similar in shape, and coincide except from pH 6.0 to 11.0 where 
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small differences (approximately Ol025 millimoles/gm. maximum) ere 

observed. Mohdr sorbs more alkali thnn wool in this r&gion, and 

combines with less acid in thL range 3 to 5.5. Thus wool appears to have 

more proton-accepting groups (basic groups) between 3 to 11. Differences 

in content of histidine (pk 6.0) may cause these differences to some 

extent. 

It he1s been observed that mohair is less soluble in alkali 

(0 . 1 molar) at 25°C than vrocl. This may hc:.ve resulted from the large 

difference in mean fibre diam~ter (mohair 35 ~. 1 s, wool 21 ~'s) but may 

also be caused by structural differences . 

Sorption measurem&nts at various ionic strengths are recorded 

in Table l 7. Pre- determined amounts of potassium chloride are added to 

the alkaline solutions prior to sorption , such that the equilibrium 

solution has a constant ionic . strength. These readings are particulurly 

useful in thu application of experimental results to the various theories 

of base sorption. The addition of salt does not influence th0 disulphide 

breakdovrn below pH 11. 50. hbovo this pH, however, the amount of sulphur 

liborated in solution increases with increasing ionic strength. 

Pe.1.-yman ( 78) he.s found a similnr d.egradative influence of salts when boil

ing wool in dilute aci~ solution. 

(iii) Mohair Samples A - J. 

Table 18 contains alkali sorption data on mohair s~ples A - J. 

Deviations sirrQlar to thos& observed in the corresponding acid sorption 

data were found . For comparison purpose the alkali sorption c:.t pH 12. 4 

has been chosen as an index of alkali sorption. At this concentration 

of alkali the titration is sensitive, pH measurements are reliable, and 

corrections for the disulphide reaction are relatively small . Values of 

this index, extrapolat~d from thedata are shown in Table 23 together 

with acid sorption index, mean fibre diamet~r, age of animal end weather

ing dcmage as determined. by the method cf \eldsman~79) 
These results have been statisticllly analysed. To t est whether 

the difference in alkali sorpti on index for side samples (mean 0.458 milli

moles/gm.) and neck s~ples (mean 0.422 millimolGs/gm. ) wore real, 

'Student's t 1 has been calculated. 
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- 99 -
TABLE 2~. 

MOHAI1t Slti J?L:U'S A - J. 

Mohair Age Diameter Index Index Damage 
Sample v.'s Acid Sorp . Bf'.se Sorp. Diameter 

No. yrs. m.moles Index 

Al 0.5 28 0. 550 0.485 1.00 

Bl 0. 5 29 0 . 630 0.455 0•95 

B2 0.5 32 0. 520 0. 447 1.14 

Cl 0.5 29 0.600 0 . 473 1.45 

C2 0.5 34 0 . 510 0.431 1. 55 

Dl 1.5 47 0.535 0. 460 1.09 

D2 1. 5 45 0. 550 0 . 409 1.15 

El 1.5 36 0. 560 0. 445 1.03 

E2 1.5 48 0. 540 0 .406 1.45 
Fl 1.5 45 0 . 560 0.414 1.02 

F2 1.5 48 0.550 0 . 428 l.2b 

Gl 3 47 0 . 500 0 . 449 1.50 

G2 3 58 0. 510 0 . 390 1.07 

Hl 3 54 0 . 540 0 . 464 1.18 

H2 3 49 0 .470 0 . 438 1.33 
Jl 3 41 0 . 525 0.441 1.05 

J2 3 46 0 . 510 0 .420 1.03 

• 
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'Student ' s t ' == 3. 2'>15 degrees of freedom 

This exceeds the value of t at thv 1% level, and thus the difference 

is statisticall;y significent . 

For differences between kid and a.d.ul t mohair sorption the v8.lue 

of 1 Student 1 s t 1 is significwt at the lO?o level , indicating n trend 

towards higher sorption values f or kid nohair. This is not c. sensitive 

t est as only three sruJples of kid and three of ndult moheir were included 

in the series A - J . 

Partial correl~tion ccefficients between alkali sor ption index and 

mean fibre diameter, and alkali sorption index end age of animal were not 

significant . 

However, calculation of the correlation coefficient between acid and 

alkali sorption indices gave . 

--=---=0;...::.""'5.;;;.8_ with 16 degrees of freedom. 

AB 

This is a positive correlntion signil'icant at the l% level, indicating 

a strong relationship between the number of acidic and basic groups in 

the protein, i.e. an incr~?eJe in acid sorption si.tes. This is consistent 

with the zwitterion ccncept that equal quontities of positive ond negative 

groups occur at the iso- electric point, coupled in the form of salt 

linkeges . 
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(iv) Modified Wool ~d Mohair. 

Photochemical Damage . 

Alkali sorption measurements for tip mohair arc recorded 

in Table 19, 3lld together with the data from Table 6 are plotted 

in Fig. 19. From pH 1 to 6 the curve c.oincides with the standard 

mohair indicating that no peptide chain hydrolysis has occurred . 

In the alkaline region the tip portions sorb more alkali. The effect 

on the titration curve is more pronouncE?d from pH 7 to 11, where pH 

varies consid.Grc..bly with small ch~ges in the final concentre,tion. 

It was also observ8d that the corrections for disulphide hydrolysis 

are larger for t :Lp samples which are also more soluble in the alkaline 

solutions . This con be expected as the decrease in cystine as disulphide 

bonds allows an increase in swelling, and penetration of the fibre is 

facilitated. 

The actual nature of tho groups or side cheinsin the tip porti on 

which causes the shift in titration curve is unknovm at present . 

There is t he possibility that this group is only released after alkaline 

treatment, mel. does not exist in the intact protein. 

Chemical Modification. 

(a) Perucetic oxidation. 

The reaction of dilute peracetic acid soluti ons with wool 

is reasonably specific and does not oxidize amino acids other than 

cystine, methionine and tryptophe~ . If the period of treatment is 

short no peptide breakdown occurs . Values obtained are : 

Standard 'iicol 

Oxidized Wool 

'Yo Cystine . 

8.32 

4.90 

% Cysteine . 

0 . 04 

0 . 03 

After acid hydrolysis the oxidizer. cystine nr:.y be determined as 

cysteic acid(BO) but the presence of sulphonic acid groups could not be 

established prior to hydrolysis. Alexander et al(BO) have postulated 

that cysteic acid is formed only after acid hydrolysis i 
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COOH 
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Alexander has shown that treatment of the oxidized wool with alkali 

(3N ammonia) results in an increase in maximum acid sorption. Compound 

II has an additional carboxyl group, and is consistent with these findings. 

However, such a drastic alkali treatment can easily cause extensive 

peptide hydrolysis, and consequently acid binding may be increased in this 

manner. 

Alkali sorption measurements are shown in Table 20 for the oxidized 

wool. These values and the data in Table 11 are compared with the 

Standard Wool curve in Fig. 19. The acid sorption appears to have 

decreased especially in the region pH 0 to 2. In the alkaline region the 

curve is displaced towards higher sorption values. Above pH 12.5 

the modified protein is extremely soluble, and further investigation was 

discontinued. The titration curves do not suggest the formation of a 

s~rongly acidic sulphonic group, rather it seems as though basic groups 

have been removed or blocked during the process. These results are not 

sufficient to support or contradict the ideas of Alexander, but indicate 

that his interpretations of the titration data are rather suspect. 

(b) 'Lanthionine' Wool. 

The chemical treatment is described in Section II, page 45. 
By this method a fraction of the cystine may be converted to lanthionine 

without further degradation of the protein. Cystine/cysteine analyses 

are shown below. 

Standard Wool 
1Le.nthionine 1 Wool 

% Cystine 

8-32 

4·3 

% Cysteine. 

0.04 

0.04 

Alkali sorption data are shown in Table 21, and are compared with the 

unmodified wool in Fig. 19. These points coincide with the standard 

curve indicating that the transformation of cystine to lanthionine does 

not affect the acidic or basic characteristics of the protein. 
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13i i~PLIChTION OF ~dEORIES TO aLKALI SORPTION. 

A. Gilber t - Rideal Theory~ll) 
Consider the alkali MOH under equilibrium conditions with the fibre. 

In the fibre phase the chemical potenti~l for the M+ ions i s given by: 

and in the solution 
s RT ln aM • ..... . . . ... 

Combining equations (3.15) and (3.16) 

f 0 ) RT ln a M = ( )1 s M -

and writing 6 11°M for (,,o ) -
r r S M 

for M+ and OH-

RT l n / 8M \ 
\1 - e I 

M 

In the presence of pure MOH , 

1 9 og ___ _ 

1 - e = -
2. 303 
2 RT 

and in the presence of s~lt 

log ___ e __ 
1 - e 

= - 2. 303 

2 RT 

f ·F RT s 
+ ln aM •eoo oo•ooo c. o 

<v·or )M we get 

- { / \ 0 / \ 0 ) 
- - )I.) )1 M + L - V· OH 

s s 
+ RT ln a M a OH 

•• 0 •• 0 • 0 • • • • 

(3 . 15) 

(3.16) 

(3.18) 

(3 .19) 

Equations (3.19) and (3 . 20) provi de the r elationship between pH of the 

solution , the fraction of be.se sorbed 9 , and the affinity -(~ 1l0M +Llv0 OH) 

of the alkali MOH for the fibres . 
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The essential process in the alkali titration is the dissociation 

of hydrogen ions from the ionizing groups in the protein. In keratin 

there is a considerable diversity of groups which may act as proton-donor s , 

i . 8 . histidine (imidazole group), lysine (amino), ter minal amino, and 

arginine (guanidine group. ) In addition the phenoxyl group (hydroxyl 

group of tyrosine will also dissociate . There is a certain amount of 

controversy as to whether this group is avail~ble for titrati on. 

Horner(77) has r ecently provided evidence for i t s inclusion as a proton 

donor . whether this only occurs after denaturation is unknown (page 14). 

Although the combination of alkali Vlith protein involves the stripping of 

hydrogen i ons from the charged basic groups , maximum base sorption is in 

fact governed by the sum of the free carboxyl and tyr osine groups . 

Acid sorption is merely the back-titration of ionized c~rboxyl gro~ps , 

and it has been shovm that th~... affinity term ~1-l~ +LlvX ) is equive:.lent 

to - R'l' ln Ka, where Ka. is the intrinsic dis~ociation constant of carboxyl 

groups in t he protein. 

Alkali sorption , hmvever, is more cor.:plex, because the reaction 

involves various different groups, each having its characteristic dissocia-

tion constant . In the calculati on of a theoretical curve it is necess~ry 

to t ake into account th~ pk values of these groups in the protein and 

their respective proportions in the f ibre . The c.mino acid :malyses of 

Simmonds have been used for this purpose , and pk valu~3 from various 

sources(Sl , 02) have been collected in Table 24. 
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TJLBLE 24. 

Bl,SE BINDING C.t'..P A CITY OF WOOL PREDICTED FROM .AMINO ACID ANALYSIS. ( 
29) 

Group. 

Histidine (imidazole) 

Terminal amino 

Tyrosine (hydroxy) 

Lysine (amino) 

Cysteine (sulphydryl) 

Arginine (guc.nidino) 

Free carboxyl 

Tyrosine 

pk va lueo. 

6.0 

7·7 
10. 4 

10. 5 

10. 8 

12. 5 

Sun of fre~:J carboxyl anc_ tyrosine 

Combining capacity 
millimoles/ gm. 

0.058 

0 . 018 

0. 353 

0.192 

0. 025 

0.603 

0.823 

0 . 353 

1.176 

Using the equation for tht.. ionization of a \"leak acid 

pH = pka + log [salt] 
[ acid j (3.21) 

for the; above data, an intrinsic ti tro.tion curve wc>.s constructed, by the 

suwoation of th~ vcrious contributi ons at each pH value . 

Horner (77) hc s sho-.. n that, by assuming that the intrinsic affinity 

(L\t-t0
M + b'l-l0 0H) could be rGp1aced by the tenn - RT1n ~' th~ pOH at ''ihich 

the group was half- saturated could be cc1cul~ted. This gives the apparent 

pk value of the group in tho fibre, i.e. pkf" 

From eq_uation (3.18) putting 80H = 0.5, aPd bv0
M +blJ.

0
oH - RT ln kb 

pH O - = 1J- log ~ - t loc; e M 
ec: ·' 1 - a . = t log pkf ..... ., .. (3.22) 

. H.L 

where 

' 
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~ ~ amount of hydrogen ion dissociated (at pH ) and is obtained e: o.5 
from the intrinsic titration curve. 

me.x 
~ = sum of free carboxyl and tyrosine groups. 

Substituting these values into equation (3 . 22) 

RT log 8 = ~ log kf - pOH •• . •••.•. . •• (3 . 23) 

1- e 
= t log kf - 14 +pH •• ••••.••••• 

and in the presence of salt 

RT log 8 

1- e 
(3 .25) 

(3 .26) 

Taking values of pH at int&rva~s of 0 . 3 units , 6 was calculated for each 

group. Summation of thes~ valu~s gave theoretical curves for alkali-

binding; the salt shift was illustrated by using equation (3 .26) . The 

theoretical curves ere drawn in Fig . 20 together with th£ experimental 

data. Bearing in mind the experimental difficulties with dilute alkaline 

solutions, the agreement between ~xperiment and theory is very close. 

Deviations occur in pH range 6 to 10. 5 where a certain buff~ring effect 

occurs , probably as a result of solution of a small quantity of protein , 

or wool gelatin. 

By omitting tyrosine from the calculations a theoretical curve was 

obtained which i s inconsistent with the expurimental data (Fig. 21) . 

This provides conclusive evidence that the ·phenoxyl groups nr e titrated . 

Horner(77) claims that the Gilbert- Rideal theory is unable to predict 

the shape of the titration curve accurately . However, this was not 

found to be the case, as theoretical end exporimbntal curves coincide 

over a considerable range. 



1.2 

LIO 

~Q80 -en 
~ 

~ 0 .70 

E 

c 
0 
~~ 
a. 
I... 
0 

t/) 
0 .40 

030 
<( 

6.0 

0 

0 

7.0 8.0 

EXPERIMENTAL DATA , 

CURVE G ILBEP.T Rl DEAL THEORY. 

CURVE 2 . G. R. THEORY 

TYROSINE . 

9.0 10.0 11.0 

pH. 

EXCLUDING 

12.0 

0 

13.0 14,0 

Fig. 2 1. Comparison of the experimental data of alkali sorption with t.he 
theoretical curves of Gilbert and Rideal. In curve 2, tyrosine has been 
omitted from the calculations. 

I 



- 108 -

B. The Donnan Theory. 

By re-arranging equati on . (3.17) for the distribution of an 

el ectrolyte MOH between fibre and solution , we obtain 

(~0f)M + RT ln afM + ~F = (~08 )M + RT ln asM •• •••• • ••• •• 

s 
a. OH • •• • ••••• • •• 

Adding (3.27) and (3 .28) and equating t er ms to zero . 

f f s s a a : a a 
M OH M OH •••••• •• •••• 

(3.27) 

(3.28) 

(3. 29) 

The conditions of the system are r epresented in the f oll owing diagram1 

illustrating a swollen f i bre containing solvent water. 

FIBRE PHASE 

- coo- A 

- NH+ 
3 

A( l -ti) 
- NH2 A~ 

- OH T(l - 9
2

) 

0 - T~ 

c 

d Volume = v mls. 

SOLUTION PH11SE 

[ M+J = C 

[ oH-] = D 

Volume = V mls. 

r . 
o

1 
=fraction of ' ~witter ion' groups which~e occupied 

e2 = ~raction of hydroxy groups which are occupied. 

The amount of base combined, as determined experi mentally, is given 

by:-

B = (total original base) - (uncombined base) 

This includes base which has entered the fibre, but has not react ed with 

any gr oup. 
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B = (AA + Tt?
2 

+ d) +VD (v + v) D -1 

= (A8
1 

+ T~ + d) - vD •• • ••• ••• 0 • • • 

B, c and d are in milliequivul ents/grn. fibres 

C and D ere i n gm. equivalents/litr e . 

For conditions of neutrality 

c = A Ei + TE->2 + d ••• •• • •• •••• 

total base within the fibre 

B + vD • •••••• •• ••• 

From equation (3.29) 

••o o o o oooo 

f f s s 
log u M +log a OH =log aM+ l og a OH ••••• • •• . • • • 

and by replacins activities by concentration terms 

f 
log a OH 

or pOH. t 
l.n 

+ log c .~ log C + 

:f::. pOH t - log C + ex 

In the absence of salts C = D 

pOHint ~ 2 pOHext + log 

s log a OH • . ••• •• • •••• 

log (B/v + D) • • . • •••.• • •• 

+ D 

(3.30) 

(3.31) 

(3 . 32) 

(3 . 34) 

(3 .35) 

(3.36) 

(3.37) 

The int r insic t itration curve for wool protein as used in the 

Gilbert-Rideal treatment was transposed to give the corresponding ex

ternal titration curve for the fibrous protein, usine equation (3.37) . 
The theoretic~l curve is compared with experimental data in Fig. 22 . 

D is small and may be neglected below pH 11. Since the value of 

B includes base present in the internal solution, the latter must be 

added to that which has reacted ;rith the protein to give B. Horner has 

taken the value of v as 0.285 mls/gm. for the: volume of inbibed water in 

the alkaline reaction. T~~.is is the average value over the acid section, 

but is "chosen in the absence of swelling data". Elod and Frohlich Vr9) 

have deter mined the amount of swelling in sodium hydroxide solutions, and 

this data has been used in the following calculations. Using small 

values for v , Horner faun~ considerable deviation from the experimental 
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data, but overcame this difficulty by t acitly assuming an excess of 0 . 050 

r.1illi. eqv. of freL. carbcxyl groups. This assumption can hardly b~ justi-

fied . Although the amount of dicarboxylic acids in wool aoounts to 

1 . 80 m.eqv ./&~. , the minimum v~lue of amide ni t rogen r cportud by Leach 

end Parkhill(83) is approximately 1 . 0 m. eqv . jgn, giving a free carboxyl 

content of about 0 , 80 to 0 . 85 m. eqvs.;gm. From Sinr.1onds data the sum 

of thG f r &e basic groups is 0 . 87 m. eqv . jgm. Thus an excess of 0 . 050 

m. oqv. jgm. of free carboxyl is most unlikely. 

Using the corrGct values f or v, the exp~rin~ntal values both in the 

absence and pr8sonce of salt fall close to a composite curve . Fig. 23. 
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SUMMARY lur.D CONCLUSIONS. 

1. The main theme of the present investigation has been the establish-

ment of the titration curve of mohair and its comparison with the 

existing data on wool. However, so many improvements have been made 

in the methods for the determination of acid and alkali sorbed, that 

the titration curve of ~ool has also been determined anew. 

It is obviously more satisfactory if both sets of results are 

obtained in the same manner. Throughout this study the aim has been 

to obtain a maximum degree of accuracy. 

2. Preparation of all material has been extremely careful. Wool 

and mohair samples have been purified by low-temperature scouring with 

non-ionic detergent, soihlet extraction with ether and alcohol, and 

careful extraction of ionic impurities with dilute acid. Finally the 

samples have been rinsed with distilled water to the iso-electric 

point, pH 5.0 to 5.2. Processes which may cause damage to the fibres, 

either physical or chemical, have been avoided. This thorough 

purification programme is essential for the removal of all extraneous 

matter from the protein, a factor which is essential for accurate 

determinations of acid or alkali sorption. 

3. The rate of sorption of acid or base from aqueous solution is 

dependent on diffusion both in the fibre and liquid phases, and normally 

requires an appreciable period before equilibrium is attained. 

During this period several side reactions occur, such as hydrolysis of 

peptide and amide bonds in acid solution and protein solubilisation, 

peptide bond hydrolysis and disulphide bond degradation in alkali 

solution. These reactions cause complications in the determination 

of acid or alkali bound. Although corrections for these factors may 

be applied, it is desirable to keep side reactions to a minimum, not 

only for the sake of the accuracy of the titration results but because 

these reactions produce chemical modification of the fibres. 
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Measurements on the effects of extended exposure to alkaline solutions 

have shown that considerable peptide hydrolysis occurs even in solu

tions as dilute as 0 . 01 m. KOH. A rapid sorption technique has now 

been developed which dimished t he equilibration period from several 

hours to a fev• minutes . This method has been successfully applied 

for the determination of the titration curves between pH 0. 5 and 12 . 5. 

Using this method, no ammonia or protein nitrogen can be detected in 

strongly acid solutions at 25°C . In alkaline solution the corrections 

for disulphide reaction and protein solubilisation are negligible below 

pH 11.5. Although the rapid sorption method greatly reduces the 

effects of these side reactions, corrections for several factors still 

have to be applied. 

4. The correction for the disulphide reaction in alkaline solution 

has been throoughly examined in the light of recent advances in the 

knowledge of the reaction mcehanism. Previous workers have corrected 

alkali sorption data on the basis of the reacti on 

KOH --> ) CH- CHO + HS + KS CH2 CH < 
i.e. l mole KOH removed ~ l mole SH- formed . 

Although the discovery of the formation of lanthionine in alkali-treat

ed wool has disproved this concept , recent authors have continued to 

make use of it for corrections. This has resulted no doubt from 

the fact that the lanthionine formation from cystine does not clearly 

account for the r emoval of alkali according to the reaction 

) CH CH2 - SS-CH2 -CH ( 
KOH 

+ s 

OH- is not consumed in thi s reaction , nor is there an increase in 

acidic groups formed in the protein during the process . Analysis of 

the alkaline liquors after the reaction with wool indicates that the 

sulphur is not present as sulphide (or hydrosulphide) but in the form 
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of a polysulphide, equivalent in quantity to the loss of cystine 

sulphur . On acidification the polysulphide gives the free sulphur and 

hydrogen sulphide, the free sulphur being readily reducible. Since the 

sulphide ion is displaced from solution as H2S in the subsequent titra

tion with standard acid, this has been excluded from the correction for 

the alkali removed by disulphide reaction. The amount of sulphide 

formed on acidification varies from 0 to 0.080 m.moles depending on the 

concentration of alkali, and thus previous da,ta is over-corrected by 

this amount, which is approximately one- tenth of the total sulphur in 

solutions. 

basis: 

The true correction has therefore been calculated on the 

m.rnoles KOH consumed = m.moles reducible sulphur. 

5. Above pH 10 keratin becomes increasingly soluble. A correction 

f~r the amount of protein dissolved has been applied as this is sub

sequently back-titrated. This correction is only effective up to 

about pH 13.5 where approximatly lGr~ of the protein nitrogen is in 

solution. 

6. The conditioned fibres contain approximately 15% water but 

immersion in aqueous solution ccuses the sorption of a considerable 

quantity of water , dependent on pH . This results in an apparent 

increase in the final concentration of sorbate and requires the intro

duction of a correction term which is negligible only below concentra

tions of 0.01 m. The alkali sorption values above pH 12.0 are consider

ed t o be not sufficiently accura te to "arrant this correction, and it 

has been omitted here . Methods to determine the saturated we,ter content 

in aqueous acid solution have been carefully examined and a new pro-

cedure has been developed . In this method fibres are immersed in 

aqueous solutions for a few hours and then rinsed in an extremely dilute 

solution of a non- ionic wetting- agent. The excess moisture is removed 

by squeezing and subsequent centrifuging for 10 minutes. The samples 
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are weighed and then dried to constant weight at l05°C. From these 

weights the saturation moisture content can be calculated. The method 

gives precise results. 

The methods and corrections described have been applied to the 

acid titration curve of wool and the results compared with those 

obtained by previous workers . This has shown that better accuracy 

can be obtained by the new techniques. 

8. The titration curves of wool and mohair have been established 

between pH 0.5 and 12.5 at 25°C. The curves are almost identical except 

from pH 0 to 1.5 and again in the i so- electric range between pH 4 and 9. 
This close similarity indicates that these proteins are alike in 

amphoteric properties, und that their content of dicarboxylic and dibasic 

amino acids may be very close. The differences between the curves in 

the range pH 4 to 9 suggests that wool may have more histidine than 

mohair. However, small changes in content of the dibasic amino acids, 

especially between amino acids of close pk values, will not noticeably 

effect the shape of the titration curve. Nevertheless, the pronounced 

differ ence of behaviour of the two fibres in various industrial process

es probably cannot be attributed to a difference in acid-base behaviour. 

Sorption rate data on wool and mohair have reveal ed that the latter 

requires slightly longer equilibration periods, especially in concentra-

ted solutions. This may be caused by structural differences , but can 

also result from the difference in mean fibre diameter or from experi

mental difficulties. Mohair was , for example , more difficult to pack 

into the plunger of the rapid sorption apparatus due to its resilience . 

10. Even at the highest concentration of HCl (0.8m.) no amide or 

peptide hydrolysis at 25°C of wool or mohair could be detected. This 

seems to refute tho popular trade idea that mohair is more sensitive to 

acid than wool. In alkaline solution wool has been found to be approxi-

mately twice as soluble as mohair. This may have valuable application 
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in processes which are usually perfor med in alkaline medium, such as 

scouring and bleaching. Higher temperatures or more coneentrated 

reagents may therefore be employed for mohair before the damage reaches 

the level experienced with wool . 

11. Analysis of a series of mohair samples taken from animals of 

various ages has shown that the keratin may alter as the animal grows 

older. The strong correlation between acid and base sorption indicates 

that these differences probably arise from changes in content of f ree 

acidi c and basic groups in the fibre, kid samples having more amphoter ic 

si tes than the adult samples . Variations have also been found to occur 

in samples removed from different positions on the same animal . 

Whether this is caused bJ· differences in the ratio of primary to second

ary follicles or by differences in density of fleece is unknown. 

Amino acid analyses on these sampl8s may provide the solution. 

12. The titration curve for tip mohair has been found to follow the same 

trends shown by photo-chemically damaged wool, i . e. no change in acid 

titr ation curve , but an increase in alkali sor ption noticeable mainly 

between pH 8 and 11. This suggests that mohair undergoes photochemical 

degradation simi lar to that exper ienced by wool . The actual processes 

which occur are still unknown . Corrections for disulphide reaction and 

protein solubility have been found to be higher for the tip samples, 

indicating that these portions are more sensitive to al kali than the 

unexposed portions. 

13. Several theories of acid and base sorption have been examined 

i n order to decide whether any particular theory could displace all 

others . The Donnan Theory and the Gilbert-Rideal Theory are the most 

satisfactory, and for several years now there has been a considerable 

controversy as to their respective merits. The data from the present 

study, which for reasons given above is considerably more accurate than 

previous data, has bten used , together with more recent values for 

amino acid composition, volume swelling, etc . , to test the validity of 

the two theories . Theoretical titration curves calculated from both 
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theories with t his data are extremely close to the experi mental values . 

This has not been obtained by previous authors who , when using less 

reliabl e r esults , have always found one theory to be more sati sfactory 

than the other. In actual fact, the agreement of the results of 

these two theories may be expected , as they reach similar conclusions 

from different viewpoints. 
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