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ERRATA

to the paper SOLVENT-ASSISTED DYEING OF WOOL by Marianne Kérrholm

p.11, line 3: "out" change to "cut"

line 6: "thermostate" change to "thermostat"
p.17, line 15: "gives" change to "give"
p.28, line 9 from the bottom: "coloumn" change to "column"

p.31, table 3, heading: "millimol/1" change to "millimol/100 ml"

column %: "1%.2, 25,8, 50.8, 75.2" change to
"13.3, 26.4, 52.0, T7.4"

line 3 from the bottom: '"conficence'" change to "confidence"

p.32, abscissa: "millimol/1" change to "millimol/100 ml"

Br Br

p.33, The formula should be: H0_<;::>}——g ==<:i:;?==°
d 50,8
O 3

P.40, line 8 from the bottom: "increases" change to "increased"

p.43, line 3: "chapter 4.3" change to "chapter 3.3"
line 16: "previous'" change to "previously"

line 3 from the bottom: "is" change to '"are"

p.45, table 8, column 4, line 14 from the bottom: "0.061" change to "0.614"

.60, line 8 from the bottom: "percentages" change to "percent"
p.62, line 4: "in" change to "for"

p.70, line 11: "Courmonts" change to "Courmont"

2.77, line 6 from the bottom: "conslusions" change to "conclusions"
p.90, line 11: "wool" change to "Wool"

To the Bibliography should be added:

Moncrieff, R.W. - Wool Shrinkage and its Prevention. London 1953.

Whewell, C.S. and Selim, A. - The Action of Halogens on Wool. Part I.
J.Soc.Chem,Ind. (London) 63 (1944), p. 121.
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INTRODUCTION

The main difficulties in open width continuous dyeing of wool fab-
rics arise from the low rate of dyeing and the selectivity of the
wool fibre surface towards many dyestuffs, resulting in uneven dye-
ing. The dyeing rate may be increased either by changing the pro-
perties of the wool fibre surface by chlorination or alkaline treat-
ments, or by using dye assistants in the dyebath. The selectivity
of the wool fibre surface may be decreased by chemical treatments
(Barritt, Elsworth, 1948, and Lindberg, 1953), or by using special
dyestuffs (Schetty, 1955). In 1956 Peters and Stevens showed that
the introduction of small amounts of an organic solvent may increase
the dyeing rate of wool to an appreciable extent. Since then, a few
papers on this subject have been published. Gokhale, Peters and
Stevens, 1958, have used the technique for dyeing acetate fibres.
The Delaware Valley Section of AATCC, 1958, has investigated the in-
fluence of different solvents in increasing the dyeing rate of hydro-
philic fibres such as wool and cotton. Delmenico, 1957, has applied
the method for vigoreux printing of wool, finding benzyl alcohol to

be the best solvent for technical purposes.

At the beginning of this investigation in 1955, this method was an
alternative to surface-modification of wool by alkali or chlorine
treatments in order to increase the rate of dyeing. At that time
it was known (from unpublished observations by L. Peters) only that
some organic compounds, with limited solubility in water, e.g. bu-
tanol, might increase the dyeing rate of some dyes on wool. There-
fore, it was considered essential to obtain some general under-
standing of the conditions under which the method could be used.
For this purpose a preliminary investigation was made. Some of

the results from this research have already been published very
briefly as a letter to the Editor (Kérrholm, Lindberg, 1956), but

as they are of interest for the following industrial and laboratory



experiments, they are included in this paper (chapter 1).

After the preliminary work had shown it was possible to obtain a
considerable increase in the dyeing rate of technically important
dyes, and at the same time a uniform distribution of the dye bet-
ween different fibres, the next step was to try the method in in-
dustry. Experiments were made on loose wool dyeing, as this kind
of dyeing was very easily carried out. These industrial experi-
ments are briefly described in chapter 4, and the results show
that a superior dyeing, compared with conventional methods, might
be obtained. It was therefore considered justified to make a
further investigation of solvent-assisted dyeings in order to ob-
tain some understanding of the dyeing mechanism. It has been shown,
both at this laboratory and by others (see e.g. the paper by Gok-
hale et al, 1958), that there is an adsorption of solvent by wool,
and it might be assumed that this adsorption has an influence on
the rate of dyeing. A special apparatus was designed to measure
this adsorption quantitatively and also the increase in dyeing
rate of a dye, non-aggregated in dilute solutions. These experi-
ments, and further investigations of factors influencing the dye-

ing rate, are described in chapter 2.

Possible dyeing mechanisms of solvent-assisted dyeings are dis-
cussed in chapter 3, taking into consideration the results ob-

tained from the different parts of this investigation.



Terminology

The term "solvent-assisted" dyeing, used in this investigation,
means that the dyeing rate of a dye in aqueous solution is in-
creased by the addition of an organic compound to the dyebath.

The compounds found to have this effect are usually organic sol-
vents which are sparingly soluble in water. The solvents in-
vestigated are some alcohols and one amine. The general term
alcohol, when not otherwise stated, means alcohols of limited
solubility in water (butanol or higher homologues). The ex-
pressions butanol, amyl alcohol, hexanol, octyl alcohol etc. with-

out further notation refer to primary normal alcohols.

All dyes used are commercial samples without further purification.
The alcohols used were obtained from Theodor Schuchardt, Miinchen,
or Fluka AG, Buchs, and were of the highest grade obtainable (usu-

ally "reinst").
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CHAPTER I

PRELIMINARY INVESTIGATIONS

As mentioned in the Introduction these experiments were perform-
ed to obtain some general understanding of solvent-assisted dye-
ing of wool. The change in dyeing rate obtained with different
dyestuffs and at different concentrations of alcohol in the so-
lution was investigated. The influence of surface treatments

and the dye distribution between different fibres was also studied.

1.1 Degree of sulphonation of dye

Experiments have been performed with a series of acid dyes differ-
ing only in the degree of sulphonation. The dyes used were Naph-
thalene Red J (CI Acid Red 88), Naphthalene Red EA (CI Acid Red
13) and Naphthalene Scarlet 4 R (CI Acid Red 18) with the follow-

ing constitution: H
N50358 N=N é Naphthalene Red J
H
Naoas N=N Naphthalene Red EA
SOBNa
KO
NaOBS“ N=N ‘8 Naphthalene Scarlet 4 R
Na0zS
03 SOaNa

As these dyes have about the same equilibrium exhaustion, which
is only affected to a small degree by the alcohols used (at con-
centrations below or not much greater than the saturation con-
centration of the alcohols in water), the time of half-dyeing
can be used as a measure of the dyeing rate (Vickerstaff, 1954,
p.147). The rate of sorption of dye by the wool fibres was de-

termined by measuring the concentration of dye in the dyebath



after different times. The dyeing experiments were performed in a
400 ml glass beaker using a high liquor ratio (250:1), pH 2.6 and
a temperature of 60°C. One gram of wool top, out into pieces of

2 mm in length, was immersed into a small piece of glass tubing in
a blank solution and brought to the test temperature in a water
bath controlled by a thermostate. The fibres were then very quick-
1y pushed through the tubing in to the dye liquor, circulated with
a glass stirrer at about 1000 r.p.-m. Small samples of the dye li-
quor were withdrawn at definite times and the concentration of dye
determined, using a Beckman DU Spectrophotometer. By the addition
of 3 % (v/v) amyl alcohol to the dye liguor, the dyeing rate was
increased ten times (i.e. the time of half-dyeing was decreased to
the same extent) for the monosulphonated dye, Naphthalene Red J.
For the disulphonated dye, Naphthalene Red EA, the increase in dye-
ing rate was about four times, while the trisulphonated dye, Naph-

thalene Scarlet 4 R, was unaffected by this alcohol.

When determining the partition ratio for these dyes between water
and amyl alcohol, the monosulphonated dye was completely absorbed
by the alcohol phase, the trisulphonated remained in the water phase
and the disulphonated was soluble in both water and alcohol (in a
partition ratio of 4:1). Apparently the degree of sulphonation de-
termines the solubility of the dye in the alcohol, and this solubi-
lity, at least to some extent, seems to be a necessary condition

to obtain an increased dyeing rate.

The partition ratio for a dye between water and solvent will be dis-
cussed later in connection with dyeing experiments using bromphenol

blue at different pH values.

A new group of wool dyes, known as 1:2 chrom-complex dyes, has been
developed to obtain dyes with reduced hydrophilic character, but
still soluble in water (Schetty, 1955). These dyes do not contain
any sulphonic acid groups and should be dyed from neutral solutions.
The effect of amyl alcohol on the dyeing rate of these dyes is much

greater than with the monosulphonated acid dyes. In Fig.1 are shown

11
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some exhaustion-time curves for a dye of this type (Cibalanblau
BL) with various concentrations of octyl alcohol or amyl alcohol
in the dye liquor. The experiments were performed as described
above, but at pH 6.4, using a phosphate buffer. The dyeing rate
was increased with a factor of one hundred by the addition of 3 %
(v/v) amyl alcohol. In figure 1 an exhaustion-time curve refer-
ing to 5 % (v/v) of butanol in the dyebath is included for com-
parison with amyl alcohol. These alcohols are used in the in-

dustrial experiments, described in chapter 4.

T v T T v T

Dye on fibre
100 % of accessible dye

3

A8 cone. 0.1 g/1

liquor ratio 250:1
20 pH 6.4

temp. 60°c
10 1

time

I 1 1 " :

3 2 3 4 5 hours

1) without addition 2) 1 % amyl alcohol 3) 3 % amyl alcohol
4) 0.2 % octyl alcohol 5) 1 % octyl alcohol 6) 5 % butanol
All percentages as v/v

Fig. 1 - Dyeing rate of Cibalanblau BL on wool at different
concentrations of alcohols in the bath.



1.2 "Extraction effect'" of solvent

A 60's Australian wool top was used for these experiments. It was
kerosene-extracted in a mill, and the only other treatment was with
ethyl ether at room temperature. However, it is known that the dye-
ing rate of wool is increased by extraction with solvents (Lindberg,
1953). The presence of a solvent in the dyebath might then in-
crease the dyeing rate by this "extraction effect". To determine
the extent to which this occurs, the ether-extracted wool top was
treated with water containing 3 % by volume of amyl alcohol for

one hour at 60°C. The wool was then rinsed in water, dried and cut

* T ™ T A —— y— T

%ye on fibre

100 of accessible dye

90

80

conc. 0.1 g/1
liquor ratio 250:1
pH 2.6

time

4 8 12 1@ 20 24 28 32 3% 4b 44 minutes

1) untreated wool, without addition, at 40°C
2) " " , 3 % amyl alcohol, at 40°C
3) " ", without addition, at 60°C
4) untreated or AAT-wool, 3 % amyl alcohol, at 60°c

5) AAT-wool, without addition, at 60 C

Pig., 2 - Dyeing rate of Naphthalene Red J on wool at
different conditions.
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into pieces of 2 mm length. This wool will be referred to as amyl
alcohol-treated wool (AAT-wool). The time of half-dyeing was de-
termined for AAT-wool with and without amyl alcohol in the dye 1li-
quor, using the dyes and dyeing technique described above. For
all the sulphonated dyes, the dyeing rate was increased on AAT-

wool compared with the ether-extracted wool.

An addition of amyl alcohol to the dye liquor further increased
the dyeing rate of the monosulphonated dye on AAT-wool to the same
value as that obtained on ether-extracted wool (see fig. 2). This

was also true for the disulphonated dye, although the "extraction

%&e on fibre
of accessible, dye
100 =2 3
1
90
80 |
T0
60
50 1
40 1
30
conc. 0.1 g/1
liquor ratio 250:1 4
20
pH 2.6 %
temp. 60 C ]
10
time
4 8 12 16 20 ‘24 28 32 936 40 minutes
1(x) untreated wool, without addition
1(0) " ", 3 % amyl alcohol
2)  AAT-wool, without addition
3) 1 y 3 % amyl alcohol

Fig. 3 =~ Dyeing rate of Naphthalene Scarlet 4 R on wool at
different conditions.



effect" is relatively larger for this type of dye. For the tri-
sulphonated dye, however, the reverse effect was obtained; the
addition of amyl alcohol to AAT-wool decreased the rate of dye-

ing (see Fig. 3). The net effect on the dyeing rate, when a solvent
in which the dye is insoluble, is added to the dyebath, is there-
fore dependent on whether an increase due to the "extraction effect"
is obtained that is larger than a retardation due to the presence

of the solvent.

In fig. 4 is seen that the same exhaustion-time curves were obtained

on the AAT-wool and ether extracted wool both with and without the

T T T T T T

%ye on fibr(_ebl .

100 F of accessible dye
90
80

70

60
50

40

30

conc. 0.1 g/1
liquor ratio 250:1

20 pH 6.4 ]
temp. 60°¢c
10 )
time
I 1 i 1 1 i
1 2 3 4 5 hours
1) untreated or AAT-wool, without addition
2) u " , 3 % amyl alcohol
3) alkali-treated wool, without addition
4) " n ", 3 % amyl alcohol
Fig. 4 - Dyeing rate of Cibalanblau BL on wool at different

conditions.

15
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addition of amyl alcohol to the dye liquor for the 1:2 chrom-com-
plex dye (Cibalanblau BL). With this type of dye, however, the
largest increase in the dyeing rate was obtained by the addition
of an alcohol to the dye liquor. It must be concluded, therefore,
that the "extraction" effect" of an added alcohol may increase the
dyeing rate in some cases, but this effect is unimportant in the

mechanism of solvent-assisted dyeings.

1.3 Concentration of alcohol

In fig. 1 is shown the large effect of the concentration of alcohol
in the dye liquor, the increase in dyeing rate being much greater
near the saturation concentration of the alcohol. This is later
shown to be dependent on the adsorption of the alcohol on wool and

is considered in chapter 2.

Referring to dye - alcohol systems where an appreciable increase

in dyeing rate is obtained, a concentration of alcohol above the
saturation concentration will cause smaller increase in the dye-
ing rate, as has also been shown by Gokhale et al 1958 in the dye-
ing of triacetate fibres. The equilibrium concentration will also
be influenced, more dye will remain in the dye bath, when the con-
centration of alcohol is increased above its saturation value. Thus
dyeings carried out from a bath, containing the dye, dissolved in
an alcohol, saturated with water, will show a very small equilibri-
um exhaustion of dye on the fibre. Dyeing ether-extracted wool
with Cibalanblau BL (0.3 g/1) under the experimental conditions de-
scribed gives a dye uptake of 20 mg per g of wool from aqueous so-
lution after 24 hours, but only 1.8 mg per g of wool from butanol
saturated with water. Fibre swelling has been measured and found

to be the same in the two systems.

1.4 Temperature of dyebath

In fig. 2 are shown two curves which refer to dyeing of Naphthalene
Red J at 40°C. It is obvious that the increase in dyeing rate caus-

ed by amyl alcohol is greater at 40°C than at 60°C. The investiga-



17

tion of solvent-assisted dyeings of hydrophilic fibres by the Dela-
ware Valley Section of AATCC, 1958, has shown this to be generally
true, the increase in dyeing rate brought about by solvent being

greater at lower than at higher temperatures.

1.5 Surface treatment of wool

At an early stage of this investigation, it was considered probable
that the surface properties of the wool fibres might play an im-
portant role in solvent-assisted dyeings. In order to test this,
wool top was treated with sodium hydroxide in butanol-kerosene to
change the hydrophobic wool surface into a hydrophilic one and to
make the epicuticle easier to penetrate (Wikstrém et al, 1955). The
surface-treated wool was then dyed with Cibalanblau BL, and the in-
fluence of amyl alcohol on the dyeing rate was compared with that
obtained on untreated wool. The results are shown in fig. 4,and it
is seen that the alcohols gives a lower increase in the dyeing rate
of surface-treated wool than with untreated wool. No further dis-
cussion will be made at this stage as the influence of surface treat-
ments on solvent-assisted dyeings will be discussed later in a se-

parate chapter.

1.6 Dye distribution between different fibres

At the beginning of the dyeing period the dye is usually unevenly
distributed between different fibres and also between different parts
of the same fibre. Lindberg, 1953, has reported that the uneveness
is greater for a disulphonated dye than for a monosulphonated one of
the same constitution. This has also been found to be true for the
three acid dyes mentioned above, the uneveness being greatest for
the trisulphonated and least for the monosulphonated dye. It is,
however, of both practical and theoretical interest to know, how the
dye distribution will be influenced by the addition of a solvent to
the dye liquor. For this purpose fibre samples were taken from the
dyebath at different times and examined under the microscope. One
hundred fibres were classified into four groups; undyed, spot dyed,

lightly dyed and heavily dyed. The results shown in table 1 are for
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Table 1
Dye distribution after dyeing with Naphthalene Red J.
pH 2.6; temp. 60°C; conc. 0.1 g/1; liquor ratio 250:1

Pime Addi- Bie: oh % of total fibres belonging to
of tion fibre Un- Spot- Lightly | Heavily
dyeing to % of avail-| dyed |[dyed dyed dyed
| _min. | dyebath able dye fibres| fibres |fibres | fibres
2 28 48 19 27 6
10 none ) 9 20 48 23
40 99 0 10 40 50
2 |3 % amyl 95 0 0 73 27
20 alcohol 99 0 0 22 78

the monosulphonated dye, Naphthalene Red J, on ether-extracted
wool with and without the addition of amyl alcohol to the dyebath.
The figures given are the mean values of four samples tested by
two different persons. When amyl alcohol was present in the dye
liquor, about 70 % of the fibres were classed as "lightly dyed"
after only 2 minutes dyeing, and after 20 minutes about 80 % were
"heavily dyed". Without the addition of an alcohol, 50 % of the
fibres were "undyed" after 2 minutes and the remainder were distri-
buted among the other three groups. After 40 minutes there were
still some "spot-dyed" fibres, but the majority were "lightly"
and "heavily" dyed.

For the disulphonated dye an equal change in the distribution of
dye between the fibres was obtained by the addition of amyl alco-
hol, although the change was not as great as for the monosulpho-
nated dye. Dyeing with the trisulphonated dye resulted in the

most uneven dyeing; the group of "spot-dyed" fibres was particu-
larly large. As would bg expected, there was no appreciable change

in the dye distribution after the addition of amyl alcohol, be-

cause, as mentioned earlier, no change in the dyeing rate was ob-



served with this dye.

In table 1 the dye distribution after a fixed time of dyeing is com-
pared for dyeings with and without the addition of amyl alcohol. It
would also be of interest to make a similar comparison for dyeings
in which the same amount of dye was present on the wool in each case.
However, the dyeing rate of Naphthalene Red J is too large at pH

2.6 so a test series was made at pH 4.3. The results are given in
table 2. For the same amount of dye on the fibre, the distribution
was also more uniform when the dyeing was made in the presence of
amyl alcohol, although the effect was less marked than when the com-

parison was made after equal dyeing times.

Table 2
Dye distribution after dyeing with Naphthalene Red J.
pH 4.3; temp. 60°C; conc. 0.1 g/1; liquor ratio 250:1

Tme Nidi= Dye on % of total fibres belonging to
of tion fibre Un- Spot- Lightly | Heavily
dyeing to % of avail-| dyed dyed dyed dyed
min, | dyebath able dye fibres | fibres | fibres fibres
10 63 18 12 68 2
18 none 83 4 8 16 12
40 96 5 9 18 68
2 3% 62 1 10 73 16
4 amyl 83 0 2] 30 69
10 alcohol 96 0 3 17 80

The results indicate that if the dyeing rate of wool is increased
by a solvent, the distribution of dye will be more uniform bet- )
ween different fibres and between different parts of the same fibre.

This kind of uneveness is considered to be due to a variation in
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surface properties of the wool; the outermost layer (the epicu-
ticle) being intact or not modified on some fibres or some parts
of the same fibre, and thus offering resistance to the dye mo-
lecules. The addition to the dyebath of an alcohol, which is
adsorbed by the wool (as shown later) and in which the dye is
soluble, would then give the entire fibre, and different fibres,
the same permeability to the dye.



CHAPTER 2

INVESTIGATION OF SOME FACTORS OF IMPORTANCE TO

THE DYEING MECHANISM

The preliminary investigation described in the previous chapter
showed that a great increase in the dyeing rate could be obtained
by addition of butanol or one of its higher homologues to the dye-
bath. Furthermore, the dye distribution between different fibres
and different parts of the same fibre became more uniform. Further
experiments are, however, necessary to obtain some understanding

of the dyeing mechanism.

Soon after the discovery of solvent-assisted dyeing, it was found
that the alcohols are adsorbed by the wool fibres (Stevens and
Peters, 1956). It was of interest therefore to measure this ad-
sorption quantitatively and determine if there is any simple re-

lation between the dyeing rate and the amount of adsorption.

This adsorption, however, cannot be the only factor of importance,
as the dyeing rate of many dyes is unaffected by solvents. The
partition ratio of the dye between solvent and water seems to be
another important factor. This factor has been studied for an in-
dicator dye at different pH-values. A change of the surface pro-
perties of wool will also influence the dyeing rate in the pre-
sence of solvents, as shown by the preliminary investigation. This
might be of importance for the dyeing mechanism and further experi-

ments have been performed on this subject.

Valuable information concerning the dyeing mechanism might also be
obtained from changes in physical properties brought about by the
solvents used. The stress-relaxation properties and the swelling

of single wool fibres have been investigated for this purpose.
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2.1 Raw material
Ether-alcohol-water extracted wool

Australian wool tops from 60°s wool was used as the raw material.
It is important that, as far as possible, the wool fibres are uni-
form as regards dyeing rate, and that the surface layer of the wool
fibres is intact. Preliminary experiments showed, that the dyeing
rate may be influenced to an appreciable extent by extraction with
organic solvents or water solutions and even by different methods
of drying. For these reasons, a wool top was chosen which had
been scoured in kerosene in a Swedish textile mill and had never
been in contact with water since it left the sheep. The top was
further cleaned by extraction with ethyl ether, ethanol and water.
The top was cut into pieces of about 12 g each, with a thread
knotted round each end to keep the fibres in position during the
treatments. The thread was also used to mark the samples. Each
piece was immersed in 500 ml of the solvent in separate beakers
for 10 min, and was then pressed between filter papers. Three
baths of each solvent were used, and after the final water treat-
ment, the wool was dried at 50°C overnight and then conditioned

at 65 % relative humidity and 20°C. A1l wool used was taken from
the same top, and all extractions made by the same person within
the shortest possible time. In all, about 200 pieces of wool top
were extracted. About 6 pieces could be treated at the same time,
and these were marked in the same way. Furthermore, the marking
was made in such a way, that the position of the piece in the ori-
ginal top could be identified, as well as the number of the ex-

traction series.

When chemical treatments were to be made, the pieces of top could
then be selected so, that different treatments could be performed
on pieces with the same marking. Furthermore, all investigations,
where dyeing rates are compared, were made on small samples of cut
wool fibres taken from the same large, general sample. An in-
vestigation of the alcohol adsorption of extracted wool, however,

showed that the wool is rather uniform in this respect.
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Wool top, extracted as above, is referred to as EAW-wool, but when
being compared with chemically treated wool, is sometimes also re-

ferred to as untreated wool.

Chlorine treatments

The surface properties of wool fibres were modified to different
degrees by dry chlorination. A degree of modification was desired
which only affected the cuticular layers of the wool, leaving the
cortex unchanged. This can be obtained approximately by treatment
with chlorine in a solvent, e.g. carbon tetrachloride (Moncrieff,
1953). Lindberg has followed the effect of chlorination on the
frictional properties of wool fibres (Lindberg, Gralén, 1949).
Whewell and Selim, 1944, have also shown, that the degree of pene-
tration of the chlorine is dependent on the amount of water pre-
sent in the system. Using Lindberg’s data, reaction conditions

were chosen to obtain 3 different degrees of modification.

A) 8 x 12 g of EAW-wool was dried at 105°C for 1 hr and treated
with 0.3 m Cl2 in dried carbon tetrachloride for 10 min at a liquor
ratio of 25:1. The samples were rinsed once with carbon tetra-
chloride, twice with ethanol, twice with distilled water, once with
buffer solution of pH 7.7 and finally four times with distilled
water using a fresh bath for each rinse. A treatment such as this
increases the coefficient of friction without affecting the re-

sistance to mechanical abrasion of the scales of the wool fibres.

B) The same treatment as A), but the EAW-wool was conditioned at

65 % relative humidity and thus contained about 13 % by weight of
water. The carbon tetrachloride was not dried. This treatment in-
creases the coefficient of friction, but also decreases the re-

sistance to mechanical abrasion of the scales of the wool fibres.

C) The same treatment as B, but extended to 60 min. The whole cu-
ticular layer was then removed by treatment with papain after the
chlorination (Patent specification BP 546.915, 1941). For this pur-
pose a solution of a 0.025 % commercial papain in an acetate buffer,
containing 0.25 % sodium bisulphite at pH 5.0 was used. The wool

tops were treated in this bath for 2 hours at 6500. The samples
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were rinsed in the usual way after chlorination, but the papain
solution replaced the buffer solution of pH 7.7. After the pa-
pain treatment, the samples were rinsed in distilled water, treat-
ed with buffer of pH 7.7, rinsed again and dried overnight at
50°C.

Microscopic examination of the treated wool revealed only small

changes in the appearance after treatment A) and B) but an almost
completely descaled wool after treatment C). The weight loss was
less than 1 % after treatment A and B but 20 % after treatment C.

The wettability of the wool samples was tested according to the
method by Schuyten et al, 1949, and was found to be 72 dynes/cm,
i.e. all three methods of chlorination resulted in a wool, the

surface of which was wet by water.

The wool, treated as above, will be referred to as wool A, wool B

and wool C.

2.2 Adsorption of alcohols and dyestuff on wool from agueous

solutions.

Preliminary experiments showed that alcohols were selectively ad-
sorbed from aqueous solutions by wool. In order to measure the

amount of adsorption, an apparatus was designed at the Institute.
This apparatus could be used for dyeing experiments as well, thus
making it possible to determine the amount of adsorption of alco-

hol and of dyestuff from the same experiment.

Apparatus

The apparatus consists of a glass cylinder about 22 mm in diameter,
which is surrounded by a glass mantle for circulating water (See

fig. 5 a and b).

The cylinder is grooved in both ends and can be tightly closed with
teflon stoppers. A stainless steel shaft passes through the stopp-
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ers. The fibres to be tested are held between two perforated

discs of stainless steel. The lower disc is firmly connected to
the shaft, but the upper disc is free and fixed to the shaft by
means of a spring, which is released when the disc passes a groove
in the rod. The ¢ aft is connected to an eccentric, driven by a
gear speed reducer motor. Thus the shaft is moving up and down
through the stoppers. Teflon was chosen for the stoppers to ob-
tain low friction against the shaft. After a short time, how-
ever, the motion of the shaft enlarged the holes in the stoppers
and leakage occurred. A special gland was designed, consisting
of small packing pieces of teflon, which were expanded against

the shaft by means of a screw (See fig. 5 b)., When these pieces
were worn out, they were replaced by new ones. By changing the
amount of wool and the distance between the discs, the bath ratio
could be changed at a constant degree of packing. The distance
between the discs was varied most simply by using different shafts,
where the groove for the upper plate was placed at a different

distance from the fixed lower plate.

Test procedure

The shaft carrying the lower disc, was put through the lower teflon
stopper, and 15 ml of the test solution placed in the inner cy-
linder. Water of desired temperature was circulated in the outer
cylinder, and the temperature of the water measured on both sides
of the apparatus. The rate of flow was adjusted to give the same
temperature within O.3°C on the incoming and outgoing water. Under
these conditions the temperature of the outer cylinder was also ob-
tained in the inner cylinder. For the adsorption experiments, a
weighed amount of wool, cut in 2 mm pieces, was placed in the so-
lution, and the upper disc put in position. The distance between
the discs was chosen to correspond to a degree of packing of the
wool of 0.2 (Degree of packing = volume of wet fibres/total volume).
After the wool had been placed between the discs, the upper teflon
stopper was screwed into position, the air escaping through a

narrow hole, bored in the stopper. If the experiment was not



carried out at room temperature, the final adjustment of the stopper
was made when the solution had obtained test temperature. For dye-
ing or adsorption experiments, where the time is also measured, the
test solution was first brought to the desired temperature, and the
wool then entered into the solution, the stopper closed, and the
shaft connected to the motor. The time elapsing from when the wool
was brought into contact with the solution until the stirring could
be commenced was about 22 seconds. By this procedure, experiments
could be done with good reproducibility for times exceeding 2 mi-

nutes.

The test solution was forced through the plug of wool fibres as the
plug was moving up and down in the closed space between the teflon
stoppers. The shaft moved at a rate of 21 cycles per minute, which
corresponds to a flow of liquid through the plug of about 200 ml per
min., and cm2 at a bath ratio of 30:1. After an experiment was fin-
ished, the upper stopper and the shaft with the fiber plug were re-
moved, and the solution collected in a test tube. This procedure

could be done within a few seconds.

To obtain a rate curve experimentally it is thus necessary to make

a separate experiment for each time interval.

Methods for determination of alcohol concentration

Refractive index method

The amount of adsorption of alcohol or dyestuff was calculated from

the difference in concentration of the test solution before and after

the adsorption.

It is rather difficult to determine quantitatively the concentration
of an aliphatic alcohol in aqueous solution by chemical methods. A
colorimetric method using ammonium cerium nitrate was tried (Reid,
Truelove, 1952), but found less accurate than a physical method,
using the refractive index of a solution as a measure of concen-

tration. This determination is simple, but a necessary condition
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is that the concentration of all other substances is constant.
For our purpose this limits the applicability to solutions con-
sisting of only one solute, as other solutes may well be ad-
sorbed by the wool at the same time, also causing a change in
refractive index. For the experiments a Zeiss dipping refracto-
meter was used. The temperature was carefully controlled by cir-
culating the bath surrounding the samples through a thermostat.
All measurements were performed at 25.0°C. The refractive in-
dex of the stock solution was measured at the same time as that
of the test solution, and directly after each other, to minimize
errors depending on time. Generally two adsorption experiments
were carried out at each concentration of the alcohol. Cali-
bration curves were established by measurements with known so-
lutions. The measurement of refractive index was repeated three

times on each solution.

Distilled water will dissolve some substance out of the wool. This
continues for very long times, resulting in an increasing refrac-
tive index of the solution. It was, however, easy to correct for
this, by making separate experiments, using distilled water, at

the same time as the adsorption experiment. These corrections are
highly reproducible. Alcohol solutions mey remove solids from wool
to a different degree than distilled water, thereby making the cor-
rection inaccurate. For benzyl alcohol this effect can be deter-
mined experimentally, and is found to be negligible, as seen from

table 5, by comparison of coloumn 2 and 3.

To test the whole procedure, especially losses due to evaporation,
adsorption tests should be made on fibres with zero adsorption.
Polyacrylics were suitable, as both polyamides and polyesters

showed a selective adsorption of alcohols.

It was possible to carry out the adsorption experiments using a
4 % solution of butanol and polyacrylic fibres, without any change
in refractive index of the solution at 60°C or 70°C. At 70°C it

was necessary to introduce the fibres at room temperature, and



then increase the temperature, but at 60°C the fibres can be in-
troduced at the test temperature. Evaporation losses from the closed
apparatus were also investigated, by stirring the alcohol solutions
without fibres. For times up to 1 hour at 60°C no correction has to

be made, but for longer times a correction is necessary.

The 95 % confidence limits for the mean value of the refractive in-
dices for two separate experiments have been calculated from a great
number of experiments and found to be £ 145 & 10-5. This is some-
what less than the correction introduced for the extraction of so-

luble compounds out of the wool fibres.

Spectrophotometric method

Some aromatic alcohols show & maximum for light absorption in the
ultraviolet region, and this can be used for the determination of
their concentration. Benzyl alcohol, for example, shows an ab-
sorption maximum at 257 mp. This method has the advantage of being
applicable also when other solutes are present in the solution. If
the determination is made in the presence of other aromatic com-
pounds, showing a light absorption at the wavelength used, a cor-

rection must be made for this.

The spectrophotometric method has been applied to solutions of ben-
zyl alcohol in the presence of a dyestuff. Instead of using a
blank solution of zero concentration of benzyl alcohol at the spec-
trophotometric determination of the concentration, the test so-
lution (obtained after the adsorption experiment) was used as a
blank and measured against the stock solution (the alcohol so-
lution before the adsorption). In this way, the desired con-
centration difference was obtained, and the reading errors mini-
mized. It was necessary to dilute the benzyl alcohol solution
before measurement to get a measurable optical density. Three
dilutions were made of the test solution and three of the stock
solution. These solutions were then measured against each other
in random order, using a Beckman DU Spectrophotometer. The mean

value of these three determinations was used for calculation of
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the adsorption. Two separate experiments were performed at each
concentration of benzyl alcohol., The confidence limits for the
mean value of the adsorption of benzyl alcohol according to above
procedure was found to be ® 1,2 mg/g wool and is rather independent

of the magnitude of the adsorption.

Results

Adsorption of aliphatic alcohols from solutions in

The amount of adsorption was measured for various aliphatic alco-
hols from solutions in distilled water, using the refractive in-
dex as a measurement of concentration. In fig. 6 and table 3 some
results are shown at a liquor ratio of 30:1 and a temperature of
60°C and a time of 30 min. At this temperature only a slight in-
crease in adsorption is obtained at times longer than 30 min, but
the values may not be treated as true thermodynamic equilibrium
values. From these results it is seen that adsorption of alcohols
will increase with the number of carbon atoms in the chain at the
same concentration in the bath. For the different isomers of the

same alcohols the adsorption increases with decreasing solubility.

Adsorption of alcohol and dyestuff from buffer solutions

The main difficulty in investigating the influence of adsorption
of an alcohol on the dyeing rate is to find a suitable dyestuff.
Dyestuffs are affected to different degrees by alcohols, i.e. de-
pending on the degree of sulphonation of the dyestuff, Many sul-
phonic acid groups in the molecule result in high solubility in
water, but usually a low solubility in alcohols, whereas other so-
lubilizing groups (as in the 1:2 chrome complex dyes) may give the
dyestuff the reverse solubility properties. The dyeing rate of
the last group is most influenced by alcohols. However, these
dyes are highly aggregated in aqueous solutions up to temperatures

of about 90°C and therefore less suitable for comparisons of dye-



Table 3

Adsorption of alcohols on wool

temp. 6000; time 30 min.j; liquor ratio 30:1

‘ Conc. in solution

:

Aicohol in millimol/1 Adsoxption
P before ad- [after ad- / 1 millimol/g
sorption sorption Le/same wool
butyl alcohol (n) 13.5 13,2 5.1 0.07
27.6 25.8 26.3 0.36
CH3(0H2)20H203 54.4 50.8 54.5 0.74
81.9 T5n2 99.6 1.34
butyl alcohol (iso)| 13.3 13,0 6.1 0.08
CH 40.3 38.9 31,2 0.42
3> CH CH,0H 67.1 64.1 65.7 0.89
CH3 93.2 88.0 116 1.57
1502 12.8 7.5 0.10
butyl alcohol(sec) 40.4 39.2 27.2 0.37
CH CH(OH)02H5 94.2 91.9 50.8 0.69
5 135, 2 132.8 52,6 0.71
5.8 5.6 40T 0.05
amyl alcohol (n) 1.6 1.3 8.5 .10
CH3(CH2)BCH20H 17.3 16.1 3.7 0.3%6
2204 19,9 58.7 0.67
amyl alcohol Bl 55 5.9 0.07
(prim.iso) 1.5 sS 1.1 0.13
CH 179 16.5 16.2 0.18
CH;>>CHCHQCH20H 23.0 21.7 33,1 0.38
5o 546 2.2 0.02
am{ieilg§h°1 22.8 22,1 19.5 0.22
i 39.8 35.0 125 1.42
CZHSCchH(OH)CH3 16.7 36.3 276 3013
hexyl alcohol 2.9 247 5.6 0.05
4-methyl pentanol-2 5.9 545 150 0.13
CH ) » 9.9 9.1 22.8 0.22
CH§:>CﬂCH20H(Ob)033 14.5 11.8 81.8 0.80

The 95 % conficence limits for the adsorption values are ob-

tained by adding to the values in the table T ] mg/g wool
or  0.04 millimol/g wool.
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1) butyl alcohol (sec), 2) butyl alcohol (iso), 3) butyl alcohol (n),

4) amyl alecohol (sec-n), 5) amyl alcohol (iso), 6) amyl alcohol (n),

7) hexyl alcohol (4-methyl pentanol-2).

(The formulas are given in table 3).

Fig. 6 - Adsorption of aliphatic alcohols on wool fibres as a
function of their final concentration in solution.



ing rate and adsorption at temperature below 90°C. It is, how-

ever, possible to find a dyestuff, which has affinity for wool, is
monomolecular in solution and the dyeing rate of which is influenced
by alcohols. This dyestuff, tetrabromphenol sulphonphthalein, (an
indicator dye known as bromphenol blue, see below), is not normally
used for wool dyeing. The light absorption at different wave lengths
of this dye in aqueous solutions varies with the pH of the solution
in a simple way (Luck, 1958). At pH 1.2 the dye is almost completely
converted to its acid modification, which is yellow, whereas at pH

about 7.8 it exists in its basic modification, which is blue,

Br Br

HOQv c=©o bromphenol blue
T T

S0zH

As the concentration of benzyl alcohol can be determined spectro-
photometrically, the adsorption of this alcohol on wool has been
measured from solutions containing bromphenol blue at pH 1.2. The
adsorption of dye by the wool was measured in the same experiment,
using the apparatus described before. As the dyeing rate is very
high at pH 1.2, a temperature as low as 2.500 was necessary. This
temperature could be obtained by circulating ice-water through the
outer mantle of the apparatus. Dye solutions of constant dye con-
centration, but containing different amounts of benzyl alcohol, were
prepared by dissolving a weighed amount of benzyl alcohol in a buffer
solution of pH 1.2, adding a desired amount of a stock solution of
bromphenol blue in the same buffer solution, and finally adjusting
the volume with the buffer solution. Four different concentrations
of benzyl alcohol were used at dyeing times of 2.5 min, 5 min, 10 min,
30 min, 90 min,and 180 min. The experiments were repeated twice. The
dye concentration was determined spectrophotometrically at a wave-
length of 437 mu. The same solution was then diluted, and the con-
centration of benzyl alcohol determined at 257 mp as described above.
The results are given in table 4, and some values illustrated in'fig.

7 a. Fig. 7 b gives the amount of adsorption of bromphenol blue as
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Table 4

Adsorption of benzyl alcohol and bromphenol blue on wool
pH = 1.2; initial dye conc. = 0.02 g/1;
temp., = 2.500; liquor ratio 30:1

Adsorption
Conc. of of dye 1) Adsorption Time of |[Adsorption
benzyl optical den- | of alcohol adsorption |of alcohol
alcohol sity at 437 ng/g wool min. millimol/g
g/100 ml my wool
0 0.235 - -
2.00 0.262 6.5 2.5 0.060
3.00 0312 29.0 > 0.268
4.00 0.365 47.9 0.443
0 0.320 - -
1.00 0.329 4.4 0.041
2.00 0.336 10.7 5 0.099
3.00 0.3%86 42.4 0.3%92
4.00 0.412 60.1 0.555
0 0.395 € =
2.00 0.405 130T 10 0.126
4.00 0.433 70.2 0.649
0 0.438 = ix
2.00 0.446 16.8 30 0.155
4.00 0.461 81.1 0.750
0 0.465 - =
2.00 0.469 21.8 90 0.202
4.00 0.465 90.7 0.839
0 0.465 - -
4.00 0.465 10255 1eY 0.948

1) The numbers represent the difference in optical density
of dye solution before and after dyeing. Optical density of
initial conc. = 0.500; optical density of equilibrium conc. =

0.035.

The 95 % confidence limits for the adsorption of benzyl alco-
hol is obtained by adding to the values in the table - 1.2
mg/g or 5 0.01 millimol/g.
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Fig. 7 a - Amount of bromphenol blue on wool after a
fixed time at pH 1+2 as a function of the
adsorbed amount of different alcohols (see
Table 4).
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Fig. 7 b - Amount of bromphenol blue on wool after 5
min. as a function of the concentration of
different alcohols in solution.

35



a function of concentration of benzyl aicohol in the solution.
These adsorption values are much lower than the equilibrium val-
ues, due to the rate of adsorption being low at the low testing
temperature. The amount of dye taken up by the wool after a

fixed timey used as ordinate in fig. 7 a and b can be used as

a measure of the dyeing rate, as the equilibrium adsorption of
dye is noi influenced by the benzyl alcohol. The dyeing rate

for this alcohol is therefore a rectilinear function of the amount
of adsorption of the alcohol. The slope of the curves varies with
the time of dyeing; the nearer to equilibrium dye adsorption, of
course, the less will the alcohol influence the amount of dye on

the fibre and the smaller will be the slope of the curve.

Aliphatic alcohols

It is of interest to find out if simple relationships between dye-
ing rate and adsorption also exists for other alcohols. As men-
tioned previously, the concentration of these alcohols must be de-
termined by refractive index measurements, which means, that the
adsorption of alcohol and dyestuff must be determined from sepa-
rate experiments. The alcohol adsorption was measured from a so-
lution in distilled water, whereas the dye adsorption was mea-
sured from buffer of pH 1.2. As benzyl alcohol could be deter-
mined both by refractive index and spectrophotometric measure-
ments, a comparison of these two methods could be made, and also
the difference in adsorption from distilled water and buffer so-
lutions with and without dyestuff in the solution. The results
are shown in table 5. All differences between the adsorption val-
ues lie within the 95 % confidence limits (with one exception).
Thus for benzyl alcohol, the adsorption by wool is the same if the
alcohol is dissolved in distilled water or in a buffer solution of
pH 1.2, or this buffer solution contains bromphencl blue at-a con-
centration of 0.02 g/1. Furthermore, the two different methods of

determining the concentration give values in good agreement.

Assuming these results to be valid also for other alcohols, dye-

ing experiments have been performed with solutions of bromphenol



Table 5

Adsorption of benzyl alcohol on wool from different

solutions and determined by different methods

temp. 2.5°C; time 5 min,; liquor ratio 30:1

Adsorption in mg/g wool measured by
nggéyif refractive index| light absorption at wavelength 257 mp
a}ﬁggzil water water buffer dye in
g solution solution solution buffer
pH~ 6 _pH ~6 pHL 15,2 pH 1.2
1.0 3.8 4.6 4.4 4.4
2.0 115 1055 1153 10.5
3.0 37.9 43.7 43.7 42.8
4.0 62.3 61.3 62.2 61.5

The 95 % confidence limits for the adsorption values are obtained
by adding to the values in the table 5 2.0 mg/g wool (refractive
index method) or T 1.2 mg/g wool (spectrophotometric method).

blue containing different amounts of n-butanol or pentanol-2. The
results are given in fig. 7 a and b and refer to a time of dyeing
of 5 minutes. The dyeing rate at the same adsorption are very si-
milar for the two alcohols and agree with the values obtained for
benzyl alcohol at low adsorption values. At higher adsorption val-
ues the dyeing rate is increased more by benzyl alcohol than by

these alcohols.

2.3 Dyeing at different pH-values

Dyeing experiments have shown that not only the acid form of brom-
phenol blue but also the basic form, has an affinity for wool, al-
though the dyeing rate is much less at higher pH values., For this
reason dyeing experiments were carried out at 6000 and pH 7.7 with
the same apparatus as described before and at the same concentra-
tion of dyestuff in the solution. The results are given in table

6. The dyeing rate is slightly increased by butanol but unaffected
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by the presence of benzyl alcohol. This is not due to changes in
the adsorption of benzyl alcohol on wool, as is shown in the table.
In fact, nearly the same amount of benzyl alcohol is adsorbed as
in the dyeing experiments at pH 1.2, It is thus found that two
modifications of the same dye react in different ways to the same
alcohol. The dyeing rate of one form is increased, while the dye-
ing rate of the other is unaffected. The reason for this might be
of utmost interest to explain the mechanism of solvent-assisted
dyeing of wool. For this reason, further investigations have been

carried out with bromphenol blue at different pH values.

Table 6
Dyeing rate of the basic form of bromphenol blue in the presence

of butanol, benzyl alcohol or hexylamine

initial dye conc., = 0,02 g/l; temp. = 60°C; ligquor ratio 30:1

Dye solution Dye- | Amount of dye [Adsorption
ing on fibre of
Solvent time optical den- solvent
Solvent conc. | pH | min. | sity at 590 mng/g
gﬁOOml mp wool
phosphate - - Tl 5 0.19
buffer - - it 30 0.70
n benzyl 3.0 e 5 0.20 42
alcohol n 1" 30 0.67 51
5 butanol| 6.0 Tl 5 0.29
" " " 30 0.87
borate - - T8 5 0.19
buffer - - 10,2 5 0.18
phosphate hexyl- 0.74 |10.2 5 isi21 48
buffer amine 1 10.2 30 1.82

1) The numbers represent the difference in optical density of the
dye solution before and after dyeing. Optical density correspond~
ing to initial concentration = 2.32 (at 590 mu ) and correspond-

ing to equilibrium concentration = 0.20., The amount of dye on the

wool at equilibrium = 2.12 in the units used.
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Partition ratios of bromphenol blue between solvents and

water solutions of different pH

Bromphenol blue may be considered an indicator acid HI, ionizing
according to the formula:

ET 4 Bg=2EB 4 I

where H I is yellow and I  is blue. (In the pH range investigated,
H I might have one negative charge, then the ion I has two negative
charges. This is, however, of minor importance for the following
discussion). As is known the addition of alcohols to aqueous so-
lutions of indicator acids will shift the colour of the solution
towards the acid side (Kolthoff, Rosenblum, 1937, p.203 f). If
butanol or benzyl alcohol, -in concentrations below the saturation
point, is added to an aqueous solution of bromphenol blue, this
shift is very small. However, by shaking an aqueous solution of
bromphenol blue with butanol or benzyl alcohol, the solvent phase
will contain a higher proportion of the unionized acid form than
the water phase. Comparing butanol and benzyl alcohol solutions,
saturated with water, the shift towards the acid side is larger in
benzyl alcohol. Experiments have been made to determine the par-
tition ratios of the two forms of bromphenol blue between butanol
or benzyl alcohol and buffer solutions at different pH. When the
same volume of buffer and alcohol are used at pH 1.2, the composi-
tion of the alcohol phase will be about the same as the original
buffer phase, i.e. the dye exists almost entirely in its acid form.
Making the same experiment at pH 7.7, when the dye is in its basic
form to the greatest extent, will result in alcohol phases contain-
ing mainly the basic form. In the benzyl alcohol phase there is an
increase in concentration of the acidic form and a decrease of the
basic form compared with the original buffer solution, but still the
concentration of the basic form is about 6 times as high as that of

the acidie,

Remembering that the amount of adsorption of alcohol on wool is re-
lated to the dyeing rate, and assuming that the adsorbed alcohol is

able to dissolve the dye out of the solution surrounding the wool



fibres, it should be of interest to study the partition ratios at
liquor ratios which are related to the dyeing experiments. If we
take the results from the adsorption measurements, about 0.06 g
benzyl alcohol is adsorbed per g wool at a liquor ratio of 30:1
from an aqueous solution containing 4 % benzyl alcohol. If we re-
gard the adsorbed amount of alcohol as one separate phase, and the
dye solution as the other phase, the distribution of dye should be
studied at liquor ratios of 30:0.06 = 500:1.

Such a distribution study has been made, both for butanol and ben-
zyl alcohol, in equilibrium with buffer solutions of bromphenol
blue at pH 1.2 and 7.7 and the same concentration as used in the
dyeing experiments. For experimental convenience the determination
was made at a liquor ratio of 200:1. Some tests were also made at
a ratio of 400:1 but this did not change the principal conclusions
that could be drawn. The results are given in table 7 and may be

summarized as follows.

At pH 1.2 when wool is dyed with the acidic form of bromphenol blue
under the experimental conditions used, the partition ratio for this
form in benzyl alcohol and buffer solution is about 470, i.e. the
concentration in the benzyl alcohol is 470 times that in the buffer
solution. For butanol the same partition ratio is obtained. At

pH 7.7 wool is dyed by the basic form of bromphenol blue. The par-
tition ratio for this form at the same experimental conditions will
be 0.9 for benzyl alcohol and about 3 for butanol. The fact that
the dyeing rate of bromphenol blue will be increases by the alco-
hols at pH 1.2 but almost unaffected at pH 7.7, makes it reason-
able to believe, that there is a connection between the rate of

dyeing and the partition ratios determined at high liquor ratios.

It should be valuable to test this hypothesis by trying to find
a solvent giving a high partition ratio for the basic form of brom-
phenol blue and investigate the influence of this solvent on the

dyeing rate of the basic form.



Table 7

Partition of bromphenol blue between alcohol

and buffer solutions

initial dye conc. 0.02 g/1

. . 5)
Optical density | Volume | R R
4 ) 2) at of 451 590
Solution pH c c
3) 4) phase alc alc
431 530 Bl | Cours, | Cbuff.
myu mp
initial solution T2 0.695 0.02 2000
benzyl alcohol phase 98.6 10 474
buffer phase 0.208 2000
initial solution 152 0.768 0.02 2000
butanol phase 10755 10 474
buffer phase 0.227 2000
initial solution TeT 0.048 2,13 2000
benzyl alcohol phase 0.985 1.88 10 0.9
buffer phase 0.040 212 2000
initial solution T 0.029 2.30 2000
butanol phase 0.670 6.9 10 3
buffer phase 0.025 2427 2000

1) the dye and alcohol solutions were mutually saturated with each
other before the experiment

2) pH 1.2 was obtained with a sodium citrate-hydrogen chloride buffer
solution, pH 7.7 with a phosphate buffer solution

3) wavelength at maximum extinction for the acidic form of brom-

phenol blue

4) wavelength at maximum extinction for the basic form of brom-

phenol blue

5) R = partition rati

O.
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Benzyl alcohol and butanol are weaker bases than water and rather
bad solvents for the basic form of bromphenol blue. In looking
for a good solvent for the latter, it was thought reasonable to
try substances which are stronger bases than water, and which thus
convert the acidic form of bromphenol blue to the basic. Many
amines have these properties and we therefore tried hexylamine,
the simplest aliphatic amine, which is partly soluble in water.
The partition ratio for the basic form of bromphenol blue between
hexylamine and a buffer solution of pH 7.7 is above 1000 at the
same liquor ratio (200:1) and the same dye concentration as in

the experiments with butanol and benzyl alcohol. Hexylamine is
thus a good solvent for the basic form of bromphenol blue. Further
experiments were made to determine if hexylamine was adsorbed by
wool from agqueous solutions., Using the refractive index for de-
termination of concentration, it was found that 1 g wool adsorb
about 48 mg hexylamine after 5 min., at 60°¢ at a liquor ratio of
30:1 from an aqueous solution containing 0.74 g hexylamine/100 ml
(almost saturated). Dyeing experiments have been made under the
same conditions as used for the determination of influence of ben-
zyl alcohol and butanol, and the results are found in the same tab-
le (Table 6). It is seen that the dyeing rate is very much in-
creased by the addition of hexylamine to the basic form of brom-
phenol blue. As hexylamine is strongly basic, there will be an
increase in pH of the buffer solution to about 10 by its addition
to the dyebath. However, this will not affect the dyeing rate in
this special case, as has been shown by dyeing from a borate buffer
at pH 10.2. The experiments with hexylamine thus support the con-
clusions drawn from the dyeings with alcohols present in the dye-
bath,

Adsorption of the solvent onto wool, together with high solubili-
ty of the dye in the solvent used, is thus found to be of import-
ance for obtaining an increase in the dyeing rate with this sol-
vent, (It might also be possible to obtain an increase in the dye-
ing rate for dyes insoluble in the solvent, due to the "extrac-
tion" effect discussed in chapter 1,2, This latter effect is,
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however, separate from the main mechanism).

The results may be used for formulating a hypothesis on the me-

chanism of solvent-assisted dyeings of wool given in chapter 4.3.

2.4 Dyeing of surface-treated wool

Experiments made at an early stage of this work have shown that
the increase in dyeing rate by the addition of solvents is less
for surface-treated wool than for untreated wool (see fig. 4).

It was therefore considered of interest to investigate in what
way the surface properties of wool fibres are connected with the
mechanism of solvent-assisted dyeings. For this purpose, the
properties of the wool surface were changed, as described earlier
(chapter 2.1). The wools, chlorinated to different degrees, were
dyed with bromphenol blue at pH 1.2 and 7.8 using benzyl alcohol
or hexylamine as solvents. The experiments were carried out in
the same apparatus used for the adsorption of alcohols and de-
scribed previous in this chapter. As the dyeing rate of brom-
phenol blue on untreated wool is large at pH 1.2 and is further
increased by the use of surface-treated wool, a high liquor ratio
(150:1) and a low temperature of dyeing (2.500) were used, to make
it possible to follow the change in concentration of the solution
with time. A preliminary test series was performed on chlorinat-
ed wools B and C, i.,e. on dry chlorinated moist wool and on the
completely descaled wool. Dyeing experiments at pH 1.2 gave the
same rate of dyeing on both types of wool (expressed as diffusion
constants) if allowance was made for the difference in mean dia-
meter. At pH 7.8, however, a difference in dyeing rate was ob-
tained for wools B and C. Wool C was therefore included in the
main experimental series at pH 7.8 but not at pH 1.2. The dye-
ing rate of bromphenol blue at pH 7.8 is much slower than at pH
1.2. For this reason, a temperature of 60°C was used, and a li-
quor ratio of 30:1., At higher liquor ratios the dyeing times is
inconveniently long, and the equilibrium values are particularly
difficult to obtain.



The experimental results are given in table 8 and 9. The con-

centration in the dye liquor, ¢ divided by the initial concen-

,
tration, co, at different timesf and also the amount of dye on the
fibre at time t, Mt’ divided by the amount at equilibrium, M.,
are given. Fig. 8 and 9 show the values of Mt/Mﬁo as a function
of time. All curves approach unity as time increases to that ne-
cessary for obtaining equilibrium. Firstly, it is interesting to
note that all three chlorine trestments cause an increase in the
dyeing rate of the basic form of bromphenol blue (fig. 9), whereas
the dyeing rate of the acid form (fig. 8) is decreased for wool A
(dry chlorinated dry wool), but increased for the others. Chang-
ing the hydrophobic wool surface into a hydrophilic one seems to
make it repellent to the acid form of the dye. The same effect
was found when determining the rate of adsorption of benzyl alco-
hol on wool, the rate of adsorption being less on wool A than on

untreated wool (see fig. 10 a and b).

The increase in dyeing rate brought about by solvents as seen in
fig. 8 and 9 appears to be less for the surface-treated wool than
for the untreated wool. There is, however, still an appreciable
effect of the solvent on descaled wool fibres.

g
Calculation of diffusion constants

It would be of great interest to obtain a guantitative measure of
the dyeing rate, in order to compare the influence of solvents on
untreated and surface-treated wool. Vickerstaff (1954 p. 147) has
given a summary of different methods for describing dyeing rates.
The only method suitable for the experiments described in this
paper is a calculation of the diffusion constant,where it must be
assumed, that the fibres have a number of sites for fixation of
the dye and that only the free concentration contributes to the
diffusion., Furthermore, the experiments were made from a finite
dyebath, the concentration of which rapidly decreased with time.
Olofsson, 1956, has worked out an approximate method for the cal-

culation of the diffusion constant for this case, if the diffusing



45

Table 8
Dyeing of wool with bromphenol blue

pH 1.2; temp. 2.5°C; initial conc. = 0.02 g/1;

liquor ratio = 150:1

Addition |Time 1) 2)
Kind of wool, to ct/co Mt/M‘”
dyebath min.
2 0.820 0.184
5 0.728 0.278
15 0.509 0.501
EAW-wool none 30 0.295 0.719
60 0.228 0.788
180 0.160 0.858
) 0.020
(ether alcohol-water
2D 0.527 0.482
extracted) benzyl 5 0.33%0 0.684
alcohol 15 0.188 0.829
4 % (w/v) 30 0.113 0.906
60 0.065 0.955
180 0.056 0.964
oC 0.020
249 0.814 0.190
5 5 0.763 0.242
Chlorinated 15 0.550 0. 460
none 30 0.341 0.672
i 60 0.234 0.782
180 0.164 0.853
o0 0.020
(dry chlorinated 2.5 0.061 0.394
benzyl 5 0.473 0.538
02y wool) alcohol | 15 0.261 0.755
4 % (wi) 30 0.182 0.835
60 0.163 0.854
180 0.124 0.894
> 0.020
Chlorinated 2+ Q518 090
el B 5 0.371 0.642
15 0.205 0.811
none 30 0.098 0.920
(dry chlorinated 60 0.077 0.949
moist wool) 180 0.055 0.965
o 0.020

1) concentration in solution/initial concentration
2) dye on fibre at time t/dye on fibre at equilibrium



Table 8 (continued)

Addition | Time
Kind of wool to ct/co Mt/M°°
dyebath min.

2)

5 2.5 0.289 0.726
S benzyl 5 0.200 0.817
alcohol 15 0.106 0.912
(dry chlorinated 4 % (w/v) 50 0,068 0.951
moist wool) 60 0.035 9.987
180 0.020 1.000

(o 0.020

Sm = 147 for all test series.

S = number of sites for fixation of dye divided by initial bath
concentration, Cye

All values given are calculated from mean values of two deter-

mirations.
Table 9

Dyeing of wool with bromphenol blue

pH 7.8; temp. 60°C; initial conc. = 0.02 g/1;

liquor ratio 3%0:1

Addition | Time 1) 3) 2)
Kind of wool to ct/co Sm Mt/u°°
dyebath min.,
5 0.921 0,088
30 0.710 0.326
60 0,527 0.530
EAW-wool none 120 0.390 26.7 0.684
300 0.224 0.870
e 0.107
(ether alcohol-
5 0.485 0.553
R i 15 0.300 0.753
t ted . «831
o 14O G0 | oiaes | 7T9| oless
300 0.128 0.936
(o= 0.069
Chlorinated 5 0.851 0,167
wool A 30 0.558 0.495
(dry chlorinated aons 60 0.415 26.7 0.656
dry wool) 120 0.266 0.823
&% 0.107




Table 9 (continued)

Addition Time 1) 3) 2)
Kind of wool to ct/co Sm Mt/MC‘
dyebath min.
5 0.532 0.502
Chlorinated h;zii" 15 0.255 0.785
wool A A e o) 30 0.194 | .. o | 0.863
(dry chlorinated ” 60 0.13%2 : 0.922
dry wool) 150 0.123 0.941
e 0.069
5 0.674 0.365
15 0.502 0.549
Chlorinated 30 0.407 0.665
SR8 60 0.307 | 27 | o.177
wool B 120 0.207 0.888
300 0.158 0.944
i 0.107
(dry chlorinated 5 0.421 0.621
3 hexyl- 15 0.247 0.808
moist wool) amine 30 0.179 | o o | 0.881
1% (v/v) 60 0.132 ¢ 0.932
120 0.132 0.932
o 0.069
5 0.69% 0.366
. 15 0.523 0.569
Chlorinated 30 0.436 0.673
none 60 0.340 250 0.787
w90l it 120 0.264 0.876
300 0.199 0.955
(dry chlorinated 2 0.162
moist wool and 5 0.379 0.705
15 0.226 0.879
papain treat- Z;?il' 30 0.183 0.928
14 ?v/v) 60 0.132 | 26.3 | 0.985
ment) 135 0.120 1.000
300 0.120
A8 0.120

All values given are calculated from

47

mean values of two determinations.

1) concentration in solution/initial concentration

2) dye on fibre at time t/dye on fibre at equilibrium

3) Sm = number of sites for fixation of dye divided by initial

bath concentration e
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Fig., 9 - Mt/Mao as a function of time,at dyeing of untreated and
chlorinated wool at pH 7.8.
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Fig. 10 a - Adsorption of benzyl alcohol as a function of
time on untreated and chlorinated wool at pH 1.2,
liquor ratio 30:1, initial conc. 4 g/100 ml, temp.2.5°C.
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substance is irreversibly adsorbed by the fibre. The calculation
method given by Wilson, 1948, is founded on a rectilinear, re-
versible adsorption isotherm and was found to be less suitable
for the above experimental data than was Olofsson’s method. The
latter was used therefore, and was found to be less laborious in

practice than might be considered from a theoretical study.

Detailed directions for the calculations are given in Olofsson’s
paper (p. T470) and will not be repeated here. However, parts of
the calculation method, which are of interest for the interpre-
tation of the results, are described. The following symbols are

used:

B = A/rn 32 = volume of bath/volume of moist fibres

co = concentration of dye in solution at the time t = O

Cp = concentration of dye in solution at the time t = t

Cf=1 = ct/co

Sm = concentration of sites for dye fixation in the wool, di-
vided by c°

1 = position of moving boundary (see fig. 11)

fibre radius = 12.1 x 10-4

- 9.7 % 1072

cm for EAW-wool, wool A, and wool B

o
[}

cm for wool C
)A = 1/a
D

= diffusion constant
Firstly, from the experimental data ct/co is plotted against the

A series of values of A (see fig. 11)
is chosen arbitrarily (in this case
1.00, 0.95, 0.90, 0.85 .....) and the
corresponding values of C{=I1 are cal-
culated from eq (20) p. T471 in Olofs-
son’s paper. From the experimental

curves, corresponding t - values are

obtained and mean values of At are

calculated for a fixed difference




in the position of the moving boundary at time steps immediately be-
fore and immediately after time t. Two values of D/a2 are then cal-
culated according to eqs (21) and (22) respectively and a mean value
of D/a2 according to eq (28°) is obtained as the final result., The

numbers of the equations refer to Olofsson’s paper.

From the experiments of interest in this case, the graphs of ct/c°
against t, obtained from the values in table 8, are given in fig. 12
and 13 a and b. The chosen values of A, the calculated values of

C
e=1"
tables 10 and 11 together with the final values of D/a2. As the

and Atm obtained from the experimental curves are given in

fibre radius, a, is constant, the variation obtained in D/a2 is due
to a variation in the diffusion constant, D. For some curves, D is
fairly constant whilst for others it varies considerably. (When the
dyeing rate is large, the first part of the curve has been drawn as
a straight line, giving values of D which are too small at the be-

ginning and too large at the end of the rectilinear portion). For

O EAW-wool J

X wool A

Vv wool B

0.6
without addition

- - - with 4 % (w/v) '
benzyl alcohol

0.5

0.4

Fig., 12 - ct/c as a function of time,at dyeing of untreated
and chlorinated wool at pH 1.2 (see table 8).
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Fig. 13 a - ct/c as a function of time,at dyeing of untreated and
chlorinated wool at pH 7.8 (see table 9).
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|

|

|

|
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i h\p —
V) ] A A 2 1 i L 1 L i A time
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Fig. 13 b - ct/c as a function of time,at dyeing of descaled
® wool (wool C) at pH 7.8 (see table 9).



Values of

Table

D/a2 at different values of / calculated from the

experimental serie

Aty is given in min

10

s in table 8

o D/a2 in min.-1
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EAW-wool EAV-wool and Chlorinated Chlorinated
benzyl alcohol wool A wool A and
A Cg = benzyl alcohol]
Ataln/a® | At | p/e® | At |D/a® | At | D/a®
0.95 0.904 [ 1.25|0.318 0.25 1.59 1.65 0.241| 0.45 |0.883
0.90 0.813 | 1.85 [0.465 0.50 1.72 2.20 0.391 | 0.55 [1.56
0.85 0.727 | 2.63 |0.536 0.45 3.12 3435 0.419 | 0.60 (2.34
0.80 | 0.646 | 3.08 [0.665 0.40 5o 12 3.68 0.556| 0.85 |2.41
075 0.570 | 3.7310.756 0.40 5.76 4.03 0.699| 1.08 |2.58
0.70 0.499 | 3.93]0.956 0.40 9.40 4.20 | 0.896| 1.68 |2.24
0.65 0.433 | 4.03 [1.21 0.60 8.14 4.48 1.09 2.28 |2.14
0.60 0.372 | 4.38[1.44 1.38 4.57 535 1.18 2.48 |2.54
0.55 0.316 | 6.0 [1.35 2450 325 8453 0.952 | 2.88 [2.83
0.50 04264 |117.8 |0.59 3425 3422 26.0 0.401| 4.28 (2.44
0.45 0.218 3.83 3452
0.40 0.176 4.93 3460
0.35 0.140 6.23 3.69
L
Table 10 (continued)
Chlorinated wool B Chlorinated wool B
;A Cf’“1 and benzyl alcohol
2 2
At D/a At D/a
0.95 | 0.904 0.35 1413 0.13 3.06
0.90 | 0.813 0.43 2.00 0.20 4430
0.85 0.727 0.40 3451 0.28 5.01
0.80 | 0.646 0.40 5612 0.30 6.83
0.75 0.570 0.60 4.70 0.33 8455
0.70 | 0.499 1.20 3613 0.30 1245
0.65 0.433 1438 3.54 0.40 12.2
0.60 | 0.372 1.83 3.45 0.40 1567
0.55 0.316 2470 3.01 0.63 12.9
0.50 | 0.264 3+35 3,11 1.10 9.50
0.45 0.218 3493 3.42 1.90 707
0.40 | 0.176 4463 S ) 3.20 5.47
0.35 0.140 5ol 4.01 4.20 5.48
0.30 | 0.108 5.43 5.76
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Table 11

Values of .‘D/a2 at different value of A calculated from the
experimental series in table 9

Atm is given in min,,

p/e? in min,-!

)\Ic

EAW - wool Chlorinated Chlorinated
$ =1 wool A wool B

2 2 2

At D/a Aty D/a At | D/a
0.95 | 0.912 7.30 0.0099 3.0 | 0.0240 1.15| 0.123
0,90 | 0.828 9.20 0.0167 3.85 | 0.0400 1.20| 0.128
0.85 0.750 9.75 0.0254 4.95 | 0.0500 1.55] 0.160
0.80 | 0.676 [10.30 0.0347 6.50 | 0.0550 1.90| 0.188
0.75 | 0.606 |11.35 0.0426 8.0 | 0.0605 3.23 | 0.150
0,70 | 0.542 1335 0.0469 9.83 | 0.0637 525 | 0119
0.65 0.482 18,90 0.0423% 11.95 | 0.0669 7.30] 0.109
0.60 | 0.426 [27.78 0.0360 14.48 | 0.0690 9.95 | 0.100
0455 0+375 38420 0.0325 1753 | 0.0709 12.75 | 0.0975
0.50 | 0.328 |45.93 0.033%3 20.9 | 0.0730 15.60 | 0.0979
0.45 | 0.286 |44.6% 0.0409 26.0 | 0.0702 19.0 | 0.0961
0,40 | 0.249 |46.25 0.0469 38.1 0.0569 22.5 0.0964
0.35 | 0.216 2845 0.0915

Table 11 (continued)

EAW - wool and Chlorinated Chlorinated

/\ c hexylamine wool A and wool B and

Sh=d hexylamine hexylamine

Aty D/a.2 Aty D/a.2 Aty D/a.2
0.95 | 0.908 0.80 0.0942 0.60 | 0.126 0.25 | 0.295
0.90 | 0.821 0.73 0,222 0.80 | 0.203 0.20 | 0.793
0.85 | 0.739 0.78 0.33%6 0.70 [ 0.375 0.20 | 1.28
0.80 | 0.662 0.85 0.448 0.65 | 0.586 0.20 | 1.86
0.75 | 0.589 0.83 0.624 0.78 | 0.664 0.30 | 1.69
0.70 | 0.522 0.90 0.757 0.83 | 0.820 0.55 [ 1.21
0.65 | 0.459 1465 0.533 1.20 | 0.735 0.85 | 1.01
0.60 | 0,401 2.35 0.474 1.68 | 0,663 145 | 0,751
0.55 | 0.348 3.60 0.388 2.43 [ 0.575 2.40 | 0.566
0.50 | 0.299 5.95 0.293 3.85 | 0.453 4.20 | 0.405
0.45 | 0.256 9.20 0.236 6.30 | 0.345 6.40 | 0,329
0.40 | 0.216 {13.15 0.206 8.90 [0.304 8.00 | 0.329
0.35 | 0.182 |19.80 0.169 10.15 | 0.320




Table 11 (continued)

Chlorinated wool C Chlorinated wool C
)\ and hexylamine
Cout | A%y D/a2 C omi Aty D/a.2
0.95 04917 0.80 | 0.0838 0.913 0.40 0.177
0.90 0.839 0.85 | 0.168 0.831 0.35 0.433
0.85 0.765 1423 0.185 0.753 0.40 0,610
0.80 0.696 1.95 | 0.167 0.680 0.40 0.872
0.75 0.631 3.03 | 0.144 0.612 0.45 1.050
0.70 0.570 4.53 0.124 0.548 0.50 1:223%
0.65 0.514 6.73 0.104 0.489 0.65 1.193
0.60 0.462 9.93 0.0868 0.434 0.95 1.015
0.55 0.414 12.28 | 0.0859 0.384 1.30 0.918
0.50 0.370 13.80 | 0.0917 0.338 1.90 0.766
0.45 0.331 18,33 | 0.0821 0.297 2.70 0.652
0.40 0.296 | 26,30 | 0.0677 0.260 4.38 0.485
0.35 0.227 5493 0.428
0.30 0.199 T+03 0.429
0.25 0.175 8.40 0.419

comparison of diffusion constants, a mean value of D should there-
fore be calculated. The main purpose of this investigation is to
compare the change in the diffusion constants for dyeings performed
on wool with different surface properties with and without the addi-
tion of solvents. It is therefore considered as most suitable to
use mean values of the diffusion constant obtained over the same
range of A -values, i.e. the same depth of penetration of dye into
the fibres. Olofsson (in the cited paper) points out that his ap-
proximate method of calculation is most accurate at the beginning
of the diffusion and should not be used for A -values lower than
0.35 to 0,30. Therefore, mean values of D/a2 have been calculated
for ‘K-values from 0.95 to 0.50 and are summarized in table 12 and
13.

When the dyeing rate is high, the experimental accuracy will be low
at the beginning of the dyeing period, and also rather small changes
in the curve between ct/co =1, t = 0, and the first experimental

point, will then give rise to different mean values. For the curves

referring to dyeing of wool B and wool C in the presence of hexyl-




Table 12

Mean values of D/a2 and values of DS/D for

bromphenol blue on different types of wool

ph 1.2; temp. 2.5°C; liquor ratio 150:1

Addition 1)/:5\2 1)
Kind of wool to mean value at DS/D
dyebath A 0.95-0.50
- 0.828
EAW-wool benzyl alcohol
4 % (w/v) 4.59 5.5
- 0.682
Wool A benzyl alcohol
4 % (w/v) 2.20 3.2
= 327
Wool B benzyl alcohol
4% (w/v) 9.06 2.8
a= 12,1 x 10-4 ¢cm
Table 13

Mean values of D/a2 and values of DB/D for

bromphenol blue on different types of wool

pH 7.8; temp. 60°C; liquor ratio 30:1
2
Addition D/a 1
Kind of wool to mean value at DB/D
dyebath A 0.95-0.50
- 0.0414
EAW-wool hexylamine
1% (v/v) 0.384 9.3
- 0.0583
Wool A hexylamine
1% (v/v) 0.488 8.4
- 0.122
Wool B hexylamine 0.876 o2
1% (v/v) (0.605) (5.0)
- 0.116
Wool C hexylamine 0.783 6.8
1% (v/v) (0.814) (7.0)

1) Ds = Diffusion constant in presence ot solvent

a = 12.1 x 104 for EAW-wobl, wool A and wool B

a= 9.7 x 10-4

for wool C
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amine, the diffusion constant has been calculated from alternative
curves in this first region. The mean value of D/a2 in table 13 is

then changed and these alternative values are given within brackets.

The quotients between the D/az-values, Ds/D i.e. the diffusion con-
stants for dyeings with and without solvents on the same wool sample

are also given in the tables 12 and 13.

For bromphenol blue at pH 1.2 the diffusion constant is increased
5.5 times by the addition of 4 % benzyl alcohol to the dyebath when
the dyeing is performed on untreated wool, but only 3.2 or 2.8 times

on chlorinated wool.

The corresponding increase in diffusion constant for bromphenol blue
at pH 7.8 by the addition of 1 % hexylamine is 9.3 times for un-
treated wool and decreases to 8.4 for wool A, 5.0 - 7.2 for wool B
and 6.8 - 7.0 for the descaled wool.

The absolute magnitude of these values refer to the investigated
system and should not be considered representative for solvent-
assisted dyeings in general. The relative values, however, i.e.
the changes in DS/D due to surface treatments, should be valid for
solvent-assisted dyeings performed on the same kind of surface-

treated wool as described.

The same general picture is thus obtained from the two dyeings made
under different experimental conditions. For all surface-treated
wool samples, the values of DB/D decrease compared with untreated
wool. The decrease is larger for wool B and C than for wool A,
Dyeing with the acid modification of bromphenol blue gives the same
result on wool B and C, but there might be a slight difference for
the basic modification on these two chlorinated wools, depending on

which mean value of D is used.

Furthermore, it may be noted that the number of sites for dye fix-

ation of the basic form of bromphenol blue (as expressed by the



values of Sm in table 9 is slightly less in descaled wool (wool C)
than in untreated wool (EAW-wool). The number of these sites is
increased by the addition of hexylamine to the dyebath. Thus hexyl-
amine will cause a change in the equilibrium exhaustion of the dye-
bath both on untreated and chlorinated wool, and a difference in
equilibrium exhaustion without the addition of hexylamine will also

be obtained for wool C compared with the other kinds of wool.

Benzyl alcohol has no such effect on the acid form of bromphenol
blue, and the number of sites available to this form of the dye is

found to be equal on untreated and descaled wool.

Summarizing, it might be stated that the rate of adsorption of the
solvent is dependent on the surface properties of wool, and that
solvents cause smaller increase in the dyeing rate of chlorinated
wool. The surface properties of wool are thus important in solvent-
assisted dyeings, although the same mechanism of dye adsorption in

such dyeings may apply with both untreated and surface-treated wool,

2.5 Influence of solvents on stress relaxation and swelling

of wool fibres

Stress relaxation of wool fibres

In wool fibres break-down of cross linkages between the polypeptide
chains, followed by a molecular rearrangement, has been proposed to
account for stress relaxation (Speakman et al, 1941). The cross-
linkages present in wool fibres include covalent disulphide bonds,
salt linkages, hydrogen bonds and van der Waal’s forces. If the
alcohols used in solvent-assisted dyeings are able to break these
cross-linkages to a much higher degree than water alone, this could
increase the dyeing rate. It should be possible to determine the
extent to which this occurs from stress-relaxation curves, as in-
creased bond breaking would give rise to increased stress relaxation.
The method of Katz and Tobolsky, 1950, has been used for this pur-
pose. Wool fibres were extended 15% in water at 60°C, using an In-

stron Textile Testing machine, and the decay of tension at constant
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temperature and extension was recorded. After one hour’s relax-
ation of the fibre, amyl alcohol (3 % by volume) or butanol (5 %
by volume) was added to the water and the decay of tension follow-

ed for several hours.

However, no change in the relaxation curve could be observed after
the addition of one of these alcohols to the water. Break-down of
cross-links and molecular rearrangement by these alcohols thus seem

to be rather improbable.

Swelling of wool fibres

When wool is immersed in water there is a diffusion of water mole-
cules into the fibres. Because of the presence of hydrophilic groups

in the fibre this causes swelling.

An increase in the degree of swelling of a fibre would indicate break-
down of cross-linkages, with a consequent increased rate of diffusion
of dyes. Atkinson et al, 1959, have observed a small increase in

swelling of wool by an aqueous solution containing 45 % propanol.

The change in swelling of wool fibres resulting from the addition of
benzyl alcohol or hexylamine to an aqueous solution has therefore
been determined from the change in fibre diameter. For this purpose,
EAW-wool from the same piece of top, was divided into six parts. Five
of these were immersed in the following solutions at room temperature
for 48 hours: 1) distilled water + 0,075 % of a nonionic wetting
agenty 2) 4 % (w/v) benzyl alcohol in distilled water; 3) buffer so-
lution at pH 7.8 + 0.075 % of the above wetting agent; 4) buffer so-
lution at pH 10.0 + 0.075 % of the above wetting agent; 5) 1 % (v/v)
of hexylamine (buffer solution of pH 7.8). As shown previously, so-

lution 5 has a pH of about 10.

The sixth part was brought to equilibrium with an atmosphere of 65 %

relative humidity at room temperature.

The diameters of the fibres were measured microscopically with a pro-



jection microscope, operating at a magnification of 500x - the pro-
cedure is the technique standardized in the Swedish standard method
SIS 65 00 04. Eight samples were prepared from each of the six
treatments and one hundred fibres were measured from each sample.
The mean diameters of these hundred fibres are given in table 14.
The 95 % confidence interval for the difference between two mean
values is calculated under table 14 and found to be 0.67u. This
means that, by the technique used, a change in diameter of 2.8 %
(absolute) can be detected by this method. By increasing the pH to
about 10 either by addition of hexylamine or by introducing a bo-
rate buffer of this pH the fibre diameter will increase by the above
amount. It has, however, been shown earlier (see table 6) that
hexylamine increases the rate of dyeing, but a mere change in pH

by the addition of borate has no such effect. As wool fibres are
already highly swollen in water (15.5 % increase in diameter over
the eir dry sample), this increase in swelling of a few percentages
seems to be relatively unimportant to the rate of dyeing. The addi-
tion of benzyl alcohol also seems to increase the fibre diameter to
some extent (but less than the confidence interval). The increase
in swelling is interesting, as it might indicate changes in the fibre
due to the adsorption of benzyl alcohol or hexylamine, but it is
rather improbable that this increase, as such, can affect the rate

of dyeing to any great extent.



Table 14

Swelling of wool fibres in different solutions
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Fibre diameter (mean diameter of 100 fibres) in u

1 2 3 4 5
in air of 4% bvenzyl | Buffer |Buffer [1% hexyl-
65% rel. aq. alcohol s0- so- amine in
humidity dest. in lution |lution |buffer of
water pH 7.8 |pH 10 pH 7.8

23.50 26.81 27.59 26.65 28.44 2751
23,57 28.36 26.83 26.37 26.47 27.49
22.87 25.34 2751 26.07 27.95 27.88
23.89 26.49 26.81 27.59 26.83 27.85
23.73 26.12 27.18 26.94 26.76 26.51
23.54 27.32 26.44 26.41 26.51 27.00
23.69 26.03 27.66 26.48 27.64 27.81
23.63 26.94 27.00 26.44 28.01 26.79

Mean value 23.55 26.68 2713 26.62 2755 27.36
VarianCG,sfu 0.091 0.841 0.189 0.215 0.595 0.276

Increase in diameter
% of diam. in air 13,3 15.2 13.0 16.1 16.2

Mean value of 52 = 0.368 u

The 95 % confidence interval,d1 for the difference between two mean

values of fibre diameter = t . s \[%— - %— where t = 2,2, 8 = VZE =

1 2
= 0.606, n, =n, = 8, which gives d = 0.667 u,which corresponds to

2
2.8%3 % of the fibre diameter in air.
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CHAPTER 3

GENERAL DISCUSSICN OF YWHE MECHANISN OF

SOLVENT-ASSISTED DYEING OF WOOL

The results of interest in the mechanism of solvent-assisted dyeing,
obtained from the foregoing experimental investigations may be sum-

marized briefly as follows.
All solvents investigated are adsorbed on to the wool.

For some alcohols there exists a simple relationship between the

amount of adsorption and the dyeing rate.

A particular alcohol might have no effect on the dyeing rate of a
dye at a pH about 7, but increase the rate for the same dye at a
lower pH, although the adsorption of this alcohol is nearly the
same at both pH-values. The solubility of the dye in the alcohol
is large at the low pH-value where the dyeing rate is affected,
but low at the higher pH. By using an amine in which the dye has
high solubility at this latter pH, an increase in the rate of dye-

ing can be obtained.

Solvent-assisted dyeings of surface-treated wool show that solvents
cause less increase in the dyeing rate in this case than with un-
treated wool, although an appreciable effect of solvents may be ob-

tained with descaled wool.

The distribution of dye between different wool fibres and also be-
tween different parts of the same wool fibre becomes more uniform

when dyeing isg carried out in the presence of solvents.

The presence of alcohols in the dyebath can increase the dyeing
rate of some dyes by an "extraction" effect. The dyeing rate of 1:2
chrome-complex dyes are, however, unaffected by previous extrac-

tion with alcohols in agueous solution.
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The solvents may cause some swelling of the wool fibres (less than

3 % increase above the swelling in water).

No change in the stress-relaxation properties in water has been ob-
served after the addition of an alcohol. The breaking tenacity and
elongation at break are not changed by the presence of an alcohol in

the dyebath.

For the same amount of dye on the wool, a higher percentage of fibres
was penetrated by the dye in the presence of a solvent than in the
normal aqueous system, even though the time of dyeing was much short-

er.

The fastness properties of dyeings are about the same, whether sol-

vents are used or not.

The three latter statements are obtained from results of the in-

dustrial experiments described in chapter 4.

In discussing the mechanism of solvent-assisted dyeing of wool, it
seems fairly reasonable to make comparisons with carrier dyeing of
synthetic fibres. This was also done by Kédrrholm and Lindberg, 1956,
in the previously cited paper. In that paper, reference was made to
Kramer, 1955, who proposed that the carrier is adsorbed on the fibre
surface, and in this layer the dye concentration is higher than in
the bath, thus giving rise to a higher concentration gradient, caus-
ing a higher diffusion rate into the fibre. The solvent-layer theory
of carriers is also treated by other investigators, e.g. Choguette,
1954, supporting this theory, whereas the microdyeoscope studies pub-

lished by Millson, 1955, might be used against the theory.

Another effect ascribed to the carrier is to open internal bonds,
e.g. hydrogen bonds, thus facilitating penetration of the dye (Kra-
mer, 1955, Fortess et al, 1958). The carrier acts on the fibre by
both these mechanisms. It has, however, been proposed that the

carrier might also act on the dye in the dyebath, decreasing the




degree of aggregation and thus increasing the concentration of single
dye molecules, thereby increasing the dyeing rate (see e.g. Zimmer-
man et al, 1955).

The latter mechanism may be rejected for solvent-assisted dyeing of
wool, because solvents give an increased rate of dyeing with a dye
which is monomolecular in solution. Even if there should be some
aggregation of this dye, the concentration of single molecules should
still be so large, that any increase by disaggregation could hardly

account for the increase in dyeing rate.

It may be concluded therefore that the solvent will act on the wool
fibre and not on the dye in the dyebath.

Three possible mechanisms for solvent-assisted dyeing are:

1) the effect of a solvent layer,
2) loosening of the fibre structure,
3) supplementing of normal diffusion in fibre by diffusion in the

adsorbed solvent,

These alternatives are discussed below.

3.1 The effect of a solvent layer

According to this ‘-hypothesis the solvent is considered to be ad-
sorbed on the wool as a surface layer. The high solubility of
the dye in this layer gives a high concentration which should

cause more dye molecules to diffuse into the fibre per unit time.
However, if this hypothesis is treated thermodynamically as a
system in equilibrium then, for the reasons given below, no in-

crease in the dyeing rate is to be expected.

Equilibrium treatment

It is assumed that a dye is dissolved in the solution with an ac-
tivity ac and in the solvent layer with the activity ag. The sol-



vent layer is in equilibrium with the outer solution and has the same
activity in all parts, Furthermore, it is assumed that the fibre in

contact with the solvent layer has attained its equilibrium activity,

af.

The chemical potential of the dye in solution,l%, in the solvent layer,

oo and on fibre,uf, is given by the following equations:

o
uc = uc + RT 1n ac
bo=p %+ BT
8 S nas
bp = w0 + RT 1
£ Uf n af

o
where B~ is the standard chemical potential in the respective phase,

R is the gas constant and T the absolute temperature.

At i i = =
equilibrium, B, By He

o o
d th - = -
and thus, B e RT 1n ap RT 1n a.-

For the same system without a solvent layer,

g ° - RP1 ' Rl 1na
uc - uf = na. - na

1 1
where a £ and a = are the activities of dye on fibre and in so-

lution in this case.

As the outer concentration is unaffected, or might be decreased, by

the presence of a solvent layer

) 1
a = a , which means that a, = a _ ;
e c £ f
The activity of dye on the fibre when a solvent layer is present is

thus equal to, or less than that in the absence of such a layer.

This treatment presupposes equilibrium conditions. However, as the
rate of dyeing is being considered, a kinetic treatment would be

more correct.



Kinetic treatment

It is assumed that the fibre has a surface layer of different pro-
perties (e.g. an epicuticle on a wool fibre) and there is an outer

solvent layer in contact with a dyebath. This is shown in fig. 14.

aqueous solvent | surface fibre I
solution barrier
3 2 1 |
65 6e aq—>
4

Fig. 1

From consideration of diffusional flow across the boundaries, the

following expression has been deduced by B. Olofsson (unpublished).

k DI._Eep7Dep. Fep + és/Dst

where a is the fibre radius, D is the diffusion constant of dye in
the fibre, Dep and Ds are the diffusion constants in the surface
barrier and solvent layer respectively. Fep and Fs denote the
partition constants of dye concentrations at equilibrium between
the surface barrier and water, or solvent and water. L is a di-
mensionless parameter, proportional to the combined permeability

of the surface layers.

From the above expression, different L-values might be calculated
for a fibre with and without epicuticle, and also with and with-
out a solvent layer. Sorption and desorption curves for different
L-values at infinite liquor ratio are given by Crank, 1956, and
shown in fig. 15, From these curves, the influence of the para-

meters of interest on the uptake of dye might be obtained.

A quantitative treatment is questionable as many rather uncertain

assumptions must be made, but the qualitative treatment below gives
some valuable information.
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I. Fibre without surface barrier (epicuticle)

In this case bep = 0 and the expression for L becomes:

a DF
s s

s  D&§/DF T D
8" 8 8

a
BT
s

When calculating L for fibres without a solvent layer, this layer

is replaced by water of the same thickness:

D o+ B @ D a
R S S
W D8 D )
W s
as F_ =1 and 6§ =6 , The quotient
w w s
Ds
LS/stb;'Fs=Fs

as Ds may be assumed to have about the same value as D .
w
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The partition ratio of dye between solvent and water is usually high
in solvent-assisted dyeings. If a value of Fs = 100 is assumed then

L =1000L.
S w

From fig. 15 it is seen that the effect of an increase of L on the
uptake of dye (Mt/Moo) is greater, the smaller the value of L.

Therefore an attempt is made to find the lowest possible value of L'.

The lowest value of D'/D will be 1; very probably the diffusion con-
stant of dye in water is higher than in the fibre, although not ne-
cessarily much higher, as D denotes the true diffusion constant of
the free dye in the fibre. The highest value of the thickness of
the solvent layer 65 is obtained by assuming that all of the ad-
sorbed solvent is on the surface of the wool. For an adsorption of
6 % on the weight of the wool, a value of

65/3 -3 x 10°2

is obtained.
Substitution in the above expression for L' gives L':EE 35

From fig. 15 is seen that if L = 10 an increase to L =oo will only

give a low increase in the uptake of dye as a function of time.

II. Fibre with surface barrier (epicuticle)

A) Without solvent layer

The solvent layer is replaced by & water leyer of the same thick-
ness., If the epicuticle is assumed to have a thickness of about
0.1 4, and the fibre radius, a, to be about 10 u, then

~ T2 w2 " -
aep/a_m 5 as/a 3x107% F_=1; D =D; D=D.
The expression for L will be dependent on the nature of the surface
barrier., It might be assumed that the affinity for the dye and also

the diffusion constant are low. This means that Fep = 1 and Dep:ﬁé

= D. The value of L will then be less than 30. As seen from fig.



15 a decrease of L from this value might cause an appreciable decrease

in the uptake of dye as a function of time. By assuming that Fep =

0.01 and D =D, then L = 10; for F_ = 0.01 and D = 0.01 D, then
ep ep ep

L = 0.1,

The retarding effect of a surface barrier upon the rate of dyeing is

thus demonstrated by this treatment.

I1 B. With solvent layer

In the expression

a

D [5ep/nep F,o * as/nsF;l

the first term in the denominator referring to the surface barrier
will increase with the efficiency of the barrier (decreasing Fep and
Dep)' The second term in the denominator referring to the solvent
layer will decrease with a higher concentration and higher diffusion
constant of dye in the solvent layer (increasing Fs and Ds)' It is
thus theoretically possible that the two expressions might balance
each other, the decrease in dyeing rate caused by a surface barrier
being counteracted by the increase caused by a solvent layer. How-
ever, by using the constants given above for this actual case, a
rather small influence of the solvent layer is found. The value of

& /D F will be small as F_ increases compared with & /D , and
s’ s’ s s ep

ep Fep
the latter will determine the magnitude of L.

The effect of a solvent layer in increasing the rate of dyeing when
a surface barrier is present, can therefore be expected to be rather

small.

The above kinetic treatment thus demonstrates that a solvent layer
with high concentration of dye theoretically might cause some in-

crease in the rate of dyeing, but this increase is small, and can-
not account for the large increases in dyeing rate obtained experi-

mentally with solvent-assisted dyeings. The effect of a surface

69
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barrier in decreasing the rate of dyeing is, however, demonstrated

and this effect might be appreciable.

An experimental and theoretical treatment of the influence of a sur-
face barrier on the dyeing rate of wool based on assumptions other
than those above, has been published recently and shows a definite
effect of a barrier in decreasing the rate of dyeing at the begin-

ning of the dyeing period (Medley and Andrews, 1959).

The solvent layer theory as stated above is thus an unsatisfactory

explanation of solvent-assisted dyeings of wool.

3.2 Loosening of the fibre structure

An investigation by Rochas and Courmonts, 1959, of the action of a
carrier in dyeing polyester fibre with disperse dyes has shown that
the carrier functions by loosening the fibre structure. After to-
tal elimination of the carrier by treatment with steam, the increase
in dyeing rate remains, although not quite to the same extent. The
Delaware Valley section of the AATCC in a previously cited public-
ation also proposes that the carrier acts on the fibre, and rejects

both the solvent layer theory and action on the dye in the dyebath.

An extensive investigation of accelerant dyeing of hydrophobic fibres,
published by the Piedmont Section of the AATCC,1959, discusses nine
mechanisms for carrier dyeing published to date and rejects them all
for different reasons,with the exception of theories involving chang-
es in the internal structure of the fibre. The carrier is consider-
ed to form'"fibre-carrier bonds, thereby breaking the "fibre-to-fibre"
bonds. The'"fibre-carrier'bonds, being looser bonds, give greater

accessibility of the fibre.

The experimental data on solvent-assisted dyeing of wool do not con-~
tradict this theory, although it might be difficult to explain some
results,if this theory alone is used. When wool is treated with a

solution of amyl alcohol in water, and the alcohol washed out com-



pletely, an increased dyeing rate is obtained for some dyes, as shown
in chapter 1. This is called the "extraction effect" and corresponds
to the effect of carriers on polyester fibres described by Rochas et
al. However, no "extraction effect" was obtained with Cibalanblau BL
as can be seen from fig. 4 and yet, with this dye, a large increase

in the dyeing rate was caused by solvents.

As shown in chapter 2.5 the stress-relaxation curve in water was un-
changed by the addition of solvents. This would indicate that break-
ing of cross-bonds did not occur to any large extent. It might be
possible, however, that the number of cross-linkages that must be
broken to obtain an increase in the rate of dyeing, is smaller than

that necessary to cause a change in the stress-relaxation curve.

Furthermore, there is an increase in the swelling of wool by ad-
sorption of benzyl alcohol or hexylamine from agueous solutions, in-
dicating a loosening of the fibre structure. However, the additional

swelling is small (less than 3 %).

By assuming the above theory to be the only one valid, it is diffi-
cult to explain why benzyl alcohol should increase the dyeing rate
of bromphenol blue at pH 1.2 and not at pH 7.8 as it is adsorbed to

about the same extent at these two pH-values.

Furthermore, it is difficult to see why the same carrier could not
be used for all dyes of about the same size, irrespective of their
chemical constitution., Neither is the condition of high solubility
of the dye in the solvent or carrier explained by assuming only a
loosening of the fibre structure. These aspects of the theory are

overlooked in the paper cited above (Piedmont Section of AATCC).

In conclusion it might be stated that, for the hydrophobic fibres
with a very compact internal structure, loosening of the fibre struc-
ture seems to be the most important function of the carrier in in-
creasing the dyeing rate. Hydrophilic fibres, such as wool, how-

ever, are already highly swollen in water, so that further loosen-
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ing of the structure by solvents might not be as important as with
hydrophobic fibres., Furthermore, the theory cannot account for all
the experimental data. For example, it does not explain why a high
solubility of dye in solvent is necessary to obtain an increase in
dyeing rate. If we accept the fact that solvents change the inter-
nal structure of the fibre, we still need another explanation for

the dyeing mechanism.

3.3 Diffusion of dye in the adsorbed solvent

In this paper, it is shown that the solvent is adsorbed by the wool,
and that this adsorption is one necessary condition for obtesining an
increased dyeing rate. Another condition is, that the solubility of
the dye in the solvent used must be high. As a first approximation
we consider the solvent adsorbed on the wool as a separate phase.
This phase is then small compared with the water phase. Under the
experimental conditions used the ratio of the volume of the water
phase to that of solvent phase is of the order of 500:1. Further-
more, it must be assumed that the dye molecules can be transported
into the wool fibres in the adsorbed solvent phase at the same time
as the normal dye transportation takes place by means of diffusion
in the water-swollen fibre phase. If the dye concentration in the
solvent phase is much higher than in the water phase, a large pro-
portion of the dyestuff is transported by means of the solvent phase
and an appreciable increase in dyeing rate is obtained. However,
with about the same concentration in both phases there will only be

small changes in the dyeing rate.

The difficulty with this hypothesis, however, is the assumption that
the adsorbed solvent forms a separate phase. For dyes, the dyeing
rate of which is increased by solvents, the affinity for the fibre
from a solvent solution is low, as is also the partition ratio of
dye between water and solvent, as shown in chapter 1. Although the
dye might be transported in the solvent phase, it is not very pro-
bable that it will leave this phase and be adsorbed by the fibre.



These difficulties might be overcome by a slight change in the
hypothesis.

Diffusion of dye in a fibre is assumed to take place through a
system of canals. Part of the dye is in aqueous solution, while

the remainder is adsorbed on the walls of the canals. It is usually
assumed that the adsorbed dye is so firmly held that surface diffus-
ion along the walls of the pores can be considered negligible as com-
pared with the diffusion in solution (Vickerstaff, 1954, p. 141).
However, a theoretical treatment is given by Standing et al, 1947,
for the case when diffusion along the walls of the pores is signi-

ficant.

When a solvent is adsorbed on wool we might assume that the pore
walls, to some extent, are covered with solvent molecules. Dye mo-
lecules, adsorbed on these solvated walls, may be assumed to have
greater mobility than when adsorbed on the fibre molecules. Either
a diffusion takes place along the solvated walls, or the concentra-
tion of "free" dye molecules in solution is increased by breaking
the weak fibre-solvent bonds. In both cases an increase in the rate
of diffusion is obtained. A high solubility of the dye in the sol-
vent would then result in a high degree of adsorption of the dye mo-
lecules on the solvated walls. By this treatment we do not need to

assume a separate solvent phase with a phase boundary at the fibre.

This theory is supported by the microscopical studies of cross-sec-
tions from the industrial dyeing experiments (see chapter 4). The
ring-dyed fibres obtained after conventional dyeing give evidence
of a strong attraction between fibre and dye. The dyeings in the
presence of butanol show rapid penetration, pale in the beginning,
but growing darker as the dyeing proceeds. This behaviour is also

obtained by dyes with low affinity for the fibre,

According to the above theory the more uniform dye distribution ob-
tained in the presence of solvents indicates that the adsorption of

the solvents is also rather uniform. A change in dyeing conditions
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resulting in all parts of a fibre surface becoming accessible to

the dye will, in itself, cause #n increase in the dyeing rate. Such
a uniform dye distrioution at the veginning of a dyeing can be ob-
tained by surface-treatment of wool (¥illson et al, 1950, Lindberg,
1953). However, as surface-treated wool still shows an increase in
dyeing rate in the presence of solvents, it is unlikely that the
more unitorm dye distribution is responsible for the increase, al-
thouzh it might be in the case of untreated wool. For these reasons,
solvents can be expected to cause a greater increase in dyeing rate

on untreated wool than on chlorinated wool.

However, even in the case where no change in dye distribution occurs,
a relation between the increase in, and the magnitude of, the dyeing
rate in a given system is to be expected from the theory given above.
Under conditions where the amount of dye diffusing into the fibre is
increased by chenging, for example, the fibre properties or tempera-
ture of dyeinz, without any change in the adsorption of solvent or
solubility of dye in solvent, the relative effect of the solvent

would be less in increasing the rate of dyeing.

Under the experimental conditions used in chapter 2.4 the increase
in the rate of dyeing caused by solvents was about twice as great

on untreated wool as on chlorinated wool. This is probably due to
both factors described above. The results of dyeing untreated and
alkali-treated wool with Cibalanblau BL given in fig. 4 might also

be explained by these two factors,

However, the effect of some solvents in causing a more uniform dye
distribution might have as much practical importance as an increase
in the dyeing rate, although it is more difficult to express this

in a quantitative manner.
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CHAPTER 4

INDUSTRIAL EXPERIMENTS ON LOOSE WOOL DYEING

When loose wool is dyed industrially, care is usually taken to obtain
a dyeing rate which is low enough to give level dyeing., The level-
ness will depend on the properties of the dyestuff and alsc on the

design of the dyeing machinery.

In an ideal loose wool dyeing process all fibres should be subjected
to the same concentration of dye liquor at the same time. In a con-
ventional loose wool dyeing machine, however, the dye liquor is cir-
culated through a large plug of wool fibres. If the rate of flow of
the liquor is slow compared with the dyeing rate, the concentration
of dye in solution may decrease considerably in the initial stages
of dyeing, causing an uneven dye distribution. Subsequently, a re-
distribution will take place from more to less coloured parts of the
wool., This is, however, a rather slow process, especially for dye

with high affinity for wool.

The more uniform distribution of dye between different wool fibres
in the presence of a solvent as described in the previous chapter is
a clear advantage in technical dyeing processes. It is, however,
important to investigate whether the increased dyeing rate brought

about by solvents, can be utilized in technical dyeings.

For this reason experiments were carried out in a Swedish mill;
loose wool was dyed by conventional methods and also with butanol
or amyl alcohol added to the dyebath. Time and temperature of dye-
ing were varied, and the following properties were studied: level-
ness and fastness properties of the dyeing, penetration of dye into
the fibre and change in mechanical properties of the wool fibres
due to the dyeing process. The result of this investigation has
been reported,but a brief summary will be given below (Kirrholm,

1956 and 1958, in Swedish).
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4.1 Performance of the experiments

Raw material

Two types of wool were used. Cape wool, from 8 - 10 months old
sheep, and Australian wool (58°s). The wool was scoured in a tex-
tile mill by their usual methods. The Cape wool was used for the
main experiments and the results given below refer to this type

of wool.

Apparatus

A stainless steel dyeing machine for loose wool containing 10 kg
wool and 170 1 dye liquor was used. The liquor was circulated in

only one direction (from bottom to top of the packed wool).

Dyestuff

All dyeings reported here were performed with Cibalanblau BL

(1:2 chrome-complex dye).

Procedure

The wool was packed in a perforated stainless steel container with
the addition of cold water, and the container then placed in the
dyeing machine. Liquor containing ammonium sulphate (3 % on the
weight of the wool) and acetic acid, at a pH of 6.2 - 6.4 was cir-
culated through the wool. The temperature was adjusted to 40°C.
When an alcohol was used, it was then added to the bath, and some
minutes afterwards, the dye (2 % on the weight of the wool)
dissolved in water, was also added. The temperature was raised to
the desired value and dyeing was continued for a fixed time. The
bath was then emptied, and the wool rinsed in the machine four times
with cold water. Small samples were taken from the top, the midd-
le and the bottom layer in order to compare the colours for level-

ness. The wool was then centrifuged and dried.

Dyeing was carried out either at 70°C for different times in the

presence of butanol (5 % by volume) or amyl alcohol (3 % by volume),



or at 950 C for 5 minutes with butanol in the dyebath. In one series,
the wool was dyed at 70o C for 20 min, and the temperature then rais-
ed to 95° C and kept there for about 5 min. A conventional dyeing
without the addition of alcohols was made by circulating the dye li-
quor through the wool at 95° C for 45 min. In all cases exhaustion
of the dyebath was almost complete. The dyeing conditions are sum-

marized in table 15.
Table 15
Dyeing conditions used in the industrial dyeing experiments

Cibalanblau BL 1.18 g/l; liquor ratio 17:1; pH 6.2 - 6.4

Time in min. Exhaustion
Test Addition at a temperature of of dyebath
series to % of available
nr dyebath 40-70° ¢ [ 70°C | 70-95° ¢ | 95°¢ dye
1 none ——+ 45 +—> | 45
2 amyl alcohol
3% by volume 17 20 —~ 99
3 butanol
5% by volume 16 20 =99
4 - " - 17 40 ~ 99
5 - " - 16 80 ~~ 99
6 - " o 17 20 10 6 ~ 99
7 = W o < 30 S 5 ~ 99

4.2 Results and conslusions

Results

Levelness

In all test series, where the alcohol was added at 40° C, only small

differences in depth of colour were obtained between the top and bottom

layers of the wool. Practical dyers considered that the overall level-

7
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ness was at least as good as a conventional dyeing.

Penetration of dye into the fibres

The degree of penetration was determined by microscopical exami-
nation of cross-sections of the fibres., These were divided into
two classes; ring-dyed and completely penetrated fibres (no un-
dyed fibres were detected). The results are given in table 16 and

represent the mean values from 500 fibres.

Tsble 16
Penetration of dye into wool fibres

at different dyeing conditions

Test Time and temp. Addition % completely | % ring-
se- of to penetrated dyed
ries dyeing dyebath fibres fibres
1 45 min. at 95°C none 1% 87
2 20 min. at 70°C amyl alcohol 3% 35 65
3 20 min. at 70°C butanol 5 % 14 86
4 40 min. at 70°%C butanol 5 % 23 77
5 80 min. at 70°C butanol 5 % 65 35
6 20 min. at 70°C +
+ 5 min.at 95°C butanol § % 85 15
1 5 min. at 95° € butanol 5 % 80 20

From the table it is seen that conventional dyeing gives the lowest
proportion of completely penetrated fibres. Further, dyeing for a
short time at 95° C gives a higher percentage of completely pene-
trated fibres than longer times at 70° C. Increasing the dyeing
time at the same temperature, in the presence of butanol, results
in a higher percentage of penetrated fibres. Amyl alcohol gives

a higher degree of penetration than does butanol under the same

conditions.

The cross-segtions also reveal a difference in appearance of the



dyed fibres. Cibalanblau BL penetrates the wool fibres as a sharp
boundary, slowly moving inwards. After conventional dyeing, the fib-
res are either completely undyed in the centre, or the whole cross-
section has the same strength of colour., When the dyeing was per-
formed in the presence of alcohols, however, complete penetration is
rapidly obtained. The cross sections show a pale but uniform distri-
bution of colour growing darker as dyeing proceeds. At the same time

a sharp boundary of dye slowly moves inwards.

Fastness properties

The fastness properties of the dyeings to rubbing, washing and light
were tested. Swedish standard methods were used for the determina-
tions: SIS 65 00 14 for the fastness to rubbing, SIS 65 00 17 for the
fastness to washing at 400 C and SIS 65 00 13 for the fastness to light,
using the Fade-Ometer for testing. In table 17 the values obtained
are summarized. For fastness to rubbing and washing, the scale runs
from 1 to 5, the lowest rating being 1, and 5 the highest. For light
fastness the scale is F 1 to F 8, F 1 being the lowest and I 8 the
highest fastness.
Table 17
Fastness ratings to rubbing, washing and light

of wool dyed at different conditions

Time and temp. Addition Fastness ratings to

Nr of to rubbing |washing at 400C | _
dyeing dyebath el iziizirgwggl light

1 |45 min at 95°C none 4| 4 5 4-5 F7
2 |20 min.at 70% amyl alcohol 3%| 3 | 5 | 4-5 4 6
3 |20 min at 70%C butanol 5 % 3.4 4-5 | 4-5 | 4-5 F6
4 |40 min at 70% 2 4 | 45| 5 4-5 F6
5 |80 min at 70°C = 8 4 | 4-5| 5 4-5 F6
6 |20 min at 70°C +

+ 5 min at 95°C == 4-5| 5 5 4-5 F7
7 |5 min at 95° - 4-5| 45 | 5 4-5 F7
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About the same fastness to rubbing as by conventional dyeing is ob-
tained in the presence of butanol, but amyl alcohol in the dyebath
causes a lower fastness to rubbing in the dry state, probably due

to the lower solubility of the alcohol in water, which makes it more
difficult to remove from the wool. The fastness to washing of the
dyeings is hardly influenced by using alcohols in the dyebath.

Fastness to light is also unaffected provided the dyeings are per-
formed at 95° C. Dyeings at 70o C, however, give a lower fastness

rating to light.

Mechanical properties

The influence of the dyeing process on breaking tenacity and elonga-
tion at break of the fibres was determined on an Instron textile
testing machine. 30 fibres from each sample were tested and the
diameter of each fibre was measured by the resonance frequency me-
thod (Gonsalves, 1947). The results are given in table 18 together
with the standard deviations. The confidence interval, d, for the
difference between two mean values of the breaking tenacity has been
calculated from d = t s v1/n1 + 1/n2, where s is the stand;rd de-
viation obtained as the square root of the mean value of s  in tab-

le 18, n = number of tests. In this case n, = n2 = 30, t is ob-

tained from statistical tables. The 95 % lonfidence interval ob-
tained = 0,14 g/den for the breaking tenacity and 7 % for the elong-
ation at break. Thus, there is no change in the breaking tenacity
and elongation for dyeings 2, 3 and 4 i.e. the batches dyed at 70°C
for 40 min. or less in the presence of butanol or amyl alcohol. For
the other dyeings there may be a tendency for both breaking tenacity
and elongation at break to be reduced. The largest loss of tenacity

and elongation is, however, given by a conventional dyeing process,



Table 18

Mechanical properties of wool fibres,

dyed at different conditions
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Test Time and temp. Addition |Breaking 1) Elongation 1)
se- of to tenacity (=) at bresk s
ries dyeing dyebath g/den.
1) 45 min at 9500 none 1.07 0.30 2252 AT
° amyl alco-
2 20 min at 70°C hol 3 % 1,23 0.19 47.5 19.2
3 20 min at 70°C butanol 5% 123 031 42,2 115:9.0,
4 | 40 min at 70%C ik 1.29 0.21 47.7 1.4
5 80 min at 70°C - 1503 0:25 38.5 15542
6 | 20 min at 70°C +
+5 min at 95°C - 1.14 0.29 42.0 15T
7 |5 min at 95°C -n- 1.14 0.27 40.8 14.3
undyed - 124 0.27 45.3 12,2
Mean value 0.264 137
1) s = standard deviation

The mean value of the standard deviation determined from the mean

value of the variance is 0.26 g/den for the breaking tenacity; and

13,7 % for the elongation at break.

The 95 % confidence interval for the difference between two mean

values is 0.14 g/den for the breaking tenacity and 7 % for the

elongation at break.



Conclusions

The increased dyeing rate of wool, brought about by some alcohols,
could be technically utilized in two ways, either by lowering the
temperature of dyeing with normal dyeing times, or by decreasing
the time of dyeing at normal dyeing temperature. From the above
experiments it was found that, when butanol was used in the dyebath,
the wool always appeareddarker after dyeing at 95° C than at 70° c,
although the amount of dye on the fibres was the same in each

case.

This difference is explained by the higher degree of penetration
obtained after dyeing at 95° C. Garrett and Peters, 1956, have

shown that an increase in penetration from 10 per cent to 100 per
cent has the same effect as a 33 per cent increase in dye concen-
tration. The fastness properties are also slightly better after
dyeing at the higher temperature. For these reasons a solvent-

assisted dyeing process performed at about 950 C for a short time

(5 min.) is superior to one at 70° C for a longer time (40 min).

Comparing conventional loose wool dyeing with a process using sol-
vents (e.g. butanol) to increase the rate of dyeing, the latter
process gives the same over-all levelness and the same fastness
properties after a much shorter time of dyeing and with less fibre
degradation. These results justify an interest in the method of

solvent-assisted dyeing of wool.



SUMMARY

It was previously known that the addition of sparingly soluble al-
cohols or amines to an aqueous solution of a dye can cause an appre-
ciable increase in the dyeing rate of wool. In this paper such an
effect is referred to as "solvent-assisted" dyeing. It was the aim
of this investigation to determine under what conditions an effect
of solvents was obtained, in order to try the method industrially,

and also to obtain some understanding of the dyeing mechanism.

A preliminary investigation showed, that the increase in dyeing
rate is dependent on the degree of sulphonation of the dye. The
greatest increase was obtained with an unsulphonated dye and no

change in the dyeing rate was observed with a trisulphonated dye.

The dyeing rate increases with the concentration of solvent in

the dye liquor, but a maximum is obtained at the saturation con-
centration. No change in equilibrium exhaustion of a dye was ob-
served when butanol, or amyl alcohol, was added to an aqueous so-
lution in a concentration lower than the saturation concentration.
The equilibrium exhaustion of a dye from a solvent solution, satur-
ated with water was, however, found to be much lower than from an

aqueous solution.

The "extraction" effect of the solvent is discussed. It was found
that the dyeing rate of some acid dyes was increased by pretreat-
ment of the wool with a solvent, which was washed out again before
dyeing. However, this effect was not observed with a 1:2 chrome-

complex dye.

The distribution of dye between different fibres has been studied
microscopically. The results indicate that, if the dyeing rate of
wool is increased by a solvent, the distribution of dye will be more
uniform between different fibres and different parts of the same
fibre.
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In addition to this preliminary investigation, more extensive ex-
perimental work was carried out on factors of importance to the dye-

ing mechanism.

The adsorption of alcohols on wool from aqueous solution was mea-
sured quantitatively. A special apparatus was designed for this
purpose and by means of this it was possible to determine the ad-
sorption of alcohols and dyes on wool in the same experiment. By
using a monomolecular dye, it was shown that the uptake of dye on
wool after a fixed time is a rectilinear function of the adsorbed
amount of benzyl alcohol. The same rectilinear function is valid
also for the uptake of dye as a function of the adsorbed amount of

some aliphatic alcohols at low adsorption values.

Adsorption isotherms were determined for some aliphatic alcohols,
and showed an increase in adsorption with decreasing solubility of

the alcohol in water.

The influence of benzyl alcohol on the dyeing rate of an indicator
dye, bromphenol blue, was determined at pH 1.2 (acid modification
of dye) and at pH 7.8 (basic modification of dye). This alcohol
increased the dyeing rate at pH 1.2 but had no effect at pH 7.8.
The same amount of alcohol was adsorbed on the wool in both cases.
It was shown, however, that the solubility of the acid form in ben-
zyl alcohol is much greater than that of the basic one. By using
an amine as solvent, in which the basic form has high solubility,

a great increase in the dyeing rate was obtained.

The influence of the surface properties of wool on solvent-assisted
dyeings have been investigated. For this purpose, wool was chlo-
rinated to different degrees and dyed with bromphenol blue at pH 1.2
using benzyl alcohol to increase the dyeing rate, and at pH 7.8 us-
ing hexylamine for the same purpose. The dyeing rate was described
in terms of diffusion coefficients, calculated according to Olofsson’s

method. It was found that solvents cause a smaller increase in the
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dyeing rate of chlorinated wool than of untreated wool, but there is

still a large effect with completely descaled wool.

It has been shown that the stress-relaxation properties of wool fibres
in aqueous solution are unchanged by the addition of butanol or amyl

alcohol to the dyebath.

Compared with that in water, a small increase in the swelling of wool

fibres by benzyl alcohol and hexylamine has been observed.

The mechanism of solvent-assisted dyeing of wool is discussed on the

basis of the experimental results obtained.

It was concluded that the solvent acts on the fibre and not on the
dye in the dyebath.

The solvent layer theory is treated both as an equilibrium problem
and as a kinetic one. It is shown, that this theory cannot explain

the observed increase in the dyeing rate.

The experimental results do not contradict the theory of loosening
of the fibre structure, which several workers believe to be the main
mechanism for carrier-dyeing of hydrophobic fibres. However, this
is considered to be of less importance for hydrophilic fibres, and

this theory alone camnnot account for all experimentsl data.

A new theory, which assumes a supplementing of normal diffusion in
the fibre by diffusion in the adsorbed solvent, or possibly by an
increase in the "free" concentration of solute in the fibre, is dis-

cussed.

The more uniform dye distribution obtained with solvent-assisted

dyeing is considered in relation to the surface properties of wool.

Industrial dyeings on loose wool have been carried out using butanol

or amyl alcohol as additions to the dyebath. Two different methods



were used; dyeing at 70° C for normal dyeing times, or dyeing at
95° C for very short times. The latter process gave the best re-
sult. In both cases, a greater proportion of the fibres were found
to be penetrated by the dye than after conventional dyeing. The
same fastness properties of the dyeings were obtained with and with-
out solvent in the dyebath., There is, hcwever, less-fibre degra-

dation during a solvent-assisted dyeing.
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