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Introduction

The objectives of the present investigation were
to elucidate the mechanism of the combination of
monobasic acid dyes with nylon under normal
dyeing conditions and to apply the knowledge
thereby obtained to an understanding of the
phenomena which occur when nylon is degraded
by the application of excessive amounts of dye
from acid solutions. Acid dyes are highly colored
sulfonated organic compounds, substantive to
fibers containing basic groups and are usually
applied from acidified solutions. At the present
time, these are the dyes most frequently used to
obtain shades of maximum fastness-to-washing
and -to-light on nylon.

Although nylon fiber has been available com-
mercially for about ten years, relatively little
quantitative information on its combination with
acid dyes has been published. Stott! investi-
gated the practical aspects of the problem quite
thoroughly and found that the saturation value
of the fiber with respect to acid dyes was much
less than that of wool. From this result, it seems
probable that the dyeing mechanism directly
involves the relatively few amino groups present
in the nylon.? Thus, the very low saturation
value of nylon as compared with wool can be
explained by the great difference in the amine
contents of the two fibers (30-50 millimoles/
kilogram for nylon compared to about 800 milli-
moles/kilogram for wool).

On the other hand, Eléd and Schachowsky?
reported that when excess dye is available to the
fiber the amount taken up increases indefinitely
as the pH of the dyebath is lowered and that no
saturation value exists. The work of Peters?
confirmed these results. He, however, demon-
strated the existence of a pH range (roughly, 3
to 6) within which the quantity of dye absorbed
by the nylon remained at a nearly constant value,
approximately equivalent to the amine content
of the fiber as determined by titration with hydro-
chloric acid. Peters postulated two mechanisms
to account for his results: (1) at pH values of 3
or higher, combination of dye with the amine end-
groups of the fiber occurred and (2) at lower
pH values, the dye combined with the weakly-
basic amide groupings.

The chemical similarity between nylon and
wool makes it seem reasonable that the two
fibers should interact with acids in similar ways.
For wool, this mechanism has been put on a firm
theoretical basis by Gilbert and Rideal* for the

(1) Stott, Amer. Dyestuff Repr., 29, 646 (1940).

(2) Peters, J. Soc. Dyers and Colourists, 61, 95 (1945).

(8) Eléd and Schachowsky, Melliand Textilber., 28, 437 (1942).
(4) Gilbert and Rideal, Proc. Roy. Soc. (London), A182, 335

thermodynamically ideal case.® The applicabil-
ity of their treatment to the absorption of mono-
basic acid dyes by wool has been demonstrated
by Lemin and Vickerstaff.

Theoretical.—The following theory is de-
veloped on the basis of the arguments advanced
by Gilbert and Rideal in the development of
their acid-titration equation for fibrous pro-
teins.* Thus, the amino and carboxyl end-groups
present in nylon are assumed to occupy fixed
positions and to ionize (Assumption A) with the
consequent production of alkyl ammonium ions
(-NH;%) and carboxyl ions (-COO~). Inasmuch
as nylon contains a greater number of carboxyl
than amino end-groups, some of the carboxyl
end-groups necessarily must be present as un-
ionized ~-COOH.

In the dyeing process only two reactions are
postulated

H* 4+ —C00- <= —COOH
D~ 4+ —NH;* =5 [—NH; *D"|
where D~ represents the anion of a momnobasic
acid dye. It is assumed further that all of the
-NH;™* sites have identical properties in so far
as their ability to combine with dye anions is
concerned and that all of them are equally acces-
sible to the dye anions. Similar assumptions hold
regarding the properties of the -COO~ sites and
their availability for reaction with hydrogen ions.
Finally, it is supposed that hydrogen ions and
dye anions are absorbed in equal amounts in
order to maintain electrical neutrality of the
fiber.

The dyed fiber, then, contains besides the
-COOH originally present, hydrogen ions in the
form of ~-COOH distributed at random among a
limited number of —COO~ sites and an equal
number of dye anions in the form of -NH;*D~
similarly distributed among a limited number of
-NH;* sites. Statistical theory leads at once to
the following expression for the partial molal free
energy of the dye in the fiber*
w(HD)r = W(HD)s + RT In 2

— VD

where u(HD)F is the partial molal free energy of

(1944). This reference also reviews critically earlier efforts in this
field, notably the work of Speakman and Stott (Trans. Far. Soc., 81,
1425 (1935)) and Steinhardt (J. Research Natl. Bur. Standards, 28,
191 (1942)).

(8) McGrew and Schneider, Tris JournaL 72, 2547 (1950),
measured the absorption of a variety of acid dyes on nylon. The
geperal acid-titration equation for wool of Gilbert and Rideal was
utilized in the calculation of the standard free energies of the dyeing
process. The free energies thus calculated were found useful in
describing the behavior of the dyes when applied to nylon indi-
vidually or in admixture.

(6) Lemin and Vickerstaff, J. Soc. Dyers and Colourists, 68, 405
(1947).
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Fig. 1.

he d e in the fiber and w(HD)r is the corre-
sponding partial molal free energy of the dye in
the standard state defined by

Ou op

=y X = =t

By definition
fn= HF/C and o= D}/A

where HF is the concentration of ~-COOH within
the fiber, Dr is the concentration of -NH;+*D~
within the fiber and C and A represent, respec-
tively, the carboxyl and amine titers of the
undyed fiber. Equation (1) now takes the form
WHD)r = w(HD)s + RT In 2% X 725 (2)
As equal amounts of dye anions and hydrogen
ons are absorbed, C — Hy will be equal to 4 —
Dr and Equation (2) becomes
Dy(C — 4 + Dy)
(4 — Dp)?

In the aqueous (dye-bath) phase
#(HD)s = #(HD)s + RT In (H*)(D™) (4

where u(HD)s is the partial molal free energy of
the dye in solution when its ions are present in
molar concentrations of (H*) and (D-) and
°(HD)s is the partial molal free energy of the
dye in the customary standard state.
When equilibrium is reached between dye in the
fiber and dye in the bath

*(HD)g — w(HD)g = AF° = —RTInk (5),
where % is the equilibrium constant for the
dyeing process and is defined by

Ds(C — A + Dy)
(4 — Dp)*EH(D7)

w(HD)r = u*(HD)r + RT In 3

k=

©)
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Analogous expressions are readily obtained for
the case when two dyes are simultaneously equili-
brated with the fiber, thus

D€ — 4 + (Dr)s + (Dr)o)
(4 — (D)1 — (Dr))*(H ) (D7)

Drh(C — 4 + Dy )1 + (D)
(A4 — Dp)r — (Dr)*HF) (D)

Results and Discussion.—It has been found
useful to test the data by means of Equation
(6) rearranged as

Dy(Dr + X)
r= \/ HADS) —AVE-DeVE ®
In Equation (8), the difference between the car-
boxyl and amine titer of the fiber, C — 4, has
been designated by X. A plot of 7, as defined
by Equation (8), versus Dr should yield a straight
line, the intercept of which on the Dp axis gives
the value of 4 and the slope of which is equal to

—+/k. The position of the intercept on the
Dr axis is not affected greatly by variations in the
value of X, thus it is possible to determine the
value of the important constant A, the saturation
value of the fiber with respect to the monobasic
acid dyes, from dye absorption measurements.

In Fig. 2 a typical set of data has been plotted
according to Equation (8). The straight line
has been fitted by a least squares treatment’
in which all points have been weighted equally
and the abscissas have been assumed to be free
of error. The latter assumption is justified by
the fact that the hydrogen ion activity, the least
certain measured quantity, occurs only in the
ordinate. The quantity X (the difference be-
tween the carboxyl and amine titers) has been

k=
Q)

k2=

0 i 1 1 ]
0 10 20 30
Dp, millimoles/kilogram.
Fig. 2.—Metaunil yellow at 80°:
sorption.

O, absorption; @, de-

(7) Birge, Phys. Rev., 40, 207 (1932).
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TABLE I
SUMMARY OF RESULTS
AHY ASY Range of
A AF (kcal. (cal./ Range of M No. of
Set Dye (mmoles/kg.) k X 10-11 (kcal./mole) /mole) mole®) r (X 10%) points
1 MY 29.2=12 3.0 =0.2 18.56 =0.05 —9.1 27 2.8-27.9 0.018-1.1 32
2* M. Y. 30.3==1.2 40.0 =2 16.96 = 0.04 27 13.9-28.1 .056-0.34 8
¥ M. Y. 94.2=3.4 0.69=0.04 17.52=0.04 9.2-84.3 .014-2.0 15
4 Q.BY 28.3=0.8 23 =01 18.36=0.04 —9.1 26 5.3-23.8 .023-.12 17
5" Q. B. 28.0=2.1 31 =4 16.81 =0.07 26 16.8-29.7 .027-2.9 24
6 Q.B. 75.7=5.9 14 =0.2 18.02=0.10 18.6-71.8 .012-1.7 15
7 M.Y.(809%)]130.8=0.9 2.7 =0.1 18.48=0.03
Q.B.(20%) 130.7=0.8 2.4 =0.1 18.40=0.03 9.88-28.0 .015-0.20 16
8 M.Y.(50%)7130.2=10 2.5 =0.1 18.43 =0.04
Q. B.(50%) 129.5=10 2.4 =0.1 18.39 =0.04 4.6-27.2 .014-0.22 16
9 M. Y. (209%)7131.3=15 2.1 =0.2 18.31=0.06
Q. B.(809%) J30.0=1.1 2.0 =0.1 18.27 =0.04 5.91-25.6  .012-0.12 15
@ These sets at 21°. All others at 80°, " These sets with damaged nylon. ¢ M. Y. = Metanil Yellow. ¢ Q. B. =

Quinizarine Blue.

assigned the value obtained by titration® (43.4
millimoles/kilogram). All of the data have been
subjected similarly to least squares analysis and
the results are presented in Table I.

The good agreement between absorption points
and desorption points in Fig. 2 constitutes proof
that equilibrium was attained in set 1, and similar
proof was obtained in set 4. The time allowed
for sets 3 and 6-9 was based on these, and its
adequacy is, therefore, assured. In set 5 it was
clear that equilibrium was not attained; the
absorption and desorption points defined separate
and apparently parallel lines. However, the lines
were close together as borne out by the moderate
probable errors. Set 2 also appeared mnot to
have come to equilibrium, and the desorption
points were highly erratic. Eight of the twelve
absorption points, however, appeared to form a
satisfactory straight line, and the constants
derived therefrom are included in Table I. In
the remaining 4 runs, the nylon contained more
than enough dye to saturate the amino groups
(see below).

The satisfactory agreement between theory
and experiment is shown in Fig. 2, which presents
the equilibrium data for Metanil Yellow at 80°
plotted according to Equation (8). It is to be
noted that the agreement holds over the wide
ranges of Dy and H* values employed. Similar
agreement was obtained with Quinizarine Blue
at 80°.

The dye absorption experiments afford a
rather precise measure of the saturation value of
the fiber. The value for 4 of 29.2 = 1.2 ob-
tained with Metanil Yellow agrees within the
limits of experimental error with the value of
28.3 = 0.8 obtained with Quinizarine Blue and
the agreement of both of these values with the
titrated amine end content of the fiber (21.5,
27.3, 28.7), while not perfect, is good, particularly
in view of the difficulty of the titration.

The alternative assumption that the amino and

(8) Waltz and Taylor, Ind. Eng. Chem., Anal. Ed., 19, 448 (1947).

carboxyl groups within the fiber are not ionized
(Assumption B) leads to the conclusion that dye
anions and hydrogen ions are absorbed on free
amino groups according to the reaction

—NH, + H* + D~ 25 [—NH,;*D"}

If this is the case, the quantity of dye on the
fiber should be related to the concentrations of dye
anions and hydrogen ions

Dy/(HM)(D™) = k4 — kDr 9)

an expression which is analogous to Equation (8).
Equation (9) was applied to the data for several
of the points on Fig. 2, and the curve marked
Equation (9) in Fig. 3 resulted. The marked
departure from linearity indicates that Assump-

] I | | I {

1.5

0.5

EQUATION 9

1 | }
0 10 20 30

Dr, millimoles/kilogram.
Fig. 3.—®, 5 X 10~ M buffer;
brated.

?, 21°, runs reéquili-
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tion A is preferable to Assumption B, that is,
the end-groups in the undyed fiber are ionized.

For examination of the data on mixtures of
dyes, Equation (7) was rearranged to

Dr(X + Pwm) + (Pr) o
(HH(Dy7)
ANk — (Deh + (Dr)) /By (10)

Figure 4 illustrates the manner in which the data
on one mixture fit Equation (10). All of the mix-

1.5

1.0

r X 104

0.5

0 1 1 1 1 1 1
0 10 20 30
Total Dy, millimoles/kilogram.
Fig. 4.—Top, 50/50 mix, metanil yellow; bottom, 50/50
mix, quinizarine blue.

tures yielded satisfactorily small probable errorsfor
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Yellow, k; = Quinizarine Blue) generally in-
creased as the total amount of dye in the fiber
increased and as the relative proportion of
Metanil Yellow in the fiber decreased. The
effect was hardly, if at all, noticeable in the set
utilizing Metanil Yellow and Quinizarine Blue
in the ratio of 80:20, and was most marked
in the set employing the two dyes in the inverse
ratio. Results are illustrated in Fig. 5.

The two methods of treating the data lead to
conflicting conclusions, since the results obtained
by the use of Equation (10) indicated that %y/k,
decreased as the relative proportion of Metanil
Yellow in the fiber became smaller (see Table I).

It is possible that the apparent inconsistencies
in the results would be removed if the original
equations were modified to take into account
interaction energies between dye anions in the
fiber® but the present data are not sufficiently
precise to test such a modified equation. None-
theless Equations (8) and (10) appear to afford a
useful description of the nylon/dye system for
monobasic acid dyes and mixtures thereof.

Because they afford the only available informa-
tion on the heat of the dyeing reaction, the two
low-temperature sets (2 and 5) have been in-
cluded, even though they suffer from some un-
certainty as regards equilibration. For both
dyes, lowering the temperature results in a greater
proportion of dye on the fiber at equilibrium.
Thus, the necessity for high temperatures in the
dyeing of acid dyes in heavy shades on nylon
appears to be dictated by the sluggishness of the
approach to equilibrium at low temperatures,
rather than by the unfavorableness of the equilib-
rium,

both 4 and & (see Table I).

No obvious trends appeared N
in A as the ratio of the dyes
was varied, but the value of 2
for Metanil Yellow decreased

slightly as the proportion of 20|~

Metanil Yellow in the mix-

ture was made smaller. 1
An alternate treatment of £ 5[~

the data for the mixture dye- <

ings makes it possible to 1.0
compare the equilibrium con- '
stants of the two dyes with-

out requiring any knowledge 5|
of the dye-bath pH or the
fiber constants, 4 and X.
An expression for the ratio oLt 1t |

[ B

of the two equilibrium con- 0
stants is obtained by division

into the other
kb _ (D

k2 (D)

(De™)
(D17)

(11

Application of Equation (11) to the present
data showed that the ratio k;y/k: (kBy = Metanil

1.0 2.0
| (De)1 + (Dr)a.
of one of the equations (7) Fig. 5,—Equilibrium constant ratios: O, 20% QB, 80% MY, set 7; O, 509 QB,

Lot
3.0

509, MY, set 8; 4, 809, QB, 209, MY, set 9.

In four instances, at 21°, there was more dye

on the fiber than could be accounted for by the
number of amino groups present.

These ‘“‘over-

(9) Fowler and Guggenheim, ‘Statistical Thermodynamics,”
Cambridge University Press, London, 1939, p. 429 fI.
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0 20 40 60 80 100
Dy, millimoles/kilogram.
Fig. 6.~—Damaged metanil yellow, 80°.

dyed” samples were equilibrated with fresh dye-
baths at 80° and the points so determined co-
incided, within the limits of experimental error,
with the previously determined line for the 80°
dyeings (the straight line in Fig. 2 has been re-
peated in Fig. 3, ¢.v.). Evidently the fiber had
not been damaged or otherwise changed by its
prolonged exposure to the acidic dye-bath at the
lower temperature. While there is no direct
experimental evidence to confirm the point, we
believe that the “over-dyeing” at low tempera-
ture was caused by solubility of the dye in the
fiber (perhaps as Na+D-—), a possibility which
seems reasonable in view of the known solubility
of certain mono-sulfonated dye sodium salts in
other organic media.

That the above type of “‘over-dyeing” was not
a significant factor in the acid-dyeing experi-
ments at 80° is indicated by the data presented in
Fig. 7. The points defining the upper curve were
taken from a typical set of acid-dyeing runs made
at pH 6.7; those defining the lower curve were
obtained in a similar manner, but at pH 10. At
the latter pH only an immeasurably small quan-
tity of dye should have entered the fiber by the
acid-dyeing mechanism. Actually, measurable
amounts were absorbed, but as may be seen in the
figure, the amounts were too small to exert a
serious disturbing influence on the results at the
lower pH’s.

The fact that AS® (see Table I) is positive
implies that the entropy change favors the
transfer of dye from the aqueous to the nylon
phase under standard conditions. However, when
practical dyeing conditions (D~ = 5§ X 1075M;
H+t = 2 X 107¢M) are assumed, AS becomes
—10 cal,/mole deg. (It is here assumed that
AH is independent of concentration.) The
negative value is in accord with the idea that a
certain degree of order is imposed on the dyed
fiber phase with the result that the entropy
term opposes the dyeing process.

Possibly the most striking result of this in-
vestigation is the clear picture it gives of the
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0 m'—

5 10 15 20 25 30 35 40
D-.
D~ (m./1. X 108%).
Fig. 7.—Metanil yellow, dyeing at high and low pH, 80°.

manner in which nylon can be degraded by the
application of excessive dye from acid solution
(over-dyeing). Figure 6 shows that fiber which
had been dyed to approximately three times the
normal saturation level still behaved as did the
normal fiber, except that the amine titer, A4,
was then 94 instead of 29. Similarly (Table I,
set 6) over-dyeing with Quinizarine Blue raised
A to 76.

In this connection it should be pointed out that
Equation (8) affords what appears to be the best
possible means of analysis of the data and deter-
mination of the value of A for fiber which con-
tains dye. The titration method fails when the
fiber has been damaged by over-dyeing, because
the dye anions present in the fiber interfere with
the analytical procedure.

The new amino groups must have been pro-
duced by the hydrolysis of amide groups, but
there might still be a question whether prefer-
ential hydrolysis of the terminal amide groups
(-NHCOCH;) would not take precedence over
the hydrolysis of the chain-forming amide groups
(-NHCOCHS,~). - Therefore, two extreme assump-
tions were made: (1) that no terminal amide
groups had been hydrolyzed (solid line, and points,
Fig. 6), and (2) that all of the terminal amide
groups had been hydrolyzed, <. e., that X = 0
(dashed line, Fig, 6). Although the great curva-
ture of the dashed line does not constitute proof
that no terminal amide groups had been hy-
drolyzed, it can be concluded that most of the
hydrolysis occurred at non-terminal amide groups,
even though the total number of amide groups
hydrolyzed slightly exceeded the number of
terminal amide groups originally present. In
the above discussion we have assumed that
all acetic acid formed by hydrolysis would diffuse
out of the fiber, While this assumption appears
to be eminently reasonable, we cannot exclude
the possibility that acetic acid formed by hy-
drolysis may have remained in the fiber and simu-
lated the behavior of terminal carboxyl groups.

The relative viscosity data given in Table II
confirm the fact that the over-dyeing resulted in
considerable chain rupture.
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TasLE 11
ErFECT OF OVER-DYEING ON VISCOSITY
Treatment Relative viscosity
None 42 .4
HCO;H + No dye 39.1
HCO,H + Metanil Yellow 16.4
HCO,H + Quinizarine Blue 18.1

The question may arise as to why so little hy-
drolysis occurred at low pH (2.2) with no dye
present. In discussing an equivalent question,
Peters? seems to have failed to recognize that high
acidity in the aqueous phase is no guarantee of
high acidity in the polymer phase. If the fiber
is to remain electrically neutral, the number of
hydrogen ions entering the fiber must be limited
by the number of anions entering. Thus the
acidity within the fiber might be expressed as
kx(H*)(X-). Apparently, kx is much greater
for the dyes examined than for acids such as
hydrochloric (used by Peters) or formic (used in
this work).

Our finding of hydrolysis promoted by anions
and hydrogen ions parallels the extensive experi-
ence of Steinhardt on wool. X

Further indication that the application of ex-

800 .

600

Dy

400

200 [,

0 Pt e —(AMINE TITRE)
0 50 100 150 200
Hours.

Fig. 8.—Rate of dyeing with anthraquinone dye.

T T T T

20 [ (AMNE TITRE)
PH &
0 N A . L .
0 100 200 300 400 500 600
Hours.

Fig. 9.—Rate of dyeing with azofuchsine.

(10) Steinhardt, J. Research Nai. Bur. Standards, 39, 315 (1942).
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cessive dye from acid solution results in hydrolysis
of the amide groups was obtained by examining
the rate of dye take-up over very long periods.

For these experiments the dyebaths contained
phosphoric acid at a concentration of 0.085M,
adjusted with sodium hydroxide to the selected
pH at room temperature. Dyeings were carried
out under reflux and samples of nylon were re-
moved periodically for analysis. The dyes used
were azofuchsine (Colour Index 30) (8-amino-2-
phenylazo-1-naphthol-3,6-disulfonic acid disodium
salt), and an anthraquinone dye [1-(2-sulfo-p-
toluino)-4-p-toluinoanthraquinone sodium salt].
The initial composition of the dyebaths is tabu-
lated below (the lower pH lies well within the
range obtained in commercial dyeing practice).

Dye Dye concn. Nylon concn. pH
Azofuchsine 2X 1074 M (100 mg./1.) 0.5g./1. 2
Azofuchsine 2X 1074 M (100 mg./1.) 0.5g./1. 6
Anthraquinone dye 5 X 10~¢ M 1g./1. 2

(250 mg./1.)
Anthraquinone dye 5 X 104 M 1g./1 6
(250 mg./1.)

The amount of dye absorbed has been plotted
against time in Figs. 8 and 9. As is immediately
evident, the first rapid reaction was complete
within less than ten hours. Clearly this was the
diffusion of the dye into the fiber to occupy the
dyeable sites originally present. It is likewise
evident that a much slower reaction followed the
first, but only at the lower pH. Apparently, the
slow reaction was the hydrolysis of the amide
groups to produce additional sites for dyeing.
The hydrolysis occurred only in the strongly acid
solution. So serious was the degradation caused
by the anthraquinone dye at the lower pH that the
fiber could be powdered readily between the
fingers.

Our results do not support amide-dyeing of the
sort postulated by Peters? (see Introduction,
mechanism 2). However, it is possible that some
combination of this type may precede hydrolysis
during over-dyeing.

Curves closely resembling those in Figs. 8 and
9 have been published very recently by Elsd
and Frohlich.'! Nevertheless these authors have
accepted Peters’ hypothesis of amide-dyeing at
low pH’s and have predicted that controlled
acid hydrolysis of nylon should result in de-
creased absorption of acid dyes at pH's below 2.2.

Experimental

Equilibrium Studies.—The experimental verification of
Equation (8) required that [H]*, [D~] and [Dr] be de-
termined in a system consisting of an aqueous solution of
dye anions and hydrogen ions in equilibrium with nylon
in the absence of other ions which might compete for the
dyeable sites in the nylon. Therefore, the equilibrations
were carried out in sodium phosphate buffers, mostly with
ionic strength 2 X 103 molal, this being about the mini-
mum degree of buffering which would yield adequate pH
stability. At this ionic strength the activity coefficient

(11) El6d and Frohlich, Mellsand Textslber., 80, 103 (1949).
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of the dye was set equal to unity. Since increasing the
buffer ionic strength to 5 X 1072 molal failed to change
the equilibrium distribution of the dye (see Fig. 3), we
conclude that the phosphate ions do not compete for the
dyeable sites, for if the phosphate ions had competed for
the sites, the data for 5§ X 102 molal buffer should have
fallen below the straight line in Fig. 3.

The most difficultly measurable activity required was
that of the hydrogen ion. Being temperature-dependent,
it had to be measured at the temperature at which the
dyeing equilibrium had been established and in such a
manner as to minimize the disturbance of the lightly
buffered system. Accordingly, the pH measurements
were made in the reaction vessel while the nylon was still
present.

The reaction vessel employed is shown in Fig. 1 with one
electrode in place. Essentially, it consisted of a horizon-
tal glass cylinder with attached condenser, and ¥ joints
for the electrode assemblies. The cups served to protect
the § joints from contamination by the thermostat bath.

A Beckman Model G pH meter was used with standard
six-inch calomel electrode and high-temperature glass
electrode. The heat-sensitivity of the glass electrode
set an effective upper limit of 80°. As the highest pos-
sible temperature was desired to minimize the time re-
quired for equilibration, the bulk of the experiments were
carried out at this temperature. Under these conditions,
Metanil Yellow (Colour Index 138, m-(p-anilinophenyl-
azo)-benzenesulfonic acid, sodium salt) dyeings reached
equilibrium within eighteen hours, while Quinizarine
Blue (Colour Index 1073, 1-(2-sulfo-p-toluino)-4-hy-
droxyanthraquinone, sodium salt) required forty hours.

For the experiments at 21° four-ounce bottles with
mouths wide enough to admit both electrodes served as
reaction vessels. The bottles were shaken daily and the
progress of the diffusion of the dye was followed by mi-
croscopically examining cross sections of the nylon in
duplicate runs set aside for this purpose. Metanil Yellow
penetrated the fibers completely in thirteen days, while
Quinizarine Blue required about thirty days; consequently
the former type of runs were terminated after sixty-six
days, while the latter were continued for one hundred
seven days.

For each run approximately 200 mg. of nylon (3 denier
per filament, bright staple) and 85 ml. of buffer were used.
In the absorption runs 0.25 to 50 mg. of dye (recrystallized
from water until chromatographically pure) was dissolved
in the buffer, while in the desorption runs colorless buffer
was used with previously dyed nylon.

Immediately after the pH measurement, the nylon was
removed from the buffer solution, rinsed briefly with dis-
tilled water, blotted dry and stored over saturated aqueous
sodium chromate (approximately 529, R. H.). For the
determination of [Dr], a sample was dissolved in a 909, o-
chlorophenol-109%, pyridine mixture and photometered.
Correction was made for light absorption due to the nylon
and for the contribution of the dye to the weight of the
sample. Beer’s law was obeyed.

For the determination of [D~] the buffer solution (di-
luted when necessary) was photometered at room tem-
perature after the nylon had been removed. All pho-
tometry was done with a Beckman Spectrophotometer
Model DU.

The estimation of the individual dyes in mixtures was
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facilitated by the fact that the maximum absorption by
Quinizarine Blue occurs at a wave length where the Met-
anil Yellow absorption is negligibly small. This made
possible the direct measurement of the concentration of
Quinizarine Blue which yielded a small correction to be
used in the calculation of the concentration of Metanil
Yellow.

Although ‘‘liquefied phenol’’ is a convenient solvent for
nylon, it could not be used in this investigation because it
converted Metanil Yellow partially into the red ‘‘acid”’
form. The addition of pyridine regenerated the normal
“‘alkaline’’ form of the dye, but the mixed solvent rapidly
turned yellow. Fortunately, no such difficulties were en-
countered with o-chlorophenol containing 109, pyridine
and the dyed nylon dissolved readily in it to yield solutions
whose absorptions were constant for a week.

Over-dyeing.—Nylon (5 g.) was refluxed for ten hours
in 500 ml. of 1% aqueous formic acid (final pH 2.2).
Three samples were treated, one with each dye (about 5
times the amount required to saturate the amino groups),
and one with no dye.

Summary

The mechanism proposed by Gilbert and Ri-
deal* to explain the absorption of acids by fibrous
proteins has been demonstrated to account for the
absorption of monobasic acid dyes by nylon.
The acid-titration equation for nylon derived on
the basis of this mechanism differs from the cor-
responding equation for wool, as developed by
Gilbert and Rideal, by the inclusion of a term
which takes account of the excess of carboxyl
over amino end-groups. Application of an ap-
propriately rearranged form of the acid-titration
equation permits the graphical analysis of the
equilibrium absorption data. The experimental
data both for single dyes and for mixtures fit the
equation in a satisfactory manner.

When graphically analyzed in this way, the
absorption data yield a precise value for the
amine-end content of the fiber, which is the
practical upper limit for dyeing with acid dyes.
No other method is known which permits the
determination of this quantity for dyed nylon.

By these procedures the nature of the degrada-
tion of nylon by the application of excessive
amounts of acid dyes from solutions of low pH
has been elucidated. It has been shown that the
absorption of dye in this manner is accompanied
by the hydrolytic rupture of principally non-
terminal amide groups with the consequent pro-
duction of additional dyeing sites. These phe-
nomena have been observed at pH’s within the
range of normal dyeing practice.
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