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The results of both steady-state permeation and
non-steady-state dyeing experiments over a wide range
of dye concentrations for a system consisting of an acid
dye (C.I. Acid Blue 182) and a nylon 6 film were analysed
on the basis of surface diffusion with simultaneous
mulftimodal adsorption. The concentration dependence of
the diffusion coefficient of the dye in the nylon film can be
explained by surface diffusion incorporating one
Nernst-type and two Langmuir-type adsorption
mechanisms except when high concentrations of dye are
applied. The concentration dependence of the diffusion
coefficient taken from the permeation experiments in the
high concentration region is predicted by a surface
diffusion mechanism in which two true adsorption
equilibria of the Langmuir type are established
throughoutthe nylon, whereas only a pseudo-equilibrium
adsorption of the Nernst type is achieved.

INTRODUCTION

{n an earlier article { 1] an attempt was made to interpret the
concentration dependence of the diffusion coefficient,
obtained from both steady-state permeation and non-
steady-state dyeing experiments for a system consisting of
C.l. Acid Blue 182 and nylon 6 film [2], in terms of surface
diffusion incorporating one Nernst-type and two
Langmuir-type adsorption mechanisms. It was found that
this dependence at iow dye concentrations could be esti-
mated on the basis of such a diffusion model. However, the
concentration dependence at higher concentrations, from
evidence obtained from the permeation runs, was over-
estimated. It was further demonstrated, after studying the
equilibrium adsorption relationship and the concentra-
tion—distance curve taken from the film-roll experiments,
that the range over which the observed concentration
dependence deviates from that predicted theoretically
exactly corresponds with the region in which it takes a very
long time to reach equilibrium adsorption.

In the present work such deviation in the dependence of
diffusion coefficient on concentration in the high concent-
ration region is explained by the previously proposed
mechanism [ 1], plus a postulated pseudo-equilibrium of
the Nernst type. The concept of pseudo-equilibrium of
adsorption has previously been applied to two-stage diffu-
sion of low-molecular-weight penetrants in glassy or
amorphous polymers [4—6].
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EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the relationship between dye concentration
in the dyebath and dye uptake in the nylon film for dyeing
times of 2.5 and 20 h. The solid curve represents the
experimentally determined points, The acid dye used was
Sandolan Blue E-HRL (S, C.I. Acid Blue 182} (mol. wt 589)
and the nylon film was biaxially drawn {thickness 41 um,
density 1.14x10° kg/m?).
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Figure 1 — Uptake of C.I. Acid Biue 182 in nylon 6

For the 2.5 h dyeing experiments the nylon film was
soaked in water at 80°C for 1 h before dyeing (i.e. similar
conditions to the permeation experiments). At dye con-
centrations below 10~* mol/| the true adsorption equilib-
rium can be regarded as being established inas shortatime
as 2.5 h, as shown by the coincidence of the curves for 2.5
and 20 h, whereas above 107 mol/| the relationship bet-
ween the dye concentration in the bath and in the film is
different for the two dyeing times. Accordingly, only a
pseudo-equilibrium can be regarded as being established
after 2.5 h. Fora 20 h dyeing in which an adsorption equilib-
rium is completely attained at the dye concentrations
below 10~* mol/l and is approximately attained at the dye
concentrations above 107* mol/i, the relationship between
dye concentration in the film and in the bath can be ex-
pressed by the sum of {a) normal Langmuir-type adsorp-
tion, {b) irreversible adsorption and (c) Nernst-type adsorp-
tion (1], i.e.
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where ¢ concentration of dye in dyebath
K, = Langmuir-type adsorption constant
Ky = Nernst-type adsorption constant
g = concentration of adsorbed dye
s = saturated concentration of adsorbed dye

|

Subscript 1 refers to Langmuir adsorption mode 1

The adsorption isotherm in Eqn 1 is equivalent to the
trimodal Langmuir adsorption equation in the limit when
Kie>>1 and K, c << 1. The values of adsorption paramet-
ers have alreadysbeen determined: K=13.8, K =1.48x10°
I/mol, s,=1.1x 1072 mol/|, and s,=1.9x1072 mol/I[1].



The adsorption isotherm calculated by using these val-
ues (Figure 1, broken curve) agrees with the experimental
data for the 20 h dyeing to within a deviation of 6%. It
should be noted that the Langmuir adsorption capacity
(5,+5,=3.0x107% mol/l} is about 30% less than the meas-
ured amino end-group content of the nylon film. This sug-
gests that all of the amino end groups are not available for
acid dye sorption, and further seemns to suppoert the idea
that several levels of adsorption affinity (i.e. muitimodal
sorption) are involved during dye sorption. This can be
verified in the diffusion experiments.

When the dye molecules penetrate into the nylon film,
the substrate must undergo structural rearrangement to
accomodate them. During this process the polymer seg-
ments must move in a manner determined not only by the
presence of the dye but also by the movement of adjacent
polymer segments, and hence the rearrangement cannot
be instantaneous. Figure 1 implies that the relaxation of the
polymer structure increases only the amount of dye
adsorbed by the Nernst mechanism and does not alter that
due to Langmuir adsorption. This implies that in the
adsorption isotherm defined by Eqn 1 only the coefficient
Ky increases with the relaxation of polymer structure. The
broken lines indicate the isotherms with Ky=13.8 fora 20 h
dyeing, in which a true equilibrium adsorption seems to be
established, and K=8.20 for a 2.5 h dyeing, in which only a
pseudo-equilibrium adsorption applies. In the latter case
for ¢>1.5x10"* mol/l the deviation of the calculated
isotherm from the experimentat line is considerable. How-
ever, such high concentrations of dye have not been used in
the estimation of the diffusion coefficient D.

The concentration dependence of the dye diffusion coef-
ficient in the nylon film, derived from the partition-cell
experiments, is shown by the solid curve in Figure 2, The
theoretical diffusion coefficient of the dye and hence its
concentration dependence can be calculated using Eqn 2
[3]1, which is formulated on the basis of surface diffusion
involving trimodal adsorption in terms of the Nernst and
two Langmuir mechanisms:

De=KnD§+K_s,(1-0,)D7 +K,_ 5,(1-6,)D (2)

where D¢ =diffusion coefficient defined by J=—-D.(dc/ax)

D =surface diffusion coefficient of dye adsorbed
by Langmuir mechanism at initial stage of
adsorption

Dy =surface diffusion coefficient of dye adsarbed
by Nernst mechanism

J =diffusional flux

t =dyeing time

x =distance coordinate

6 =fractional site saturation defined by
KLC/(1+K|_C)

Subscript 2 refers to Langmuir adsorption mode 2

The broken curve in Figure 2 represents the concentra-
tion dependence of the diffusion coefficient calculated
using Eqn 2. In the course of calculation, however, true
equiiibrium adsorption was assumed everywhere inside
the polymer (i.e. Ky=13.8). The solid curve represents the
concentration dependence of the diffusion coefficient cal-
culated using the same equation but with K\=8.20 (i.e.
assuming pseudo-equilibrium  adsorption). Taking
pseudo-equilibrium adsorption as a hypothesis, the calcu-
lated concentration dependence is found to be much closer
to that determined experimentally. The values for the diffu-
sion coefficient derived from the film-roll experiments are
in good agreement with those calculated using Eqn 2 with
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Figure 2 — Concentration dependence of the diffusion coef-
ficient of the dye in the nylon film, derived from partition-
cell experiments

Kn=13.8 (i.e. assuming true equilbrium adsorption),
because the diffusion coefficients in this case are all calcu-
lated in the concentration region where a true adsorption
equilibrium is completely attained (see Figure 3).
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Figure 3 — Concentration dependence of the diffusion coef-
ficient of the dye in the nylon fiim, derived from film-roll
experiments

However, in the film-roll experiments some resuits which
do not obey Fickian diffusion have also been obtained.
Figure 4 shows the concentration—distance curve in the
rolled film. For g<2.8-2.9x 102 mol/I the relationship of ¢
to x/2t* is seen to be independent of time, and so a true
equilibrium adsorption applies everywhere inside the film.
This is equivalent to a liquor concentration region below
3.5-4.5x107* mol/l. In such a concentration region true
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equilibria are certainly established, as shown in Figure 1.
For g>2.8-2.9x 102 mol/l, however, g is not solely defined
by the quantity x/2t* because atrue adsorption equilibrium
is not established in the time available at such a high con-
centration of applied dye.
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Figure 4 — Concentration—distance profiles of C.I. Acid Blue
182 in the nylon film roll

CONCLUSION

The resuits of both steady-state permeation and non-
steady-state dyeing experiments for the system C.I. Acid
Blue 182/nylon 6 film over a wide range of dye concentra-
tions have been analysed on the basis of surface diffusion
incorporating one Nernst-type and two Langmuir-type
adsorption mechanisms. The concentration dependence of
the diffusion coefficient obtained from the permeation runs
in the high concentration region is explained by the surface
diffusion mechanism in which true equilibria on the basis of
two types of Langmuir adsorptions are established every-
where inside the nylon film, but only a pseudo-equilibrium
adsorption of the Nernst type is attained.

* * *

The nylon film used in this work was kindly supplied by
Unichika Co. Ltd, Japan.
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