A Proposed Novel Approach to the Study of the
Dual-Mode Mechanism of Dyeing Nylon with Acid Dyes

T. Iijima," J. H. Petropoulos®

Department of Textiles, Jissen Women'’s University, Hino, Tokyo 191, Japan
“Institute of Physical Chemistry, Demokritos National Research Center, 15310 Aghia Paraskevi, Athens, Greece

Received 6 October 2005; accepted 22 March 2006
DOI 10.1002/app.25307

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Study of the dual mode mechanism of
dyeing nylon with acid dyes, consisting of Langmuir-
type sorption on charged terminal amino groups, accom-
panied by Nernst-type uptake, known as “overdyeing,”
is subject to complications primarily (but not exclusively)
because of structural nonhomogeneity of the polymeric
substrate. We present here a system that combines struc-
tural simplicity with ease of manipulation of amine con-
tent; wherein the nylon substrate is replaced by a liquid
phase consisting of a specially selected amine dissolved

in a suitable organic solvent. This system displays the
characteristic features of the aforementioned dual mode
dyeing mechanism, as shown by experimental data of
the uptake of CI Orange 7 as a function of aqueous
dye concentration and amine concentration in the organic
phase. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103:
1055-1057, 2007
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INTRODUCTION

Dyeing of nylon with acid dyes is traditionally’
described in terms of a mechanism of sorption of the
dye anion on charged terminal aminogroups, acting
as Langmuir adsorption sites (designated here as
“amine dyeing”’), coupled with simple Nernst parti-
tion (as is commonly seen in dyeing with disperse
dyes), which is observable as amine dyeing ap-
proaches saturation and is known as “overdyeing.”
Accordingly, the uptake of a monobasic dye (which
is of specific interest to us here), at constant pH,
may be described by
Cp = Cp1 + Cp2 = KiCpw + CeKaCpw /(1 + K2Cpw)

where Cp and Cpyw represent concentration of sorbed
dye and of dye in aqueous solution respectively; Cr
denotes the concentration of adsorption sites and is
subject to an upper limit set by the concentration of
terminal aminogroups in the fiber Cry; and K; and
K, are the Nernst partition and Langmuir affinity
constants respectively. This formula was verified, at
pH low enough to ensure Cp =~ Cp, principally by
Atherton et al,! who studied Cp versus Cpyw iso-
therms in fibers of a given Cpy, and by Palmer,” who
measured Cp as a function of Cpy (using fibers of
different Cpp) at a given Cpw.
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DISCOVER SOMETHING GREAT

It was recognized,1 however, that the formulation
of amine dyeing in terms of Langmuir adsorption
was physically unsatisfactory, because it predicts
diminution of Cr (for steric reasons) well below Cgy
with rising acid dye basicity, whereas the polybasic
dye data were consistent with Cr values not deviat-
ing markedly from Cpy This problem was later re-
solved by showing®* that a physically realistic ion
exchange mechanism of amine dyeing does reduce
to the form of a Langmuir isotherm (with apparent
Cr and K; values related to the ion exchange equilib-
rium constant), in the case of a monobasic dye.
(The isotherm for polybasic dyes turns out to be less
simple, thus leaving the polybasic dye affinities cal-
culated by Atherton et al.' open to, at least minor,
revision.) On the other hand, Palmer’s results® also
showed unexpectedly marked dependence of dye
uptake on Cgg at a high pH, where Cr — 0 (hence
amine dyeing should be largely suppressed), thus
raising interesting questions about the nature of the
overdyeing mechanism.

In addition to the above-mentioned mechanistic
groundwork, the physicochemical properties of the
dual mode sorption parameters (such as dependence
of K; and K, on temperature, on systematic changes
in dye molecular structure or on the nature of the
polymeric substrate) have been studied extensively”°
and the information gained has contributed materi-
ally to our understanding of the corresponding dye
diffusion behavior.”®!!

On the other hand, evidence has been accumulat-
ing of complications, attributable to the lack of struc-
tural homogeneity of the nylon matrix, which tend
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Figure 1 Measured equilibrium dye concentration in the
organic solution phase (Cp) versus dye concentration in
aqueous solution (Cpw), with MDOA concentration in the
former phase Cry = 0.025 mol/L (O), 0.050 mol/L (+), and
0.100 mol/L (x).

to obscure the basic dyeing mechanisms of interest
and are difficult to allow for in any reasonably trac-
table theoretical approach. For example, attention had
already been drawn in an early work? to such effects
as variable (pH-dependent) accessibility of the nylon
spherulitic regions to acid dyes. More recently, the
work of Shibusawa and Nakamura'? has shown that
even in the case of disperse dyes simple Nernst par-
tition may be complicated by the presence of (some-
times more than one) Langmuir components.

Accordingly, it seemed to us that studies of simpler
systems exhibiting amine dyeing and overdyeing
mechanisms should contribute materially to our
better understanding of these fundamental mecha-
nisms and their interrelation. Here, we present a
liquid ion exchange system,'® which on the basis of
the preliminary results reported later, appears to be
promising in this respect.

EXPERIMENTAL

The system chosen consists of N-methyl-di-n-octyl-
amine (MDOA) dissolved in chloroform (represent-
ing the fiber phase) in contact with an aqueous solu-
tion of pure C.I. Orange 7 (a monobasic acid dye).
No MDOA was detectable in the aqueous phase
after equilibration. Also no dye uptake by the pure
organic solvent was observed.

The equilibration experiments were performed at
(25.0 £ 0.1)°C by shaking mechanically equal
amounts (20.0 cm’) of aqueous and organic solutions
for 24 h, in stoppered tubes immersed in a thermo-
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stat. The equilibrium dye concentration in the liquid
organic phase (Cp) was determined from the differ-
ence between the initial and final equilibrium (Cpw)
aqueous dye concentrations measured spectrophoto-
metrically.

RESULTS AND DISCUSSION

The sorption isotherms obtained for three different
concentrations of MDOA (Cpgg) are shown in Figure 1.
They depend markedly on Cpy and exhibit reason-
ably distinct initial steep curved portions, followed
by less steep quasi-linear regions, which may plausi-
bly be considered to represent amine dyeing and
overdyeing (i.e., Cpy and Cp; in the above-mentioned
equation) respectively.

Replotting the data in the form of Cp/Cg (see Fig. 2)
makes this picture clearer, on one hand, and on the
other, reveals an obvious tendency of the resulting
reduced isotherms to coincide, which is particularly
pronounced at higher Cpy values. The latter result
implies that both Cp; and Cp, tend to vary in line
with CFO.

Such dependence of Cpy on Cgy was demonstrated
experimentally2 for amine dyeing of nylon, under
conditions of low pH yielding Cr ~ Cg (see introduc-
tory section), but the same result is expected, on the
basis of the above-mentioned equation, for Cr < Cg,
as long as Cr/Cpg =~ constant when Cgy is varied. The
latter condition appears to apply here reasonably
well at higher Cpy values but less so at the lowest
one (presumably because of a change in the environ-
ment of the aminogroups in the organic solution
phase). In the former case, a degree of ionization of
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Figure 2 Data of Figure 1 replotted on a Cp/Cpy basis
using the same symbols.
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MDOA not much above 1% is indicated by the
height of the steep part of the isotherms, which char-
acterizes the amine dyeing mechanism. This does
not seem unreasonable, in view of the prevailing
nearly neutral pH (normally pH = 6.0) and the or-
ganic environment of the amine groups.

The analogous dependence of Cp; on Cpy, implied
by the present results, seems to us to run parallel to
Palmer’s findings® (referred to in the introductory
section) that acid dye uptake by nylon, under condi-
tions of high pH (leading to Cx — 0 and hence
Cp2 — 0), is nevertheless markedly dependent on
Cro. The present study casts more light on this point
by showing unequivocally that the amine is involved
in the overdyeing mechanism (since no dye uptake
by the pure organic solvent can be observed, as
stated in the experimental section), thus enhancing
the plausibility of Palmer’s suggestion that sorbed
dye tends to facilitate ionization of uncharged ami-
nogroups in the fiber phase.

CONCLUSIONS

In the system presented here, the use of a tertiary
amine with suitably large nonpolar substituents
serves the dual purpose of (i) preventing extraction
by the aqueous phase of the amine dissolved in the
organic phase and (ii) providing a simple homogene-
ous substrate, which can, as we have shown, repro-
duce basic characteristic features of both amine dye-
ing and overdyeing. Moreover, the liquid nature of
this “fiber phase” allows fast and uncomplicated

experimentation along both of the lines pioneered by
Atherton et al.' (Cp versus Cpw at constant Cr and
pH) and by Palmer? (Cp versus Cpo at constant Cpw
and pH) respectively. The only presently foreseeable
complications in this respect may be expected when
variation of dye or amine concentration leads to
material changes in the organization of the amine
molecules dissolved in the organic phase. However,
such “microstructural effects’”” can easily be followed
and characterized by appropriate techniques.
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