
INTRODUCTION
The adsorption of acid dyes onto polyamide 6 fibres
is affected by a number a factors such as: dye struc-
ture, dye concentration, dyeing agents (e.g., levelling
agents), liquor-to-goods ratio, dyeing temperature,
dyeing time, and pH value of the dyebath [1‒3]. In the
process of dyeing, acid dyes migrate from the dye-
bath onto a fibre surface as a consequence of differ-
ent attractive intermolecular forces between dyes
and fibres. These attractive forces usually depend on
both the chemical structure of dyes and the presence
of functional groups on fibre surface that are mostly
pH-dependent. During dyeing, the concentration of
dyes on the fibre surface increases with dyeing time,
whilst that in the dyebath decreases. Equilibrium is
reached at the interface fibre-dyebath, when the con-
centration of dyes on the fibre does not change with
time. At this point the adsorption rate of dyes from the
dyebath is equal to the desorption rate of dyes from
the fibre surface [4]. One of the factors that affect the
adsorption of dyes onto fibres is the chemical struc-
ture of dyes. The studies done so far showed that the
number of sulphonic groups in acid dyes affects the
adsorption onto the cationic textile substrate [5‒8], to
which polyamide belongs in an acidic pH. The dyes
containing more sulphonic groups are adsorbed by
polyamide and wool fabrics to lesser extent in com-
parison to those containing fewer sulphonic groups.
Studies showed that the acid dyes containing one
sulphonic group exhibit good adsorption capability for

a polyamide at high pH values, whilst the satisfacto-
ry adsorption of acid dyes with multiple sulphonic
groups is obtained only at very low pH values [5]. The
number of sulphonic groups in acid dyes also affects
the overdyeing process of polyamide. Numerous
studies [5‒6, 8] showed that overdyeing appeared on
the polyamide when acid dyes with higher affinity
were used, and when dyes included a lower number
of sulphonic groups in the structure. The highest
overdyeing of polyamide was achieved with dyes
containing one sulphonic group, followed by the dye
containing two sulphonic groups, then the dye with
three sulphonic groups, whilst the dye C. I. Acid Red
41 – containing four sulphonic groups – showed no
trends toward overdyeing [8]. In the area of overdye-
ing, the acid dyes with two or three sulphonic groups
are not able to form a bridge between amido groups
of adjacent chains, meaning that acid dyes with a
higher amount of sulphonic groups behave similarly
as dyes with only one sulphonic group [5].
The purpose of this research is to investigate the
influence of both the structure of acid dyes and the
dyeing temperature on the adsorption of acid dyes on
polyamide 6 warp knitwear in weakly acidic condi-
tions. The dyeing was performed with three anionic
acid dyes, containing different quantities of sulphonic
groups, at two dyeing temperatures (40°C and 60°C),
and at pH 4. It was assumed that the exhaustion of
dye to polyamide 6 knitwear is affected by the dye
structure, dyeing temperature, and dyeing time. 
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EXPERIMENTAL
Materials
The polyamide 6 (PA 6) warp knitwear was supplied
by AquafilSLO, Ljubljana, which has the following
specifications: a density of 31 lines/cm, 29 columns/
cm, and mass per square metre 72 g/m2. Before dye-
ing, PA 6 knitwear was soaped for 30 minutes at
45–50 ºC in a solution containing 0.5 g/l nonionic
detergent (Teopon 100; Orka, Ljubljana) using a
liquor-to-goods ratio of 20:1, and was thoroughly
rinsed, and air-dried. Prior to dyeing, the conditioning
of samples in the standard conditions (SIST EN ISO
139:2005) was carried out. The weight of each sam-
ple was 2.0 g. 
The dyes used in the research were C.I. Acid Red 88
(AR88), C.I. Acid Red 14 (AR14), and C.I. Acid Red
18 (AR18). All dyes were Sigma Aldrich products and
used as received. Citric acid and disodium hydrogen
phosphate were of laboratory grade and purchased
from Sigma Aldrich products. The structures of acid
dyes are presented in figure 1.

Dyeing
The dyeing of PA 6 samples was performed in the
Launder-ometer apparatus using a liquor-to-goods
ratio 150:1 at pH 4. A McIlvain buffer consisting of cit-
ric acid and disodium hydrogen phosphate was used
to prepare a buffer solution of pH 4. Before dyeing,
the pH of the buffered solution was measured using
the MA 5740 pH-metre (Iskra, Ljubljana). The buffer
solution was prepared directly before dyeing.
Knitwear was dyed with 1% o.m.f dyes. Dyeing was
conducted at 40 °C and 60 °C in two replicates. Before
dyeing, the dyebath was warmed up to the dyeing
temperature and the samples were introduced into
the beakers. The samples were then taken out of the
beakers at the following time intervals (t): 5, 10, 20,
30, 45, 60, 90, 120, 150, 200, 240, and 360 minutes.
The dyed samples were dried on a flat surface in the
open air at room temperature of 23 °C. 

ANALYSIS OF DYEING
Determination of the dyebath exhaustion
The calibration curve (absorbance vs. dye concen-
tration) of each dye was prepared in a buffered solu-
tion of pH 4 at 25°C, using a 1-cm path length quartz
cell housed in an UV-VIS spectrophotometer Cary 1E
(Varian, Australia). From the calibration curves the
concentrations of dyes in the dyebath before and

after dyeing were determined at the maximum absorp-
tion wavelength (lmax = 506 nm for AR88, 515 nm for
AR14, and 507 nm for AR18). The percentage of
exhaustion (E), which is a function of dyeing time and
temperature, was calculated using the following
equation [4]:

Co ‒ CdE(%) = 100 ×             (1)
Co

where Co and Cd are the concentrations of dyes in
the dyebath before and after dyeing.

Colorimetric measurements
The reflectance value (R) at the maximum absorption
wavelength (lmax) and CIELAB colour values of the
dyed fabric were measured in a standard atmosphere
(SIST EN ISO 139:2005) using the SF600 PLUS-CT
spectrophotometer (Datacolor, Switzerland). The mea-
surements were conducted using illuminant D65, mea-
suring geometry d/8°, 10° standard observer, and a
9 mm aperture. An eight-layer sample was employed
to avoid the transmission of light. For each dyed sam-
ple, 10 measurements were performed and a mean
value was presented as a result. From the values of
R the Kubelka-Munk values (K/S) was calculated
according to equation 2, in order to express colour
strength.

K (1 ‒ R)2
   =            (2)
S        2R

where K is the absorption coefficient and S – the
scattering coefficient for a coloured substrate at a
specific wavelength. R is the fractional reflectance
value of the dye on the substrate at the lmax. 

Adsorption kinetics
To describe the adsorption kinetics of the studied
dyes a pseudo-second order model was used, based
on the following differential equation:

dCe      = k(Ce ‒ Ct)
2 (3)

dCt

By the integration of equation 3 for boundary condi-
tions t = 0 to t = t and Ct = 0 to Ct = Ct the following
equation is given:

1           1             =     + kt (4)
(Ce ‒ Ct)    Ce

where Ce (mg g–1) is the amount of dye adsorbed on
PA6 knitwear at equilibrium, Ct – the amount of dye
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Fig. 1. Structure of the dyes used in the research



adsorbed on PA 6 knitwear at time t, and k (g mg‒1

min‒1) – the adsorption rate constant. 
Equation 4 can be rearranged into:

t 1       1    =       +     t (5)
Ct      kC          2e Ce

From the linear function of plot t/Ct versus t the
adsorption parameters k and Ce, and the correlation
coefficient, r2, were calculated. 

Determination of octanol-water partition and
distribution coefficient
The octanol-water partition coefficient, expressed in
its logarithmic form (log P), is the most widely used
accepted measure of lipophilicity. It refers to the par-
titioning of the same species of a substance between
octanol and aqueous phase (equation 6).

[solute]octanollog Poctanol/water = log (                       ) (6)un-ionized[solute]water

In the case, when substances, which contain iono-
genic functions, may exist as a mixture of the disso-
ciated and undissociated forms at different pH val-
ues, the distribution coefficient (mostly used as log D)
is more appropriate [9]. It refers to more complex par-
titioning equilibria. Distribution coefficient is the ratio
of the sum of the concentrations of all species of the
compound in octanol to the sum of the concentra-
tions of all species of the compound in water (equa-
tion 7). 

[solute]octanollog Doctanol/water = log (                                      ) (7)ionized neutral[solute]water  + [solute]water

In the research the values of log P and log D of stud-
ied dyes was calculated by the use of MarvinSketch
version 17.22, calculation module developed by
ChemAxon [10], where log D was predicted from the
dyes structures. The calculation is based on model,
expressed in details at reference [9]. From values of
log D an approximation of hydrophilic or hydrophobic
performance of acid dyes can be given. 

RESULTS AND DISCUSSION
The influence of acid dye structure (AR88, AR14, and
AR18) on adsorption on PA 6 knitwear was spec-
trophotometrically evaluated by the determination of
the dye concentration in the dyebath after dyeing and
the colour strength (K/S) of the dyed samples. In fig-
ure 2 the percentage of exhaustion (E) vs. dyeing
time (t) is presented, whilst in figure 3 the colour
strength (K/S) vs. dyeing time (t) is presented. 
It can be seen from figure 2 that the percentage of
exhaustion was strongly influenced by dyeing tem-
perature, dyeing time, and dye structure. The values
of E increased with the increase of both dyeing time
and dyeing temperature. For all studied dyes the
higher value of E was obtained at 60°C rather than at
40°C. Wen et al. confirmed the same phenomenon
for the dyeing of wool powders with acid dyes [10].
The percentage of exhaustion increased by prolon-
gation of the dyeing time until equilibrium was

reached, where no change of E with t was noticed.
Figure 2, a shows that for the dye AR88 the equilibri-
um was reached after 40 minutes of dyeing at 40°C,
whilst at 60°C the equilibrium was reached even after
a shorter time, i.e. 20 minutes of dyeing. Using the
dye AR14 (figure 2, b) the equilibrium was reached
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Fig. 2. Percentage of exhaustion as a function of dyeing
time for the PA 6 knitwear dyed with AR88 (a), AR14 (b),
and AR18 (c) at two temperatures. – 40°C, – 60°C

a

b

c



after 120 minutes of dyeing in comparison to the dye
AR18 (figure 2,c), where equilibrium was not reached
even after 360 minutes of dyeing at 40°C. The latter
indicates that the dye uptake is strongly affected by
the dye structure. Since the dyes AR88 and AR18 are
structurally very similar and differ only in the number
and position of sulphonic groups, it can be assumed
that the number of sulphonic groups affects dye
adsorption on PA 6 knitwear. Among the studied
dyes, the dye AR18 has the highest number of sul-
phonic groups. It contains three sulphonic groups,
followed by the dye AR14 with two, whilst the dye
AR88 contains only one sulphonic group. The latest
discoveries show that the solubility of dyes in an
aqueous medium increases along with an increased
in the number of sulphonic groups in the dye
molecule, whilst the substantivity of dyes decreases
at a given value of pH [11]. This is confirmed by the
results presented in this paper (among the studied
dyes, dye AR18 is more soluble in water than dye
AR88). The binding of acid dyes to PA 6 involves dif-
ferent intermolecular interactions and forces, includ-
ing electrostatic interactions between the anionic sul-
phonic group of dye (–SO–

3) in dyes and the proto-
nated terminal amino groups (–NH+

3) in PA 6, hydro-
gen bonding, van der Waals forces, and hydrophobic
interactions. The latter plays an important role on the
uptake of dyes by fibres and the wet fastness of dyes
on fibre [2]. 
The comparison of the E values for the studied dyes
AR88, AR14, and AR18 (figure 2) showed that the
dye AR88 exhausted on PA 6 knitwear to the greatest
extent, followed by the dye AR14, whilst the dye
AR18 showed the smallest percentage of exhaustion.
It should be emphasised that the hydrophobic/
hydrophilic ratio of AR88 molecule in comparison with
those of the dyes AR14 and AR18 is more on the
hydrophobic side. The values of computational deter-
mination of log P and log D show that the log P for
studied dyes are 3.02 (AR88), –0.44 (AR14), and
–3.91 (AR18) when dyes are in ionic form, and 5.28
(AR88), 4.06 (AR14), and 2.88 (AR18) when dyes
are in non-ionic form, respectively. Values of log D,
which are pH dependant, are 2.86 (AR88), –0.34
(AR14), and –3.53 (AR18) at pH 4. This confirms,
that the hydrophilicity of dyes decreased in the fol-
lowing order AR88<AR14<AR18, and vice versa the
hydrophobicity of dyes increases in the following
order AR88>AR14>AR18. Thus, it can be concluded,
that the dyes with the higher number of sulphonic
groups tend to stay in aqueous phase, i.e. the dye-
bath at the studied pH value of the dyebath. In con-
trast to the dyes AR14 and AR18, the dye AR88,
which is the most hydrophobic among the studied
dyes, tends to migrate to the fibre surface. The latter
is understandable, since water molecules do not
form attractive intermolecular interactions with the
hydrophobic part of the dye molecule, but need to
rearrange themselves around the hydrophobic part of
the dissolved dye. Thus, it can be concluded that

when the dye AR88 migrates to the fibre surface
more willingly, this influences the energy stability of
the system. 
The colour strength as a function of time, illustrated
in figure 3, was influenced by dyeing time, dyeing
temperature, and dye structure, similarly as the per-
centage of dye exhaustion. The values of K/S
increased with the increase of both the percentage of
exhaustion and the dyeing temperature.
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Fig. 3. Colour strength as a function of dyeing for
the PA 6 knitwear dyed with AR88 (a), AR14 (b),
AR18 (c) at two temperatures. – 40°C, – 60°C

a

b

c



The results of adsorption kinetics are presented in
table 1 and figure 4. 
Linear plots of t/ct versus t (figure 4) show the suit-
ability of pseudo-second order rate equation for the
AR88, AR14, and AR18 at two dyeing temperatures.
The calculated adsorption rate constant (k) confirms
that the rate of adsorption decreases with the
increase of both number of sulphonic groups in the
dye molecule and dyeing temperature. The concen-
tration of dye adsorbed at equilibrium (ce) is the high-
est in the case of AR88, and the lowest in the case
of AR18, irrespective of the dyeing temperature.
The results of spectrophotometric measurements of
dyed samples are presented in figure 5. 

From figure 5, a it can be seen that both values a*
and b* are positive, and increased with dyeing time
irrespective of selected dye. This indicates that the
knitwear becomes redder and less blue by prolong-
ing the dyeing time. At the dyeing temperature of
60°C, samples become even redder and less blue.
PA 6 knitwear, dyed with AR18 has the highest values
of a*, followed by PA6 dyed with AR88, whilst PA6
knitwear, dyed with AR14 are less red than knitwear,
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PARAMETERS OF ADSORPTION KINETICS FOR
STUDIED DYES

Dye T (°C) Ce (mg·g–1) k (g·mg–1·min–1) r2

AR88 40 9.82 0.16 1

60 11.47 0.80 1

AR14 40 9.26 0.02 0.9997

60 9.04 0.24 1

AR18 40 8.85 0.003 0.9903

60 9.04 0.02 1

Table 1

Fig. 4. Plots of t/ct versus t of studied dyes at two dyeing

temperatures

Fig. 5. Changes in the colour parameters of the PA6
knitwear in the process of dyeing: (a) a* vs. b*,

(b) hab vs. t, (c) C*ab vs. L*

a

b

c



dyed with the other two dyes. From figure 5, a it can
be also seen that the values of a* are more grouped
at the dyeing temperature 60°C, and more scattered
at the dyeing temperature 40°C where a progressive
increase of a* is noticed for PA6 samples, dyed with
AR14 and AR18. Also, for the PA6 sample, dyed with
AR88, a very sudden increase of a* is noticed. At
60°C, the values of a* are less dependent on increase
in dyeing time. At equilibrium (t = 360 min), the val-
ues of a* and b* are almost equal for the individual
dye, irrespective of dyeing temperature. The values
of hab (figure 5, b) increase with the increasing of both
dyeing time and dyeing temperature. The highest
value of hab is obtained on samples dyed with AR88,
followed by AR18, whilst samples, dyed with AR14
have the lowest value of hab. At a shorter dyeing time
of up to 60 minutes, a very dramatic increase of hab
is noticed, but from 100 minutes of dyeing till 360
minutes almost no change in hab values is detected
for the selected dyed sample. From figure 5, c it can
be seen that the CIE lightness (L*) decreased with
the increase of both dyeing temperature and time for
all studied dyes, indicating that the samples become
darker during the dyeing process. At 40°C, a more
progressive decrease of L* is noticed for samples
dyed with AR18 and AR14 than for samples dyed
with AR88, whilst at 60°C the stepwise decrease of L*
with the increase of dyeing time is less pronounced,

especially in samples, dyed with AR88 and AR14.
This suggests that the adsorption of dye AR88 onto
PA 6 knitwear occurs faster in comparison with dyes
AR14 and AR18. Since chroma (C*ab) is derived from
values a* and b*, its increase with the increase of T
and t of dyeing is expected. Thus, the colour of PA 6
samples becomes more saturated.

CONCLUSIONS
According to the obtained results, the following can
be concluded:
• A higher percentage of exhaustion of studied acid

dyes is obtained at 60°C than at 40°C. 
• The exhaustion of studied acid dyes onto PA 6

knitwear increases with the increasing dyeing time
until the equilibrium is reached, at which no
changes of exhaustion are noticed. At higher dye-
ing temperatures the exhaustion is reached in a
shorter time. 

• At a given pH value of the dyebath, the acid dye
with the higher number of sulphonic groups in its
structure exhausts on PA 6 knitwear to a lesser
extent than that with a lower number of sulphonic
groups, irrespective of dyeing temperature and
dyeing time.
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