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Abstract

The separation, simultaneous determination in mixture (1:1) and the hydrolysis kinetics of two fluorotriazinic reac-
tive dyes was studied using reversed-phase ion-pair high performance liquid chromatography (HPLC). The hydrolysis
pathway was followed in dyeing conditions, both in the presence and in the absence of cotton. The exhaustion values
E% were determined spectrophotometrically in the dyebath, while the total fixation (T%) was calculated by measuring

the K/S values spectrophotometrically on dyed specimens, at time intervals of 80, 100 and 120 min. In conclusion, this
study has shown that the dyeing process was completed within 10 min after the addition of alkali. # 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Synthetic dyes and pigments are widely used for
textile applications, cosmetics, pharmaceutical for-
mulations, artistic purposes, printing inks and
foods [1,2]. Therefore, the quantitative determina-
tion and the satisfactory separation of their mix-
tures, are of great interest to the analytical chemist.
During the last decades, high performance
liquid chromatography (HPLC) has proved to be
a very successful technique for the separation of
dyes, of their bacterial metabolites in waste water
[3] and of their intermediates [4,5]. The analysis of
those intermediates or precursors in the process of

synthesis and the by-products or metabolites, is of
vital importance due to their toxic or carcinogenic
properties.
Colorants of several classes used as food and
drink additives, have been separated and determined
by HPLC [5,6]. In cosmetic applications many pub-
lications have been reported [7–9], using mostly
reversed phase ion-pair liquid chromatography.
Recently, for better separations of azo- and
other dyes, the sophisticated combination of liquid
chromatography–mass spectrometry was success-
fully applied, using different techniques, such as
thermospray HPLC–TSP–MS [10–12], particle
beam electron impact ionization, HPLC–PB–MS
[10], electrospray HPLC–ESP–MS [10], atmos-
pheric pressure ionization HPLC–API–MS [13],
FAB etc.
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Among all dyestuffs, the reactive ones mostly
used for cotton dyeing, have been very popular
since the early 1970s, not only for their high
exhaustion (E%) and total fixation (T%) values,
but also for their great wash fastness properties
[14–17]. This is attributed to the covalent bond
between the dye molecules and the –OH groups of
cotton fibre [14,15,17,18] which takes place in
alkaline media.
However, the reactive dyes, either vinylsulphone
[14–16] or mono halide triazinyl [17,18] possess a
disadvantage, which is the simultaneous and com-
petitive hydrolysis reaction by the nucleophilic
displacement of the halide ion, in the alkaline
medium of the dyebath. Since the hydrolysed dye
can not be fixed on fibre via covalent bond, this
hydrolysis reaction is of great importance to the
dyeing industry, for cost and environmental pur-
poses as well. HPLC has been used for many very
years in the study of hydrolysis of reactive textile
dyes [14–19].
In this paper, the hydrolysis kinetics of two
reactive fluorotriazinic dyes (Cibacron Yellow
F-4G and Cibacron Blue F-R) separately and in a
1:1 mixture, in the presence as well as in the
absence of cotton, was studied on a laboratory
scale using ion-pair reversed phase HPLC.
Optimum separation conditions for these dyes
and their hydrolysis products were achieved using
a Nucleosil 100–5, C18, 150�4.6 mm I.D. column
and an acetonitrile–0.05 M ammonium acetate
(47:53 v/v) mobile phase with 1 mM cetyltrimethyl
ammonium bromide (CTAB) as ion pairing agent.
From the E% and T% values, measured in the
dyebath and on the samples respectively, at time
intervals of 80, 100 and 120 min, and from the
results of hydrolysis measured by HPLC, it was
concluded that the whole procedure of dyeing
could be completed within a considerably shorter
time (almost 40 min) than that normally used.

2. Experimental

2.1. Reagents and materials

All solvents used for HPLC analysis were
of HPLC grade purchased from Riedel Häen AG

(Hannover, Germany). The cetyl-
trimethylammonium bromide (CTAB) ion-pairing
agent was obtained from Sigma-Aldrich Chemical
Company (St. Louis, USA). Ammonium acetate,
sodium chloride and hydrochloric acid were of
analytical reagent grade and were obtained from
Merck (Darmstadt, Germany). The sodium car-
bonate was obtained from Fluka Chemie AG
(Switzerland).
The aqueous part of the mobile phase was fil-
tered, prior to use, through 0.2 mm membrane fil-
ters obtained from Schleicher & Schuell GmbH
(Dassel, Germany), using a glass vacuum solvent-
filtration apparatus obtained from Alltech
Associates Inc. (Deerfield, IL, USA) and the dye
solutions were filtered through 0.2 mm membrane
Schleicher & Schuell filters using a stainless steel
filter holder fitted to a syringe.
The fluorotriazinic dyes studied were Cibacron
Yellow F-4G and Cibacron Blue F-R, both sup-
plied by Ciba and were used without any purifica-
tion.
The fabrics used were greek bleached woven
cotton fabrics, 10�15 cm (3g).

2.2. Chromatographic conditions

The reversed phase ion-pair HPLC separation
of the dyes was achieved on a Nucleosil 100–5,
C18, 150�4.6 mm I.D. analytical column, obtained
from Macherey-Nagel GmbH & Co.KG (Duren,
Germany). The elution was performed in the iso-
cratic mode with a mobile phase consisting of a
47:53 v/v mixture of acetonitile and 0.05 M
ammonium acetate buffer containing 1 mM
CTAB, at a flow rate of 0.8 ml/min when each dye
was eluted separately and of 0.6 ml/min when the
dyes were eluted simultaneously from their mix-
ture. Peak areas were used for quantitation.
The two reactive dyes, eluted from the column,
were detected at ambient temperatures, by their
UV absorbance at 275 nm, where they both
absorb satisfactorily in the UV region, as revealed
by their spectra. No common lmax appeared in the
visible region of their spectra. The HPLC detector
was set at 0.002AUFS.
The ion-pairing agent was loaded on the column
after a 72 h continuous passage of the mobile
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phase through the column. After equilibration, the
column was washed only with double-deionized
water and filled with acetonitrile at the end of each
working day. Lengthy washings with strong sol-
vents can wash out the ion-pairing agent and were,
therefore, avoided.

2.3. Study of the hydrolysis kinetics of the dyes by
HPLC

The hydrolysis of each dye separately and in
mixture was studied under dyeing conditions, both
in the presence and in the absence of fabric sam-
ples, at 120 min which is the proper time for a
typical dyeing procedure, as follows.

2.4. Hydrolysis study in the absence of fabric

The study was performed in nine 150-ml bea-
kers, each filled with 90-ml dyeing bath, with the
quantity of dye corresponding to depth of shade
2% o.w.f. The appropriate quantity of sodium
chloride (according to dyeing procedure described
below) was added with stirring to each beaker and
the beakers were thermostatted in a waterbath at
60 �C for 60 min. A 15-ml portion of the solutions
was withdrawn from three beakers, from the first
immediately after addition of sodium chloride to
the dyebath, from the second at 20 min and from
the third at 60 min after addition of sodium chlo-
ride and analyzed byHPLC, after a suitable dilution.
At 60 min, the appropriate quantity of sodium car-
bonate (according to dyeing procedure) was added
with stirring to each of the remaining six beakers and
afterwards every 10 min, i.e. at 70, 80, 90, 100, 110
and 120 min, a 15-ml portion of the solutions was
withdrawn from each of the six beakers, from the
first at 70 min, from the second at 80 min etc., neu-
tralized with concentrated hydrochloric acid until
pH 6.5 and analyzed by HPLC, after dilution. In
each case, the final concentration of the solutions
after dilution was 6 mg/l and the solutions were
filtered through 0.2 mm filters before injection onto
the HPLC column. The above procedure was
repeated for each dye singly and in mixture at a
ratio of 1:1. Three replicate measurements were
made for each solution and the mean values of the
reported peak areas were used for quantitation.

2.5. Hydrolysis study in the presence of fabric

The study was performed in nine dyeing tubes
using the dyeing machine, under identical condi-
tions to those described above, with the only dif-
ference that 3 g of cotton fabric was added to
every tube.

2.6. Dyeing procedure

The dyeing was carried out isothermally at 60 �C
in a Zeltex Vistacolor laboratory- scale dyeing
machine. A 30:1 liquor ratio using 3 g cotton pie-
ces was used and 45 g/l sodium chloride and 5 g/l
sodium carbonate for depth of shade 2% o.w.f.
were added to each dyebath. Three dyeing proce-
dures of total time 80, 100 and 120 min were per-
formed, which are represented schematically as
follows:

After dyeing, the specimens were cut into two
equal portions: one of them was left for control
and the other one was washed in a soap solution
(2 g/l standard soap Cibapon-R) in a liquor ratio
1:30, for 15 min at boiling temperature. The K/S
values were measured on both pieces.
Dye exhaustion of cotton E% was measured by
sampling the dyebath before dyeing as well as at
the end of the time, that is, at 80, 100 and 120 min.
The absorbance of the diluted dye solution was
measured at the wavelength of maximum absorp-
tion (lmax=610.5 nm for the blue dye and lmax=
421.2 nm for the yellow one) using a Shimadzu
2101 PC UV-visible spectrophotometer.
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2.7. Measurements of dyed fabrics

The reflectance values and the corresponding
CIE L*, a*, b*, C* and h coordinates and K/S
values (at the appropriate lmax for each dye, i.e. at
620 and 440 nm for the blue and yellow respec-
tively) of the dyed samples were measured using a
reflectance spectrophotometer Macbeth CE 3000,
interfaced to a digital PC under illuminant D
using a 10� standard observer with component
included and specular component excluded. Each
fabric sample was folded to obtain a fourfold
thickness of fabric. Four measurements were made
for each sample and the average value was calcu-
lated.
All dyeing experiments and measurements of

E% and K/S were performed three times with
satisfactory reproducibility and the mean values
are given.

3. Results and discussion

Calibration plots of the peak area versus stan-
dard concentration were constructed for each dye,
using the least square method [16]. Owing to the
good linearity of the plots it was possible to carry
out a quantitative evaluation of both dyes, either
in the hydrolysed, or non-hydrolysed form. The
linear regression calibration equations with their
correlation coefficients for the fresh non-hydro-
lysed dyes, both separately and in their 1:1 mix-
ture, are given in Table 1. The two forms of dyes,
hydrolysed and non-hydrolysed were separated
satisfactorily as can be seen from their retention
times, or the capacity factors k0=tR �to / to, where

tR=the retention time of the dye, to=retention
time of solvent, which are shown in Table 2.
When the two dyes were studied in mixture, the
hydrolysed Blue co-eluted with the non-hydro-
lysed Yellow, therefore, the flow rate was
decreased from 0.8 to 0.6 ml/min in order to
obtain complete separation. The hydrolysis reac-
tion of a mono-fluorotriazinic dye in alkaline
medium is represented in Scheme 1.
All samples of dyes, when used both in the
presence and in the absence of the substrate, were
made in solutions using sodium chloride, in a
concentration which is normaly used in a dyeing
process, as given in the experimental section. That
was of great advantage, because as has been
proved by Chaytor and Heal [1] the presence of
inorganic electrolyte plays an important role in the
reproducibility of the retention indice. In Figs. 1–3
the chromatograms of both dyes, separately, and
in their 1:1 (w/w) mixture, are presented.
We can see that after the addition of alkali, as
the time passes, the peaks of the hydrolysed dyes

Table 1

Regression line equations

Dye Equationa Y=(a+Sa)+(b+Sb)X Correlation coefficient

Cibacron Yellow F-4G Y=(�1.595�11.40)�103+(15.04�0.296)�104 X 0.9990

Cibacron Blue F-R Y=(�2.753�6.174)�103+(11.14�0.063)�104 X 0.9999

Cibacron Yellow in 1:1 mixture with Blue Y=(�17.18�18.38)�103+(19.48�0.434)�104 X 0.9988

Cibacron Blue in 1:1 mixture with Yellow Y=(�24.39�18.73)�103+(14.93�0.251)�104 X 0.9993

a Y=peak area, X=concentration in mg/l, a=intercept, b=slope, Sa and Sb =standard deviation of intercept and slope,

respectively.

Table 2

Retention times and capacity factors of the dyes, Blue F-R and

Yellow F4-G, separate and in mixture (1:1 w/w)

Dyes Retention time

(min)

Capacity factor

(k0)

Blue 4.70 1.41

Hydrolysed Blue 3.44 0.76

Yellow 3.32 0.71

Hydrolysed Yellow 2.38 0.23

Blue in mixture (m) 7.54 1.86

Hydrolysed Blue (m) 5.07 0.93

Yellow in mixture (m) 4.57 0.73

Hydrolysed Yellow (m) 3.16 0.20
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increase stepwise until the end of dyeing process,
while the peaks of initial dyes (non-hydrolysed)
decrease and finally disappear.
The conversion of the dyes to their hydrolysed
forms with time, is clearly shown in Figs. 4 and 5
for both dyes and their mixture, in the absence
and in the presence of the substrate respectively.
In the absence of the substrate as shown in
Fig. 4, the behaviour of the dyes is different.
The yellow dye is hydrolysed completely within

90 min, while the blue one is hydrolysed step-
wise from 60 min until the end of time (120
min).
This difference between the two dyes is also
shown in Table 3, where the values of hydrolysis
pseudo rate constants k [19] are given, according
to Eq. (1)

ln Co=Ct ¼ kt ð1Þ

Scheme 1.

Fig. 1. Chromatograms of cibacron yellow: (A) 40 min before addition of Na2CO3, (B) 10 min after addition of Na2CO3 and (C) 60

min after addition of Na2CO3; flow rate=0.8 ml/min, other conditions as described in Experimental. The peak at 3.32 min in (A) and

the same peak (smaller in size) at 3.31 min in (B) are both attributed to the functional group (-F); the additional peak at 2.38 min in

(B) and the same peak (bigger in size) at 2.36 min in (C) are attributed to the hydrolyzed part of the functional group (–OH).
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where t=time, Co and Ct are initial dye con-
centration and dye concentration at time t respec-
tively, as calculated by HPLC. On plotting Co/Ct
against t, a straight line is obtained, where the
slope is the pseudo-rate constant k. One can see
that the hydrolysis rate of the yellow dye is higher
than that of the blue one.
However, when both dyes are in mixture, they
behave almost identically and are hydrolysed reg-
ularly with time, as shown in Fig. 4 and Table 3.
On the other hand, in the presence of substrate
(Fig. 5), both dyes behave similarly, and are dra-
matically converted (almost 100%) to the hydro-
lysed form, within 10 min after the addition of

alkali, both when studied separately as well as in
their mixture.
The behaviour of both dyes in the presence of
substrate, can be explained by the absorption
process onto the substrate, during which the fix-
ation reaction takes place through the covalent
bond as shown in Scheme 2.
That difference between the hydrolysis beha-
viour of the dyes in the absence and in the pre-
sence of the substrate, and mainly the rapid
hydrolysis (within 10 min) in the presence of the
substrate, led us to perform three dyeing proce-
dures of total time 80, 100 and 120 min (as descri-
bed in the experimental section) and afterwords

Fig. 2. Chromatograms of cibacron blue : (A) 40 min before addition of Na2CO3, (B) 10 min after addition of Na2CO3 and (C) 60 min

after addition of Na2CO3; flow rate=0.8 ml/min; other conditions as described in Experimental. The peak at 4.70 min in (A) and the

same peak ( smaller in size) at 4.74 min in (B) are both attributed to the functional group (-F); the additional peak at 3.44 min in (B)

and the same peak ( bigger in size) at 3.47 min in (C) are attributed to the hydrolyzed part of the functional group (–OH).
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measure the colour strength K/S of dyed samples,
the total fixation T% and the exhaustion E%,
according to the following equations [20, 21].
Percentage dyebath exhaustion E% was calcu-
lated using Eq. (2).

E% ¼
Ao � Ad

Ao
	100% ð2Þ

where Ao and Ad is the absorbance of dye solution
before and after dyeing respectively.

Fig. 3. Chromatograms of a 1:1 dye-mixture: (A) 40 min before addition of Na2CO3, (B) 10 min after addition of Na2CO3 and (C) 60

min after addition of Na2CO3; flow rate=0.6 ml/min, other conditions as described in Experimental. The peak at 4.57 min in (A) and

the same peak (smaller in size) at 4.54 min in (B) are both attributed to the functional group of cibacron yellow (-F); the peak at 7.54

min in (A) and the same peak ( smaller in size) at 7.40 min in (B) are both attributed to the functional group (-F) of cibacron blue; the

peaks appearing at 3.16 min in (B) and 3.28 min in (C) are attributed to the hydrolyzed part of the functional group of cibacron

yellow; the peaks at 5.07 min in (B) and 5.22 min in (C) are attributed to the hydrolyzed part of the functional group of cibacron blue.

Fig. 4. The hydrolysis kinetics of the two dyes separately and in 1:1 mixture, in the absence of a substrate.* Blue F-R,&Yellow F4-G,

� Blue F-R in the mixture,~ Yellow F4-G in the mixture.
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The colour strength of the dyed samples was
determined as the K/S value calculated from the
sample reflectance (R) according to the Kubelka–
Munk Eq. (3):

K=S ¼ 1� Rð Þ
2=2R ð3Þ

The extent of dye fixation of the reactive dyes
on cotton was determined by measuring the K/S

values of the dyed samples before and after soap-
ing, from which the extent of dye fixation was
calculated using Eqs. (4) and (5):

F% ¼
K=S2
K=S1

	100% ð4Þ

T% ¼
K=S2
K=S1

	E% ð5Þ

where F%=degree of fixation of adsorbed dye
and T%=total dye fixed, K/S1 and K/S2 are the
values of dyed samples before and after soaping
respectively.
As shown in Table 4, the E%, T% and K/S
values are almost equal at all times, for both dyes,
which means that the dyeing time was completed
within ten minutes after the addition of alkali,

Fig. 5. The hydrolysis kinetics of the two dyes separately and in 1:1 mixture, in presence of a substrate.^ Blue F-R,& Yellow F4-G,

Blue F-R in the mixture, � Yellow F4-G in the mixture.

Scheme 2.

Table 3

Hydrolysis rate constants (k) of the dyes in the absence of sub-

strate

Dyes Hydrolysis rate (k)

Blue 4.622�10�2

Yellow 7.698�10�2

Blue in mixture 3.423�10�2

Yellow in mixture 3.260�10�2
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in other words, the whole process could be
completed within 80 min instead of 120 min,
which is normally used.
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Table 4

E%, K/S values and T% with time for the cotton samples dyed with the reactive dyes blue F-R and yellow F4G

Time

(min)

E% K/S T%

Blue Yellow Blue Yellow Blue Yellow

Before soaping After soaping Before soaping After soaping

80 75.6 35.2 9.3 5.5 7.4 5.0 44.7 23.8

100 76.3 35.4 9.8 5.8 7.5 5.1 45.1 24.0

120 76.4 35.9 9.8 5.8 7.8 5.3 45.2 24.4
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