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A spectrophotometric method for the simultaneous determination of dyes with spectral interaction in
three-colour baths by use of multiple linear regression with indirect calibration has been developed.
This method discretely allows the components of the dyeing bath to be quantified with errors of less
than 3% and within 1-2 min of sampling. The method has been applied to monitor the dyeing of

chromium-tanned bovine leather splits subjected 10 various retanning procedures.

INTRODUCTION

The use of multivariate calibration for the simultaneous
spectrophotometric quantification of several analytes has
gained widespread acceptance in the last few years as an
effective alternative to sequential methods, which entail
preliminary separations and are sluggish and difficult to
automate. This has fostered research in many industrial
fields aimed at replacing traditional control analysis
methods with spectrophotometric methods providing
information on various parameters of the process in near
real time.

Chemometric multicomponent analysis methods allow
the simultaneous monitoring of the depletion of all the
dyes in a bath in barely the time needed to record a
spectrum, typically less than 1 min with a diode-array
spectrophotometer [1,2]. The procedure is very simple as it
only involves making spectrophotometric readings and
processing the bath spectrum on-line [3]. However,
developing and optimising the analytical procedure
entails choosing and implementing an appropriate
multivariate calibration method and making an effective
compromise between simplicity in the process and
robustness in the model [4,5].

There are various multivariate calibration methods for
this purpose that range from the rigid multiple linear
regression (MLR) to the flexible partial least-squares (PLS)
regression; the choice is completed by models that are
specially suited to nonlinear application (e.g. artificial neural
networks, ANNS) or by generative algorithm models [6-10].

On the one hand, the most simple rigid methods
provide unsurpassable results whenever applicable;
however, matrix effects from the sample, interactions

*To whom any correspondence should to be addressed.

between components and signal noise, among others, can
call for more sophisticated procedures. On the other hand,
one might be tempted to choose a robust method even if
this would complicate the calibration process. However,
the type of sample and laboratory involved, and the
allowable variability range, may be better suited to a rigid
method. This is a straightforward choice that is easy to
implement at laboratories with scant instrumental
resources and unskilled personnel.

Dye quantification entails studying the components of
the dyebath to select the most appropriate chemometric
technique for quantification. The spectral stability of bath
dyes varies with the three colours used and dictates the
choice of the calibration method, even though it dces not
determine the dyeing quality.

In this work a spectrophotometric method for the
simultaneous quantification of the components of a
dyeing bath by use of indirect multiple linear regression
has been developed. The method allows interacting dyes
in three-colour baths to be determined with overall
prediction errors less than 3% in the time needed to record
the bath spectrum. It has been used to monitor the
depletion of dyes in baths that were employed to process
tanned leather subjected to various retanning procedures.

EXPERIMENTAL

Reagents
Stock solutions containing 0.4-1.3 g/1 CI Acid Yellow 42 (C1
22910), CI Acid Blue 113 (CI 26360) and CI Acid Red 97
(CI 22890) were made by weighing the appropriate
amount of each dye and dissolving it in distilled water.
The dyes were supplied by Trumpler.

The retanning agents used included Retanal BW from
Chromogenia, Filerplast 2002 from Hispano Quimica, and
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sulphited quebracho as vegetable retanner. Greasing was
done with Licker Lipoderm I from Curtex.

Analytical reagent grade chemicals were used as
supplied throughout.

Apparatus and software

Measurements were made using Hewlett-Packard
equipment: an HP 8452A diode-array spectrophotometer
connected to a PC computer via an HP-IB interface. The
bundled software (HP 89530 MS-DOS UV/vis) includes
various operating modules for recording UV/vis spectra
and obtaining derivative spectra. A Hewlett-Packard HP
7470 recorder was also used.

All spectra were recorded over the wavelength range
260-800 nm at 2 nm intervals using an integration time of
1 s. The software employed to implement multi-
component analysis by both direct (MC) and indirect
multicomponent linear regression (IMC) was developed
in BASIC by the authors.

Leather, retanning and dyeing
The leather used was in the form of bovine splits that were
preserved in pickle at pH 2.5 and stored refrigerated.

The leather was unpickled, conditioned and chromium
tanned. The analysis of the tanned leather according to
IUC standards provided the following results: 63.4%
leather substrate, 10.7% bound organic matter,
0.4% soluble organic matter, 0.7% soluble inorganic matter,
5% ash or insoluble inorganic matter, 14% moisture, 5.8%
extractable fat and 2.9% chromium oxide.

Tanned leather specimens were thinned to 2 mm and cut
into pieces. Quality and weight-controlled fragments were
subjected to four different retanning, dyeing and greasing
processes according to the scheme of Figure 1. The form-
ulae of the dyeing baths are shown in Figure 1 and those of
the retanning and greasing baths are given in Table 1.

The retanning, dyeing and greasing operations were
conducted in 150 mm long x 300 mm i.d. Simplex stainless
steel laboratory drums furnished with methacrylate lids,
at constant temperature and with alternate rotation.

Direct and indirect multiple linear regression

Consider a sample matrix consisting of mixtures of dyes at
variable concentrations within the ranges where the
Lambert-Beer law is obeyed. The formal relationship
between the absorbances A, absorption coefficients K, con-
centrations C and random measuring errors E can be ex-
pressed by means of the following matrix equation (Eqn 1):

A=KC+E (L
The analytical method used processes the absorbance
matrices for dye mixtures and/or dyebaths by using the
programs MC or IMC. Both calculate the concentration of

each dye that minimises the summation of the squares of
the residuals from Eqn 2:

C, =(KTK)'KTA @)
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Figure 1 Leather treatment process studied

Table 1 Retanning [4] and greasing [6] procedures used®?

Retanning [4]

Quebracho Synthetic agent Acrylic anionic resin

Water (100%) at 40 °C Water (100%) at 40 °C Water (100%) at 40 °C
Quebracho, 10% Retanal BW, 10% Filerplast 2002, 10%
Rollfor2 h Rollfor2 h Rollter 2 h
Drain, rinse Drain, rinse Drain, rinse

and empty and empty and empty

Greasing [6]

Water (200%) at 45 °C
Greaser, 6%

Roll for 1 h

Formic acid, 0.5%

Roll for 30 min

a See Figure 1

where C, is the estimated concentration matrix and
superscripts T and ~1 denote transpose and inverse
matrices respectively.



The formal difference between the direct and indirect
multiple linear regression method lies in the way the
absorption coefficient matrix, K, is obtained. In the direct
method, K is obtained from the standard spectrum for
each pure dye; in the indirect method, the matrix is
constructed from standards of mixtures of the pure
components by applying least-squares regression in the
form of Eqn 3:

K=ACT(cchy?! 3)

where C is the concentration matrix for the calibration
mixtures.

Direct calibration

The standard spectrum for each dye was obtained by
averaging six standardised absorbance spectra for as many
solutions at three different concentrations over the linear
absorbance—concentration range, prepared in duplicate.
The three concentration levels for each dye were obtained
by diluting 5, 3 and 2 ml of each stock solution to 50 ml
with 0.1 M formic acid. Figure 2 shows the standard
absorbance spectra for the three dyes at concentrations
revealing their spectral overlap (0.075 g/l for the blue and
yellow dye, and (1.022 g/l for the red one).

Indirect calibration

Synthetic mixtures of the dyes were prepared from stock
solutions (by using a three-level factor design) by dilution
in 0.1 M formic acid, that is, 3% mixtures of each binary
couple (blue-red, blue-yellow and yellow-red) and 3°
ternary mixtures (red-blue-yellow).

A given number of samples of each type of mixture was
used for calibration and the remainder for prediction. As a
rule, binary mixtures were calibrated from five samples
and ternary samples from six.

Figure 3 shows the four spectra for the blue dye, as well
as that obtained by direct calibration and the three derived
from the K matrices constructed by indirect calibration of
the blue-red and blue—yellow binary mixtures, and the
blue-red-red ternary mixture.

RESULTS FOR SYNTHETIC SAMPLES

We studied the stability of the dyes in water and in 0.1 M
formic acid. The dyes proved highly stable in the aqueous
medium (absorbance changes during the first 24 h were
within the instrument’s precision range). The formic
medium resulted in wider oscillations in the absorbance.
Thus only the yellow dye remained stable after 1 h, time
by which the blue and red dye exhibited absorbance
changes roughly one order of magnitude higher than the
instrument’s precision. Also the variability for the blue dye
was twice that for the red dye. Therefore spectral
measurements in the formic medium must be made
within 30 min after the samples are prepared.

We also studied the linearity of absorbance vs
concentration plots in order to determine the ranges
where the Lambert-Beer law was obeyed: 0~0.15 g/ for
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Figure 2 Standard spectra obtained by direct calibration

1.2
0.8
[
|3
j=
&
2
2
L
<
0.4
Direct calibration
¢ == — Blue-red-yellow mixture
7 ==~ == Blue-red mixture
----- Blue—yellow mixture
0.0 1 1

400 600 800
Wavelength, nm

Figure 3 Standard spectra for blue as obtained by direct calibration,
and indirect calibration with the blue—red—yellow mixture, blue—red
mixture and the blue—yellow mixture

the blue and yellow dye and 0-0.05 g/l for the red dye.

The results obtained in the quantification of the
samples were compared in terms of the overall percentage
error of prediction, E¢, defined in Eqn 4:

| ZZ(Ct,ij - Cc,lj )2

EG - } J=1i=1

V iicsi)’

x 100 @)

=1 i=1

where Cy; and C_j; are the theoretical and calculated
concentration of component j in mixture i. The error of
prediction for each component, E¢, was obtained by fixing
the component and calculating the summation of the n
mixtures from i = 1 to n. That for each mixture, Ey,, was
obtained by fixing the mixture and calculating the
summation of the components from j = 1 to m.

Synthetic binary and ternary mixtures

In principle, synthetic binary and ternary mixtures, which
were prepared as described under Experimental, were
resolved by applying direct multiple linear regression to
the spectrum for each mixture and using the standard
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spectrum for each dye obtained as shown in the ‘Direct
calibration” subsection.

The results of multicomponent analyses are known to
depend on the wavelength range and spectral mode used
for quantification. Despite the various statistical criteria
available for selecting the optimum wavelength range,
most often this is chosen empirically for practical reasons,
as done in this work.

In view of the poor results thus obtained, we used the
indirect calibration method as described under Experi-
mental, with a given number of samples for calibration
and the remainder for prediction. Table 2 shows selected
results obtained in the quantification of the binary and
ternary mixtures by using MC and IMC.

Table 2 Results obtained in the quantification of synthetic binary
and ternary mixtures of dyes by direct {(MC) and indirect {IMC)
multiple linear regression

E2
Wavelength
Mixture {nm) R Y B Eg"
Blue-red 260-800 MC 3.0 102 76
300-560 MC 3.0 102 75
260-560 IMC 2.7 1.5 22
300-560 IMC 2.7 14 22
Biue-yellow 300-560 MC 33 09 24
340-540 MC 37 14 27
260-540 IMC 2.1 09 16
340-560 IMC 2.1 09 16
Red-yellow 260-560 MC 38 19 3.1
300-560 MC 3.7 241 3.1
340-560 IMC 08 04 0.6
300-560 IMC 09 09 0.9

260-800 MC 21 59 64 52
260-800 MC 34 25 20 27
340-800 MC 34 26 22 28

Blue-red-yellow

a Percentage error of prediction for each component, R — red, Y — yellow, B
—blue
b Percentage overall error

DISCUSSION

Careful analysis of the results obtained in the quantification
of the dyes in the binary and ternary mixtures by use of
direct calibration MC method led us to reject the model for
three essential reasons. The errors of prediction for red and
yellow dye obtained in the absorbance mode rarely
exceeded 3% over the optimum spectral ranges (see Table
2), whereas that for the blue dye was greater than 10% and
accounted for the also large overall error of prediction (E¢ =
7.5%). Also the results for this last dye were the worstin all
spectral modes. In addition, the residuals for the model,
expressed as absorbances, exceeded the accepted limit for
their deviation, which lay within the spectrophotometer’s
precision range.

Interactions between the dyes, responsible for the
failure of the direct calibration model, particularly those of
blue and, to a lesser extent, yellow, were also detected
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from an analysis of variance of the errors of prediction
obtained in quantifying the mixtures, Ey, which were
prepared according to an experimental design including
three concentration levels.

Indirect calibration (IMC) readily solves the problems
that MC cannot address. Thus, it proved much better than
direct calibration for all the dyes and mixtures, with
overall errors of prediction less than 3% in all cases and
model residuals within accepted limits.

It is interesting to compare the standard spectra for
each dye as obtained by direct and indirect calibration.
Figure 3 shows the different standard spectra for the blue
dye, which was that exhibiting the greatest spectral
changes between direct and indirect calibration, and
between mixtures in the latter. Spectral changes in the
yellow dye were less marked. Finally, the standard spectra
for red were virtually superimposable in every case.

Leather retanning and dyeing

The optimised indirect calibration multicomponent analysis
method, which allows the quantitative composition of dye
mixtures to be determined with errors of prediction less
than 3% within 1-2 min, was used to monitor dye depletion
in leather dyebaths. For this purpose, the procedure
described under Experimental was employed until
retanning was finished, after which specimens were split
into 4 x 2 fragments that were subjected, in pairs, to four
different retanning processes based on the protocols
described in Table 1. One fragment of each couple was dyed
and greased in a separate experimental drum according to
the above-mentioned protocols. The other was subjected to
a blank test involving a similar treatment excluding the
dyes. Overall nine samples were taken from each dyeing
drum within the first 80 min of dyeing.

When the leather specimens were brought into contact
with the blank test bath, some of its components were
transferred to the solution, so the UV/vis spectrum for the
bath was taken to be the ‘blank spectrum’. Figure 4 shows
the blank spectra obtained in each of the four cases
studied.
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Figure 4 Biank spectra for non-retanned leather and leather retanned
with quebracho, resin and synthetic agent



Because the multicomponent analysis method used is
of the rigid type, the blank spectrum must be included in
the spectrum matrix for calculation purposes. As can be
seen in Figure 4, leather specimens that were retanned
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Figure 5 Depletion of blue dye, depending on ieather pretreatment
used for non-retanned leather and leather retanned with quebracho,
resin and synthetic agent
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Figure 6 Depletion of yellow dye, depending on leather pretreatment
used for non-retanned leather and leather retanned with quebracho,
resin and synthetic agent

Red
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Figure 7 Depletion of red dye, depending on leather pretreatment
used for non-retanned leather and leather retanned with quebracho,
resin and synthetic agent

Table 3 Variation of dye contents in the bath
during dyeing, depending on leather retanning
procedure used

Dyes
Time
(min) Procedure® Blue Red Yellow
0 A 100.0 100.0  100.0
B 100.0 100.0 100.0
c 100.0 100.0  100.0
D 100.0 100.0  100.0
1 A 98.1 750 95.7
B 84.0 948 88.6
C 96.7 757 96.4
D 971 69.5 g92.8
10 A 26,5 20.8 25.3
B 244 27.9 33.2
Cc 81.1 52.4 64.8
] 51.2 40.7 55.8
20 A 6.7 7.6 13.5
B 6.7 14.3 16.8
c 54.0 35.0 51.9
D 21.6 26.8 34.5
30 A 1.4 3.1 59
B 3.1 7.6 8.8
C 24.2 22.6 24.6
D 10.6 15.8 229
40 A 0.1 1.6 3.1
B 1.9 32 5.1
c 17.3 11.7 13.5
D 6.9 11.2 18.9
50 A 0.0 1.2 2.2
B 14 1.9 3.3
C 1.4 6.2 9.5
D 3.7 8.4 14.4
55 A 0 0.3 03
B 0 0.3 0.3
Cc 3.7 2.2 4.0
D 0.9 5.0 9.0
85 A 0 03 0.3
B 0 03 0.2
C 1.5 06 0.6
D 0.4 3.0 58
80 A 0 0.3 0.4
B 0 0.3 03
C ¢ 0.4 0.2
D 0 2.0 4.0

a A-no retanning
B - retanning with resin
C — retanning with quebrachc
D - retanning with synthetic agent

with quebracho and synthetic dyes exhibited a blank
spectrum with significant absorption in the low end of the
spectrum, so we chose the wavelength range 340480 nm
to quantify the dyes in the baths.

The proposed IMC method allows one to obtain the
depletion curve for each dye in a simultaneous, individual
manner for each retanning process. Figures 5-7 show the
depletion curves for the three dyes and the different
leather treatments used after tanning. Table 3 gives the
dye contents in the baths throughout the process.
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Initially (at 10 min) the dye fixation rate was virtually
twice as high for non-retanned leather and leather
retanned with resin relative to leather specimens retanned
with the synthetic agent and quebracho. It was also within
the first 10 min that the largest changes in the extent of
fixation for each dye was observed.

CONCLUSIONS

The results obtained show that the simultaneous
spectrophotometric quantification of dyes with spectral
interactions can be accomplished by using multiple linear
regression with indirect multivariate calibration. The
proposed method allows the simultaneous quantification
of the three-colour bath components within 1-2 min, with
an error of prediction less than 3%. The method can
readily be implemented by unskilled workers to control
dyeing processes.
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