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Abstract A self-normalized photoacoustic technique was applied for quantitative
analysis of pigments embedded in solids. Paper samples (filter paper, Whatman No. 1),
attached with the pigment: Direct Fast Turquoise Blue GL, were used for this study.
This pigment is a blue dye commonly used in industry to dye paper and other fab-
rics. The optical absorption coefficient, at a wavelength of 660nm, was measured
for this pigment at various concentrations in the paper substrate. It was shown that
Beer-Lambert model for light absorption applies well for pigments in solid substrates
and optical absorption coefficients as large as 220 cm™~! can be measured with this
photoacoustic technique.
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1 Introduction

Optical properties in the UV-Vis are widely used in analytical chemistry. The optical
absorption coefficient (at an adequate wavelength) is required for quantitative analysis.
The easier way of measuring this optical parameter is for pigments in liquid solution.
However doing this for pigments in solid substrates becomes a real problem. Special
devices (integrating spheres) are required for this last case. The procedure consists
in quantifying the fraction of light which is reflected and transmitted; the fraction of
absorbed light, named as absorptance, is then obtained as the complement of these two.
In this paper, a very easy way of measuring the optical absorption coefficient of pig-
ments attached in solid substrates is described. The experimental procedure involves
photoacoustic technique in the modulation frequency domain [1]. The optical absorp-
tion coefficient (at 660 nm) of the pigment Direct Fast Turquoise Blue GL (Chemical
formula C3pH4CuNgNa;OgS, and 780.17 g - M~ ! molecular weight), attached at dif-
ferent concentrations inside paper substrates (Whatman No. 1), was measured for this
goal.

2 Theoretical and Experimental Details

Figure 1 represents a cross section of the photoacoustic (PA) experimental setups for
the two photoacoustic configurations used in this work (Fig. 1a for the transmission
configuration and Fig. 1b for the front configuration). The experimental procedure
for optical absorption coefficients measurements () of pigments attached in a solid
substrate with thickness /, involves taking the PA signals, as function of the modu-
lation frequency (f), for the two photoacoustic configurations. The self-normalized
PA methodology involves the ratio of PA signals, § Psy, in the transmission (§ Pr)
and front (§ Pr) configurations § Psy = § Pr /8§ Pr. Taking the one-dimensional heat
diffusion model through one-layered sample and considering a heat source generated
by the absorption (following the Beer—Lambert model) of modulated light, it can be
shown that the self-normalized signal is given by [1]

(1 + bgm) (1 + r)e Pleoml — 2(r + bgy) — (1 — bgy) (1 — r)e Ple=om!
(14 bgm) (1 — r)eoml 4+ 2(r — bgm)e Pl — (1 — bgy) (1 + r)e=om!
1

SPsn(f) =

In this equation, by, is the ratio of thermal effusivities for media g (air in this case)
and m (sample under study), r = B/oy,, where o, = (1 + i)(nf/oc)l/z, and « is the
sample’s thermal diffusivity.

For a weakly absorbing sample, m, in the thermally thick regime, it can be shown
that this self-normalized signal simplifies to
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Fig. 1 Cross section of the experimental photoacoustic (PA) setups for optical absorption coefficient
measurements. (a) Transmission PA configuration. (b) Front PA configuration

The tangent of the self-normalized phase from this last equation can be written as

__PINT
1-P/2Jf

Tan(A®) = 3)

1
where P = 8 (%) 2. Optical absorption coefficient can be obtained from parameter P
if sample’s thermal diffusivity is known.

3 Experimental Details

Stock solution at 1.346 mM was prepared by diluting 105 mg of the dye in 100 ml
of distilled water. Sample papers at various dye concentrations were obtained by
immersion (for some seconds) inside solutions obtained from the stock by appropriate
dilutions (Table 1, column 1); the papers were dried for one day at ambient temperature.

Self-normalized PA signals in a modulation frequency range of 1 Hz to 101 Hz, in
steps of 2 Hz, where obtained for each sample. Light source consisted of a diode laser
at 660nm wavelength (Thorlabs, model HL6545MG—660nm). The tangent of the

Table 1 Paper samples used in this work and their dye concentration

Paper sample and dye concentration (mM) Optical absorption coefficient
B (em™")

0.0673 106.87

0.1346 133.05

0.2692 178.49

0.4037 216.47
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self-normalized phases was plotted as a function of the modulation frequency and,
inside an adequate frequency range, they were fitted to Eq. 3.

4 Results

Figure 2 shows a typical behavior of the tangent of the self-normalized phase, as a
function of the modulation frequency, for a paper sample at 0.2692 mM of the dye. The
continuous line in this figure represents the best fit to Eq. 3. The value of parameter
P obtained in this case was of 5.03521.

Thermal diffusivity for this kind of paper was measured with other related pho-
tothermal technique [2]. The sample was immersed in the concentrate stock solution
to fulfill the theoretical requirements in this case (very strong optical absorption). Fig-
ure 3 shows the tangent of the self-normalized phase. The analytical treatment to obtain
the sample’s thermal diffusivity is shown on the same plot. The thermal diffusivity
for this paper sample obtained with this methodology was of @ = 0.0025cm? - s~ 1.
This same value of thermal diffusivity was used to obtain the optical absorption coef-
ficient for all samples. According to the theoretical scheme this optical parameter, at
660 nm, resulted in 178.49 cm™! for the sample at 0.2692 mM. The same experimen-
tal procedure was followed for the other samples as to obtain their optical absorption
coefficients. The results are summarized in Table 1, column 2.

Figure 4 shows the optical absorption coefficient for the samples studied in this
work (Table 1, column 2), as a function of the dye concentration. The linear behavior
of this optical parameter as a function of the dye’s concentration in the paper substrate
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Fig. 2 Tangent of the self-normalized photoacoustic phase, as a function of the modulation frequency, for
a paper sample dyed with a solution at 0.2692 mM

@ Springer



Int J Thermophys (2018) 39:37 Page 50f 6 37

T T T T T
30 | o i
L=0.0175 cm
20 f=6.5Hz a
a=4fL2/n
@=0.0025 cm’/s
,é\ 10 - -
2 o
c o
© o
= oL OOOOOoooooooooo_
°0 4 .
o
10k i
o
-20 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25

f (Hz)

Fig. 3 Tangent of the self-normalized photoacoustic phase, as a function of the modulation frequency, for
a paper sample dyed with a solution at 1.346 mM
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Fig. 4 Optical absorption coefficient, as a function of the dye concentration, for the paper samples used
in this work. Straight line shows the range of dye concentrations where the Beer—Lambert model applies.
The molar absorptivity, shown on this plot, corresponds to the slope of the best linear fit
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is evident, showing that the Beer—Lambert model applies well, at least for samples
dyed up to 0.4037 mM. The continuous line represents the best linear fit for purpose
of obtaining the molar absorption coefficient, at 660nm, of this dye in this paper
substrate. The corresponding value was of 324862cm™! - M~

All of the fitting procedures were carried out using commercial software (origin
6.1™), using as measurements of uncertainty the standard error on the fitted param-
eters from the software.

5 Conclusions

A photoacoustic technique for the measurements of the optical absorption coefficient
of pigments attached to a solid substrate was presented. Its potential application for
quantitative optical characterization of papers or fabrics was demonstrated by measur-
ing the optical absorption coefficient of Direct Fast Turquoise Blue GL dye, at 660 nm.
The same procedure can be done for the same or other dye at other wavelength by just
taking the appropriate light source.
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