INSTRUMENTACION Revista Mexicana deifica57 (2011) 452—-459 OCTUBRE 2011

Photoacoustic technique in the transmission configuration for
guantitative analysis of liquids

J.A. Balderas-bpez
Unidad Profesional Interdisciplinaria de Biotecnoliagdel Instituto Poliecnico Nacional,
Avenida Acueducto S/N, Col. Barrio la Laguna, Del. Gustavo A. Madegxjdd, D.F., 07340, [xico,
e-mail:abrahambalderas@hotmail.com

J. Diaz-Reyes
Centro de Investigabn en Biotecnoldig Aplicada del Instituto Polécnico Nacional,
Ex-Hacienda de San Juan Molino Km. 1.5, Tepetitla de Latukt, Tlaxcala, 90700, Exico.

Recibido el 26 de abril de 2011; aceptado el 10 de agosto de 2011

A photoacoustic methodology for the measurement of optical absorption coefficient for pigments in liquid solution is introduced. The
mathematical model, involving the Beer-Lambert model for light absorption, is a generalization of a previously reported photoacoustic
methodology, involving a surface absorption model, used for thermal diffusivity measurements of liquids. The optical absorption coefficient
for aqueous solutions of copper sulfate and methylene blue at various concentrations where measured at a wave-length of 658 nm, to show the
range of optical absorption coefficients where the Beer-Lambert model for light absorption applies. It was experimentally shown that at high
pigment’s concentrations the surface absorption limit is more adequate and, consequently, the sample’s thermal diffusivity is obtained instead
of the optical absorption coefficient. Optical and thermal properties obtained by means of this photoacoustic methodology resulted in close
agreement with the corresponding ones obtained by means of conventional optical spectroscopy and the previously reported photoacoustic
methodology for thermal diffusivity measurements, respectively. Results show that this technique has promise applications in the field of
guantitative analysis.
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Se presenta un @odo fotoag@stico para la medidoin del coeficiente de absobci Optico de pigmentos en solécei liquida. El modelo
matenatico, el cual involucra el modelo de absartiluminosa de Beer-Lambert, es una general@radie un nétodo fotoadstico previ-

amente reportado que utiliza un modelo de absorsuperficial que es adecuado para la médicle la difusividadé@rmica de iquidos.

Se determit el coeficiente de absofsi dptico, a una longitud de onda de 658 nm, de soluciones acuosas de sulfato de cobre y azul de
metileno a varias concentraciones para mostrar el rango de coeficientes debaliguircos a los cuales se aplica el modelo de abéorde
Beer-Lambert. Experimentalmente se dentsuie el imite de absoréin superficial es @s adecuado para soluciones de altas concentra-
ciones de pigmento y, como consecuencia, se obtiene la difusidaita de las muestras en vez del coeficiente de aldsdyptico. Las
propiedade$pticas y érmicas medidas por medio de esta metodalégtoadistica resultaron en excelente concordancia con las correspon-
dientes obtenidas por medio de la espectroscopnvencional y de la metodoliegfotoadistica previamente reportada para mediciones de
difusividad ermica. Los resultados muestran que estaica puede ser de gran utilidad en el campo d&lisie cuantitativo.

Descriptores: Fotoadistica; absordin dptica; difusividad érmica.

PACS: 65.20.-w; 78.20.Ci; 66.10.cd

1. Introduction vide a non-dimensional magnitude called absorbante,
which is defined asl=—log(I/Ip)= B(\)! log(e), wherel,

Optical properties are among the most important physica?”df corresponds, respectively, to the light's inteqsity before
properties finding applications for analytical purposes. Thetnd after passing through a lengthpf the absorbing sam-
optical absorption coefficient()), for example, character- ple. Since there is not a criterion for verification in advance
izes the amount of light, of a gi\;en waveleng’t,hbeen ap- ©On the validity of this absorption model a calibration curve is
sorbed by a sample and is used for quantification of pigmentgequ"ed' this curve estab_lishes a linear relati_onship bet\_/vee_n
in solution with the help of commercial spectrometers [1,2].th€ absorbance versus pigment's concentration. What is di-
The usual manner of quantifying pigments in liquid solution rectly measured in conventional spectroscopy, at this manner,

involves comparison among monochromatic light passinds the light transmitted through the sample, photoacoustic
through two fixed length cells which contain the solution andSPECtroscopy,

on the opposite, points to the light which is ab-
the corresponding solvent (usually called the blank), assun°"Ped [1,3-5]. Photoacoustic signal indeed, under the appro-
ing the last one being transparent at the wavelength used f

friate conditions, is proportional to this absorbed light [5,6]
the analysis and applying the Beer-Lambert's law for the light"iS fact makes that dispersed light, which is problematic
absorbed. This law establishes an exponential decrease of tifk conventional spectroscopy, contributes very little to the
light's intensity passing through a given cell path length andphotoacoustlc signal. This signal is ge_ne_rated, on the first
based on it, commercial spectrometers are designed to prgjace, for the temperature fluctuations inside the sample as
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Modulated Radiation nigues in the front configuration [9,10]_. Water solutions_of

¥ methylene blue and copper sulfate at different concentrations
4 were used as to measure its optical absorption coefficients at

658 nm and, at the same time, to figure out on the range of

W optical absorption coefficients where Beer-Lambert’s law ap-
plies and those to which a surface absorption model is more

adequate. In particular it was experimentally shown, that this

0 photoacoustic methodology simplifies to a one previously

reported in the literature, for measuring thermal diffusivity

m for liquids and involving the surface absorption model [11].
The optical absorption coefficients and thermal diffusivities
measured with this photoacoustic methodology are compared

very well with the corresponding ones obtained by means of

a commercial spectro- meter and also with the photoacous-
I | I I I I I | I tic methodology previously reported for thermal diffusivity
24 measurements.
5 ||H“|!|I 2. Theory

1L The geometry of the one-dimensional model, depicted in

Fig. 1, consists of two layers embedded between two semi-
g infinite optically non-absorbing mediav(and g in this fig-
ure). When monochromatic radiation coming from medja

FIGURE 1. Schematic representation of the one-dimensional bi- with intensity I, and modulation frequency (angular mod-
layered photoacoustic model. Medium m is assumed to absorbsilation frequencyw=2rf), strikes mediumn and it is ab-
light by following the Beer-Lambert model, with optical absorp- sorbed across it according to the Beer-Lambert model, with
tion coefficientg. optical absorption coefficient (assuming medium trans-

resulted of the absorption of modulated radiation, this temparent to the same radiation), it produces a heat source inside
perature fluctuations are converted in sound by a photoacout’e sample. This heat, traveling across the different media,
tic cell which consist in a close cavity coupled to a micro- generates temperature fluctuations inside the different mate-
phone [5-8]. The mathematical bases of photoacoustic techials, named thermal waves. According to the Roscencwaig-
niques involve, at this way, differential heat diffusion equa-Gersho model for gas-cell photoacoustic (PA) signal genera-
tions. The analytical treatment, for the transmission configution in the transmission configuration, this signal is propor-
ration presented in this paper, provides moreover of an expefional to the temperature fluctuations at the g interlayer.
imental criteria for deciding on the application of the Beer-Solving the corresponding heat diffusion equations with the
Lambert model for light absorption assumed in the matheProper boundary conditions (heat flux and temperature conti-
matical model [8]. This is a very important difference when Nuity at the interfaces —m, m—s ands—g) and the physical

this methodology is compared with other photoacoustic techtequirement of finite solutions as— +oo, it is possible to
|  shown that the photoacoustic signal is given by [12,13]

SPUL,f) = G Jo 1ot
ZﬁTglgag kmam (1 -r )
(1 — bwm)(”’ - 1)6_ﬁl€_aml + (1 + bwm)(r + l)e_ﬁlegml - 2(T + bwm)
Q1+ bum)e™™ —U(1 — bym)e onl

@)

where
Q= (14 bys) (1 + bam) + (1 = by) (1 = by )e™27:L

and
U = (14 bys) (1 — bgm) + (1 — bys) (1 + b )e 27

In these equationg,, is the thermal conductivity of
mediumm, a;, j = g,s,m, is the thermal diffusivity of = ,-=g/5,,, andb;, = ¢;/ex is the ratio of thermal effusivi-
mediumj, o; =(1+i)a;, j = s,m, wherea;=(rfla;)'/%, fies for mediaj andh, P, andT; are, respectively, the ambi-
is the complex thermal diffusion coefficient of mediuym  ent pressure and temperature for the air inside the PA cham-
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ber,y =c,/c,, its ratio of specific heats arg its thickness. oP(l) = Ce P! 3)

The experimental PA signal is multiplied by a modulation-

frequency-dependent facta(f), representing the instru- hereC is a complex expression which, although depending
mental transfer function. Eq. (1) is a very complicated com-on the physical properties of the involved media, it is inde-
plex expression, which depends, among others, on the thependent of the sample’s thicknessEg. (3) predicts linear
mal and optical properties of the involved media. It is thenbehavior for the PA amplitude (in semi-log scale) as a func-
possible, in principle, to get information of these parametersion of the sample’s thickness while the PA phase remains
by the analysis of this equation although this is in general @&onstant. It is then possible to obtain the optical absorp-
very complicated task unless the appropriate limiting condition coefficient,3, for the pigment in solution by means of

tions are considered. Eq. (3), the experimental procedure consists in to carry out a
PA signal scan as a function of the liquid sample’s thickness
Special limiting cases (sample’s thickness scan). The optical absorption coefficient

can be obtained as the slope of the straight line which fits
1. Weakly absorbing sample in the thermally thick regime  the experimental amplitude data (in semi-log scale) inside the

sample’s thickness range where the PA phase remains con-
If the sample behaves in the thermally thick regime,stant.

loml] >1 (|exp(—on,l)| = 0 and|exp(o.,l)| > 1), and

its optical absorption coefficient is such that < 1 thenthe o
expressionsgl — by, )(r — 1)e Ple=oml and2(r + by, ), i
the numerator, and (1 — by, )e !, in the denominator of
Eqg. (3), can be neglected and this equation simplifies to:  If, on the other extreme, the sample’s optical absorption co-

Strongly absorbing sample in the thermally thick
regime

YPyG(f) efficient is assumed very large (theoreticatly— oo and
6P(, L, f) = ATha.  — 00) then exp(8l)~0 and the following limits applies
0tgtyg
o I re %L (14 bym)(r+1) () Lim r(r—1) — 1 LUm r(14r) _
lemom (L —12) QL+ bym) ' B B ’ T — 2 ’
If, in addition, the sample’s thickness,is considered as L 2 T o
the only variable this last equation can be written in the very HMr—oe7 75 =1 LMoo —75 =0

simple way
|  Eg. (1) simplifies, as a consequence, to

TRG(f) 1o

OP(f,I,L) =
(f ) 4\/§Tolgag kmom

(1 + 'Ywm)(l + ’Ysm)(l + 'YgS)

e—nsLe—aml

[1 + 79575777,67205[/ + 7wm7ms€72aml + 7w77175g6720”1167205L]

(4)

wherey;y, j, h = w, m, s, g, are thermal coupling coefficients, definedyas=(1-b;5)/( 1+b;5,) [7,8,11]. This limit corresponds

to the case of PA signal’s “optical saturation”; under this condition the light's beam is absorbed along a short distance inside the
sample and, in opposition to the previous limiting case, the sample’s optical properties does not explicitly appear in the equation
and only the sample’s thermal properties are able to be measured. This approximation is equivalent to the surface absorption
model, previously reported by Balderasgez and Mandelis [11], which have successfully used for the measurement of the
thermal diffusivity of two layered systems in the frequency domain. If, in addition, the thermally thick regime for the sample

is considered in Eq. (4)exp(-o.,1)| =0, and this equation simplifies furthermore to

")/P()G(f) IO eiaSL —oml
(1 + 'Ywm)(l + 7577;)(1 + "/gs) 1+ 'Ygs’)’sme_QosL € (5)

SP(f,1,L) =
(f ) 4\/§T0lgag kmam

Considering again the sample’s thicknésas the only

variable, this equation can be written as |p|e’s thickness under these conditions. This phase behavior
) makes. the difference between this limiting case and the pre-
6P(l) = He ™ (6)  viously discussed one where the phase was shown to be a

whereH (asC in Eq. (3)), is a complex expression which is ©°nStant

independent of the sample’s thickneks, An adequate analytical treatment of Eq. (6) allows two
Equation (6) shows that both, PA amplitude (in semi-logindependent thermal diffusivity values, one from the PA am-
scale) and phase have linear behavior as functions of the samphtude and the other one from the Phase, the procedure will
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FIGURE 2. Computer simulations for Eq. (1). The funda- ? t 1 ?
mental parameters used for these simulations ier@0140 cm, ] ) ]
,,=0.001456 rA/s, a,=0.0058 cri/s, e,,=0.16 Ws/2/cm?K, FIGURE 3. Schematic cross section of the photoacoustic (PA) ex-

¢,=0.15 Ws/2/cm2K and a modulation frequency of 1 Hz together Perimental set-up.
with the optical absorption coefficients shown on the plat$ho-
toacoustic (PA) amplitudes ard Photoacoustic (PA) phases. ficients corresponds to the first limiting case in which Eqg. (3)
applies; meanwhile that for optical absorption coefficients in
render two very similar slopesy/, from which the thermal the range of 60 to 90 cnt in Fig. 2a, the linear behavior of
diffusivities can be obtained as,, =(n/M)?f. the PA amplitude is followed by a similar linear behavior of
In the interlude there will be a range of pigment’s concen-the PA phase (Fig. 2b), these two linear behaviors share ap-
tration where none of these limiting cases will apply, beingproximately the same slopes for which this range of optical
the experimental photoacoustic phase the criteria to decidabsorption coefficient corresponds to the second limiting case
on each case as it will be shown later. for which Eq. (6) applies this time. These theoretical pre-
dictions means that for this PA technique in the transmission
) ) configuration3=35 cnt ! is approximately the limit for weak
3. Computer simulations optical absorption fluids for which the optical absorption co-
Some computer simulations, using mafldb, were done efficient can be pbtained arm=60 Cm._l. Is approximqtely
: . : the onset of optical absorption coefficients from which the
to show on the theoretically predicted behavior of Eq. (1) ;
sample can be considered as strong absorber and then only

and, at the same time, fo illustrate on the Ollfrerentits thermal diffusivity can be obtained. It is clear that the

limiting cases described above. These computer sim: L : :

ulations were done assuming-values ranging from 1 PA phase can bg_used as a.crlter.|on for to (_jeC|de W.h'Ch one

to 90 cnrl, for L=0.0140 cm and the following ther- of these two limiting cases is fuIﬁIIgd. For mtermed@e

mal paramétersa :6 001456 cris. o.=0.0058 CrA/s values (between 40 and 60 cr) qelther the PA amplitude

. =016 Wé/QICW’I’é aﬁde ~0.15 Wé/’Q/Csmzk and amod- nor t_he PA phas_e show sugh a simple behav_lors as the ones

u’i?itioﬁ frequency of 1 Hz s ’ previously described meaning that Eq. (1) strictly applies in-
Figure 2 shows the c.ollection of theoretical amplitudess.ide this range, then it is.ver.y diffigult o obt_ain sample's op-

(Fig. 2a) and phases (Fig. 2b) as functions of the Samlole,t|cal and thermal properties in this intermedigteange. The

. . . eneral conclusions obtained here are independent on the in-
thickness, for the different values gf As theoretically pre- a b

. X . ) volved thermal properti ince they j rmine the ran
dicted there are two limiting cases in which the PA amplitude olved thermal properties since they just dete e the range

: S . . of sample’s thickness in which the sample’s thermally thick
has linear behavior in a semi-log scale (empty symbols i ehavior applies

Figs. 2a and 2b); this happens from a certain sample’s thick- '
ness (in the sample’s thermally thick regime) which depends
on the value of optical absorption coefficient. Fbwvalues 4. Experimental setup

ranging from 1 to 35 cm! in Fig. 2a this linear behavior in

the PA amplitude is followed by an approximately constantPhotoacoustic experiments were carried out using a Locking

PA phase (see Fig. 2b), this range of optical absorption coefamplifier (Stanford Reaserch Systems, model SR830) and a
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FIGURE 4. Photoacoustic signals at 1 Ha. (Photoacoustic am-

plitude andb. Photoacoustic phase), as functions of the sample’s
thickness, for the methylene blue samples used in this work. Open
symbols stand for the sample’s concentrations for which optical or

thermal properties were obtained, meanwhile full black symbols . . -

- . : FIGURE 5. Optical absorption coefficients, as measured by means
stand for the ones which nor of these physical properties were ableOf the photoacoustic methodoloav described in this paper. as func
to be obtained. The photoacoustic phase (b) was used as an experi- P . 9y paper,

. . . . tjon of the dye concentrations for the methylene blue samples used
mental criterion to decide on each case. Continuous lines represen

. . . i this work. b. Absorbance as functions of dye concentrations for
the best fits to the linear models used for the analysis by means o .
Eq. 5and Eq. 8. some methylene blue samples in the range of 0.00625 to 0.01 mM.

The continuous lines represent the best fits to linear models for

i measuring the molar absorption coefficients for each case. The cor-
current source (Thorlabs model LDC202C) meanwhile theresponding values are shown on the same plots.

spectrometric measurements were carried out by means of a
commercial spectrometer (VELAB, 722-2000). Samples for

the analysis were prepared using methylene blue and coppefusQ,.5H,0 (M.W. 249.68 g/mol) in 250 mL of distilled
sulfate from the company Reactivos dtiabs REASOL. water using a 250 mL volumetric glass flask. 10 mL of each
The experimental photoacoustic set-up, shown schematimethylene blue solution was obtained in similar way starting
cally in Fig. 3, consisted of a red diode laser (Single modewith a 10 mM aqueous solution of this substance in distilled
Hitachi HL6512MG, =658 nm, 50 mW CW power) whose water which was prepared by diluting 0.935 g of methylene
light-intensity was modulated by means of the current sourcélue (standard, M. W. 373.9 g/mol) in 250 mL of distilled
driven by the TTL (Transistor-Transistor-Logic) lockin’s out- water using a 250 mL volumetric glass flask. Sample’s thick-
put. The PA chamber consisted of a cylindrical tunnel (3 mmness scans at 1 Hz were made three times for each of the
diameter and 3 mm height), made of a brass body, compigment’s solution, setting the lockin’s time constant at 3 s.
municating with an electret microphone and its built-in pre-These sample’s thickness scans were made from an initial
amplifier through a hollow channel. The PA signal was mon-sample’s thicknesg (which was unknown) taking steps of
itored as a function of the sample’s thicknéda sample’s 0.0050 cm by using a micrometer stage of 5 microns of step.
thickness scan). Several solutions of methylene blue anBor matter of comparison conventional measurements of op-
copper sulfate in distilled water (see Tables | and Il, respectical absorption coefficients for each sample were done by
tively) were used to test on the methodologies presented imeans of a commercial spectrophotometer. As to compare
this work. For to do this, 10 mL of each aqueous copper sulwith the results obtained for the strong absorbing solutions
fate solution at 0.1, 0.25 and 0.5 M were obtained dilutingindependent measurements of thermal diffusivities for some
1, 2.5 and 5 mL of a 1 M aqueous solution of copper sulfaterepresentative methylene blue samples (see Table Ill) were
in 9, 7.5 and 5 mL of distilled water, respectively. This 1 M also done by triplicate by means of a previously reported pho-
solution of cgper sulfate was prepared diluting 62.42 g of toacoustic technique using the surface absorption model [11].
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FIGURE 6. Photoacoustic signals at 1 Ha. (Photoacoustic am-
plitude andb. Photoacoustic phase), as functions of the sample’s
thickness, for the copper sulfate samples used in this work. Contin
uous lines represent the best fits to the linear models for measurin
the sample’s optical absorption coefficient by means of Eq. 5. Pho
toacoustic phasebj was used as a criterion for validation in the
sample’s thickness range used for the analysis.

FIGURE 7. Optical absorption coefficients, as measured by means
of the photoacoustic methodology described in this paper, as func-
tion of the dye concentrations for the copper sulfate samples used
%h this work. b. Absorbance as functions of dye concentrations for
"some copper sulfate samples in the range of 0.05 mM to 1 mM.
The continuous lines represent the best fits to linear models for
measuring the molar absorption coefficients for each case. The cor-
responding values are shown on the same plots.

some thicknesses ranges, the respective slopes are very dif-
ferent to each other.

Representative PA signals as functions of the sample’s thick- As described in the theory section the optical absorption
ness for the case of the methylene blue solutions are showgpefficient for the methylene blue samples in the range of
in Figs. 4a and 4b. The similitude with the theoretical data0.01 to 0.5 mM and the thermal diffusivities for the ones at
shown in Figs. 2a and 2b, is evident. From Fig. 4a, whichd and 10 mM were obtained by linear fits of the PA ampli-
shows the PA amplitudes (in semi-log scale), is clear a santude (Eq. (5)) and from the PA amplitude and the PA phase
ple’s thickness range in which the first limiting case experi-(EQ. (8)), respectively. These linear fits are shown as contin-
mentally applies, this happens for a pigment’s concentrationlous lines in Fig. 4a, for the amplitude, and Fig. 4b, for the
ranging from 0.01 to 0.5 mM. This conclusion is also ob-phase. The corresponding average values for optical absorp-
tained from the PA phase, shown in Fig. 4b, which is approxdion coefficients and thermal diffusivities are summarized in
imately constant inside the sample’s thickness ranges uséel@ble I, columns 2 and 3 (from the amplitude) and 4 (from
for the analysis. The second limiting case is clearly obtainedhe phase), respectively, taking the standard deviation as a
for pigment’s concentrations of 5 and 10 mM since both PAmeasure of uncertainty.

amplitude (Fig. 4a) and PA phase (Fig. 4b) show similar lin-  Independent verification of the Beer-Lambert’s law was
ear behavior, with approximately the same slope, inside thdone by plotting the optical absorption coefficients, obtained
sample’s thickness ranges used for the analysis. These tWily means of the photoacoustic technique, versus the pig-
limiting cases are shown in Figs. 4a and 4b with open symment’s concentration; the result is shown in Fig. 5a. The
bols. Itis also evident that none of these two cases are expdinear fit, shown as the continuous line on the same fig-
imentally obtained for pigment’s concentration in the rangeure, directly yields in this case the molar absorption coeffi-
of 1 to 2.5 mM. This conclusion can be obtained from Fig. 4cient for methylene blue in distilled water, which resulted in
since although some linear behaviors for the PA amplitude=67558 cnT!/M, at a wave-length of 658 nm. As a matter
(Fig. 4a) and the PA phase (Fig. 4b) can be figure out insid®f comparison this optical property for methylene blue in dis-

5. Results and discussion
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I . T T T T T
r a TABLE |. Optical absorption coefficienf3] and Thermal diffusiv-
o &Bp 3 ities () for aqueous solutions of methylene blue, as measured by
é means of the PA methodology described in this papgh, (arr)
g r ] refers to the th_ermal diffusivity obtained by means of the analysis
g 1OF 3 of the PA amplitude (PA Phase).
":31* - Dye’s concentration I6] aAmp aph
5 0.37 | . (mM) (cm™) cm?/s (x1072%) cmP/s (x10™2)
o : ; 0.01 0.8:0.2 — —
' ' ' : ' ' : 0.05 4.140.3 — —
' ' ' 0.10 7.2£0.2 — —
0.25 19.2-0.2 — —
= 0.50 32.2£0.3 — —
E, - 1.00 — — —
E - 1.25 — — —
[« P 2.50 — — —
é _ 5.00 — 0.00140 0.00148
=+ 0.00002 + 0.00001
' : ' ' : : : 10.00 — 0.00141 0.00146

0.04 0.08 0.08 0.10
+0.00001 +0.00001

Relative sample's thickness (cm)

FIGURE 8. Photoacoustic phase)(and photoacoustic amplitude

(b), as functions of the sample’s thickness, at a modulation fre-
quency of 1 Hz, using a photoacoutic methodology in the surface
absorption model, for methylene blue solution at two different dye
concentrations. Circleg)) correspond to a dye concentration of Dye concentration (M) B (cm™h)
0.01 mM, and squares () to a dye concentration of 10 mM. The

TABLE Il. Optical absorption coefficient3] for the aqueous solu-
tions of copper sulfate, as measured by means of the PA methodol-
ogy described in this paper.

0.1 0.8t0.1
continuous lines on each plot represent the best fits to the linear
models used for to obtain the thermal diffusivity for each sample 0.25 2.10.3
by mean of the PA amplitude and the PA phasdoj. 0.5 4.0+0.2
1.0 7.6:0.1

tilled water was also measured by means of a standard
procedure using the commercial spectrophotometer, the ab
sorbances for a set of methylene blue solutions, with concenfABLE Il Thermal diffusivities for some of the methylene

trations in the range of 0.00625 to 0.1 mM, were obtained andl!ue solutions studied in this work, as measured by using the
plotted as function of the pigment's concentration. The fit-PA methodology in the surface absorption limit, described by
ting procedure in the linear range of pigment’s concentration@a/deras-lopez and Mandelis [6xamy, (apn) refers, to the ther-

render in this case the pigment's absorptivity by means 0Eal diffusivity measured by means of the analysis of the PA ampli-

e=m/log(e), where m is the slope of the best straight line, this de (PA phase).

linear range was obtained from 0.00625 to 0.05 mM as shown Methylene Blue Qamp app
in Fig. 5b, the corresponding molar absorption coefficient concentration (mM)  cnm?/s (x1072) cm?/s (x1072)
obtained wag=72017 cnt!/M, as shown on the same fig- 0.01 0.00145-0.00001 0.001440.00001

ure. These two values of absorptivity are in good agreement

with the reported one of 70273 criM [14], photoacoustic 0.10 0.0014%0.00001  0.001440.00001
methodology, at a difference of conventional spectroscopy, 1.00 0.00144-0.00001  0.001450.00001
allows however a wider range of concentrations for measur- 10.00 0.001430.00001 0.0014:£0.00001

ing this optical property (0.01 to 0.5 mM versus 0.00625 to

0.05 mM, respectively) for this pigment, which experimentfor conventional spectroscopy for which a reference sample
strong absorption at 658 nm. This is because photoacoustis also needed (the blank).

signal is directly generated by the absorbed radiation in op- The same procedure described for the methylene blue
position to conventional spectroscopy in which the signal issamples were made for water solutions of copper sulfate at
obtained through the transmitted radiation. That's why dis-different concentrations (Table IlI). The set of PA signals for
persed light it is a minor problem when using photoacoustidhese solutions are shown in Fig. 6a, for the amplitude, and
spectroscopy but it is strong limitation 6b for the phase.
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Copper sulfate in distilled water has very weak absorptiorhas been described. For pigments at low concentration this
at 658 nm, in contrast to methylene blue in water, for which,PA methodology provides the optical absorption coefficient
even for copper sulfate solutions near of the saturation limitvhile for concentrate solutions it provides the thermal dif-
(1.0 M) the thermal approximation (limiting case 2) was notfusivity, instead. Simple criteria for to decide on which one
reached this time. The continuous lines in Fig. 6a show besif these two physical properties are been measured are also
linear fits for to obtain the optical absorption coefficients forgiven. This characteristic allows the measurement of molar
each sample in the sample’s thickness range where the opticalbsorptivity (or molar absorption coefficient) for a pigment
limit was fulfilled, as it was indicated by the phase (Fig. 6b).in liquid solution by measuring the optical absorption coeffi-
These values are summarized in Table I, column 2. The plotsient for just one sample of known dye concentration. This
of optical absorption coefficients and absorbances as functiofact represents a great advantage over the traditional method-
of the dye concentration are shown in Figs. 7a and 7b, respeciogy, carried out with commercial spectrometers, for the
tively. The corresponding molar absorptivities obtained withmeasurement of this optical property which involves the con-
these two procedures were 7.5 and 7.2°¢fW, respectively,  struction of a calibration curve of absorbance vs. concentra-
in very good agreement to each other. tion for the verification of the Beer-Lambert model.

To test on the reliability of the thermal diffusivity val- Conventional spectroscopy and this PA methodology
ues obtained by means of the PA methodology described inould be considered as complementary techniques, being the
this paper for the methylene blue solutions at high concentrafirst one adequate for dilute solutions and the second one for
tions, this thermal property was independently measured fothe concentrate ones, as suggested by Fig. 5, indeed PA signal
some of these methylene blue solutions, by using other res stronger and provides better results for high dye concentra-
ported photoacoustic methodology, based on the surface abiens, however, on a difference of conventional spectroscopy,
sorption limit [11]. The experimental setup used in this casePA signal can be improved by increasing the intensity of the
was essentially the same one shown schematically in Fig. Bght's source and it could also provide good results even for
with the exception that a very thin slab (about 0.0200 cmdilute solutions.
of silicon was attached between the laser light beam and the Finally the range of sample’s concentrations where this
liquid sample. Figs. 8a and 8b, respectively, show the correphotoacoustic technique provided measurements of optical
sponding amplitudes (in semi-log scale) and phases for twabsorption coefficients was experimentally established be-
of these pigment’s solutions (0.01 and 10 mM). The thermatween 0.01 and 0.5 mM for the methylene blue samples, as
diffusivity values resulting from this last procedure, for someshown in Fig. 4. This means that, independently of the dye
of the dye solutions studied in this work, are summarized irsample, this photoacoustic technique provides optical prop-
Table IlI, columns 2 (for the amplitude) and column 3 (for erties if the sample’s optical absorption coefficient is in the
the phase). The thermal diffusivity values obtained by us+tange of 0.8 and 33 cni (see Tables | and Il), this contrast
ing these two methodologies (columns 3 and 4 in Table | andavith conventional spectrometry for which the upper limit of
columns 2 and 3 in Table Ill) show excellent agreement tooptical absorption coefficients where applies was established
each other. about 7 cn!, in agreement with Figs. 5 and 7.
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