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ABSTRACT

Photothermal deflection spectroscopy (PDS) is applied for the
assolut2 determination at room temperature of ultra trace concen-
tration of cobalt and copper ions in aqueous solution. The samples ha-
ve been prepared by percclating 2 liters of solution prepared from
Merck Titrisol Standards in 200 mg Merck-I cationic exchange resin.
With the present experimental conditions the detection limit is
20 ppb and 200 ppb for copper and cobalt ions respectively within
an overall accuracy of 5%. The response of the spectrometer has

been calibrated using ICP technique.

INTRODUCTION

Absorption spectrometry utilizing photoacoustic or photother-

mal effects has become of major interest to study opaque solids and
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liquids. Ultra low gas concentration has also been determined by
these methods down to sub ppb-rangel~4; these techniques are parti-
cularly sensitive and allows high resolution measurements when the
gas is at high pressure and when the optical transitions are weakly
allowed?.

Trace analysis in liquids has been shown possible using simi-
lar techniques although fewer reports have appeared 1in the lite-
rature. Dovichi and Harris® have first used a 4mW He-Ne laser for
the determination of trace levels of Cu (II) ion in EDTA. Fe (II)
ion analysis has been reported in bathophenanthrolinic disulfona-
te’ using Ar laser as a source. More recently Deng et al8 using a
laser thermal lens technique measured traces concentration of Cu(AA)2
in several organic solvents (CCly, CHCl4, benzene, methyl benzene,
methanol and Co in PAN-Co (III)) achieving a minimum detectivity
of 12 ppb. Using piezoelectric ceramic tube as detectors Lahman et
319 detected traces of 5 carotene in chleoroform and quoted a de-
tection limit of 0,08 ng/cm® (corresponding to an absorption coe-
ficient ® = 2,2,107%cm™!). Oda et al using a similar method have
reported a detection limit of 0,02 ng/l (14 ppt) of Cd in Penici-
lium ochro-chloron!0 and reported detection of MnO,, in aqueocus so-
lution!!. Patel and Tam!2 using a PZT detector in a different con-
figuration measured absorption lines of micron thick films of rare
earth in aqueous solutions ( concentration 0,7 to | g/cm’) down to
an estimated fractional absorption of 1072, The same authors!3 using
a submersed piezoelectric transducer together with a pulsed tuna-

ble dye laser reported C-H stretch band absorption of benzene with
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capacity to detect absorption coefficients of the order of 10~ 7cm™!.
Other liquids have also been measured recently such as Rhodamin 6G
in ethanol solution with concentration 107°M to 1072M, 14 dilute
aqueous solution of Congo Red dye]5 and mineral 0il16. Most of these
measurements showed several orders better determination as compared
to colorimetric technique.

In the present communication, we report the spectroscopy de-
termination of traces of Cu and Co ions in aqueous solution which
have passed through a Merck I Cation exchange resin down to a de-
tection limit of 20 ppb, using a double beam photecthermal deflec-

tion technique (mirage effect) in transverse configuration!7,18,

EXPERIMENTAL

The double beam mirage effect spectrometer in transverse con-—
figuration is shown in Fig. 1. It detects the deflection of a low
power HeNe laser beam propagating parallel to the surface of the
sample within a layer of thickness equal to the thermal diffusion
lenght )iy, The deflection is caused by the periodic change of the
index of refraction n of the gas or the liquid in front of the sam-
ple which is a measure of the periodic change of the temperature
gradient occuring when light is absorbed by the sample!/. The tem-
perature gradient has already been calculated for various combina-
tion of sample/gas or sample/liquid interface as a function of the
thermal, acoustical and optical parameters]7“]9.

The excitation beam consists of an Oriel Xe lamp 450W (Model
6163/6261) coupled to a driven high intensity Bausch and Lomb mo-

nochromator (33-86-25). The wavelength range of 200-1600 nm is co-
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FIG.] - Experimental set—up for the double beam photothermal spec-

trometer (1) 450W Xe lamp (Oriel 6163/6261) (2) Monochromator (Bausch +
Lomb (33-86-25 + grating 338679 (UV-visible) and 3B-86-77 (IR 1) )

(3) Chopper 13 Hz with special blade (EGG 125 A) (4) HeNe Laser ImW
(Spectra Physics 236) (5) Beam reducer (6) Stainless steel sample

cell with 3 Suprasil quartz windows (7) Lock—in EGG 5204 (8) Lock-

in EGG 124 A (9) Ratiometer EGG 5204/96 (10) Recorder (L| to Lg)Su-
prasil quartz lenses (M)} Al high reflectance mirror (Dj) Lateral cell

detector (Centronix LD 2-5T, Sample beam (Dp) PZT detector (refe-

rence beam) (F;) filters to eliminate unwanted 2Md srder light exci-
tation.

vered by two gratings UV-Vis (338679) and IR 1 (338677) and various
filters to eliminate second order diffraction. The beam is chopped
at 13.8 Hz by a modified 125 A EGG chopper; one side of the blade
1s covered with a high reflectance Al mirror in order to divide the
excitation light beam: the beam reflected by the mirror-blade 1is
focused on a 15 mm diameter PZT detector whose first surface 1is
black painted. The detector has a response proportional to the light
intensity (0,16 V/W) and is used as reference signal to normalize
the photothermal response. The signal reference is analysed by an
EGG 5204 lock-in. The beam passing through the chopper is optically

equivalent and is focused on the sample placed in a stainless steel
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cell which can be precisely adjusted in the two orthogonal hori-
zontal directions with micrometers. The maximum intensity received
by the sample is of the order of 8 mW at A = l}Lm.

The probe beam consist of a collimated 1 mW Spectra Physics
Model 236 HeNe laser having a diameter of 2Zmm and focused parallel
to the sample by a convex lens. The periodic deflection of the la-
ser is measured by a lateral position detector (Centronic LD 2-5T)
which consists of 2 cells 2 X 0,5 mm separated by 0,5mm. The light
intensity measured by the two cells is fed to a differential EGG 116
preamplifier and amalysed by an EGG 124 A lock-in. The dc outputs
of the two lock-in (signal + reference channels) are then divided
by an EGG 5204/96 ratiometer and the normalized ratio is registered
grafically as a function of the wavelength. A careful study of the
performances of the spectrometer has been done?0, It allows to de-
tect a probe beam deflection of the order of 1077 rad for a signal
to noise ratio 8/N = 1 which corresponds to a periodic temperature
variation at the solid-liquid interface of 7.107%. The optical reso-
lution is of the order of 1.6 nm in the visible range and is mainly
limited by the monochromator (dispersion of 6,4 nm/mm in the UV-vi-
sible and 12,8 nom/mm in the near IR).

Each sample has been prepared by percolating 2 liters of so-
lution through 200 mg of wet highly acid cationic exchange resin
Merck I. The column had a diameter d = 4mm and a height h = 15 mm;
the flow rate was 10 ml/min. The solutions have been prepared by
diluting standard Titrisol Merck solutions in deionized water with
a pH = 6. After completing the percolation the resin was dried and

mixed in an agate crucible and then pressed in pills form (& 7 X 1 m).
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FI1G.2 - Double beam photothermal deflection (left scale) of a Merck I
cationic resin percolated with pure deionized water {curve a), and
with 2 liters 45 ppm Cobalt aquecus solution (curve b). Both curves
have been normalized to 1 at O,88/Lm. Curve ¢ (right scale) is the
ratio of curve b to curve a.

In order to increase the photothermal signal the cell was
filled with CCl,. This liquid is transparent in the whole spectral
range investigated (240-1600 nm) and does not effect the optical

properties of the sample.

RESULTS

The double beam photothermal deflection spectrum of the resin
percolated with pure deionized water and measured between 0,7 fam
and 1,6 /AJH is shown in Fig. 2 (curve a). The origin of the peaks
has not been studied. Curve b is an example of the photothermal
spectrum of the resin percolated with an aqueous solution of 45ppm
cobalt ions in the same experimental conditions. Curves a and b have
been normalized to the same value at 0,88 /Lnu Curve ¢ 1is the ra-
tio of curve b to curve a. A comparison of the three curves shows

that the relative height of the bands which belong to the matrix
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FIG.3 - Photothermal deflection ratio Sg,/S, as a function of cobalt

ions concentration in the solution. The signals Sgo and S, are measured
single beam for light absorption at A = 1785 nm and A = 915 nm res-
pectively. The experimental points (e, 8) refer to two different

Merck Titrisol standards and their values are a mean of four measu-
rements. The line has been drawn through the points.

only does not change when the foreign lons are incorporated since
the ratio of both curves is constant (approximately one) in the
spectral region /K < 0,9 pm and N > 1.45 Jm. Consequently
the bands appearing between | and 1,4 pam are attributed to the
presence of cobalt ions in the resin and their heights or areas
may be used as a measure of the cobalt concentration in the resin.
However, the absolute signal values depend of several geometrical
factors such as the probe beam offset, the sample tilt angle as
well as the excitation light intensity and it is rather difficult
to adjust the geometrical parameters to the same values after ex-
changing the samples; therefore a direct comparison of the samples

with different concentrations is rather impossible. Fortunately
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FIG.4 - Photothermal deflection ratio S¢,/S, as a function of copper

ions concentration in the solution. The signals Sg, and 5, are mea-
sured single beam for light absorption at N = 895nm and A = 1475nm
respectively; curve a (upper scale), curve b (lower scale). Each ex-
perimental point is the mean of four measurements and the line has

been drawn through the points.

figure 2 shows that the cobalt ions absorb in a spectral region
different of that of the pure resin and that the resin photother-
mal peaks are not affected by the incorporation of the ions. It
1s therefore possible to make a relative comparison between the
samples with different concentrations.

Fig. 3 shows the results of such a comparison for wvarious
cobalt concentrations in solution varying between 0 £ C £ 45ppm. We
have plotted the ratios S = SCO/Sr of the single beam photothermal

signal value Sg, taken at A = 1285 nm due to the cobalt + resin



PHOTOTHERMAL DEFLECTION SPECTROSCOPY 259

to the photothermal signal value §, taken at 915 nm due to the re-
sin only. Each point represents the average of four measurements
of the same sample. The full curve has been drawn through the ex-
perimental results. The offset at zero concentration is due to the
fact that the pure resin has a structureless background at the wa-
velenght of the Cobalt bands (fig. 2). The ratio tends to satura-
tion for solution concentration C > 10 ppm.

Similar results have been obtained for Copper ions in aqueous
solution. Absorption bands appeared around 890 nm and are attributed
to the presence of copper ions absorbed in the resin. Measurements
as a function of the concentration shows that the relative photo-
thermal signal 8 = Sg,/S,, where Sg, is the single beam photother-
mal signal due to Cu absorption taken at 895 nm and S, is the sin-
gle beam photothermal signal of the pure resin taken at 1475 mm
tends also to saturate for concentration C > 10 ppm (fig. 4). The
photothermal signals for copper are higher than for Cobalt and
allow a detection with better precision and for much lower concen-—
tration. The copper solution percolated has been analyzed by ICP
technique in order to know exactly the amount of ions which have
been effectively absorbed by the resin. The analysis shows that
the resin absorbs roughly 50% of the ions for aqueous concentra-
tion up to 5 ppm. For higher concentration its absorption power
tends to diminish till it reaches the saturaticn. The resin is to-
tally saturated for C > 10 ppm. Figure 5 shows the same relative
photothermal signal Sg,/S$, plotted now against the concentration

of copper ions in the resin measured in ppm of the solution (upper
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FIG.5 - Photothermal deflection ratio Sc,/S, (see fig. 4) as a func-
tion of copper ions concentration in the resin (see fig. 4); curve
a (upper scale), curve b (lower scale). The mark Cp,x refers to the
maximum concentration absorbed in the resin.

scale) (1 ppm corresponds to 2 mg Cu absorbed by the 200 mg of
the resin). The behavior is not linear. The lower curve shows the
same results in a 1000 X expanded scale (ppb). The full curves
have been drawn through the experimental points.

The fact that the photothermal signal is mot linear as a func-
tion of the concentration can be at this stage qualitatively under-
stood. The theory of the photothermal deflection developed recently
by Murphy and Aamodt!9 explains that the signal intensity depends
essencially of two physical parameters: the optical length penetra-
tion in the sample M8 =(5'] where (5 is the sample bulk optical

absorption coefficient and the thermal diffusion length Ms = as']
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TABLE |

Values of the Parameters for the Resin and pure Metals

Kg Jrolat 13.812) P Mg/
(cal/cms®C) (cm) (cm™ 1) (cm®s°C/cal)

ResinZ2! | 2.6 1074 1.3 1073 100 4,9

Copper22| 9.3 10-1 t.6 1071 > 0,17

Cobalt22| 1,65 107! 6,5 102 > 0,40

where ag is the thermal diffusivity of the material. Our samples
(thickness !~1mm) are thermally thick, i.e. as.li? 1 and optically
thick ( ﬂ 1>1, typically > 4) in the wavelength region of interest.
According to ref. 19, if |ﬁf‘sl< 1 the photothermal signal is pro-

portional to J%E_(/As.ﬁ ) where K. is the thermal conductivity and
s

if lﬁ,P3|> 1 the signal is proportional to /;5 and does not depend
s

any more of the optical absorption coefficient.
With the parameters of the table 1 we see that the ratio Zgﬁ—
S
will certainly sligthly decrease as the concentration of the metal
ions absorbed increases. On the other side, the parameterslﬁks and
ﬁ will increase with the concentration with a much larger varia-

tion. Since the range of concentration of metallic ions in the re-

sin is small (up to a few ppm only), we can reasonably assume in

first approximation that Ms e ! s /LS%C and (30( C. For the
Ksg C

pure resin the product ﬁ)&s is of the order of 0.13 (< 1). There-

fore for very low concentration, as long as |F}LS[< 1, the photo-

thermal signal will increase linearly with the concentration of
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the metal in the resin. But as the product IB}*S' increases,the rate
of increase of the signal will diminish and the signal will pass
by a maximum for |f5)u.5| somewhat large than 1 and then decrease propor-—
tional to the ratio Agiv. This should happen for concentration much
higher than the concentration which can be physically absorbed by
the resin. Experimentally the figures 2 and 3 show effectively that
S initially increases linearly with the amount of metal incorpo-
rated In the resin and then tends to saturate. The third range 1s
not observed. Detailed quantitative calculations are underway to
corroborate the model and will be presented elsewhere.

Under the actual experimental conditions the minimum concen-
tration detectable is of the order of 200ppb Co ard 20 ppb Cu (con-
centration in aqueous solution). A careful check of our spectrome-
ter has shown that the noise registered during these experiments
at 13,8 Hz is essentially of acoustic origim. It corresponds to a
-7

deflection of the probe beam of 10 radians. However Jackson et

all!8 reported a spectrometer performance based on a similar set-up,
in which the ultimate noise was essentially limited by the pointing
fluctuation of the laser probe corresponding to a deflection of
1079 radian only. We think that an improvement by a factor 10 can
be obtained using better equipment such as an antivibration table,
control of air convection, etc. On the other hand the photothermal
signal is proportional to the excitation intensity; a considerable
improvement can therefore be obtained using better spectral sources
like interference filters or variable frequency lasers. Moreover

the response of the spectrometer is almost inversely proportional
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to the chopping frequency of the light excitation. We used a fre-
quency of 13,8 Hz for convenience; however this can be lowered to
a few Hertz without loosing the perfomance of the lock—in amplifier
and gain a factor of 3 on the signal/noise ratio. We therefore be-
lieved that taking into account of these factors we can drastically
improve the results allowing a better and more precise detection
of the photothermal deflection and pushing the detection limit well
bellow the ppb range for copper and cobalt ions.

This method has been applied succesfully to other 1ions such
as Ni. However ions such as Cd, Zn and U did not give any result
because we did not find in the 0,7 - 1,6 /&m spectral range any
bands of thermal deflection which can be attributed to these ions.

This new method has very interesting advantages over other
photoacoustic techniques such as for instance the thermal lens effect
since it allows the spectroscopic detection of particular ions
and if several ions are absorbed together they can in principle be
detected as long as their spectroscopic photothermal absorption
bands are separated, as it is the case for instance for Co and Cu.
If only one metallic ion must be detected routinely, the experimental
set—up may be considerably simplified by using interference filters
instead of a monochromator, cheaper and better adapted optical
sources and eletronics such as fixed narrow frequency amplifiers
instead of sophisticated lock-in amplifier. Moreover since the re-
sins act as a storage element even lower concentration can be
measured if larger amount of aqueous solution is available. For

instance under our experimental conditions, percolating a 20 liters
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aqueous solution containing 10 ppb Cu will give the same result as
if we percolate a 2 liters solution containing 100 ppb Cu, since
the amount of copper absorbed by the sample will be the same (ﬂkagl

This method has however some disadvantages. The time required
for the preparation of the samples {percolation and mixing) is re-
latively long. Improvement may be thought using percolation under
pressure or using other substrate as storage media; a good candidate
is porous glass which is totally transparent in the UV-near in-
frared spectral region and absorb very rapidly any liquid solution

up to 20-30% in weight.

CONCLUSION

We have presented a new and potentially very important method
to determine quantitatively ultra trace analysis of ioms in aqueous
solution. The method uses simple photothermal spectrometer and has

been successfully applied to the detection of Co, Cu, Ni ions. No

results have been obtained for Cd, Zn and U.

With the present equipment the detection limit for a signal/
noise ratio of one was 20 ppb for Cu and 200 ppb for Co. Improvement
of the spectrometer are expected to lower these limits by ~2 orders
of magnitude and better storage media may reduce considerably the
time necessary to complete one determination. Studies are under-
way to solve both ultra trace proposals and to corroborate quanti-

tatively the model using the theory of Murphy and Aamodt 19.
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