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Experimental study of precipitating systems; computerised
analysis of the optical transmittance and associated noise
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Abstract

The change of the transmittance in a precipitant system has been measured by using a focused laser beam into a
precipitation cell in which the precipitate was generated by an injection technique. We have monitored the evolution
of the transmittance on several precipitation processes with different chemicals (PbI2, PbSO4, BaSO4 and BaC2O4)
and quantities of precipitated mass (20.0, 17.5, 15.0, 12.5 and 10.0 mg). The noise associated to the transmittance
signal has been obtained by a numerical procedure based on computer analysis, finding that it provides information
about particle shape features and nucleation kinetics. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of lasers in chemistry has spread widely in
the last years, finding multiple applications. In the
study of precipitant systems, the measurement of the
intensity of a transmitted laser beam is used as a
technique for measuring transmittances (Carton et al.,
1999). However, not only the measurement of the inten-
sities is of value in this field. The study of the associated
noise also involves an interesting contribution. In this
way, several laser techniques have been used for the
detection of the salting-out in precipitant systems (Mar-
tı́n et al., 1991).

Two of these techniques are of special interest to us
and have provided a basis for the present study. In the
first of these techniques, a cylindrical path laser beam,
crosses the reservoir where a precipitation process is
being induced. In the second one, the laser beam is
focused in the centre of that precipitant system. In both

methods, photodetectors are used for measuring the
transmittance of the medium.

In the former, the salting-out was measured as the
point where the transmittance signal started to de-
crease. In the latter, it was detected earlier, as the point
where a large increase of the noise associated to the
transmittance was observed.

The circular cross section of the cylindrical path is
much larger than the particles’ size, however the cross
section of the focused path takes a size in the same
order. In this way, in the cylindrical path small varia-
tions of the transmittance will remain masked by a
mean value, while in a focused path these variations
will magnify the noise of the transmittance. This fact
decided us to favour the study of the noise in focused
paths against cylindrical paths.

A focused laser beam constitutes a sensitive probe
whose values could provide information related to the
individual behaviour of the precipitated particles. Liter-
ature on the relationship between transmittance and
nature of the precipitant systems (Martı́n et al. 1992;
Mucha and Ganicz, 1996; Ohshima, 1996; Burger et al.,
1997; Matthews and Rawlings, 1998), rarely makes any
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Fig. 1. Hypothetical evolution of the light projection on a photodetector during a precipitation process. Spherical morphology for
particles is assumed.

reference to theoretical developments, paying little at-
tention to the associated noise.

This paper tries to fill this vacuum and set the
theoretical bases of a method for the study of precipi-
tant systems based on the interpretation of the noise
associated to the transmittance measured by using fo-
cused laser beams.

2. Material and methods

2.1. Theory

A laser working at the lowest order mode, TEM00,
has a cylindrical Gaussian irradiance distribution even
when the beam is focused. The radius at which the
transverse field amplitude has fallen to a fraction 1/e of
its peak axial value is the Gaussian radius. At this same
distance, the corresponding beam irradiance (intensity)
will have fallen to 1/e2 (13.5%) of its peak or axial value
(Gerrard and Burch, 1994).

In a focused path, the Gaussian radius of the focus
can be calculated by,
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where � is the radiation wavelength, fd is the lens focal
length and r is the prefocused Gaussian radius of the
beam.

The Gaussian radius at any position of the path can
be calculated by the hyperbolic function,
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where, y is the coordinate in the propagation axis.
The proper selection of the wavelength, focal length

and prefocused radius of the beam makes possible to
obtain R0 values of just a few micrometers, which
converts the laser beam into a probe for the on-line
detection of opaque particles with a size in the order of
R0.

The transmittance of a system can be defined as the
ratio between irradiances,

It

I0

(3)

where It, is the intensity of the laser beam measured at
time t and I0, is the intensity of the laser beam mea-
sured when the precipitation process has not started.

If we consider variations of the transmittance to be
caused by opaque precipitated particles, we can de-
scribe a precipitation process in theoretical terms as
follows,
1. Initial stages. There are no precipitated particles in

the reservoir and there are no eclipsing phenomena.
Transmittance is stabilised to its maximum value
(Fig. 1a), while the electronic features of the instru-
mentation (photodetectors, amplifiers, laser stabil-
ity, etc) are the only causes of fluctuations in the
signal.

2. The precipitation process has started. The system
evolves while particles change positions and orienta-
tions in a homogeneous stirred media, causing a
decrease in the transmittance (Fig. 1b). The fluctua-
tions caused by the dynamics of the particles in-
crease the noise of the signal.

3. The precipitation is at its last stages. There is a large
quantity of precipitated mass, which eclipses the
laser beam totally. The transmittance reaches a min-
imum, which depends on the real opacity of the
particles. The associated noise decreases to the levels
of the electronic one (Fig. 1c).

4. As an evolution of the system after reaching mini-
mum values of transmittance, we can consider the
possibility of redistributions in the precipitated
mass, in such a way, that it could be possible to
detect changes in the number and size of particles
which would entail an increasing transmittance. The
growing of particles at the expense of their number
fits with the stage shown in Fig. 1b.
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Fig. 2. Projection effect caused by a spherical particle placed in different positions into the post-focused path.

Fig. 3. Projection effect caused by an elongated particle placed in different orientations in the post-focused path.

The noise contribution that characterises the precipi-
tant system is caused by the dynamics of particles. This
can be broken down into several components.
� Position component: It is related to the masking

capability of a particle in a focused path. The surface
that can be masked by a particle depends on the
position where it intercepts the path and its magni-
tude is a function of the ratio between R0 and the
particle size. The effect caused by a spherical particle
when it is moved from nearby to remote positions of
the focus is shown in Fig. 2. A significant change is
observed in the projected area at the photodetector
plane.

� Morphological component: It is only defined for
non-spherical particles. It is related to the different
possible orientations that a particle can take in a
volume and its magnitude presents a straightforward
relationship with its shape. Fig. 3 illustrates an elon-
gated particle in two different orientations (parallel
and perpendicular to the propagation axis) and the
changes caused on the photodetector plane.

� Size component: Particles with the same morphology
features, placed at the same position and orientation,

project different areas depending on their sizes, as
can be observed in Fig. 4.

� Eclipsing component: It depends on the probabilities
of the particles for masking themselves. In Fig. 5,
three particles project on the photodetector plane
very different areas whose surfaces depend on their
relative distribution along the radial axis into the
focused path.

3. Experimental

The measurements of transmittance were carried out
using the device illustrated in Fig. 6, which was placed
inside a dark chamber in order to minimise influences
of external sources of radiation.

The precipitation tests were induced in a 4 cm inner
edge cubic container made in methacrylate that was
crossed by a 5 mW laser beam (He�Ne Melles Griot,
model 05 LHR151), with an output wavelength of
632.8 nm. The beam was focused in the geometric
centre of the reservoir with a 10 cm focal length lens,
generating a hyperbolic path whose features are as
follows.
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Fig. 4. Projection effect caused by spherical particles with different sizes placed in the same position in a post-focused path.

Fig. 5. Projection effect caused by spherical particles of different sizes placed in (a) different optical axes and (b) the same optical
axis.

Fig. 6. Experimental device used for measuring transmittances of a precipitant system.
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Table 1
Concentration ranges used in the precipitation experimentsa

BaSO4Precipitated chemical BaC2O4PbI2 PbSO4

Kps, 25°C 8.49E-9 1.82E-8 1.60E-71.07E-10
K2C2O4Base Solution KI K2SO4K2SO4

0.05[Concentration (M)] 0.080.07 0.05
Injected solution Pb(NO3)2 Pb(NO3)2 Ba(NO3)2 Ba(NO3)2

0.214–0.429[Range of concentrations (M)] 0.109–0.217 0.222–0.4440.165–0.330

a Solubility products of the generated precipitates are also indicated.

400Prefocused radius (r / �m)
50Radius at the focus (R0 / �m)
95Radius at the container window (Rw / �m)

A beam-splitter was placed between the reservoir and
the laser device, so that the split beam was used as
reference of the laser stability. The transmitted and the
reference radiation were measured by two photodiodes
THORLABS, model S20MM, with analogue output
that were digitised by an autonomous system
DATATAKER, model DT50, with a RS232 connection
to a PC.

The whole of the system was kept without thermo-
stating but with little thermal variations between 22.5
and 25.5°C.

In the tests carried out with that equipment, precipi-
tated particles were generated using an injection tech-
nique where an inducing solution was added over a
base one.

Concentrations of both solutions were high enough,
so that the ionic concentration product (ICP) was
widely exceeded when they came into contact, favour-
ing, that way, a nucleation process against a growth
process.

The inducing solution was added using a pro-
grammable injector Cole-Parmer, model 74 900, with a
flow rate of 1.15×10−3 cm3 s−1 and the precipitated
particles were kept in suspension with a magnetic
stirrer.

In all the tests 60 cm3 of base solution and 2 cm3 of
the injected one were used. The range of their concen-
trations were those required for the generation of 20.0,
17.5, 15.0, 12.5 and 10.0 mg of precipitation, as detailed
in Table 1.

3.1. Calculation of the noise associated to the
transmittance signal

The calculation of the noise associated to the trans-
mittance signal has been obtained with a computer

application programmed in LABVIEW™ 5.01. Using
data of temporal evolution of transmittances measured
by the photodetectors (Fig. 7a), this program works
with a subset of an odd number of consecutive data
(C), (Fig. 7b), that are fitted to a 3rd order polynomial
(Fig. 7c).

The noise is calculated by the mean squared error
parameter function defined as

Noise=
� 1

(ne−ns)
�
ne

ns

(TEi−TCi)
2 (4)

where ns and ne are the places occupied by the initial
and the final data in the experimental sequence of
transmittances of the subset, TEi is the ith data of
experimental transmittance and TCi is the ith data of
transmittance calculated with the fitted polynomial.

The calculated noise is assigned to the central value
of transmittance in the subset. Then the subset moves
forward, taking the next data of transmittance and
leaving out the first one, in such a way that the new
subset takes from the data number ns+1 to the ne+1.
Finally, the pairs of transmittance and noise obtained
along the whole set generate a new graph, which char-
acterises the precipitation process (Fig. 7d). The
flowchart of the program is shown in Fig. 8.

4. Results and discussion

The variations of the transmittances measured over a
period of 29 min of injection are shown in Fig. 9.

It is observed that curves of transmittance trace
different plots for every chemical. However, in the
curves for the same precipitate, we find some similari-
ties, so that, the minimum transmittances are propor-
tional to the final precipitated mass (Table 2).

The variations of transmittances in every test show
the particular nucleation conditions of each chemical.
In the PbI2 curves, the initial stages in the injection
process are characterised by strong changes in the
transmittances and strong descent slopes, whereas, in
the same period of time, the generation of PbSO4

precipitates, takes place slowly and without abruptness.
An intermediate behaviour can be observed in the case1 Copy registered by Centro de Cálculo. Universidad de

Cádiz (UCA).
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of the very similar curves generated by precipitates of
BaSO4 and BaC2O4, showing mean slopes characterised
by the absence of strong variations in the initial stages.

In the tests carried out with PbI2 in quantities smaller
than 20 mg, phenomena of increase of the transmit-
tance in the final stages of the process are clearly
observed. This tendency which was observed as well in
PbSO4 tests, although to a lesser extent, could be a
consequence of the presence of growth processes that
would compete with nucleation, (the favoured process
in the first stages).

The morphological analyses of precipitates carried
out with Image Tool© software (Wolcox et al., 1995–
96) show the presence of flat crystals of PbI2 and
PbSO4 at different levels of growth (Table 3 and Fig.
10). This fact supports the hypothesis of the existence
of crystal growth processes of increasing influence
against nucleation.

The variations of the transmittance caused by BaSO4

and BaC2O4 precipitates, present very similar plots in
which the increments of transmittance shown in the
PbI2 and PbSO4 graphs can not be distinguished. In

these cases, the morphological analyses show that the
size of the particles are very similar, with elongated
shapes which do not present flat surfaces that could
favour growth processes.

In Fig. 11, mean transmittances versus associated
noises are plotted. They have been obtained by applica-
tion of the program for calculating noises, using an odd
parameter for the subset (C), of 151 data from a total
number of 6195. The numerical information related to
the position of the maximums reached in these graphs
is listed in Table 4.

The highest absolute levels of noise correspond to the
PbI2 and PbSO4 tests, in which the re-increase of the
noise in the last stages is dependent on the presence of
growth processes. The curves generated by the BaSO4

and BaC2O4 precipitates carry less noise and the maxi-
mums reached are of the same numerical order, which
is justified in relation to morphological and size similar-
ities between the precipitated particles.

For the same chemical, curves show similar tenden-
cies, reaching maximum noises of the same numerical
order. In general terms these curves are characterised

Fig. 7. Screens generated by the noise-computing program. Experimental transmittances are plotted in (a). The shifting of the subset
data is shown in (b). The experimental subset data and the fitted polynomial are compared in (c). Finally, calculated noises versus
calculated mean transmittances are displayed in (d).
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Fig. 8. Flowchart of the program designed to calculate the
noise associated to the transmittance.

by: a first section where the noise increases from initial
high transmittances values to transmittances where
maximum noises are reached; a second section where
noise decreases from medium to minimum
transmittances.

For BaSO4 experiments, only the precipitation tests
which involved 20.0 and 17.5 mg of precipitate, are in
accordance with the pattern curve. The other test curves
of this chemical and also those concerning to PbSO4

tests show an initial section with a similar pattern to the
specified for the general cases and a second with an
increase of noise, very large for PbSO4 tests.

5. Conclusions

The use of a focused laser beam in the precipitation
tests carried out with the described injection technique,
constitutes a key feature to evaluate the noise associated
to the transmittance, because the size of both particles
and focus are of the same order.

The results of the morphological analysis reveal the
relationship established between the noise of the trans-
mittance signal and the microscopic nature of the pre-
cipitated particles in terms of size, number and
morphology.

Table 2
Data of minimum (TM) and final (TF) transmittances after 29 min of injection corresponding to the four different chemicals and
their precipitated mass

Precipitated Transmittance Precipitated mass (mg)
chemical

20.0 17.5 15.0 12.5 10.0

15.6213.628.62 29.751.46TMPbI2

3.21 18.85 21.35 27.17 33.94TF

TM 55.79 60.48PbSO4 66.50 68.86 72.83
74.8769.9268.0363.7456.19TF

TM 7.43 9.88BaSO4 21.27 21.83 31.74
7.58 9.98 21.64 22.35TF 32.69

TM 7.51 8.46BaC2O4 9.96 12.15 21.93
TF 7.56 8.67 10.26 12.24 22.12

Table 3
Size and morphology data extracted by using image analysis softwarea

CrystallographicMean size (�m)Precipitated Standard deviation (�m)
morphologychemical

PbI2 11.4 3.4 Hexagonal
PbSO4 6.0 Rhombic1.7
BaSO4 6.3 1.8 Rhombic

5.6 1.4BaC2O4 –

a Measurements were obtained by using samples of 50 precipitated particles for each chemical.
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Fig. 9. Time variations of transmittances in different precipitant systems.
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Fig. 10. Pictures of precipitated particles obtained by using light microscopy: (a) PbI2; (b) PbSO4; (c) BaSO4; (d) BaC2O4.

Table 4
Data corresponding to the maximum noise point in the curves of transmittance that are plotted in Fig. 10.

Precipitated chemical Precipitated quantity (mg)Data of the maximum noise point

20.0 17.5 15.0 12.5 10.0

64.80 55.66PbI2 89.20Transmittance 95.89 61.06
0.089 0.061 0.114Noise 0.080 0.077

58.28 63.06 69.32Transmittance 71.04PbSO4 74.70
Noise 0.064 0.069 0.069 0.054 0.051

61.26 74.64 74.43Transmittance 86.55PbSO4 32.72
0.029 0.019 0.014 0.014Noise 0.019

89.19 86.04 72.34Transmittance 72.06BaC2O4 24.50
Noise 0.033 0.034 0.025 0.026 0.016

Therefore, the similar numerical order found in the
maximum noises for the tests performed for every
chemical, entails the presence of a relationship between
noise and shape of precipitated particles.

The increasing influence of growth processes, favoured

by the presence of flat particles at the final stages of the
precipitation processes, would explain the retrace of the
curves of transmittance in the PbI2 and PbSO4 tests.

On the whole, the generation and evolution of the pre-
cipitated particles in a homogeneous liquid medium,
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Fig. 11. Charts of noises versus transmittances measured for the four different chemicals.
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carries a progressive decrease of the transmittance
whose noise is in agreement with the different noise
components (position, morphological, size and eclips-
ing) described in the theoretical section.

We can conclude that a focused laser beam is a useful
tool for evaluating noises associated to transmittances
in precipitant systems, whose values contain not only in-
formation about the microscopic properties of the pre-
cipitates, but also about the evolution of nucleation and
growth processes. All this suggests that, the methodol-
ogy used in this research is a suitable technique for the
study of the nature of precipitation processes.
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