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In Situ Ultrasonic Monitoring of Aluminum Ion
Hydrolysis in Aqueous Solutions: Instrumentation,
Techniques, and Comparisons to pH-Metry

Alexander N. Kalashnikov, Member, IEEE, Kirill L. Shafran, Vladimir G. Ivchenko,
Richard E. Challis, and Carole C. Perry

Abstract—A cross-disciplinary experimental study related to
both ultrasonic instrumentation and analytical chemistry is re-
ported. The hydrolysis process was conducted by time-resolved
titration in a fully automated manner. Acquired ultrasonic records
were processed in order to estimate the propagation delay of the
ultrasonic pulse in the evolving medium. The limited hardware
resolution of two different ultrasonic instruments employed was
improved by calculating the center of gravity of the recorded
pulses. Application of signal averaging to the acquisition of
raw records in the custom-built instrument eliminated spurious
records almost completely. The estimated ultrasonic delays were
corrected for temperature changes that were measured indepen-
dently. This procedure transformed the ultrasonic titration curves
into two almost straight lines that intersected at the equivalence
point. The results obtained showed that it was possible to detect
changes as small as 200 ppm by using the ultrasonic instrument in
situ at significantly lower setting times compared to a conventional
pH-meter.

Index Terms—Aluminum hydroxide, group delay estimation,
monitoring of hydrolysis, pH and ultrasonic titration curves,
signal averaging, time resolved acid-base titration, ultrasonic
measurements.

I. INTRODUCTION

OMPLEX chemical processes in aqueous solutions can

be resolved by using various analytical instruments, with
optical spectroscopy methods being the “most widely used tools
for the elucidation of the structure of molecular species, as well
as the quantitative and qualitative determination of both organic
and inorganic compounds” [1]. However, these methods can be
difficult to apply in situ, online, and for opaque media. Some
other conventional analytical methods (e.g., electroanalytical
techniques) can only provide single point values for a sample
solution or they may introduce tough requirements for the
sample homogeneity/mixing efficiency. These limitations can
be avoided by using ultrasound that can propagate in opaque
media and can acquire information related to its propagation
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along the entire pathway. This feature provides a potential for
imaging the entire reaction vessel ultrasonically.

Propagation of ultrasound in aqueous solution can be con-
sidered from the prospective of phase velocity, attenuation
(optionally, versus frequency), and group velocity. As the wave-
length of ultrasound in water is on the order of at least tens
of micrometers or more for frequencies up to 150 MHz, reso-
nant absorption does not take place normally, and attenuation
versus frequency represents smooth curves [2]. The intensity
of ultrasound applied to a monitored medium should be small
to avoid heating and other alterations to the medium (although
ultrasound is used in analytical chemistry for invasive sample
preparation as well [3]), and undesirable effects on another
analytical instruments [4].

Propagation of ultrasound in electrolytes was studied ex-
tensively “based on the ionic-atmosphere model developed by
Debye and Hiickel in 1923 [5, p. 354] with further refine-
ments. It qualitatively or partially quantitatively described some
experimental phenomena related to the dependence of ultra-
sound velocity on the concentration of electrolyte. This theory
was not extended toward nonelectrolytes, and its experimental
verification was complicated seriously by the low resolution
of the previous generation of instruments and strong depen-
dence of ultrasound on temperature that complicated accurate
measurements [5].

Various theories based on consideration of relaxation phe-
nomena (thermal [6], [7], structural [6], [8], chemical [6],
and shear [8]) led to development of ultrasonic models that
qualitatively and quantitatively described ultrasonic absorption
in homogeneous media versus frequency at different temper-
atures. This approach has been extended further for binary
mixtures like colloids, emulsions, etc. [2].

Some phenomenological macroscopic models for determin-
ing ultrasonic velocities in binary and ternary mixtures were
applied to experimental data in [9], but only a partial fit was
achieved.

Overall, although theoretical models for both ultrasonic ve-
locity and attenuation have been elaborated and extensively
refined for stationary conditions in a chemical sense, they could
be difficult to apply for evolving media.

Another approach to ultrasonic monitoring is based on ex-
perimental rather than theoretical considerations. Ultrasound
velocity and attenuation were found sensitive to a range of
physical-chemical transformations (e.g., [2], [10], and [11]).
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These experimental observations encouraged further phenom-
enological and empirical studies.

In this paper, we discuss our observations on different meth-
ods of analysis of ultrasound signals propagating through a
chemically evolving aqueous solution and compare the ultra-
sonic titration curve with the conventional pH one.

II. DESCRIPTION OF THE CHEMICAL PROCESS OBSERVED

This paper involves the titration of an aqueous solution con-
taining AI*" ions (sample) by the addition of hydroxide ions
OH™ (titrant) in a similar fashion to our previous studies [12],
[13]. Simplified description of this process can be narrowed
down to two main stages. Before the equivalence point at
pH ~7, the precipitate of aluminum hydroxide is gradually
formed:

AI*T(aq) + OH™ (aq) — AI(OH);(s). (1)

The solubility product constant for this reaction is 2 x 10731
[14, p. 463] that indicates a one-way process. After the equiva-
lence point, the formation of aluminate-ions AI(OH), occurs

Al(OH)5(s) + OH™ (aq) — Al(OH), (aq). (2)

The constant for this formation is 1033 [14, p- 453] and thus, a
one-way process occurs here as well.

A more rigorous description of the complex chemical
processes involved can be found elsewhere (e.g., [12] and [13]).
The first overall reaction eventually leads to the formation of
amorphous Al hydroxide, which is quite common in nature (it
can be found in soils, sediments, and in a number of minerals)
and it has numerous industrial applications in ceramics, such
as chromatographic phase, catalyst carrier, adjuvant, antacid,
flocculant for water purification, etc. [15]. There have been in-
dications in the literature that Al hydroxide can be an important
source of toxic ionic forms of aluminum upon acidification of
environmental waters [16, pp. 110 and 455].

III. AUTOMATED EXPERIMENTAL SETUP AND
DESCRIPTION OF THE EXPERIMENTS CONDUCTED

One of particular objectives of this paper was to test fea-
sibility of ultrasonic monitoring in an environment similar to
a conventional chemical laboratory or a production plant. The
experiments, when started, remained fully autonomous until the
process completed. This was accomplished by use of automatic
liquid handling unit that operated in a time-resolved titra-
tion mode, and various instruments that continuously recorded
different process parameters using a personal computer
[17, Fig. 1, Tab. I].

The list of the experiments conducted is presented in
Table II. It includes description of samples, titrants used, and
Brgnsted—Lowry classification in the first two columns. The
third column presents number of titrant additions, the interval
between them, and the change of chemical composition after
the first titrant addition in weight ppm. The next column
describes when the equivalence point occurred in terms of
titrant volumes and time on the time-resolved titration curves
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Fig. 1. Schematic of the experimental setup (1—magnetic stirrer, 2—aqueous

solution, 3—ultrasonic probe consisted of a transducer and a reflector,
4—temperature probe, S—pH electrode, 6—removable tip, 7—liquid handling
unit).

where applicable. The subsequent column indicates the change
of temperature during the course of the experiments. The fol-
lowing column presents a nominal delay of ultrasound pulse
propagation from the ultrasonic transducer to the reflector and
back 7y (pulse-echo mode was used). In the following two
columns, the observed changes of the ultrasonic delay are
presented. It was found that this delay slowly increased up to the
equivalent point and then steadily decreased, where observed.
For experiments 1 and 5, this delay decreased continuously.
These columns show that the magnitude of change observed
was very small compared to 73 and could vary in an order of
magnitude for different titrants. The “instruments used” column
completes Table II.

IV. SELECTION OF AN APPROPRIATE METRIC FOR
ULTRASONIC MONITORING

A raw ultrasonic record presents a modulated pulse that
changes very little between records visually [18, Fig. 2]. The
ensemble of acquired records can be processed in a number of
ways, both in the time and frequency (via the Fourier transform)
domains, giving several possible metrics suitable for use in
monitoring. It seems desirable to select only a few if not a
single parameter that is not only sensitive to chemical changes,
but is resilient to noise as well. A single parameter is easier to
track, check, and control in a laboratory, a pilot plant, or in a
field [19]. The importance of the noise resilience is dictated by
propagation losses in the electroacoustic pathway. The losses
could start from about 40 dB, even for a lightly absorbing
medium like water, and increase along with the operating
frequency and the gauge length heavily (at least exponentially).
Therefore, ultrasonic instruments operate at low signal-to-noise
ratio (SNR), and the noise influence could significantly affect
the measurement uncertainty particularly if a nonlinear process-
ing is employed [20].

The clarity of ultrasonic records depends on the sampling
frequency, number of bits of an analog-to-digital converter
(ADC) used, and the input SNR. Two different instruments
were used in the experiments reported here (Table I), and
the constant ratio of the sampling frequency to the central
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No | Model of the | Instrument’s Purpose of the | Relevant parameters/features
instrument maker instrument
1 | V309-SU Panametrics Ultrasonic Central frequency 5 MHz, used
transducer with instruments 4,5
2 | V317-SU Panametrics o Central frequency 20 MHz, used
with instrument 3
3 | Arbitrary NDT Solutions | Complete Sampling trequency 320 MHz
function ultrasonic ADC resolution 8 bits
generator instrument Interval between records 2 s
(AFG) Number of averages 1
4 | N/A Custom built in | Back end of an | Sampling frequency 80 MHz
the University of | ultrasonic ADC resolution 14 bits
Nottingham instrument Interval between records 0.5 s
Number of averages 1024
5 Ultrasonic NDT Solutions | Front end of an | Adjustable duration of an
pulser ultrasonic excitation rectangular pulse
receiver instrument Adjustable gain for received
(UPR) pulses
6 | PHM 240 Radiometer PH meter Resolution 0.002 units pH
with Red Rod Resolution 0.1°C
glass
electrode
7 | EDOS 5222 | Eppendorf Automatic Periodical automatic dispensing of
liquid handling | preset volumes of liquids
unit

Conventional laboratory stand, glassware, magnetic stirrer

TABLE 1I
EXPERIMENTS CONDUCTED
No | Sample Titrant, its Number Equivalence | tmin/ To | AT AT Instruments
concentration | of drops, | point tmax us | (rise) | (fall) | used
(M) and time ns ns
volume of a | interval in
single drop between,
change in
ppm
1 HC1 AlCI3 (WA*) | 60 N/A 24°C |6 |- 50 1,3,6.8
(SA*) 0.635M 30s 24.1°C
0.169M | 0.4 mL 300 ppm
100 mL
2 | AlCI; KOH (SB*) | 80 60 drops 24.6°C | 13|40 54 1.3.6.8
(WA¥*) 2.863 M 60s 26.9°C
0.1156 M | 0.2 mL 210 ppm
100 mL
3 | AICI; NaOH (SB*) | 50 372drops | 194°C |7 |3.8 21 2.4-9
(WA*) 1.0060 M 30s 38*30+60= | 20.8°C
0.0625M | 0.8 mL 210 ppm | 1200 s
160 mL
4 | AICK NH4OH 50 37.5drops | 17.8°C |7 175 |3.8 |2,49
(WA¥) (WB*) 30s 38*30+60= | 19 4°C
0.0666 M | 0.8 M 200 ppm | 1200 s
150 mL 1 mL
5 | AICK NaySO4 50 N/A 19.6°C |7 |- 59 2, 4-9
(WA*) | (WA%) 30s 20.8°C
0.0666 M | 0.4 M 440 ppm
150 mL 1 mL

*W/S — weak/strong; A/B — acid/base

frequency of the transducer of 16 was used. For the of-the-shelf
instrument (arbitrary function generator [21]), some spurious
records were to be eliminated from the consideration. This
elimination was based on the correlation analysis that rejected
records dissimilar to their neighbor [18, Sec. 4.1]. Although this
instrument was capable of averaging, it took tens of seconds to
complete due to its software implementation that was too slow
to be used. The second (custom built by the authors) instrument

featured “on-the-fly” averaging architecture [22], and averaging
of 1024 records was completed in less than a second. The
aforementioned preselection procedure was found redundant
for the averaged records.

Several parameters were extracted from the experimental
records, such as maximal absolute value, standard deviation,
maximal value among spectral components and the correspond-
ing frequency, and amplitude at the central frequency of the
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Fig. 2. pH titration curve for experiment 1. (Left) Overall. (Right) Zoomed fragments.

transducer [18, Sec. 4.3-4]. The time domain position of the
pulse peak was found most promising, but the native hardware
resolution in the time domain was found to be insufficient for
the comprehensive analysis. A better alternative was to consider
the center of gravity (CoG) of the recorded pulse that was
estimated as

Jts*(t)dt  >ns?

CoG = [s2(t)dt Y. s?

3)

where s(t) is the continuous signal of interest, and s,, are its
samples. This parameter is very similar to the “midpoint of
the received envelope” [23] and to the “center of area” [24]
parameters that were used for estimation of delay times by other
authors. An important advantage of using the CoG and similar
measures is their insensitivity to changes in amplitude of the
recorded signal that occur, for example, due to spontaneous
bubble formation on the surface of the transducer and/or the
reflector.

For the above reasons, the delay of the ultrasonic signal was
selected as a monitored parameter, and it was estimated on the
basis of the CoG that allowed the improvement of the hardware
resolution at about one order of magnitude.

V. COMPARISON OF ULTRASONIC DELAY AND pH
TITRATION CURVES FOR EXPERIMENTS 1, 2

In experiment 1, a AlCl3 (0.4 M) solution was added to an
HC1 (0.943 M) solution (Table I). The Al chloride concentration

was increased by introducing strongly acidic conditions to
prevent possible autohydrolysis. After the first additions of Al
salt, the pH value was increasing (Fig. 2), due to conversion
of A](OH);r and other possible hydrolyzed species back to
aluminum hexaaquocation [Al(H20)g]>T at very low pH of
HCI solution, as follows:

[AI(OH), (Hy0)¢_,]®™ + 2HT = [AI(H,0)]*". (@)

When all hydrolyzed Al species were converted into hexaaquo-
cation Al(HyO)g, the value of pH started decreasing steadily
and nonlinearly (Fig. 2). The pH titration curve for the
experiment 1 [Fig. 2(a)] shows a smooth profile that is linear
piecewise [Fig. 2(b)]. A closer view [Fig. 2(c)] reveals the
actual stepwise shape of the pH curve. In contrast, the ultra-
sonic delay curve is practically linear throughout the titration
[Fig. 3(a)]. The steps on the curve after each titrant addition
are also present, although slightly scattered at closer inspec-
tion [Fig. 3(b)]. The ultrasonic delay data presented as CoGs
[Fig. 3(c)] shows improved stepwise shape of the curve, which
potentially would allow for monitoring of chemical composi-
tions in the HC1-AICl3 aqueous mixture.

Experiment 2 (see Table II for experimental details) rep-
resents the titration of 0.4-M AICl; aqueous solution with
strong alkali (KOH). The pH-metric titration curve is presented
in Fig. 4(a). A substantial stabilization time up to 20 s was
observed for this curve [Fig. 4(b)—(d)]. The transitions between
each titrant drop were caused by 1) a relatively slow hydrolysis-
condensation processes with time scales significantly longer
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Fig. 3.

than the time gap between titrant additions (varied between
30 and 120 s); 2) relatively slow response times of an otherwise
very fast RedRod combined glassy pH-electrode at certain un-
favorable conditions for pH measurements, including formation
of the viscous sol of Al hydroxide particles beginning to appear
at hydrolysis ratio h > 2.0 (the ratio between the concentration
of AI’" ions to the concentration of the OH™ ions, it was
proportional to the experiment time); and (c) imperfect mixing
occurring due to increasing viscosity of the condensing Al-ion
medium at reasonably high hydrolysis ratios.

The CoG data calculated from ultrasonic delay measure-
ments shows much quicker equilibration behavior and prac-
tically flat steps on the titration curve [Fig. 5(b)]. The time
of stabilization of ultrasonic delay around some average value
after each addition of titrant does not exceed ~5 s during the
course of experiment 2. Since ultrasonic parameters are free of
the stabilization problems related to pH-metry discussed above,
this value of ~5 s is a good estimate of the maximum time
required for complete mixing of a new titrant portion with the
bulk sample.

The shape of the ultrasonic delay curve as a function of ex-
periment time [Fig. 5(a)] appears to show an apparently reverse
trend to that of the pH-metric curve up to titration time of
3000 s. At this point, corresponding to hydrolysis ratio A = 3.0
and the major inflexion on pH-metric curve, ultrasonic delay
indicates a local maximum followed by a sharp decrease of
ultrasonic delay above ca. 3200-3400 s. From a chemical point

: ‘ ! . Pl (©)
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Ultrasonic titration curve for the experiment 1. (Left) Overall. (Right) Zoomed fragments.

of view, this behavior of ultrasonic delay looks irregular, as in-
creasingly condensed Al species, including small Al oligomers
(dimers, trimers) and large amounts of Al;3-mer dominating in
mildly acidic conditions (up to pH ~4.6) decrease the effective
degree of freedom of the system. That is because most Al
ions are bonded to each other by hydroxo(oxo)-bridges. It
could be expected that, with dynamic viscosity and density of
the hydrolyzed Al-ion solution remaining nearly constant at
pH ~4.6, condensation into Al polycations would ideally result
in slow but steady increase of ultrasonic delay. Instead, the
experimental data shows an opposite trend. lonic strength of the
solution should remain mainly unchanged at the titration stages
preceding the formation of Al hydroxide colloids. The stability
of ionic strength is achieved by compensation of increasing
concentration of added alkali (particularly K™ ion) by con-
stant elimination of OH™ -ions in the condensation reactions of
Al-ions below the hydrolysis ratio & = 3.0.

At hydrolysis ratios higher than 3.0, an increase of the total
ionic strength takes place. This is because hydroxide ions are no
longer consumed by condensation reactions above electroneu-
trality point of Al hydroxide (pH ~7; h = 3.0). These ions
contribute to 1) rapidly increasing pH of the titrated sample and
2) rapidly increasing total ionic strength. This explains well the
rapidly decreasing part of the delay-based titration curve above
the point of neutralization [Fig. 5(a), t > 3400 s].

It could be assumed that in the absence of significant contri-
butions from such factors as solution density, viscosity, solute
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Fig. 4. pH titration curve for the experiment 2. (Left) Overall. (Right) Zoomed fragments.

concentration, the apparently reverse trend of ultrasonic delay
data in comparison with pH-metric data at b < 2.0 (¢ < 3000 s)
is a consequence of large temperature variations during the
titration, which has been found to be within ~2.3 °C for the
experiment 2. It is well known that hydrolysis and condensa-
tion of Al-ions are exothermic reactions releasing significant
amounts of heat throughout the process of neutralization with
base [14]. The largest exothermic effect is usually observed
at the early stages of Al-ion hydrolysis (h < 1.0), and the
heat release stops after the hydrolysis ratio of 3.0 is reached,
i.e., above the point of bulk precipitation of Al hydroxide.
The described increase of the temperature of solution due
to exothermic hydrolytic reactions of Al-ions could explain
well the decrease of ultrasonic delay at h < 2.0 (¢ < 3000 s)
observed in the experiment 2 and other acid-base titration
experiments in this paper.

VI. COMPUTATIONAL COMPENSATION OF THE
TEMPERATURE EFFECT ON THE ULTRASONIC RECORDS

As the velocity of ultrasound depends on temperature in
water strongly [25], ultrasonic measurements are carried out in

thermocontrolled chambers frequently. Our experiments were
carried out in an open laboratory space. Therefore, some tem-
perature changes were observed and recorded using a conven-
tional temperature sensor built into the pH-meter of resolution
0.1 °C. In experiment 2, the temperature rose 2.3 °C up to the
equivalence point [Fig. 6(a)] because of the exothermic effect
of the neutralization reaction. To compensate for that, the CoGs
determined from the experimental records were corrected using
the following expression [26]:

CoGeorr =C0G+ mean(CoG) x 2.5 X [mean(T)—T] /1500
)

where T is the temperature, and constants 2.5 and 1500 repre-
sent the actual gradient and the absolute value of the ultrasound
velocity, respectively. These constants are close to those for
water, and their use seems appropriate because of low molarity
of the solutions used. The effect of these corrections is shown
in Fig. 6(b), where the experimental CoGs were assumed to be
constant and equal to the CoG at the start of the experiment 2.
The concavity of the simulated ultrasonic delay is opposite to
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the experimental one, and the amount of change is about the
same as observed in the experiment. That is why the applica-
tion of the correction (6) transformed the experimental CoG
curve quite substantially as shown in Fig. 7(a). (Temperature
readings were transformed from discrete experimental points
[Fig. 7(b), dashed line] into a continuous curve [Fig. 7(b),
solid line] using spline interpolation.) The magnified part of the
corrected titration curve shows a clear maximum approximately
corresponding to complete neutralization of Al hydroxide at
h =3.0 (Fig. 8), and almost straight line changes beyond
it. The decreasing part of the temperature curve in Fig. 8
shows that approximately four titrant additions were required
to change the CoG on ~5 ns. This time corresponds to about
1.25-ns change per drop while the sampling interval provided
by hardware was around 3 ns at the sampling frequency used.
Therefore, two or even three separate titrant drops would merge
and be indistinguishable if the CoG was not used [18, Fig. 4].
The clusters of CoG related to the successive titrant additions
border each other on the right side of Fig. 8, apparently due
to the noise influence. Such clusters are not observable on the
left-hand side of Fig. 8 because the time domain resolution,
despite improvement achieved by using the CoG, was still
limited.
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VII. APPLICATION OF THE TEMPERATURE CORRECTION
TO THE EXPERIMENTAL DATA FOR EXPERIMENTS 2-5

In the case of experiment 1 (increasing concentration of
electrolyte—AICl3) this correction did not lead to a notable
difference in the recalculated ultrasonic titration curves, owing
to a small change of temperature throughout the experiment
(4+0.1 °C). In contrast, correction for the temperature effect
had a significant effect on the ultrasonic titration curve in the
experiments 2 and 3 representing titrations of Al ions with
strong and weak base, respectively [Fig. 7(a) and Fig. 9(a)].
The most profound change had occurred in the first part of the
ultrasonic titration curves, before the maximum corresponding
to the equilibrium point (h = 3.0, t ~ 3600 s for experiment 2
and ¢ ~ 1200 s for experiment 3). This part was initially
steadily decreasing, while after temperature correction it was
increasing up to the maximum, which became the global max-
imum of the ultrasonic titration curve. Therefore, when the
temperature effect was effectively removed from the ultrasonic
data, the physically meaningful increase of ultrasonic delay
corresponds mainly to the increase of “solid loading” of the
Al-ion solution being titrated, as well as, in more general



1336

1.306 T T T T

1.305 My .

) » L}
1.304

*

%
* 'y
1308} s

1.302 //

1301

CoG. s

R

% @

%

»

F R

» %
%%

»

‘&?_
'y

1.299 -

1.298
0

1000 2000 3000 4000 5000

26.5

n
(2]

(b)

Interpolated t, °C
[}
o
(4]

3000 4000

2000
Time, s

0 1000 5000

Fig. 7. Both (a) corrected and original propagation times and (b) spline
interpolated temperature for experiment 2.

13055 T

CoG, s

1305 + 4 1

1.3045
2800

3400 3600

Time, s

3000 3200 3800

Fig. 8. Corrected propagation times around their maximum for the
experiment 2.

terms, overall decrease of degrees of freedom of the condensing
system in question.

A comparison of higher and lower concentration of a hard
base (KOH or NaOH) in experiments 2 and 3 shows a steeper
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Fig. 9. Ultrasonic [(a) both original and compensated] and (b) pH titration
curves for experiment 3.

incline of the ultrasonic curve in the case of the higher base
concentration. This is most probably related to the increasing
“solid loading” in the system during the course of titration due
to premature formation of colloidal Al hydroxide, which is less
profound when a lower alkali concentration is used.

It is necessary to note that a slightly different experimental
setup was used for experiment 3. Ultrasonic parameters were
monitored by the same probe but with a different, custom
designed data acquisition instrument. Also, in experiment 3,
the pH and the ultrasonic measurements were synchronized
much more precisely. In order to preserve compatibility of
ultrasonic records, the sampling frequency to the transducer
central frequency ratio was kept at the same value, providing
16 samples per period of the recorded waveform.

Both pH and ultrasonic curves of the titration experiment 3
(Fig. 9) are in good agreement with the results of experiment 2
[Figs. 4 and 7(a)]. The initial part of the ultrasonic curve shows
some bias related to the rest of data. It happened due to an
adjustment of the gain of the preamplifier during the experiment
to avoid the ADC saturation. Theoretically the CoG estimate
should eliminate the influence of the gain, but this observation
shows that some noise remaining after averaging could cause
bias. Therefore, the overall transfer coefficient of the instrument
should be kept unchanged throughout the experiments. Both
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Fig. 10. Ultrasonic [(a) both original and compensated] and (b) pH titration
curves for experiment 4.

curves show identical equivalence point at 1200 s by crossing
the neutral level [pH = 7, pH curve, Fig. 9(a) and (b)]. After
applying temperature compensation, the ultrasonic delay curve
has a maximum at exactly the equivalence point [ultrasonic
curve, Fig. 9(a)]. The latter curve could be more convenient
for the purposes of process control when the reaction should
continuously run at equilibrium [19]. This is because control-
ling the crossing of a particular level is prone to noise and
calibration bias, while controlling the maximum is much more
resilient to these factors.

A closer look at the ultrasonic curve reveals much smaller
scatter in the ultrasound data than in the previous experiments
(about 10 times) that was achieved due to averaging that be-
came feasible with the use of the designed instrument. It was
found that averaged data did not contain spikes in the resulting
waveform observed previously. As the records were taken more
frequently, it became possible to evaluate the time interval
required to come to equilibrium after a transition (dropping
chemical). In most cases that time was found close to 5 s
that were required for stabilizing ultrasonic readings after the
addition of alkali.

Experiments 4 and 5 involved softer bases—ammonium
hydroxide and sodium sulphate (Table II). Fig. 10 presents

1337

32},
31.5

o0
-
E
'ED% 30.5
23
g 5 30

«
§8 205
ol
85 29
£2
5% 285
Q
8 28

27.5 :
o
27+
| | | | I 1 | %
0 200 400 600 800 1000 1200 1400 1600
Time, s

Fig. 11. Original and compensated ultrasonic titration curves for experi-
ment 5.

the titration curves for experiment 4, where pH curves are
compliant with the weak acid-weak base titration curve [14],
and the ultrasound delay curve is very similar to the pre-
viously discussed experiments with hard bases (KOH and
NaOH) and shows a distinct maximum. The equivalence point
of both curves matches the calculated value at h = 3.0. The
temperature-corrected ultrasonic curve differs from the previ-
ous ultrasonic curves by the higher value of the gradient in the
rising slope and relatively steadier slope of the decreasing part
of the curve. Significant gradient of the slope before the inflex-
ion point at h = 3.0 despite the lower strength of alkali used
(NH,OH) can be explained in terms of well-known structure-
breaking salvation behavior of ammonium-ion. This particular
ion tends to disturb the structure of “liquid-crystalline” water
formed by multiple hydrogen bonds, and this effect can lower
elasticity of aqueous medium. This could also be a reason for
the fact that additions of ammonia to Al-ions create significant
amounts of flaky amorphous Al hydroxide at quite acidic pH
(significantly lower than pH = 7.0).

The observed steadiness of the decreasing slope above equiv-
alence point at h = 3.0 (¢ = 1200 s) in the ultrasonic delay
curve [Fig. 10(a)] could be explained by relative weakness of
ammonia as a base (pKa = 9.6) and its inability to dissolve
amorphous Al hydroxide formed as a result of neutralization
of Al-ions.

The softest base (sodium sulphate) was used for the titration
of Al ions in experiment 5. In this experiment, both pH-metric
and ultrasonic titration curves did not show any inflexions
(Fig. 11 for the ultrasonic data). The temperature variation de-
tected with the external thermo sensor was quite small. There-
fore, there was no significant interaction between sulphate-ions
and Al ions, which correlates well with the thermodynamic
data. Overall, pH data changed very little in experiment 5
within 0.14 units pH, while the ultrasonic curve showed both
the permanent trend and easily distinguishable states (Fig. 11)
after each titrant addition and was similar to the curve obtained
in the experiment 1 (Fig. 2).
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VIII. CONCLUSION

Averaging and the use of CoG were found to be essential
signal processing procedures for process monitoring of the hy-
drolysis observed and for obtaining more informative ultrasonic
titration curves. The developed data acquisition instrument
allowed an increase in the number of data points and the fidelity
of the acquired records compared to the commercially available
instrument that resulted in much less scatter of the ultrasonic
titration curve.

An important distinction of this paper is the application
of temperature compensation for ultrasonic curves using the
reference data for pure solvent (here—water) rather than
thermostating the reacting solution to eliminate its influence.
This allows for in sifu measurements in conventional reaction
vessels using a dipstick probe. The temperature compensa-
tion allowed separation of contributions caused by temper-
ature changes from contributions of other factors affecting
elasticity of the medium (viscosity, ionic strength, structure-
forming properties of solutes; in the case of heterogeneous
systems—surface/interfacial tension; particle size; particle hy-
dration) that were of primary interest.

Ultrasonic spectroscopy offers a much higher resolution in
the time domain and a faster detection of chemical changes than
pH-metry. The use of time-resolved ultrasonic titrations also al-
lows to measure the mixture stabilization time after each titrant
addition. This is very difficult for pH-metric measurement due
to quite a significant time lag.

The ability of ultrasonic velocity measurements to detect pre-
cisely the equivalence point in the neutralization of Al chloride
with base has been demonstrated in the present investigation.
This allows for potential replacement of commonly used pH-
metry with ultrasonic spectroscopy as a very robust and fast in
situ method for fast monitoring of similar processes.

The increasing slope of the temperature-corrected ultrasonic
titration curve mainly indicates increase of the “solid content”
or “solid loading” in the system due to formation of Al hy-
droxide. The nearly linear shape of this part of the ultrasonic
titration curve appears to be a result of continuous Al hydroxide
formation even at relatively low pH where it is caused by local
pH gradients rather than the actual chemical equilibrium. As a
consequence, the slope of the increasing part of the ultrasonic
titration curve is the highest for the hardest bases used (KOH
and NaOH). For ammonium hydroxide it is also high, although
this time it is caused by the structure-breaking properties of
ammonium-ion involved in the titration. In the case of a very
weak base (sodium sulphate), there was no detectable inter-
action with Al-ions, and therefore, the ultrasonic curve was
nearly as linear as for the experiment with electrolyte solution
(AICl3 in HCI).

The decreasing part of the ultrasonic titration curve occurs
mainly due to 1) release of free hydroxyl ions and 2) dissolution
of Al hydroxide formed at the equivalence point at h = 3.0
(maximum in the ultrasonic titration curve and the major jump
on the pH-metric curve). It was observed that the stronger the
base, the steeper the slope of the decaying part of the ultrasonic
titration curve was.

A single ultrasonic measurement for a custom built instru-
ment was completed in less than 0.5 s (this time included

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 56, NO. 4, AUGUST 2007

averaging of 1024 separate records). On this basis, the time
required to reach equilibrium after a drop of the chemical was
estimated at about 5 s.
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